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Preface 

In 2007, the National Research Council published a report called The Scientific Context for Exploration 

of the Moon, which provided NASA, at its request, scientific guidance for an enhanced exploration 

program that would provide global access to the lunar surface through an integrated robotic and human 

architecture.   

This was an important and fundamental growth in our ability to study the Moon.  Prior missions, while 

extraordinary for their time, were limited to the nearside, largely to the equatorial region, had little 

mobility, and were short in duration.  We have never been to the far side of the Moon, the western limb of 

the Moon, or either one of the polar regions.  Most of the Moon remains unexplored.  Global access with 

the capacity to travel substantial distances for greater periods of time would greatly enhance our 

opportunities to explore this fascinating world. 

It is sometimes forgotten that the entire field of planetary sciences was born with geologic studies of the 

lunar surface and the samples that were returned to Earth.  The Moon remains the foundation for studies 

involving planetary surfaces throughout the Solar System and even those beginning to emerge in planetary 

systems around other stars.  The NRC (2007) report reminded the nation of those important links and 

outlined the major hypotheses around which lunar science still turns.  The report then identified a series of 

eight key scientific concepts that capture the scope of lunar science and produced a prioritized list of thirty-

five specific scientific goals designed to address them.   It remains an extraordinary document, providing 

the blueprint needed to dramatically expand our ability to understand fundamentally important planetary 

processes that shaped the Earth-Moon system and many other parts of the Solar System. 

The LPI-JSC Center for Lunar Science and Exploration was created, in part, to help integrate NASA’s 

scientific and exploration objectives.  With that in mind, we developed a multi-year landing site study 

designed to ask a simple question for each of the scientific goals in the NRC (2007) report:  Where on the 

lunar surface can you address them? 

We were also tasked to support the development of lunar science community that both captures the 

surviving Apollo experience and trains the next generation of lunar science researchers.  To accomplish 

both tasks, we created the Lunar Exploration Summer Intern Program, which allowed teams of graduate 

students and a few advanced undergraduate students to work with LPI and JSC science staff and other 

collaborators to identify landing sites that address the National Research Council’s science priorities. The 

students’ principal responsibilities were to study those lunar science priorities, define their mission 

requirements, and integrate them with a study of the lunar surface to identify a list of reasonable landing 

sites.  This was a unique team activity that fostered extensive discussions among students and senior 

science team members. The program also provided an opportunity for the interns to visit facilities at the 

NASA Johnson Space Center to observe lunar science and exploration activities (i.e., the development of 

the Lunar Electric Rover and Space Exploration Vehicle) that are feeding into the lunar exploration 

program. 

Eight teams, over a five year period, have produced a set of landing sites that are suitable for robotic and 

human exploration missions.   Each team was assigned one of the NRC (2007) science concepts and asked 

to identify sites where each of the concept’s scientific goals could be addressed.  In some cases this 

exercise produced an array of discrete locations on the lunar surface while, in others, it identified large 

regions where the issues could be addressed.  Maps with those locations were compiled for each scientific 

goal.   

It is important to point out that this is a completely novel and objective way to identify landing sites.  In 

the end, when we overlay the maps for each of the goals, a series of scientifically-rich landing sites emerge.  

Some of the most fascinating sites that you will read about in the following pages have never appeared in 

previous studies of landing sites, because the latter were burdened with other constraints or selection biases.  

The teams studied Science Concepts 1 through 7.  They did not pursue Concept 8, because the science 

in that concept will be investigated with the Lunar Atmosphere and Dust Environment Explorer (LADEE), 

which has already been selected for flight.  Throughout the landing site study, we remained responsive to 

the evolving needs of the exploration program.  In the midst of the study, several study groups, including 
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the LEAG (Lunar Exploration Analysis Group) Science Scenarios for Human Exploration Strategic Action 

Team, were asked to evaluate science opportunities within the South Pole-Aitken basin.  At that time, 

scenarios involving exploration within 500 km and 1000 km mobility distances of the South Pole were 

being considered, as were sortie missions throughout the basin.  To assist with that stage in the 

development of the exploration architecture, one of our student teams conducted a separate study that 

examined where each of the NRC (2007) science concepts and goals could be addressed within South Pole-

Aitken basin.   As readers will see in the following pages, that generated a particularly rich set of landing 

site options within the South Pole-Aitken basin. 

Throughout these studies, the Lunar Exploration Summer Intern Program was governed by an important 

observation:   

 Ever since the world marveled at the first step, we have been diligently contemplating the 

second. 

It was also designed to: 

 Integrate science with lunar exploration, while creating real opportunities for tomorrow’s 

leaders. 

And throughout each summer, the students were reminded to: 

 Never stop exploring. 

As readers turn through the pages that follow, they may also want to take inspiration from those lines. 

The program was made possible by support from Dr. Wendell Mendell, Chief, Office for Lunar and 

Planetary Exploration, Constellation Systems Program Office, Johnson Space Center; the NASA Lunar 

Science Institute, Ames Research Center; and the Lunar and Planetary Institute.  The students and I thank 

the people within those organizations for making the landing site study a reality.   

At the end of each summer, the students briefed the LPI and JSC communities, including members of 

the former Constellation Systems Program Office, the Lunar Destination portion of the current Human 

Spaceflight Architecture Team (HAT), and the Astronaut Office.   Multiple mission concepts have already 

been explored within NASA using the input the students provided.  The following report assembles all of 

the students’ work and makes it available to the broader lunar community, supplementing portions of it that 

have appeared in abstract form and in two papers (listed below).  The work is released with a single caveat:  

the results represent a series of summer studies and are not intended to provide final detailed descriptions of 

landing sites.  Nonetheless, the landing site study provides a comprehensive and global assessment of the 

NRC (2007) science goals for the Moon.  It is an excellent foundation for more detailed studies once 

specific missions are being planned. 

 This landing site study is part of a larger effort to provide a productive interface between the lunar 

science and exploration communities that is designed to maximize science return and reduce mission risk. 

Tasks involve the development of lunar analogue study sites, the simulations of lunar missions in those 

study sites, and trade studies that investigate different hardware and operational options.  We have, for 

example, assisted the Desert Research and Technology Studies program with simulations of 3-day, 14-day, 

and 28-day lunar missions using a combination of robotic and crew assets. The goal of those and other 

activities is to develop the architecture, tools, and operational protocols that will create the most efficient 

and productive lunar surface operations when our nation returns crew to the Moon. 

We look forward to those missions.  As the science in the following pages unfolds, it should be clear 

that the Moon is the best and most accessible place in the Solar System to explore the fundamental 

principles of our origins.  

 

 

        David A. Kring 

        Houston 
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Science Concept 1: The Bombardment History of the Inner Solar 

System is Uniquely Revealed on the Moon 

 
Science Concept 1: The bombardment history of the inner solar system is uniquely revealed on 

the Moon 

 

Science Goals: 

a. Test the cataclysm hypothesis by determining the spacing in time of the creation of lunar 

basins. 

b. Anchor the early Earth-Moon impact flux curve by determining the age of the oldest lunar 

basin (South Pole-Aitken Basin). 

c. Establish a precise absolute chronology. 

d. Assess the recent impact flux. 

e. Study the role of secondary impact craters on crater counts. 

 

INTRODUCTION 

The highest science priorities in the NRC (2007) report involved the impact cratering history of the 

Moon, in part because it had a dramatic effect on the Earth-Moon system and also because it forms the 

chronological timeline for processes that affected the entire solar system.   

The Apollo program provided the first glimpse of that bombardment history.  It revealed portions of the 

Moon that were quite ancient and nearly the same age as the solar system.  The astronauts also recovered a 

large number of rocks that were involved in impact events in a narrow window of time, approximately 3.8 

to 4.0 billion years ago, in an event that was described as a terminal impact cataclysm. 

Those data indicated the Moon (and presumably the Earth and other terrestrial planets, including Mars) 

suffered an early, but extended period of bombardment.  We are, however, still working in a data poor 

environment.  That magnitude of that bombardment and the duration of potentially short interval events, 

such as the suspected event 3.8–4.0 Ga, remain uncertain.  To evaluate models of that epoch, ages of some 

of the Moon‘s immense impact basins are needed, including that of the South Pole-Aitken basin, which is 

the oldest and largest recognizable impact basin on the Moon. 

The Moon provides the best record in the solar system of the collisional evolution after the basin-

forming epoch.  Thus, suitable samples from a representative set of younger impact craters are also needed 

to resolve several outstanding scientific questions.  If done well, those ages can provide a calibrated impact 

cratering chronology that can be applied to the other terrestrial planets. 

In the following pages, each of the Science Goals within Science Concept 1 will be explored in 

additional detail.  After that foundation has been established, a series of landing site criteria will be 

explored so that suitable locations for future missions can be identified. 
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SCIENCE GOAL 1A: TEST THE CATACLYSM HYPOTHESIS BY DETERMINING THE 

SPACING IN TIME OF THE CREATION OF LUNAR BASINS 

Introduction 

To test the cataclysm hypothesis, the temporal spacing and ages of the large impact basins on the Moon 

must be determined.  The essential questions to be addressed are: 

 What is the age of the oldest and youngest impact basins on the Moon? 

 How are the absolute ages of the old impact basins distributed in early lunar history 

(continuous post-accretion decay of impact rate vs. sharp late heavy bombardment event)? 

Crater counting dating methods widely used on the Moon can only be used to determine the relative age 

of the surface only and is subject to large uncertainty.  To determine the precise age of a basin, laboratory 

radioisotope dating of rock samples produced by the impact (i.e. impact melt or impact melt breccia) must 

be performed. 

Thus far, 43 large impact basins on the Moon have been identified (Spudis et al., 1994; Spudis, 1993; 

Wilhelms, 1987; Fig. 1.1 and Table 1.1).  Debate continues (Bryne 2008) regarding the existence of an 

ancient near side megabasin.  The returned lunar samples (by Apollo and Luna programs) were subject to 

radioisotope dating, but are not representative for the whole lunar surface.  Many of them might be part of 

perturbated megaregolith formed by ejecta of large impact basins (Petro and Pieters, 2008; Haskin, 1998; 

Haskin et al., 1998; Head et al.,1993, Howard et al., 1974; Moore et al., 1974) and cannot be reliably 

attributed to a specific impact event (Korotev et al., 2002). 

 

FIGURE 1.1 Forty three large impact basins identified on the Moon by Wilhelms et al., 1987.  The 

numbers correspond to the basin numbers listed in Table 1.1. 

TABLE 1.1 Forty three large impact basins identified on the Moon by Wilhelms et al. (1987) 

Number Basin Age Lat. (°) Long (°) 
Main topographic 

rim diameter (km) 

Transient cavity 

diameter (km) 

0 South Pole-Aitken pre-Nec -56 180 2600 2099 

1 Tsiolkovsky-Stark pre-Nec -15 128 700 409 

2 Insularum pre-Nec 9 -18 600 330 

3 Marginis pre-Nec 20 84 580 315 

4 Flamsteed-Billy pre-Nec -7 -45 570 307 

5 Balmer pre-Nec -15 70 500 252 

6 Werner-Airy pre-Nec -24 12 500 252 

7 Pingre-Hausen pre-Nec -56 -82 300 95 

8 
Al-Khwarizmi-

King 
pre-Nec 1 112 590 322 
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9 Fecunditatis pre-Nec -4 52 690 401 

10 Australe pre-Nec -51.5 94.5 880 550 

11 Tranquillitatis pre-Nec 7 30 700 409 

12 Mutus-Vlacq pre-Nec -51 21 690 401 

13 Nubium pre-Nec -21 -15 690 401 

14 
Lomonosov-

Fleming 
pre-Nec 19 105 620 346 

15 Ingenii pre-Nec -34 163 315 107 

16 Poincare pre-Nec -57.5 162 325 115 

17 Keeler-Heaviside pre-Nec -10 162 500 252 

18 Coulomb-Sarton pre-Nec 52 -123 440 205 

19 Smythii pre-Nec -2 87 740 443 

20 Lorentz pre-Nec 34 -97 365 146 

21 
Amundsen-

Ganswindt 
pre-Nec -81 120 335 122 

22 Schiller-Zucchius pre-Nec -56 -44.5 335 122 

23 Planck pre-Nec -57.5 135.5 325 115 

24 Birkhoff pre-Nec 59 -147 325 115 

25 
Freundlich-

Sharonov 
pre-Nec 18.5 175 600 330 

26 Grimaldi pre-Nec -5 -68 440 198 

27 Apollo pre-Nec -36 -151 480 236 

28 Nectaris Nec -16 34 860 414 

29 Mendel-Rydberg Nec -50 -94 420 281 

30 Moscoviense Nec 26 147 420 189 

31 Korolev Nec -4.5 -157 440 205 

32 Mendeleev Nec 6 141 365 146 

33 Humboldtianum Nec 61 84 650 331 

34 Humorum Nec -24 -39.5 425 358 

35 Crisium Nec 17.5 58.5 740 487 

36 Serenitatis Nec 27 19 920 657 

37 Hertzsprung Nec 1.5 -128.5 570 307 

38 
Sikorsky-

Rittenhouse 
Nec -68 111 310 103 

39 Bailly Nec -67 -68 300 95 

40 Imbrium Imb 33 -18 1160 744 

41 Schrodinger Imb -75 134 320 111 

42 Orientale Imb -20 -95 930 397 

 

In the Apollo era, landing site selection was restricted to the near side and low latitudes.  One of the 

goals of the Constellation program was to enable Moon-wide landing without such restrictions and it can be 

expected that future architectures will advocate a similar goal.  Thus, there is an opportunity to select a 

globally-distributed set of landing sites based on scientific priorities. 
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Methodology and Requirements 

Current technology does not enable robotic in-situ dating of lunar samples with the precision required.  

Samples from selected sites must be collected and returned to Earth in order to date precisely the beginning 

and development of early lunar impact basin formation and to reveal whether these were formed during a 

putative cataclysmic bombardment period. 

In order to maximize the probability of successful sampling, the selected sites should fulfill the 

following criteria: 

1. The locality has to provide solid confidence that the samples collected are directly linked to a 

specific impact basin 

2. The samples have to be exposed and easily accessible 

3. The samples have to be easily identifiable 

Three terrains of impact basins potentially fulfill those criteria: 

1. Proximal ejecta blanket containing impact melt breccia fragments 

2. Impact melt sheet filling the interior of the basin 

3. Modification zones of a basin with deposits of the impact melt or melt ponds splashed on the 

walls 

Terrain selection 

Terrain selection is determined primarily by the relative age of the basin and distance to other basins of 

younger age.  In general, young basins have well exposed rims, inner rings, and proximate ejecta composed 

of melt breccia enabling relatively easy sampling.  In contrast, rim structures and ejecta of old basins are 

eroded and covered by superposed ejecta of younger basins (forming a magaregolith layer).  In these cases 

the central melt sheet may provide the most reliable source of sampling material.  The central melt sheet is 

often buried under regolith as well and in most cases it is additionally covered by mare basaltic flows. 

However, as will be outlined below, young impact events of sufficient size may penetrate the regolith and 

mare basalt layers and expose the underlying melt sheet for sampling. 

As an example, two impact basins (Mendel-Rydberg and Schrödinger) and the corresponding best 

terrain evaluation is outlined in Table 1.2. 

TABLE 1.2 Terrain evaluation for Mendel-Rydberg (old) and Schrödinger (young) impact basins. 

Basin name Age Appearance Perspective terrains 

Mendel-Rydberg pre-Nectarian, 

estimated to be 

formed just 

after SPA 

Topographic 

features highly 

eroded and buried 

by younger ejecta 

depositions. 

Central melt sheet might be still preserved. 

However the thickness of megaregolith 

and mare fill has to be precisely evaluated 

in order to estimate the depth of melt sheet. 

Young small craters penetrating to desired 

depth excavate melt sheet material for 

sampling. 

Schrödinger Lower Imbrian After Orientale the 

youngest impact 

basin with well 

exposed rim 

structures and 

ejecta. 

Basin floor, melt breccia and melt ponds 

on rim structures, or alternatively the 

proximate ejecta. 

 

Proximate ejecta blanket containing impact melt breccia fragments 

During a basin-forming impact part of the generated melt is excavated and launched from the crater 

with other ejecta.  The ejected material forms a continuous proximal ejecta blanket near the basin and a 

discontinuous distant ejecta blanket at larger distances.  Large impact events may produce global ejecta 
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reaching even the antipode, forming antipodal enriched deposits.  Here, the ejecta meets and forms a local 

maximum in its thickness (Moore et al., 1974). 

The cumulative ejecta thickness of 42 largest lunar impact basins has been modeled by Petro and 

Pieters, 2008 (Fig. 1.2). The results indicate the cumulative ejecta thickness to be on average 500–

1000 meters on the near side and 100–500 meters on the far side. 

Distant ejecta impacts the surface at high speeds causing significant erosion and mixing with the surface 

material during its deposition.  Due to this fact it is not reliable to search for melt fragments in distant ejecta 

because the melt is mixed with regolith or older ejecta deposited by preceding impact events.  According to 

calculations by Petro and Pieters (2008), most of the lunar surface might be mixed to depths of order 10–

100 m (Figs. 1.3 and 1.4). 

 

 
FIGURE  1.2 Lunar-wide cumulative amount of ejecta from 42 lunar basins as listed in Table 1.1 (South 

Pole-Aitken basin is not included in this figure) estimated utilizing the ejecta equations of (a) Pike (1974) 

and (b) Housen et al. (1983).  The area inside of the main topographic ring for each of the 42 basins is 

filled in black.  Adapted from Petro and Pieters, 2008. 
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Only well-exposed proximal ejecta of young impact basins (like Imbrium, Orientale, and Schrödinger) 

can provide exposed and easily accessible representative material containing melt fragments suitable for 

sampling.  Ejecta distribution modeling and surface distribution and thickness measurements of Imbrium 

and Orientale ejecta are summarized in Haskin et al. (1998; Imbrium), Ghent et al. (2008; Orientale), 

Moore et al. (1974; Orientale), and Head et al. (1993; both basins). 

 

 
FIGURE 1.3 Depth mixed by each of the 42 basin events listed in Table 1.1 (South Pole-Aitken basin is 

not included in this figure) at the Apollo 16 landing site.  The depth mixed by 5 events is marked with a 

dashed line.  The five deepest mixing events are, from deepest to shallowest: Serenitatis, Imbrium, 

Tranquillitatis, Nubium, and Crisium.  Adapted from Petro and Pieters, 2008. 

 
FIGURE 1.4 Depth of megaregolith mixed by at least five basin events as estimated utilizing the Housen 

et al. (1983) ejecta model and a μ/2 mixing ratio.  The area inside the main topographic ring for the 42 

basins is filled in black.  Adapted from Petro and Pieters, 2008. 
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Impact melt sheet filling the interior of the basin 

Samples obtained directly from an impact melt sheet have several advantages.  The location of the 

impact melt sheet within a basin provides strong confidence that a sample is related to the desired impact 

event.  The slow cooling rates of massive melt sheets provide sufficient time for melt degassing important 

for reliable radioisotope dating.  Impact melt within large basins should contain no or little brecciated 

fragments of the target rock resulting in the highest melt-to-bulk sample gain. 

However, several difficulties exist and have to be overcome in order to obtain a desired melt sheet 

sample.  Melt sheets may be covered with impact melt breccias which may or may not provide an equally 

reliable sample suitable for radiometric dating.  Most of the large impact basins experienced subsequent 

basaltic mare flooding, covering the central melt sheet.  Additionally, the surface of impact basins might be 

covered and disturbed by impact ejecta from younger impact events.  The thickness of overlying impact 

ejecta increases with the age of the impact basin and most of the old pre-Nectarian and Nectarian basins 

seem to be completely buried and reworked by subsequent deposition of younger ejecta layers. 

The thickness of mare fill and overlying ejecta is poorly known.  Precise knowledge of these factors is 

essential in determining the depth of the melt sheet layer.  In the past, estimates of crater fills was based on 

partially flooded crater morphology studies.  Additionally, radar sounding measurements during the Apollo 

17 mission successfully determining the vertical structure of several impact basins and maria.  The results 

indicate the thickness of mare fill (including the regolith layer) to be typically a few tenths of meters to a 

few kilometers (Jolliff et al., 2006) and are summarized in Table 1.3. 

TABLE 1.3 Basalt thickness estimates in large impact basins (compiled from Jolliff et al., 2006). 

Basin Age 

Thickness (km) from flooded crater 

morphology (Williams and Zuber, 

1998) 

Thickness (km) from Apollo 17 

radar sounding 

Smythii Pre-Nec 1.3  

Grimaldi Pre-Nec 3.5  

Nectaris Nec 0.8  

Humorum Nec 3.6  

Crisium Nec 2.9 1.4 

Serenitatis Nec 4.3 0.9–1.6 

Imbrium Imb 5.2  

Orientale Imb 0.6  

Proccelarium Pre-Nec 1 0.6–1 

 

There is, however, considerable spatial variability in mare thickness due to the uneven nature of the 

basin floor and the possibility of multiple mare flows.  Several methods are or could be available to 

improve knowledge of the basin subsurface structure and determine the thickness of mare flows and 

overlying megaregolith, including orbital radar/radio sounding (e.g., the LRS [Lunar Radio Sounding] 

instrument aboard Kaguya) and robotic or human-operated shallow refraction seismic surveys in selected 

areas. 

The thickness of the impact melt sheet itself is also an important measurement to make.  Estimates 

based on melt volume calculations usually predict a few-km-thick layer in the central area of the basin 

thinning towards the rim.  Methodologies would be the same as outlined above. 

Knowledge of impact basin subsurface structure is essential for melt sheet sampling.  Once the location, 

depth, and thickness of the melt sheet are determined, the most promising sampling sites can be searched.  

Young impact craters superimposed on the basin melt sheet can excavate subsurface layers.  The Lunar 

Impact Crater Database (Losiak et al., 2009; Ohman 2011) is a valuable resource in searching for suitably 

large craters excavating the central melt sheet of large impact basins. 

Fragments of the impact melt or melt ponds splashed on the walls of basin rims 
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During the impact process the melt is not only deposited in the form of central melt sheet, but also 

trapped in the form of melt ponds or impact melt breccia on the inner walls of the basin, inner rings, or 

central peak structures (Fig. 1.5).  In such places the melt is relatively exposed readily accessible, although 

the rim/ring and central peak structures represent areas with potentially difficult topography (e.g., steep and 

possibly unstable slopes, ~km elevation differences, etc.), thus increasing safety risk and engineering 

challenge. 

Conclusions 

While the proximal ejecta blanket containing impact melt breccia fragments and deposits of the impact 

melt or melt ponds splashed on the walls are suitable collection sites for relatively young, well preserved, 

and well exposed impact basins, sampling impact melt sheets filling basin interiors, despite being the most 

challenging method, is probably the only option to collect and date the melt of old significantly eroded and 

buried basins.  Even if the central melt sheet is covered by younger units, fresh smaller impact craters may 

excavate the surface to specific depth where the central melt sheet is buried and expose it for sampling. 

 

 

SCIENCE GOAL 1B: ANCHOR THE EARLY EARTH-MOON IMPACT FLUX CURVE BY 

DETERMINING THE AGE OF THE OLDEST LUNAR BASIN (SOUTH POLE-AITKEN BASIN) 

Introduction 

In order to determine the age of the South Pole-Aitken basin (SPA), material created or affected by the 

SPA event needs to be located, sampled, and returned to Earth for radiometric dating.  This material may be 

in the form of impact melt or a melt breccia, and may be mixed with regolith.  Such materials need to be 

identified and in some cases higher resolution orbital imagery will be needed to do so.  Examples of type 

localities for SPA impact-related material are presented here, but this list is by no means encompassing. 

Background  

 

FIGURE 1.5 Potential melt pond on the NW rim of Schrödinger basin. 
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The SPA basin extends roughly from the South Pole to Aitken crater on the lunar far side.  Centered 

upon 56 S, 180, with a diameter of about 2600 km (Spudis et al. 1994), and on average 12 km deep (~1.5 

times taller than Mt. Everest), it is the largest known basin on the Moon (Fig. 1.6).  The formation of large 

basins is still largely not well understood (as the SPA basin has no representative analog on Earth), and 

better understanding of such processes will come with missions to basins like SPA. 

Hartman and Kuiper first speculated on the presence of a large basin on the far side of the Moon in 

1962 when a large mountain range was observed on the near side of the moon near the South Pole.  This 

mountain range stands 8–9 km high, and is called the Leibniz Mountains (Hartman and Kuiper 1962).  

Apollo era instruments also detected an anomaly on the far side, but it was not until Clementine imagery 

that the existence of a large basin was confirmed.  

Hiesinger and Head (2003) identified three SPA rings (and possibly four) based on Clementine 

altimetry data.  Each of the rings is marked by a 2–4 km drop in elevation, and they are best identified in 

the northeastern parts of the basin (Hiesinger and Head 2003).  The Leibniz Mountains lie on the main 

topographic ring of the SPA basin. 

Since the SPA impact event, the basin has been subjected to billions of years of impact degradation, 

thus making the identification of peak rings, melt sheets, and impact ejecta difficult to impossible to 

identify.  Although SPA is old, it has had surprisingly little modification due to volcanism, unlike the 

Mare-filled Procellerum terrain.  Volcanic deposits occur mostly within craters and basins, and are upper 

Imbrian to Eratosthenian in age (Wilhelms, 1979).  SPA is home to multiple large basins, including Apollo, 

Mendel-Rydberg, Planck, Poincare, and Schrödinger, ranging from the Pre-Nectarian to Erathoseinan in 

age. 

 

FIGURE 1.6 Clementine topographic image centered on the center of SPA basin.  Dashed line indicates 

interpreted main rim of the basin.  Gray areas indicate no data.  Image courtesy of NASA. 
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The topography surrounding SPA basin is not uniform, and some authors have attributed this to a low 

angle oblique impact (Schulz, 1997).  This non-uniformity may also be due to pre-existing topography 

created from large-scale impacts (Hiesinger and Head 2003).  Whatever the reason, the surrounding plains 

are on average 6 km higher in the northeast quarter.  Hiesinger and Head (2003) also outlined a possible 

pre-SPA basin ring that occurs within the main ring of SPA.  These structures are incredibly hard to 

identify with any accuracy, but higher resolution imagery will make this an easier task. 

Based on the number of ring structures and the extent to which they are slumped, it is believed that the 

SPA impact event took place in a sufficiently non-viscous media (e.g., Heisinger and Head 2003, Spudis et 

al. 2008), i.e., after the crust and mantle had cooled to some extent. 

Establishing an absolute age for SPA will set a critical point on the Impact Flux Curve, allow us to 

better understand the bombardment history of the Moon, and understand large scale basin formation 

processes. 

Impact Melt 

In general, impact melt can be found in a number of locations both within a basin and exterior to it.  The 

highest concentration of impact melt will be found within the inner-most ring of SPA as a melt sheet, 

however the central melt sheet of SPA has been covered and reworked for billions of years.  Identifying 

what is SPA melt versus what is melt from subsequent impacts may be possible with better imaging.  There 

is the possibility that SPA melt does not occur at the surface of the basin, but rather as outcrops within the 

walls of deep basins overlaying SPA.  SPA melt may also outcrop as the central peak ring of multi ring 

basins, like Schrödinger Basin.  The central melt sheet will be differentiated to an unknown extent, and 

positive SPA identification may not occur until the sample is returned to the Earth. 

Impact melt will also occur as a coating on the inner rings of the basin, though the nature and extent of 

this coating is not well described for large basins.  Impact melt can also be found on the walls and rim of 

the basin, but due to the age of the basin, it is unlikely that an exact location for such sampling can be 

specified.  Unlike smaller craters and basins, which have a veneer-like coating on the rim and walls, SPA 

will likely have both veneer and large massifs of pure melt occurring on the rim and walls.  Identification 

of veneer is possible in young craters, and may possible for SPA with higher resolution imagery. 

Identification of impact melt has some level of uncertainty, but Pieters et al. (2001) have identified 

areas of high Fe concentration near the center of the basin, termed Olivine Hill, which they take to be SPA 

melt material.  Olivine Hill may also be uplifted upper mantle material, foreign deposits from a nearby 

basin or crater, or an olivine-rich cryptomare deposit (Pieters et al. 2001). 

Impact melt may also be concentrated in pre-Nectarian age areas.  Wilhelms (1987) identified Pre-

Nectarian outcrops, as seen in Fig. 1.7.  Pre-Nectarian age areas will have a higher concentration of SPA 

melt because they have not been covered with the ejecta of subsequent large basins and craters.  Small, 

young craters in these areas will provide a fresh surface upon which to sample.  
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Impact Breccia 

SPA impact breccia occurs as a layer within the basin, overlying the central melt sheet, but the depth of 

this breccia is not known.  This impact breccia has also been subsequently overlain by debris from other 

basins, but like impact melt, it may possibly have a unique geochemical signature.  It is not known if all of 

the impact breccia created by the SPA event would be melted enough to reset the age of the rock.  

However, the rock would still provide valuable insight into the processes that form impact breccias. 

Impact Ejecta 

Because the SPA impact penetrated so deep into the crust, it excavated rocks that are significantly 

different than those that occur on the surface, so SPA ejecta presumably have a unique geochemical 

signature.  Petro and Peiters modeled the ejecta blanket of SPA, and determined thicknesses to be on the 

1000‘s of meter scale (Fig. 1.8).  Because of SPAs large size, impact ejecta can occur not only as massifs, 

but also as entire mountain ranges.  One such range is the Leibniz Mountains, and occurs on the rim of 

SPA.  Young, deep craters in the Leibniz may expose SPA affected material.  Young craters are needed 

because they will not have been filled with thick ejecta from other impacts, and deep craters are desired 

because they would have the greatest possibility of excavating SPA melt material.  One such crater that fits 

these criteria is Boussingualt.  Although this crater has a small diameter, it is deep because a second 

 

FIGURE 1.7 Pre-Nectarian aged outcrops, as identified by Wilhelms 1979.   Image is centered on the 

center of SPA. 
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impactor hit the existing crater almost directly in the center.  The result is a crater that is unusually deep for 

its diameter.  The crater walls of Boussingualt would provide outcrops that are deep enough 

stratigraphically to sample SPA impact ejecta. 

Massifs of melt can be identified as areas of rough terrain and high topography.  Identifying these areas 

with better accuracy will be possible with higher resolution imagery.  Craters within these massifs would 

provide outcrops to sample SPA material. 

When impact ejecta is deposited, the layer directly beneath it becomes mixed.  The nature of an SPA 

impact ejecta layer within the wall of a crater is not known; it may be semi-pristine or significantly 

gardened. 

Regolith 

Petro and Peiters (2004) estimated the regolith within SPA to contain 50–80% of SPA material, 

however, there are many assumptions associated with this model.  If SPA material has a unique 

geochemical signature, it may be possible to locate chunks of it within the regolith, and if some areas have 

high concentrations of SPA material, it may be possible to detect them from orbit with high resolution 

imagery.  Areas outside of SPA containing a significant portion of SPA melt need to be identified – layers 

of highest concentration will be stratigraphically lowest and will be affected by mixing. 

Modeling Approaches 

Even with limited data, some estimates of SPA excavation depth and the amount of SPA melt material 

present on the surface can be made.  If the SPA event excavated the entire lunar crust and now outcrops 

upper mantle material, then SPA would be the only place on the Moon to easily sample mantle material.  

Using two different models, Petro and Pieters (2008) estimated ejecta from 42 lunar basins to be about 

200–300 meters thick within SPA.  Petro and Pieters (2004) attempted to determine the amount of SPA 

melt breccia still within the basin and estimated regolith to contain 50–80% of SPA material. 

 

 

FIGURE 1.8 SPA ejecta thickness (after Petro and Peiters, 200X). 
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SCIENCE GOAL 1C: ESTABLISH A PRECISE ABSOLUTE CHRONOLOGY 

Introduction 

Basic lunar stratigraphic and chronologic relationships have been revealed based on inferred relative 

ages of surfaces from crater counting analyses of orbital images and absolute dating of returned samples.  

Ejecta deposits of impact craters and basins and mare basalt flows serve as chronostatigraphic ‗marker 

horizons‘ that in turn allow the relative dating of other, inaccessible lunar surfaces (NRC 2007).  Absolute 

ages of relatively few lunar chronostratigraphic units are known, however, and even some of those are 

uncertain.  Apollo samples allowed dating of some mare surfaces as well as specific small craters (e.g., 

North Ray), but significant uncertainties still remain for some craters important in defining 

chronostratigraphic units (Stöffler and Ryder, 2001), e.g.:  

 Copernicus was dated based on rays sampled by Apollo 12 to be ~800–850 My old, but the 

identification of the dated samples as definitively Copernican ray material is uncertain and 

dating based on crater counts suggests that Copernicus may be as old as 1.5 Gy. 

 Tycho‘s age was determined to be ~109 My old by dating the landslide (inferred to have been 

triggered by Tycho ejecta) that occurred near Apollo 17 landing site, as well as the ―Central 

Cluster‖ craters that were proposed to be secondary craters of Tycho, but these associations are 

equivocal.  

 Autolycus is a crater with visible rays (thus usually assumed to be Copernican in age) dated 

based on ray material sampled by Apollo 15 to be 2.1 Gyr old, and, thus, being part of 

Eratosthenian period.  However, it is possible that the ray assigned to Autolycus was in fact 

formed by the Aristillus impact (Stöffler et al. 2006).  

These three craters are the only relatively large craters that were dated during the Apollo era. 

Similarly, ages of some mare surfaces have been established (samples from Apollo 17, Apollo 11, 

Apollo 15, Luna 16, Luna 24, Apollo 12).  They cover a very restricted time period between (3.75 Gyr – 

Upper Imbrian, to 3.15 Gyr – Eratosthenian) (Stöffler et al. 2006).  Other methods used to establish surface 

ages suggest that some of the maria visible on the surface of the Moon are much younger or older (e.g., 

Heisinger et al. 2000, 2002, 2003).  Determining the age of the entire range of mare basalts in an accurate 

way is necessary to reveal the duration and flux of lunar volcanism (Science Concept 5).  

Lunar chronology 

The most generally accepted lunar geologic chronology is the one established by Wilhelms (1987).  

This chronology divides lunar history into five main epochs: the pre-Nectarian (>3.92 Ga), the Nectarian 

(3.92 to 3.85 Ga), the Imbrian (3.85 to 3.2 Ga), the Eratosthenian (3.2 to 0.8 Ga), and the Copernican (<0.8 

Ga) (Fig. 1.9).  Only the lower Imbrian and earlier time boundaries are known with any accuracy, because 

of the Apollo and Luna samples.  The later periods are based on relative stratigraphy of surface features and 

the boundaries are approximate.    
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Lunar chronology is based on:  

Superposition relationships  

The superposition principle states that older units are overlaid by younger ones.  Only the relative age 

of units can be revealed in this manner.  Assuming that absolute ages of some ‗marker‘ surfaces are known 

it is possible to establish semi-relative ages of other surfaces that are in contact with the markers.  For 

example, knowing the age of Copernicus to be ~800 My and seeing that another surface feature is partially 

covered by Copernicus ejecta, it is possible to deduce that this other feature is older than 800 My.  If 

marker surfaces cover large area, and are evenly distributed in time and space they could become a base for 

establishing the chronology of entire lunar surface.  

Crater counting 

The density of craters on a particular surface can be used to calculate the relative age of that region.  

The density of impact craters on the lunar surface generally increases as the surface ages increases.  Craters 

are emplaced at random, with smaller impactors are more common than large ones.  After some time a 

surface becomes saturated with craters, because there are so many impacts that they start to fall in the same 

place.  Surfaces are first saturated with smaller craters (because small impactors are much more numerous) 

and later with larger ones.  Because of saturation, crater counting must be done for craters larger than a 

specific saturation value, larger for older surfaces (e.g. for Lower Imbrian 500 m, while for Copernican it is 

only 10 m). 

A major limitation of the crater counting method is that knowledge of the lunar impact flux is 

imprecise, and the curve is calibrated precisely only for the time span between about 3.8 and 3.2 Ga.  Other 

time periods are often calibrated with use of single points (Fig. 1.10).  Calibration of the curve is made 

based on the reference surface approach.  A reference surface is an initially craterless surface (such as a 

mare basalt flow) that can be radiometrically dated that has had crater counting analysis performed on it.  

The extent of our lack of the knowledge about lunar impact flux is best illustrated by the fact that there is 

 
FIGURE 1.9 Lunar chronology and proposed and adopted time boundaries.  The middle inset shows 

various radiometric ages from the Apollo and Luna samples.  Note the very limited time range sampled by 

lunar missions.  This explains the uncertainty on the time boundaries.  Figure modified from Stöffler et al. 

(2006).  
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still on-going debate about the extent and even occurrence of the Late Heavy Bombardment (LHB) (e.g., 

Bogard, 1995; Cohen et al., 2000). 

Secondary craters created by the impact of primary crater ejecta back onto the surface can strongly but 

locally increase the number of craters visible on a surface (Shoemaker 1960).  Some secondary craters are 

easily recognizable from their morphology, but others (especially those formed from the highest-speed and 

most distal primary ejecta) are not.  The population of small craters used to date younger or small surfaces 

can be strongly influenced by secondaries.  

The crater counting method is not appropriate for very small areas because the errors are too large.  

Crater counting is a statistical method and thus requires a sufficiently large number of craters for acceptable 

errors.  Table 1.4 shows minimal areas of surfaces required for reliable application of the crater counting 

method.  

 

FIGURE 1.10 Cratering rate plot in log scale (a) and in linear scale (b).  Error bars are large and some of 

the points are far off (Copernicus, Nectaris) from the production function.  (Fig. 10 from Neukum et al. 

[2001]) 
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TABLE 1.4 Minimal area (km
2
) necessary for statistically satisfactory crater counting with respect to 

different minimal crater sizes, assumed percent error, and time.  

 

Crater morphology  

Crater degradation state can be used to infer relative ages (Fig. 1.11).  With time older craters appear 

more ‗weathered‘ and their rims appear smoothed and less distinct due to the cumulative effects of 

superposed smaller impacts.  Based on the amount of weathering and observed morphologic changes from 

the more ‗fresh‘ appearance of newly-formed craters, it is possible to obtain a rough relative age of the 

crater.  This approach can be used all over the Moon, on the near as well as on the far side, but this is not a 

precise dating method.  The observed morphology of the crater can be influenced not only by the impact 

weathering process, but also by the effects of impacts in close proximity — for example, a crater covered 

by the ejecta blanket of another may appear older than it really is.  
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Albedo and geochemical data  

Crater rays fade with time (albeit at an as-yet unknown rate) and albedo differences and elemental data 

from remote sensing can be interpreted as indicative of age differences between mare units (Hiesinger et 

al., 2001). 

Exposure ages 

Exposure age defines the time when a particular piece of rock has been exposed to cosmic rays for the 

last time.  This method is limited to very young features, as was done during Apollo missions to date the 

young Copernican craters Cone, North Ray, and South Ray, and to date a landslide at the Apollo 17 site 

(Stöffler et al., 2006).  

Radiometric dating of returned samples 

Lunar rock samples have been returned to Earth by six Apollo missions and 3 Luna missions.  This 

permitted detailed laboratory studies, including radiogenic isotopic dating.  These methods allow obtaining 

an absolute age of very small (micro grams) amounts of sample.  Radiogenic isotopic dating techniques that 

are most widely used on lunar rocks include Rb-Sr, Sm-Nd, and Ar
40

-Ar
39

 (Stöffler et al. 2006).  They can 

be used to obtain crystallization ages as well as the ages of impact events by dating degassed melts 

produced during the impacts. 

Establishing a precise absolute chronology by dating craters 

Craters and impact basins cover most of the Moon‘s surface.  Establishing the ages of specific craters 

and basins is important because their ages are the basis of the lunar chronologic system.  The ages of a few 

important features have already been established (for example Imbrium basin), but ages of other significant 

features like Orientale have yet to be established.  The age of the South Pole-Atkin basin, thought to be the 

oldest and largest basin on the Moon and, thus, a key anchor point in defining the lunar chronology, is still 

not known.  

The distribution of some craters dated by various means (Wilhelms, 1987) is shown in Fig. 1.12.  Most 

of the pre-Nectarian craters and basins are much larger than later ones.  Small craters were formed during 

all periods, but they are in large part erased from the surface of the Moon by later impacts and so are 

preferentially represented in younger periods.  The Imbrian is the last period when basins were created 

(Imbrium, Orientale, and Schrödinger). 

 

 
FIGURE 1.11 Evolution of crater morphology with time (Modified from classroom illustration by Paul 

Spudis). 
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Samples for radioisotopic dating of craters can be taken from various locations within and around 

craters.  Each of the locations has advantages and disadvantages, so choosing a specific sampling approach 

should be tailored to the crater being sampled and considered together with site operational requirements 

and possibilities for obtaining other Science Concept Science Goals at the same site.  Possible approaches 

for crater dating include:  

1. Date melt present in the breccias in the crater floor 

All craters, including small, simple craters have breccias present in the crater floor.   

Advantages 

 Applies to all craters. 

 Extensive portion of the Moon is available for usage of this approach. 

 It gives a relatively high chance to correctly link a crater with the dated sample.  

 Broad flat floors of complex craters provide relatively safe landing sites.  

Disadvantages 

 The area in which sample can be collected is restricted to the crater interior (which in case 

of simple craters can be very small).   

 Not all melts from breccias are result of the impact that is being dated.  The youngest melt 

fragment found should be the closest to the actual age of the impact, but if a very small 

sample (as for the robotic sample return mission) is returned, it is possible that chosen 

fragment does not contain melt of interest.  

 

FIGURE 1.12 Map of lunar craters with assigned dates (only craters with dates presented in Wilhelms, 

1987).  Size of ellipses corresponds to the actual crater size.  
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 A landing site located in the crater floor allows dating just one impact with high linkage 

potential.  More impacts can be dated (multiple generations of impact melt) but their 

linkage potential is much lower.   

2. Date breccias from ejecta blankets 

This approach can be applied to all craters, because all craters have ejecta blankets.  The linkage 

potential of this method is highly variable and depends on age (dating of older craters is less 

certain), size (smaller craters have smaller ejecta blanket so they need to be sampled in 

proximity to the rim or a linkage between sample and feature is less certain), and history (craters 

overlaid with multiple later ejecta have less certain linkage between sample and crater).  

Advantages 

 Ejecta blankets cover much of the Moon, so a very large area is theoretically available for 

sampling. 

 Using high precision images (especially for younger or large craters), the provenance of 

ejecta blanket deposits can be determined with high certainty.  

Disadvantages 

 Ejecta blankets do not consist exclusively of material that had its radioisotopic clock reset 

during the formation of the crater, and much material included in the breccia is not 

influenced by the impact.  During the emplacement of an ejecta blanket local material is 

entrained within it (e.g., Oberbeck et al., 1974; Li and Mustard, 2003).  The farther away 

from the crater, the higher the amount of included local material.  Glasses in the ejecta 

blanket can be either from the cratering event of interest or from an earlier one.  

 Ejecta blankets thin with the distance from the crater; in the proximity of the crater they are 

continuous.  Obtaining a sample from the zone of continuous ejecta would allow dating the 

crater even if a small amount of sample is collected, so potentially robotic sample return 

mission should be efficient.  Outside the zone of continuous ejecta blanket is a zone of 

discontinuous ejecta blanket where in some places local material is present on the surface.  

Finding the right spot on the discontinuous ejecta blanket for sampling requires detailed 

studies of orbital images.  

 The surface of the ejecta blanket may not be as flat as other types of surfaces (e.g. melt 

sheets); its topography can be very diverse and consist of large boulders.  Not all areas 

within ejecta blanket are equally easy to land on.  

3. Date impact melt sheets or ponds present in the floor, on the walls, or on the rim. 

This approach applies mostly to large craters that produce enough melt to develop extensive 

melt sheets or ponds.  Relatively fresh craters (Copernican, younger Eratosthenian) have melt 

ponds well preserved on the surface.  Older large craters and basins have extensive melt sheets 

in the floor, at least partially buried below later ejecta and/or mare basalts.  Impact melt features 

are observed in craters as old as 3.5 Gy and ranging in size from 3 km to more than 200 km in 

diameter (Howard and Wilshire, 1975).  

Advantages 

 Melt ponds can be related to specific craters with very high probability.  

 Melt sheets and ponds are relatively flat, thus landing there and sampling is relatively easy.  

 Interiors of large craters offer other interesting features that can be used to accomplish 

many other scientific goals.  

Disadvantages 

 One landing site allows dating just one large crater (and possibly a few small ones). 

 Melt sheets of older craters are often covered by mare basalts or ejecta blankets.  Thus it is 

necessary to excavate the melt layer from below by sampling ejecta of younger craters 

located inside the one to be dated that are large enough to have excavated deep enough to 

sample the melt sheet. 

4. Date visible rays. 
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The approach of dating ejecta from visible rays applies only to young craters (Copernican).  

Advantages 

 Can be used to date craters that are very far away from the landing site (thousands of 

kilometers from the crater).  

Disadvantages 

 Low linking potential, least reliable.  Quality of obtained date depends on a very precise 

orbital image analysis before picking a landing site, as well as very precise sample 

collection. 

5. Obtain radiogenic exposure age of material ejected from craters. 

This method applies only to very young craters.  

Advantages 

 Very high linking potential.   

Disadvantages  

 Restricted to very young craters.  

Using craters as reference surfaces  

Melt sheets and ponds  

Impact melt sheets and ponds can be used as reference surfaces for crater counting analyses.  In most 

cases melt sheets or pond surfaces are rather flat, although ghost craters (secondary craters within the 

newly-formed primary crater that were formed by fragments ejected on very high-angle trajectories and 

then covered by melt flowing back from the walls of the crater) can sometimes be observed in them 

(Shoemaker et al., 1994).  Melt is developed in craters of all sizes, but only craters with diameter larger 

than ~50 km can have melt sheets (or ponds) that are large enough for statistically significant crater 

counting analyses (Table 1.4).  Figure 1.13 shows a large melt pond in the north rim of King crater that has 

a size sufficient for crater counting work. 

 

FIGURE 1.13 The cratered surface of the King crater melt pond.  LROC NAC image M106088433L/R.  

Area indicated in inset image AS16-M-0891. 
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Melt sheets of very old craters can be covered by younger materials (ejecta blankets, mare basalts, etc.), 

that make them unsuitable for crater counting.  But flat, extensive melt features have been recognized in 

craters as old as 3.5 Gyr (Howard and Wilshire, 1975).  Tsiolkovskiy (Fig. 1.14) is a large (185 km 

diameter) Upper Imbrian crater with mare fill that has melt ponds preserved on its ejecta blanket. 

Ejecta blankets 

Ejecta blankets are also a type of reference surface, although the least preferred.  They may exhibit 

significant topography and even initially are covered by secondary craters.  Some of the secondary craters 

are easily recognizable, other are not so obvious.  Ejecta blankets are used as reference surfaces because 

they cover large areas, and are uniformly distributed time and location.  The absolute age of an ejecta 

blanket can be obtained by sampling material from the ejecta blanket itself, but also by dating the crater by 

any other method discussed above. For example, because melt sheets/ponds and the ejecta blanket are 

formed essentially simultaneously, by dating one it is possible to obtain an age of the other.  If a crater has 

melt sheets or ponds of appropriate size, it is possible to compare results of crater counting for both 

surfaces and recalibrate other results.  

Crater selection criteria 

In the initial phases of future lunar surface exploration it will be impossible to date all or even most 

craters, so it is necessary to choose a representative group of craters best suited for dating to establish a 

precise absolute chronology.  The results of dating those craters will be used to calibrate relative data 

methods across the entire Moon.  Craters from the Lunar Impact Crater Database (Losiak et al., 2009; 

Ohman, 2011) were selected and scored according to the following criteria: 

 Relation to the chronological time scale.  Craters used as markers in the lunar chronological 

time scale (e.g., Nectaris, Imbrium, Orientale) or whose names define time periods 

(Eratosthenes, Copernicus) are given 20 points.  They are the absolute priority. 

 Spatial distribution.  Craters of different sizes were chosen so they cover the surface of the 

Moon uniformly.  Each chosen crater was given 10 points.  

 

FIGURE 1.14 Melt ponds on the rim of Tsiolkovskiy crater.  The largest melt pond visible in the upper part 

of the image is ~10km in length.  A15-P-9580.  
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 Size.  Larger craters are more useful for the chronologic and stratigraphic purposes because their 

ejecta cover much broader areas.  Craters are assigned 1 point for each 20 km increment in 

diameter.  

 Included in “The geological History of the Moon”.  Craters included in the representative 

craters tables prepared Wilhelms (1987) are assigned 1 point.  

 Typicality.  Craters listed as ‗typical‘ in the representative craters tables prepared Wilhelms 

(1987) are assigned 3 points. 

 Age relation.  Craters with an age relation in the representative craters tables prepared Wilhelms 

(1987) are assigned 1 point.  

 Other. Any important feature not included in the previous points.  The number of points is 

subjective, but extensive explanation is included.   

 Dated.  Craters dated based on Apollo samples receive a number of points subjectively chosen 

based on validity of data.  

Representative craters  

For each time period groups of representative craters best suited for establishing a precise absolute 

chronology were selected based on the criteria described above.  Maps of the selected representative craters 

are shown in Figs. 1.15–1.20.  Basic characteristics of each named crater are tabulated in the Lunar Impact 

Crater Database (Losiak et al., 2009; Ohman, 2011).  Figure 1.12 above shows the combined map of the 

selected craters. 

 

 

FIGURE 1.15 Map of representative Copernican craters. 
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FIGURE 1.16 Map of representative Eratosthenian craters. 

 

FIGURE 1.17 Map of representative Upper Imbrian craters. 
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FIGURE 1.18 Map of representative Lower Imbrian craters. 

 

FIGURE 1.19 Map of representative Nectarian craters. 
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Landing Site Example — Archimedes Crater 

Archimedes (D = 82 km) is an Upper Imbrian crater located in eastern Mare Imbrium, ~260 km from 

the Apennine Mountains that mark the margin of Mare Imbrium (Fig. 1.21; c.f., Fig. 1.17).  Archimedes is 

superimposed on Imbrium basin and older mare basalt that is part of Appenine Bench Formation.  

Archimedes ejecta is covered by younger Imbrian mare; similar material fills the floor of the crater.  Areas 

where Archimedes ejecta were not covered by mare deposits are visible on FeO and TiO2 maps (Fig. 1.22). 

Younger craters of Eratosthenian and Copernican age occur on Archimedes ejecta deposits. Aristillus is a 

large (55 km diameter) Copernican crater with fresh morphology that is superimposed on the Archimedes 

ejecta blanket; it has no mare fill and is as deep as Archimedes (despite its smaller diameter). 

 

 

 

FIGURE 1.20 Map of representative pre-Nectarian craters. 
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Here we evaluate the five approaches for dating impact craters discussed above in the specific case of a 

large and relatively old crater like Archimedes: 

1. Date melt present in the breccias in the crater floor.  

Archimedes-sized impacts produce large amounts of impact melt (1222 km
3 

in the case of 

Archimedes; Cintala and Grieve [1998]) and breccias containing melt.  In large craters breccias 

present in the crater floor can be covered by mare basalts.  Excavation of the breccias from the 

crater floor in this case can be done only by craters large enough to penetrate to sufficient 

excavation depth (~2 km).  Fragments of Archimedes breccias can be present on the surface in the 

elevated parts of the smaller craters, but they are not very abundant and may be covered by material 

slumped from the crater walls. 

 

FIGURE 1.21 Left: The floor of Archimedes is filled with mare deposits.  Mare basalts also cover part of 

its ejecta blanket. (AS15-M-1542).  Right: Geologic map of the Archimedes area.  USGS I-463. 

 

FIGURE 1.22 FeO and TiO2 abundance maps of the Archimedes area.  Mare deposits are Fe- and Ti-rich, 

while the Archimedes ejecta blanket is Fe- and Ti-poor. Image based on The LPI Clementine Mapping 

Project. 
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Finding: not recommended for dating complex and relatively old craters.  

2. Date breccias from ejecta blankets  

Archimedes has an extensive ejecta blanket that extends ~135 km from the crater center.  Most 

of Achimedes‘ ejecta blanket was flooded by Imbrium mare basalt as well as partially covered by 

younger craters and ejecta blankets.  Sampling must be proceeded by careful and detailed analysis 

of available data in order to exclude sites where ejecta of Archimedes are covered by younger 

features.  Small-scale impacts do not reset the isotopic clocks of target material they excavate, so 

Archimedes melt may be found even in the ejecta blankets of Autolycus or Archimedes A.  In those 

cases establishing which obtained date reveals the real date of Archimedes may be problematic, but 

with sufficient sample diversity it should be possible to distinguish between the different impact 

events with high probability.  The safest approach would be to sample the ejecta blanket of a crater 

that is very young and dated in different way (e.g., radiogenic exposure age) and subtract this date 

from the ones obtained by radioisotope dating.  Another way to sample breccias from ejecta 

blankets of old craters is to sample regolith after verifying that the ejecta blanket of the crater is 

visible on the surface.  

Finding: recommended for dating complex and relatively old craters.   

3. Date impact melt sheets or ponds present in the floor, on the walls, or on the rim.  

Craters larger than ~30 km in diameter often have melt flow structures visible on the surface 

(Howard and Wilshire 1975).  Archimedes probably has an extensive melt sheet present in the floor 

of the crater; some melt could be preserved also on the walls as well as on the ejecta blanket 

proximate to the rim.  Melt sheet material on the floor, as well as some present on the ejecta 

blanket, was flooded by the mare basalts, however.  Melt from the rims and walls can be still 

present on the surface, although it covers relatively small areas, and additionally it can be relatively 

hard to identify (or impossible in older craters) because of space weathering. 

In order to sample material from the Archimedes‘ extensive melt sheet it is necessary to 

excavate it from beneath mare basalts that may be as thick as 2 km, though it may be less thick near 

the crater rim.  The excavation can be done by drilling or using crater ejecta.  Using ejecta of 

craters from the crater interior is faster and easier.  The two largest craters located inside 

Archimedes are Archimedes T and S.  Both craters are located close to the rim of Archimedes 

where the mare basalt layers should be thinner, and have diameter of ~3 km, suggesting excavation 

depths of ~0.25 km.  This excavation depth may be sufficient to penetrate below the mare basalts to 

Archimedes melt sheet materials.  On the other hand, melt sheets are not distributed evenly in 

crater interiors, so it is possible that there is no melt sheet material below Archimedes T or 

Archimedes S.  Unfortunately, other craters are so small that the chance that they have penetrated 

through the mare basalt is low.  High-resolution elemental abundance maps could be used to verify 

if the excavation depth was sufficient to penetrate the mare cover. 

Finding: recommended for dating complex and relatively old craters, if melt sheet material can 

be detected on the surface, or if younger craters penetrated through any mantling layers.  

4. Date visible rays. 

Old craters like Archimedes do not have a ray system that is easily recognizable and linkable 

with the source, because weathering has erased it from the surface.   

Finding: not useful for dating craters older than Copernican (and some examples from 

Eratosthenian) age.   

5. Obtain radiogenic exposure age of material ejected from craters. 

Radiogenic exposure age can be fully reliable only for very young craters.  

Finding: not useful for dating relatively old craters. 
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SCIENCE GOAL 1D: ASSESS THE RECENT IMPACT FLUX 

Introduction 

The scientific study of the Moon is intimately linked to geological research of the Earth itself.  The 

Phanerozoic eon is the current eon of the terrestrial geologic timescale and the one through which complex 

life has existed.  A corresponding period of time on the Moon is therefore thought to be a good approach 

for defining the term ‗recent‘ in the context of this study.  The Phanerozoic eon began at about 0.54 Ga; it 

does not have a precise equivalent (numerically) within the established geologic timescale of the Moon, but 

the Copernican is its counterpart as being the current lunar geological period.  The term ‗recent‘ is thus 

defined here as the Copernican period.  As indicated in Fig. 1.23, the base of the Copernican is not properly 

defined or absolutely dated, but is thought to be at about 1 Ga.  The crater Copernicus itself does not mark 

the period‘s base; it is merely a good early Copernican marker.  Most Copernican craters exhibit bright 

ejecta rays, although this is not always the case.  The period is ongoing and thus encompasses the present-

day. 

To assess the recent impact flux, the distribution and effects of impacts on the lunar surface during the 

Copernican period must be studied.  For these purposes the Copernican should be split into two distinct, yet 

overlapping parts: 

1. the whole Copernican period 

2. the very recent past and present day, i.e. the period of lunar exploration. 

 

 

 

FIGURE 1.23.  Comparison of the stratigraphic timescales of the Earth and Moon.  (Unpublished diagram 

from Kring.) 
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Whole Copernican period 

The impact flux for the whole Copernican period can be estimated by determining the absolute ages of a 

set of representative Copernican craters.  These can provide a basis and calibration for a new, accurate 

Copernican crater size-frequency distribution, which can be used to relatively date other Copernican 

craters.  Crater counting is the standard method used for dating surfaces on the Moon and other solar 

system bodies.  So that this can be achieved accurately, the flux of craters through time must be precisely 

known.  By absolutely dating Copernican surfaces (of a significant area) on the Moon, crater densities for 

the Copernican can be established and thus the impact flux determined.  These surfaces may be either 

impact material deposited from Copernican cratering events, or basalt flows emplaced during the period. 

Period of lunar exploration 

The impact flux during the period of lunar exploration can be directly assessed through comparison of 

old and new orbital imagery, in order to identify craters which have formed in the interim, and through 

deployment of seismometers as part of a global network, in order to detect the seismic waves created by 

meteoroid impacts (the site of the impact and the size of the meteoroid can thus be estimated). 

Methodology 

Absolute dating of representative craters 

Choosing a representative set 

Sixty one craters of diameter >2 km are identified as Copernican in age by Wilhelms et al. (1987).  This 

list of craters was used as a basis for choosing a representative set of Copernican craters that could be dated 

in order to help assess the recent impact flux (Fig. 1.24 and Table 1.5). 

Several criteria were used to identify craters which are representative in space, size, and relative age. 

Space.  The lunar surface was split into a grid with six latitudinal belts and eight longitudinal columns 

in order to identify a set of craters which were globally distributed. 

Size.  The craters were split into three groups according to their diameters (<15 km, 15–75 km, and >75 

km) so that a range of sizes would be represented in the chosen subset. 

Relative age.  In Wilhelms et al. (1987) a certain number of the craters are recognized as being ‗young‘ 

or ‗very young‘ compared to the majority of the craters.  This relative age classification was employed in 

choosing craters which were temporally widespread through the Copernican. 

Target material.  The target material into which the crater formed was also considered, a distinction 

being made between mare and nonmare material. 

A total of ten craters (or pairs of craters) were chosen as the representative subset.  When a pair of 

craters was chosen, this was because on the basis of these criteria, the two craters were identical.  It should 

be emphasized that this subset is just an example of representative craters.  Other criteria could be used and 

other representative craters thus be identified.  An attempt was made to choose craters that were 

proportionally (± 10%) representative of the total dataset (i.e. if 10% of the sixty-two Copernican craters 

were less than 15 km in diameter, then 10% of the chosen subset should also be less than 15 km diameter). 



30 

 

FIGURE 1.24  Map showing the 61 craters identified as Copernican  (Wilhelms et al., 1987; personal 

communication).  Those craters which make up the chosen representative subset are marked by ▲ and are 

labeled (the crater Palitzsch is located beneath the Stevinus label). 
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TABLE 1.5 Sixty one craters identified as Copernican in age (Wilhelms et al., 1987; personal 

communication) with their coordinates and diameters.  Those highlighted are the craters that make up the 

chosen representative subset.  Superscript numbers indicate pairs of craters that are identical in terms of the 

criteria used to the representative subset.  § denotes ‗young‘ craters and Ψ ‗very young‘ craters as classified 

in Wilhelms et al. (1987). 

Crater Name Lat (°) Long (°) Diam (km) Crater Name Lat (°) Long (°) Diam (km) 
1
Anaxagoras 73.4 -10.1 50 Linné 27.7 11.8 2 

Aristarchus
§
 23.7 -47.4 40 Maestlin 4.9 -40.6 7 

Aristillus 33.9 1.2 55 Messier -1.9 47.6 11 

Autolycus 30.7 1.5 39 Milne (N) -31.4 112.2 272 

Bel'kovich 61.1 90.2 214 Mösting -0.7 -5.9 24 

Birkhoff (Z) 58.7 -146.1 345 Necho -5 123.1 30 

Bürg 45 28.2 39 O‘Day -30.6 157.5 71 

Carpenter 69.4 -50.9 59 Olbers
§
 7.4 -75.9 74 

Conon 21.6 2 21 
4
Palitzsch -28 64.5 41 

Copernicus 9.7 -20.1 93 Pasteur (D) -11.9 104.6 224 

Coriolis (Y) 0.1 171.8 78 Perrine 42.5 -127.8 86 
2
Crookes -10.3 -164.5 49 Petavius (B)

§
 -25.1 60.4 188 

2
Das -26.6 -136.8 38 

1
Philolaus 72.1 -32.4 70 

Dawes 17.2 26.4 18 Proclus
§
 16.1 46.8 28 

Dionysius
§
 2.8 17.3 18 Pytheas 20.5 -20.6 20 

Eudoxus 44.3 16.3 67 Robertson 21.8 -105.2 88 

Faraday -42.4 8.7 69 Rutherfurd -62.2 -11.9 10 

Gambart 1 -15.2 25 Schomberger -76.7 24.9 85 

Gassendi -17.6 -40.1 101 Sharonov 12.4 173.3 74 

Giordano Bruno
Ψ
 35.9 102.8 22 South 58 -50.8 104 

Goddard
Ψ
 14.8 89 89 

4
Stevinus -32.5 54.2 74 

Godin 1.8 10.2 34 Sulpicius Gallus 19.6 11.6 12 

Gruithuisen 32.9 -39.7 15 Taruntius 5.6 46.5 56 

Guthnick -47.7 -93.9 36 Thales 61.8 50.3 31 

Harpalus 52.6 -43.4 39 Thebit (A) -22 -4 56 

Hayn 64.7 85.2 87 Triesnecker 4.2 3.6 26 

Jackson 22.4 -163.1 71 Tycho
§
 -43.4 -11.1 85 

Kepler
§
 8.1 -38 31 Vavilov -0.8 -137.9 98 

King 5 120.5 76 Von Neumann 40.4 153.2 78 

Lansberg (B) -0.3 -26.6 38 Zucchius -61.4 -50.3 64 

Lichtenberg
§
 31.8 -67.7 20     

 

Landing Site Example —Tycho Crater 

Tycho has a diameter of 85 km and a depth of about 4.5 km (Figs. 1.25 and 1.26).  It is located at 

11.1°W and 43.4°S.  It is the youngest large crater on the nearside of the Moon with a conspicuous ray 

system.  Tycho is thought to have been absolutely dated, from a sample collected during Apollo 17 from 

the slope of the South Massif.  It is believed that a landslide was triggered by the ejecta of Tycho (2200 km 

away).  The landslide material has an exposure age of about 0.1 Ga (Wolfe et al., 1975; Arvidson et al., 

1976; Drozd et al. 1977; Lucchitta 1977) and this age has therefore been proposed for Tycho.  Because the 

age is indirectly determined, confirmation with samples at Tycho is warranted. 

 



32 

Figure 1.25 illustrates the geology of Tycho, as constructed from Lunar Orbiter images, and shows three 

units of ejecta deposits (Ccrb, Ccrh, Ccrr).  An inner hummocky zone consists of units Ccrb (blocky rim 

material) and Ccrh (hummocky rim material), with a maximum extent is about 20 km from the crater rim.  

An outer, radial zone is made up of unit Ccrr (radial rim material) and accounts for much of the Tycho 

ejecta; it extends for about one crater diameter. 

TABLE 1.6  Description and interpretation of important geologic units in Fig. 1.25 (Pohn, 1972). 

Unit 

name 
Characteristics Interpretation 

Cs Material on steep slopes, primarily crater walls, Bedrock and blocky talus exposed by 

 

FIGURE 1.25 A portion of the geologic map of the Tycho quadrangle of the Moon, showing Tycho itself.  

Geologic units of importance are described in Table 1.6 (Pohn, 1972). 
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distinctly brighter than Tycho ray material. impact, faulting, and mass wasting. 

Ccfs 

Floor material, smooth.  Few hummocks.  

Traversed by numerous fissures tens of meters 

wide barely visible on Orbiter IV resolution 

(about 100 m) but apparent on Orbiter V 

photographs (resolution ¼ m).  Density of 

craters <1 km diameter lower than on crater rim. 

Post crater lava or other volcanic filling 

subsequently cut by tension cracks as 

result of cooling. 

Ccfh 

Floor material, hummocky.  Broadly rounded 

hummocks ¼ to 3 km diameter.  Numerous 

fissures tens of meters wide.  Density of craters 

< 1 km lower than on rim. 

Post-crater viscous volcanic filling.  

Hummocks may be volcanic domes.  

Fissures possibly caused by calescence of 

individual volcanic elements.  Some 

craters in floor may be effusion vents. 

Ccrb 

Rim material, blocky.  Coarse and rather angular 

hummocks about ½ km diameter adjacent to rim 

crest. 

Impact ejecta consisting mainly of large 

jumbled blocks swept clean of base-surge 

deposits. 

Ccrh 

Rim material, hummocky.  Large subdued 

hummocks, about 5 km diameter, and subdued 

ridges subconcentric to rim crest.  Heavily 

lineated in part.  Distal to unit Ccrb where that 

unit present. 

Impact ejecta covered by moderately thin 

blanket of fine material deposited from 

base surge. 

Ccrr 

Rim material, radial.  Continuous surface having 

ropy or braided texture radial to Tycho.  

Subdued satellitic craters abundant (but not 

mapped) near outer contact; grades outward into 

facies dominated by satellitic craters (unit Csc) 

Impact ejecta deposited by base surge. 

Ccw 

Wall material.  Finely hummocky material on 

terraced wall.  Small irregular and locally 

sinuous ridges and rimmed valleys trend down 

steep slopes. 

Slumped rim materials and talus.  Radial 

channels and ridges possibly formed by 

downslope movement of particulate 

material while crater interior still hot from 

impact shock melting. 

Ccp 
Peak material.  Sharply angular complex of 

ridges and peaks near centre of carter. 

Part of lens of intensely brecciated 

material uplifted immediately after 

excavation of crater; possibly later 

volcanic material in part. 

Csc 

Satellitic crater material.  Material of small 

generally sharp-rimmed craters in clusters and 

string subradial to crater Tycho; craters are 

elongate or round single craters or coalescing 

craters.  Many strings exhibit a herringbone or 

braided pattern splaying outward from Tycho. 

Material of secondary impact craters 

produced by ejecta from Tycho.  Some 

patches stop abruptly at crater rim crest 

facing Tycho but recur on floors and 

opposite walls, indicating ballistic 

shadowing – ejecta impacted surface at 

angle less than slope of walls. 

 

Howard and Wilshire (1975) documented photographic evidence of once-fluid materials that ponded 

and flowed downhill, interpreted as localities of impact melt material.  They describe four distinctive 

morphologies of these features, all of which have been identified within the ejecta deposits of Tycho: 

1. Superposition as a veneer over irregular surfaces: A veneer of the impact material is draped 

over the inner part of Tycho‘s crater rim.  A cracked veneer (feature labeled 1 in Fig. 1.27) on 

the main crater rim contrasts with blocky areas where no cracks occur (feature labeled 2 in 

Figure 1.27). 

2. Flow lobes and channels: Leveed flow channels and lobes indicate that melt material flowed 

downhill both outside craters on the rims and inside on the walls (see Fig. 1.28). 
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3. Complexly fractured pools on crater floors: Thicker accumulations of fluid material, 

characterized by complex floor patterns of blocky cracks and wrinkelike corrugations, and by a 

somewhat knobbly yet generally level surface, flood the crater floor.  The cracks in the material 

commonly continue over hummocks in the floor, indicating that the fluid material mantled these 

hummocks.  In Tycho some hummocks are surrounded part of the way up by concentric shells 

implying that the tops of the hummocks are not coated (Kosofsky and El-Baz, 1970) (see Figs. 

1.29 and 1.30).  Fissured lavalike material forms isolated terraces along the edges of Tycho‘s 

crater floor (Strom and Fielder, 1970) (see Figs. 1.29 and 1.31). 

4. Smaller ponds on crater walls and rims: Fluid material that ponded to a level surface occupies 

numerous small depressions on crater walls and rims (feature labeled 3 in Fig. 1.27).  Most 

ponds are several hundred meters to several kilometers across, but some are much larger.  Ponds 

on the rims of larger craters such as Tycho represent the greatest concentrations of, and the most 

fluid impact melt material.  For Tycho, Shoemaker et al. (1968) estimated 120 km
3
 of such 

materials on the rim and suggested that a comparable amount may be present on the floor.  The 

largest rim pools are concentrated on the east side of Tycho where the ray pattern is most 

extensive. 

 

 

FIGURE 1.26 Lunar Orbiter image LO-V-125-M showing the crater Tycho.  The box indicates the 

approximate position of the area shown in Fig. 1.28. 
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FIGURE 1.27 An enlarged portion of Lunar Orbiter image LO-V-127-H2 showing veneer, pools, and 

blocky areas on the north rim of Tycho.  A cracked veneer (1) drapes the landscape and elsewhere blocky 

residues (2) are present where fluid material apparently drained toward pools.  A large pool (3) has 

polygonal cracks. 

 

FIGURE 1.28 Lunar Orbiter image LO-V-126-H2 showing two flow features (labeled 1 and 2) which 

exhibit successive flow fronts, transverse ridges and fractures (parallel to the direction of flow and 

probably later features).  A breach in the scarp to the north-west (labeled 3) may be a channel through 

which molten rim material flowed to form this front.  Close examination of the rim reveals considerable 

pooling of material and patterns indicative of flowlike movement.  The lower portion of the photograph 

(labeled 4) provides excellent examples of pools on a terrace interconnected by flow features.  Flow levees 

(labeled 5) are well displayed and smooth-appearing flows with well-defined termini typically fill local 

depressions. 
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FIGURE 1.29 Lunar Orbiter image LO-V-125-H2 showing the north-western part of the floor and lower 

wall of Tycho.  Boxes indicate the positions of Fig. 1.30 (bottom) and Fig. 1.31 (top). 

 

FIGURE 1.30 An enlarged portion of the bottom section of Fig. 1.29, showing a view of some of the 

roughest parts of the floor of Tycho.  The symmetrical rings or shells surrounding the large mounds are 

thought to be due to the flow of shock-melted rock off the surface of the mounds.  Fissures and blocks are 

abundant in all parts of the floor. 
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Hirata et al. (2000) use Clementine multi-spectral data (primarily the 750/415 nm ratio to recognize 

glassy material) together with Lunar Orbiter images to study the ejecta deposits of Tycho.  They organize 

the ejecta into three categories: 

1. Glassy ejecta containing a large amount of impact melt, with hummocky or radial surface 

texture. 

2. Non-glassy ejecta seen only in the north rim, corresponding to the blocky rim material. 

3. Massive melt deposits made of crystalline melt. 

Suitable landing sites can thus be identified by combining the study of high-resolution imagery and multi-

band spectral data to find localities of abundant melt material for collection and sampling. 

Surveyor VII landed on the north flank of Tycho (the landing site is shown in Fig. 1.25) in 1968 and 

returned over 20,000 images from its television camera.  Figure 1.32 is a mosaic of some of those images 

and gives an impression of the landscape surrounding the landing site. 

 

 

FIGURE 1.31 An enlargement of the north-eastern corner of Fig. 1.29, showing typical details of the floor 

and floor-wall contact of Tycho, including mounds, fissures, and blocks.  Long fissures commonly parallel 

the floor-wall contact, while shorter, more irregular ones have variable directions.  A flow lobe in the 

upper right corner has moved down the wall and ‗bulldozed‘ its way into the floor material. 
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Absolute dating of large scale Copernican surfaces 

Absolute dating of Copernican deposits provides surfaces upon which to base calibrated crater 

counting.  Other areas of the Moon can thus be relatively dated and the Copernican impact flux 

investigated.  The surfaces must be homogenous on a scale with a large enough surface area to conduct 

statistically significant crater counts.  Their horizons should also be stratigraphically important.  These 

surfaces may be: 

1. Ejecta blankets and floors of the representative Copernican craters identified above (or any other 

representative set), or 

2. Basalt flows that were erupted and emplaced during the Copernican period. 

Although widespread lunar volcanism is not thought to have occurred during the Copernican period, some 

authors have proposed that a number of basalt flows within Oceanus Procellarum are indeed Copernican in 

age.  Schultz and Spudis (1983) claimed that lunar mare volcanism occurred continuously from before 4.1 

Ga to as recently as 1.0 Ga (Copernican period).  Some mare units are thought to overlap the bright ejecta 

rays of the Copernican crater Lichtenberg (67.7°W, 31.8°N), and thus are themselves Copernican (Moore, 

1967).  This stratigraphic relationship was confirmed in Lunar Orbiter images (Schultz, 1976) as shown in 

Fig. 1.33. 

 

 

FIGURE 1.32 A mosaic of Surveyor VII narrow-angle pictures looking approximately north from the 

landing site (40.95°S, 11.41°W).  The ridge labeled A is 21 km from the spacecraft and the crater labeled 

B is about 590 m from the space craft.  Image courtesy of P. Stooke (University of Western Ontario). 
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Hiesinger et al. (2003) mapped individual basalt flows (Fig. 1.34) within Oceanus Procellarum (as well 

as other maria) using a Clementine multispectral high-resolution color ratio composite.  They counted 

craters in areas within a number of these flows, employing the chronostratigraphic system of Neukum and 

Ivanov (1994).  They thus identified five of the flows as Copernican in age.  However, if other 

chronostratigraphies were utilized (e.g. Wilhelms et al., 1987; Stöffler and Ryder, 2001), these same flows 

would instead be classified as Eratosthenian or Imbrian in age. 

In order to absolutely date surfaces for crater counting purposes, any basalt material from these flows 

can be collected and returned to Earth for Ar-Ar dating.  The oldest of these flows (labeled ‗1‘ on Fig. 1.34) 

should at least be visited and dated.  If it is confirmed as Copernican in age, it follows that all the younger 

flows would also be.  If, however, it is not Copernican the other flows (especially the youngest) would need 

to be dated in order to confirm the period over which they were erupted.  This oldest flow is outlined in 

Figs. 1.35 and 1.36 on both existing geologic maps and Lunar Orbiter IV images.  As can be seen in Fig. 

1.35, the coverage of this entire area with published, detailed geologic maps is not complete.  These are 

required for those areas for which they do not currently exist.  The outlines and ages of flows mapped by 

Hiesinger et al. (2003) and on the geologic maps do not match because different resolution imagery and 

data types were used in their identification (Clementine UVVIS and Lunar Orbiter / telescopic 

observations).  

 

 

FIGURE 1.33.  Lunar Orbiter image LO-IV-170-H1 of Lichtenberg crater, showing embayment of basalt 

flows on the eject blanket (bottom right). 
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FIGURE 1.34  Map of Oceanus Procellarum outlining individual basalt flows identified by Hiesinger et al. 

(2003).  Yellow flows are Copernican, green are Eratosthenian, and blue are Imbrian.  Brown areas are 

nonmare material.  Numbers refer to the inferred relative ages of the five Copernican flows (1 being the 

oldest and 5 the youngest).  Flows that have not been filled have not had crater counting conducted on 

them.  (Adapted from Hiesinger et al. 2003). 
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FIGURE 1.35 The oldest Copernican flow identified by Hiesinger et al. (2003) is mapped here in yellow 

on the existing geologic maps of the region (Ulrich, 1969; Scott and Eggleton, 1973).  The top of flow 3 

(as labeled in Fig. 1.34) can be seen at the bottom of the figure.  Surrounding basalt flows are indicated in 

red.  The mapped flows do not match those on the geologic maps because different resolution imagery and 

data types were used in their identification.  Colored boxes indicate sites of scientific interest and are 

explained in the text.  Labels E and I indicate an Eratosthenian and an Imbrian flow respectively. 
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Choosing an exact landing site within this area, with the view to sampling the basalt flow should be 

carried out on the basis of meeting other scientific goals simultaneously.  Figures 1.35 and 1.36 can be used 

to identify areas of other scientific interest within the region.  Colored boxes on Fig. 1.35 indicate examples 

of such sites:  

- White: the Copernican flow at this corner has a contact with two other flows, one that is thought 

to be Eratosthenian in age and another than is interpreted as Imbrian.  By visiting this site and 

collecting samples from all three flows, a vast range in time should be represented, thus helping 

to establish a precise chronology (Science Goal 1c). 

- Blue: this area contains two different types of rock unit, those of mare basalt material (grey unit 

labeled Elm), and that which contains a mixture of secondary crater (from the Copernican crater 

Harpalus) and mare material (orange unit labeled Ccrm).  This area also contains a mare ridge, 

which is thought to be a structurally controlled fissure volcanic complex whose origin could be 

investigated by visitation. 

- Purple: by visiting this area both crater rim material from the Copernican crater Sharp B (yellow 

unit labeled Ccrr) and the mare basalt material from the area can be sampled (pink unit labeled 

Im). 

- Brown: Rima Sharp, an example of a rille is included within this area.  Rilles are features whose 

origins are still not fully understood, and may expose stratigraphy within the mare.  The blue 

geologic unit here is Imbrian ejecta material. 

 

 

FIGURE 1.36  The oldest Copernican flow identified by Hiesinger et al. (2003) is mapped here in yellow 

on Lunar Orbiter images (LO-IV-4158-H2, LO-IV-4163-H2, LO-IV-4163-H2).  The top of flow 3 (as 

labeled in Fig. 17) can be seen at the bottom of the figure.  Surrounding units are indicated in red. 



43 

Crater counting and identification 

Crater counting should be conducted on surfaces which have either been dated in the past or are dated 

from future sample return missions.  These studies will allow size-frequency distributions for the 

Copernican period to be improved and thus new chronostratigraphies be applied to other surfaces for 

relative dating. 

Old imagery obtained in the 1960s and 1970s (i.e. Lunar Orbiter, Ranger, Apollo) should be 

systematically compared with newly attained images of the same areas, from current and future lunar 

missions.  The new data must be of equal or better resolution for the purposes of identifying newly formed 

impact craters on the lunar surface.  In the case of higher resolution images, these must be degraded to 

equal the old images‘ resolutions to make this a valid undertaking. 

Passive seismic network 

The Apollo lunar passive seismic network consisted of four stations deployed by the astronauts of 

Apollo 12, 14, 15 and 16 as part of the ALSEP (Apollo Lunar Seismic Experiments Package).   The 

arrangement of the stations on the near side of the Moon is in approximately an equilateral triangle with 

1100 km sides, with two stations 180 km apart at one corner (Fig. 1.37). 

Each station consisted of a set of three long-period (≤ 1 Hz) seismometers sensitive to motion in 

orthogonal directions and one short-period (> 1 Hz) seismometer sensitive to vertical motion (Fig. 1.38).  

Two modes of operation of the long-period seismometers were possible: a flat-response mode and a 

peaked-response mode.  Maximum sensitivity was increased (by a factor of 5.6) with the peaked-response 

mode, but the sensitivity to low-frequency signals was reduced.  

 

 

FIGURE 1.37 Map showing the location of the four Apollo passive seismic network stations. 
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Meteoroid impact signals were detected by the network.  Their signal could be distinguished from 

moonquake signals by their envelope characteristics: a very weak beginning and a relatively long rise time 

to the peak amplitude, and the relative weakness of shear waves compared to those from moonquake 

sources (Latham et al., 1972).  Although large impact events are the most energetic of all lunar seismic 

events, the weak beginning of the signals makes it difficult to locate the impacts by the normal method 

using P-wave arrival times (Dorman et al., 1978).  Each instrument was able to detect ground motions of 

about 0.05 nm at the peak of its response (Duennebier et al., 1976).  During the network‘s period of 

operation (1969–1977) a total of 1744 impacts were recorded on the long-period instruments (Nakamura et 

al., 1982).  Oberst and Nakamura (1991) estimate the mass of these meteoroids to have ranged from about 

10
-1

 to 10
3
 kg.  Rare, larger objects could be detected if they impacted anywhere on the lunar surface, while 

micrometeoroids could only be detected if they impacted close to a seismic station.  These events, from 

meteoroids smaller than 0.1 kg were too numerous to be counted.  Factors other than the mass of the 

meteoroid affect the seismic signal produced, these include its velocity, density and impact angle. 

Several authors have noted that the level of meteoroid impact activity did not occur randomly, but 

exhibited clustering in time and in the mass distributions (Duennebier et al., 1976; Oberst and Nakamura, 

1991).  Duennebier et al. (1976) concluded that the clustering of meteoroid impacts was not caused by the 

well-known meteor showers, but occurred in storms lasting from a few days to more than a week and which 

represented extremely diffuse clouds which had gone previously undetected.  Oberst and Nakamura (1991) 

claim that the clustering of small (<1 kg) and large (>1 kg) meteoroids represents their separate sources: a 

cometary source for the small population, and near-Earth asteroids or short period comets for the large 

population. 

The results from the Apollo lunar seismic network show that meteoroid impacts can be detected on the 

lunar surface.  The present day impact flux can thus be monitored with the deployment of a new network.  

The small number of stations, their small areal extent and the short-term nature of the network meant that 

data were not exhaustive and more seismic information is required.  It is highly recommended that a new 

network be deployed on the lunar surface for the purpose of assessing the recent impact flux.  Data quality 

and scientific output will be improved with more seismic stations and a greater spatial coverage. 

A possible New Frontiers Mission was proposed (Neal et al., 2003; Neal, 2005) wherein a new seismic 

network would be established on the Moon.  They envisaged a modest network of eight seismometers 

(preferably ten) to be deployed around the Moon (including the near side, far side and polar regions) (see 

Fig. 1.39) and be active for 5 to 7 years. 

 

 

FIGURE 1.38 Schematic diagram of an Apollo passive seismic experiment (Latham et al., 1972) 
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SCIENCE GOAL 1E: STUDY THE ROLE OF SECONDARY IMPACT CRATERS ON CRATER 

COUNTS 

Science Goal 1e is not examined in detail here since its objectives can be attained through orbital 

imagery and do not require specific landing sites to be achieved. 

 

CONCLUSIONS 

To address Science Goal 1a, a representative number of pre-Nectarian, Nectarian, and Imbrian basins 

need to be sampled and those materials returned to earth for analyses.  In some cases, as in the very young 

Schrödinger and Orientale basins, suitable samples may be exposed over broad areas.  In other cases, where 

basins have been partially filled with volcanic mare, specific sites where younger craters have penetrated 

the mare and re-exposed the impact melt will need to be targeted. 

Because the ejecta blankets of those basins also from stratigraphic horizons that can be used to identify 

the relative ages of other geologic structures on the Moon, it will be especially productive if the basins were 

geographically distributed across the lunar surface as well as temporally distributed in time.   

The highest priority basin age to determine is that of South Pole-Aitken basin (i.e., Science Goal 1b).  

Although its ejecta deposits probably contained abundant melt fragments suitable for radiometric dating 

techniques, they have been severely modified and/or buried by subsequent geologic processes (including 

younger impact events).  For that reason, the best locations for determining the age of the South Pole-

Aitken basin are within its interior and, in general, where younger impact events have exposed SPA impact 

melt-bearing deposits.  Good candidates are within an FeO-rich zone in the basin‘s center and in modestly 

FeO-enriched sites along the outer margins of the SPA basin (e.g., in the vicinity of Schrödinger basin). 

To determine the impact flux after the basin forming epoch, representative craters of Eratosthenian and 

Copernican age need to be sampled.  The most reliable type of sample is from impact melt sheets within the 

craters or melt-rich deposits in the modification zones or proximal ejecta blankets.  The youngest of these 

basins may have very rough topography and will need to be studied in greater detail to identify specific 

landing sites.  Those types of samples can be used to reconstruct the impact flux over the past half-billion 

years of lunar history up to and including the present.  Details about the most recent impact flux may also 

be augmented with one or more seismic stations. 

 

FIGURE 1.39  Schematic seismometer configuration for a lunar seismic network (Neal et al., 2003). 
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Science Concept 2: The Structure and Composition of the Lunar 

Interior Provide Fundamental Information on the Evolution of a 

Differentiated Planetary Body 

 

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

Information on the Evolution of a Differentiated Planetary Body 

 

Science Goals: 

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

variability on regional and global scales. 

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

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

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

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

engine. 

 

 

 

INTRODUCTION 

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

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

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

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

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

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

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

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

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

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

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

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

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

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

the details of which are debated or unknown.  

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

Approach 

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

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

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

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

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

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

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

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

GENERAL BACKGROUND 

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

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

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

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

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

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

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

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

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

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

within each Science Goal). 

 

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

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

requirements. 
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Formation of the Moon 

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

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

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

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

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

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

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

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

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

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

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

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

could explain lunar iron depletion.  Likewise, condensation of the Moon from ‗cold‘ vapor outside the 

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

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

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

Lunar Bulk Composition 

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

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

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

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

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

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

refractory elements relative to Earth‘s composition, and Lunar Primitive Upper Mantle (LPUM: Longhi, 

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

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

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

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

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

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

 

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

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

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

melting of lunar material resulted in a ―magma ocean‖ extending from the surface to some depth, from 

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

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

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

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

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

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

plagioclase (formed after 60–80% total crystallization) floated to form the anorthositic crust (Smith et al., 

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

magma ocean liquid, after 90–95% crystallization, were enriched in incompatible elements such as 

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

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

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

the existence of an early LMO. 

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

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

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

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

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

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

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

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

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

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

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

 

Core/unmelted interior

Olivine
(sinks)

Olivine +
Low Ca pyroxene

Olivine +
pyroxene

Plagioclase
(floats)

Feldspathic crust

urKREEP
Ilmenite

Mafic cumulates

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

Quenched crust Anorthositic crust

 

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

See text for a detailed explanation. 
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depth of the LMO range from 200–1000 km (Taylor and Jakes, 1974; Ringwood and Kesson, 1976; 

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

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

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

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

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

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

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

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

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

Cumulate Overturn of LMO Stratification 

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

Tanton et al., 2011). 

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

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

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

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

studies suggesting ~300–500 km depth (Elkins-Tanton et al., 2002, 2011) to the core-mantle boundary 

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

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

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

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

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

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

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

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

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

the farside highlands crust is on average 10–15 km thicker than the nearside (e.g., Wood, 1973). These 

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

presence of a small (1–3 wt. %, <500 km radius), metallic (Fe to FeS) or dense silicate, partially to fully 

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

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

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

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

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

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

that extended to some depth (ranging from 200–1000 km or more; Solomon and Chaiken, 1976; Nakamura, 

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

                

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

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

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

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

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

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

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

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

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

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

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

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

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

Geophysical Methods 

Seismology 

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

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

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

the materials that the seismic wave propagated through.  

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

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

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

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

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

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

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

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

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

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

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

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

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

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

1995). 

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

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

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

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

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

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

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

to study the three-dimensional velocity structure of the Moon‘s interior. 
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EM Sounding 

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

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

sounding is often used to complement other geophysical methods.  

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

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

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

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

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

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

        (2.1) 

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

   (2.2) 

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

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

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

and described in the next subsections. 

Transfer Function (TF) 

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

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

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

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

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

  (2.3) 

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

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

radius: 

      (2.4) 

 

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

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

response of the induced field can be used to invert for the conductivity structure as a function of depth. 
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Geomagnetic Depth Sounding (GDS)  

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

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

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

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

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

1983): 

      (2.5) 

Magnetotellurics (MT)  

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

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

calculated using the equations: 

  (2.6) 

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

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

present (Grimm and Delory, in press). 

 

 

 

 

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

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

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

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

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

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

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

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

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

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

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

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

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

     (2.7) 

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

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

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

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

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

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

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

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

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

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

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

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

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

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

Boggs, 2008).  

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

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

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

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

 

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

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

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

Heat Flow Measurements 

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

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

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

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

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

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

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

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

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

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

       (2.8) 

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

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

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

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

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

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

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

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

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

Gravity Measurements 

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

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

spacecraft experiences depends on the mass distribution: 

    (2.9) 

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

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

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

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

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

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

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

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

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

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

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

knowledge of the feature‘s average density (i.e., Bouguer correction).  

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

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

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

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

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

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

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

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

 

GENERAL METHODS 

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

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

geophysical and sample return requirements specific to each Science Goal.  

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

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

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

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

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

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

2. 

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

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

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

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

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

DATA 

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

TABLE 2.2 All datasets used for Science Concept 2. 

Data Resolution Instrument Source Authors 

Imagery 

WAC Global 

Mosaic 

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

/global_product/100_mpp_

global_bw 

 

Digital Terrain Model 

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

TA/LOLA_GDR/CYLIND

RICAL/IMG/ 

 

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

TA/LOLA_GDR/CYLIND

RICAL/IMG/ 

 

Crater Records 

LPI-CLSE crater 

database 

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

ar/surface/Lunar_Impact_C

rater_Database_v24May20

11.xls 

Losiak et al. (2009); 

revised by Ohman 

(2011) 

LOLA Crater 

Database 

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

n.edu/html_pages/LOLAcr

aters.html 

Head et al. (2010) 

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

Internal 

magnetic field 

1° LP 

magnetomet

er and 

Clementine 

Topography 

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

esearch/purucker/moon_20

10/index.html 

Purucker and Nicholas 

(2007) 

 

Element Data 

Thorium  LP   

Titanium  LP   

Iron  LP   

Ejecta Material 

Crater ejecta 

material 

Shapefiles   Science Concept 5 

Other 

Sinuous Rilles Shapefiles   Hurwitz et al. 

(submitted to Planetary 

and Space Science, 

May 2012) 

Floor-Fractured 

Craters 

Shapefiles   Science Concept 5 

Pyroclastic 

database 

Shapefiles   Refer to Table A2.2 

for references 

Cryptomare 

deposits 

Shapefiles   Refer to Table A2.3 

for references 

Olivine detection Shapefiles   Yamamoto et al. 

(2010), Table A2.5 

Deep 

moonquake nest 

locations 

   Nakamura (2005) 

Shallow 

moonquake 

event locations 

   Nakamura (1977) 

 

Digital Elevation Model (DEM) 

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

used to produce a slope map and a map of areas visible from the Earth‘s surface.  

 

 

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

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

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

not necessary. 

Slope 

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

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

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

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

 

 

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

LOWER) AND CHARACTERIZE ITS LATERAL VARIABILITY ON REGIONAL AND 

GLOBAL SCALES 

Introduction 

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

1974). 

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

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

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

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

Background 

Thickness of the Lunar Crust 

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

noted the hemispherical dichotomy in crustal thickness, with a farside crust that was proposed to be ~10–15 
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km thicker than that of the nearside (e.g., Wood, 1973; Kaula et al., 1974).  Thinner crust was also inferred 

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

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

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

(located <200 km from each other) were interpreted to have crustal thicknesses around 58–65 km (Toksöz 

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

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

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

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

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

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

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

and Phillips, 1997). 

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

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

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

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

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

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

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

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

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

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

suggesting values of 30–50 km (Khan et al., 2000; Khan and Mosegaard, 2002; Lognonné et al., 2003; 

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

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

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

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

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

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

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

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

for a compilation.) 

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

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

average 10–20 km thicker than the nearside (Zuber et al., 1994; Chenet et al., 2006; Wieczorek et al., 

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

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

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

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

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

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

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

future crustal thickness models. 

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

variations in the Moon‘s gravity can be extracted.  The first stage has successfully mapped global gravity 

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

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

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

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

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

(Weaver et al., 2010). 

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

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

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

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

 Ascertaining temporal evolution of crustal brecciation and magnetism 

 Determining subsurface structure of impact basins and mascon (―mass concentration‖) origin 

 Understanding asymmetric lunar thermal evolution 

 Constraining deep interior structure from tides 

 Placing limits on size of a possible solid inner core 

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

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

work that is outlined here. 

Deriving Crustal Thickness from Gravity 

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

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

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

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

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

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

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

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

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

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

combined with the LRO LOLA topography map. 

Composition and Petrogenesis of the Lunar Crust 

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

distribution of primitive urKREEP. 

 

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

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

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

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

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

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

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

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

Terrane (PKT), Feldspathic Highlands Terrane (FHT) (further subdivided into FHT-A, for ―anorthositic,‖ 

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

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

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

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

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

the same process that resulted in lateral heterogeneity.  

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

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

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

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

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

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

with a possible mafic ―mixed layer‖ that represents a primordial, quenched LMO crust (Hawke et al., 

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

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

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

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

model for crustal formation. 

Petrology of the lunar crust – inferences from sample studies 

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

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

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

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

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

as the approximate locations of these within the crust.  

Ferroan Anorthosite Suite (FAS) 

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

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

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

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

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

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

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

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

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

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

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

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

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

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

throughout this chapter.  Modified from Jolliff (2012).   

Mg-suite 

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

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

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

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

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

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

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

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

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

massive overturn (Shearer and Papike, 2005).  

Alkali suite 

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

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

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

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

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

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

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

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

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

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

(Wieczorek et al., 2006).  

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

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

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

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

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

geophysical models. 

Using Impact craters as windows into the lunar interior 

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

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

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

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

For simple craters (craters with diameter less than approximately 16–20 km), the transient crater 

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

(all in km): 

Dtc = 0.84D       (2.10) 

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

1985), where Dsc is the transition crater diameter from simple to complex craters (approximately 16–20 km 

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

  D = Dsc
-0.18

Dtc
1.18

       (2.11) 

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

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

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

Depth of excavation  

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

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

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

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

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

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

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

Maximum depth of melting 

The maximum depth of melting (dm) for complex craters, i.e., those with diameters >16–20 km, is 

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

kilometers: 

Dm = 0.109D
1.08

       (2.13) 

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

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

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

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

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

may extend into the mantle.  

Impact melt sheet 

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

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

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

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

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

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

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

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

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

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

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

from.  

 

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

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

sampled elsewhere in the crater.  Not to scale. 

Central peak ring or basin inner ring  

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

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

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

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

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

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

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

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

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

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

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

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

the massive melt sheet. Not to scale. 

Requirements 

Orbital Geophysics 

Gravity Surveying 

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

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

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

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

In situ Geophysics 

Seismology 

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

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

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

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

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

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

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

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

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

1972). 

EM Sounding 

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

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

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

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

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

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

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

experiment should be done. 
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Sample Return 

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

crustal compositions laterally and vertically, specifically: 

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

the full compositional range of crustal stratigraphy. 

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

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

following criteria:  

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

basin is being sampled. 

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

Methodology 

In situ Geophysics 

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

‗typical‘ crustal thickness, crustal thickness distributions were extracted and plotted in MATLAB to find 

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

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

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

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

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

of the mean crustal thickness for each terrane, to map areas of ‗typical‘ crustal thickness.  

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

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

Sample Return 

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

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

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

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

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

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

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

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

crust must have sampled the upper crust as well. 

2. Using Equations 2.10–2.13 (outlined above), we identified all craters or basins that may 

theoretically expose lower crustal material in their ejecta. 

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

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

preserved).  

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

verify whether craters/basins did indeed preserve their central peaks or peak rings. 
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FIGURE 2.13 A histogram showing the frequency distribution of ‗thin‘, ‗typical‘, and ‗thick‘ crustal 

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

as ±1σ of the mean crustal thickness of the terrane (middle vertical line).  Lighter shades denote ‗thin‘ crust 

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

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

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

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

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

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

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

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

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

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

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

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

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

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

samples and specific impacts is difficult to verify.  

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

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

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

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

for older craters). 

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

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

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

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

uplift.  

Suggested Landing Sites 

In situ Geophysics 

Locations where crust is ‗thick‘ (>1σ from the mean), and ‗thin‘ (< 1σ from the mean) are shown in Fig. 

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

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

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

Sample Return 

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

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

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

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

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

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

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

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

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

contain clasts of crustal lithologies.   

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

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

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

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

peak ring material is somewhat ambiguous.   
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Example 1: Humboldt 

Humboldt is presented here as an example of where different lithologies are present within a complex 

crater.  Humboldt has a preserved central peak (Fig. 2.16) and within this crater it should be possible to 

sample ejecta on the crater rim, melt (as this crater has not been flooded with mare basalt), and the outcrops 

of the central peak.  An example landing site (pink star) been added for perspective; this site could 

potentially contain exposures of the lower crust and melt sheet. 

Example 2: Orientale 

Orientale basin has been selected as an example of where to sample the crust within a multi-ring basin  

(Fig. 2.17).  Due to the formation mechanisms of multi-ring basins, it is unlikely that all of the rings contain 

material from the maximum depth of melting; the inner rings are the most plausible candidates.  Figure 

2.17 illustrates that though most of the Orientale basin has been flooded with mare basalts that have 

covered most of the melt sheet, there may be melt preserved as ponds on basin walls.  The inner rook ring 

of Orientale is very likely to contain exposures of the LMO-generated crust beneath a megaregolith (e.g., 

Hawke et al., 2003). 
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Conclusions 

The final map combining the geophysical and sample return elements for Science Goal 2a is shown in  

Fig. 2.18.  In this map, the highlighted areas are the craters that can be visited as part of the sample return 

element of this Science Goal, bearing in mind that only one crater needs to be visited within each terrane.  

As there are no suitable sites for sample return within PKT, it is suggested that the geophysical package 

that needs to be placed within this terrane is placed as far away as possible from the packages in the other 

terranes.  This would increase the global coverage of the seismic network, and provide information 

regarding mantle structure.  For the highlighted regions in other terranes, there are regions with typical 

crustal thickness which are suitable for the geophysical package.  

 
FIGURE 2.18 Final landing site map for Science Goal 2a.  The final geophysical landing site map is 

superimposed onto the final sample return landing site map.  Notice there are craters and basins suitable for 

sample return for this Science Goal present in all of the terranes (except PKT) with some located in the 

highlands, incorporating areas of typical crustal thickness suitable for meeting the geophysical 

requirements.  

 

SCIENCE GOAL 2B: CHARATERIZE THE CHEMICAL/PHYSICAL STRATIFICATION IN 

THE MANTLE, PARTICULARLY THE NATURE OF THE PUTATIVE 500-KM 

DISCONTINUITY AND THE COMPOSITON OF THE LOWER MANTLE. 

Introduction 

Compared with the wealth of data concerning the lunar crust, relatively little is known about the 

composition and structure of the lunar mantle.  Apollo, Luna and meteoritic samples contain no direct 

mantle lithologies and Apollo seismic data revealed only some details about the upper and middle mantle.  

The close spacing of the Apollo seismic array made it such that mantle structure outside the network extent 

could not be resolved (R. Weber, pers. comm.).  Additionally, current seismic data is not sufficient to 

resolve the structure of the middle and lower mantle (Nakamura, 1983). 
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The nature of the lunar mantle is highly dependent on details regarding the lunar magma ocean (LMO) 

hypothesis, many of which are debated and/or unknown.  Mantle composition is governed by the bulk 

composition of the Moon and the extent to which the LMO differentiated.  Mantle stratification is likewise 

dependent on the depth of the LMO, in addition to the degree of stratification during differentiation and the 

extent and scale of cumulate overturn.  The distribution of deep moonquakes (DMQ) and high frequency 

teleseismic events (HFT) indicate at least some mantle stratification with low-velocity zones and structural 

discontinuities proposed at various mantle levels, including a major 500-km discontinuity.  However, many 

of the models that arrived at these features are non-unique, suffer from a dearth of data, or are speculative, 

and even those that are more highly resolved lack key constraints. 

Science Concept 3 (Science Goal 3a, b, c), Science Concept 5, and Science Concept 6 (Science Goal 

6c) have proposed to sample lithologies that will address the composition of the mantle.  Sample locations 

presented here should be used in conjunction with those other proposed landing sites in order to more 

readily address Science Goal 2b.  No other Science Concepts have proposed geophysical landing sites that 

will address the structure of the mantle.    

Background 

Lunar Magma Ocean (LMO) and Cumulate Overturn 

 The lunar magma ocean and subsequent cumulate overturn are discussed in depth in the general 

background, and only summarized here.  While the nature of the lunar mantle is subject to significant 

debate, it is generally agreed that the initial physical and chemical stratification was produced by 

differentiation from a magma ocean (e.g., Shearer and Papike, 1999).  Prior to any overturn, the LMO 

cumulate pile would have been zoned from Mg- and olivine-rich at its base to Fe-, Ti-, KREEP-, and 

pyroxene-rich at the top, with a feldspathic crust.  Subsequent overturn driven by gravitational instabilities 

(Hess and Parmentier, 1995) may have resulted in the delivery of dense ilmenite- and KREEP-bearing 

plumes to the middle and lower mantle, creating a ―hybrid‖ heterogeneous mantle source for mare basalts 

and pyroclastic glasses, and perhaps resulting in an ensuing series of positively buoyant plumes (e.g, 

Singletary and Grove, 2008).  These data all indicate that the global zoned structure of the early mantle has 

been highly disrupted after its initial solidification, but the extent and scale of mantle heterogeneity is as yet 

unclear. 

High-Frequency Teleseismic (HFT) Events and Upper Mantle Structure 

Twenty-eight out of the ~12,500 seismic events recorded by the Apollo Passive Seismic Experiment 

(APSE) were classified as ―high-frequency teleseismic events,‖ characterized by their high-frequency 

nature, well-defined P- and S-wave arrivals, and higher-magnitude energy release (Nakamura et al., 1974, 

1979; Nakamura, 1977; Oberst, 1987).  Unlike deep moonquakes, their occurrence is not aligned with tidal 

periodicities (Nakamura et al., 1974; Nakamura, 1977), but is rather statistically correlated with the sidereal 

month, such that HFT events tend to occur during a specific lunar orientation relative to the stars (Frohlich 

and Nakamura, 2006). 

The source depths for HFT are poorly resolved.  Though some studies locate epicenters in the shallow 

mantle at ~50–200 km depth (Nakamura et al., 1979; Khan et al., 2000; Fig. 2.21), it is not possible to 

exclude a shallower or even surficial origin for HFT (Nakamura et al., 1974; Nakamura, 1977; Frohlich and 

Nakamura, 2006; Kawamura et al., 2008) even though their seismic record is markedly different from 

known meteorite impacts (Nakamura, 1977; Nakamura et al., 1979).  If HFT events do indeed represent 

―shallow‖ moonquakes, it suggests that only the upper mantle of the Moon concentrates significant tectonic 

stresses (occasionally exceeding 100 MPa) required to cause them (Nakamura et al., 1979; Oberst, 1987).  

The accumulation of such large stresses could relate to thermal changes in the lunar interior or long-lived 

heterogeneities from large impact basins (Nakamura et al., 1979).  Alternatively, Frohlich and Nakamura 

(2006) note the sidereal periodicity of HFT and suggest the possible influence of extra-Solar-System 

meteorites or nuggets of strange quark matter in triggering or causing HFT.  Therefore, the implications of 

HFT for upper mantle structure are unclear.  Unfortunately, the resolution of their source depths would 

require an unreasonable number of closely spaced seismometers (c.f., Requirements-Geophysical). 
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500-km Seismic Discontinuity 

 Early interpretations of Apollo-era seismic data suggested the presence of a significant discontinuity 

around 500 kilometers depth as an explanation for a sharp increase in P- and S-wave velocity (Goins et al., 

1981b; Nakamura et al., 1982; Nakamura, 1983; Wieczorek et al., 2006 and references therein).  This 

discontinuity has been interpreted to represent a major compositional boundary (e.g., Goins et al., 1981b) 

or a mineralogical phase transition (Wieczorek et al., 2006 and references therein), though the latter case is 

less plausible to explain the observed velocity increase (e.g., Hood and Jones, 1987).  A significant 

compositional change between the upper and middle mantle may be explained in four ways (Wieczorek et 

al., 2006): 

1. The 500 km discontinuity represents the base of melting and differentiation in the LMO (e.g., 

Mueller et al., 1988); 

2. The lunar mantle was compositionally zoned during accretion, with refractory Al- and Mg-

rich compositions concentrated in the lower mantle (Hood and Jones, 1987; Mueller et al., 

1988); 

3. The discontinuity represents the boundary between olivine- and orthopyroxene-rich cumulates 

formed in the LMO (Wieczorek et al., 2006 and references therein), though later cumulate 

overturn is thought to have modified this configuration (e.g, Hess and Parmentier, 1995); 

4. The discontinuity could represent the base of melting to produce mare and pyroclastic 

volcanic products, in which case it may be a local feature of the PKT (Wieczorek and Phillips, 

2000). 

However, some early work noted the relatively weak evidence for the boundary, arguing that such a 

mantle transition zone may be ―gradual or discontinuous‖ (Nakamura, 1983).  More recent seismic 

inversions have alternately supported (Khan et al., 2000; Khan and Mosegaard, 2001) or questioned 

(Longonné et al., 2003; Khan et al., 2007) the existence of the discontinuity.  It has also been suggested 

that the 500-km discontinuity may be an artifact of the original data processing (R. Weber, pers. comm.).  

In contrast, if the seismic discontinuity is real, then the small aperture of the Apollo seismic network limits 

any global interpretations (e.g., Wieczorek and Phillips, 2000).  Without more extensive seismic coverage, 

it is impossible to determine whether or not the discontinuity exists and if it is a global or regional feature. 

We also note that various geophysical analyses of the Moon (especially seismology and EM sounding) 

suggest the presence of other major discontinuities or low-velocity zones in the lunar mantle, but many of 

these models are non-unique and relate to differences in datasets used to invert for mantle structure (e.g., 

the number of deep moonquake source events utilized).  The 500 km discontinuity has received particular 

attention because it is a feature common to many models for the lunar interior and therefore we restrict our 

discussion to it for brevity. 

Deep Moonquakes, Mantle Asymmetry, and the Lower Mantle Attenuation Zone 

 One discovery in the Apollo seismic data was the recognition of deep moonquakes (DMQ), which 

occur in clusters or ―nests‖ at depths of 800–1000 kilometers (Nakamura et al., 1982).  Nearly all of these 

events were recorded on the lunar nearside, with the exception of at least one event (termed A33), and their 

occurrence coincides with cyclic tidal periodicities (Goins et al., 1981b; Nakamura, 1983; Bulow et al., 

2007).  The asymmetric distribution of DMQ can be explained in two ways: either farside DMQ were 

attenuated in the lower mantle before reaching the Apollo seismic network (Nakamura, 2005), or the lunar 

farside is aseismic, in which case DMQ distribution may be related to other nearside-farside asymmetries 

(such as the distribution of mare basalts: Qin et al., 2012) (Fig. 2.19). 

Recent work has focused on reconciling the two end-member cases by focusing on the causes of DMQ.   

Given the challenge of fracturing rock at the high confining pressures indicated by their source depths, 

Frohlich and Nakamura (2009) suggested that DMQ could be caused by tidally-driven fluid or melt 

migration along pre-existing fractures, possibly assisted by fatigued and weakened lower-mantle material. 

Further strength reductions of lower mantle material may also be accommodated by phase transitions and 

associated transformational faulting (e.g., Weber et al., 2009). 

Other workers have similarly suggested that a lower-mantle, partially-melted attenuation zone exists 

(also supported by seismic and LLR data: Nakamura et al., 1973; Williams et al., 2001; Khan et al., 2004), 

but is asymmetrically distributed on the nearside and is responsible for the observed DMQ distribution (Qin 
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et al., 2012).  The correlation between DMQ and mare basalt distributions, therefore, may be a function of 

a volatile-rich plume (Saal et al., 2008) that rose in a single hemisphere (Zhong et al., 2000), erupted mare 

material, cooled, and sank.  Since this material can deform relatively easily (Frohlich and Nakamura, 

2009), it provides a convenient source region for DMQ (Qin et al., 2012).  However, many of these 

suggestions are purely speculative (Frohlich and Nakamura, 2009) or rooted in highly specified models of 

mantle processes (Zhong et al., 2000) and thus require significantly better-resolved geophysical data to 

verify. 

 
FIGURE 2.19 Summary of the three-dimensional distribution of Apollo seismic stations, deep moonquake 

nests (Nakamura, 2005) and shallow moonquake events (Nakamura, 1977).  Left diagram shows the depth-

longitude distribution (NOT a projection of the points onto the equatorial plane); grey concentric circles are 

lines of equal radial distances from the center of the Moon (500, 1000, 1500 km respectively).  Right 

diagram shows the latitude-longitude distribution.  

Recent studies have focused on the optimization of a seismic configuration to improve upon the Apollo 

Network and to increase both lateral and vertical seismic coverage (Yamada et al., 2011; Hempel et al., 

2012).  This work shows that the Apollo instruments were not theoretically capable of detecting deep 

moonquakes that occurred on the farside (Fig. 2.20; Hempel et al., 2012).  Therefore, any new seismic 

network must ensure global coverage of deep moonquakes to address questions regarding lower mantle 

seismicity and asymmetry.  With sensitivity of current instruments, the minimum number of stations 

required for global coverage is a four and they must be equally spaced stations on the lunar surface (i.e., a 

tetrahedron) (Fig. 2.22; Hempel et al., 2012). 
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FIGURE 2.20 Proposed seismic configurations and their coverage. White points are positions of 

seismometers.  The top four maps show different networks of seismometers with the same sensitivity as 

Apollo instruments.  The bottom map shows the coverage of a four-station network using modern 

seismometers. Red indicates regions where if a deep moonquake occurs, no station or only one station will 

detect it.  Yellow, green and the lightest blue shade indicate regions where moonquakes will be located as a 

probability disk, cone, or banana shaped region.  The three darkest shades of blue indicate regions where 

deep moonquakes will be located accurately in a spherical region with decreasing uncertainty (Hempel et 

al., 2012). 

Inferences from sample studies 

 Much of the evidence for mantle cumulate overturn has come from the geochemical study of returned 

lunar samples (Apollo, Luna) and lunar meteorites.  Mantle overturn is thought to have created a 

heterogeneous mantle, a conclusion partially derived from geochemical studies of mare basalts and 

pyroclastic glasses (e.g., Grove and Krawczynski, 2009), and from the heterogeneous concentrations of 

volatiles (OH, F, Cl) in these samples (e.g., McCubbin et al., 2010).  

Pyroclastic deposits 

 Pyroclastic deposits on the moon are thought to be the product of fire-fountaining volcanism (e.g., 

Wieczorek et al., 2006; Fig. 2.21).  They are manifested as glass beads on the lunar surface of varying 

colors and compositions.  They are envisioned to have formed by the ascent of magmas at temperatures 

>1450 ˚C (e.g., Elkins-Tanton et al., 2003) that were ejected into the cold, dry, vacuum of the Moon 

forming quenched glass droplets (Grove and Krawczynski, 2009) (Fig. 2.21).  The volcanic fire fountaining 

is also manifested in dark mantle deposits, e.g., Apollo 17 orange and black glasses (e.g., Wilhelms and 

McCauley, 1971; Head, 1974).  

Gaddis et al. (1985) described how lunar pyroclastic deposits (LPDs) vary in areal extent from <1 km
2
 

to >49,000 km
2
.  This is important as different eruptive styles can be given to LPDs based on their areal 

extent, as well as their morphology, vent size and type (e.g., Head and Wilson, 1979).  The larger LPDs are 

thought to be the product of continuous eruption of volcanic materials, in a Hawaiian-style ‗fire 

fountaining‘ (Wilson and Head, 1981).  It has also been proposed that these eruptions are likely to preserve 
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the primitive signature of magmatic materials (Head and Wilson, 1979).  In contrast, a more intermittent, 

Vulcanian-style eruption is proposed to have produced the smaller LPDs (<200 km
2
) (Head and Wilson, 

1979).  In this type of eruption, rising volatile-rich lavas are likely to incorporate and assimilate country 

rocks en-route to the surface.  

The compositions of ultramafic glasses returned by the Apollo missions are unique in relation to those 

found on the Earth.  They record TiO2 contents ranging from <0.25 to >16 wt. % (Grove and Krawczynski, 

2009), and are more ultramafic than mare basalts and terrestrial lavas with combined MgO and FeO 

contents >35 wt. % (Grove and Krawczynski, 2009).  Recent studies of melt inclusions in high-Ti glasses 

in Apollo 17 soil sample 74220 show that parental magmas may have contained up to 400 ppm H2O (Hauri 

et al., 2011).  The compositional diversity displayed by the lunar ultramafic glasses requires that the source 

regions for their parental magmas are heterogeneous with respect to TiO2, Al2O3, FeO and MgO. 

The source depths of the picritic glasses have been estimated from experimental studies and range from 

~250 km to as deep as ~1000 km, and generally from 200 to 400 km (Delano, 1986; Grove and 

Krawczynski, 2009; Longhi, 1992).  Such depths imply that the source of the parental magmas is in the 

upper mantle, but it remains unclear where in the magma-ocean cumulate pile these magmas were derived 

from.   

Mare basalts  

 Lunar basalts are concentrated on the nearside in and around the PKT, and are significantly less 

extensive on the farside (Lucey et al., 2006).  Mare basalts display a wide range in TiO2, K2O, Al2O3, FeO 

and MgO contents (refer to Science Concept 5 for a more detailed description of mare basalt variability).  

The diversity of TiO2
 
content within these samples is classified as high-Ti (>8 wt%), low-Ti (1–4 wt %) 

and very low-Ti (<1 wt%).  Like the pyroclastic glasses, the compositional diversity in mare basalts 

suggests a heterogeneous source region for their parental magmas.  The depth of derivation for mare basalts 

is considered to be < 250 km (thus in the uppermost parts of the lunar mantle) (Longhi, 1992, 1995; 

Thacker et al., 2009).  

Based on radiometric age dating of Apollo mare basalt samples, mare volcanism was thought to extend 

from ~3.1 to 3.9 Ga (Nyquist and Shih, 1992).  Since the Apollo missions there has been much focus on 

crater counting to determine model ages of unsampled mare basalts (Boyce et al., 1974; Heisinger et al., 

2000, 2003, 2010, 2011; Young, 1977).  These data suggest that the youngest mare basalts are ~1.1 Ga old 

(Hiesinger et al., 2008), and are located in the Aristarchus Plateau (Heisinger et al., 2010) and Kepler crater 

(Morota et al., 2011).  

Cryptomare 

 Cryptomare are thought to be extensive mare basalts that have been buried by impact ejecta and regolith 

(Wieczorek et al., 2006).  They have been identified within dark mantle deposits surrounding impact 

craters and are considered to be the products of large scale ancient (Pre-Nectarian >3.8 Ga) basaltic 

volcanism (e.g. Hawke et al., 1990, Head and Wilson, 1992).  There is no direct evidence for the 

composition of cryptomare as none were sampled during Apollo or Luna missions.  However, the basaltic 

lunar meteorite Kalahari 009 has a radiometric crystallization age of 4.35 Ga, consistent with cryptomare 

model ages and a VLT composition consistent with remote sensing spectra of cryptomare (Terada et al., 

2007).  Because these deposits have not yet been sampled, their source depths remain unclear.  

An important caveat to come from the study of both picritic glasses and basalts is that their high 

pressure multiple saturation points (thought to indicate potential source depths) do not necessarily 

correspond for compositionally similar lithologies.  For example, experimental studies of TiO2 basalts 

indicate shallow depths of origin but cannot explain the origin of the high TiO2 picritic glasses (Grove and 

Krawczynski, 2009).  Cumulate mantle overturn may help address this issue but it also raises its own 

questions such as the mechanisms involved in sinking titanium rich cumulates and the heat sources 

involved in melting events (Elkins-Tanton et al., 2003).   
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FIGURE 2.21 The image is not to scale.  Schematic diagram (modified after Meyer et al., 1975) illustrating 

the difference in source depths between the pyroclastic glasses (left) and the mare basalts (right), based on 

estimates of Delano (1986), Grove and Krawczynski (2009), Longhi (1992, 1995), Thacker et al. (2009), 

and Wieczorek et al. (2006) and references therein.  Mare basalt volcanism is a regional scale process 

generally occurring in large basins (>300 km in diameter).  The vents for pyroclastic eruptions are much 

smaller and represent local scale features; however, it should be recalled that the deposits from fire 

fountaining can cover up to 50,000 km
2  

(Gaddis et al., 1985).   

Requirements 

In situ Geophysics 

Seismology 

A passive network of three seismometers forming a triangle with 3000–5000 km spacing between 

stations is a minimum requirement to locate a deep moonquake event, provided that the signal reaches all 

three stations (Neal et al., 2006).  Smaller triangles with spacing comparable to the depth of the event (50–

200 km) are necessary to locate shallow moonquakes in the upper mantle.  Thus, the minimal requirements 

for geophysical landing site selection differ for the various aspects of Science Goal 2b. 

1) To evaluate deep mantle structure and stratification, resolve its lateral heterogeneity, and assess 

the nature and extent of the putative 500 km discontinuity, a four-station array is the required 

minimum (Neal et al., 2006).  

2) To assess the global distribution of lunar seismic events, at least one station must be located on 

the farside. 

3) To assess fine-scale vertical stratification of the mantle below 1100 km depth, a triangular 

array of three seismometers with 3000–5000 km spacing between stations is required. 

4) An unrealistically large number of closely spaced (50–200 km) seismometers are required to 

characterize the global shallow moonquake distribution (Neal et al., 2006). However, small 
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clusters of three seismometers in a triangular configuration could address shallow moonquake 

distribution and upper mantle structure where these configurations are placed. It would also 

perhaps allow discrimination between the proposed causes for HFT events (Frohlich and 

Nakamura, 2006). 

The seismometers need to operate at a higher sensitivity than the Apollo seismometers and able to 

operate at three frequency bands: 0.001–0.1 Hz, 0.1–1.0 Hz, and 1.0–20 Hz.  The network of seismometers 

must also be operating simultaneously for the entirety of the 6-year lunar tidal period (due to physical 

libration) to provide enough sampling of moonquake events.  It should be noted that the longest lunar tidal 

period is ~18.6 years (Wieczorek, 2009) and its full effects on deep interior seismicity will not be captured 

with a 6-year operation time.  Due to the configuration requirements of this seismic network, seismology is 

the main driver for geophysical landing site selection for addressing Science Goal 2b. 

EM Sounding 

Magnetotellurics provides knowledge of the radial electrical conductivity structure as well as lateral 

heterogeneity with resolution comparable to the skin depth.  This can be used in complement to seismology 

to infer internal temperature and composition.  EM sounding of the lunar mantle requires detection of 

signals 0.001–1 Hz (Grimm and Delory, 2010; Fillingim et al., 2011).  Since MT studies can be conducted 

independently rather than in a network, they do not have specific landing site requirements and can be 

deployed anywhere on the lunar surface.  The benefit of deploying MT on the surface rather than in orbit is 

that it takes advantage of having amplified signals on the dayside surface (Fig. 2.22). 

 
FIGURE 2.22 The effect of solar wind on the lunar magnetic field environment (modified after Grimm and 

Delory, in press).  This is caused by solar wind bombardment of the magnetic field, which induces a 

current sheet (in yellow) that acts to compress and amplify the dayside surface field.  Surface 

magnetometers will be able to measure these amplified signals, which will improve the EM sounding 

experiments. 

Lunar Laser Ranging 

LLR can provide measurements of bulk elasticity of the mantle, which constrain composition and 

seismic parameters.  Thus, it provides data that can be used in conjunction with EM sounding and seismic 

data to jointly invert for interior structure.  Since bulk elasticity of the mantle is only useful for seismic 

inversions, and given that the GRAIL mission can determine the tidal Love number, k2, with an order of 

magnitude better accuracy than the current LLR network (Williams et al., 2010), LLR will not be a driver 

for geophysical landing site selection for Science Goal 2b.  However, retroreflectors should be deployed at 

any landing sites visible from Earth that are outside the coverage of the current LLR network. 

Sample Return 

Sample return is required in order to fully address the chemical and physical stratification of the mantle 

(NRC Report, 2007).  The chemical composition of the lunar mantle is poorly understood due to a lack of 

direct samples of the mantle in the current sample collection.  Our understanding of the mantle is limited to 

materials derived from the mantle such as volcanic products like mare basalts, and it has been suggested 
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that the lunar mantle is mineralogically similar to the Earth‘s, being mostly composed of orthopyroxene 

and olivine (reviewed by Wieczorek et al., 2006). 

Other Science Concepts have proposed to sample mantle-derived materials and potential mantle 

outcrops.  However, the sample return landing sites proposed for this Science Goal are aimed at 

understanding the composition of the lunar mantle, as outlined below.  It is anticipated that the direct 

sampling of exposed mantle or mantle-derived lithologies will aid the interpretation of geophysical 

measurements proposed for this Science Goal.  Understanding the chemical evolution of the mantle will 

also help constrain thermal evolution models (i.e., the lunar heat engine), and thus will also contribute to 

sample return considerations for Science Goal 2d.  

We worked on the premise that there are two kinds of samples on the lunar surface that may elucidate 

the composition of the lunar mantle:   

1. Mantle derived material (which may or may not have assimilated crust): pyroclastic deposits, 

mare basalts and cryptomare  

2. Potentially exposed mantle material in craters and basins, including: ejecta material, melt sheet, 

and outcrops of central peaks and peak rings.  

However, direct mantle exposures in craters and basins are based on calculations (described in Science 

Goal 2a) and thus are theoretical.  However, it is generally agreed that basalts and picritic glasses originate 

in the mantle and therefore these mantle-derived materials are considered as ‗primary‘ target sites, with 

craters and basins as ‗secondary‘ targets.  

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

following criteria:  

1. Direct sampling of mantle derived lithologies 

2. Direct sampling of exposed mantle 

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

basin is being sampled 

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

Methodology 

In situ Geophysics 

As the only driver to address the geophysical methods within this Science Goal is a tetrahedral 

configuration of seismometers upon the lunar surface (Fig. 2.23), there is no GIS work to be completed for 

this Science Goal.  The site selection for the third and fourth seismometers depends only on where the first 

and second seismometers are placed.  Though the full nature of shallow moonquake events and upper 

mantle structure will not necessarily be determined by a globally-distributed tetrahedron, small clusters of 

three seismometers with 50–200 km spacing could be placed at the corners of the array to study fine-scale 

shallow mantle structure within the clusters.  Although 12 seismometers would be optimal for global 

coverage of both deep and shallow mantle, the questions posed by Science Goal 2b can begin to be 

addressed primarily by a tetrahedral seismic configuration. 

LLR is not a driver for this Science Goal, but the placement of an additional retroreflector would be 

beneficial on any nearside landing site outside the current LLR network.  A discussion on appropriate 

landing sites can be found in Science Goal 2c, where it is a driver for geophysical landing site selection. 
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FIGURE 2.23 Tetrahedral configuration for a four-station seismic network, where the sphere represents the 

lunar surface. As long as the relative positions of the four stations are maintained, this configuration can be 

rotated to comply with other landing site requirements. 

Sample Return 

1. All primary mantle derived products on the lunar surface were mapped in ArcGIS:  

a. Pyroclastic deposits (see Table A2.2 based on the USGS Lunar Pyroclastic Volcanic project 

and Gustafson et al., 2012, this table also gives the estimated size of deposits) 

b. Mare basalts as identified on LROC Quickmap 

c. Cryptomaria (compiled data in Table A2.3, based on detailed work done by, e.g., 

Antonenko, 1999) 

The mare basalt distribution was then optimized to obtain the most science for a given site: 

Optimization 1: Sampling multiple mare basalt flows at one landing site 

In order to identify potential landing sites from which the most science could be derived, the average 

model age of all mare basalts was calculated from Hiesinger et al. (2000, 2002, 2003, 2011, 2012), Morota 

et al. (2011), and Whitten and Head (2011).  We then identified all of the locations on the lunar surface 

(both near and farside) where more than one mare basalt flow could be sampled.  These locations were then 

ranked based on how many basalt flows could be sampled and the aggregated model age range at a given 

location.  We took into account the fact that relatively young mare basalt samples are under-represented in 

the sample collection so these were given higher priority than relatively old mare basalt flows.  Note that 

there is a 30 km buffer applied to each point as an estimated georeferencing error in ArcGIS.  

Optimization 2: Composition of mare basalts.  

In order to further obtain the most science from one landing site we used Clementine data (from Lucey 

et al., 2000) to map the variation of titanium content across the lunar surface.  This was used to determine 

the locations of underrepresented basalts (i.e., intermediate to very low TiO2) (e.g., Hiesinger et al., 1998; 

Wieczorek et al., 2006).  

1. Using the depth of excavation calculations summarized in Science Goal 2a, we identified all 

craters and basins that may theoretically expose mantle material in their ejecta (i.e. those with 

negative proximity to the crust-mantle boundary). 

2. Using the melt depth proximity calculations, we determined where on the lunar surface the lunar 

mantle may be sampled in impact melt sheets or in the central peak/ring (i.e., those with negative 

proximity to the crust-mantle boundary). (Table A2.4).    
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3. LROC Quickmap was then used to visually determine whether those craters and basins do actually 

preserve their central peaks or peak rings.  For example, Imbrium basin was calculated to contain 

mantle material in its central peak/ring however, it is not visible in LROC images as it is masked 

by younger mare basalt flows, and thus the central uplift is not available for sampling. 

4. The secondary target site data was then compared to the spectral profiler olivine detection data of 

Yamamoto et al. (2010, 2012), which may indicate presence of troctolite/dunite at the surface. 

(Table A2.5) 

5. Finally, optimized primary target data was compared with secondary target site data, to select the 

landing sites providing the most scientific opportunity.  

 

As described in Science Goal 2a, the formation mechanism of rings and peak rings is highly debated.  

Thus, craters or basins calculated to sample mantle material should be treated with caution.  For example, 

Imbrium and Serenitatis basins are considered to have sampled mantle, but Apollo 15 and 17 astronauts did 

not obtain any samples of mantle material from them.  

Suggested Landing Sites 

In situ Geophysics 

Due to the nature of requirements for geophysical methods, no specific landing sites are suggested, but 

any set of geophysical landing sites chosen to address Science Goal 2b should maintain a tetrahedral 

configuration (see Methodology, above). 

Sample Return 

Figure 2.24 shows everywhere on the lunar surface where primary target sites (mantle derived products) 

might be sampled.  Note that the pyroclastic deposits are of various sizes (from <1 to >49,000 km
2
).  

Table A2.6 and Fig. A2.1 shows the results of Optimization 1.  Optimization 2 then identified the 

locations of underrepresented basalts at Mare Frigoris, northern and eastern Oceanus Procellarum, northern 

Mare Imbrium, northern Mare Serenitatis, and SPA.  Figure 2.25 shows the combination of Optimization 1 

and Optimization 2 for mare basalts.  Overlap with high priority Optimization 1 and Optimization 2 sites 

occurs in northern and eastern Oceanus Procellarum, Mare Frigoris, NW Imbrium, proximal to Aristarchus 

crater, and NW Mare Serenitatis.  

Table A2.4 identifies all of those craters and basins that potentially sample mantle material in their 

central uplifts (peaks/rings).  From the calculations there are only three basins that have potentially sampled 

mantle material in their ejecta blankets (South Pole-Aitken basin, Imbrium and Serenitatis).  From 

consultation with LROC Quickmap, the basins which potentially expose mantle material in their preserved 

central uplifts are Apollo, Hertzsprung, Orientale, Nectaris, Moscoviense, Schrödinger, Amundsen-

Ganswindt and Poincare.  

Conclusions 

Figure 2.26 shows the final suggested landing sites, deduced by comparing primary and secondary 

sample return target sites and identifying any overlaps.  Since there are no specific geophysical locations 

(c.f., Suggested Landing Sites) and only a configuration that must be maintained, any site chosen for 

sample return should also contain a seismometer and, if appropriate, an LLR station. 
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FIGURE 2.24 Map of all of the primary target sites for sample return (pyroclastic deposits, mare basalt 

flows, and cryptomare).  The background is a WAC global mosaic. 

 
FIGURE 2.25 Shows the optimizations 1.  The rank points represent the places where more than one basalt 

flow could be sampled, the rank numbers are listed in Table A2.4 identified by latitude and longitude.  

Optimization 2 is also shown, with optimization 1 basalts projected onto a Clementine Ti map (Lucey et 

al., 2000).  Colors represent the count rates, simply these correspond to higher counts corresponds to high 

Ti detected, low counts imply low Ti concentration detected.  
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FIGURE 2.26 Shows the final landing site map for Science Goal 2b sample return.  The highlighted craters 

and basins are those within which there is the most overlap between primary and secondary target 

lithologies.  Background of WAC global mosaic. 

 

SCIENCE GOAL 2C: DETERMINE THE SIZE, COMPOSITION, AND STATE (SOLID/LIQUID) 

OF THE CORE OF THE MOON 

Introduction 

 Despite more than three decades of remote sensing analyses, relatively little is known about the current 

size, composition, and state of the lunar core.  Besides generally verifying its existence, previous work 

suggests that (1) the core is between 1–3% of the mass of the Moon and thus has a relatively small radius 

(<500 km: e.g., Williams et al., 2001), (2) the core could be composed of pure Fe metal, Fe-FeS metal, or 

Ti-rich silicates (e.g., Wieczorek and Zuber, 2002), and (3) the core is either partially or fully molten (e.g., 

Williams et al., 2001).  Knowledge of the current characteristics of the core is an important consideration 

for planetary differentiation and thermal evolution, especially because it provides fundamental constraints 

on lunar formation hypotheses (Wieczorek et al., 2006).  Therefore, addressing this Science Goal will also 

provide information for Science Goal 2d. 

 Core size can be constrained through a variety of geophysical methods, including moment of inertia 

measurements, lunar laser ranging (LLR), electromagnetic (EM) sounding, heat flow measurements, and 

seismology.  While each of these datasets independently provides particular information about the core, 

they should be used together in order to reduce the non-uniqueness of calculated core size (e.g. moment of 

inertia measures the distribution of mass, but it does not give detailed density structure and allows for 

multiple fits to a single data point). 

 The concentration of siderophile (‗iron-loving‘) elements in the crust and mantle can also provide 

information on differentiation and core formation (e.g., Righter, 2002).  If the crust and mantle are 

relatively depleted in siderophile elements, then it is likely that the Moon underwent some level of core 

formation.  However, while geochemical data are useful in determining the possible existence of a core, 

there is not one particular sample type that addresses its current size, composition and state.  Therefore, 

landing sites for sample return are not addressed in this Science Goal. 
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Background 

Size of the lunar core 

 A summary of published data on possible core sizes is shown in Table 2.3.  Information on the size of 

the lunar core was obtained by Apollo-era seismic analyses (e.g., Nakamura et al., 1974; Sellers, 1992; 

Weber et al., 2011), EM sounding from both lunar surface and low-orbit measurements (e.g., Dyal et al., 

1976; Hood et al., 1982; 1999), moment of inertia (Konopliv et al., 1998), and LLR (e.g., Williams et al., 

2001).  Some authors have also used petrologic, thermal, and geophysical constraints to model potential 

core sizes (Binder, 1980; Mueller et al., 1988; Kuskov et al., 2002).  In all, these analyses suggest the 

existence of a lunar core between 150 and 500 km in radius. 

 A few caveats are required to interpret these size ranges.  First, many publications indicate that a core is 

permissible but not required to fit the available data (Dyal et al., 1976; Goins et al., 1981b; Hobbs et al., 

1983; Sellers, 1992; Konopliv et al., 1998; Wieczorek and Zuber, 2002).  As such, much of the early EM 

sounding and seismic work should be viewed as maximum permissible core sizes rather than best estimates 

of core size.  Secondly, inferences about core size are highly dependent on the modeled core composition, 

such that pure Fe-metal core sizes are smaller than Fe-FeS metal cores, which are in turn smaller than Ti-

rich silicate cores (Wieczorek and Zuber, 2002).  This is especially true for EM sounding data because of 

the conductivity differences between potential metal and silicate compositions; larger cores with lower 

conductivity (i.e., Ti-rich basalts) can fit the data as well as smaller cores with higher conductivity (i.e., 

pure Fe or Fe-rich metal).  Higher-resolution geophysical data have the potential to reduce the non-

uniqueness of these solutions. 

Composition of the lunar core 

 Existing data on the composition of the lunar core suggest two possible end-members: metallic (pure 

Fe, FeS, Fe-FeS eutectic, or Fe-FeS-C alloy: Wieczorek et al., 2006) or dense Ti-rich silicate (Hess and 

Parmentier, 1995; Wieczorek and Zuber, 2002).  Most of the geophysical data are non-unique with respect 

to core composition, and either metal or silicate cores are possible (Wieczorek and Zuber, 2002; Kuskov et 

al., 2002; Wieczorek et al., 2006).  However, certain datasets either require or exclude one of the possible 

end-members.  Paleomagnetic data from returned Apollo samples strongly suggest the presence of a 

metallic core (e.g., Cisowski, 1983; Shea et al., 2012), and this contention is supported by geochemical 

modelling (Buck and Toksöz, 1980) and highly-siderophile element depletion in the lunar mantle (Righter, 

2002).  Hafnium-tungsten (Hf-W) systematics also indicate a metallic core, but by a different formation 

process than the other terrestrial planets (i.e., giant impact as opposed to accretion) (Kleine et al., 2002).  If 

the Moon does contain a metallic core, it is unlikely to be pure Fe, but rather a Fe-FeS eutectic composition 

(Stevenson and Yoder, 1981; Khan and Mosegaard, 2001; Weber et al., 2011).  It is also likely that Fe 

would entrain C to the core during core formation as has been postulated for Earth (Hirayama et al., 1993; 

Wieczorek et al., 2006). 

Alternatively, models of global cumulate overturn suggest that ilmenite-rich material sank toward the 

center of the Moon early in lunar history (c.f., Science Goal 2b), either blanketing an existing metallic core 

or creating a dense silicate core (Hess and Parmentier, 1995; Wieczorek and Zuber, 2002; de Vries et al., 

2010).  There is evidence that a silicate core could theoretically be a strong enough conductor to produce a 

lunar dynamo (Wieczorek et al., 2006), but there is some debate as to whether or not it could remain 

molten until the present, as required by the LLR data (Hood et al., 1999; Wieczorek and Zuber, 2002).  

Certain geophysical models are also best fit by a dense silicate core (Khan and Mosegaard, 2001). 

 Previous work has shown either of the two compositional end-members to be viable possibilities, with 

more data required to discriminate between them. 
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TABLE 2.3 Literature compilation of minimum and maximum core radii (or a single value if only one 

given), the method used to obtain core size, the assumed or modeled core composition (which is key to 

determining core radius), and the reference from which the estimate was obtained. 

	

Minimum 
Radius 
(km) 

Maximum 
Radius 
(km) 

Method 
Assumed or Modeled Core 

Composition 
Reference 

170 360 Seismic -- Nakamura et al. (1974) 

-- 500 Seismic -- 
Nakamura (pers. 
comm.) cited in 

Goldstein et al. (1976) 

320 580 EM Sounding -- Goldstein et al. (1976) 

0 400 EM Sounding metallic 
Wiskerchen and Scott 

(1977) 

0 535 EM Sounding -- Dyal et al. (1976) 

200 400 
Petrologic/Thermal 

Modeling 
Fe- or Fe-rich composition Binder (1980) 

435±15 EM Sounding -- Russell et al. (1981) 

0 360 EM Sounding metallic Hood et al. (1982) 

0 435 EM Sounding metallic Hobbs et al. (1983) 

150 -- 
Petrologic/Geophysical 

Constraints 
metallic Mueller et al. (1988) 

400 450 Seismic -- Sellers (1992) 

220 450 Moment of Inertia -- Konopliv et al. (1998) 

340±90 LP EM Sounding metallic Hood et al. (1999) 

352 374 LLR 
radius depends on composition 

(Fe or FeS) 
Williams et al. (2001) 

313 413 LLR 
pure liquid Fe (min) to Ti-rich 

basalt (max) 

Wieczorek and Zuber 
(2002); data from 

Williams et al. (2001) 

350 530 
Petrologic/Thermal 

Modeling 
radius depends on composition; 

more S = larger radius 
Kuskov et al. (2002) 

~350 LLR; LP EM Sounding -- Khan et al. (2004) 

-- 375 Literature Compilation 
Fe-FeS-C alloy; could be larger 

if silicate 
Wieczorek et al. 

(2006) 

330±20 (total), 240±10 

(solid inner core) 
Seismic metallic Weber et al. (2011) 

 

State of the lunar core 

 LLR, Lunar Prospector, and Apollo-era seismic data all indicate that the core is at least partially molten 

(Williams et al., 2001; Khan et al., 2004; Weber et al., 2011).  The extent of melting is unclear; a fully 

molten core or a fluid shell around a solid inner core are both possible to explain the inferred torque 

between mantle and core (Williams et al., 2001) though recent seismic inversions suggest the latter case 

(Weber et al., 2011).  Regardless of its current state, the presence of a lunar dynamo would require a liquid 

core at some point in early lunar history (e.g., Shea et al., 2012).  Therefore, higher-resolution data on the 

current state of the core is crucial to interpreting models of lunar thermal evolution.  

Requirements 

Seismology 

A minimum of two seismometers is required to study the size and state of the core (ILN Final Report, 

2009).  However, since three stations are required to locate a seismic event (Neal, 2006), a two-station 

array must be strategically placed to take advantage of deep moonquake nests (Fig. 2.21) with known 

locations and seismic signatures (Nakamura, 2005).  One station must be placed within 60° of the deep 

moonquake epicenter to accurately obtain its origin time (Cohen et al., 2009).  The other station must be 
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placed near the antipode of the seismic source to record waves that have travelled through the deep interior, 

which we define as being within 120 km of the geometric center of the Moon (Fig. 2.27).  One DMQ nest, 

termed A33, has the advantage of being located on the farside with a nearside antipodal point (Goins et al., 

1981b).  The majority of other nests, however, would require a station on the farside. 

 
FIGURE 2.27 Geometry of the two-station set-up (discussed in text) that will elucidate the size and 

physical state of the lunar core.  Here, the Moon is approximated to be a sphere with radius R. Z is the 

depth of the deep moonquake source.  Station 1 would be placed within a distance S1 from the antipode, 

and station 2 will be placed within a distance S2 from the epicenter. a is conservatively taken to be half of 

the most recent estimates for an inner core radius of 240 km (Weber et al., 2011). 

Lunar Laser Ranging (LLR)  

Additional stations to the current LLR retroreflector network will provide the deformation properties, 

geometries, and depths of major compositional and phase change interfaces (i.e. mantle-outer core, outer 

core-inner core) of the lunar interior (Williams et al., 2010).  These improvements require an increase in 

the three-dimensional coverage of the retroreflector network to more accurately record the three-axis 

physical lunar libration.  The LLR arrays are also required to be on the nearside, and positioned within 

regions constantly visible from Earth during the full libration period.  Geophysical landing site selection 

(LSS) will be partially driven by those visible locations that would make the most improvement to the 

current retroreflector network. 

Heat Flow 

Heat flow measurements can provide constraints on the size and thermal state of the core.  Although it 

is not the main driver for geophysical landing site selection to address Science Goal 2c, it is still important 

to consider if a location is suitable for making heat flow measurements.  For specific requirements of global 

heat flow studies, see Science Goal 2d where it is a main driver for geophysical landing site selection. 

EM Sounding 

EM sounding can provide constraints on the size, composition and thermal state of the core.  This can 

be done with the Magnetotellurics (MT) method at a single site with no restrictions on its location.  Thus, it 
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should accompany seismic and LLR experiments, without being a driver for any geophysical landing site 

selection.   

Methodology 

Seismology 

To address where to place seismometers for Science Goal 2c, the locations of deep moonquakes were 

used to find the antipodal area with a radius S1 required to receive seismic waves passing through an inner 

core of radius 120 km.  A second station needs to be placed within 60° (or a distance S2) of the epicenter of 

the deep moonquake nests.  The values for S1 and S2 are calculated using the following equations as shown 

in Fig. 2.29: 

       (2.14) 

Here, a is the defined radius for the inner core (taken to be ~120 km), Z is the depth of the moonquake 

event and R is the radius of the Moon (~1737 km). 

LLR 

Locating where LLR stations can be placed requires identifying those areas that are constantly visible 

from the Earth‘s surface.  This must take into account regions permanently shadowed by topography and 

the libration of the Moon, which causes locations near the limbs to be obscured during part of the six year 

lunar physical libration period (Williams et al., 2001).  The effects of this libration have been 

approximated, so that here it is assumed that the lunar surface between -82.5 and +82.5°E, and -82.5 to 

+82.5°N is always visible to the Earth (Cohen et al., 2009).  This is a ‗safe‘ estimate of this effect and 

ensures that the site chosen is never over the limb.  To locate areas that are shadowed by topography when 

viewed from Earth, the LOLA 128 pixels per degree (ppd) digital elevation model (DEM) was used.  The 

Earth was then modeled as a point source to find areas visible from a point placed at 0°E, 0°N and at a 

distance equal to that of the Earth to the Moon (356,700 km).  This study should be repeated more 

thoroughly and make use of the WAC-LOLA-100m resolution DEM.   

The current network spans only 25% of lunar diameter in the z-direction (mean rotational axis), 18% in 

the x-direction (axis pointing towards the Earth), and 38% in the y-direction (axis perpendicular to x and z). 

Increasing the spread in the z and y direction (Δz, Δy) improves the measurements of latitudinal and 

longitudinal libration responses, respectively (Merkowitz et al., 2007). Increasing the spread in the x 

direction (Δx) would help separate the tidal and librational contributions to observed displacements. To 

treat the span improvements in all directions equally, the total coverage (L) of the retroreflector network is 

defined by the Pythagorean sum of the spans in each direction: 

          (2.15) 

Using this definition, the total coverage achieved by adding a new station was calculated at all locations 

across the surface of the nearside of the Moon, normalized by the total coverage of the current network 

(L0). Consequently, L0 was calculated by taking the Pythagorean sum of the current LLR spans. 

EM Sounding 

As there are no requirements that must be satisfied for the location of an EM instrument, there are no 

methods to be outlined.  Since location requirements for EM sounding are trivial, we suggest combining it 

with other geophysical instrumentation to optimize data returned from a minimum number of locations (see 

below). 

Combining LLR with Seismic 

An advantage of using the A33 nest as a seismic source is that the antipode lies on the nearside close to 

the western limb.  In addition, there is an area within 60° of the nest which extends to the nearside.  This 

allows for LLR and seismology experiments of this Science Goal to be addressed in close proximity to one 

another, and thus share the same landing sites.  
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Combining LLR, Seismic, and Heat Flow 

Once requirements for the driver of geophysical landing site selection are met, extra requirements can 

be placed to see if there are locations that satisfy the requirements for LLR, seismic and heat flow 

instruments simultaneously.  The requirements and methods for mapping landing sites suitable for heat 

flow measurements are discussed in detail in Science Goal 2d, where it is a primary driver for geophysical 

landing site selection. 

Suggested Landing Sites 

Seismology 

Using information on current moonquake nests and Equation 2.14, circles can be plotted showing 

potential seismic station placement (Fig. 2.28).  The A33 moonquake nest was used as an example, as it has 

station pairs that can be located on the nearside, meaning sites can be combined with LLR sites. 

LLR 

Landing sites for placing LLR stations must avoid areas never or not always visible from the Earth‘s 

surface due to apparent lunar libration.  These sites are plotted in Fig. 2.29. 

Figure 2.30 shows the comparative improvement in the current LLR retroreflector network coverage 

that can be achieved by placing an additional retroreflector at a specific location, taking into account the x, 

y, and z span of the network.  The map shows that placing LLR stations at the limbs and closer to the South 

Pole than the current stations significantly improves the LLR network coverage.  The dark blue area in the 

center of the map shows the area for which placement of an additional retroreflector would not improve the 

current LLR coverage; red shows areas which would best improve the current LLR network. 

 

 
FIGURE 2.28 Location of known moonquake nests and the areas within which seismometers can be placed 

to gather information regarding the core.  The A33 nest and antipode are highlighted as this nest offers the 

opportunity to combine LLR and seismology experiments within the same landing site, as discussed in the 

text.  Circles are projected onto the IAU Moon 2000 sphere. 

 



95 

 
FIGURE 2.29 Map showing areas that are never or not always visible from Earth (red).  LLR stations can 

be placed in any non-red location (nearside only).  Current LLR retroreflector stations are shown.  The 

background is the WAC Global Mosaic.  
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FIGURE 2.30 Map showing how placing a retroreflector at a specific location can improve the x, y, and z 

coverage of the current LLR network.  Axes are shown on the bottom-left, with x pointing out of the page.  

Dark grey represents the areas which do not have a direct line of sight with Earth at all times during the 6 

year lunar physical libration period.  Blue regions represent minimal to no improvement relative to the 

current network configuration, while yellow to red regions are the best locations for an additional 

retroreflector. 

Combining LLR with Seismic 

LLR and seismic requirements are the primary drivers for Science Goal 2c landing site selection; Figs. 

2.28 and 2.30 show all the locations where these geophysical analyses can be placed on the lunar surface.  

They have been combined in the final geophysical and overall maps for Science Concept 2, which also 

consider the tetrahedral requirement for a global seismic network.  For the purposes of Science Goal 2c, 

any seismic station placed on the nearside should include an LLR retroreflector, but the choice of the deep 

moonquake nest used to probe the core (Fig. 2.28) will determine where that station should be placed.  A 

specific example is shown in the A33 Case Study. 

Combining LLR, Seismic, and Heat Flow 

By combining heat flow with other geophysical experiments, much of the surface becomes ruled out of 

the landing site selection process.  However, there are still potential landing sites remaining within the A33 

nest and its antipode (Fig. 2.28), and the addition of two LLR stations would represent a significant 

increase in the current extent of the network.  Figure 2.31 shows the same information as Fig. 2.28 but 

displays all the known deep moonquake nests.  This shows that only three farside moonquake nests are 

suitable for the combined package of heat flow, LLR, and seismic experiments, assuming that only two 
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packages containing all three experiments are used.  However, there are plenty of available sites should a 

nearside moonquake nest with a farside antipode be chosen.  Any of these antipodes would be suitable for 

the study of the lunar core, providing that the second seismometer is placed within 60° of the moonquake 

nest.  Some of these moonquake nests are well constrained using the currently available data, whilst some 

are not; refer to Nakamura (2005) for the location errors for each moonquake nest.   
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SCIENCE GOAL 2D: CHARACTERIZE THE THERMAL STATE OF THE INTERIOR AND 

ELUCIDATE THE WORKINGS OF THE PLANETARY HEAT ENGINE 

Introduction 

Many geological and geochemical processes are driven by the removal of heat from the interior.  Heat 

sources include energy accumulated during initial accretion and subsequent impacts, radioactive decay, 

tidal forcing, insolation, and bond energy release from chemical or phase changes.  These energy sources 

either directly generate heat (i.e., impact heating, latent heat, exothermic chemical processes, radioactivity) 

or produce material transport (i.e., thermal/chemical convection, mechanical stirring from giant impacts, 

tidal deformation) that leads to viscous heat dissipation from internal friction or ohmic heat dissipation of 

currents generated during the dynamo process.  A variety of factors such as energy budget, size and 

geometry of internal boundaries (i.e., core mantle boundary (CMB) oblateness, crustal asymmetry), 

chemistry, composition, distribution of radiogenic elements, and orbital evolution can affect the thermal 

evolution of a planetary body. 

The ways in which a planetary body removes heat dictate the physical and chemical evolution of its 

interior and its current state.  Thus we need not only to study its present structure and composition, but also 

to understand the evolution of the planetary heat engine.  The intimate link between thermodynamics and 

geology means that studies of thermal history require concurrent analyses of all aspects of lunar science 

affected by thermal processing. 

Samples returned for Science Concept 1 will gauge the early impact flux of the Moon and provide 

insight into heat provided to the interior.  Science Goal 2b, Science Concept 3 (Science Goals 3a and 3b), 

and Science Concept 5 (Science Goals 5a, 5b, and 5d) have proposed to sample various mare basalt flows 

within and outside the PKT.  Data obtained from those samples will address the early cooling history of the 

Moon, in particular the evolution of basalt — and therefore upper mantle — chemistry and the distribution 

of KREEP through time. Thus, sample return for Science Concept 1, Science Goal 2b, Science Concept 3, 

and Science Concept 5 will also contribute to Science Goal 2d.  In addition, geophysical data obtained for 

Science Goal 2a, 2b, and 2c will contribute greatly to our understanding of Science Goal 2d. 

Background 

It is hypothesized that the lunar magma ocean (LMO) occurred shortly after the giant impact that 

formed the Moon (Shearer et al., 2006; c.f., General Background).  The depth of this LMO constrains the 

initial conditions of the lunar interior and its subsequent thermal evolution.  This evolution is also affected 

by the primary anorthositic crust formed in the LMO, which acts as an insulating thermal boundary layer 

(Ziethe et al., 2009).  The core formation process advected heat out of the interior through material 

transport, likely producing an adiabatic temperature profile (Konrad and Spohn, 1997).  The convection of 

a possible fluid metallic core early in lunar history and the generation of a core dynamo (Stevenson, 1983; 

Stegman et al., 2003) put constraints on the rate at which heat was produced and removed from the core. 

Paleomagnetic data suggest a relatively strong dynamo had been active and peaked between 4.0–3.8 Ga 

(Fuller, 1974; Collinson et al., 1977; Cisowski, 1983; Garrick-Bethell et al., 2009; Shea et al., 2012).  The 

strength and persistence of the recorded magnetic field is difficult to explain with current thermal evolution 

models due to the lack of adequate energy during late accretion, although the energy budget of the core 

may have been expanded by later modification (LeBars et al., 2011; Dwyer et al., 2011).  The subsequent 

magmatic evolution until 1.2 Ga (Hiesinger et al., 2003) was characterized by the emergence of basaltic 

lava, which flooded large impact basins.  Younger eruptions are difficult to explain with current models 

from an energy perspective because of the small size of the Moon and its inevitably rapid cooling; 

however, insulation by the crust and megaregolith combined with added heat energy could have curbed its 

secular cooling (Ziethe et al., 2009).  Factors such as meteorite impact flux, orbital evolution of tidal 

forcing, distribution of heat-producing elements, and crustal thickness variations affect this evolution to the 

current thermal state. 

Present thermal state 

Current global heat flux measurements are essential to assess the past and present thermal state of the 

Moon by providing both spatial and temporal boundary conditions for thermal models.  Previous 

measurements of heat flow were taken during Apollo 15 and 17 (Langseth et al., 1976) and yielded values 

of 21 and 14 mW/m
2
, respectively.  Unfortunately, both experiments suffered from a number of possible 
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interferences and were placed along terrane boundaries, making their representation of the lunar global heat 

flux questionable (e.g., Conel and Morton, 1975; Warren and Rasmussen, 1987; Kiefer, 2012).  The 

baseline measurement of any study of the planetary heat engine is an assessment of the current global heat 

flow.  Thus, it is absolutely essential to obtain new heat flow measurements in each terrane and avoid 

locations where heat flow would be anomalous (c.f., Requirements-Geophysical). 

Once boundary conditions are obtained (i.e., the heat flow distribution at the surface), the extension of 

the lunar thermal gradient requires knowledge of density and compositional stratification, since 

temperature, pressure, density and composition must be inverted for simultaneously (Dziewonski and 

Anderson, 1981).  The thermal boundary layer (a layer in which the thermal state changes rapidly in order 

to match the boundary condition imposed by the surface) can be well approximated by a conductive 

temperature profile (Tcond(z)), and can be calculated by integrating the steady-state heat equation (Turcotte 

and Schubert, 2002, p. 250): 

     (2.16) 

with outer boundary conditions (i.e.  and T at z = 0) determined by the heat flow experiments.  Values 

of thermal conductivity (k), density (), and radiogenic heat production rate (H) vary with depth (z). These 

variables need to be determined using EM sounding, seismology and geochemical studies.  The controlling 

factor for the geotherm at a particular location is H, since it can vary by many orders of magnitude 

depending on the quantity of various radioactive elements (Table 2.4) in the crust.  Large lateral variations 

of H are expected due to a concentration of radioactive elements in the Procellarum KREEP Terrane (PKT) 

(Jolliff et al., 2000).  The depth extent of this conductive profile will also vary laterally because of 

variations in crustal thickness (Wieczorek et al., 2006).  Thus, conductive geotherms will vary globally and 

must be studied at multiple locations to determine the global thermal profile. 

TABLE 2.4 Heat production rate and half-life ( ½) of various isotopes of elements relevant for the Moon.  

The actual radiogenic heat production rate in a volume will depend on the total concentration of each 

element (data from Turcotte and Schubert, 2002). 

Isotope H (W/kg) τ1/2 (yr) 

238
U 9.46 × 10

-5 
4.47 × 10

9
 

235
U 5.69 × 10

-4
 7.04 × 10

8
 

232
Th 2.64 × 10

-5
 1.40 × 10

10
 

40
K 2.92 × 10

-5
 1.25 × 10

9
 

 

Near the bottom of the thermal boundary layer (i.e., the upper mantle), the temperature profile becomes 

approximately adiabatic (Konrad and Spohn, 1997).  This adiabatic temperature profile (Tadia(z)) can be 

obtained through the joint integration of variables (e.g., density and composition) using Equation 2.17 

(Turcotte and Schubert, 2002, p. 340): 

     (2.17) 

Cp is the specific heat capacity at constant pressure and V is the volumetric thermal expansion coefficient 

of the material (both of which depend on the pressure, temperature and chemical composition) and g is the 

gravitational acceleration at that depth, which depends on the radial density profile.  A global passive 

seismic network along with EM sounding can be employed (c.f., Science Goal 2b) to determine the density 

and compositional stratification of the mantle and its lateral heterogeneity. 



101 

Any discontinuity in density or composition within the adiabatic profile can complicate thermal models 

by creating boundary layers that stall advective heat transport (Turcotte and Schubert, 2002).  This can lead 

to major differences in geotherms by assuming that a conductive layer within the adiabatic region acts to 

insulate the interior (Fig. 2.32). 

The size and state of the core controls the inner boundary conditions for the temperature profile (i.e., 

heat flux and temperature at the CMB, its lateral variations, and the geometry of the CMB).  The existence 

of an inner core along with solidus temperatures of probable lower mantle chemical compositions can also 

provide thermodynamic constraints.  These constraints can elucidate the existence and thickness of an inner 

thermal boundary layer that also adopts a conductive profile.  To probe these properties, a combination of 

seismology, LLR and EM sounding must be used (c.f., Science Goal 2c). 

 

Figure 2.32 Possible one-dimensional temperature profiles for a planetary interior.  Boundary conditions 

for T, dT/dz at the surface and CMB constrain the minimum and maximum temperature of the profile, and 

a compositional/density discontinuity changes the overall shape. 

Thermal history 

Three important heat sources are considered when modeling lunar thermal evolution: energy from 

accretion, energy from impacts, and long-lived radioactive isotopes (Wieczorek et al., 2006).  Energy from 

accretion affects the primary thermal state of the whole Moon during formation and governs how much 

initial melting occurs (Melosh, 1990).  Energy from impacts has important consequences for the outer 

layers of the Moon and may have some influence on the location of volcanic provinces (Cintala and Grieve, 

1998; Elkins-Tanton et al., 2004).  Long-lived radioactive isotopes affect the entire Moon and are a major 

driver for volcanism (Wieczorek and Phillips, 2000).  A number of models have been created to address the 

early thermal state of the Moon, ranging from purely conductive to purely convective with some level of 

melting and/or melt migration (for more details regarding these models, the reader is directed to Tables 

4.10 and 4.11 of Shearer et al. (2006)).  However, a lack of new data on these issues has led to a stagnation 

in thermal model development. 

Data from the Apollo missions had a profound impact on our understanding of the thermal evolution of 

the Moon.  The favored hypothesis for lunar origin is through the accretion of material that was flung into 

Earth orbit from a giant impact (Canup, 2004b; c.f., General Background).  Some models suggest that 

accretion of this material was rapid, on the order of 100 years (Pritchard and Stevenson, 2000), leading to 
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an initially fully molten Moon.  However, a lack of large-scale global contractional features have led others 

to postulate that the early Moon had a cold interior (e.g., Solomon and Chaiken, 1976).  The initial state of 

the interior is a topic of much debate and is fundamental to our understanding of thermal evolution.   

Samples from the Apollo missions indicate that large scale melting did occur early in lunar history (e.g., 

Taylor and Jakes, 1974; Warren, 1985) and is attributed to rapid accretion from an impact origin.  The 

depth of this melting, known as the lunar magma ocean (LMO; c.f., General Background), is largely 

unknown (ranging from 200–1000 km or more; Solomon and Chaiken, 1976; Nakamura, 1983) and 

debated but has significant ramifications for thermal evolution.  For instance, if the LMO extended the 

entire radius of the Moon, it would have a much longer cooling history than an LMO that was only a few 

hundred kilometers deep. 

The crystallization sequence of the LMO (Taylor and Jakes, 1974) and mantle mixing as suggested by 

mare and pyroclastic chemistries (Hughes et al., 1988; Ryder, 1991) have led to the hypothesis of cumulate 

overturn.  Dense, Fe- and Ti-rich mineral cumulates were formed in the latest stages of the LMO, leaving 

an inverse density sequence that would overturn due to gravitational instability (Ringwood and Kesson, 

1976; Elkins-Tanton et al., 2002; c.f., General Background), releasing energy in the process.  In addition, 

incompatible elements (particularly potassium, rare earth elements, and phosphorus (KREEP)) are the last 

to crystallize and the distribution of this layer, known as urKREEP, is particularly important for thermal 

evolution due its relatively high concentration of radioactive elements (Meyer et al., 1971).  At this point it 

is unknown if this layer was a global phenomenon, but surface observations suggest a high concentration 

on the nearside (Procellarum KREEP Terrane (PKT); Jolliff et al., 2000).  An asymmetric distribution of 

KREEP would lead to an asymmetric distribution of heat flux, further complicating thermal models.  In 

addition, the asymmetric nature of crustal thickness (Ohtake et al, 2012; c.f., Science Goal 2a) would act as 

a heterogeneous lid, affecting heat flux.  It is believed that this KREEP concentration is one of the factors 

leading to the asymmetric distribution of mare volcanism (Wieczorek and Phillips, 2000). 

The paucity of geophysical data regarding the interior has led scientists to unravel the thermal history 

through Apollo samples.  Magmatic processes such as picritic glasses and mare volcanism provide clues to 

the thermal state of various depths in the Moon at various points in time.  Picritic glasses have a large range 

of titanium concentrations and indicate source regions of 200 km or more (Wieczorek et al., 2006; c.f., 

Science Goal 2b and Science Concept 5).  Mare basalts also have a wide range of compositions (BVSP, 

1981; c.f., Science Goal 2b and Science Concept 5), indicating a heterogeneous source region at depths of 

100–500 km.  Mare volcanism reached a peak at 3.6–3.9 Ga, with the majority of basalt erupting between 

2.5–3.9 Ga (Head, 1976).  However, there is evidence for recent (~1.1 Ga; Hiesinger et al., 2011) and very 

old (cryptomare, >3.9 Ga; Antonenko, 1999) mare volcanism, although they are less prevalent (or obscured 

by regolith in the case of cryptomare).  Thickness estimates for these magmatic episodes range from a few 

hundred meters (De Hon and Waskom, 1976) to 4.5 kilometers (Head and Wilson, 1992), with individual 

flows on the order of tens to hundreds of meters thick (Hiesinger et al., 2002; Robinson et al., 2012).  

However, much work remains to be done in characterizing flow unit thicknesses and basalt volumes 

globally, as this will provide important constraints on heat flux and secular cooling.  

Volcanic processes record not only the thermal state of the magmatic source region, but also the 

magnetic field environment at the time of emplacement, revealing the energy state of a possible core 

dynamo.  Thus, it is critical to conduct geologic and paleomagnetic studies of lithologies that could record 

the presence of an early dynamo. 

Paleomagnetic studies 

Rock samples are used to gauge the timing, intensity, and orientation of the purported dynamo.  The 

Moon would have cooled faster than larger planetary bodies due to its small size (de Pater and Lissauer, 

2010), thus making it more likely that a dynamo would have operated early in its history rather than later.  

Therefore, rocks containing magnetic minerals (i.e. iron oxides, iron-titanium oxides) that formed early in 

lunar history would have retained a signature of this dynamo.  The lithologies that will be considered for 

sample return are mare basalt flows older than 3.0 Ga and impact melt sheets of basins that are Imbrian or 

older (≥ 3.2 Ga), as previous studies suggests any lunar dynamo would have operated during this time. 

Rocks that retain a magnetic signature are known to have natural remnant magnetization (Butler, 2004).  

This means that magnetic minerals (i.e. iron oxides) within the rock have cooled below their Curie 
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temperature (the temperature at which magnetic minerals hold a magnetization) in the presence of a 

magnetic field, even though there may not be one currently.  Because ancient (≥ 3.2 Ga) lunar rocks have a 

natural remnant magnetization, albeit weak, it has been postulated that this magnetization was recorded in 

the presence of a lunar dynamo (e.g. Collinson et al., 1977; Runcorn, 1994; Garrick-Bethell and Weiss, 

2007a; Garrick-Bethell et al., 2009).  Seismic (Weber et al., 2011) and LLR (Williams et al., 2001; Khan et 

al., 2004) detections of a small liquid outer core support the existence of a lunar dynamo early in lunar 

history. 

Various lunar samples returned by the Apollo missions have been analyzed by paleomagnetic studies 

(e.g. Fuller, 1974; Collinson et al. 1977; Cisowski, 1983; Runcorn, 1994).  However, a reanalysis of the 

data by Lawrence et al. (2008) showed the results obtained up to that point should not be considered 

scientifically robust due to uncertainties and problems with the method used.  Since then, more reliable 

paleomagnetic measurements place dynamo activity at 4.2 Ga (Garrick-Bethell et al., 2009; Shea et al., 

2012) and 3.6 Ga (Suavet et al., 2012) (Fig. 2.33).  Since there are no rock samples older than 4.2 Ga that 

can be used for paleomagnetic studies, it is unknown when the dynamo would have begun operating.  Due 

to a lack of data and conflicting measurements from Tikoo et al. (2012a, 2012b) and Cournède et al. 

(2012), it is also unclear when this dynamo would have shut down.   

 

FIGURE 2.33 Paleomagnetic intensities of Apollo samples.  Note that for many ages there is only one data 

point, which is suboptimal for paleomagnetic studies. 

Central magnetic anomalies 

Another way to constrain the strength and timing of the lunar core dynamo is through surface studies of 

central magnetic anomalies.  The central magnetic anomalies are magnetic peaks or troughs near the center 

of large impact basins.  They are proposed to be associated with thermal remanent magnetization of impact 

melt pools that had subsequently cooled below the Curie temperature and retained an ambient, steady state 

magnetic field (Halekas et al., 2003; Hood and Halekas, 2010; Hood, 2011; Richmond and Hood, 2012).  

Since only a core dynamo can produce a magnetic field that lasts longer than the cooling timescale of the 



104 

melt rock, and basin age provides the timing of the magnetization, a surface study of these magnetic 

anomalies with a magnetometer traversal can provide the timing, orientation and energy state of the 

possible lunar dynamo (Halekas et al., 2003).  A survey of the basins that have these central magnetic 

anomalies compared to their relative ages paints a picture of the lunar dynamo that is in rough agreement 

with paleomagnetic studies (Fig. 2.34).  A combination of surface magnetometer surveys and sample return 

studies at sites of interest is required to determine the exact state of the dynamo at particular times in lunar 

history. 

 

 
FIGURE 2.34 Basins, Pre-Nectarian to Imbrian in age, showing the temporal distribution of central 

magnetic anomaly signatures.  Basins in the same column are in the same age class as defined by Wilhelms 

(1987).  (Anomalies identified by Halekas et al., 2003; Hood and Halekas, 2010; Hood, 2011; Richmond 

and Hood 2012). 

Important Geologic Features for Sample Return 

Sinuous rilles 

Sinuous rilles are meandering channels common on the lunar surface (Schubert et al., 1970).  They are 

proposed to have formed either as collapsed lava tubes (e.g., Greeley, 1971), lava channels with levees that 

formed in existing depressions (e.g., Spudis et al., 1988), or lava channels that cut into a pre-existing 

substrate due to thermal erosion (Hulme, 1973; 1982).  A sinuous rille (Hadley) was visited by the Apollo 

15 astronauts and was found to contain pristine, bedded mare in the upper walls of the rille (Figs. 2.35–

2.37; NASA, 1972).  Though the astronauts did not descend into the rille itself, descriptions of rille wall 

slope suggest an average of 25–30
o
 (NASA, 1972), and photographic analyses of rilles suggest there are 

numerous shallow entry points that sampling missions could exploit (Fig. 2.35). 

Floor fractured craters 

Floor-fractured craters have previously been catalogued by Science Concept 5 and are considered to 

represent pre-mare impact craters that were modified and uplifted during mare flooding (Schultz, 1976).  

While the fractures themselves may have been activated multiple times and may therefore expose mare 

flow units, they may also potentially have been exploited as magma conduits or dikes (Schultz, 1976).  It is 

therefore unclear whether the appropriate samples for paleomagnetic studies (i.e., multiple, pristine, 

exposed flow units) would be exposed at the surface.  However, if they are indeed magma conduits or 
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dikes, it is likely that they would be magnetized in an active core dynamo, and thus are included as 

potential sampling sites. 

 

 

FIGURE 2.35 Apollo 15 Mission Photographs and Photogeologic Interpretation of Hadley Rille.  (A) 

Regional view of the Apollo 15 landing site, taken from the Lunar Module (LM) as it descended to the 

surface.  The dashed red circle outlines a potential shallow access point for the rille, and the red inset box 

indicates the area of detail in B and C.  A scale bar is not shown, as it varies across the photograph, but the 

average rille width is ~1km.  (B) Cropped photograph with elevated contrast and decreased brightness to 

show stratigraphic detail of Hadley Rille.  (C) Photogeologic interpretation of B, with regolith-covered 

mare surface, zones of potential mare outcrops, and talus pile in rille center. 

 

FIGURE 2.36 Cross-section of Hadley Rille area investigated by Apollo 15 astronauts (W to SW of landing 

site).  The regolith thickness gradually decreases towards the edge of the rille; coherent bedrock is exposed 

for a number of meters below the rille edge but gives way to talus and regolith material with depth. Note 
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that the mare basalt itself is not thought to extend significantly below the edge of its exposure.  Modified 

from the Apollo 15 Preliminary Science Report (NASA, 1972). 

 

FIGURE 2.37 Mission photograph from Apollo 15 showing coherently bedded mare flow units in the 

western wall of Hadley Rille.  This outcrop is ~30 m below the edge of the rille and ~8 m thick.  Coherent 

flow units such as these are appropriate potential sampling sites for paleomagnetism studies. 

Requirements 

In situ Geophysics 

The use of geophysical measurements will provide a complete density, conductivity, and thermal cross-

section, thus helping to elucidate the thermal state of the interior and illuminate the workings of the 

planetary heat engine.  Requirements for some geophysical techniques are detailed in previous sections 

(c.f., Science Goals 2a, 2b, and 2c) and are not restated here, but it is recommended that the placement of 

geophysical instrumentation for Science Goal 2d be considered as a ‗geophysical package‘ (see below). 

Heat flow 

The requirements for geophysical landing sites for Science Goal 2d are defined by the placement of four 

heat flow probes.  While other geophysical instruments are necessary to fully address the Science Goal, a 

global set of stable and representative conductive heat flow measurements is required to determine the 

current thermal state of the Moon, and by extension, its thermal evolution since initial accretion and 

differentiation.  Therefore, the satisfaction of the following requirements for heat flow probe placement 

should drive the geophysical landing site selection for this Science Goal: 

(1) Probes must be placed at least 200 kilometers away from major crustal terrane boundaries (as 

defined by Jolliff et al., 2000).  Due to differences in crustal, megaregolith, and regolith 

thicknesses between terranes, major terrane boundaries are thought to experience potentially 

significant heat flow focusing effects, such that heat is deflected towards thinner crustal sites 

(Conel and Morton, 1975; Warren and Rasmussen, 1987; Cohen et al., 2009). 

(2) The edges of impact basins should be avoided for the same reason as terrane boundaries.  The 

effects of heat flow focusing may be particularly pronounced at these sites due to abrupt 

crustal thickness changes (W. Kiefer, pers. comm.).  Though no rigorously determined values 
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for the lateral extent of heat flow focusing is presently found in the lunar literature, we suggest 

a minimum buffer of 50 kilometers from these locations. 

(3) Avoid significant topographic variations, craters (especially recent), boulders, and local, m- to 

km-scale heterogeneities (Langseth et al., 1976; Kiefer, 2012).  As these have the potential to 

create localized subsurface heat flow gradients, precise heat flow measurements require a flat, 

consistent, laterally uniform surface (Langseth et al., 1976). 

(4) Both active and passive measurements of thermal diffusivity (κ) should be obtained for 

measurement accuracy; whereas active measurements can be completed on the order of ~200 

hours (e.g., Grott et al., 2010), passive assessment of diffusivity requires shallow (<3 meter) 

temperature profile measurements collected over a multi-year time span (Langseth et al., 

1976).  Given that the passive measurements take advantage of the diurnal and annual lunar 

thermal wave to sample bulk material properties (Cohen et al., 2009), heat flow probes should 

be placed out of permanent or temporary shadow to avoid thermal perturbations.  This 

includes temporary thermal shadows from the deployment of other geophysical instruments 

(Kiefer, 2012). 

(5) Probes should be placed in sites of minimal ejecta blanket thicknesses, especially from large 

basins that excavate KREEP-rich material (e.g., Imbrium).  This is to ensure that heat flow 

probes measure vertical conductive heat flow without contamination from surface radiogenic 

material (e.g., Hagermann and Tanaka, 2006). 

(6) Probes must penetrate to >3 meters depth to sample the thermal gradient at least a meter 

beneath material strongly affected by the lunar thermal wave (upper 1–1.5 meters) (Cohen et 

al., 2009).  Measurements must be made at regularly spaced increments (e.g., every 10 

centimeters).  This is required to constrain the thermal gradient and will also account for depth 

variations in thermal conductivity (Langseth et al., 1976).  Combining this requirement with 

(4), above, the heat flow probes must penetrate below 3 meters but also measure temperature 

at intervals from the surface to the base of the probe. 

(7) Landing sites must be located in areas of approximately ―average‖ crustal thickness within 

each of the four lunar terranes of Jolliff et al. (2000).  Considering the compositional and 

thickness differences between each terrane, and in conjunction with the data from other 

geophysical instruments, a single heat flow measurement from each terrane (four total) will 

establish a mean global heat flow estimate for the entire Moon. 

Additional landing sites for heat flow measurements, while not explicitly required, would allow 

consideration of specific contributions to the vertical conductive heat flow of the Moon.  For example, 

placement of an additional probe in a thin crustal site within the FHT-A terrane would provide constraints 

on the different mantle and crustal contributions to heat flow (Kiefer, 2012), which would help determine 

the distribution of radiogenic (i.e., heat-producing) elements in the Moon.  Similarly, placement of an 

additional heat flow station on a thick ejecta blanket will allow estimation of the thermal contributions from 

radioactive elements in ejecta.  However, the principal purpose of a heat probe array for Science Goal 2d 

should be aimed at establishing a first-order estimate of global heat flow, and thus these anomalous sites 

should be considered secondary targets. 

Seismology 

A passive seismic network is required to evaluate lunar density structure, core size, and core state (c.f., 

Science Goals 2a, 2b, and 2c).  While the placement of an equilateral tetrahedron of four seismic sensors on 

the lunar surface would be ideal for obtaining deep interior structure (c.f., Science Goal 2b), it is not as 

limiting as other landing site requirements for this Science Goal.  The placement of a seismometer within 

each lunar terrane as defined by the heat flow requirements will allow enough resolution to address the 

density and thermal structure of the lunar interior, especially given the coincident locations of seismic and 

heat flow probes.  However, the antipodes to known locations of DMQ should be incorporated as a rigorous 

requirement for at least one station, as seismic receivers placed at these sites are crucial to determining the 

size and state of the lunar core (c.f., Science Goal 2c).  



108 

EM Sounding 

EM sounding measurements are used to determine the conductivity structure of the lunar interior (c.f., 

Science Goals 2b and 2c).  Only a single measurement is required with no concern regarding location. 

LLR 

A minimum of one additional LLR retroreflector station, in conjunction with the current configuration, 

can constrain the elastic properties of the lunar mantle and a number of core parameters (c.f., Science Goal 

2c).  

Magnetometer Traverse 

Surface magnetometer measurements across the peak of a central magnetic anomaly can provide 

information on the state of the lunar dynamo at a particular time (i.e., during basin formation).  Only a 

small number of basins with central magnetic anomalies have been identified from orbital data (Halekas et 

al., 2003; Hood and Halekas, 2010; Hood, 2011; Richmond and Hood, 2012).  

Sample Return 

A number of criteria must be met in order to obtain the samples necessary for accurate paleomagnetic 

studies: 

1. Rocks of the age when it is likely that a dynamo could have existed, i.e., 3.0–4.43 Ga 

(formation of the Moon) 

2. Rocks that have retained their original cooling orientation or their original orientation can be 

inferred (i.e. by known strike/dip and uplift mechanism) 

3. Rocks with the mineralogy necessary to record a magnetic field 

4. Rocks that are minimally shocked (<5 GPa) 

Additionally, there are a number of precautions that must be taken in order to obtain appropriate 

samples for paleomagnetic studies (Garrick-Bethell and Weiss, 2007b):  (1) the original orientation and 

context of the rock must be documented for interpretation of paleofield geometry, (2) several rocks from a 

single outcrop must be sampled for measurement precision, and (3) rocks must be protected from all 

ambient magnetic fields during collection, transit, and storage.  Considering these criteria, several issues 

arise in the use of Apollo samples for paleomagnetic data.  Most of the collected samples were not from 

their original outcrop, so original orientations and contexts are unknown.  There were also only a few 

samples with sufficient magnetization collected in a given area, resulting in only one data point for some 

ages (Fig. 2.33).  In addition, all Apollo samples were exposed to some type of ambient magnetic field 

(space suit, spacecraft, or Earth) such that the magnetization of the rock has been modified from its original 

state.  The precautions mentioned above must be considered for future paleomagnetic samples. 

Methodology 

In situ Geophysics 

The selection of geophysical landing sites in this Science Goal is primarily made to fulfill the 

requirements of a global heat flow study.  After mapping locations where heat flow probes can be placed, a 

subset of these locations where seismology, EM sounding, and LLR could also be implemented was 

mapped.  

Heat Flow 

Identification of sites suitable for heat flow measurements requires locating regions where the 

measurements cannot be taken: 

1. A 200 km buffer zone was created around the terrane boundaries.  Similarly, 50 km buffer 

zones around each of the basin rims (defined as ≥300 km diameter; Spudis, 1993) and 1 km 

buffers around mapped ejecta material (as used by Science Concept 5) were created to address 

measurement requirements.   

2. A slope map was then produced from the LOLA 128 ppd DEM, and 20° or larger slopes were 

identified to avoid heat flow focusing effects.   
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3. Permanently shadowed regions over the lunar poles, from Mazarico et al. (2011), were mapped.   

Seismology 

For brevity, only the ideal configuration of an equilateral tetrahedron was considered.  The placement of 

a single seismometer acts as a control point for the other vertices of the equilateral tetrahedron.  Due to the 

flexible requirements regarding landing site locations, this configuration can be placed essentially 

anywhere on the Moon. 

EM Sounding 

As there are no requirements that must be satisfied for the location of an EM instrument, there are no 

methods to be outlined.  Since the location requirements for EM sounding are trivial, we suggest the 

inclusion of an EM sounding instrument in a geophysical package (see below). 

LLR 

Methods regarding the placement of LLR stations are outlined in detail in Science Goal 2c.  

Magnetometer Traverse 

The locations of central magnetic anomalies are mapped as targets for magnetometer studies.  Due to 

the nature of their formation, they occur at anomalously thin crustal sites and cannot be included along with 

any heat flow measurements. 

Sample Return 

To fulfill the requirements listed above, two target lithologies were considered: mare basalt flows and 

melt sheets of large impact basins.  The necessary rock mineralogy to record a magnetic field was not used 

as a stringent requirement for landing site selection as it is assumed that basalts contain the necessary 

concentration of Fe, and impact melt sheets incorporate enough Fe during formation.  Other Science 

Concepts have also proposed to sample mare basalts and impact melt sheets.  However, samples for 

Science Goal 2d need to be from relatively unshocked outcrops where the original orientation of the rock is 

known or can be determined.  Oriented samples are required to test if the observed surface magnetization is 

the result of a lunar dynamo (NRC, 2007).  The methodologies regarding sample return for each of these 

are different and are described in more detail below. 

Mare basalts:   

(1) Mare basalt flows from ~3.0–4.0 Ga would have cooled in the presence of a lunar dynamo and therefore 

are appropriate for paleomagnetic analysis. 

 Mare basalt flow ages are based on crater counting ages from Hiesinger et al. (2011) and 

Morota et al. (2011).  Maps of mare units and their ages were digitized and a new shapefile of 

mare with model ages between 3.0 and 4.0 Ga was created. 

(2) Sinuous rilles, craters within mare units, and floor-fractured craters can be used to sample oriented mare 

basalt flows. 

 A recent dataset cataloguing global sinuous rille occurrence and distribution (Hurwitz et al., 

submitted) was combined with the mare age distribution map in (1) to produce a map of all 

possible sinuous rille sampling locations. 

 Exposed crater walls within mare units also allow for paleomagnetic sampling.  However, in 

order to provide the appropriate samples, the crater size must not only be large enough to 

penetrate through the average 5-meter-thick mare regolith (Shkuratov and Bondarenko, 2001; 

Fa and Jin, 2010; Bart et al., 2011; Fa and Wieczorek, 2012) to underlying bedrock, but also 

be large enough to preserve coherent, layered mare flows in its walls.  This is expected to be 

the case for a minimum 0.5–1 kilometer crater diameter (V. Sharpton, pers. comm.). 

o The LPI crater database (Losiak et al., 2009, revised by Ohman, 2011) was used as a 

starting point for possible landing sites; craters of the appropriate size that were emplaced 

within mare units of the appropriate age were identified in ArcMap.  Only Copernican 

craters were considered to ensure the necessary bedrock exposure.  However, essentially 
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any ―young‖ crater greater than 0.5 kilometers in diameter could be considered a 

potential sampling location for paleomagnetism. Samples should be obtained from 

minimally-shocked or low-shock material. 

 Compiled literature data on floor-fractured craters were obtained from Science Concept 5.  

Only those floor-fractured craters identified as ―certain‖ were included in this analysis. 

 Additional sampling sites for undisturbed mare may be available at linear rilles (Head and 

Wilson, 1993) or sublunarean voids or skylights (e.g., Robinson et al., 2012).  However, their 

distribution is poorly characterized as of yet, and they have not been included in this analysis.  

Ongoing and future work to characterize their distribution should be considered prior to any 

sample return mission. 

Impact melt sheets:   

(1) Melt sheets of impact basins dating from the Imbrian and pre-Imbrian would have cooled in the 

presence of a lunar dynamo.   

 Imbrian and older basins have been targeted, where only basins of ≥ 300km diameter 

(Wilhelms, 1987; Spudis, 1993) are considered.  

(2) Craters of Copernican age (>800 Ma) within a basin transient cavity are used to sample oriented melt 

sheets.   

 Since melt sheets of basins in (1) are old features, they have been covered by regolith and, in 

some locations, mare basalt.  Craters are able to excavate beyond these upper layers and 

expose oriented melt sheets. 

 Only Copernican craters are used due to their fresh morphology and their lack of regolith 

cover, providing the best exposures of melt sheets.  Only Copernican craters from the LPI 

lunar impact crater database (Losiak et al., 2009, revised by Ohman, 2011) were considered. 

 There is greater confidence that the melt sheet is contained within the transient cavity as 

opposed to the final diameter of impact basins.  In order to ensure melt sheet exposure, only 

Copernican craters within the transient cavity are considered. 

o The diameter of basin transient cavities was calculated using Equation 5 from Kring 

(1995): 

RC = 0.86RTC
1.07

       (2.18) 

where RC is the complex crater radius and RTC is the radius of the transient crater, all in meters.  

However, it is important to note that this relationship is for complex crater morphologies and is 

assumed to translate to basin scale impacts. 

(3) Assess the regolith/megaregolith thickness that would cover the melt sheet for basins that satisfy (2). 

 Ejecta from large impact basins has greatly contributed to regolith covering.  Thickness of this 

regolith was calculated using the ejecta scaling law of McGetchin et al. (1973) and Kring 

(1995): 

t = 0.14R
0.74

(r/R)
-3.0±0.5

      (2.19) 

where t is ejecta thickness, r is the range from the center of the crater, and R is the crater 

radius, all in meters.  Only regolith generated from large impact basins was considered. 

(4) Assess mare thickness that would cover the melt sheet. 

 Mare thickness estimates from De Hon (1974), De Hon and Waskom (1976), Hörz (1978), De 

Hon (1979), Gillis (1998), Hiesinger et al. (2002), and Thomson et al. (2009) were used. 

(5) Calculate the depth to the melt sheet using values from (3) and (4). 

(6) Compare the depth of craters from (2) with thickness estimates from (5) and determine if the melt 

sheet is exposed in the upper crater walls. 
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 Only upper crater walls are considered due to the presence of breccia and slumped wall 

material that covers the crater interior (Fig. 2.11).  The best outcrop exposures will also be 

present in the upper crater wall. 

(7) Create a map where all craters satisfy (2) and (6). 

Floor-fractured craters could also potentially sample oriented melt sheets of large impact basins, but the 

nature of fracture formation, sampling depth, and their ability to expose melt sheet below megaregolith is 

not well understood.  If floor-fractured craters are indeed associated with mare volcanism, as suggested by 

Schultz (1976), it may be that impact melt sheets have been influenced by this volcanism, may not have an 

accurate paleomagnetic record, and/or may not be exposed in the fracture walls.  Therefore, only fresh 

exposures at Copernican craters are considered for this study. 

Suggested Landing Sites 

In situ Geophysics 

Heat Flow 

All possible locations where a representative heat flow measurement can be taken are shown in Fig. 

2.38.   The ‗thin‘, ‗typical, and ‗thick‘ terrane crustal thickness map from Fig. 2.14 has been used as a base 

map, as it would be preferable to take measurements in ‗typical‘ crustal thickness locations from each 

terrane.  In addition to the work carried out here, a comprehensive review of lunar surface incident 

radiation needs to be completed to locate regions at lower latitudes that may be permanently shadowed, and 

regions that may be partially shadowed throughout the lunar day. 

Seismology 

Locations of equilateral tetrahedron vertices are not shown here due to the shear number of possible 

station locations, but an example is shown in Fig. 2.23 (c.f., Science Goal 2b).  To calculate where the 

geophysics packages can be placed, whilst meeting the requirements for heat flow and seismology, a strict 

tetrahedron configuration was rotated at 1° intervals in the x, y, and z directions.  If any of the tetrahedron 

apices were located within a region removed due to heat flow, then that configuration was discarded; there 

must also, there must be one station within each of the terranes.  It is recognized that this only gives an 

indication of the available sites, and that more will be available when this study is carried out at finer 

resolution, using higher resolution (e.g. 100 m WAC LOLA DTM), and newer datasets (e.g. GRAIL).  

Optimized station locations to address the geophysical and sample return elements are shown in  

Fig. 2.44.  The same rotation of a strict tetrahedral configuration is employed in the Final Map and A33 

Case Study. 

EM Sounding 

A map of landing sites for EM sounding has not been created because a measurement can be taken 

anywhere on the surface. 

LLR 

Possible LLR stations that will increase the coverage of the current network are presented in Science 

Goal 2c (Fig. 2.30).  These locations will be considered when discussing the deployment of a geophysical 

instrument package (see below). 
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Magnetic Traverse 

Locations for potential magnetic traverses are presented in Fig. 2.39.  The locations of basins that 

contain central magnetic anomalies are shown along with the strength of each anomaly, as detected at 30–

40 km altitude by Lunar Prospector.   

 

FIGURE 2.39 Locations of central magnetic anomalies within large impact basins.  Lunar Prospector 

magnetometer data is underlain by a WAC Global Mosaic. 

Geophysical Package 

It is highly recommended that the geophysical instruments discussed above be grouped into a 

‗geophysical package‘.  This is important to reduce the number of required individual landers.  However, 

since basin centers must be avoided for heat flow measurements due to their anomalously thin crust, 

surface magnetic traverses of central magnetic anomalies cannot be undertaken along with the proposed 

geophysical package. 

Sample Return 

Mare basalt 

Mare bedrock exposures that satisfy the above requirements are shown in Fig. 2.40.  The appreciable 

number of potential landing sites allows flexibility with other mission requirements or Science Goals.  

However, given the uncertainty of floor-fractured crater sampling, we suggest that mission planning be 

directed either at sinuous rilles or crater walls.  Of these two, sinuous rilles are potentially the best sampling 

sites due to their unshocked nature and undisturbed orientation. 

Additionally, the sampling of more than one mare bedrock site will greatly expand the potential 

scientific benefit.  In addition to characterizing the core dynamo over a larger age range, it would allow 

investigation of mare flow thicknesses, chemistry, and thermal evolution of the Moon over time (and would 

therefore also be relevant for Science Goal 2b). 
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Impact melt sheet 

Using the LPI crater database (Losiak et al., 2009, revised by Ohman, 2011), there are two craters that 

satisfy the requirements for sampling intact basin melt sheets:  Birkhoff (Z) within the Birkhoff basin and 

Guthnick within the Mendel-Rydberg basin (Fig. 2.41). 

 

FIGURE 2.41 Locations that satisfy the requirements for oriented melt sheet sample return.  Background is 

WAC Global Mosaic. 

Upper walls of craters are characterized by their relatively steep slope and scarp-like morphology.  This 

slope becomes more gradual as it nears the basin center due to slumping of material and late stage crater 

modification (Melosh, 1989).  The first inflection point of this slope is the cutoff point of the upper crater 

wall and it is above this point that samples should be obtained (black arrows in Figs. 2.42 and 2.43).   

However, it should be noted that melt sheet exposures are based on calculations and that detailed 

photogeologic mapping of Birkhoff (Z) and Guthnick should be done as part of the landing site 

reconnaissance.  In addition, the LPI crater database is not a complete list of lunar craters and there could 

potentially be more craters that satisfy the requirements listed above.   Any Copernican crater within the 

transient cavity of an Imbrian or older impact basin that exposes depths, within their upper wall, below the 

regolith thicknesses are viable landing site options (regolith thicknesses for Birkhoff and Mendel-Rydberg 

are shown in Table A2.7). 
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FIGURE 2.42 Topographic profile of Birkhoff (Z).  Black arrows indicate the transition from upper crater 

wall to slumped material, as shown by an inflection in the slope.  The vertical exaggeration of the elevation 

profile is ~1.5:1. 
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FIGURE 2.43 Topographic profile of Guthnick.  Black arrows indicate the transition from upper crater wall 

to slumped material, as shown by an inflection in the slope.  The map uses a polar projection centered on -

48°N 266°E, and the vertical exaggeration of the elevation profile is ~2:1. 

Conclusions 

Figure 2.44 shows all locations, geophysical and sample return, where Science Goal 2d can be 

addressed.  The colored dots show all the locations where sampling can be carried out at one or more of the 

four sites within that particular tetrahedral configuration.  Solid orange denotes locations of tetrahedral 

vertices where the site in SPAT can also obtain a sample that will address this Science Goal; orange and 

black dots indicate vertices where samples can be obtained in SPAT and PKT.  Blue shows tetrahedral 

locations where the location in FHT-O can also obtain a sample; blue and white dots can return samples in 

FHT-O and PKT.  Green dots denote tetrahedral locations where the site in PKT will return a sample.  Due 

to the nature of sample return for this Science Goal, no samples are needed from FHT-A. 
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FINAL LANDING SITES: GEOPHYSICAL METHODS 

The final maps which include the geophysical packages for Science Concept 2 as a whole are shown in 

Fig. 2.45.  This shows the locations where geophysical packages may be placed.  Each geophysical package 

should include a seismometer, EM sounding instrument, and heat flow probes; any nearside package should 

also include an LLR retroreflector.  It is worth noting that this is not an exhaustive list of geophysical 

requirements, but rather is the minimum required to address the geophysical aspects of Science Concept 2 

as a whole.   

We emphasize that four stations with instruments for in situ geophysical analyses are the minimum 

required to address all Science Goals contained in Science Concept 2, by constraining the present-day 

global configuration of the lunar interior (sample return is required to address past interior state and 

evolution to the present).  However, even a single geophysical station with these instruments would still 

provide useful knowledge, and thus we emphasize that any further missions to the surface of the Moon 

should include such a geophysical package regardless of their location.  For example, EM sounding has 

minimal location requirements, and a single EM measurement could provide a one-dimensional 

conductivity cross-section of the lunar interior.  A single passive seismometer would allow consideration of 

crustal thickness in the vicinity of the landing site, as well as at locations where meteoroid impacts occur (if 

they can be observed from Earth or from orbit) (Chenet et al., 2006).  Even along terrane boundaries where 

heat flow measurements might be compromised by abrupt changes in crustal thickness, a general estimate 

of conductive heat flux would be useful and interferences could be perhaps be modeled and subtracted from 

the measurement.  Finally, the placement of a single LLR retroreflector on the nearside, outside of the 

current network, will improve the accuracy and three-dimensionality of laser ranging experiments. 

As in Science Goal 2d, the locations of the geophysics packages have been calculated for 1° rotations of 

a tetrahedral configuration, taking into account areas removed due to heat flow requirements, and extending 

the current LLR network.  There are considerably more configurations available here, as requirement that at 

least one of the tetrahedron apices must overlap with a Science Goal 2d sample site has been removed.  

Also shown are the moonquake locations and antipodes, as discussed in the Science Goal 2c.  A 

seismometer should be placed within a moonquake nest antipode and within 60° of the corresponding 

moonquake nest, as in the A33 moonquake nest case study.  A relatively well-constrained moonquake nest 

should be chosen; it is not necessarily required to use only a farside moonquake nest as in the A33 Case 

Study, as this was chosen specifically to enable two LLR stations to be placed on the nearside.  The 

potential landing sites in Fig. 2.45 do not greatly improve the southern extent of the current LLR network, 

particularly due to the tetrahedral configuration required as part of the geophysical package.  It is therefore 

advised to add an additional geophysics package in the southern hemisphere, on the nearside, to increase 

the N-S extent of the current LLR network; this would improve the accuracy and precision of ephemeris 

and libration measurements.   

In the ideal case, clusters of three seismometers in a triangular configuration should be placed at the 

corners of tetrahedron, as discussed in Science Goal 2b.  This would help begin to address the nature of 

upper mantle structure and determine shallow moonquake distribution.  However, we recognize that 

thirteen geophysical landers are unrealistic at the present time, and therefore the four-station configuration 

is our baseline proposal. 
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FINAL LANDING SITES: SAMPLE RETURN METHODS 

Sample return landing sites for Science Goals 2a, 2b, and 2d are combined and superimposed on a 

LOLA topography map mosaic (shown in Fig. 2.46).  (Recall that sample return is not required to address 

the objectives of Science Goal 2c.)  Some of the landing sites for 2a, 2b, and the mare basalt landing sites 

from 2d are within proximity to one another and thus could be sampled together during a single sample 

return mission.  The exceptions are the landing sites for addressing the impact melt sheet requirements in 

Science Goal 2d, which are located far from any other suggested landing sites and thus would require a 

separate mission. 

We note that a least one sample return mission is required to address each of the Science Goals (except 

2c).  In situ and orbital geophysical analyses can provide information on the current interior structure of the 

Moon, which is an important constraint for models of lunar evolution, but geochemical, geochronologic, 

and paleomagnetic analyses of additional samples are necessary to describe the changes in the structure and 

stratigraphy of the lunar interior with time. 

Two example case studies for sample return were chosen, one on the farside (Moscoviense; Fig. 2.53) 

and one on the nearside (Nectaris; Fig. 2.54), which are discussed in detail below.  These two case studies 

focus on areas where all or a subset of the three sample return Science Goals could be addressed by a single 

landing site. 
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SCIENCE CONCEPT 2 FINAL MAPS 

The geophysical and sample return elements of Science Concept 2 are shown together in Fig. 2.47 and 

2.48.  Figure 2.47 shows all the possible tetrahedral configurations for the geophysical packages along with 

the sample return elements.  This map shows that it is possible to sample for at least one of the Science 

Goals at one or two of the apices of the tetrahedral configuration, but it is not possible to complete all 

aspects of the sample return within this Science Concept using a tetrahedral configuration.  It is therefore 

suggested that the sample return and geophysical elements of Science Concept 2 be kept separate, but that a 

geophysical package is included at all sampling sites.  This will ensure that neither the geophysical nor the 

sample return elements of this Science Concept will be compromised. The addition of further geophysical 

packages at sampling sites can then be used to add complexity to the baseline understanding obtained using 

the geophysical configuration alone, by providing additional data at sites that have properties outside of 

what is thought to be typical for that terrane, such as anomalously thick or thin crust.  These data can be 

used to provide better constraints on models of crustal thickness, the thermal state of the Moon, and mantle 

density and composition.   

Figure 2.48 shows all the tetrahedral configurations that satisfy the entirety of Science Goal 2d, and the 

sample return elements of Science Goals 2a and 2b.  This demonstrates that some of the configurations 

shown in Fig. 2.48 for Science Goal 2d overlap with sampling sites for Science Goal 2b and part of Science 

Goal 2a.  Because there is not an ‗ideal‘ configuration of four landers which enables all the geophysical and 

sampling elements of the whole Science Concept to be completed, additional landings are required to 

address Science Concept 2as a whole.   

A maximum of eight landers is required to fully address the geophysical and sample return aspects of 

Science Concept 2.  However there is likely to be overlap between at least one of the geophysical and 

sample return sites, such that seven landing sites may be sufficient to address this Science Concept.  

Assuming a geophysical package is added at each of the landing sites, a total of seven geophysical 

packages would be placed on the surface for this proposal.  The nature of the sampling studies means that 

some of these sites are likely to be at locations of relatively thin crust, as many of the sampling sites are 

within basins or large complex craters, and thus will improve the models as discussed above. 

Though a strict tetrahedral configuration of four landing sites has been used above, it may be possible to 

relax the tetrahedral configuration if more than four sites are chosen whilst maintaining global coverage of 

a passive seismic network.  This may enable better sampling sites to be chosen and fewer total landing sites 

to be required; however, it would still not be possible to sample all lunar materials required to address this 

Science Concept. 
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GEOPHYSICAL CASE STUDY: A33 MOONQUAKE NEST 

The A33 moonquake is used here as a case study example to address the geophysical aspects of Science 

Concept 2 (Fig. 2.49 to 2.52).  This case study therefore uses the A33 moonquake nest to study the size and 

state of the core, as in Science Goal 2c, combined with a tetrahedral seismic configuration required for 

global mantle structure.  One station needs to be placed within each of the areas within the white 

boundaries shown in Figs. 2.49 and 2.50, with the latter figure also excluding areas not appropriate for heat 

flow measurements.  The configurations shown in Fig. 2.51 indicate the possible nearside locations of the 

geophysical package as part of a strict tetrahedral configuration, and Fig. 2.52 shows a global view of these 

locations (i.e., including farside stations).  This configuration allows for two LLR stations to be placed on 

the nearside, which will increase the extent of the current LLR network.  As before, it would be preferable 

to place an additional geophysics lander with an LLR station in the southern hemisphere to improve the N-

S extent of the current LLR network.  It would also be ideal to place clusters of three geophysics packages 

at each apex of the tetrahedron configuration, to begin to address shallow moonquake distribution and 

upper mantle structure (but only within these clusters). 

 
FIGURE 2.49 Map showing the same data as Fig. 2.30, but applied only to areas within S1 of the A33 

antipode (left), and within 60° of the A33 nest (right).  This would be applicable if seismology and 

retroreflectors were to be combined in the same package and used A33 as the moonquake nest to study the 

lunar core. 
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FIGURE 2.50  Map showing the same data as in Figure 2.49, with the subtraction of areas not suitable for 

heat flow experiments.  This would be applicable if seismometers, retroflectors, and heat flow experiments 

were to be contained within one package and the A33 moonquake nest was to be used to study the lunar 

core.  

 
FIGURE 2.51 Map showing the same data as in Fig. 2.49, with the subtraction of areas of atypical crustal 

thickness.  The background for this figure shows the results of the LLR optimization algorithm, discussed 

in Science Goal 2c. 



128 

F
IG

U
R

E
 2

.5
2

 M
ap

 s
h

o
w

in
g

 t
h

e 
p

o
te

n
ti

al
 g

lo
b

al
 d

is
tr

ib
u

ti
o

n
 o

f 
g

eo
p

h
y

si
ca

l 
la

n
d

er
s 

if
 t

h
e 

A
3

3
 d

ee
p

 m
o

o
n
q

u
ak

e 
n

es
t 

is
 u

se
d

 a
s 

a 
se

is
m

ic
 

so
u

rc
e 

to
 p

ro
b

e 
th

e 
M

o
o
n

‘s
 c

o
re

. 



129 

SAMPLE RETURN CASE STUDY 1: MOSCOVIENSE 

Moscoviense is located on the lunar farside (FHT-A terrane) at ~26˚N, 148˚E and is Nectarian in age 

(Wilhelms et al., 1987). This basin was chosen as a case study as it hosts a range of mantle derived 

materials (pyroclastic deposits, mare basalts, cryptomaria), and preserves a peak ring which may have 

originated from depths within the mantle and most probably samples both upper and lower crust.  

Example landing sites have been selected within Moscoviense basin: from north to south, these are 

identified as sites 1, 2 and 3.  

 Site 1 is located in the topographic low of the basin, proximal to outcrops of the peak ring. 

Within the 10 km buffer, low-Ti basalt could be sampled, as well outcrop and rubble of the 

peak ring. From SELENE-SP detections the peak ring outcropping here may be of mantle 

material (Yamamoto et al., 2010). At the 30 km buffer this site intersects olivine as 

detected by Pieters et al. (2011). The 20 and 30 km buffer also overlap with the unit Im 

(Kramer et al., 2008) which may represent impact melt from basin formation (Thaisen et 

al., 2011).  

 Site 2 is located on the basin floor at the junction between the southern pyroclastic deposit 

as mapped by Craddock et al. (1997) and the Im unit and the 10, 20 and 30 km buffer 

zones intersect with the unit Iltm (Kramer et al., 2008). This site is proximal to the peak 

ring of the basin, and although not close to detections of olivine by Kayuga it is close to 

detections of low-Ca pyroxene and spinel (Pieters et al., 2011).  

 Site 3 is located in a topographic low in the area between the peak ring and the inner ring 

(Figure 2.53). It is located within the cryptomare unit as identified by Hawke et al. 

(2005a), and is proximal to three detections of olivine (Yamamoto et al., 2010). From this 

site it is expected that outcrop and rubble of both the peak ring and inner peak could be 

sampled.  

SAMPLE RETURN CASE STUDY 2: NECTARIS 

Nectaris is located on the lunar nearside, at the southeastern edge of the Procellarum KREEP Terrane 

(~16
o
S, 35

o
E) and is Nectarian in age. This basin contains at least two mare units, multiple pyroclastic 

deposits, two floor-fractured craters, and spectrally-detected olivine (Coombs et al., 1990; Gaddis et al., 

2003; Hawke et al., 1997; Kramer et al., 2008; Schultz et al., 1976; Yamamoto et al., 2010), in addition to 

peak rings (Whitford-Stark, 1981) that may preserve uplifted mantle or lower-crustal material (this study). 

Three potential landing sites within the Nectaris basin have been identified: 

 Site 1 is the westernmost potential landing site, just south of the innermost peak-ring. 

Samples of both a low-Ti mare basalt (Kramer et al., 2008) and peak ring material 

(Whitford-Stark, 1981) could be sampled within the 10 km buffer. Pyroclastic glasses 

originating near the Daguerre crater (Coombs et al., 1990; Hawke et al., 1997) could 

potentially be sampled within this minimal buffer, but more likely within the 20 or 30 km 

buffers around the proposed landing site. 

 Site 2 is the easternmost potential landing site and is located in a geologically-similar area 

to Site 1. The same type of units could be sampled as in Site 1, though two different 

pyroclastic glass units (Gaudibert and Gaudibert B; Cooms et al., 1990; Hawke et al., 

1997) may be encountered within the 30 km buffer as opposed to just one. 

 Site 3 is located nearer to the center of Nectaris basin and is the southernmost proposed 

landing site. Within a 10-km buffer, two mare units (one low-Ti and one intermediate-Ti), 

two pyroclastic units, and potentially two Copernican ejecta units can be sampled. 
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FIGURE 2.53 A) LOLA topographic DEM of Moscoviense and the corresponding topographic profile, 

highlighting the stark difference between the uplifted basin rings and topographic lows.  B) Approximate 

location of the Moscoviense peak, inner and outer rings (as defined by Thaisen et al., 2011).  This image 

also identifies geomorphologic structures on the basin floor.  C) Mapped geologic units within 

Moscoviense basin.  The pyroclastic deposit was mapped by Craddock et al. (1997); the cryptomare by 

Hawke et al. (2005a).  Spectrally determined mare units have been mapped by Kramer et al. (2008) 

(denoted ˚ in key) where Ikm is a low-Ti unit, Iltm is a low-Ti unit, Im is a very low-Ti unit, and Intm is a 

high-Ti unit.  Spectral identifications have also been made by Pieters et al. (2011) (denoted * in the key) 

and Yamamoto et al. (2010) (denoted 
x
 in the key).  Floor-fractured craters are taken from Concept 5.  

Three example landing sites are shown (1, 2, and 3 from N to S), with 10, 20 and 30 km buffer zones 

around each.  Note that the ranked mare intersection is from this study (see Science Goal 2b) and that the 

point has a 30 km error associated with it. 
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FIGURE 2.54 A) LOLA topographic DEM of Nectaris and the corresponding topographic profile, showing 

well-defined peak rings in the southwest compared to more muted topography in the northeast.  B) 

Approximate location of the Nectaris basin rings showing locations where they are certain, reasonably-

certain, and uncertain (Whitford-Stark, 1981).  C) Mapped geologic units within Nectaris basin.  The 

pyroclastic deposits were mapped by Coombs et al. (1990), Hawke et al. (1997), and Gaddis et al. (2003), 

and have been shown as blue circles correlating to their proposed areal extent (but note that this may not be 

their actual distribution).  Spectrally-determined units have been mapped by Kramer et al. (2008) where 

Imtm is an Imbrian-aged, intermediate-Ti and Fe mare basalt, Iltm is an Imbrian-aged, low-Ti and low-Fe 

mare (possibly high-Al), and Ec, Cc1, and Cc2 are Eratosthenian- and Copernican-aged crater ejecta, 

respectively.  Spectral identifications of olivine have also been made by Yamamoto et al. (2010). Two 

floor-fractured craters (see Science Concept 5 and Schultz, 1976) are shown in the outer rings of Nectaris 

and are identified by red circles.  Three example landing sites are shown with 10, 20, and 30 km buffer 

zones around each. 
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Science Concept 3: Key Planetary Processes are Manifested in the 

Diversity of Lunar Crustal Rocks 

 
Science Concept 3: Key planetary processes are manifested in the diversity of crustal rocks 

 

Science Goals: 

a. Determine the extent and composition of the primary feldspathic crust, KREEP layer, and 

other products of differentiation. 

b. Inventory the variety, age, distribution, and origin of lunar rock types. 

c. Determine the composition of the lower crust and bulk Moon. 

d. Quantify the local and regional complexity of the current lunar crust. 

e. Determine the vertical extent and structure of the megaregolith. 

 

INTRODUCTION 

Formation and Evolution of the Moon 

The Moon is a unique environment, preserving crucial information about the early history and later 

evolution of the solar system.  The lack of major surficial tectonic processes within the past few billion 

years or so, as well as the lack of significant quantities of surface water, have allowed for excellent 

preservation of the lithologies and geomorphological features that formed during the major planetary 

formation events.  

Fundamental discoveries during the Apollo program showed that the Moon is made up of a variety of 

volcanic and impact rock types that exhibit a particular range of chemical and mineralogical compositions.  

The key planetary processes conveyed by this diversity include planetary differentiation, volcanism, and 

impact cratering.  Analysis of Apollo, Luna, and lunar meteoritic samples, as well as orbital data from a 

series of lunar exploration missions, generated geophysical models that strove to tell the story of the Moon.  

However, such models are restricted in the sense that they are based on information gathered from the 

samples that have so far been acquired.  Figure 3.1 shows that previous sample return missions only 

covered a very limited area of the Moon (less than 4%).  To significantly enhance our knowledge of the 

Moon and planetary evolution in general we must expand this previously limited dataset and gather a 

comprehensive sample collection, as well as conduct detailed in-situ geological and geophysical studies. 

Each Science Goal within this Science Concept targets a particular aspect of lunar crustal diversity.  

Science Goals 3a and 3c relate to the vertical stratification of the lunar crust and products of planetary 

differentiation.  The aim of Science Goal 3b is to catalogue the surface products of planetary processes by 

inventorying and classifying different rock types present on the lunar surface.  In Science Goal 3d, the 

focus is primarily on local and regional crustal complexity, rather than global diversity, thus yielding 

information about the variety and lateral and vertical distribution of crustal materials on a smaller scale.  

The information thus obtained could be used to constrain current geophysical and geochemical models.  

Science Goal 3e investigates the properties of the megaregolith layer, thought to have formed as a result of 

the Late Heavy Bombardment. 
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Lunar rock types 

The mineralogy of lunar samples (including lunar meteorites) is somewhat limited when compared to 

terrestrial samples.  This is due to the limited range of chemical compositions on the lunar surface and to 

the lack of significant amount of water and of weathering processes (Mason and Melson, 1970).  The major 

lunar rock types are composed of a combination of four major minerals: plagioclase, pyroxene, olivine, and 

ilmenite (in lunar basalts).  Not all these minerals are necessarily present in a particular rock type, but they 

can all be considered as major rock forming minerals on the Moon.  Figure 3.2 shows the classification for 

igneous rocks composed of the first three minerals (note that most lunar surface igneous rocks have been 

partly thermally and shocked metamorphosed due to impact cratering but that they still retain their igneous 

name).  A rock with an important component of ilmenite (up to 20%) will be dubbed ―Ti-rich‖ (e.g., Ti-rich 

basalt). 

 
FIGURE 3.1 Direct sampling of the Moon has been limited to a small region on the central nearside, 

roughly delimited by the polygon which has for apexes the Apollo and Luna landing sites.  The area 

covered by that region is less than 4% of the total surface of the Moon.  Though some meteorites may 

originate from the farside highlands, there is no exact way to determine their precise origin.  (Image 

modified from Warren and Kallemeyn, (1991).  World cylindrical equal-area projection, background is 

LOLA elevation map). 

 

FIGURE 3.2 Left: Ternary diagram showing lunar rocks classification based on the relative content of 

plagioclase, pyroxene and olive.  The values on the left side of the diagram are in % plagioclase.  Most of 

the rock types in this diagram are discussed in this report.  Right: Photo of lunar sample 62237, a troctolitic 

anorthosite (region 3 in ternary diagram).  The pale, white crystals are plagioclase (anorthite) and the 

greenish crystals are olivine. 
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Plagioclase is a solid solution of the end-members albite (NaAlSi3O8) and anorthite (Ca2Al2Si2O8).  The 

anorthite component is dominant and the average lunar plagioclase is made up of 90% anorthite (An90).  A 

rock with 90% or more anorthite is called an anorthosite.  Anorthosite is thought to be the major component 

of the lunar upper crust.  

Pyroxene ((Ca,Mg,Fe)2Si2O6) is a silicate mineral generally common in meteorite and lunar basalts.   

The pyroxene crystals found on the Moon have a wide range of compositions.  They are normally classified 

based on their Ca- (wollastonite), Mg- (enstatite) or Fe-content (ferrosilite). Pyroxenes are further separated 

into two main groups: orthopyroxenes (low calcium) and clinopyroxenes (medium to high calcium).  

Different pyroxene-rich rocks can also be classified based on the presence of minor components (e.g., 

titanium, aluminum, etc.).  The proportion of pyroxene in the crust tends to increase with depth.  

Olivine is a magnesium iron silicate ((Mg,Fe)2SiO4) solid solution.  The Fe mole % in the lunar sample 

olivine ranges from 20% to 50% (with an average of 30%).  Olivine is one of the main constituents of the 

Earth‘s mantle and is thought to be a major component of the Moon‘s mantle. 

Ilmenite (FeTiO3) is uncommonly abundant in lunar samples (basalts) when compared to the average 

terrestrial basalt (a lunar rock can have up to 20% ilmenite, whereas a terrestrial basalt will seldom have 

more than 5%).  It is thought that lunar ilmenite could be a valuable potential resource for oxygen 

extraction. 

A particular rock class, however, is not strictly defined by its mineralogy; the main rock classes are 

based on the origin and internal structure of the rock.  Three main rock classes are found on the Moon: 

pristine crustal rocks, volcanic rocks, and impact breccia rocks.  The pristine crustal rocks form the upper 

to lower part of the crust.  They are thought to have formed during the first 2 Gy of the Moon‘s evolution.  

The volcanic rocks were formed through surface volcanism.  The most common rock of this class are the 

dark-colored mare basalts visible from Earth.  Impact breccias have been reworked by billions of years of 

impacts and are composed of broken fragments of all rock types found on the lunar surface.  The very top 

layer of the lunar surface, called the regolith, is composed of fine- to very-fine-grained rock particles 

created by the constant bombardment of meteorites and micrometeorites of the surface.  Table 3.1 presents 

an overview of the current classification of lunar rock types, along with characteristic mineralogy. 

TABLE 3.1 Classification of lunar rocks (adapted from Hiesinger and Head, 2006), with mineralogy. 

Abbreviations: pl (plagioclase), px (pyroxene), cpx (clinopyroxene), opx (orthopyroxene), ol (olivine), al 

(albite), ilm (ilmenite). 

Rock class: Primordial Magma Ocean Products 

Rock type 

Rock type 

subdivision Mineralogy Chemistry 

Ferroan 

Anorthosite (FAN) 
anorthosite 

pl (90%) + px 

(+ ol) 

low FeO, high Al2O3, low trace 

elements (Th), high Al2O3 

Lower Crust 

urKREEP 

Mantle 

 

norite opx + pl rich in incompatible elements 

troctolite ol + pl rich in incompatible elements 

dunite ol rich in incompatible elements 

gabbro / gabbronorite cpx + pl rich in incompatible elements 

Rock class: Serial Magmatism Products 

Rock type 

Rock type 

subdivision Mineralogy Chemistry 

Mg-suite 

norite opx + pl rich in incompatible elements 

troctolite ol + pl rich in incompatible elements 

dunite ol rich in incompatible elements 

gabbro / gabbronorite cpx + pl rich in incompatible elements 
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Alkali-suite 

Na-anorthosite to 

norite, granites 

(felsites) and quartz 

monzogabbro 

al (90%) + px 

(+ ol) 

high Na (instead of Ca) anorthosite to 

norite, enriched in incompatible 

elements. Possible relation to 

KREEP? 

KREEP basalt basalt 

pl (50%), opx 

(30%), ilm, Si- 

and K-rich 

glass 

low siderophiles, high Mg, high silica 

and high incompatible elements, high 

Th 

Basaltic lavas / 

flows (mare 

basalts) 

High-Ti pl, px, ilm 
high FeO, low Al2O3, high Ti, and 

high or low K 

 Low-Ti pl, px 

high FeO, low Al2O3, low Ti, higher 

concentration in light REE than 

heavier REE 

 Very-low-Ti pl, px high FeO, low Al2O3, very low Ti 

Pyroclastic 

deposits 
glass   

Rock class: Impact Rocks 

Rock type Rock type subdivision   

Breccia 

fragmental breccia   

glassy melt breccia   

impact melt breccia   

clast-poor impact melt   

granulitic breccia and granulite   

dimictic breccias   

regolith breccia   

Melt Impact melt   

 

Lunar chronology and stratigraphy 

Craters are some of the most useful features on the lunar surface.  They can be useful not only to 

determine the structure and composition of the Moon‘s surface, but the density of craters on in a particular 

surface can be used to calculate the relative age of that region.  The density of impact craters on the lunar 

surface generally increases as the surface ages increases.  Although the impact rate is thought to have 

decreased steadily since the formation of the Moon 4.5 Gy ago, radiometric ages of the Apollo impact melt 

samples have suggested the occurrence of a spike in the impact rate curve between approximately 4.1 to 3.8 

Gy ago.  During this period, referred to as Late Heavy Bombardment (LHB, also referred to as the lunar 

cataclysm), a large number of impact craters are believed to have completely reshaped the surface of the 

Moon.  The occurrence and extent of the intense bombardment period can be tested by assessing Science 

Goal 3e. 

The relative ages of various regions of the Moon can also be calculated from observed crater densities.  

Apollo and Luna samples allowed for radiometric dating of specific regions of the Moon, thus providing a 

calibration for lunar ages.  Relative ages (and approximate absolute ages) of other regions were then 

established by studying relative densities of impact craters, overlapping ejecta and lava flows, the presence 

of crater rays (considered younger craters), and crater degradation state (Fig. 1.11).  Using the calibration 

relationship developed from radiometrically dated samples, one can inferred absolute ages for these areas, 

and for the whole surface of the Moon.  

The most generally accepted lunar geologic chronology is the one established by Wilhelms (1987).  

This chronology divides lunar history into five main epochs: the pre-Nectarian (>3.92 Ga), the Nectarian 

(3.92 to 3.85 Ga), the Imbrian (3.85 to 3.2 Ga), the Eratosthenian (3.2 to 0.8 Ga), and the Copernican (<0.8 
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Ga) (Fig. 1.9).  Only the lower Imbrian time boundary, and earlier ones, are known with any accuracy, 

because of the Apollo and Luna samples.  The later periods are based on relative stratigraphy of surface 

features and the boundaries are approximate.  Figure 3.3 is an interesting summary of radiometric dating of 

existing lunar samples.  It shows the limited range of sampled ages (2.9–4.6 Ga), but it also shows that each 

rock type comes from a particular period of the Moon‘s geologic history.  

 

DATASETS AND METHODS 

Available Datasets and Approach 

To achieve the objective of determining the global coverage of all possible locations where Science 

Concept 3 Science Goals can be addressed, either individually or collectively, we needed to: 

1. Review the lunar literature, along with databases of Apollo, Luna and lunar meteorite 

samples, to gather information on the lunar crust composition and its lateral and vertical 

diversity; 

2. Define requirements for landing site targets specific to each of the five goals; 

3. Gather, process and geo-reference all available datasets from previous lunar orbital missions 

(Tables 3.2 and 3.3) into ArcGIS, which is a widely used Geographic Information System 

software; 

4. Map features of interest, and create a database to combine all the features that reveal the 

diversity of the crust; 

5. Pick some case studies to illustrate how the whole of Concept 3 could be achieved at some of 

the suggested landing sites.  

Table 3.2 lists the different datasets used here and classifies them depending on the type of observations 

they can be used for. Table 3.3 reports the mission of origin, resolution and source for each of those 

datasets.  

 

 

 

 
FIGURE 3.3 Histogram of radiometric ages for lunar mare basalts and lunar highlands rocks.  These ages 

were derived with various dating methods and compiled by Nyquist et al., 2001.  These data suggest that 

each lunar rock type correlates with a particular period in the Moon‘s geological history (Image from 

Nyquist et al., 2001).  The variations in ages reflect different mechanism and locales of origin. 
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TABLE 3.2 Lunar datasets publicly available for different types of observations. 

Observations Datasets available* 

Morphologies 
Clementine UVVIS, LROC, Lunar Orbiter Photographic Mosaic 

and individual photographs, USGS geological maps  

Mineralogical composition Clementine UVVIS (multispectral imagery) 

Elemental abundances 
Clementine UVVIS, Lunar Prospector Neutron spectrometer, Lunar 

Prospector GRS 

Topographic data LOLA 

Other physical properties (gravity, 

crustal thickness) 
Clementine 

*Does not include recent Chandrayaan, Change'1, Smart1 datasets, and parts of Kaguya and LRO 

datasets, which had not been publicly released at the time of writing this report. 

TABLE 3.3 List of all the available global maps used to define regions of interest, with their mission of 

origin, digital resolution, and source. Abbreviations are defined at the bottom of the Table.  

Data Mission Resolution Source 

Clementine UVVIS global map 

(5 bands) and derived products 

(RBG) 

Clementine 200 m/px USGS 

Clementine UVVIS 750nm 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 
0.5 deg = 15 km/px PDS 

TiO global distribution map 

Clementine 100 m/px USGS, Lucey et al., 2000 

Lunar 

Prospector 
2 deg = 60 km/px PDS 

Th and H global distribution 

maps 

Lunar 

Prospector 
0.5 deg = 15 km/px PDS 

K and Sm global distribution 

maps 

Lunar 

Prospector 
2 deg = 60 km/px PDS 

Al, Ca, Mg, Si, O global 

distribution maps 

Lunar 

Prospector 
5 deg = 150 km/px PDS 

Lunar Impact Crater Database   LPI 

Crustal thickness maps Clementine 1 deg = 30 km/px Wieczorek et al., 2006 
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topographic maps 

Clementine 

Horizontal: ~1.9 

km/pixel, Vertical: 

~140 m/pixel 

USGS 

Selene 

(Kaguya 

LALT) 

16 ppd= 1.8 km/px JAXA 

LRO 

(LOLA) 
64 ppd = 470 m/px MIT 

List of abbreviations: USGS (United States Geological Survey, www.usgs.gov) 

 PDS (Planetary Data System, NASA, pds.nasa.gov) 

 JAXA (Japan Aerospace Exploration Agency, www.jaxa.jp) 

 LPI 
(Lunar and Planetary Institute, USRA, 

www.lpi.usra.edu) 

 

Extensive Mapping of Interesting Features 

We mapped different surface units on the Moon and digitized them in the form of shapefiles.  These 

mapped surface units include: mare areas, cryptomare areas, highland areas, highland types (based on 

Chevrel et al., 2002), basin areas, pyroclastic and other volcanic deposits, massifs, plateaus, sinuous rilles 

and fresh craters (Copernican and bright-rayed, list provided by S. Werner, of the DLR Berlin).  We 

derived a slope map from LOLA high resolution topography data to help identify scarps.  LOLA data were 

also used to create topographic profiles of regions of interest.  We generated contour maps using both 

Lunar Prospector and Clementine elemental abundance maps, to help locate the main geochemical terranes, 

and possible regional anomalies.  These maps are useful in understanding the lateral heterogeneity of the 

crust.  To assess the vertical structure, we calculated a number of important morphological parameters 

related to impact cratering like the depth of excavation, maximum depth of melting, stratigraphic uplift, 

central peak height, apparent/final depth and created maps showing the global variation of these 

parameters.  All of these maps were combined and overlaid to assist in evaluating candidate lunar landing 

sites. 

Analysis of elemental and mineralogical remote sensing data 

Thorium: Analysis of Lunar Prospector gamma ray spectrometer data provides estimates of thorium 

abundance across the surface of the crust.  Traces of thorium are found in abundances up to nearly 13 ppm, 

such as in the Fra Mauro region.  Generally, regions containing abundances greater than 2.2 ppm are 

considered to be enriched in Thorium.  Regions containing over 3.5–4.5 ppm are almost entirely located in 

the mare regions of the nearside (this region is generally labeled the Procellarum KREEP Terrane [PKT] 

[Haskin et al., 2000; Jolliff et al., 2000]).  According to Lawrence et al., (2000), regions containing thorium 

abundances of over 7 ppm are likely small area regions that may also be of particular concern when 

discussing local or regional points of interest.  Figure 3.4 shows the areas of the lunar crust that are 

enriched (>2.2 ppm) in thorium.  These particular areas are understood to contain elevated levels of 

KREEP material, and analysis of samples from sites within this range could help to determine the extent 

and structure of the KREEP layer.  
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Rare Earth Elements (REE): Neutron spectrometer data returned from the Lunar Prospector mission is a 

good indicator of the rare earth elements samarium (Sm) and gadolinium (Gd).  Although these REEs only 

occur as trace elements, the combined thermal neutron absorption is very large, producing a strong 

signature in neutron spectroscopy.  Respective abundances of Sm and Gd can then be inferred from the 

neutron spectrometer data, as the ratio of the two elements is nearly constant in samples with high 

potassium, rare earth elements, and phosphorus (KREEP) (Gd/Sm = 1.18).  For mare basalts, the Gd/Sm 

range is slightly broader, with ratios between 1.3–1.6 (Wieczorek et al., 2006).  Generally, Sm abundances 

of 20 ppm and higher are indicative of KREEPy terrane (Wieczorek et al., 2006), athough across the whole 

lunar surface the abundance ranges from nearly 0 ppm to as high as 51 ppm in localized areas on the 

nearside (Elphic et al., 2000).  On the farside highlands, the Sm abundance ranges from zero to highs of 

about 2 ppm.  For the purpose of demonstrating enriched Sm regions, we will highlight values (somewhat 

arbitrarily) that are more than double the highland values (Fig. 3.5). 

 

 

FIGURE 3.4 Lunar Prospector gamma ray spectrometer thorium abundance 

map.  The thorium abundances range from 0.5 ppm to 13 ppm in this map.  

Outlined in pink contour is the area on the lunar surface containing over 2.2 

ppm thorium.  Also depicted in cross hatch is thorium abundance greater than 

3.5 ppm.  Note that the majority of high thorium abundance lies within the 

nearside mare, with a few exceptions located in the South Pole-Aitken Basin. 
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Potassium: Potassium is yet another indicator of KREEP-rich material (Fig. 3.6).  Using similar 

methods as the thorium and samarium analyses, we will also assess global potassium maps.  Gillis et al., 

 

 

FIGURE 3.5 Global map of lunar surface samarium abundance, adapted from 

Lunar Prospector neutron spectrometer data.  The Sm abundance ranges from 

1 to about 29 ppm, although some sources (e.g., Elphic et al., 2000) may 

locate small regions of up to 51 ppm.  Green areas indicate elevated levels of 

Sm over 4 ppm, while the crosshatched areas represent KREEPy terrane of 

over 20 ppm Sm. 

 

FIGURE 3.6 Global map of lunar potassium abundance from Lunar 

Prospector.  Map ranges from 0 to 4000 ppm, while blue areas indicate regions 

with greater than 1000 ppm, and crosshatch areas are greater than 2000 ppm.  

Note that due to the low resolution, the data are less reliable. 
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2004 have used Lunar Prospector data combined with Apollo samples as ground-truth to determine global 

potassium abundance.  These maps suggest an average value of approximately 700 ppm, and a mode of 240 

ppm (Gillis et al., 2004).  For the purpose of our study, we will label any K abundance greater than 1000 

ppm as being enriched, while emphasizing areas of greater than 2000 ppm in crosshatch.  These 

distinctions are somewhat more arbitrary than the contours for thorium and samarium.  However, sources 

such as Snyder et al. (1995) do use this designation of 1000 ppm to distinguish alkali-rich rocks, whose 

formation is thought to be tied with KREEP material.  In addition, the lunar prospector potassium data is 

less reliable due to the lower spatial resolution of 5 degrees per pixel.  

Clementine RGB or ‘false color’ composition: We also analyzed RGB images based on five-band 

UVVIS data from the Clementine multispectral data set, covering wavelengths from 415 to 1000 nm.  As is 

standard, these RGB images are made using the following ratios to control the spectral channels: 

red=750/415 nm, green=750/950 nm, blue=415/750 nm (Heather and Dunkin, 2002).  The color ratio 

image product serves to cancel out the dominant brightness variations of the scene (controlled by albedo 

variations and topographic shading) and enhances color differences related to soil mineralogy and maturity.  

The lunar highlands, mostly old (~4.5 billion years) gabbroic anorthosite rocks, are dominated by shades of 

red (old) and blue (younger).  The lunar maria (~3.9 to ~1 billion years), mostly iron-rich basaltic materials 

of variable titanium contents, are portrayed in shades of yellow/orange (iron-rich, lower titanium) and blue 

(iron-rich, higher titanium).  Superimposed on and intermingled 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).  Figure 3.7 shows the RGB 

Clementine mineral ratio map for the whole lunar surface. 

Limitations and sources of error in using remote sensing spectroscopic data 

While remote sensing and especially spectroscopic data is an invaluable resource for lunar studies, the 

analysis is subject to strong limitations and assumptions.  Resolution may vary from instrument to 

 

FIGURE 3.7 A multispectral mosaic of the lunar surface. In this image, the red channel is controlled by the 

Clementine 750/415 nm ratio, green by the 750/950 nm ratio, and blue by the 415/750 nm ratio.  Color 

differences are related to soil mineralogy and maturity.  The lunar highlands, mostly old (~4.5 billion years) 

gabbroic anorthosite rocks, are dominated by shades of red (old) and blue (younger).  The lunar maria (~3.9 

to ~1 billion years), mostly iron-rich basaltic materials of variable titanium contents, are portrayed in 

shades of yellow/orange (iron-rich, lower titanium) and blue (iron-rich, higher titanium).  Superimposed on 

and intermingled 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). 



143 

instrument.  For example, the Lunar Prospector thorium maps cover an area of half a degree per pixel.  

Since the surface of the moon covers an area of approximately thirty kilometers per degree, each thorium 

map pixel covers an area of about 15 × 15 kilometers square on the lunar surface, setting a minimum 

resolution of at least features of 15 km.  Smaller features will not be resolved, and therefore cannot be 

accurately analyzed.  Spectral or elemental composition for a given pixel will only be an average of the 

composition on the 15 × 15 km area.  As technology and imagery progresses, resolution becomes less of an 

issue.  Recent remote sensing data from the Lunar Reconnaissance Orbiter Camera has provided data 

imagery with a resolution of 0.5 meters per pixel.  Figure 3.8 compares a low-resolution (200m/pixel) 

Clementine true color image of Copernicus crater (diameter 93 km) with a high-resolution image, taken by 

the wide-angle camera (WAC) onboard the Lunar Reconnaissance Orbiter. 

Another important limitation of remote sensing data is the probing depth.  Depending on the instrument 

used, the returned data will sample only to a specific depth of the lunar surface.  Clementine UVVIS data 

represents reflected sunlight at specific wavelengths, therefore only revealing the characteristics of the top 

few microns of the lunar surface (Ostrach and Robinson, 2010).  Though we may infer that in any region 

the regolith will be composed mainly of underlying material, such assumptions are likely to have a large 

error.  Similarly, the Lunar Prospector neutron and gamma ray spectrometers probe to depths of 

approximately 50 cm and 20 cm, respectively (Feldman et al., 1999).  While this may still be a surficial 

signature, the deeper probing depth offers more valuable insight into crustal composition below, although 

the possibility of vertical heterogeneities cannot be ignored.  It has been speculated that such differences in 

data gathering technique may account for discrepancies in measured titanium values between the 

Clementine UVVIS analysis and results from the Lunar Prospector neutron spectrometer (Ostrach and 

Robinson, 2010; Gillis et al., 2004). 

Some remote sensing techniques also encounter geographic limitations when mapping the polar regions 

of the Moon, as well as the far side of the Moon.  Spatial resolution at the poles becomes an issue for 

Clementine spectral reflectance data, limiting the accuracy of data greater than about ±70 degrees (Chevrel 

et al., 2002).  In addition, due to a lack of cartographic control on the lunar farside, some Clementine data 

may be inaccurate or offset by as much as 2 km (Cook et al., 2002), thereby introducing error in our crustal 

thickness and image analysis modeling.  

Using impact craters as natural drills to sample material from deeper layers  

Large impact craters and impact basins have the capacity to excavate or uplift material from the lower 

crust and upper mantle.  Figures 3.9 and 3.10 illustrate different stages of an impact event, for simple and 

complex craters, as well as for basins.  Small craters are simple, bowl-shaped depressions.  Complex craters 

(with diameters ~16–20 km on the Moon) display broad flat shallow floors, terraced walls, and central 

peaks.  Larger craters or basins (generally >200km) can have multiple central rings, referred as peak rings, 

 

FIGURE 3.8 This figure demonstrates the significance of obtaining higher-resolution datasets.  The left 

image shows a low resolution (200m/px) Clementine true color image of Copernicus crater, while the right 

image is a higher resolution (67m/px) LROC WAC image (M119985095ME) of the same terrain. 
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instead of a central peak.  The transition between a central peak to peak rings and their precise origin is still 

unclear. 

Calculations of relevant morphological parameters 

Excavation depth: Depth of excavation refers to the depth of origin of ejecta excavated from a crater.  

Target material deeper than the maximum depth of excavation is displaced 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).  

As a rule of thumb, depth of excavation (De) is generally equal to one third of the transient crater depth 

(Dtd), or one tenth of the transient crater diameter (Dtc) (Melosh, 1989, page 78; Croft, 1980): 

De = (Dtd)/3 = (Dtc)/10 ;      (3.1) 

 
FIGURE 3.9 Difference in the formation mechanism of a simple (a) and a complex (b) crater. 
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For simple craters, the transient crater diameter (Dtc) can be calculated using equation 3.2, where D 

represents the final diameter of the crater.  For complex craters, we utilize equation 3.3 to find the transient 

diameter (also the same as Equation 6 on page 893 of Cintala and Grieve, 1998).  Here, Dsc is the transition 

diameter from simple to complex craters (approximately 16–20 km for the Moon). 

  Dtc = 0.84D for simple craters; all parameters in km   (3.2) 

  D=Dsc
-0.18

 Dtc
1.18

 for complex craters; all parameters in cm  (3.3) 

 

FIGURE 3.10 Diagram comparing the relative sizes of melt zone, transient cavity depth, and excavation 

depth to final crater diameter and depth for different crater morphologies.  Note that the comparative sizes 

of morphologies are not to scale.  In addition, subsurface structure for basins is approximate, as the exact 

formation process is still unknown.  Images based on Figs. 12, 14, 15 of Cintala and Grieve (1998). 
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Depth of melting: For complex craters on the Moon (greater than 16–20 km in diameter), the depth of 

melting (Dm) is given by equation 3.4, where D is the final rim diameter of the crater in kilometers: 

  Dm = 0.109D
1.08 

; all parameters in km     (3.4) 

This expression for the depth of melting is derived through curve-fitting of Fig. 22 on page 1343 of 

Cintala and Grieve (1998).  This equation has also been used in Cahill et al., (2009) and Tompkins and 

Pieters (1999) for calculating the melt depth.  Depth of melting is a function of both the impactor type and 

the impactor velocity; the calculations in Cintala and Grieve (1998) specify impacts of chondritic 

projectiles into anorthosite at 16.1 km/s.  As concluded in this paper, the minimum depth of origin for a 

central peak coincides with the maximum depth of melting.  We are using this assumption for inferring the 

composition of crater central peaks. 

Stratigraphic uplift: The stratigraphic uplift (us) for lunar impact craters is given by equation 3.5 (from 

Eq. 12 on page 908 of Cintala and Grieve [1998], based on empirical analysis of lunar crater datasets): 

 us = 0.022D
1.45

 ; all parameters in km     (3.5) 

Lunar crustal thickness: Lunar crustal thickness has been estimated from gravity and topography 

measurements taken by instruments onboard the Clementine, Lunar Prospector, and more recently, Kaguya 

missions.  We use crustal thickness values of Wieczorek et al., (2006), based on crustal thickness models 

using Clementine topography of Smith et al., (1997; GLTM2C) and the Lunar Prospector LP150Q gravity 

model of Konopliv et al., (2001).  The thickness of the mare basalts within the large basins is based on the 

model of Solomon and Head (1980), modified by the maximum basalt thicknesses of Williams and Zuber 

(1999). 

There are three crustal thickness models derived by Wieczorek et al., 2006.  The first two models 

describe the lunar crust as a traditional single layer, with the second model taking into account a first order 

gravitational attraction of the surface topography (i.e. the Bouguer correction).  This attraction was set to 

zero before inverting for the relief along the crust-mantle interface. The third model is a dual-layered model 

in which the upper crust is allowed to vary in thickness, but the lower crust is constrained to have a 

constant thickness of 25 km.  Although we have done our calculations using all three crustal thickness 

models, we have only used results from the models 1 and 3 in our final interpretations and conclusions 

since they are more reliable and consistent with each other.  Figure 3.11 demonstrates sample data from our 

calculations, demonstrating the similar results from models 1 and 3, and the large variance of model 2.  

Figure 3.12 shows the global crustal thickness maps based on models 1 and 3 from Wieczorek et al., 2006. 

 
FIGURE 3.11 Sample data showing the number of craters that are supposed to excavate lower crust or 

mantle, or sample lower crust or mantle in the melt (meaning craters which have a proximity value <-5km) 

for each of Wieczorek‘s models.  Models 1 and 3 are more consistent with each other.  Only model 3 can 

provide data on the lower crust. 



147 

More accurate crustal thickness estimates based on data from the Kaguya mission have been published 

recently (Ishihara et al., 2009) but have not yet been publicly released.  Therefore global crust thickness 

maps from this paper are only used as a qualitative check for the models based on Clementine data. 

Determining if a crater samples the upper crust, lower crust, or mantle material 

To determine if the material excavated by a crater sampled the upper/lower crust or mantle, we integrate 

analyses of individual craters with models of crustal thickness where those impacts occurred.  Our 

 
FIGURE 3.12 Global lunar crustal thickness maps based on models 1 and 3 from Wieczorek et al., (2006).  

The top image shows the total lunar crustal thickness derived using model 1; the second image shows the 

total lunar crustal thickness derived using model 3 and the third image shows the upper crustal thickness 

derived using model 3. 
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calculations shown here are based on Cahill et al. (2009) (Fig. 3.13).  Two parameters are compared to the 

crustal thickness at each of the crater locations: the excavation depth (De, which is the maximum depth 

from which the ejecta deposits are derived) and the maximum depth of melting (Dm, which is the maximum 

depth from which the central peak could sample material.  

For all complex craters in the Lunar Impact Crater Database with diameter >20km, the following 

calculation can be performed: 

  P = T-D        (3.6) 

Here, T is the pre-impact crustal thickness corresponding to each of the three crustal thickness models, D is 

the excavation depth or depth of melting, and P is the proximity to the crust-mantle boundary.  This simple 

equation will then yield one of two responses: 

 If P is positive, the ejecta blanket/central peak contains only crustal material. 

 If P is negative, the ejecta blanket/central peak may sample mantle material. 

To increase the reliability and accuracy of our results, we applied a down-sampling criterion to the 

returned proximity values.  Any craters within a ±5 km proximity to the crust-mantle boundary were not 

taken into account, as they are subject to errors of modeling techniques.  

Wieczorek‘s crustal thickness models have a resolution of 1 degree/pixel or approximately 30km/pixel.  

However, as shown in Fig. 3.13, the crustal thickness directly underneath the center of each crater cannot 

be used for our calculations, as it represents the thickness after the impacts in question.  We thus need an 

estimate of the pre-impact crustal thickness to get an accurate measurement of the proximity to the crust-

mantle boundary.  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 thickness corresponding to pixels located 

at a distance of ±10% of a crater diameter distance from the rim (Fig. 3.14). 

 

 

FIGURE 3.13 (Adapted from Cahill et al., 2009). For each crater the proximity to the lunar crust-mantle 

boundary was calculated by subtracting the depth of origin (De or Dm, excavation depth and melting depth, 

respectively) from the crustal thickness (T).  Here proximity to the crust-mantle boundary (Pe or Pm, 

excavation proximity and melt proximity) via the maximum depth of origin is illustrated. 
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Similar calculations were carried out for the boundary between the upper crust and lower crust, based 

on Wieczorek‘s dual-layered model.  

Using the single-layered crustal thickness model 1, we identified 3 craters that might sample mantle 

material in their ejecta blanket and 40 that might sample mantle material in their central peak. Using the 

dual-layered crustal thickness model 3, we identified 2 craters that might sample mantle material in their 

ejecta blanket, 39 that might sample mantle material in their central peak, 36 that might sample lower 

crustal material in their ejecta blanket and 128 that might sample lower crustal material in their central peak 

(Table 3.4). 

 TABLE 3.4 Summary of results obtained using the crustal thickness models 1 and 3. 

 Number of craters 

 Model 1 (single-layered) Model 3 (dual-layered) 

lower crust excavation - 36 

mantle excavation 3 2 

lower crust melt - 128 

mantle melt 40 39 

 

Results of model 1 and 3 are very similar, except for two craters.  Here, results from model 1 (best fit) 

are used for mantle proximity calculations, while results from model 3 are used for lower crust proximity 

calculations, as model 1 does not distinguish between upper crust and lower crust. 

Figure 3.15 shows a map of craters in which the central peaks (or peak rings) and melt sheets might 

sample material from the mantle according to our calculations (using crustal thickness model 1). 

Figure 3.16 illustrates the methodology by showing where the material that was displaced by the 

Orientale basin impact can be found.  The excavated material should be ejected around the basin, while 

deep material should be brought to the surface in the central peak or peak rings.  Peak rings should be 

uplifted.  Melt should be found within the crater, especially within the inner ring and inside it. 

 

FIGURE 3.14 Calculation of the pre-impact crustal thickness for each crater.  The inner solid circle shows 

the crater diameter while the outer solid circle shows a circle at a distance of 1 diameter away from the 

crater rim.  The dashed lines show the ±10% ring of pixels that were used for calculating the average pre-

impact crustal thickness.  
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FIGURE 3.15 Craters in which the central peaks or rings (if preserved) should sample material from the 

mantle (according to the single-layered crustal thickness model 1).  These craters where highlighted has 

they have proximity value (= crustal thickness - melt depth) lower than -5 km, meaning that they sample at 

least 5 km below the crust/mantle boundary. 
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SCIENCE GOAL 3A: DETERMINE THE EXTENT AND COMPOSITION OF THE PRIMARY 

FELDSPATHIC CRUST, KREEP LAYER, AND OTHER PRODUCTS OF DIFFERENTIATION 

Introduction 

According to most widely-accepted lunar formation models, the Moon was completely molten to a 

depth of hundreds of kilometers right after its accretion (Wood et al., 1970).  The existence of a magmatic 

ocean at the surface of the Moon, inferred from the study of the Apollo samples, led to the process of 

planetary differentiation as the Moon was cooling, with denser crystallized material like pyroxene and 

olivine sinking, and lighter material like plagioclase-rich cumulates floating to form the upper crust.  This 

process also triggered a segregation of chemical elements, as the last liquid to crystallize was enriched in 

incompatible elements, such as potassium (K), rare earth elements (REE) and phosphorus (P) (collectively 

known as (ur)KREEP, Fig. 3.17) (Warren and Wasson, 1979).  Although this concept has served well since 

the days of the Apollo missions, remote sensing, geophysical measurements, and sample analysis reveal 

that the lunar crust is not simply vertically stratified, but also varies laterally, and that the traditional 

dichotomous mare/highlands classification developed from Apollo experience is inadequate for describing 

the formation, geology and evolution of the Moon.  The Moon seems to be made of geologically distinct 

global provinces, which are inferred to be the result of asymmetry in the crystallizing lunar magma ocean 

(Jolliff et al., 2000).  Consequently, to improve the understanding of the formation and evolution of the 

Moon, it is important to determine the composition and the extent of each of the differentiation products: 

the primary feldspathic crust, the (ur)KREEP layer, and the mantle.  

This magma ocean hypothesis can also be applied to other planetary bodies, especially the Earth.  But 

since the surface of the Earth and most other planets have encountered large modification since their 

formation 4.5Ga, the Moon remains the best most accessible place in the Solar System to study magma 

ocean processes. 

Background 

Geochemical terranes 

Instead of the simple classification of mare and highlands, large regions of the Moon have distinct 

geologic and geochemical characteristics.  Jolliff et al. (2000) defined at least three of these distinct 

provinces, or terranes (Fig. 3.18), using the FeO abundance map derived from Clementine UVVIS data by 

Lucey et al. (1998) and the Th data from Lawrence et al. (1998) calibrated to the Apollo gamma-ray-

spectrometer (GRS) data as described by Gillis et al. (1999): 

 

 
FIGURE 3.17 The lunar magma ocean hypothesis (adapted from NRC 2007, p.14). 
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 The Feldspathic Highlands Terrane (FHT) consists in a region made of nearly pure 

anorthositic highlands (Jolliff et al., 2000; Ohtake et al., 2009). 

 The Procellarum KREEP Terrane (PKT) has been defined by its high content in mafics and 

its enrichment in incompatible elements such as thorium (values >3.5 ppm were used to set 

the boundaries of PKT) (Lawrence et al., 1999; Jolliff et al., 2000; Haskin et al., 2000).  

 The South Pole-Aitken Terrane (SPAT) limits are given by the basin rim.  The composition of 

the SPAT could be linked to the material excavated by the corresponding impact crater, which 

was derived from the lower crust and potentially mantle (Pieters et al., 1997; Lucey et al., 

1998).  The occurrence of low thorium value in this area also suggests that the KREEP layer 

may be absent (Jolliff et al., 2000). 

Highland variety 

It is thought that the lunar highland crust was formed by the crystallization and floatation of plagioclase 

from the global magma ocean, although the actual generation mechanisms are still debated.  The 

composition of the lunar highland crust is therefore important for understanding the differentiation of such 

a magma ocean and the subsequent evolution of the Moon.  

The crustal igneous rocks are almost exclusively plagioclase-rich, making the lunar crust predominantly 

anorthositic.  The crustal rocks have been subdivided into suites according to their major mineralogical 

composition (Fig. 3.19): 

 The ferroan-anorthositic suite, which have high calcic plagioclase and anorthosite content 

>94%, 

 
FIGURE 3.18 Surface expression of major lunar crustal terranes delineated on the Clementine global FeO map 

(a) and on a Lunar Prospector Th map, merged with topographic data (b) (from Jolliff et al., 2000). 
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 The magnesian suite, where Mg/(Mg+Fe) values range from about 0.95 to 0.6, 

 The alkali suite, which have alkali-rich bulk compositions. 

Ferroan anorthosites are thought to be diagnostic of the pristine highlands, formed by crystallization in 

the magma ocean, while magnesian and alkali rocks are chronologically younger and might be secondary, 

KREEP-related products. 

Based on chemical composition, especially the Th, Ti and Fe abundances, Chevrel et al. (2002) reported 

several other anorthosite types on the Moon, showing that the highland variety is more diverse than was 

first expected.  There might be at least 5 different types of highlands to sample.  Nyquist et al. (2010) came 

to the same conclusion looking at isotopic composition in lunar meteorites (Fig. 3.20).  Ages of some of the 

ferroan anorthosites postdate the age estimates for crystallization of the lunar magma ocean, implying other 

mechanisms in the formation of the highlands.  This evidence for multiple highland rock types raises 

questions on the global pervasiveness of the magmatic ocean, and on the possibility of the formation of 

anorthosite in secondary plutons (Nyquist et al., 2010).  The distinction between the pristine anorthosites 

that are primary products of the magma ocean versus those that originate from other post-differentiation 

processes is important for understanding the complex lunar formation process. 

 

 
FIGURE 3.19 Compositions of the three main types of anorthosites.  Typical trends resulting from 

fractional crystallization (arrows) suggest a possible relationship between the magnesian- and alkali-suite 

rocks.  The overall trend from upper right to lower left is similar to trends observed for rocks of terrestrial 

layered mafic intrusive bodies.  The Fe-anorthositic and Mg suites are difficult to relate through a common 

magmatic process. (image from Wieczorek et al., 2006).  



155 

 

Recently, Ohtake et al. (2009) detected a possibly ubiquitous shallow layer of anorthosites containing 

more than 98% plagioclase using data from the Multispectral Imager instrument (MI) onboard the Kaguya 

spacecraft, and classified them as ―purest anorthosite‖ (PAN).  Spectral signatures characterizing PAN are 

found in the central peaks of almost all the fresh craters larger than 30 km in diameter (Fig. 3.21).  They 

may represent remnants of the ancient anorthositic upper crust, that is now blanketed by a more-mafic rich 

layer.  The presence of this pure anorthosite layer is critical for the understanding of the Moon as it could 

significantly modify the estimated content of the bulk Moon, and the magma ocean model.  It is therefore 

crucial to sample PAN and perform chemical and isotopic analyses on it. 

 

FIGURE 3.22 (a) Variety of lunar highlands and mare types 

according to their Ti, Fe and Th composition estimated from 

orbit (Chevrel et al., 2002).  Different highland types are 

classified from H1 to H5, H3 to H5 being Th-rich types.  (b) 

Various ages and isotopic composition (εNd) of highlands clasts 

from different lunar meteorites suggest that the lunar crust is 

composed of a variety of anorthosites, as least some of which 

must have formed as plutons in the earliest formed ferroan 

anorthosite crust (Nyquist et al., 2010).  
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FIGURE 3.21 (a) MI (Kaguya) investigations plotted on the USGS Clementine 750 nm basemap.  

Plagioclase modal abundances of the 32 freshest and nearly regolith-free locations derived from the model 

analyses are indicated by orange (90 vol.%), yellow (90 to 98 vol.%) and blue (98 vol.%) squares.  

Investigated locations that do not have freshly exposed outcrops are plotted as white dots regardless of the 

crater diameter (Ohtake et al., 2009).  (b) Schematic diagram illustrating the generalized crustal cross-

section at the margin of South Pole-Aitken basin, showing a pure anorthosite layer may lie beneath a layer 

of more mixed material (Hawke et al., 2003). 

(a) 
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KREEP 

The concept of ―KREEP‖ was first introduced after the Apollo 11 mission returned samples showing 

fragments of material rich in potassium (K), rare earth elements (REE), and phosphorus (P).  To understand 

this concept, it is important to make a clear distinction between what is called ―urKREEP‖ and ―KREEP 

basalt‖, as the terminology for KREEP is often misused or unexplained in the literature. 

The urKREEP layer (the ―ur‖- prefix stemming from German meaning ―original‖ or ―primitive‖) was 

first introduced after the return of the Apollo samples and the emergence of the magma ocean theory 

(Warren and Wasson, 1979).  The urKREEP layer is believed to correspond to the last liquid that 

crystallized from the magma ocean, and is expected to be rich in incompatible elements.  The formation of 

such a layer is a complex process that is still not well understood, but it has probably been formed as a 

global layer, ‗sandwiched‘ between the primordial crust and mantle boundary at the very end of the 

crystallization process.  The urKREEP layer is estimated to be approximately 2 km thick, assuming an 

average crustal thickness of about 40 km and initial global distribution.  Even though it only represents less 

than 1% of the lunar magma ocean in volume, this thin layer is thought to have contained about half of the 

moon‘s incompatible elements, while the other half remained incorporated within nonKREEPy rocks.  

Despite the very small volume, it is nevertheless a very important part of the model as it encompasses the 

majority of incompatible elements, themselves being useful tracers for different materials. 

Remote-sensing results from recent missions such as Lunar Prospector and Clementine question the 

global extent of this theoretical layer.  Contrary to the early theories of a global urKREEP layer (Fig. 3.22), 

current observations of patchy incompatible element abundances on the lunar surface would suggest an 

asymmetrical distribution of urKREEP since the early phases of planetary differentiation (Wieczorek et al., 

2006), making it a regional attribute of the PKT region (e.g., Wieczorek and Phillips, 2000).  For instance, 

the South Pole-Aitken Basin is supposed to have tapped deep enough to excavate the urKREEP layer, yet 

has comparably low thorium value (thorium being an indicator of KREEP-rich material).  However, the 

primordial urKREEP layer (as well as the lunar mantle) has not been sampled by any of the missions or 

meteorites, making urKREEP material a priority sample in order to constrain its so far putative existence 

and debated distribution. 

On the other hand, the analyses of Apollo samples did show the existence of rocks enriched in 

incompatible elements (potassium, rare earth elements and phosphorus), in varying amounts from sample to 

sample, but with a thoroughly constant relative ratio.  These samples were named ―KREEP basalt‖ as they 

have an unique mineralogy (Wiezcorek et al., 2006) with a different geochemical signature than the 

hypothetical urKREEP material (Warren 1988).  Various amounts of KREEP basalt material were found in 

all of the Apollo mission samples, although they were the most abundant in samples from Apollo 14, 15, 

and 12 (Elphic et al., 2000).  KREEP basalts are thought to come from deep sources in the mantle that 

plowed through the molten urKREEP layer, thus assimilating some urKREEP material along the way 

(Warren, 1988) (Fig. 3.23).  They are therefore a product of serial magmatism from the mantle and 

urKREEP layer. 
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Given the high uncertainties that exist concerning the KREEPy material (origin, extent, etc.), 

representative samples of KREEP and urKREEP would provide invaluable insight regarding the accuracy 

of the lunar magma ocean theory and the bulk Moon, as it represents the last liquid to solidify.  Ground 

truth data are also needed to provide more accurate global estimates of incompatible element abundances 

that have only been derived so far from orbital data.  In addition, heat producing elements existing within 

KREEP material may have had a large effect on lunar volcanic processes.  For such reasons, it is thus 

highly recommended to target areas with high KREEP signatures to gain important information about the 

extent and composition of the urKREEP layer, and target deep impact basins that could potentially sample 

pristine urKREEP.  

 

 

 
FIGURE 3.22 Cross sections of the Moon.  (a) Depiction of lunar interior around 4.4 Ga, just after magma 

ocean crystallization.  A thin urKREEP layer lies between the crust and mantle.  (b) Depiction of lunar 

interior around 3 Ga, near the end of mare basaltic volcanism.  Notice the asymmetry of the lunar crustal 

material, unknown extent of urKREEP layer (adapted from McCallum, 2001). 
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Other differentiation products: lower crust, mantle, core 

As mafics sink after their crystallization in the magma ocean, the deeper layers of the Moon are 

expected to be mafic-rich.  This is the case of the lower crust, which is likely to be pyroxene-rich, and the 

mantle, which is likely to be olivine-rich.  The Moon might also have a core of an unclear size and 

composition, though a metal-rich composition would be expected.  However, very little information on the 

possible existence of a lunar core can be obtained from remote sensing data and geophysical measurements 

on the lunar surface. 

Requirements 

There are four main requirements for targeting potential landing sites that may accomplish Science 

Goal 3a:  

I. Target sites with potential to yield representative samples of planetary differentiation products 

(primordial anorthositic crust, lower crust, urKREEP, mantle). 

II. Target sites that could demonstrate the variety of lunar highlands. 

III. Target sites that will allow sampling of the three main geochemical terranes (FHT, PKT, 

SPAT). 

IV. Target sites that will allow the determination of the origin and extent of the urKREEP layer. 

Methodology 

To fulfill the requirement list, methods and procedures were devised for locating landing sites for 

Science Goal 3a: 

1. Look for representative samples of planetary differentiation products: 

 

FIGURE 3.23 This diagram of the PKT region depicts the differences between the KREEP basalt and the 

urKREEP layer.  Residua from the lunar differentiation process has left a ‗pristine‘ layer of urKREEP 

wedged between the crust and mantle.  The mixture of the urKREEP material with rising cumulates and 

possible lower crustal material lead to the emplacement of KREEP basalt.  Image Source: Planetary 

Science Research Discoveries, University of Hawaii (adapted from Jolliff et al., 2000). 
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a. Analyze global maps of the lunar highlands and create contour maps to identify areas with 

high to low abundances of anorthosite.  Use PAN detections to sample as pure as possible 

anorthosite. 

b. Calculate excavation depth for all known craters and compare it with local crustal thickness 

to locate regions where ejecta may contain material from different depth layers (i.e. 0-5km, 

5-10km, etc.) or material from the upper/lower crust and mantle in a broader sense 

(proximity calculations similar to the calculations of Cahill et al., 2009, cf. section 3.3.3).  

Make maps showing all craters for which the ejecta blankets should contain material from a 

given depth range. Crater rim will have material from deeper regions. 

c. Create maps depicting approximate depth from which central peaks material originates, 

using the maximum depth of melting as the minimum depth of origin of central peaks 

(Cintala and Grieve, 1998).  Compare this to crustal thickness maps and find craters with 

central peaks material from upper/lower crust, mantle and different depth layers (proximity 

calculations similar to the calculations of Cahill et al. 2009, cf. section 3.3.3).  Make maps 

showing all craters for which the central peaks reach a given depth range. 

2. Determine the highland types variety: 

a. Look at highland maps, and highland types maps (Chevrel et al., 2002) to identify sites with 

various highland compositions. 

b. Look at PAN detections to identify sites of extreme compositions. 

3. Sample the three main geochemical terranes: 

a. Look at geochemical terranes maps to outline places that will be considered. 

b. Look at elemental composition maps to identify locations that are representative of the 

entire terrane. 

4. Determine if the urKREEP layer is uniform or patchy: 

a. ‗Bottom-up‘ method: Assuming a global urKREEP layer sandwiched between the crust and 

mantle, it is safe to hypothesize that impacts that sample the mantle should also excavate 

material from the overlying urKREEP layer (as shown in Fig. 3.24).  Thus, we identify 

craters reaching urKREEP-depth material and compare them to Lunar Prospector Th 

abundance maps to confirm the presence of urKREEP.  

b. ‗Top-down‘ method: Analyze geochemical maps of thorium, samarium, and potassium.  

Locate regions where these elements show the strongest signature, as well as areas of 

anomaly (both high and low).  Target well-preserved craters such that samples may be 

representative of that area. 
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Suggested landing sites  

An integrated list of all candidate landing sites that are expected to fulfill each of the previous 

requirements is presented in Table A3.3, to assess the best places where the entire Science Goal 3a could be 

achieved. 

Determining the best landing sites to sample each of the differentiation products. 

Finding places that could yield representative samples of each of the differentiation products implies 

multiple landings at different sites.  Differentiation products include the primary feldspathic crust, the 

lower crust, the urKREEP layer, the mantle and the core.  As discussed earlier, the primary feldspathic 

crust is expected to be a ferroan-rich anorthosite, with very high and nearly pure plagioclase content.  

Therefore sites to investigate are the highland areas and the recent purest anorthosite (PAN) detections 

(Fig. 3.25).  One can down-select a few specific places within the highlands (FHTa) by selecting fresh 

craters that should expose fresh outcrops of highlands (Fig. 3.26 and Table 3.5).  

 

 

FIGURE 3.24 Excavation of the urKREEP layer by an impact basin. 
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Detection sources:           Terrestrial observations (Hawke et al., 2003)  

    SP onboard Kaguya (Ohtake et al., 2010) 

    MI onboard Kaguya (Ohtake et al., 2009) 

    Clementine observations of An (Tompkins and Pieters, 1999) 

 Clementine observations of An+1 other rock type  

 

FIGURE 3.25 Combined map of all the purest anorthosite (PAN) detections from different missions and 

sources.  The complete list of PAN detections is provided in Table A3.1.  Background: LOLA topography. 

 
FIGURE 3.26 Map of fresh craters located within the ‗typical highlands‘ (FHTa).  Background: LOLA 

topography. 
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TABLE 3.5 List of fresh craters located within the FHTa highlands (cf. Fig. 3.26). 

Name Latitude (˚N) Longitude (˚E) Diameter (km) Age 

Das -26.84 -137.01 38.00 Copernican 

Crookes -10.65 -165.20 49.00 Copernican 

Lowell W -10.00 -107.00 18.00  

Ventris M -6.00 157.90 18.00  

Necho -5.00 123.10 30.00 Copernican 

Glazenap F -1.50 139.70 11.00  

Vavilov -0.80 -137.90 98.00 Copernican 

Saha E -0.20 107.60 28.00  

Green M 0.90 132.90 37.00  

Michelson H 4.60 -116.80 35.00  

Sita 4.60 120.80 2.00  

Mandel‘shtam F 5.20 166.20 17.00  

Virtanen 15.50 176.70 44.00 Copernican 

Ohm 18.40 -113.50 64.00 Copernican 

Jackson 22.40 -163.10 71.00 Copernican 

Larmor Q 28.60 176.20 22.00  

Moore F 37.40 -175.00 24.00  

Klute W 38.20 -143.00 13.00 Eratosthenian 

Wiener F 41.20 150.00 47.00 Copernican 

Rutherford 10.70 137.00 13.00 Copernican 

Birkhoff Z 61.30 -145.30 30.00 Copernican 

 

Possible sampling sites for lower crust and mantle are addressed in detail in Science Goal 3c, so that 

only the final map of Science Goal 3c is used here (Figs. 3.27 and 3.30).  Lower crust and/or mantle 

materials can be sampled in crater ejecta or in central peaks or uplifted rings, if those are preserved (Fig. 

3.28).  An integrated list of all the potential sites to sample lower crust and/or mantle can be found in Table 

A3.2. 

UrKREEP is generally expected where mantle is excavated, as this layer is located at the crust/mantle 

boundary.  However, if this layer is not global (as suggested in previous parts of this section), one might 

not be able to sample urKREEP where it would be expected. 

The core cannot be sampled anywhere on the lunar surface; it must be studied by geophysical means 

and is addressed as another Science Concept in the NRC report. 
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Determining the best landing sites to assess the highland variety 

Clementine and Lunar Prospector data suggest that the highlands can be divided into at least five types 

according to their composition (Chevrel et al., 2002).  There might be even more highland types based on 

different criteria like isotopic compositions but these can not be assessed with the currently available 

remote sensing data.  Figure 3.29 shows the five types of highlands (H1 to H5) along with the Apollo 

(white stars) and Luna (purple stars) landing sites.  Apollo and Luna highland samples come from H3 and 

H5 areas, whereas typical highlands areas seem to have a H1 or H2 composition.  Therefore H1 and H2 

 
lower crust only                        lower crust + mantle               lower crust (+ mantle?) 

 

FIGURE 3.27 Map of all the craters that should have excavated lower crust and/or mantle in their ejecta.  

Green: lower crust only.  Orange: lower crust and possibly mantle (within the 5 km error bar).  Purple: 

lower crust and mantle.  Background: LOLA topography. 

 

 
 

FIGURE 3.28 Map of all the craters that should have excavated lower crust and/or mantle in their central 

peaks or uplifted rings.  Color code is the same as in Fig. 3.27, above. 
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sites, which might represent the most pristine anorthosite crust, should receive priority targeting, although 

samples from H4 sites would be useful as well .  

Since the highlands are generally very old and have been superficially mixed, brecciated, and covered 

by regolith, careful selection of highland sample sites is required.  Sites with fresh exposures of highland 

material are preferred; maps of young (i.e. Copernican) and rayed (bright rays are an indicator of young 

age) craters (courtesy of S. Werner, DLR Berlin) were projected on top of the highland variety map of 

Chevrel et al. (2002), and craters impacting different highland-type compositions were marked (Fig. 3.30).  

A list of these craters is provided in Table 3.6. 

 
 

Highland types:  H1  H2  H3  H4  H5 

 

FIGURE 3.29 Chevrel et al. (2002) highland types map.  Based on the Th, Fe and Ti compositions of the 

highland clasts and rocks in the Apollo collection, highlands were classified in 5 types (H1-H5), with H3 

to H5 being Thorium-rich (KREEP-related).  Background: LOLA topography. 
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TABLE 3.6 List of all the fresh craters (Copernican or rayed) that are impacting one of the five highland 

types H1 to H5 (cf. associated map in Fig. 3.30).  

Name Latitude (˚N) Longitude (˚E) Diameter (km) Age Highland type 

Airy M -19.20 7.60 1.00  H3 

Alpetragius H -18.00 -6.00 5.00  H3 

Aratus 23.60 4.50 10.00  H3 

Archimedes E 25.00 -7.20 3.00 Copernican H5 

Archimedes L 25.00 -2.60 4.00 Copernican H5 

Archimedes R 26.00 -6.60 4.00 Copernican H5 

Aristarchus 23.70 -47.40 40.00 Copernican H5 

Autolycus 30.70 1.50 39.00 Copernican H5 

Autolycus A 30.90 2.20 4.00 Copernican H5 

Birkhoff Z 61.30 -145.30 30.00 Copernican H1 

Bode G 6.40 -3.50 4.00  H4 

Bonpland C -10.20 -17.40 4.00  H4 

Cassini K 45.20 4.10 4.00  H4 

Condorcet T 11.80 65.80 15.00  H2 

Conon 21.60 2.00 21.00 Copernican H3 

Copernicus 9.70 -20.10 93.00 Copernican H4 

Crookes -10.65 -165.20 49.00 Copernican H1 

Darwin C -20.50 -71.00 16.00  H2 

Eudoxus 44.30 16.30 67.00 Copernican H3 

Flammarion A -1.90 -2.50 4.00  H4 

Fra Mauro F -6.70 -16.90 3.00 Copernican H5 

Fra Mauro H -4.10 -15.50 6.00 Copernican H5 

 
 

Craters that are impacting: H1 H2 H3 H4 H5 

 

FIGURE 3.30 Map of fresh craters (Copernican or rayed) that are impacting one of the five highland types.  

Table 3.7 lists these craters along with important associated parameters.  Colors are the same as those in 

Chevrel et al. (2002) and Fig. 3.29 just above.  Background: LOLA topography. 



167 

Name Latitude (˚N) Longitude (˚E) Diameter (km) Age Highland type 

Fra Mauro J -2.60 -18.60 3.00 Copernican H5 

Fra Mauro K -2.50 -16.70 6.00 Copernican H5 

Fra Mauro R -2.20 -15.60 3.00 Copernican H5 

Fra Mauro W -1.30 -16.80 4.00 Copernican H5 

Gambart A 1.00 -18.70 12.00 Copernican H5 

Gartner D 58.50 33.90 8.00  H3 

Gassendi A -15.50 -39.70 33.00 Copernican H3 

Glazenap F -1.50 139.70 11.00  H1 

Godin 1.80 10.20 34.00 Copernican H3 

Harpalus 52.60 -43.40 39.00 Copernican H4 

Janssen K -46.10 42.30 16.00  H2 

Kepler 8.10 -38.00 31.00 Copernican H5 

Kepler A 7.20 -36.10 11.00 Copernican H5 

Klute W 38.20 -143.00 13.00 Eratosthenian H1 

Larmor Q 28.60 176.20 22.00  H1 

Legendre H -32.50 78.10 7.00  H2 

Mandel'shtam F 5.20 166.20 17.00  H1 

Marco Polo F 15.70 -4.50 4.00  H4 

Mosting -0.70 -5.90 24.00 Copernican H4 

Mosting C -1.80 -8.00 4.00  H5 

Parry M -8.90 -14.50 26.00 Copernican H5 

Plato J 49.00 -4.60 8.00  H4 

Plato M 53.10 -15.40 8.00  H4 

Rutherford 10.70 137.00 13.00 Copernican H1 

Saunder T -4.00 10.40 6.00  H3 

Sirsalis F -13.50 -60.10 13.00  H3 

T. Mayer H 11.70 -25.50 3.00  H5 

Thebit A -21.50 -4.90 20.00 Copernican H3 

Triesnecker 4.20 3.60 26.00 Copernican H4 

Turner M -4.20 -11.80 4.00 Copernican H5 

Vavilov -0.80 -137.90 98.00 Copernican H1 

Wallace C 17.60 -6.40 5.00  H4 

Wiener F 41.20 150.00 47.00 Copernican H2 

 

Determining the best landing sites to find representative samples of the three main geochemical terranes 

A map of the three main terranes was generated based on criteria defined by Joliff et al. (2000) (Fig. 

3.31): 

 The PKT area is circled by the Thorium 3.5 ppm contour line; 

 The SPAT area has Fe abundances larger than 5% wt (up to 8 % wt in the inner SPAT); 

 The FHT is divided in 2 areas: the FHTa, which correspond to the farside ‗highlands‘, where the 

crust is thicker that 70 km, and the FHTo which correspond to everything outside all of the 

previous defined terranes. 
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Ideally, we would like representative samples from each of the individual terranes, so this requirement 

can be fulfilled by landing anywhere within the three distinct provinces. 

Determining the best landing sites to find representative samples of KREEP and assess its global extent 

Utilizing the ‗bottom-up‘ method of exploring the extent of the KREEP layer, we identify areas 

indicating impact excavation or melting of mantle material, and therefore possible urKREEP sampling.  In 

Fig. 3.32, the yellow lines depict craters or basins that would likely excavate material from a global 

urKREEP layer in their melt or central peak.  Interestingly, not all of these features show KREEP 

signatures, suggesting possible heterogeneity of the urKREEP layer.  Note that mantle (and thus urKREEP) 

material could also be found in the ejecta of Imbrium and Serenitatis basins, but since they are located in 

the PKT, it might be hard to distinguish urKREEP from KREEP basalt. 

Utilizing the ‗top-down‘ method of analyzing geochemical data, we combine contour maps of 

incompatible elemental abundance associated with KREEP to distinguish where to find the best samples. 

Figure 3.33 presents these KREEP-rich regions.  Note that the low resolution of these data do not suggest 

specific sites on a small scale, but large-scale KREEPy regions of interest.  For this reason, it is suggested 

that any site located within the boundaries of the contours should be considered for sampling high KREEP 

material.  Of particular interest may be anomalous regions located outside of the PKT (e.g., the northern 

rim of Compton crater; Antoniadi crater in SPAT).  

 

 
 

FIGURE 3.31 Map of the 3 main geochemical terranes defined by Jolliff et al. (2002). Any place located 

within these 3 distinct regions is a possible landing site to fulfill this requirement. Samples for the 3 terranes 

are required, implying multiple landings.  

PKT 

FHT, a 

SPAT 
(FHT, o) 
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High KREEP areas have been determined through a combination of these ‗top-down‘ and ‗bottom-up‘ 

methods.  These regions, marked in bright red in Fig. 3.34, could provide representative samples of KREEP 

material, possibly even pristine samples of urKREEP.  Included in Fig. 3.34 are some geochemically 

anomalous regions, specifically the Compton crater region in the northern hemisphere and Antoniadi and 

 

 

FIGURE 3.34 Distribution of craters sampling a 

hypothetical global urKREEP layer, compared to 

contours depicting enriched abundances of thorium, 

potassium, and samarium. Background: LOLA 

topography.  

FIGURE 3.35 Combined elemental abundance maps of thorium, 

samarium, and potassium. Areas in cross-hatch correspond to 

regions of high enrichment for all three elements. This map 

conveys areas of especially KREEP-rich material. Background: 

LOLA topography. 
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Numerov craters in the South Pole-Aitken basin.  Areas marked in light pink do not show incompatible-rich 

material in the superficial layer, yet are thought to sample mantle material. 

 

TABLE 3.7 Craters of interest which provide essential information regarding KREEP, associated with Fig. 

3.34.  

ID Name 
Latitude 

(˚N) 

Longitude 

(˚E) 
Diameter (km) KREEP Age 

2 Numerov -70.7 -160.7 113 high Nectarian 

3 Antoniadi -69.7 -172 143 high Upper Imbrian 

4 Compton 55.3 103.8 162 high Lower Imbrian 

9 Sikorsky-Rittenhouse -68 111 310 low Nectarian 

10 Schrodinger -75 132.4 312 low Lower Imbrian 

11 Planck -57.9 136.8 314 low Pre-Nectarian 

12 Poincare -56.7 163.6 319 high Pre-Nectarian 

13 Amundsen-Ganswindt -81 120 335 low Pre-Nectarian 

14 Humorum -24 -39 425 high Nectarian 

15 Coulomb-Sarton 52 -123 440 low Pre-Nectarian 

16 Moscoviense 26 148 445 low Nectarian 

20 Apollo -36.1 -151.8 537 low Pre-Nectarian 

21 Ingenii -43 165 560 high Pre-Nectarian 

22 Flamsteed-Billy -7 -45 570 high Pre-Nectarian 

23 Marginis 20 84 580 low Pre-Nectarian 

24 Al-Khwarizmi-King 1 112 590 low Pre-Nectarian 

25 Hertzsprung 2.6 -129.2 591 low Nectarian 

 

FIGURE 3.34 Global map showing regions of interest for determining the lateral and 

vertical extent of KREEP.  Not included are sites that show inconclusive 

geochemical signatures. Background: LOLA topography.Table 
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ID Name 
Latitude 

(˚N) 

Longitude 

(˚E) 
Diameter (km) KREEP Age 

26 Freundlich-Sharonov 18.5 175 600 low Pre-Nectarian 

28 Insularum 9 -18 600 high Pre-Nectarian 

29 Lomonosov-Fleming 19 105 620 low Pre-Nectarian 

30 Mendel-Rydberg -50 -94 630 low Nectarian 

33 Nubium -21 -15 690 high Pre-Nectarian 

34 Mutus-Vlacq -52 21 700 low Pre-Nectarian 

36 Tsiolkovsky-Stark -15 128 700 low Pre-Nectarian 

40 Australe -52 95 880 low Pre-Nectarian 

41 Serenitatis 26 18 920 high Nectarian 

42 Orientale -19 -95 930 low Lower Imbrian 

43 Imbrium 35 -17 1160 high Lower Imbrian 

 

Integrated list of all the suggested landing sites for Goal 3A in general 

Candidate sites can be combined to determine the best places to achieve the entire Science Goal 3a.  

Figure 3.35 shows a map of the 227 proposed landing sites for Science Goal 3a.  An integrated list of all the 

landing sites determined for each of the requirements is presented in Table A3.3.  Priority sites are those 

where 3 out of the 4 previous requirements can be achieved.  There is no one single site where all the 

Science Goal 3a requirements could be completed, so multiple landing sites are required. 

 
complete 1  complete 2  complete 3 of the 4 requirements 

 

FIGURE 3.35 Map of all the craters or basins where Science Goal 3a could be addressed. The color scale 

indicates how many of the requirements defined for Science Goal 3a could be completed at this location.  

Due to the scale, the figure does not show well the much smaller rayed craters. 
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SCIENCE GOAL 3B: INVENTORY THE VARIETY, AGE, DISTRIBUTION, AND ORIGIN OF 

LUNAR ROCK TYPES 

Introduction 

The current understanding of the formation and evolution of the Moon is framed by the lunar magma 

ocean (LMO) hypothesis, a concept developed on the basis of Apollo samples studies (cf. Science Goal 3a).  

However, new insight provided by geophysical, remote sensing, and especially sample analyses since the 

Apollo era shows that the lunar crust exposed at the surface varies in composition, age, and mode of 

emplacement, a fact that the LMO cannot account for.  The Apollo samples, which originate from a limited 

surface area of the Moon, reveal a variety of rock types.  Some of these rocks were expected (such as 

basalts), and some varieties were unexpected (the occurrence of granites, for instance).  Moreover, some 

hypothesized types of rocks are not even in the sample collection yet, such as pristine anorthositic crust, 

urKREEP, or mantle material.  In addition, there may exist some smaller regions containing unique 

materials that can be of great interest to science and in-situ resource utilization, but have not been identified 

or sampled yet (i.e. the recent discovery of spinel-rich outcrops by M
3
).  Compiling a database of all the 

lunar rock types and their ages is crucial to understand the history and evolution of the Moon. 

As discussed below, the lunar crust can schematically be divided into crustal and plutonic rocks 

(ferroan anorthosites [FAN], magnesian suite, alkali suite, KREEP, and mafic rocks of the lower crust and 

mantle), volcanic rocks, and more complex structures like breccias and regolith.  The lunar surface is 

traditionally spatially divided into three different geological crustal provinces that have been defined using 

maps of Th, Fe and Ti (PKT, FHT and SPAT, cf. Science Goal 3a).  But the more precise the available 

data, the more complex this view becomes.  Even though Science Goal 3B could be addressed virtually 

everywhere on the lunar surface that has not yet been sampled, the integration of all the available data (e.g., 

elemental maps, crater excavation depths, volcanic features), can help assess places where multiple rock 

types, or high scientific interest ones (e.g., granites), could be sampled.  

Background 

Crustal and plutonic rocks 

Lower crust and mantle mafic-rich rocks, ferroan anorthosite, and urKREEP: The formation and 

background of these types of igneous rocks are described in detail in Science Goals 3a and 3c of this report, 

and therefore will not be discussed further here, although these rock types will be taken into account for 

landing site selection in this section. 

Magnesian suite rocks: The earliest evolution of the Moon likely included the formation of a magma 

ocean and the subsequent development of anorthositic flotation cumulates.  This primitive crust was then 

intruded by mafic magmas which crystallized to form the lunar highlands magnesian suite (Mg-suite) 

Lunar rock types
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FIGURE 3.36 Global overview of the lunar rock types.  Green font corresponds to plutonic rocks, red 

font to volcanic rocks, and blue font to impact rocks. 
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(Snyder et al., 1995a).  These plutonic rocks exhibit a range of compositions that include dunites, 

troctolites, norites, and gabbronorites.  A distinguishing characteristic of this suite is that they contain some 

of the most magnesium-rich phases that had crystallized from lunar magmas, yet they also are significantly 

enriched in KREEP (Shearer and Papike, 2005). 

Dating of Mg-suite rocks from lunar samples shows a partial overlap of the Mg-suite rocks ages with 

those of the FAN rocks, implying that they formed during or early after the formation of crust from the 

magma ocean, and not necessarily as later remelting and intrusion events into an already solid ferroan-

anorthositic crust.  The global distribution of Mg-suite intrusives within the crust is not known yet, 

although they appear to have depths of origin deeper than 20 km (Wieczorek et al., 2006) (i.e., they are 

expected to be found in the lower crust).  

These Mg-suite rocks can also be mapped using remote sensing data.  A study of rock types exposed in 

the central peaks of large craters (Tompkins and Pieters, 1999) allowed the detection of gabbro, norite, 

troctolite, gabbronorite, anorthositic troctolite, anorthositic gabbro, and anorthositic gabbronorite, which 

were inferred to be Mg-suite lithologies from known rock type samples (Shearer et al., 2006).  However, 

the presence of pyroxene or olivine-rich material (especially norite and dunite) could also be indicative of 

the lower crust material that was brought to the surface by the impact.  As Mg-suite rocks and lower crust 

rocks can have similar mineralogical composition, it is difficult to distinguish between them with 

spectroscopic data only.  With the exception of places with troctolite detections that are diagnostic of these 

Mg-suite rocks, or places where the high resolution observations show clear intrusive contacts, the 

distribution of Mg-suite plutons cannot be determined with certainty.  Isotopic measurements could be used 

to distinguish between Mg-suite and lower crust rocks, but this cannot be done in-situ, implying that 

samples would have to be brought back to Earth. 

Recent studies coupling the Mg-suite to KREEP-rich parent magmas make it likely that their primary 

occurrence is controlled by the early distribution of KREEP, which appears to be concentrated in the 

regions of Mare Imbrium and Oceanus Procellarum.  It is still uncertain whether Mg-suite rocks are special 

products of the PKT or if they represent plutonic activity throughout the lunar crust.  In this regard, 

sampling craters that should have excavated lower crust materials (Fig. 3.37) would be a key test of the 

global distribution of Mg-suite rocks, and could help to better understand their petrogenetic relationship to 

latter stages of lunar magmatism (mare basalts) that still remains obscure.  

 
 

FIGURE 3.37 Map showing craters whose ejecta and melts should contain lower crust materials. 

Background: LOLA topography. 
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Alkali Suite: The alkali suite comprises a variety of assemblages including sodium-rich norites, gabbros, 

gabbronorites, alkali anorthosites, quartz monzodiorites, and granites.  It is surprising to find granite on the 

Moon as the presence of highly differentiated silica-rich magma there was not expected.  Granites are rare 

in the Apollo samples and occur mainly as small rock fragments or clasts in impact breccias.  Nevertheless, 

their presence reveals that the Moon has a much more complex geology than expected. 

Sample analyses points toward a relationship between KREEP basalt and members of the magnesian 

and alkali suites (Snyder et al., 1995b), as the trend among the mineral compositions of these rock types 

suggests that fractional crystallization of a KREEP basalt-like magma could produce both the Mg- and 

alkali suite rocks.  Mineral compositions and textures of members of the alkali suite appear consistent with 

a rapid cooling associated with shallow emplacement and crystallization (Jolliff et al., 1999), within one or 

two kilometers of the surface.  The extent and distribution of the alkali suite remains unknown, though 

Lunar Prospector results suggest a general confinement of concentrations of these materials to the PKT.  

Whether the alkali suite rocks form extensive outcrops (e.g., domes and other volcanic constructs observed 

in parts of Oceanus Procellarum), are exposed by impacts such as Aristarchus (e.g., Chevrel et al., 1999; 

Hagerty et al., 2006), or are separate intrusive bodies remains to be determined.  

Thus, sampling crater materials that have been excavated from the lower and upper crust could help 

better constrain the alkali suite locations, both horizontally and vertically.  Excavated material from the 

shallow crust may be done virtually at any crater site (excavated depth of at least 2 km to penetrate the 

regolith), and craters that might have excavated deeper in the lower crust are presented in Fig. 3.37. 

Volcanic rocks  

KREEP basalts: A detailed description of KREEP formation and background is presented in Science 

Goal 3a. 

Mare basalts: Mare basalts are large, dark basaltic plains that are observed often within large impact 

structures on the Moon.  They are thought to be formed by ancient volcanism.  Lunar mare basalts cover 

about 17% of the lunar surface, the majority of which being exposed on the lunar nearside.  They also 

occur, although spatially less extensively, on the lunar farside.  Basaltic mare materials show variations in 

terms of age, chemical and isotopic composition (e.g., titanium content), and mineralogy.  

Figure 3.38 shows the latest results for mare dating, 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).  

Sampling the youngest and oldest mare basalts within the PKT is needed to understand how volcanic 

processes varied as a function of time within this terrane.  The youngest basalts are located in Oceanus 

Procellarum, in the vicinity of the Aristarchus Plateau, while very old mare basalts are preferentially 

located within Mare Tranquillitatis, Mare Australe, Mare Marginis, Mare Humboldtianum, Mare Orientale 

and Mare Humorum. 
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The integration of maps of thorium, iron, and titanium that helped define the three main lunar terranes 

(FHT, PKT and SPAT) led to a more precise subdivision of these terranes and relates them to specific types 

of rocks (Chevrel et al., 2002).  Figure 3.39 shows the spatial extent of five types of mare materials (M1 to 

M5), whose compositions in Fe, Ti and Th are presented in Table 3.8, along with the Apollo and Luna 

landing sites.  M1 and M2 are high-Ti mare basalts, with different Th content, while M3 and M4 units are 

less rich in Ti, again with different Th content.  M5 is the only unit with very low Ti levels, and the lowest 

Fe content as well.  Mare rocks gathered during the Luna and Apollo missions sample mainly M1, M3, and 

M4 types, although this evaluation remains quite imprecise.  M2 and M5 types are clearly lacking in the 

sample collection, and sampling and analyzing them would greatly improve our knowledge on the variety 

of mare rock types. 

TABLE 3.8 Ranges of concentration in Fe, Ti, and Th for the mare units presented in Fig. 3.39 (From 

Chevrel et al., 2002) 

Mare unit Fe, wt % (mean) Ti, wt% (mean) Th, ppm (mean) 

M1 (orange) 14.5–15.3 (14.9) 6.0–7.0 (6.5) 2.0–3.0 (2.5) 

M2 (violet) 14.9–15.7 (15.3) 5.8–6.8 (6.3) 3.2–4.2 (3.7) 

M3 (light blue) 13.5–14.7 (14.1) 3.0–4.0 (3.5) 3.4–4.6 (4.0) 

M4 (dark blue) 12.6–14.4 (13.5) 3.0–4.0 (3.5) 1.6–2.4 (2.0) 

M5 (yellow) 10.3–12.5 (11.4) 0.3–0.9 (0.6) 2.8–3.8 (3.3) 

 

 

 
 

FIGURE 3.38 Estimated surface ages of mare basalts 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). 
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Pyroclastic deposits: Pyroclastic deposits and cryptomare formation are detailed in the Science Concept 

5, and so only the different lithologies that are related to these volcanic processes will be addressed here, 

with very few details on their morphology. 

Volcanic glasses are formed during ―fire-fountain‖ eruptions that leave pyroclastic deposits made up of 

glass droplets (quenched iron-bearing glass and crystallized beads with volatile-element coatings) that have 

chilled from the spray of molten lava (Lucey et al., 2006).  Pyroclastics provide precious clues on mantle 

reservoir origin and the type and extent of lunar volcanism.  Most of lunar pyroclastic deposits are of late 

Imbrian age, generally 3.2 to 3.7 Ga, corresponding to the age of the peak period of ancient lunar 

volcanism (Gaddis et al., 2003).  Figure 3.40 and Table A3.5 shows that pyroclastic deposits are widely 

distributed on the whole surface of the Moon, and that they can greatly differ, in terms of both spatial 

extent (from 1 km
2
 to 49,000 km

2
) and composition (Fe- and Ti-rich with black beads; Ti-rich with black 

and orange beads; Fe rich and lower Ti content).  An illustration of these deposits is presented in Fig. 3.41. 

 

 
 

FIGURE 3.39 Mare units determined using a multi-element principal component analysis applied to the Fe 

and Ti (CSR) and Th (GRS) datasets (adapted from Chevrel et al., 2002).  Background: LOLA topography. 



177 

 

Cryptomare basalts: The oldest mare basalts on the lunar surface are widely considered to be the buried 

mare basalt termed ―cryptomare‖ (e.g., Schultz and Spudis, 1979; Antonenko et al., 1995), which refer to 

mare-like volcanic deposits that have been obscured from view by subsequent emplacement of material of 

higher albedo, commonly ejecta from craters and basins (thus primarily detected by the presence of dark-

haloed craters – Fig. 3.42).  Evidence for the old age of cryptomare is mostly in the form of stratigraphic 

relationships, as many cryptomaria are suspected to lie beneath material as old as pre-Nectarian in age 

(Hawke et al., 2005b).  Cryptomare basalts have not been sampled yet, though the lunar meteorite Kalahari 

 
FIGURE 3.40 Map of pyroclastic deposits from the USGS Lunar Pyroclastic Volcanism Project (Lisa R. 

Gaddis et al., 2008) and additional sources (Giguere et al. 2003, 2007; Sunshine et al. 2010). Background: 

LOLA topography. 

 

FIGURE 3.41 Example of pyroclastic deposits of various extents in Oppenheimer crater (USGS 750 nm 

filter Clementine basemap); orange arrows point to the 6 deposits that have been detected in this area (cf. 

Table A3.5). 
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009 has been interpreted to be a sample of cryptomare.  Kalahari 009 has been radiometrically dated at 

~4.35 Ga and shows extremely low abundances of incompatible elements such as thorium and the rare 

earth elements (Terada et al., 2007).  Cryptomaria are interesting places to sample as they might represent 

the oldest mare basalts on the Moon, and could bring information on the early mantle and volcanism, and 

their evolution.  

Figure 3.43 shows the distribution of dark-haloed impact craters larger than 1 km in diameter 

determined by Schultz and Spudis (1979), and the locations where cryptomaria areas have been detected 

(Bell and Hawke, 1984; Pieters et al., 2001a, 2001b; Antonenko 1999; Antonenko and Yingst, 2002; 

Hawke et al. 2003, 2005a, 2005b; Giguere et al., 2003, 2007; Campbell et al. 2005, cf. Appendix B3 for 

details).  It should be noted that both the dark-haloed craters and the cryptomare presented here do not 

constitute a comprehensive list, as many potential cryptomare sites may still be unidentified (Antonenko et 

al., 1999).  Apart from the cryptomare mapped in the regions of Lomonosov-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 locations of cryptomare.  

Figure 3.43 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.  

Their locations correspond mostly to otherwise detected cryptomare deposits, and thus add evidence to 

their presence in these parts of the Moon. 

 

 

 

FIGURE 3.42 Oblique view of Copernicus crater (93 km in diameter) from the south (Apollo 12 photo 

AS12-52-7738). Yellow arrows indicate two dark-haloed craters: Copernicus H (4.6 km in diameter) on 

the right and a nameless crater north of Copernicus on the left (Bell and Hawke, 1984). 
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Impact rocks – breccias  

Breccias are the most abundant rock types found within a crater area and comprise the majority of 

Apollo samples.  These are rocks composed of pieces from older rocks that were disaggregated or melted 

by meteoroid impacts.  They can exist as rock fragments, crystallized impact melts or glassy impact melts, 

and most contain fragments from many different older rocks (Fig. 3.44).  Figure 3.45 illustrates where the 

different types of breccias would occur in an impact structure.  

Regolith breccias are composed of regolith that was lithified by shock compaction or heating.  They 

generally contain glass spherules and agglutinates that can only be produced or acquired at or above the 

lunar surface.  As they may be formed in any regolith, they display a wide range of compositions.  Their 

main interests lie in the facts that (1) they are fossil regolith that at some point became closed to further 

input of material, so that some may represent very ancient regolith and provide information about condition 

in the past, and (2) since they are polymict rocks consisting of soil, their compositions are more likely to 

represent the average composition of the surface upon which they formed (Lucey et al., 2006).  

 

FIGURE 3.43 General distribution of dark-haloed impact craters larger than 1 km in diameter determined 

by Schultz and Spudis (1979), and the locations where cryptomaria areas have been detected (Bell and 

Hawke, 1984; Pieters, 2001; Antonenko 1999; Antonenko and Yingst, 2002; Hawke et al. 2003, 2005a, 

2005b; Giguere et al., 2003, 2007; Campbell et al. 2005).  Green areas represent mixed mare and highland 

materials (Chevrel et al., 2002).  Background: LOLA topography. 
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Granulitic breccias and granulites are commonly found as clasts in breccias, including lunar meteorite 

fragmental and regolith breccias, which reflects their common and widespread occurrence on the lunar 

surface (Korotev and Jolliff, 2001).  Their textures suggest heating and recrystallization, and composition 

as well as shock features in some indicate a relationship to impact processes.  Granulitic lithologies have 

radiometric ages ranging from 3.75 to slightly older than 4.2 Ga (Hiesinger et al., 2006 and references 

  
FIGURE 3.44 Examples of a polymict breccia on the left (sawn surface of sample 14306,21, about 6 cm 

across, NASA # S77-22103) and a regolith breccia on the right (sample 15299,0, the scale in background is 

in cm, NASA # S74-32566). 

 
 

FIGURE 3.45 Cross-section of an ideal lunar crater showing the relationship of different breccia types to 

the geological environment of the crater. Regolith breccias and granulitic breccias are not indicated for 

clarity (adapted from Stöffler, 1981). 
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therein), average compositions which cover a relatively restricted range (such as high Al2O3 and low FeO), 

and extremely low incompatible element concentrations.  The most common interpretation of these 

compositions is that they represent upper-crustal materials uncontaminated by the excavation of KREEP-

rich materials from the Procellarum KREEP Terrane, and thus the formation of most of these rocks appears 

to predate the formation of the large, late basins such as Imbrium and Serenitatis. (Wieczorek et al., 2006).  

On the basis of their Mg/Fe ratios, granulitic breccias have been divided into ferroan and magnesian 

varieties (which does not necessarily imply any relationship to the Mg-suite igneous rocks, especially those 

that are trace-element-rich).  While the composition of ferroan granulitic breccias is consistent with their 

derivation from the ferroan anorthositic-suite of lunar plutonic rocks, the magnesian granulitic breccias 

compositions are not easily explained as mixtures of known igneous or plutonic rocks.  This suggests the 

possibility that the magnesian granulitic rocks may have an igneous rock precursor that is not yet 

recognized among the current samples of the Moon (Korotev and Jolliff, 2001).  Their origin within the 

crust is also still debated.  Cushing et al. (1999) suggest a relatively rapid cooling at shallow depths lower 

than 200 m and a formation in craters of 30–90 km in diameter, thus physically associated with impact-melt 

breccias or fine-grained fragmental precursor lithologies.  At odds with this theory, Korotev and Jolliff 

(2001) find it more likely that granulitic rocks were assembled by very large impacts (for instance, basins) 

that penetrated to mid-crustal levels, and that later impacts re-excavated these rocks and brought them to 

the surface.  

Other rock types – spinel-rich lithologies 

Spinel group minerals (MgAl2O4) are common in lunar samples, but only occur as accessory phases 

(abundances <10%).  Investigation of spectral anomalies in global data acquired with the Moon Mineralogy 

Mapper (M
3
) reveal 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 

these pyroclastic deposits are spatially extensive (10000‘s km
2
), the most spinel-rich signatures occur at 

much smaller 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 above, and exposed by 

subsequent cratering of the region.  Given that the whole region is embayed by mare volcanism, with the 

spinel-rich and pyroclastic deposits exposed only on topographic highs, this suggests that the spinel-rich 

deposits are ancient (Sunshine et al., 2010). 

M
3
 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, which does not easily fit with the current crustal 

evolution models and has been interpreted as being a new, unsampled rock type (Pieters et al., 2010). 

Requirements 

There are three main requirements for targeting potential landing sites that may accomplish Science 

Goal 3b: 

I. Target multiple sites that will provide samples cataloging the chronological history of the Moon. 

II. Target multiple sites that will provide samples cataloging the lithological diversity of the lunar 

rocks. 

III. Target enough sites to collect samples from all of the main regions of the Moon. 

Methodology 

To fulfill the requirement list, methods and procedures were devised for locating landing sites for 

Science Goal 3b: 

1. Complete rock type database. 

a. Categorize rock types in Apollo, Luna, and lunar meteoritic samples.  

b. Assess rock types or minerals (e.g., pure anorthosite, granite, spinel) for which samples 

are needed. 

c. Focus primarily on the rock types that have not been presented in Science Goal 3a. 

2. Compile surface age maps of mare basalts to locate and categorize by oldest and youngest. 
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3. Compile surface maps of mare types and highland types (cf. Chevrel et al., 2002) to locate 

regions of greater variety.   

4. Examine the extent of pure anorthosite, mafics, and other lithologies (e.g., spinel) and where 

on the lunar surface they can be found.  

a. Determine whether this would be an interesting mineral to sample. 

b. Determine its importance in regards to lunar formation theories. 

5. Make maps of volcanic product locations (mare, cryptomare, and pyroclastic deposit). 

6. Overlay all of the previous maps and find areas of diversity that could address most of 

Science Goal 3b‘s requirements. 

Suggested landing sites  

Cryptomare and mare materials of extreme ages (youngest and oldest), of various compositions, and 

from diverse locations can give valuable insight in the complex lunar volcanic history and its earliest and 

latest phases.  Some sites can be of great interest to science and in-situ resource utilization, such as the 

high-Ti mare basalts regions (M1 and M2) that appear to be located manly within Mare Tranquillitatis and 

in the East of Oceanus Procellarum.  As it is still uncertain whether farside magmas were derived from a 

similar source composition and depth as the nearside basalts (Wieczorek et al., 2006), sampling both 

farside and nearside mare basalts appears necessary.  

Volcanic glasses are of critical importance both in characterizing the lunar interior and as a starting 

place for understanding the origin and evolution of lunar basaltic magmatism, but have also been 

recognized as having commercial potential, such as the black bead deposits at Taurus–Littrow that have 

been suggested as sources of oxygen, iron, and titanium.  Thus the need to sample both large and small 

pyroclastic deposits, in order to better understand the whole compositional range that pyroclastic materials 

can span. 

Sampling and subsequent analyzing of spinel-rich lithologies could bring new invaluable insight on the 

early lunar volcanism and probably add constraints on the lunar evolution models, as the entire variety of 

the lunar rock has still to be uncovered. 

There is an important need to understand the geological context and the origin of Mg-suite and alkali-

suite rocks.  Unfortunately, however, they cannot be positively identified with remote sensing data and 

therefore cannot be mapped, so we do not have any landing sites suggestions for these rock types.  

Pristine highlands, lower crust, urKREEP, and mantle material are also needed to implement the lunar 

rock type catalogue, but as they are investigated in Science Goal 3a and 3c, they will not be considered 

again here. 

The sampling of all impact rocks can be done at virtually any crater site on the Moon.  However, given 

the variety of composition that can be displayed by the different types of breccias according to the crater 

age, size, and excavation depth, sampling at a variety of crater sites is advised.  Precise cataloging of the 

types of breccias that may be found on the floor or rims of craters would improve the understanding of 

cratering processes.  For instance, in the case of granulitic breccias, their presence (or absence) and precise 

location at different sites could help settle debates on the origins of these still poorly known lithologies.  

Determining landing sites specific to Science Goal 3b implies the integration of the locations of the 

different types of rocks that have been presented above (with the exception of breccias).  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 is lost in this case.  That is why 

direct sampling of the different rock types in their original geological context is so important.  

Consequently, Science Goal 3b requires multiple landing sites at multiple places on the Moon.  Integrated 

maps for Science Goal 3b sample sites are presented in Figs. 3.46, 3.47 and 3.48.  Figure 3.46 presents the 

locations of the youngest and oldest mare basalts, Fig. 3.47 represents a global view of the different regions 

of mare and highlands that have been defined by Chevrel et al. (2002), and Fig. 3.48 shows the location of 

the different lithologies that need to be sampled within their geological context.  
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FIGURE 3.48 Map showing the locations of the youngest and 

oldest mare basalts (see also Figure 3.5.3).  Background: LOLA 

topography. 

 

FIGURE 3.49 Map showing the different types of highland and mare 

materials classified according to their content in Fe, Ti and Th (Chevrel 

et al., 2002).  Note that some colors were changed from Pictures 3.4.13 

and 3.5.4 for clarity.  Background: LOLA topography. 
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SCIENCE GOAL 3C: DETERMINE THE COMPOSITION OF THE LOWER CRUST AND BULK 

MOON 

Introduction 

The magma ocean hypothesis was conceptualized from the results of geochemical analyses of Apollo 

samples.  This concept has shaped our understanding of the composition and structure of the Moon, and its 

bulk composition.  Key to this understanding are the proportion of different rock types (plagioclase, mafics 

and KREEP, which are expected to form different layers of the crust and mantle), their variability, precise 

composition, and origin.  For instance, the difference in composition between the pristine crust and that of 

the intrusive rocks (plutons) is still not clear, and understanding it could shed some light on the two main 

processes responsible for the formation of the crust, namely differentiation and volcanism.  Intrusive rocks 

could exist in most of the lower crust, the composition of which is still unknown but has already been 

partly sampled in the Apollo collection as norites, troctolites and dunites.  Although the lower crust is 

covered by the upper portion of the crust and the megaregolith, it can still be sampled by impact craters that 

excavate material from depths close to the crust/mantle boundary.  Collecting samples from these locations 

is critical to understanding the organization of the lower crust and the extent of plutons within the crust.  

Determining the precise composition of the mantle of the Moon is important because the mantle occupies 

most of the Moon‘s volume and therefore contributes the most to the lunar bulk composition estimates.  

Moreover, the lunar mantle has never been directly sampled, placing high value on samples from locations 

exposing mantle material on the surface of the Moon.  The question of whether the Moon has a core or not, 

and what is its size and composition (Science Goal 2c) is also important in determining bulk lunar 

composition and understanding the differentiation process. 

 

 

 
FIGURE 3.48 Map showing where particular types of rocks that need to be sampled within their 

geological context have been detected: pure anorthosite, spinel, pyroclastics, and cryptomare.  

Background: LOLA topography. 
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Background 

Bulk composition of the Moon 

Like most large bodies in the Solar system, the Moon is expected to have differentiated and formed a 

metal-rich core, an olivine-rich mantle, and a crust.  The bulk composition of the Moon refers to its global 

composition when all these layers are mixed homogeneously, representing the composition of the initial 

Moon prior to its differentiation (with the exception of volatiles, which may have been lost during the 

formation stage). 

The bulk composition of the Moon is still unclear; it has been proposed to be close to either the Earth‘s 

upper mantle composition or to chondritic silicates (Warren, 1993).  These uncertainties are mainly due to 

the fact that there are still uncertainties regarding the way the Moon was formed.  If the Moon was formed 

from debris after the impact of an object twice the size of the Moon with the early Earth then the lunar bulk 

composition should be close to the Earth‘s primitive mantle composition.  Depending on how much of the 

Earth was differentiated at this time, the bulk composition might also be closer to the Earth‘s current upper 

mantle.  In contrast, if the Moon formed by accretion, as did the other terrestrial planets, then a chondritic 

bulk composition similar to the bulk Earth is expected.  Current datasets and lunar samples cannot 

explicitly rule out either of these two hypotheses.  Information on the composition of the lunar mantle, and 

possible core, both of which together constitute the largest part of the bulk Moon, is therefore required. 

Lower crust 

The origin and precise composition of the lower crust of the Moon is still unknown.  Different 

hypotheses for the formation of the lower crust have been proposed: 

 The lower crust is a basaltic intrusion similar to maria (Head and Wilson, 1982), but with a 

different composition, as it seems more noritic (enriched in orthopyroxenes) than gabbroic 

(enriched in clinopyroxenes). 

 The lower crust is entirely made of Mg-suite plutonic rocks (Reid, 1977; Ryder and Wood, 

1977).  However, this hypothesis does not fit Lunar Prospector gamma-ray observations 

(Wieczorek and Zuber, 2001).  The occurrence of Mg-suite rocks seems rather local, and 

would be linked to Mare Imbrium and Oceanus Procellarum (Jolliff et al., 2000). 

 The lower crust was formed as a differentiation product of the magma ocean (Wieczorek and 

Zuber, 2001).  In the Lunar Magma Ocean hypothesis, plagioclase cumulates float on the 

surface, whereas mafic-rich minerals sink to the bottom.  This process could have reasonably 

formed a mafic-rich basal layer, underlying the upper crust.  This last hypothesis seems the 

most plausible and fits existing orbital observations.  According to crater central peak 

compositions, the lower crust is enriched in mafics and has probably a noritic to 

grabbronoritic composition (Ryder and Wood, 1977; Pieters et al., 1997; Tompkins and 

Pieters, 1999).  

The current general definition of the lower crust includes a noritic-rich bulk, with intrusive material 

from the Mg-suite rocks (norites, troctolites, dunites) which are suggested to be post-magma ocean serial 

magmatism (Warren, 1993), and a possibly intermittent urKREEP layer (Warren and Wasson, 1979; Spudis 

and Davis, 1986) (Fig. 3.50). 
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As discussed in Science Goal 3b, Mg-suite rocks are intrusive rocks or plutons which are considered 

part of the norite-rich lower crust that they are intruding.  Their compositions vary from norite to gabbro, 

troctolite or dunite.  They are very difficult to identify from orbit as they can have the same composition as 

lower crust and mantle, and would probably be exposed in outcrops much smaller than the resolution of 

most orbital spectrometers and imagers.  They may also be present or absent where lower crust is exposed. 

They will be considered here as a component of the lower crust. 

Another component of the lower crust is the urKREEP layer.  This layer is expected to have infiltrated 

the lower crust as KREEPy basalts such as are found on the surface of the Moon, especially in the PKT 

area.  But it is not clear if the KREEP-rich samples in the PKT are diagnostic of the urKREEP layer, and if 

the urKREEP layer is uniformly distributed around the Moon.  It is consequently important to find areas 

where one could sample this pristine urKREEP material.  It should be exposed in craters that have 

excavated mantle, if there is any, as the urKREEP layer is posited to lie just above the crust/mantle 

boundary. 

The Moon‘s crust can no longer be viewed as a simple globally stratified structure (anorthosite-rich 

upper crust / mafic lower crust / urKREEP horizon).  Variations are not only vertical, but also lateral 

(Pieters et al., 1993; Joliff et al., 2000).  Several geochemically distinct provinces (or terranes) have been 

identified, and show that the upper crust may be absent in some locations (PKT), or the whole crust may be 

very thin, and the mantle close to the surface.  In other cases, the KREEP layer may be absent as well, as in 

SPA, where thorium is detected in an unexpected low amount (Parmentier et al., 2002). 

Attempts to estimate the lower crustal depth and thickness have been made (Neumann et al., 1996; 

Wieczorek and Phillips, 1998; Ishihara et al., 2009).  Such studies have shown important lateral and 

vertical variations that must be taken into account when looking for sites where the lower crust or mantle 

could be exposed (cf. proximity calculations earlier in this report). 

Mantle 

The deep lunar mantle has never been sampled to date, yet the properties and composition of the 

interior of the Moon can be inferred by indirect evidence.  Geophysical surface measurements by Apollo 

crews revealed that the density of the mantle is high enough so that common surface rocks cannot make up 

a significant portion of it; the mantle rocks must then contain large amounts of heavy minerals such as 

olivine and pyroxene.  In addition, mantle rocks were partially melted to form the mare basalts that cover 

 

FIGURE 3.50 Suggested lunar crustal model from Spudis and Davis (1986).  Contact between the upper 

crustal layer (―anorthosite gabbro‖) and the lower crustal layer (―norite‖) is gradational on a scale of 

kilometers.  ―FAN‖ refers to ferroan anorthosites.  Bulk compositions are given on the left. 

http://en.wikipedia.org/wiki/ALSEP
http://en.wikipedia.org/wiki/ALSEP
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the surface in some places.  The chemical composition of these lava flows show that they were made by 

melting rocks rich in magnesium and iron. 

Most planets, including the Earth, are olivine-rich; this idea is extended to the Moon, inferring olivine 

to be the major component of the lunar mantle.  Therefore, it is very important to identify this mineral on 

the lunar surface, as it could indicate places where the lunar mantle is exposed.  The presence of olivine has 

been reported in many Apollo samples; this mineral is especially abundant in troctolite and dunite samples 

which are thought to be part of the Mg-suite rocks, meaning the lower crust.  None of the Apollo samples 

or lunar meteorites containing olivine have been related to a mantle sample.  One reason for this lack of 

mantle sampling is that the lunar mantle is not supposed to outcrop directly on the surface, as it is overlain 

by less dense crustal material.  However, it is possible that it might have been excavated through impact 

processes.  Olivine has also potentially been detected from orbit with Clementine, yet the low spectral 

resolution (and discrete spectrum of five wavelengths within the UVVIS domain) does not provide high 

reliability on these detections.  An olivine map (Lucey et al., 2004) was derived from the Clementine 

observations, and can be used to infer olivine-rich sites, keeping the above-mentioned uncertainties in 

mind.  Recent missions such as Chandrayaan-1 and Kaguya, which are equipped with the high-resolution 

VNIR spectrometers, the Moon Mineralogy Mapper (M
3
) and Spectral Profiler SP), respectively, have 

confirmed Clementine detections of olivine.  Even if many locations referred to as ‗possible olivine‘ (e.g., 

Olivine Hill, Langrenus, Keeler, Crookes and Tsiolkovsky craters) turn out to be mixtures of pyroxene and 

plagioclase after analyzing Clementine‘s five UVVIS bands, olivine has clearly been identified in other 

locations (Yamamoto et al., 2010).  Kilometer-wide olivine exposures have been detected in 34 olivine-rich 

sites, mainly around impact basins: Mare Moscoviense, Crisium, Imbrium, Humorum, the SPA basin 

(especially Schrödinger and Zeeman craters), Nectaris, Serenitatis, Humboldtianum and Australe.  These 

basins are located in areas where the crust is generally thinner, suggesting that mantle could be outcropping 

there.  Radiative transfer modeling of the olivine-rich spectra obtained with SP confirms that there may be 

pure olivine in many locations, where it is thus likely to be mantle olivine, and not pluton‘s troctolites.  

Most of these olivine-rich sites are concentrated on the near side.  Olivine is generally found in crater walls 

and ejecta, but sometimes also in crater terraces or central peaks, as for Theophilus, Copernicus and 

Erastosthenes. 

Requirements 

Requirements defined for accomplishing Science Goal 3c are: 

I. Target sites with potential to yield representative samples of the lower crust. 

II. Target sites where mantle material was brought to the surface and can be sampled to provide 

insight on the bulk composition of the Moon.  

Science Goal 3c targets sites that should have the potential to yield representative samples of the lower 

crust and mantle.  To assess the bulk Moon, a sample of mantle would be the most useful.  If it is not 

possible, sampling a broad range of rock types to perform chemical analysis and isotopic measurements 

would nevertheless be helpful.  It is also impossible to determine the bulk Moon without determining 

precisely the lower crust composition. 

Sample return is crucial to fulfilling this goal and determining the composition of the lower crust and 

bulk Moon.  Information on isotopic composition and crystallization ages is still missing and can only be 

obtained through analyses in terrestrial laboratories.  In-situ measurements could also supplement 

information on the lower crust, mantle, and possibly the core (see Science Concept 2).  For instance, 

seismometers and gravity and radar measurements at the landing sites would give a better idea of the 

vertical extent and stratification of the crust and its lateral variations could be refined by extensive 

multispectral mapping from orbit. 

Methodology 

To fulfill the requirement list, methods and procedures were devised for locating landing sites for Science 

Goal 3c: 

1. Use map of crater excavation depth proximity, and compare with crustal thickness estimates 

to determine areas where ejecta may contain some lower crust or mantle material, and from 

what depth range it originated.  Younger craters or basins will be considered as better targets 
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as they are more likely to have less regolith and more well-preserved features.  Since no maps 

of the ejecta contours are available yet, and since crater formation mechanisms predict that the 

deepest excavated material will be deposited close to the transient crater cavity, crater rims 

are considered the best place to get samples of deep material within ejecta. 

2. Use map of melt depth proximity to determine where the lower crust or mantle may be 

sampled in the melt sheet or in the central peak, if preserved.  Topographic data from LOLA 

should be used to determine craters where the central peak has not been eroded away. 

3. In low topography regions, such as SPA, look for fresh craters within craters, which may also 

be good sites to identify lower crust material.  

4. Use recent spectral olivine detections as complementary material to spot potential mantle 

outcrops (Yamamoto et al., 2010) within the previous craters. 

5. Similar methods as in Science Goal 3a can also be considered to find representative samples 

of rock types.  Geochemical studies of primordial differentiation products should help 

determine the bulk composition of the Moon. 

Suggested landing sites 

Sites of interest for lower crust samples and for mantle samples are investigated separately and 

combined together at the end to determine the best sites to achieve the entire Science Goal 3c.  The best 

tool to sample vertically into the Moon‘s interior is impact processes; therefore all the suggested landing 

sites should be within craters or basins, or on rims or ejecta.  Places where mantle is exposed should also 

expose lower crust, but as such areas generally correspond to old basins, we can also consider fresher 

craters with only lower crust exposures as potential targets.  Sampling mantle and lower crust from 

different depths would enable assessment of the vertical variability of these units.  Suggested landings in 

diverse sites, sampling a range of materials from different depths, is essential, as Science Goal 3c could not 

be completely achieved in a single location.  The following sections give a precise description of the 

criteria used to select potential landing sites for mantle, lower crust, and then those addressing both.  

The lunar mantle or lower crust can be sampled in three different types of locations in the vicinity of an 

impact crater (or basin): within the crater ejecta, in the crater melt sheet, or in the crater central peak or 

peak ring(s).  Ejecta blankets cover wide areas and generally extend until ~3 radii away from the crater 

center (Melosh, 1989), but the deepest material should be excavated close to the crater rim.  Since ejecta 

maps are missing among the current datasets, we focus on the rims of craters and basins that should 

excavate lower crust or mantle, as deep material and preserved ejecta are expected in these locations.  If 

craters or basins are old, ejecta is likely to be buried under a thick regolith layer, and therefore it is advised 

to focus on young locations when sampling of excavated material is considered.  

The same issue occurs in old craters and especially in basins when trying to sample the impact melt 

sheet, probably buried under kilometers of regolith and not directly accessible on the surface.  For large 

basins there is also a possibility that the melt is not homogenous due to differentiation after the impact 

(Science Goal 6a), and it is uncertain whether mantle components would be present at the top of the melt 

sheet.  Therefore, melt sheets should not be considered as prioritized targets for this Science Goal.  On the 

contrary, central peaks or peak rings of craters and basins, which are often well-preserved, should expose 

material at least as deep as the one reached by the melt sheet.  Outcrops might be available on the vertical 

steep structures of central peaks and pieces of rocks rolling down the slope of the central peak could be 

sampled at the peak‘s base. 

In summary, all the possible landing sites we suggest to sample lower crust and/or mantle are presented 

in craters rims, central peaks and peak rings.  

Assessing the best landing sites to sample the lunar lower crust 

According to our proximity calculations, the lower crust should be excavated by approximately 36 

craters or basins.  Figure 3.51 displays these according to their ages.  Many of these are old large impact 

basins or craters that are located within SPA.  Lower crust material should be found in their ejecta, 

especially the ones close to the crater rim.  For old craters or basins, these ejecta are likely to be buried by 

other ejecta or regolith, therefore only the youngest and fresher basins and craters should be considered: 

Imbrium, Orientale and Antoniadi.  The rims of these three craters are potential sampling sites. 
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Lower crust can also be sampled within craters or basins through their central peak or peak rings.  

Figure 3.52 shows all the craters or basins that have a melt proximity (= crustal thickness - melt depth) 

lower than -5 km, meaning all the craters or basins that should reach at least -5 km between the upper 

crust/lower crust boundary.  Most of them are old large impact basins, or craters located within SPA, as this 

is where the lunar crustal thickness reaches its lowest values.  Among these 128 craters or basins, only the 

58 ones with well-preserved central features are considered for potential landing sites. 

Some of these craters are actually large enough to sample the entire lower crust range, as they reach the 

mantle.  Others are too shallow and only reach the uppermost part of the lower crust.  Figure 3.54 shows 

the minimum depth reached by the 58 selected craters or basins. 

 

 

Age:          Pre-Nectarian      Nectarian  Lower Imbrian           Upper Imbrian 

 

FIGURE 3.51 Map displaying the craters or basins that should excavate lower crust in their ejecta (meaning 

those whose proximity value = crustal thickness - excavation depth is lower than -5 km).  Color scale 

indicates their ages.  The youngest ones have their name written in white.  Background: LOLA topography. 

IImmbbrriiuumm  

OOrriieennttaallee  

AAnnttoonniiaaddii  
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FIGURE 3.52 Map displaying the craters or basins that could theoretically contain lower crust material in 

their central peak or peak rings, if those are preserved (meaning those whose melt proximity value is lower 

than -5 km).  Background: LOLA topography.  A list of these craters and basins can be found in Table 

A3.7.   

 
 Craters or basins with preserved central peaks/peak rings 

Craters or basins without preserved central peaks/peak rings 

FIGURE 3.53 Map displaying the craters or basins that should contain lower crust material in their 

preserved central peak or peak rings (In red).  Craters or basins represented in white seem to have been 

filled with material or eroded. Background: LOLA topography.  
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Gathering lower crust samples from different depths would yield important information on the 

formation of the crust through the magma ocean process, its variability, and the occurrence and extent of 

plutons in the lower crust.  We suggest sites in a few craters or basins of different proximity values, located 

at different places on the surface of the Moon, to compare the samples‘ homogeneity.  For instance, one 

may want to obtain samples of Imbrium (nearside mare, proximity = -175 km, it reaches the mantle), 

Birhoff (farside highlands, proximity = -26km), Mendeleev (farside highlands, proximity  = -15 km), and 

Rumford T (SPA, proximity = -6km). 

A list of all the craters and basins that tap into the lower crust, ranked by their proximity value, is 

provided in Table 3.9.  A detailed list of all the localization and parameters of these craters and basins can 

be found in Table A3.7. 

TABLE 3.9 List of possible sites (total = 58) where lower crust material could be sampled, ranked 

according to the depth at which they sample the lower crust, below the upper crust/lower crust boundary. 

All suggested target are central peak of craters or peak rings of basins except for the ones in blue that 

correspond to crater rims or ejecta.  

depth sampled below the upper 

crust/lower crust boundary 

 (= proximity value) 

number of  

craters 
names 

sampling the whole lower crust range + 

Mantle 
23+ 1  cf. mantle Table 

sampling the whole lower crust range + 

maybe mantle (-5<proximity value fro 

mantle<0)  

4 
Antoniadi, Korolev, Lorentz, Schiller-

Zucchius 

from - 30 to - 25 km 1 Birkhoff 

from - 25 to -20 km 1 Orientale 

from - 20 to -15 km 4 
Mendeleev, Minkovski, Zeeman, Pingre-

Hausen 

 

FIGURE 3.54 Map displaying the craters or basins that should contain lower crust material in their 

preserved central peak or peak rings as a function of their proximity value, meaning the depth they reach 

below the upper crust/lower crust boundary.  Craters or basins that reach the mantle, are displayed in black.  

Background: LOLA topography.  
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from - 15 to -10 km 9 

Humboldt, Fizeau, Crommelin, Lemaitre, 

Cabannes, Bose, Numerov, Davisson, 

Leeuwenhoek 

from - 10 to -5 km 17+1 

Rumford T, Borman, Matsukov, Finsen, 

Alder, Bhabha, Stoney, Dawson V, 

Crommelin C, Cabannes Q, Eijkman, 

Petavius, Birkeland, Boyle, Lyman, Fabry, 

Compton, Antoniadi 

 

 

Lower crust exposure on the surface of the moon could also be inferred from spectroscopic data 

(Tompkins and Pieters, 1999).  Nevertheless the spectral resolution of the Clementine imager, with only 5 

bands in the UV-Visible domain, and 11 total, does not allow for a precise mineralogical identification.  

Some highland anorthosites may also bear a mafic-rich signature even if mafics are not the most abundant 

mineral in the rock.  Indeed plagioclase are hard to detect when lower than 95 % in composition, and such a 

rock may then appear mafic-rich in the spectral data, even if it is not. This motivated our decision to assess 

Science Goal 3c landing sites with calculations only. 

Assessing the best landing sites to sample the lunar mantle 

According to our proximity calculations, only 3 basins should be deep enough to excavate mantle in 

their ejecta: SPA, Imbrium and Serenitatis (Fig. 3.55).  Since they are large old basins, their ejecta should 

be widespread on the planet, but might be buried under a thick regolith layer.  Therefore these possible 

landing sites should not be considered as high-priority ones.  Crisium and Nectaris are within the 5 km 

error bar and may or may not have excavated mantle, so that they are not considered as potential landing 

sites for mantle sampling. 

 

 

 

FIGURE 3.55 Map of the basins that are presumably excavating mantle in their ejecta (maps of these ejecta 

are not available).  Potential landing sites should be on the rims of these basins.  Excavation depth 

calculations are uncertain for SPA due to its size, but Imbrium should be excavating as deep as 60 km, 

meaning approximately 12 km below the crust/mantle boundary, while Serenitatis should be excavating as 

deep as 50 km, meaning 5.5km below the crust/mantle boundary.  

 

Imbrium 

Serenitatis 
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Thirty nine craters or basins should have mantle material present in their melt sheet, or central peaks or 

peak rings (Fig. 3.56).  They all correspond to old basins and have been studied in details.  Topographic 

profiles with LOLA altimetry data and imagery from Lunar Orbiter were used to assess the presence of 

peak rings.  23 of them have one or several preserved rings (Fig. 3.57).  Basins without peak rings are 

excluded from the potential landing sites (Table A3.8).  Plotting the recent Yamamoto et al. (2010) olivine 

detections, we observe that at least half of the olivine detection locations correspond to the rings of large 

basins such as Imbrium, Crisium, Nectaris and Serenitatis (Fig. 3.58), suggesting a precise indicator for 

where to land to ensure that olivine outcrops.  It is however very difficult to assess the presence of other 

minerals such as plagioclase in spectral data, and it is uncertain that these olivine detections correspond to 

mantle rocks (dunite) or lower crust rocks (troctolite). 

 

 

FIGURE 3.56 Map of the basins that are thought to have mantle material in their uplifted rings Potential 

landing sites should be around the uplifted rings of these basins. Labels are removed for clarity, but a 

complete list of these basins can be found in Table A3.8. 
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 Craters or basins with preserved central peaks/peak rings 

Craters or basins without preserved central peaks/peak rings 

 

FIGURE 3.57 Map of the basins that are thought to have mantle material in their preserved uplifted rings. 

Craters in hollow are the ones without any visible uplifted rings or central features. They are therefore 

excluded from the final potential landing sites list. Edit images so they are hollow rings. 

 
 Craters or basins with preserved central peaks/peak rings     

 Olivine detections from Yamamoto et al. (2010) 

FIGURE 3.58 Olivine detections from Yamamoto et al. (2010) (purple triangles) overlain on Fig. 3.57. In 

Imbrium, Moscoviense, Nectaris, Serenitatis, Crisium and Schrödinger, olivine detections perfectly match 

the uplifted rings location, but the few detections realized outside of the places where mantle is expected to 

outcrop may rather be indicative of the presence of troctolite in plutons. 
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Mantle samples from different depths would provide important information on the formation of the 

Moon and the magma ocean processes.  The depth ranges from which material exposed in central peaks or 

peak rings were computed and are presented Fig. 3.59.  It is suggested to land in two or three craters or 

basins of different depth ranges to compare the samples‘ homogeneity.  For instance, one may want to 

bring back samples of mantle from Imbrium (Proximity  -175 km), Ingenii (Proximity  -58 km), and 

Moscoviense (Proximity -12 km).  A complete list of the proximity values for the 39 basins that are 

reaching the mantle is given in Table 3.10. 

TABLE 3.10 List of possible targets ranked according to the depth they reaching below the crust-mantle 

boundary.  All suggested target are uplifted rings, except for the ones in blue that correspond to crater rims 

or ejecta.  *Calculations are unsure for SPA.  **Correlated with olivine detections. 

Depth sampled below the 

C/M  boundary 

Number of 

craters 
Names 

around -400 km 1 SPA* 

from - 200 to - 150 km 1 Imbrium** 

from - 150 to -100 km 4 Orientale, Serenitatis**, Nectaris**, Australe 

from - 100 to -50 km 5+1 
Smythii, Ingenii, Mendel-Rydberg, Crisium**, 

Humboldtianum, SPA* 

from - 50 to -30 km 4 
Freundlich-Sharanov, Keeler-Heaviside, Balmer-

Kapteyn, Apollo 

from - 30 to -5 km 9+2 

Coulomb-Sarton, Hertzsprung, Humorum, 

Moscoviense**, Poincare, planck, Schrodinger**, 

Admunsen-Gandswindt, Sikorsky-Rittenhouse, Imbrium, 

Serenitatis 

 

 

FIGURE 3.59 Map of the basins that are presumably containing mantle material in their preserved peak 

rings, color-coded as a function of their proximity value, i.e the depth they are supposed to reach and 

sample below the crust/mantle boundary. 
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The case of SPA  

Excavation depth, melt depth, and proximity calculations are difficult to process for SPA, which is the 

oldest and largest impact basin.  Although its size exceeds the limit size for which the equations used are 

valid, we applied them as no other tools or models exist for such large scale calculations.  Therefore we 

urge caution in using computed values, and consider the results to have an associated error.  It is very likely 

that SPA tapped deep into the mantle.  SPA ejecta is buried, and its possible central features, if it had any, 

are probably not preserved.  However, craters within SPA could be very interesting targets as they could 

penetrate the SPA melt sheet, even if they are shallow, and thus may present mantle components, as the 

crust below SPA is very thin. 

Assessing the best landing sites for the entire Goal 3C 

An integrated Table of both landing sites where lower crust and mantle could be sampled is provided in 

Table A3.9.  Selecting sites that sample mantle would allow the sampling of urKREEP (if present) and 

lower crust at the same time, but the quality of the sample might be better in fresher craters.  We therefore 

recommend sampling in multiple sites.  The final selection should respect equilibrium between the diversity 

of material that might be sampled there and the age of the location. 

 

FIGURE 3.60 Map of the craters and basins within and around SPA that have presumably tapped the 

lower crust and/or mantle and could therefore be good landing sites to assess Science Goal 3c.  Projection: 

South Pole Orthographic, background: LOLA topography; CP: central peak, CR: central rings or peak 

rings. 
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 SCIENCE GOAL 3D: QUANTIFY THE LOCAL AND REGIONAL COMPLEXITY OF THE 

CURRENT LUNAR CRUST 

Introduction 

Early lunar formation models describe the lunar crust as the floating anorthositic crystallization 

cumulates from the lunar magma ocean.  This topmost layer was later intruded by mantle material during 

an epoch of lunar volcanism, with the surface constantly being modified by impact events.  While this 

general formation model may be sufficient for studying lunar features on a global scale, it does not 

adequately explain the complexity of the crust on a smaller scale.  Here we wish to quantify the complex 

lithologies of the lunar crust by examining the lateral and vertical extent of intrusive and anomalous 

features, specifically on regional scales that cannot be explained by overarching models of planetary 

differentiation. 

Where Science Goal 3b is concerned with categorizing the different types of rocks on the Moon, 

Science Goal 3d specifically addresses the structure and physical extent of each lithology.  Of particular 

interest are plutonic intrusions, which are local scale features and will be discussed in detail in the 

following section.  While Science Goal 3c examines the lower crust (where plutons are believed to reside) 

on a global scale in terms of composition in order to identify the representative characteristics of that layer, 

Science Goal 3d instead focuses on how small-scale variations in composition lead to a more 

heterogeneous crustal environment. 

Background 

Science Goal 3d aims to target sites that will expand our knowledge of the complicated crustal lithology 

on a local scale.  A regional crustal thickness dichotomy exists between the nearside and farside of the 

Moon‘s crust.  Investigations of specific craters within these two dichotomous regions may yield key 

information on lunar formation and differentiation.  In addition, investigation of gravity anomalies from 

remote sensing data will present information on crustal processes and the possibility of intrusions which 

occurred after differentiation was complete.  We will also investigate ―red spots‖, which are spectral 

anomalies that may indicate the presence of underlying intrusive features.  Finally, plutonic intrusions will 

be considered, as they represent local-scale anomalies in the lower crust (Mg-suite rocks; Science Goal 3b) 

and in the upper crust (anorthositic-rich plutons, Nyquist et al., 2010; Science Goal 3a) whose extent is not 

well constrained. 

 

 

 
FIGURE 3.61 Cross section of the lunar crust, demonstrating complexity of plutonic layering.  Image from 

NRC (2007), courtesy of Planetary Science Research Discoveries, University of Hawaii.  Based on concept 

by Paul D. Spudis. 
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Nearside-Farside Dichotomy 

The crustal thickness of the Moon has been a topic of study since the early Apollo missions.  However, 

due to the low resolution of remote sensing data, as well as limited coverage of gravity and topography 

studies, not much progress was made until recently (Wieczorek et al., 1998).  Clementine topography and 

Lunar Prospector gravimetry show a clear dichotomy of the lunar crustal thickness, with the average 

nearside crust being thinner than that of the farside.  The most accurate data to date is from the Kaguya 

lunar gravity and topography model, which allows the investigation of differences between farside basin 

structures (Fig. 3.62).  While the crustal thickness data is similar to results from Wieczorek models 

(Wieczorek et al., 1998), there exist some major differences.  The most notable discovery is that the 

thickest crust appears to be located in the southern rim of the Dirichlet-Jackson basin (6.91°,-160.21°), with 

a maximum of ~110 km, while the thinnest crust is located in the Moscoviense basin (26°,147°), with a 

minimum of nearly zero.  The crustal maximum corresponds to the highest topography, while the thinnest 

crust occurs at the bottom of a farside basin, which could possibly be due to an abnormally large mantle 

plug (Ishihara et al., 2009). 

 

Gravity anomalies / mascons 

Study of the lunar gravity field — in particular the long-known positive gravity anomalies called 

mascons, associated with features like depressed basins that might otherwise have been expected to have 

negative anomalies — plays an important role in understanding the structure and the evolution of the 

Moon.  Figure 3.63 presents the variations of gravity on the lunar surface in terms of free-air and Bouguer 

gravity anomalies as modeled by Matsumoto et al. (2010).  Distinctive differences appear between the 

nearside principal mascons and the farside basins.  These differences are particularly important for thermal 

 
FIGURE 3.62 Total lunar crustal thickness (crustal materials and mare basalt fills) map for a uniform 

density crust with compensation occurring at the lunar Moho.  Projections and areas are (bottom) Lambert 

cylindrical equal area projection for global, Lambert azimuthal equal area projection for (top left) north 

and (top right) south polar regions above latitude of 60 degrees.  Contour interval is 10 km (Ishihara et al., 

2009). 
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evolution of the Moon because the basin structure possibly reflects the state of the lithosphere in the early 

development of mare volcanism (Namiki et al., 2009). 

The nearside principal mascons on Imbrium, Serenitatis, Crisium, Nectaris, Humorum, and Smythii 

have sharp shoulders, with a weakly negative gravity anomaly in the surroundings.  In contrast, the farside 

basins are characterized by concentric rings of positive and negative anomalies.  Farside basins have been 

divided into two types (Table 3.12 and Fig. 3.63).  Type I basins have similar peak heights for both the 

free-air and Bouguer anomalies, whereas Type II basins have smaller peak magnitudes in the free-air 

anomalies (40–80% compared to those in the Bouguer anomalies) and broader peak shapes (Namiki et al., 

2009; Matsumoto et al., 2010).  Basins that do not show distinct central peaks either in the free-air or 

Bouguer anomalies have been described as ―nonmascon basins‖ to distinguish them from others by the lack 

of obvious gravity anomalies (Matsumoto et al., 2010).  

 

Nevertheless, the explanation of these anomalies is still unclear.  Combined gravitational attraction of 

lava fills in the mare basins, and uplifted mantle beneath the basins, are thought to be the mechanisms that 

support the positive gravity anomaly of the nearside mascons, but the relative contribution of these sources 

remains difficult to evaluate (Namiki et al., 2009).  A clear relation between basin types and crustal 

thickness has also been detected.  Type I basins have a thicker surrounding crust and thicker crust at the 

basin center.  On the other hand, Type II basins (with the exception of Moscoviense) have a relatively 

thinner surrounding crust and thinner crust at the basin center.  The difference between type I and type II is 

probably due to the difference of the ratio between the preimpact crustal thickness (Moho depth) and 

impact scale (Ishihara et al., 2009). 

 

 
FIGURE 3.63 Free-air (top) and Bouguer (bottom) gravity anomalies at the lunar surface for the 

SGM100h model, computed with respect to a reference radius of 1738.0 km.  The nearside maps are on the 

left and the farside on the right.  The numbers on the figure indicate the locations of the basins tabulated in 

Table 3.12 (Matsumoto et al., 2010). 
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Local complexity of the lunar crust 

Plutonic Intrusions: A pluton is an intrusive igneous rock body that crystallized from magma slowly 

cooling below the surface.  In practice, ‗pluton‘ usually refers to a distinctive mass of igneous rock, 

typically kilometers in dimension, without any particular shape. 

Compositional and petrographic relations among lunar samples suggest that unmapped plutonic activity 

contributed significantly to early crustal evolution.  Plutons might have been formed early after the 

magmatic ocean crystallized by intense and repeated periods of serial magmatism.  Remote sensing study 

of Bullialdus crater (21°S, 22°W) showed the probable existence of a pluton at this site, whose size was 

estimated at least to have to be on the order of the size of the crater (~60 km) (Pieters et al., 1991).  Based 

on the character of mafic minerals present and compositional diversity with depth, most additional 

candidate areas for pluton excavation appear concentrated in the western hemisphere: for instance 

Copernicus, Aristarchus, Tycho (Pieters et al., 1991).  Seven highland craters (namely Jackson, King, 

Langmuir, Orlov, Ohm, Stevinus and Tycho), in which the central peaks are more mafic as compared to 

central peaks of other highland craters, where identified using Clementine UVVIS data (Tompkins, 1998).  

These seven mafic craters are not thought to have tapped the deep mafic-rich lower crust; their particular 

composition can reasonably be interpreted by the occurrence of excavated plutons at these locations. 

Anorthosite-rich plutons may also exist on the Moon, as Nyquist et al. (2010) identified highland 

material that had a different age and isotopic composition than the primordial highlands, formed from the 

magma ocean.  This suggests that not only the lower crust is intruded with Mg-suite rocks (mafic-rich 

plutons described above), but also the upper crust might be intruded by a more anorthositic-rich material. 

Unfortunately, plutons are hard to identify as their composition might be similar to the upper (for 

anorthosite-rich plutons) or lower (for mafic-rich plutons) crust.  The only ways to distinguish them from 

the material of the crust, formed by the magma ocean, is by their geological context (e.g., outcrops in 

central peaks of small craters that are only reaching the subsurface material or intrusive contacts in craters, 

walls, or cliffs).  Rocks formed in plutons will have a different age and isotopic composition from those of 

the rocks formed from the magma ocean, as they have different formation processes, but these parameters 

cannot be assessed with remote sensing data or in-situ measurements.  It is therefore crucial to return 

samples of plutonic intrusions for further analyses. 

Intrusive domes/laccoliths: On Earth, subsurface magmatic intrusions often form laccoliths, where 

magma flows under a surface of solidified lava and lifts it up (Fig. 3.64), forming flattened or dome-shaped 

features.  On the Moon there exist similar features, called intrusive domes.  Intrusive domes do not display 

effusive vents and differ morphologically 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 of 30 km and 

more, and display regular but non-circular outlines (Wöhler et al., 2009).  These domes tend to be 

associated with tectonic faults or linear rilles, which are indicative of tensional 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. 

http://en.wikipedia.org/wiki/Intrusive
http://en.wikipedia.org/wiki/Magma


201 

Red spots: Features characterized by steep flank slopes, high albedo similar to lunar highlands, and 

strong absorption in the ultraviolet have been identified on the nearside of the Moon (Whitaker, 1972).  

Because of this latter feature they appear spectrally red and therefore were termed ―red spots‖ (Wagner et 

al., 2010).  Detailed studies of these spectral anomalies show that red spots are located in a variety of 

geologic settings and commonly appear as domes, smooth plains units, and rugged highlands patches (Fig. 

3.66).  Their morphology suggests that these domes were created by much more viscous, silica-rich lava 

(Wagner et al., 2010), and some models show that Hansteen Alpha dome, the Gruithuisen Domes, and the 

Lassell massif have Th abundances that are consistent with evolved lunar lithologies such as lunar granites 

(Hagerty et al., 2006). 

 

 
FIGURE 3.64 3D representation of the geological setting of a laccolith.  The magma stays in subsurface, 

spreads laterally and cools slowly forming igneous rocks.  Note the surficial uplift creating a dome-shape 

on the surface, due to the emplacement of a laccolith beneath. 

  
FIGURE 3.65 Geological context of the Lassell red spot.  (a) Shaded relief map for the Lassell region.  (b) 

Clementine FeO map for the Lassell region. Note the low FeO concentrations of the massif and crater 

cluster.  (c) LP-GRS Th map for the Lassell region.  The Lassell massif and the crater cluster are outlined 

in black (from Hagerty et al., 2006). 

(c) 
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As no samples collected and returned from the Apollo and Luna landing sites match the red spots‘ 

spectral characteristics (Hiesinger and Head, 2006), retrieving rocks from at least the Hansteen Alpha 

dome, the Gruithuisen Domes, and the Lassell massif would provide new information about the full range 

of volcanic and crustal processes that could have occurred on the Moon. 

Massifs and plateaus 

Lunar massifs are thought to be blocks of crust that were tilted and uplifted by the shock of a major 

impact (Harland, 2008).  Plateaus are also uplifted crustal material whose origin still remains uncertain, 

although they appear connected with volcanic processes.  Both these features are of interest as they have 

unclear origins and could exposed thick and complex cross-sections through the upper crust. 

Figure 3.67 displays the location of recognized lunar massifs and plateaus: the Aristarchus Plateau, a 

rectangular elevated crustal block about 170×220 km that is surrounded by younger mare basalts from 

Oceanus Procellarum; the Marius Hills plateau, which encompass an area of approximately 35,000 km
2
 and 

rises several hundred meters from the surrounding plains of Oceanus Procellarum; and Kant plateau, 

smaller in size, near the Apollo 16 landing site.  Note that the massifs‘ locations presented in Fig. 3.67 are 

only those that have been recognized as such and named accordingly, although there are probably far more 

of them on the lunar surface; thus those sites should only be considered as examples of massifs and not as a 

comprehensive list. 

 

Sinuous rilles 

Sinuous rilles are long channel-like structures on the lunar surface that have been supposed to be related 

to basaltic lava flows because they are usually observed in the lunar maria which are filled with basaltic 

rocks (Honda and Fujimura, 2005).  Although rilles share many common characteristics, their basic 

parameters vary greatly, ranging from several kilometers in length and tens of meters in width and depth to 

 

FIGURE 3.66 Locations of the red spots identified by Hagerty et al. (2006). All of the lunar red spots are 

located within the Procellarum KREEP Terrane (cf. Science Goal 3a), which is demarcated by the dashed 

white line. Note that Apennine Bench Formation, although associated with large exposures of Th-rich 

lithologies, is not classified as a red spot. 

 

FIGURE 3.69 Locations of recognized lunar massifs and 

plateaus.  Background: LOLA topography. 
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100‘s of kilometers in length, over a kilometer in width, and hundreds of meters in depth (Chen et al., 

2008).  An illustration of sinuous rilles within the Aristarchus plateau is shown in Fig. 3.68.  Their apparent 

variability may provide information on the chemical variability of the lunar lavas, and depending on the 

source material depth, rilles may also provide information on crustal and even mantle thickness and 

variability.  However, even though the Apollo 15 mission was directed to Hadley Rille, no materials from 

the rilles themselves have been sampled by any missions. 

Requirements 

Here are outlined three main requirements to ensure adequate site selections for Science Goal 3d: 

I. Target sites that demonstrate the small-scale diversity of crustal materials both laterally and 

vertically. 

II. Target young exposures and outcrops which may provide a window into the complex crustal 

lithology of a particular locale (e.g., young crater walls, scarps, massifs, etc.). 

III. Target sites where instruments (e.g., heat flow sensors, seismometers, etc.) can be placed to 

provide constraints on geophysical models. 

Methodology 

1. Locate areas of gravity anomalies as possible locations where we could set a geophysical 

experiment. 

2. Locate areas of possible exposure of intrusive material to determine the size and extent of 

local features (plutons, laccolith, etc.). 

3. Compile maps of young features, including young craters walls, and young central peaks. 

4. Analyze high resolution spectral maps (Clementine RGB) to locate areas where craters have 

uncovered distinct lithology. 

5. Utilize massifs, plateaus and sinuous rilles (and other tectonic cliffs) maps to observe 

complex region for areas of visible layering and outcropping. 

 

 

FIGURE 3.68 The Aristarchus plateau (about 200 km across) contains numerous sinuous rilles, the most 

important being Schröter‘s Valley (center right), a rille that is about 160 km long, up to 11 km wide and 1 

km deep (Apollo 15 photo AS15-M-2610). 
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Suggested landing sites 

Suggested landing sites for geophysical experiments 

In terms of crustal thickness and gravity mapping, setting geophysical apparatus at the extreme points 

of crustal thickness could yield precious data about the interior of the lunar crust, as well as sampling and 

subsequent analysis of materials that are present at these sites.  Sampling, mapping, and setting up 

geophysical measurements (e.g., heat flow, seismic reflection) on the surface of the different types of 

gravity anomalies (Type I and II, primary mascons; cf. Fig. 3.69 and Table 3.11) appears necessary to 

provide further constraints on models and hypotheses that have been made by remote sensing means only.  

Additionally, comparison of the possibly visible stratigraphy on walls of similar size but different types of 

anomalies (e.g., primary mascon Humorum, Type I Mendeleev, Type II Mendel-Rydberg) could show 

layering differences that would better constrain crustal models.  

Recent work by Kiefer (2009, and personal comm.) shows that small-scale gravity anomalies can also 

be used to infer geologically complex regions.  For instance, two positive anomalies approximately 100 in 

size, located in the Marius Hill region, were interpreted as volcanic infiltration in the empty pore-space of 

the highland breccias.  Small-scale positive anomalies were also identified on the edge of the Aristarchus 

plateau, and may indicate major displacement along multiple faults.  These small-scale anomalies could be 

one of the best tools to assess the local complexity of the crust. 

TABLE 3.11 Classifications of major impact basins. PN, N, and I indicate Pre-Nectarian, Nectarian, and 

Imbrian, respectively; PM, I, II, and NM indicate primary mascon, Type I, Type II, and nonmascon basins, 

respectively (from Namiki et al., 2009 and Matsumoto et al., 2010). 

ID Basin name Center latitude Center longitude Diameter (km) Age Type 

-- Crisium 17.0 59.1 418 N PM 

-- Humorum -24.4 -38.6 389 N PM 

-- Imbrium 32.8 -15.6 1123 I PM 

-- Nectaris -15.2 35.5 333 N PM 

-- Serenitatis 28.0 17.5 707 N PM 

 
FIGURE 3.69 Locations of the different types of gravity anomalies (from Namiki et al., 2009 and 

Matsumoto et al., 2010). Background: LOLA topography. 
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-- Smythii 1.3 87.5 373 PN PM 

1 Planck -57.5 135.5 325 PN I 

2 Ingenii -34 163 325 PN I 

3 Lorentz 34 -97 365 PN I 

4 Dirichlet-Jackson 14 -158 470 PN I 

5 Mendeleev 6 141 365 N I 

6 Korolev -4.5 -157 440 N I 

7 Schrodinger -75 134 320 I I 

8 Apollo -36 -151 480 PN II 

9 Coulomb-Sarton 52 -123 530 PN II 

10 Freundlich-Sharanov 18 175 600 PN II 

11 Moscovience 26 148 420 N II 

12 Mendel-Rydberg -50 -94 420 N II 

13 Hertzsprung 1.5 -128.5 570 N II 

14 Humboldtianum 61 84 700 N II 

15 Orientale -20 -95 930 I II 

16 Birkoff 59 -147 330 PN NM 

17 Poincare -57.5 162 340 PN NM 

18 Keeler-Heaviside -10 162 780 PN NM 

19 Australe -51.5 94.5 880 PN NM 

 

Suggested landing sites for intrusive features 

Intrusive features are difficult to locate with remote sensing data, especially since high resolution 

gravity and spectroscopy data (which could be used to spot small scale features) have not yet been publicly 

released.  Figure 3.70 presents probable locations of intrusive material exposures, namely plutons, 

laccoliths, and intrusive domes that have been reported in the literature. 
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Wohler et al. (2009, 2010) studied 13 candidate lunar intrusive domes (Table 3.12 and associated Fig. 

3.70), which have been divided into three distinct morphometric classes, using a laccolith model to estimate 

the intrusion depth and the magma pressure.  In-situ measurements of the internal geometric and magma 

properties of lunar laccoliths would provide very strong constraints on these models. 

TABLE 3.12 List of the intrusive features that have been proposed in the literature.  

Feature name 
Feature 

type 
Latitude Longitude 

Diameter 

(km) 
References 

Bulliadus pluton -20.70 -22.20 60 Pieters et al., 1991 

Copernicus pluton 9.70 -20.10 93 Pieters et al., 1991 

Tycho pluton -43.40 -11.10 102 
Pieters et al., 1991; 

Tompkins, 1998 

Aristarchus pluton 23.70 -47.40 40 Pieters et al., 1991 

Jackson pluton 22.40 -163.10 71 Tompkins, 1998 

King pluton 5.00 120.50 76 Tompkins, 1998 

Langmuir pluton -36.20 -128.73 91 Tompkins, 1998 

Orlov pluton -26.13 -175.37 81 Tompkins, 1998 

Ohm pluton 18.40 -11.50 64 Tompkins, 1998 

Stevinus pluton -32.5 54.20 74 Tompkins, 1998 

Taruntius laccolith 5.60 46.50 56 
Wichman and Schultz, 

1996 

Grimaldi 1 
intrusive 

dome 
-4.45 -68.62 36x24 Wohler et al., 2010 

Aristillus 1 
intrusive 

dome 
33.28 5.67 54x35 Wohler et al., 2010 

Gambert 
intrusive 

dome 
-0.75 -14.84 30 Wohler et al., 2009 

 
FIGURE 3.70 Map of the locations where intrusive features have been proposed in the literature. These are 

listed in associated Table 3.12. Background: LOLA topography. 
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Feature name 
Feature 

type 
Latitude Longitude 

Diameter 

(km) 
References 

Valentine dome 
intrusive 

dome 
30.7 10.2 30 Wohler et al., 2009 

Milichius 
intrusive 

dome 
11.68 -31.53 27.8 Wohler et al., 2009 

Archytas 
intrusive 

dome 
55.71 0.71 33 Wohler et al., 2009 

Archytas 
intrusive 

dome 
55.71 1.05 16 Wohler et al., 2009 

Rima Cauchy 
intrusive 

dome 
11.06 36.75 12.2 Wohler et al., 2009 

Palmieri 
intrusive 

dome 
-26.63 -47.88 13.5 Wohler et al., 2009 

Promontorium 

Laplace in Sinus 

Iridum 

intrusive 

dome 
47.08 -29.16 10 Wohler et al., 2009 

Smaller dome close 

to Valentine dome 

intrusive 

dome 
31.89 10.26 11 Wohler et al., 2009 

Central Mare 

Tranquillitatis plains 

intrusive 

dome 
7.06 34.66 13.3 Wohler et al., 2009 

Rupes Cauchy 
intrusive 

dome 
10 35.19 19.2 Wohler et al., 2009 

 

Suggested landing sites for fresh outcrops  

Sites that contain scarps or large massifs could reveal lithological layering, possibly exposing bedrock.  

Similarly, fresh crater walls or fresh crater central peaks in particular may provide an insight into the depth 

and extent of such features, as they have not been altered or covered by layers of regolith.  Using the Lunar 

Impact Crater Database, Copernican and Eratosthenian craters with well-preserved central peaks and 

Copernican craters walls have been mapped as potential interesting sites.  Figure 3.71 provides a combined 

map of all these young features with the plateaus and massif identified in the literature (cf. Fig. 3.67). 
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Suggested landing sites for the entire Science Goal 3d 

Figure 3.72 presents all the features of interest for addressing Science Goal 3d.  Sites that present large 

vertical exposures and show diversity in the Clementine RGB maps are prioritized (e.g., Copernicus, 

Aristarchus [Fig. 3.73], etc.).  Plutonic intrusions are of great interest, but since their detection are based on 

Clementine low-resolution multispectral mode data, these detections should be confirmed with new high-

resolution spectral imagers, such as M
3
 on Chandrayaan 1, or SP on Kaguya. 

A compiled list of all the suggested landing sites to address Science Goal 3d can be found in Table 

A3.10. 

 

 
FIGURE 3.71 Locations of fresh outcrops (central peaks or walls of craters) and other complex outcrops 

(plateaus and massifs) where the crustal material should be exposed on a certain height, and allow 

estimates of the upper crust complexity on a layer scale.  Background: LOLA topography. 
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FIGURE 3.72 Integrated map of all the features of interest for addressing Science Goal 3d.  Background: 

LOLA topography. 

 
FIGURE 3.73 Clementine observations of Copernicus Crater (diameter = 93 km).  Left: 750 nm filter 

grayscale image, right: Clementine RGB composite, showing composition variations between the 

northwestern wall of Copernicus and the other walls (note that they appear similar on the grayscale image).  

Copernicus is therefore a good example of the complexity of the lunar crust at a local scale. 
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SCIENCE GOAL 3E: DETERMINE THE VERTICAL EXTENT AND STRUCTURE OF THE 

MEGAREGOLITH 

Introduction 

The lunar megaregolith is thought to be the product of the relatively short-lived Late Heavy 

Bombardment (LHB), or lunar cataclysm, early on in the moon‘s geological history (Hartmann, 1973).  The 

large impacts responsible for the formation of the lunar basins would have excavated, mixed and fractured 

the lunar surface to a potential depth of several kilometers.  This layer of the crust has been defined by 

several researchers as the highly fragmented layer, composed of basin ejecta, that is directly above the 

fractured bedrock (Figs. 3.74 and 3.61).  Later, smaller meteoroid impacts (post-LHB) would have 

pulverized and mixed the very top layer of the crust (the regolith) but would have had a negligible effect on 

the overall structure of the megaregolith (Hartmann, 1973; Head, 1976).  The evolution of surface regolith 

is addressed in Science Concept 7. 

A more thorough understanding of the megaregolith is critical for various reasons: 

It will provide information about the existence and extent of the Late Heavy Bombardment.  The 

megaregolith is thought to be a direct consequence of the basin formation impact events.  Measurements of 

its absolute thickness at various locations on the Moon could provide key information on the occurrence 

and intensity of the LHB.  Also, understanding megaregolith evolution as a process that can bias sampling 

could indicate if the spike of ages seen in the Apollo and meteorite samples corresponds to the LHB or is 

simply a result of sampling bias (Chapman, 2007).  The notion of the LHB is in part derived from that age 

spike (Tera et al., 1974). 

 

 
FIGURE 3.74 Schematic cross-section illustrating the effects of large-scale cratering on the upper lunar 

crust.  The megaregolith layer extendds from the upper finer-grained regolith downward to the top of the 

fractured, in-situ crust, with an estimated thickness of tens of kilometers.  Seismic velocities are from 

Töksoz et al,. (1973).  Figure modified slightly from Hörz et al., (1991; Lunar Surface Processes, in The 

Lunar Sourcebook, pp.62-120). 
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It will allow better understanding of megaregolith formation and evolution on other terrestrial bodies 

and on the early Earth.  Megaregolith formation and evolution is not a process unique to the Moon.  A 

highly fractured top surface layer will occur on any planetary object subjected to impact cratering, as long 

as no other geologic processes recycle the top layer (as plate tectonics on Earth).  However, the lunar 

megaregolith is unique in the sense that it has been preserved intact for most of the Moon‘s geological 

history. 

It will provide means to better analyze the current (and potentially, future) seismic data and, in turn, 

provide a better understanding of the subsurface structure of the Moon.  The seismic data collected by the 

four Apollo seismometers is significantly affected by the megaregolith layer.  The large number of ‗seismic 

boundaries‘ in the layer (e.g., contacts between different ejecta components) act as seismic refractors and 

reflectors and are responsible for noise in the resulting signal (Latham, 1972).  A better understanding of 

the megaregolith and its effects on seismic waves is essential to fully comprehend and benefit from the 

Apollo and future seismic data. 

It will provide important constraints on the thermal evolution of the Moon.  The porous megaregolith 

layer acts as a thick insulating blanket and could have significantly slowed down the Moon‘s cooling.  The 

variable thickness of the megaregolith could potentially explain the difference in heat flow between Apollo 

station 15 and 17 (Warren, 1987).  Also, the presence of the megaregolith layer could have kept the Moon‘s 

interior hot enough to explain very young volcanism on the Near Side basins (e.g., Ziethe, 2009).  Absolute 

values of vertical extent and information on the structure of the megaregolith would provide important 

constraints for thermal evolution models. 

Background 

The first evidence of a highly fractured surface layer came from seismic data collected during the 

Apollo Passive Seismic Experiment (1969–1977). The data showed intense scattering that is not 

characteristic of coherent crystalline rock in the upper 2–3 km, and especially in the upper 100 m or so 

(Latham, 1972).  This intense scattering is represented in the seismic data by a very long-lived quake signal 

that is atypical of terrestrial earthquake recordings (Fig. 3.75).  However, the quality of the seismic dataset 

has not yet allowed for a precise measurement of the megaregolith thickness. 

Short and Forman (1972) used an empirical model estimating ejecta blanket thickness as a function of 

the distance to the center of an impact crater to estimate an average thickness of the megaregolith.  Their 

results suggest a thickness ranging between 0.74 and 8.00 km, with best estimate values between 1.36 and 

2.39 km.  Hartmann (1973) used models of the rate of pre-mare regolith production to calculate that the 

thickness of the megaregolith under the oldest highlands regions should be of the order 2 km, while the 

mare could have hundreds of meters of regolith between the surface and the bottom of the mare.  He 

estimated that the thickness of the sub-surface regolith in the maria probably depends on the timing of the 

last flow (e.g., Oceanus Procellarum has a larger mean megaregolith thickness than Imbrium, which has a 

younger surface).   Other researchers have also attempted to constrain the thickness of the megaregolith, 

with results ranging between a few hundred meters to around 11km (McGetchin, 1973; Pike, 1974; Hörz et 

al., 1976; Housen, 1983; Petro and Pieters, 2004; Petro and Pieters 2008). 
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Another approach is to estimate upper and lower boundaries of megaregolith thickness by analyzing 

radar and optical data (e.g., Shkuratov, 2001; Thomson, 2009).  Thomson et al., (1974, 1979, 1980) 

calculated a megaregolith thickness of 1.2 km in the highlands directly south of the major near side basins 

based on radar and infrared temperature maps.   Such images can differentiate between ejecta made up of 

large-sized boulders (radar-bright, where the large blocks are assumed to come from the underlying 

bedrock) from ejecta made up of the more fine-grained material component of the megaregolith (less 

bright; see Fig. 3.76 for an example).  The transition between the two types of ejecta occurs at a crater 

diameter of approximately 12 km (which is equivalent to 1.2 km excavation depth based on Pike 1977, 

1980).  Thomson et al., 2009 used 70-cm-wavelength radar images of the Moon to detect an increase in the 

megaregolith thickness of about 1 km from directly south of Mare Humorum to close to the South Pole 

(Fig. 3.76). 

All available estimates on the thickness of the megaregolith layer are based either on models of 

cratering processes or on orbital data.  Current estimates are 1-2 km for the near side mare region, 5-10 km 

for the highlands and 1-2 km for the South Pole-Aitken region.  The thickest megaregolith should be found 

at the margins of the major basins, because this is where most ejecta was deposited (Mcgetchin, 1973).  

High-quality absolute thickness measurements at several locations on the lunar surface is essential to 

validate, previous estimates and to constrain geophysical models of the Moon‘s evolution.  The next 

sections outline target sites requirements for such measurements and suggest landing sites based on those 

requirements and on the currently available lunar datasets. 

 

 
FIGURE 3.75 Comparison between a good quality moonquake (a) and a typical earthquake signal (b), with 

phase arrival examples.  Note how only the P- and S-phases are visible on the moonquake signal.  All other 

phases are lost in the noisy coda.  Also, the duration of the moonquake signal is much longer (>40 minutes) 

than the duration of the typical earthquake (~40 seconds).  This long coda is suggested to be a consequence 

of a thick, fractured surface layer. 
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Requirements 

Two requirements were identified in order to achieve Science Goal 3e: 

I. Target sites that will allow for in situ visual and/or geophysical measurement of the extent and 

structure of the megaregolith. 

II. Target enough sites to collect measurements from the three main regions of the Moon 

(Nearside Mare, Highlands, South Pole-Aitken). 

Methodology 

Four different approaches to identify landing sites that satisfy the above requirements have been 

identified, and are described below. 

Installation of a seismometer network on the lunar surface 

It is suggested to install a global network of seismometers in order to get precise measurements of the 

absolute thickness of the megaregolith layer at various locations on the Moon. 

However, even with good seismic data, it might be difficult to differentiate between the thickness of the 

megaregolith layer and the extent of the thicker layer that includes the megaregolith and the fractured crust 

(refer to Fig. 3.74) as both layers act as strongly scattering structures. 

We will not identify the best locations for those geophysical stations here; other missions that are 

currently under study deal specifically with those issues (e.g., NASA‘s International Lunar Network
1
). 

However, we recommended installing seismometers over at least the three main geochemical regions of the 

Moon: the nearside mare region, the highlands, and the South Pole-Aitken. 

                                                 
1
 For more information: http://science.nasa.gov/missions/iln/. 

 

FIGURE 3.76 Southern highlands, 70 cm radar view. Image area is 5˚W-56˚E, 24-70˚S in sinusoidal 

equal-area map projection. This is an example of a potentially increasing megaregolith thickness toward 

the south of the image.  There is a lack of bright haloes centered on around larger craters in the South, 

contrarily to the North. This is explained by the fact that same-sized impacts in the North extruded coarser 

material (bedrock) than in the South (finer grained megaregolith material). (From Thomson et al., 2009). 

http://science.nasa.gov/missions/iln/


214 

Investigation of the central peaks of young and fresh complex craters that have an estimated stratigraphic 

uplift greater than the estimated megaregolith thickness 

The central peak of complex craters is composed of material that comes from deep below the center of 

the crater (Fig. 3.77).  The magnitude of the structural uplift can be estimated using the empirical relation 

derived by Cintala and Grieve (1998): 

 us = 0.022D
1.45

       (3.7)  

where D is the rim diameter in kilometers and us is the estimated structural uplift beneath the central peak 

in kilometers.  By targeting deep craters for which the estimated structural uplift is greater than the 

estimated megaregolith thickness (1–2 km for maria, 5–10 km for highlands, 1–2 km for SPA), it should be 

possible to investigate and characterize the structure and composition of deeper levels of the megaregolith.  

This information could be used along with other measurements (e.g., seismic data) to obtain a more 

accurate megaregolith thickness. 

To be selected, a complex crater has to fit several criteria: 

1. Its age has to be either Copernican, Eratosthenian or Upper Imbrian.  

 The megaregolith is a product of basin forming impacts.  Only craters that formed after the 

last basin (Orientale) can constrain the layer‘s overall thickness. 

 The younger the crater, the fresher the central peak and the thinner the surficial regolith 

layer (this might matter for central peaks with gentler slopes). 

2. It‘s estimated central peak structural uplift must be at least 5 km more than the maximum 

estimated megaregolith thickness in a given region.  This is approximately 7 km in the Nearside 

Mare region and SPA (equivalent to a crater diameter of approximately 53 km), and at least 15 

km in the highlands (equivalent to a crater diameter of approximately 90 km). 

 Only craters with the potential to uplift material from below the base of the megaregolith 

layer should be targeted. 

 The value of +5 km is somewhat arbitrary, based on both the uncertainty of the thickness 

estimates and on the uncertainty of the stratigraphic uplift equation. 

3. The central peak must be visible on an elevation profile made with the LOLA altimetry data (64 

pixels per degree resolution). 

Only craters from the Lunar Impact Crater Database were examined here, although other craters that satisfy 

the criteria above could also be targeted. 
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Geological mapping of the walls or peak rings of the youngest multi-ring basins 

Multi-ring basins are the largest structures on the Moon.  The mechanisms of basin formation, as well 

as their final lateral and vertical structures are poorly understood.  However, analysis of seismic and gravity 

data from the Chicxulub crater on Earth (best terrestrial multi-ring basin analog) suggests that the peak 

rings are made of brecciated and altered central peak material (Morgan et al., 2000).  Also, spectral analysis 

of the peak rings of Orientale, the youngest lunar basin, suggests they are composed of material coming 

from deep (Bussey and Spudis, 2000), hinting to a structural uplift similar to the one occurring in the 

central peak of complex craters (Fig. 3.77).  Thus, an investigation of the peak ring composition and 

structure of multi-ring basins might yield information concerning the megaregolith properties, as would an 

investigation of the central peaks of large craters.  Also, the final depth of some the largest basins could 

actually be deep enough to penetrate through the megaregolith layer and show the total extent of the layer, 

along with the top of the fractured crust layer, on the basin walls. 

It is suggested that a geological map of the basins‘ walls and peak rings would be a useful way to 

determine the thickness and structure of the megaregolith.  However, because the megaregolith is a product 

of the basin forming impact events, only the youngest basins in a particular region should be targeted.  

To be selected, a multi-ring basin must fit the following criteria: 

1. It has to be relatively young. 

 Because most of the megaregolith material is thought to be ejecta from the basin forming 

events, only the latest basin will have impacted a mature megaregolith. 

 Young basins will be less likely to be covered in ejecta from other impact events. 

2. It has to have well-defined features that have undergone minimal erosion due to subsequent 

impacts. 

 

FIGURE 3.77 Schematic cross-section of complex and basin impact structures.  us corresponds to the 

structural uplift, which is in the central peak for the complex crater and in the peak ring for the basin.  

(Image is modified from Fig. 3.10) 
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 Even the youngest basins are more than 3.8 Ga (Wilhelms, 1987).  However, walls and 

rings of some basins are large and prominent and have not been altered to a great extent 

with time (e.g. Orientale basin). 

Geological mapping of the walls of deep Copernican craters  

The final depth of some very young craters (Copernican, with well-preserved features) is larger than the 

minimum estimate of megaregolith thickness over a particular region.  Those sites are of interest as the 

craters‘ walls might directly show the transition between the megaregolith and the in-situ fractured crust. 

The apparent depth of all craters in the Lunar Impact Crater Database was calculated using the LOLA 

64 ppd grid.  The depth was simply the difference between the highest and the lowest points in a circle 

centered on the crater and with a radius of 1.25 times the radius of the crater. 

To be selected, a young and deep crater has to fit several criteria: 

1. It has to be Copernican in age. 

2. Its apparent depth need to be larger then the minimum megaregolith thickness estimate for the region 

where it is located (1 km for the mare region and SPAT and 5 km for the highlands). 

Suggested landing sites 

Investigation of the central peaks of young and fresh complex craters that have an estimated stratigraphic 

uplift greater than the estimated megaregolith thickness 

Twenty six complex craters satisfied all the criteria and requirements from the above sections.  These 

are presented in Fig. 3.78 below.  The figure also shows non-labeled craters for which the uplift is more 

than the estimated megaregolith thickness, but not within the uncertainty of +5 km that we use as a 

requirement. 

 

 

 

FIGURE 3.78 Spatial distribution of all 26 complex craters selected for Science Goal 3e. The yellow craters 

are Copernican in age, the red ones are Eratosthenian and the blue ones are Upper Imbrian. The non-labeled 

features are craters for which the structural uplift is more than the estimated megaregolith thickness, but not 

more than the +5km uncertainty. A table listing the coordinates, diameter, age and magnitude of 

stratigraphic uplift for all these craters can be found in Table A3.11.  Background is global 750 nm albedo 

Clementine map. 
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Geological mapping of the walls or peak rings of the youngest multi-ring basins 

We select only well-defined basins that are younger than the large Imbrium impact structure.  Imbrium 

is the second largest impact basin, after South Pole-Aitken, and near side ejecta originating from the 

Imbrium impact has been estimated to be hundreds of meters thick (McGetchin 1973; Petro and Pieters, 

2008).  Figure 3.79 shows the location of all major basin structures identified by Wilhelms (1987).  The 

number in brackets below the basin names indicate the relative ages (0 is oldest, 42 is youngest).  Other 

large surface features have been proposed to be basins, but those features are ill defined and would not be 

part of our selection even if they become confirmed basins.  Only two basins are younger than Imbrium: 

Schrödinger and Orientale.  Those two basins have well-defined walls and peak rings and are thus selected 

among our final recommended landing sites. 

Geological mapping of the walls of deep Copernican craters 

Figure 3.80 shows the craters that satisfy the criteria detailed in the previous section.  Interestingly, 

some of those craters were also selected as craters for which the stratigraphic uplift in the central peak was 

greater than the estimated megaregolith thickness (Aristillus, Copernicus and Taruntius in the nearside 

mare region; Bel‘kovich K, Carpenter, Rutherfurd, Tycho and Zucchius in the highlands; O‘Day in the 

South Pole-Aitken Region). 

 

FIGURE 3.79 Spatial distribution of the large impact structures identified as basin by Wilhelms (1987).  

The numbers in brackets indicate their relative ages, with 0 being the oldest, and 42 the youngest. Orientale 

and Schrödinger basins are identified in yellow.  Those two are the suggested landing sites where 

geological mapping of the walls and peak rings might yield information about the megaregolith properties.  

Background is global 750 nm albedo Clementine map. 
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SUGGESTED LANDING SITES AND CASE STUDIES 

This section focuses on some specific landing sites which would maximize the science return relevant 

to multiple goals within Science Concept 3.  

Landing Site Database 

After thorough analysis of Science Concept 3 Science Goals, we have assembled an extensive list of 

possible lunar landing sites where those goals can be achieved.  The preferred locations are listed in Table 

3.13, outlining the top fourteen choices for sample return, along with the latitude, longitude, diameter, and 

geochemical terrane.  These areas were chosen to obtain a wide array of samples, adhering to the following 

criteria: 

 Geochemical Diversity: Select representative sites from each of the three geochemical 

terranes; i.e. the Procellarum KREEP Terrane (PKT), the South Pole-Aitken Terrane (SPAT), 

and the Feldspathic Highlands Terrane (FHT). 

 Geographical Diversity: Select sites that are geographically distributed on the lunar surface, 

as many crustal features vary from the nearside to farside (e.g., crustal thickness, mare 

flooding). 

 Chronological Diversity: Select sites of various chronologic and stratigraphic ages. 

 Lithological Diversity: Select sites that may sample a large variety of rock types, to help 

complete the lunar sample collection. 

A comprehensive list of landing sites from each Science Goal is presented in Table A3.13. 

 

FIGURE 3.80 Spatial distribution of young craters that potentially show the transition between the 

megaregolith layer and the underlying fractured crust.  It is proposed that a geological map of the walls of 

those craters will yield information of the megaregolith properties.  All the craters are Copernican in age. 

The yellow and blue ones have a final depth greater than 1 km (minimum estimate for megaregolith 

thickness in the nearside mare and South Pole-Aitken regions.  The red ones have depth greater than 5 km 

(minimum estimate for megaregolith thickness in the highlands).  The craters coordinates and apparent 

depths are listed in Table A3.12.  Background is global 750 nm albedo Clementine map. 
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TABLE 3.13 List of some preferred landing sites, providing a diverse range of samples. 

ID Crater Name Lat (˚) Long (˚) Diameter (km) Region 

1 Antoniadi -69.7 -172.0 143.0 SPAT 

2 Aristarchus 23.70 -47.40 40.00 PKT 

3 Birkeland -30.20 173.90 82.00 SPAT 

4 Copernicus 9.70 -20.10 93.00 PKT 

5 Finsen -42.00 -177.90 72.00 SPAT 

6 Jackson 22.4 -163.1 71.0 FHTa 

7 King 5.00 120.50 76.00 FHTa 

8 Moscoviense 26.0 148.0 445.0 FHTa 

9 Orientale -19.0 -95.0 930.0 FHTo 

10 Schrödinger -75.00 132.40 312.00 SPAT 

11 Theophilus -11.40 26.40 110.00 FHTo 

12 Tsiolkovsky -21.2 128.9 185.0 FHTa 

13 Tycho -43.4 -11.1 102.0 FHTo 

14 Vavilov -0.80 -137.90 98.00 FHTa 

 

Outlined below are the preferred 14 landing sites that could help in achieving three or more of the 

science Goals within Science Concept 3.  Science Goal 3b can be assessed in any of these sites as they 

expose different rock types, and are all craters where different types of breccias could be sampled.  But 

Science Goal 3b might be more completed in sites containing pyroclastics or mare materials.  Within the 

brackets following the feature name are listed in order the center latitude, center longitude, final rim-to-rim 

diameter in km, the age described in terms of chronostratigraphy, and the geochemical terrane 

encompassing the feature; the sites are listed in alphabetical order. 

 

 
FIGURE 3.81 Map depicting the preferred 14 landing sites for Science Concept 3. Craters are numbered in 

alphabetical order, corresponding to Table 3.13.  Background image: Clementine albedo map. 
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Antoniadi (69.7°S, 172°W, 143km, Upper Imbrian, SPAT) 

Landing at Antoniadi crater and collecting samples would satisfy Science Goals 3a, b, c, and e.  For 

Science Goal 3a, this site could be used for sampling the urKREEP layer and possibly mantle material (the 

crater‘s proximity to the crust-mantle boundary is within the -5km error bar).  Considering Science Goal 

3c, the lower crust can be sampled in the ejecta blanket and the lower crust and mantle can be sampled in 

central peak.  For Science Goal 3e, the structural uplift in central peak might show the transition between 

megaregolith and fractured crustal bedrock. 

Aristarchus crater (23.7°N, 47.4°W, 40km, Copernican, PKT) 

Landing at Aristarchus crater and collecting samples would satisfy Science Goals 3a, b, d, and e.  For 

3a and 3b, it might be possible to sample pure anorthosite (PAN), H5 highland type material and KREEP-

rich material at this site.  In terms of Science Goal 3b specifically, it may be possible to sample M2, M3, 

the youngest mare type materials, and pyroclastic deposits on and around the plateau, but not inside the 

crater.  The location of this crater on the edge of the geologically diverse Aristarchus plateau and the 

presence of a young central peak make it an interesting target to study regional and local complexity of the 

crust relevant to Science Goal 3d.  In addition, there might be possible exposures of plutons/intrusive 

material in the central peak of Aristarchus crater.  For Science Goal 3e, the transition between megaregolith 

and fractured crustal bedrock might be visible in the walls of this young crater.  Please refer to the 

Aristarchus case study in section 3.9.2 for a more detailed overview. 

Birkeland (30.2°S, 173.9°E, 82km, Eratosthenian, SPAT) 

Landing at Birkeland crater and collecting samples would satisfy Science Goals 3a, b, c, d, and e.  This 

site would be useful for Science Goal 3b since we might be able to sample M5 mare type here.  For Science 

Goal 3a and c, lower crustal material can be sampled in the central peak of this crater. Birkeland has a 

young central peak which is a good landing site for 3d.  For Science Goal 3e, the structural uplift in the 

central peak might show the transition between megaregolith and fractured crustal bedrock. Birkeland 

would be a representative crater of the SPAT. 

Copernicus (9.7°N, 20.1°W, 93km, Copernican, PKT) 

Landing at Copernicus crater and collecting samples would satisfy Science Goals 3a, b, d, and e.  It 

would be useful for Science Goal 3a since we could sample KREEP-rich material and H4 highland-type 

material here.  For Science Goal 3b, there may be cryptomare in the ejecta blanket that could be sampled.  

The possible exposures of plutons/intrusive material in the young central peak and the spectral complexity 

based on Clementine UVVIS ratio maps and recent olivine detections make the Copernicus crater a very 

attractive target for Science Goal 3d.  For 3e, the structural uplift in central peak might show the transition 

between megaregolith and fractured crustal bedrock. 

Finsen (42°S, 177.9°W, 72km, Eratosthenian, SPAT) 

Landing at Finsen crater and collecting samples would satisfy Science Goals b, c, d, and e.  For Science 

Goal 3b, M5 mare type might be sampled at this site.  The site is good for fulfilling Science Goal 3c since it 

might be possible to sample lower crust material in the central peak of the crater. Finsen has a young 

central peak which is a good landing site for 3d.  Considering Science Goal 3e, structural uplift in the 

central peak might show the transition between megaregolith and fractured crustal bedrock.  In addition, 

Finsen would also be a representative crater from the SPAT. 

Jackson (22.4°N, 163.1°W, 71km, Copernican, FHTa) 

Landing at Jackson crater and collecting samples would satisfy Science Goals 3a, b, d, and e.  The site 

is good for Science Goal 3a since it might be possible to sample primary feldspathic crust here.  Pure 

anorthosite (PAN) can also be sampled at this site, which is relevant for both Science Goals 3a and 3b.  For 

Science Goal 3d, there might be possible exposures of plutons/intrusive material in the young central peak.  

For Science Goal 3e, the structural uplift in central peak might show the transition between megaregolith 

and fractured crustal bedrock.  Please refer to the Jackson case study in section 3.9.2 for a more detailed 

overview. 
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King (5°N, 120.5°E, 76km, Copernican, FHTa) 

Landing at King crater and collecting samples would satisfy Science Goals 3a, b, d, and e.  The site 

satisfies Science Goals 3a and 3b since it might be possible to sample pure anorthosite (PAN) here.  In 

terms of Science Goal 3d, there might be possible exposures of plutons/intrusive material in the young 

central peak and/or in the walls of the surrounding massifs.  For Science Goal 3e, the structural uplift in 

central peak might show the transition between megaregolith and fractured crustal bedrock.  

Moscoviense (26°N, 148°E, 445km, Nectarian, FHTa) 

Landing at Moscoviense and collecting samples would satisfy Science Goals 3a, b, c, and d.  The site 

would be useful for fulfilling Science Goal 3a since mantle material can be sampled in the peak rings and 

the region shows a weaker Th signature than expected and could thus be used to test the global nature of 

the KREEP layer.  Considering Science Goal 3b, the site is interesting since it could be used for sampling 

M4 mare type, mare of different ages, pyroclastic deposits, and the newly detected spinel lithology.  For 

Science Goal 3c, lower crust and mantle material can be sampled in the peak rings.  Multiple olivine 

detections in and around the peak rings of Moscoviense could confirm that mantle material is exposed 

there.  In terms of Science Goal 3d, the region is a Type II gravity anomaly and is close to an area with the 

thinnest crust according to the recent Kaguya results.  Thus, this location could be one of the potential sites 

for setting up geophysical instruments like seismometers. 

Orientale (19°S, 95°W, 930km, Lower Imbrian, FHTo) 

Landing at Orientale and collecting samples would satisfy Science Goals 3a, b, c, d, and e.  The site 

would be useful for fulfilling Science Goal 3a since it might be possible to sample pure anorthosite (PAN) 

here and mantle material in the peak rings.  Another factor that makes the site relevant for Science Goal 3a 

is that the region shows a weaker Th signature than expected and could thus be used to test the global 

nature of the KREEP layer.  For Science Goal 3b, pyroclastic deposits, and the old mare within the basin 

might be sampled.  The presence of dark-haloed craters may also be indicative of the presence of 

cryptomare.  Considering Science Goal 3c, lower crust can be sampled in the ejecta blanket and lower crust 

and mantle should be present in the peak rings of the crater.  In terms of Science Goal 3d, the region is a 

Type II gravity anomaly and could thus be one of the potential sites for setting up geophysical instruments 

like seismometers.  For Science Goal 3e, since Orientale is a young basin, its walls and peak rings might 

yield some information about the extent and structure of the megaregolith. 

Schrödinger (75°S, 132.4°E, 312km, Lower Imbrian, SPAT) 

Landing at Schrödinger crater and collecting samples would satisfy Science Goals 3a, b, c, d, and e.  

For Science Goal 3a, pure anorthosite (PAN) and mantle material can be sampled, and the region shows a 

weaker Th signature than expected and could thus be used to test the global nature of the KREEP layer.  

The site would be useful for fulfilling Science Goal 3b since it could be used for sampling pyroclastic 

deposits.  Considering the relevance of the site for Science Goal 3c, lower crust and mantle material can be 

sampled in the peak rings, recent olivine detections there should be a good indicator of their presence.  In 

terms of Science Goal 3d, the region is a Type I gravity anomaly and could thus be one of the potential 

sites for setting up geophysical instruments like seismometers.  For Science Goal 3e, since Schrödinger is a 

young basin, its walls and peak rings might yield some information about the extent and structure of the 

megaregolith.  Please refer to the Schrödinger case study in section 3.9.2 for a more detailed overview. 

Theophilus (11.4°S, 26.4°E, 110km, Eratosthenian, FHTo) 

Landing at Theophilus crater and collecting samples would satisfy Science Goals 3a, b, d, and e.  For 

Goals 3A and 3B, pure anorthosite (PAN) can be sampled here.  Theophilus could also potentially fulfill 

Science Goal 3c: lower crust might or might not be sampled in the central peak of the crater, as the 

proximity value for Theophilus is in the error bar. Recent olivine detections by Yamamoto et al. (2010) 

might also indicate the presence of a pluton in the young central peak, what could be interesting for Science 

Goal 3d.  In terms of Science Goal 3e, the structural uplift in central peak might show the transition 

between megaregolith and fractured crustal bedrock.  
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Tsiolkovsky (21.2°S, 128.9°E, 185km, Upper Imbrian, FHTa) 

Landing at Tsiolkovsky crater and collecting samples would satisfy Science Goals 3a, b, and e.  

Considering Science Goal 3a, pure anorthosite (PAN) can be sampled in the crater.  The site will be useful 

for fulfilling Science Goal 3b since it might be possible to sample cryptomare in the ejecta blanket.  For 

Science Goal 3e, the structural uplift in central peak might show the transition between megaregolith and 

fractured crustal bedrock.  

Tycho (43.4°S, 11.1°W, 102km, Copernican, FHTo): 

Landing at Tycho crater and collecting samples would satisfy Science Goals 3a, b, d, and e.  The site 

will be useful for fulfilling both Science Goals 3a and 3b since it might be possible to sample pure 

anorthosite (PAN) here.  The possible exposures of plutons/intrusive material in the young central peak 

make it an attractive target for fulfilling Science Goal 3d.  For Science Goal 3e, the structural uplift in 

central peak might show the transition between megaregolith and fractured crustal bedrock. 

Vavilov (0.8°S, 137.9°W, 98km, Copernican, FHTa) 

Landing at Vavilov crater (on the margin of Hertzsprung basin) and collecting samples would satisfy 

Science Goals 3a, b, d, and e.  The site is good for fulfilling both Science Goals 3a and 3b since it might be 

possible to sample representative highland rocks (H1 type), and PAN (pure anorthosite).  Considering 

Science Goal 3d, the crater is on the rim of a Type II gravity anomaly and could thus be one of the potential 

sites for setting up geophysical instruments like seismometers.  This is also a young crater with fresh 

exposures in its central peaks and walls.  For Science Goal 3e, the structural uplift in central peak might 

show the transition between megaregolith and fractured crustal bedrock. 

Case Studies 

Aristarchus crater (23.7°N, 47.4°W, 40 km, Copernican, PKT) 

The Aristarchus crater and nearby plateau are interesting sites for investigating the diversity of crustal 

rocks, showing an incredibly complex mixture of features and lithologies.  The Aristarchus region has been 

studied in much detail in previous literature (e.g., McEwen et al., 1994; Le Mouélic et al., 2000; Chevrel et 

al., 2009).  Being a young Copernican crater, the morphologic features of Aristarchus such as its walls, 

central peak and ejecta blanket have undergone very little erosion and the crater thus provides a fresh 

glimpse into the surrounding PKT region.  The preserved details are apparent in recent LROC imagery, 

displaying vivid layered stratigraphy within the central peak.  

The location within the nearside mare allows for sampling of a diversity of crustal rocks, including key 

highland and mare types.  Specifically, Aristarchus penetrates into H5 highland type terrain, and is 

surrounded by a variety of mare types, including M2, M3 and youngest mare.  These layers could 

potentially all be viewed in the central peak, provided there is no substantial erosion or weathering. Figure 

3.82 shows a true color image of the central peak of Aristarchus crater from the Lunar Reconnaissance 

Orbiter Camera.  This image distinctly shows layering of multiple rock types.  If landing within the crater, 

samples of the different rock types from debris that have eroded out of the central peak could be collected.  

In addition, Ohtake et al., 2009 have claimed evidence of pure anorthosite (PAN) within the central peak of 

Aristarchus. Collecting samples of the bright material from the central peak would provide ground truth to 

test the results of the spectral analysis. 

Olivine-rich exposures were recently detected in a concentric region around Aristarchus crater 

(Yamamoto et al., 2010).  Analysis of data from the M
3 

instrument onboard Chandrayaan-1, shows the 

southern half of the crater to be clearly enriched in olivine and the northern half to be rich in low-Ca 

pyroxene (Mustard et al., 2010).  Figure 3.83 shows an M
3 

color ratio composite image of Aristarchus 

crater.  Other spectral analysis by Pieters et al., 1991 suggests possible plutonic exposure which may also 

be observed in the central peak.  The walls of Aristarchus crater might show the transition between 

megaregolith and fractured crustal bedrock.  Also, since Aristarchus is a young crater, it should be possible 

to sample different kinds of breccia at different locations within the crater and its ejecta blanket. 

Geochemical analysis suggests that Aristarchus crater penetrates into a KREEP-rich region of the PKT.  

Though 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 is large enough to sample the urKREEP 
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within its ejecta blanket (cf. Section 3.4.5 of this report).  Samples from Aristarchus crater will likely yield 

highly enriched KREEP material, with the possibility of remnant urKREEP material from Imbrium.  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, basalt samples with strong 

KREEP signature are likely to be found throughout the crater.  

In addition, the Aristarchus region is incredibly lithologically diverse. Aristarchus crater lies on the 

Aristarchus plateau, which is an uplifted block of crustal material, formed likely due to volcanic processes 

(Fig. 3.84).  The scarp of the plateau, that rises more than 2 km above Oceanus Procellarum on the 

southeastern margin, might be an interesting target for observing outcrops of intrusive material and layering 

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 complex volcanic processes once occurred in this region, creating a very 

lithologically diverse terrain.  Observations of possible layered structuring within the central peak and 

exposed crater walls may provide insight into this lithology. 

As explained above, 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, and if landing within the crater is not feasible, one 

should strongly consider a site in the plateau region, especially near the scarp of the plateau.  As Science 

Concept 5 specifically discusses products of volcanism on the Moon, we feel that central peak observations 

will more directly address the scope of Science Concept 3. 
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FIGURE 3.84  (a) WAC color composite from featured images on the LROC Image Browser. WAC bands 

689 nm, 566 nm, and 321 nm are displayed in red, green, and blue respectively. (b) Image depicting distinct 

layering features from the central peak of Aristarchus crater. Feature from LROC image M122523410L. (c) 

Close up view of the layering features from image (b). 
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FIGURE 3.83 M
3
 color ratio composite of Aristarchus crater, showing integrated 2 μm band depth in red, 

integrated 1μm band depth in green and UV-VIS ratio in blue (Image from Mustard et al., 2010) 

 

FIGURE 3.84 Apollo 15 Metric Image AS15-M-2612, showing an overview of the geologically diverse 

Aristarchus plateau. 
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FIGURE 3.85 Diagram of possible landing site for Aristarchus Crater. 
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Jackson crater (22.4°N, 163.1°W, 71km, Copernican, FHTa) 

Lying near the thickest region of the lunar crust, Jackson crater is a prime target area for determining 

the nature of highlands material.  Since the crater lies in the very center of the FHT, landing here would be 

useful for sampling the primary feldspathic crust.  Recent interpretations of spectral data by Ohtake et al., 

2009 claim that there may be a clear pure anorthosite (PAN) signature within the central peak of this crater.   

Jackson‘s young age would provide an optimum site for sampling material, including different kinds of 

breccia, as the walls and central peak are well-preserved, and have not been significantly worn from impact 

debris and space weathering.  

Similarly, studies of the highland types by Chevrel et al., 2002 indicate that the surrounding region is 

very abundant in highland type H1.  Representative samples of the highlands (and therefore H1 highland 

type) are needed, as the Apollo missions mainly sampled material from the nearside mare regions.  

Currently, most of our knowledge about the highlands is based upon analysis of material from lunar 

meteorites.  Though the entire crater should sample such pure highland material, the optimum location of 

study may be the central peak and crater walls, as they will show the extent and preserved exposures of 

rock beneath the regolith.  

Studies of Clementine UVVIS spectra by Tompkins et al., 1998 suggest possible pluton exposure 

within the central peak of Jackson crater, as discussed in Science Goal 3d.  This interpretation is reasonable 

due to the appearance of mafic material within the central peak of the crater as opposed to purely 

feldspathic highlands material, as may have been expected.  

In terms of Science Goal 3e, Jackson crater penetrates deep enough into the surface to sample past the 

megaregolith and possibly expose areas of crustal bedrock on its walls.  Jackson is a particularly exemplary 

site to sample the extent of the megaregolith, as it lies within center of the farside highlands, and can 

therefore give a representative measurement of the highlands megaregolith thickness.  Being a fresh 

Copernican age-crater, both the walls and the central peak are likely to retain visible stratigraphical and 

lithological layering to determine where brecciated rock ends and the exposed crust begins. 

In terms of the goals that can be reached at Jackson crater, the site of interest would likely be the central 

peak since it would expose diverse material from different depths.  While the walls may also provide useful 

information about the extent of the megaregolith, the central peak is also likely to constrain such models.  

See Fig. 3.86 for recent observations of the central peak at Jackson Crater.  
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FIGURE 3.86 Features of Jackson Crater‘s central peak. (a) Taken from Clementine 750 nm baseline 

spectral map, showing the entire scope of the crater.  (b) Feature from LROC image M103238103R, 

showing the west side of the central peak.  (c) Zoom from image b, showing exposed lithologies and rocks 

with different albedo signatures. Also apparent is the melt sheet on the floor of the crater. 
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Schrödinger Basin (75°S, 132.4°E, 312 km, Lower Imbrian, SPAT) 

Schrödinger Basin is an extremely high priority site for Science Concept 3.  Being the second youngest 

basin (after Orientale), Schrödinger provides some of the best preserved basin features on the lunar surface 

for scientific study (Kohout et al., 2009).  In addition, it is one of only two sites (along with Orientale, 

again) that can address every Science Goal within Science Concept 3.  However, Schrödinger Basin is 

unique as it provides a glimpse into a region of the Moon that remains enigmatic: the South Pole-Aitken 

Terrane.  This terrane has never been directly sampled, and any meteoritic clasts or samples remain 

speculatory. 

In terms of Science Goal 3a, Schrödinger provides access to nearly every layer of planetary 

differentiation models.  The large basin lies within the thin crust of the SPAT, and its large size implies that 

it would most likely sample mantle material in the melt.  In addition, this mantle material may also be 

exposed within the stratigraphic uplift of the peak rings.  Any crater that is thought to sample mantle 

material from the models outlined in Section 3.3.2 of this report should also sample material at the crust-

mantle boundary.  In the LMO hypothesis, the early urKREEP layer is thought to be located at this 

boundary.  However, geochemical remote sensing analysis does not provide sufficient evidence for the 

existence of KREEP-rich material within the confines of Schrödinger basin that would help to confirm the 

global extent of a primordial urKREEP layer.  Thus, investigation into what exists at this boundary would 

provide insight and constraints onto planetary differentiation models.  

Though Schrödinger does not lie within the FHT, it remains a top location to search for pure anorthosite 

(PAN) material. Detections by Ohtake et al. (2009) of PAN material are located within the peak rings of 

Schrödinger, making these uplifted regions particularly of interest.  As such, the peak rings may provide a 

glimpse into the layered structure of the crust and mantle boundary, if not significantly covered by a layer 

of regolith. 

Other rock types also appear to be pervasive within Schrödinger basin.  Pyroclastic deposits are located 

in the south west region, positioned near a peak ring outcrop.  Thus, planning a sampling site near this 

depository location could also address the prior issues simultaneously.  Mg-suite rocks may be sampled as 

well, as spectral analysis of plutonic rocks (such as gabbro, norite, troctolite, gabbronorite, anorthositic 

troctolite, anorthositic gabbro) by Tomkins and Pieters (1999) suggest the possibility of exposure.   

However, care must be taken in interpreting the results of this analysis, as such findings could suggest the 

exposure of lower crustal material, which is also expected to be sampled at this site.  Yamamoto et al., 

2010 has recently detected multiple sources of olivine in the ejecta of craters that penetrate into the peak 

ring.  We use this information and assume that such detections should be invasive throughout the entirety 

of the peak ring structures, and locations that can freshly expose parts of the peak ring structure may also 

sample olivine.  

Schrödinger basin is a Type I gravity anomaly, thus categorizing it as a good location for setting up 

geophysical instruments such as seismometers.  In addition, the complex terrain could offer clues into the 

unique lithology and regional complexity of the SPA region.  The placement of seismometers would also 

address Science Goal 3e, determining the extent of the megaregolith in the region.  Being a large young 

basin in the SPAT, Schrödinger should help constrain models by determining a lower limit on the 

megaregolith.  Fresh exposures and outcrops of bedrock could be key places for placement of these 

instruments as well as for observations of megaregolith extent. 
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While Schrödinger‘s entire peak ring would be of interest as a landing site, it is much too large to 

traverse without the assistance of a vehicle; therefore, for the purpose of this study, we have identified two 

particular landing sites of interest (see Fig. 3.88).  Landing site 1 is located in the southwest of the basin, 

near a peak ring outcrop that lies within a field of pyroclastic deposits.  This particular site may sample 

volcanic glass from the deposits, as well as PAN and olivine detected from the nearby crater which has 

penetrated into the peak ring.  There is a possibility of outcropping and bedrock exposure within the walls 

of the peak rings; however, this region may be covered with a thicker layer of regolith than the second 

proposed site.  The first site designates three stations within the 10 km radius of the landing site.  These are 

chosen as guidelines for the type of studies that we would be interested in.  Station 1 is located at a rille, 

where samples should be taken, and the collapsed rille walls should be analyzed for any exposed layering 

structures.  In addition, as this is a volcanic feature, one should look for unique volcanic lithologies that 

might occur here.  Stations 2 and 3 are located at the base of peak ring massif features.  Optimally, samples 

would be taken on a traverse from one station to the next, to determine how material may differ on a small 

scale.  In particular, outcroppings and possible exposures should explicitly be sampled. Station 4 lies within 

a large field of pyroclastic deposits.  Samples of the volcanic rock and regolith should be taken for 

comparison to other samples.  

Our proposed landing site 2 lies on the peak ring in the north of Schrödinger Basin.  Directly on the ring 

is a fresh crater which appears to expose bedrock and possible layering within the crater walls (cf.  Fig. 

3.89 below).  As the peak ring is thought to uplift material from the mantle, possible urKREEP, and both 

lower and upper crust, this preserved exposure could provide a plethora of useful information with regard 

to Concept 3.  In addition, this crater is the site of olivine detections for Yamamato et al., 2010, and nearby 

PAN detections (Ohtake et al., 2009). This site may be much more difficult to traverse, so we would 

suggest landing just north of the small secondary crater, and exploring the ejecta blanket for overturned 

materials. 
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CONCLUSION 

Multiple landing sites are required to address Science Concept 3 in its entirety.  Many locations have 

been identified as having the potential to address several of the Science Concept 3 Science Goals (refer to 

Suggested Sites Database in Appendix F2).  Only Orientale and Schrödinger were identified as possible 

locations where all the five Science Goals could be addressed at the same time.  Note that Science Goals 

3b, d, and e can be addressed virtually everywhere on the surface of the Moon.  

Both Science Goals 3a and 3b have been deemed to be ―Highest-Priority Science Goals‖ in the NRC 

2007 report, demonstrating the importance of studying the diversity of the lunar crust.  Priority should be 

given to locations where new rock types have the highest chances of being sampled, especially those rock 

types that may provide a deeper insight into the lunar Magma Ocean hypothesis.  As mentioned throughout 

the report, only a small fraction of the range of rock types that exist on the Moon has been sampled so far, 

and several lithologies (e.g., mantle and urKREEP layers lithologies, young mare basalts, granites) are 

crucial in constraining models of the geological history of the Moon.  
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Science Concept 4: The Lunar Poles Are Special Environments That 

May Bear Witness to the Volatile Flux Over the Latter Part of Solar 

System History 

 
Science Concept 4: The lunar poles are special environments that may bear witness to the 

volatile flux over the latter part of solar system history 

 

Science Goals: 

a. Determine the compositional state (elemental, isotopic, mineralogic) and compositional 

distribution (lateral and depth) of the volatile component in lunar polar regions. 

b. Determine the source(s) for lunar polar volatiles. 

c. Understand the transport, retention, alteration, and loss processes that operate on volatile 

materials at permanently shaded lunar regions. 

d. Understand the physical properties of the extremely cold (and possibly volatile rich) polar 

regolith. 

e. Determine what the cold polar regolith reveals about the ancient solar environment. 

 

INTRODUCTION 

The presence of water and other volatiles on the Moon has important ramifications for both science and 

future human exploration.  The specific makeup of the volatiles may shed light on planetary formation and 

evolution processes, which would have implications for planets orbiting our own Sun or other stars.  These 

volatiles also undergo transportation, modification, loss, and storage processes that are not well understood 

but which are likely prevalent processes on many airless bodies.  They may also provide a record of the 

solar flux over the past 2 Ga of the Sun‟s life, a period which is otherwise very hard to study.  From a 

human exploration perspective, if a local source of water and other volatiles were accessible and present in 

sufficient quantities, future permanent human bases on the Moon would become much more feasible due to 

the possibility of in-situ resource utilization (ISRU).  In turn, this would enable further exploration and use 

of the lunar environment.  However, before ISRU missions can be considered the distribution and physical 

properties of volatiles and of the regolith in which they lie must be more fully understood. 

Background 

A review of the current understanding of lunar polar volatiles is required in order to determine potential 

locations to address each Science Goal, as well as sites that would address all Science Concept 4 goals.  We 

begin with a review of key terminology, in order to better define the scientific importance of the lunar 

poles.  We then give brief recounts of the geology and exploration context of the lunar polar regions to 

further explain why these regions are “special environments” (NRC, 2007). 

Definitions of key terms within Science Concept 4 

In order to meaningfully discuss the topics addressed in Science Concept 4 Science Goals, some general 

terminology must first be defined.  The following subsections highlight major terms used in the NRC 2007 

document and throughout this section.  
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Permanently Shadowed Regions (PSRs) 

Because the Moon‟s axis of rotation is nearly perpendicular to the plane of its orbit around the Sun (axis 

inclination ~1.5°) (Spudis et al., 1998), the Sun always appears at or near the horizon in polar regions.  The 

very small obliquity causes some high topographic features near the lunar poles to be constantly 

illuminated by the Sun, while some topographic depressions are permanently shaded from sunlight (and in 

some areas, reflected earthshine).  These regions may act as „cold traps‟ for volatiles migrating across the 

lunar surface (Fig. 4.1).  Volatiles enter PSRs and then are unable to escape due to extremely low 

temperatures (e.g., Watson et al., 1961).  

Polar regions 

In order to study polar environments, the extent of the polar region must be considered.  As an initial 

constraint, the Lunar Prospector neutron spectrometer detected elevated levels of hydrogen above ±70° 

latitude (Feldman et al., 1998).  This area includes Schrödinger basin, which is interesting geologically and 

exhibits large fissures that might be good traps for volatiles.  This region also includes the southernmost 

portion of the South Pole – Aitken basin (SPA), the largest basin on the moon.  SPA is also very old, and 

interesting in terms of both lunar geologic and volatile history.  The locations of PSRs serve as an 

additional constraint, as they are not found at latitudes lower than ±80° (MIT, 2011).  We thus restrict our 

study to the latitudes of ±80–90° (Fig. 4.2). 

The ages of polar volatiles can be constrained by the Moon‟s orbital and polar history.  As the lunar 

orbit increased in radius, lunar obliquity varied up to 77° (Siegler et al., 2011), but the current obliquity 

regime has been reasonably constant for the past ~2 Ga (Siegler et al., 2011a, 2011b; Ward et al., 1975).  In 

addition to obliquity variations with time, there is also a possibility that the Moon has undergone true polar 

 
FIGURE 4.1 Schematic showing the position of the Sun low on the horizon over a lunar crater, and how 

the sunlit areas (yellow) never reach the Permanently Shadowed Region (PSR, red). 

 
FIGURE 4.2 Extent of our study area at the lunar poles (see following sections for explanation). 
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wander during its history.  Grimm et al. (1986) examined fault abundances and orientations, but their work 

did not yield conclusive evidence of polar wander.  Magnetic anomaly data from Apollo 16 and 17 

magnetometers, however, suggests polar wandering of 90° early in lunar history (Fig. 4.3).  Such extreme 

polar wandering could be explained by changes in the moment of inertia due to early bombardment 

(Runcorn et al., 1980).  Because of the possibility of polar wander and obliquity changes, we place a time 

constraint of 2 Ga on the modern lunar obliquity and polar locations.  PSRs are therefore taken to be no 

older than 2 Ga directly at the poles, and younger still with decreasing latitude (Siegler et al., 2011a).  

Thus, the oldest obtainable polar volatiles are likely to be no older than 2 Ga.  

Volatiles 

In the lunar science community, volatiles are defined as chemical elements and compounds that become 

unstable and vaporize, sublimate, or are otherwise mobilized at low temperatures (Table 4.1).  Lunar 

volatile elements can be divided into two groups, vapor-mobilized and solar-wind-implanted.  The latter 

group includes H, C, N, and the noble gases (He, Ne, Ar, Kr, Xe); study of these elements can have 

important implications for understanding radiation history, lunar outgassing, and solar history (Haskin et 

al., 1991).  Solar-wind-implanted volatiles are most likely to be found in permanently shadowed regions 

(PSRs) at the lunar poles (Haskin et al., 1991) due to „cold trapping‟, though the implantation process is 

globally homogeneous. 

Table 4.1 Sublimation point of various substances at lunar surface pressures.  Sublimation temperature 

values from Zhang and Paige (2010). 

Chemical 

Formula 
Name 

Sublimation 

Temperature 

(K) 

Sublimation 

Temperature 

(°C) 

Cut off 

Temperature 

(°C) 

N2 Nitrogen 16.20 -257.0 16 

CO Carbon monoxide 18.20 -255.0  

Ar Argon 19.50 -253.7  

CH4 Methane 22.00 -251.2  

Kr Krypton 24.50 -248.6  

Ar-6H2O Argon clathrate 28.90 -244.3  

 

FIGURE 4.3 Depiction of polar wander, showing how the location of the axis of rotation for the Moon 

may have changed in relation to the surface over time. This is distinct from obliquity changes, where the 

axis is moving relative to the orbital plane instead of the body‟s surface. 
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Xe Xeon 36.10 -237.1  

H2S Hydrogen sulfide 50.60 -222.6  

CO2 Carbon dioxide 54.30 -218.9 54 

SO2 Sulfur dioxide 62.30 -210.9  

NH3 Ammonia 65.50 -207.7  

C5H12 Penthane 73.60 -199.6 70 

HCN Hydrogen cyanide 80.50 -192.7  

C7H8  Toluene 87.60 -185.6  

NH4SH  
Ammonium 

hydrosulfide 
96.10 -177.1  

H2O Water 106.6 -166.6 100 

S Sulfur 201.5 -71.65  

 

Vapor-mobilized elements are transferred from solid materials to a coexisting vapor-phase at moderate 

temperature.  This group includes S, Cu, Zn, As, Se, Ag, Cd, In, Te, Hg, Tl, Pb, Bi, and the halogens (F, Cl, 

Br, I).  The vapor-mobilized volatiles are mostly added by small impactors, and so should be deposited 

fairly uniformly throughout the lunar regolith (Haskin et al., 1991). 

Lunar regolith 

Regolith is a general term for the layer of fragmented and unconsolidated rock material that mantles 

bedrock and covers the whole lunar surface.  The regolith layer develops from the continuous impact of 

meteoroids and the steady bombardment of charged solar and extrasolar particles (McKay et al., 1991). 

As soon as fresh bedrock becomes exposed, it begins to break down through impact and particle 

bombardment processes.  The regolith layer that exists shortly after bedrock has been exposed is relatively 

thin (< a few cm), and various-sized impactors are able to penetrate the regolith and excavate new bedrock 

(McKay et al., 1991).  The regolith increases in thickness with time (up to a few meters), and then only 

less-frequent, larger impactors can penetrate the regolith and excavate new bedrock.  During this stage, 

small, frequent impactors only disturb and „garden‟ the existing regolith layer, so the overall regolith 

thickness increases more slowly (McKay et al., 1991). 

At the poles, the regolith has been extensively gardened and reworked and is consequently extremely 

fine-grained. Such grain sizes provide greater surface area for volatile adsorption.  The volatile-rich upper 

layers of the polar regolith are then buried at greater depths by small impact processes.  This preserves the 

volatiles by protecting them from atomic particle bombardment.  

Geologic context 

The polar regions are part of the most ancient terrains on the Moon, though they have been modified by 

subsequent cratering.  The geology of the north and south poles is briefly described below. 

North Pole 

The geology of the region poleward of 80°N is mostly composed of crater fields approaching geometric 

saturation.  The craters in this region are at most a few kilometers in diameter. The region also contains 

several large (D > 70 km) flat-floored craters, such as Peary.  No craters lying entirely north of the 80° 

latitude line exhibit central peaks. The terrain in the study area on the nearside is mostly Imbrian-aged 

basin and plains material.  On the farside, it is mostly Nectarian basin material and ancient pre-Nectarian 

cratered terrain, with dense crater clustering (USGS, 2009a). 
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South Pole 

The region poleward of 80°S is almost entirely within the South Pole-Aitken (SPA) basin (Mest et al., 

2011), the largest and oldest discernible impact basin on the Moon.  The study area is dominated by heavily 

degraded impact craters ~20–100 km in diameter.  The large craters are mostly flat-floored, with the 

exception of two craters that exhibit central peaks.  Fresh, bowl-shaped craters are rare, although 

Shackleton is a prime example of a crater of this type.  The terrain at the South Pole is mostly pre-Nectrain 

basin and crater material, but also includes some Nectarian and Orientale basin materials (USGS, 2009a). 

Exploration context 

The era of lunar exploration began in the late 1950s with the Soviet Luna and American Pioneer 

missions, and continued into the 1970s with the Ranger, Zond, Lunar Orbiter, Surveyor, and Apollo 

programs.  After the 1970s, there was a hiatus in lunar exploration until the 1990 launch of the Japanese 

Hiten spacecraft.  Since that time, there has been a renewed widespread interest in returning to the Moon, 

and in the past two decades, American, Japanese, European, Chinese, and Indian spacecraft have begun to 

return large amounts of new data on the lunar polar regions. 

Clementine: In 1994 a backscatter radar experiment was performed to remotely detect the presence of 

ice at depth under the lunar surface. Radio waves were beamed from Clementine into polar areas, reflected 

from the surface, and received on Earth by the Deep Space Network. One orbit was directly over a PSR at 

the South Pole, and it produced coherent backscatter consistent with the presence of water ice (Spudis et 

al., 1998).  

Lunar Prospector: A neutron spectrometer was flown on Lunar Prospector in 1998, and measured 

epithermal-, thermal-, and fast-neutron fluxes. Maps of the epithermal- and fast-neutron fluxes were 

produced, and depressions in epithermal-neutron fluxes were observed at both poles within PSRs. 

However, no measureable depression in fast neutrons was observed at the poles. This data is consistent 

with deposits of hydrogen in the form of water ice at depths of ~50 cm under the lunar regolith at PSRs 

(Feldman et al., 1998). 

Chandrayaan-1: The Indian Space Research Organization launched the Chandrayaan-1 craft in 2008, 

which was equipped with a VIS/NIR spectrometer, the Moon Mineralogy Mapper (M
3
).  This instrument 

detected absorption features indicative of hydroxyl (both lone OH and possibly H-OH, or H2O) near 2.8 to 

3.0 μm at the surface (upper 1-2 mm of regolith), with the 3.0 μm feature appearing strongest at high 

latitudes (Pieters et al., 2009).  Chandrayaan-1 also obtained polarimetric radar data with the instrument 

Mini-SAR, which measured coherent backscatter levels in various craters on the lunar surface.   

Specifically, it returned information on the ratio of radar signals returned with right- versus left-circular 

polarization, known as the Circular Polarization Ratio (CPR).  Most high CPR readings covered an area 

including both a crater‟s interior and surrounding regions, indicating a rough or fresh surface.  However, 

there were some anomalous craters in PSRs with elevated CPR values in crater interiors without elevated 

values exterior to the crater, consistent with the presence of water ice at depth in these craters (Spudis et al., 

2010). 

Lunar Reconnaissance Orbiter: New LRO data are also greatly enhancing our understanding of lunar 

volatiles.  These data sets include high-resolution imagery, topography, temperature, and hydrogen data. 

We have used the most current existing versions of these data sets at the time this study was conducted.  In 

2009, the Centaur stage of LRO‟s Atlas V rocket was impacted into Cabeus crater, chosen because it was a 

PSR at the South Pole with elevated hydrogen levels.  A shepherding satellite flew through the ejecta 

plume and observed spectra that corresponded with the presence of the volatile compounds H2O, OH, H2S, 

SO2, C2H4, CO2, CH4, CH3OH. 
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DATA SETS AND METHODS  

In order to find sites that will address all Science Goals within Science Concept 4, we developed the 

following method which we divided in three main steps: pre-processing, classification and weighting in 

ArcMap, and post-classification analysis (Fig. 4.4).  Each of those steps has been done for all five Science 

Goals in order to produce a map of recommendation sites for each Science Goal separately.  Then, 

overlapping of maps for each Science Goal allowed us to produce a final map of landing site 

recommendations to achieve all five Science Goals within Science Concept 4.  Various geospatial datasets 

were processed using ArcGIS 10 and ISIS software.  

Datasets 

Different datasets have been used in order to accomplish the pre-processing, classification, and post-

classification analysis of the lunar polar regions.   Some of them are in raster format, or images, and some 

of them are in vector format, or polygons.  

Raster layers 

Table 4.2 summarizes data images from Lunar Prospector, Lunar Reconnaissance Orbiter and 

Chandrayaan-1 that have been used in this study.  Many image types were used and had different spatial 

resolution and coverage. 

 

 

 

 

FIGURE 4.4 Overall methodology flowchart, showing the progression from data sets, at the top, down to 

final products, at the bottom.  The main steps involved are the classification and weighting of datalayers in 

ArcMap for each Science Goal, the post-classification analysis, and finally the integration of the five 

Science Goals results.  The outputs are preliminary maps showing acceptable sites to address each Science 

Goal, site final maps showing the recommended sites and a map showing the recommended sites to 

address all Science Goals at once.    
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TABLE 4.2 Raster layers used for Science Concept 4 studies. 

Spacecraft Instrument Layer Name Type 

Coverage 

Poleward of ± 

Latitude 

Spatial 

resolution 
Units 

Lunar 

Prospector 

Neutron 

Spectrometer 

(NS) 

Hydrogen Thematic global 30323 m 
ppm by 

weight 

Lunar 

Reconnaissance 

Orbiter 

Laser 

Altimeter 

(LOLA) 

Digital 

Elevation Model 
Scientific 60° 120 m Meters 

Slope Thematic 60° 120 m Degrees 

Roughness Thematic 45° 1895 m Meters 

Permanently 

Shaded Regions 
Thematic 80° 240 m Binary 

Shaded mosaic Base map 75° 240 m - 

Diviner 

Maximum 

Annual 

Temperature 

Thematic 80° 240 m Kelvin 

Wide Angle 

Camera 

(WAC) 

 

WAC mosaic Base map 60° 100 m - 

Chandrayaan-1 Mini-SAR 

Circular 

Polarization 

Ratio 

 

Thematic 80° 75 m Ratio 

 

Hydrogen map (LP-NS) [Plate I] The half degree hydrogen abundance image contains data from the Lunar 

Prospector Neutron Spectrometer. The abundances, available for the entire Moon, were derived from 

epithermal neutron counts that have been corrected by thermal neutron data (Feldman et al. 1998; 2001).  

The dataset reflects the count of epithermal neutrons that have escaped from approximately 50 cm deep up 

to the surface.  The total uncertainties related to the low-altitude epithermal neutron data poleward of ±70 

degrees latitude, including systematic and statistical contributions, are less than ~1%. 

Digital Elevation Model (DEM) (LRO-LOLA) [Plate II] This DEM is based on altimetry data acquired by 

the LOLA instrument through mission phase “LRO_SM_05”.  The spatial resolution is 120 meters per 

pixel (horizontal), true at the poles in polar stereographic projection; elevation accuracy is ~1 m (MIT, 

2011).  The elevation values for the South Pole vary approximately from -8000 m to 8000 m and from -

6000 m to 3000 m for the North Pole. 

Slope map (LRO-LOLA-DEM) [Plate III] We derived a slope image from the LOLA DEM image using the 

“Slope tool” in ArcGIS 10.  For each cell, this tool calculates the maximum rate of change in value from 

that cell to its eight direct neighbors.  The maximum change in elevation over the distance between the cell 

and its neighbors identifies the steepest downhill descent from the cell.  The lower the slope value is, the 

flatter the terrain is; the higher the slope value is, the steeper the terrain is.  If there is a cell location in the 

neighborhood with a “NoData” elevation value, the elevation value of the center cell will be assigned to the 

location.  At the edge of the image, at least three cells outside the image‟s extent will contain “NoData” 

values.  These cells will be assigned the center cell‟s elevation value, which will result in a flattening of the 

3 × 3 plane fitted to these edge cells, and will lead to a reduction in the slope.  Slope is commonly 

measured in degrees, which uses the algorithm: 

    (4.1) 
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The slope image created is of the same spatial resolution as the DEM image, which is 120 m/pixel.  The 

slope values vary between 0 and ~80° for both poles.  

Roughness map (LRO-LOLA) [Plate IV] This data product is an image of the surface roughness of the 

Moon at a resolution of 16 pixels per degree (~1895 m/pixel) in a simple cylindrical projection re-projected 

into polar stereographic.  This image is based on LOLA altimetry data from Laser 1 and 2 through mission 

phase “LRO_SM_05”.  To derive roughness, the LOLA science team averaged the residual standard 

deviation of altitudes from three successive laser shots.  Depending on orbital velocity, probability of 

detection, and spacecraft altitude, the slope baseline may vary from 30 to 120 meters.  The pixel values are 

interpolated by the nearest-neighbor method for missing values (NASA, 2011c).  Roughness values on the 

Moon vary between ~0.192 to 7.466 RMS m. 

Permanently Shadowed Regions (PSR) map (LRO-LOLA) [Plate V] This data product is an image of PSRs 

at the lunar poles at a resolution of 240 m/pixel, true at the poles in polar stereographic projection.  The 

calculations have been made by the LOLA science team, based on the LOLA DEM “LDEM_75N_240M” 

as described in Mazarico et al. (2011).  The values are binary and indicate whether or not a given pixel is in 

permanent shadow (MIT, 2011). 

Shaded relief mosaic (LRO-LOLA) [Plate VI] The shaded relief mosaic has been downloaded from the 

Lunar Mapping and Modeling Project Portal (NASA, 2011a).  This 240 m/pixel  image is a shaded relief 

topographic model derived from LRO-LOLA altitude data. 

Maximum annual temperature (LRO-Diviner) [not shown] Each pixel in this image represents the 

maximum annual bolometric brightness temperature over a lunar year, which corresponds to 13 LRO 

mapping cycles.  These data represent the wavelength-integrated radiance in seven infrared Diviner 

channels expressed as the temperature of an equivalent blackbody (Paige et al., 2010).  Data provided by 

Dr. David Paige (personal communication). 

Minimum annual temperature (LRO-Diviner) [not shown] Each pixel in this image represents the minimum 

annual bolometric brightness temperature over a lunar year. 

Wide Angle Camera (WAC) mosaic (LRO-LROC) [Plate VII] The Wide Angle Camera (WAC) mosaic 

from the Lunar Reconnaissance Orbiter Camera (LROC) onboard LRO is derived from the Reduced Data 

Record (RDR), Level 5 Version 1.0.  The spatial resolution is ~100 m/pixel with global coverage.  The 

principal limitation of LROC imagery is that it is illumination-dependent, a disadvantage when studying 

areas in permanent shadow. 

Circular Polarization Ratio (CPR) (Chandrayaan-1-Mini-SAR) [Plate VIII] From February to April 2009 

the Chandrayaan-1 Mini-SAR (Synthetic Aperture RADAR) instrument mapped over 95% of the lunar 

poles at a wavelength of 12.6 cm, in the S band (Spudis et al., 2010).  The Circular Polarization Ratio 

(CPR) values have been derived from the radar backscatter measurements by the Johns Hopkins University 

Applied Physics Laboratory.  CPR values correspond to the ratio of power of the received signal in the 

same circular polarization sense (as transmitted by Chandrayaan-1) to the power of the signal received in 

the opposite sense.  Those values are usually an indication of surface roughness on the same scale as the 

radar wavelength (12.6 cm). However, a high CPR value can be attributed to multiple internal reflections 

and/or coherent backscatter produced by low-loss material such as water ice up to a few meters deep.  A 

high CPR value found only inside a crater could be an indication of the presence of water ice, whereas a 

high CPR value found both inside and outside a crater may instead be caused by a rough (i.e. fresh) surface.  

The average CPR of the lunar surface is 0.2–0.4 at a 45° incidence, for typical terrains.  Above 0.4, CPR 

values are considered „high‟.   

Vector layers 

Geographical shapes in Geographical Information Systems (GIS) are often expressed as vectors, such as 

points, lines and polygons.  For this study, we used the polygons of geologic units created by the United 

States Geological Survey (USGS) and the Lunar Impact Crater Database from the Lunar and Planetary 

Institute (LPI) (Table 4.3). 

TABLE 4.3 Vector layers used for Science Concept 4 studies. 
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Layer Name Type Geometry 

Coverage 

Poleward of ± 

Latitude 

Unit 

USGS Geology Thematic Polygons 45° geology units 

Crater database Thematic Points (global) - 

Geologic units (USGS) [Plates IX and X] Geologic unit layers “L-1162 Geologic Map of the South Side of 

the Moon” and “L-1062 Geologic Map of the North Side of the Moon” were downloaded from the USGS 

Planetary GIS Web Server, PIGWAD (USGS, 2009a).  These maps are part of a complete geologic 

reconnaissance mapping of the Moon at 1:5,000,000 scale that was meant to summarize the current state of 

lunar geologic knowledge as developed from the USGS Systematic Lunar Mapping Program.  The maps 

were created mostly from Lunar Orbiter photography, supplemented in places by Zond 7 and Mariner 10 

images.  For our study, we used USGS geologic maps for minor descriptive purposes only. 

Crater database (LPI) [Plate XI and XII] The database of impact craters was created as part of the Lunar 

Exploration Summer Intern Program at the Lunar and Planetary Institute in 2008 and updated in May 2011.  

The database contains 8,713 craters with their age and several physical characteristics (e.g. ejecta blanket 

thickness, crater volume, or melt volume). 

Landing site selection  

Landing site selection was completed using the Spatial Analyst Tools in ArcMap.  First, relevant layers 

were imported and pre-processed.  New data sets were derived from existing layers, reclassifying each data 

set for subsequent weighting.  Data sets were combined according to different criteria for each Science 

Goal in order to find suitable sites for each Science Goal.  Finally, results for each Science Goal were 

overlapped to find suitable sites that address Concept 4 as a whole.  Post-processing analysis for each result 

led to selection of the highest priority sites.  
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SCIENCE GOAL 4A: DETERMINE THE COMPOSITIONAL STATE (ELEMENTAL, 

ISOTOPIC, MINERALGOIC) AND COMPOSITIONAL DISTRIBUTION (LATERAL AND 

DEPTH) OF THE VOLATILE COMPONENT IN LUNAR POLAR REGIONS 

Introduction 

Remote sensing has aided understanding of the lateral and vertical distribution of potential lunar 

volatiles.  The Neutron Spectrometer onboard Lunar Prospector mapped the hydrogen content over the 

entire Moon for the top 50 cm of regolith and showed a clear enhancement at the lunar poles (Feldman et 

al., 1998).  However, the Neutron Spectrometer data alone is not sufficient to distinguish between hydrogen 

and different hydrogenated volatile species (Feldman et al., 2000).  Feldman et al. (2001) later found that 

the largest concentrations of hydrogen at the poles coincide with Permanently Shadowed Regions (PSRs).  

They concluded that a significant portion of the hydrogen detected at the poles was most likely to be in the 

form of water molecules.  Pieters et al. (2009) later analyzed Moon Mineralogy Mapper (M3) spectra and 

found distinct absorption bands at 2.8 and 3.0 µm that could be attributed to OH and/or H2O present in the 

top 1–2 mm of the lunar surface.  The strongest absorption features were found near the poles in cooler 

regions and seemed to coincide with several fresh craters in feldspathic terrain.  They observed a general 

lack of correlation with previous neutron measurements, suggesting that the formation and retention of OH 

and H2O are continuous surficial processes.  Cheek et al. (2011) believe that, in the region they studied, the 

space weathering process increased the concentration of adsorbed OH and H2O.  The Mini-SAR instrument 

onboard Chandrayaan-1 also found what is believed to be water ice at the poles (Spudis et al., 2010).  This 

radar instrument, emitting a circular polarized signal, allowed the calculation of the circular polarization 

ratio (CPR), which is the ratio of the signal received in the same sense as transmitted to that received in the 

opposite sense.  A high CPR value both interior and exterior to a crater is believed to be the result of a 

rough surface, indicative of a fresh crater.  Spudis et al. (2010) suggest that a high CPR value found only 

inside a crater is consistent with the presence of water ice at depths up to 2–3 m.  According to their results, 

ice would be heterogeneously distributed within many, but not all, small craters near the North Pole.  

Remote sensing has also provided useful information about hydrogen content on the lunar surface.  The 

Lunar Exploration Neutron Detector (LEND) onboard LRO was used to determine where at the South Pole 

an impactor should be sent to allow measurement of the volatiles released by the impact.  The Cabeus 

crater displayed the highest hydrogen concentration in the South Polar Region, corresponding to an 

estimated content of 0.5 to 4.0% water ice by weight depending on the thickness of the overlying dry 

regolith layer (Mitrofanov et al. 2010).  The LRO Centaur upper stage rocket impacted within a PSR 

detected within Cabeus as part of the Lunar Crater Observation and Sensing Satellite (LCROSS) mission.  

The Shepherding Spacecraft of that mission monitored the impact site and the resulting ejecta (Schultz et 

al. 2010), revealing the presence of emission lines that could have been caused by Ag, CN, CO, CO2, H2O, 

Na, NH, NH2 and OH.  The presence of OH could be due to either the thermal dissociation of H2O or 

desorption off of grain surfaces.  NH and NH2 emission lines in LCROSS spectra are believed to come 

from the regolith.  Na was also observed in the spectra and is interpreted as coming from near but not on 

the surface.  Colaprete et al. (2010) reported a detection of 5.6 ± 2.9% of water ice in the regolith at the 

LCROSS impact site, based on measurements of the ejecta.  The Lyman Alpha Mapping Project (LAMP) 

ultraviolet spectrometer onboard LRO observed a distinctive plume generated by the LCROSS impact 

which contained H2, CO, Hg, Ca and Mg (Schultz et al., 2010; Gladstone et al., 2010).  

Over the past few decades, sample measurements have revealed complementary information on the 

volatile content of the Moon.  All sample measurements have been done on Apollo samples, which were all 

located in nearside equatorial regions, thus limiting the extent to which interpretation can be extended to 

polar regions.  At those equatorial regions, volatiles such as H, N, C, and O have been found in a variety of 

locations in various compounds (Arnold et al., 1979).  Quantities of these species are not low: C, for 

example, is believed to have concentrations of ~17% per cubic meter, which is similar to terrestrial 

abundances (Haskin et al., 1992).  Recently, there has been a confirmed occurrence of graphite in an 

impact-melt breccia from Apollo 17, providing additional evidence for lunar C (Steele et al., 2010).  In 

addition, Apollo 17 and 15 samples contained orange and green glass beads, respectively, that were found 

to be enriched in volatile elements (e.g. Zn, Pb, S, F, Cl) and also covered by a thin condensed volatile 

coating (Meyer et al., 1975). 



257 

More recently, lunar apatite has been intensively studied because it is the most common volatile-bearing 

mineral phase in lunar rocks.  It can thus provide information about magmatic volatiles from a large variety 

of lunar lithologies (Boyce et al., 2010; McCubbin et al., 2011).  Up to now, the studied apatite grains 

revealed a high abundance of F, a varied abundance of Cl, and suggest the presence of OH (McCubbin et 

al., 2011).  It also appears that apatites, at least from Apollo 14, are very similar to terrestrial apatites in 

their abundance of H, Cl and S (Boyce et al., 2010).  

Significance 

Understanding the volatile state and distribution of polar volatiles will also be very important in 

establishing a permanent base on the Moon.  There may be enough H in relatively small patches of regolith 

to provide rocket fuel for many years, and such deposits could easily be extracted by heating (Haskin, 

1992).  However, it is yet unknown whether tentative volatiles at the poles exist in the regolith in the form 

of patches or layers, and where they may be most concentrated (Fig. 4.5).  A better understanding of the 

size and distribution of volatile deposits would allow greater efficiency in implementing in-situ resource 

utilization (ISRU) techniques, thereby allowing increased returns from future lunar sorties. 

Methods 

In order to find suitable landing sites that could help determine the compositional state (elemental, 

isotopic, mineralogic) and compositional distribution (lateral and depth) of the volatile component in lunar 

polar regions, we used four data layers: (1) the maximum annual temperature, (2) the distance from PSRs, 

(3) the slope, and (4) the hydrogen content.  We conducted a classification and a post-classification analysis 

in ArcMap. 

Classification 

We first reclassify the raster values according to scores from 1 to 4, with 1 being the most scientifically 

interesting and 4 being the least.  We assigned each layer an equal weight and combined them with the 

Raster Calculator in ArcMap.  Table 4.4 summarizes the science site selection criteria, scores and weights 

based on those layers.  

The maximum annual temperature is used to assess the stability of lunar volatiles.  According to Zhang 

and Paige (2010), most volatiles are stable below 54 K, corresponding to the sublimation point of CO2.  We 

then chose to assign a score of 1 for all temperatures of 0–54 K, a score of 2 to temperatures ranging 

between 54–70 K (chose because of the sublimation point of C5H12 at 73.6 K), a score of 3 to the 70–100 K 

range (corresponding to the sublimation point of H2O at 106.6 K), and a score of 4 to temperatures above 

100 K. 

 

FIGURE 4.5 Schematic of possible volatile locations near the lunar surface at microscopic, hand-lens, and 

macroscopic scales. 
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PSRs at the lunar poles may serve as one of the most important reservoirs for volatiles.  The presence of 

these cold surfaces adjacent to the hot surfaces of the Moon may allow cold trapping of volatile material 

that has been introduced to the surface.  Therefore, we chose scores from highest to lowest based on 

distance from PSRs: 1 for locations within a PSR, 2 for locations within 1 km, 3 for locations 1–5 km 

away, and 4 for locations 5–10 km away.  Locations farther than 10 km from a PSR have been excluded 

from our classification.  This distance is comparable with the maximum allowed „walk-back‟ distance for 

astronauts on the lunar surface. 

Slopes on the lunar surface have also been used in classification.  Our classification scheme was 

informed by current hardware design constraints; the highest score has been assigned to slopes below 25° 

and the lowest score to slopes steeper than 30°.   

TABLE 4.4 Classification criteria for Science Goal 4a. 

Criteria Score Weight Purpose 

Maximum Annual 

Temperature (K) 
 

25% 

 

0–54 1 Low volatility (CO2 sublimation) 

54–70 2 Medium volatility (C5H12 sublimation) 

70–100 3 Medium-high volatility (H2O sublimation) 

>100 4 Highest volatility of most volatiles 

Distance from PSR (m)  

25% 

  

0 1 Within PSR 

0–1000 2 Short daily walking distance from PSR 

1000–5000 3 Medium daily walking distance from PSR 

5000–10000 4 Maximum daily walking distance from PSR 

Slope (°)  

25% 

 

0–25 1 High accessibility 

25–27.5 2 Intermediate accessibility 

27.5–30 3 Intermediate to low accessibility 

> 30 4 Low accessibility to inaccessibility 

Hydrogen content (ppm)  

25% 

  

>150 1 Enhanced polar hydrogen content 

100–150 2 Elevated polar hydrogen content 

50–100 3 Medium polar hydrogen content 

0–50 4 Normal equatorial hydrogen content 

 

Finally, several elemental abundances have been remotely sensed and calibrated by the Lunar 

Prospector Neutron Spectrometer, such as Fe, Ti, Ga, Sm and H (Lucey et al., 2006).  We use H as a proxy 

for all lunar volatiles and defined classification ranges and score values according to Feldman et al. (2000), 

who define the average equatorial hydrogen content as being approximately 50 ppm. 
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Post-Classification Analysis 

The result of the classification process is a map having pixels values ranging between 1 and 4, 1 being a 

perfect match of our classification criteria.  To refine our results, we decided to keep values between 1 and 

1.25, meaning that one of the input layers could have had a score of 2 instead of a perfect match.  Areas 

smaller than 57,600 m
2
 (a single pixel at our second-coarsest resolution of 240 m/pixel) were deleted.  We 

then conducted a post-classification analysis, taking into consideration the geologic or spatial context of 

those areas, to single out sites that maximize potential science return. 

Site Recommendations 

Site recommendations resulting from the above analysis are shown in Fig. 4.6. 

North Pole 

Science Goal 4a can be addressed at many more places at the North Pole than at the South Pole (Fig. 

4.7).  In general, the North Pole is characterized by high density of small PSRs.  A high concentration of 

small sites can be found in the area between Hermite and Peary craters.  Many smaller areas are also 

present on the northern wall of Hermite, Rozhdestvensky, and Rozhdestvensky W craters.  Small areas 

cover the northern half of Peary crater floor as well as its wall.  Large areas within craters could also 

address Science Goal 4a, such as the northern walls and floors of Rozhdestvensky U, Rozhdestvensky K, 

Lenard, Nansen F, and Lovelace craters.  These sites are very similar to the Amundsen site at the South 

Pole. 

South Pole 

Only a few South Pole sites were selected through the classification and post-classification processes 

(Fig. 4.8).  These are mostly concentrated above 84° latitude.  The largest site is found on the northeastern 

part of the floor of Amundsen crater.  Other smaller sites are found within smaller craters in Faustini, 

Haworth, and de Gerlache craters.  Small sites are concentrated in an elevated area between Haworth and 

Nobile craters.  Because of its size and location, Amundsen probably represents the best crater to address 

Science Goal 4a at the South Pole.  Sites there are within a PSR (and therefore are very cold) but are 

surrounded by warmer regions that are mostly illuminated.  Also, Amundsen crater exhibits a central peak 

and walls that have slopes shallower than 25°, allowing easier exploration.  
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FIGURE 4.7 Enhanced view of recommended sites in the north polar region satisfying Science Goal 4a. 

 

FIGURE 4.8 Enhanced view of recommended sites in the south polar region satisfying Science Goal 4a. 



262 

SCIENCE GOAL 4B: DETERMINE THE SOURCE(S) FOR LUNAR POLAR VOLATILES 

Introduction 

Volatiles can arrive on the lunar surface from five potential sources: solar wind, impacting comets and 

asteroids, lunar outgassing, ions from the Earth‟s magneto-tail, and extrasolar particles.  Understanding 

what these sources are can provide important constraints on the volatile budget of the Moon.  This in turn 

informs studies of volatile modification and storage processes by providing initial conditions and system 

inputs.  The rate at which volatiles have accumulated on the lunar surface over time also has important 

implications for solar history (Science Goal 4e). 

Current understanding 

The primary source of lunar volatiles is individual atoms coming from the solar wind (Crider and 

Vondrak, 2000; 2002) (Fig. 4.9).  These are delivered constantly and homogeneously across the lunar 

surface, even in Permanently Shadowed Regions (PSRs), where they are carried in by Earth‟s magnetic 

field.  The main species present from this source are H, C, O, and N (Haskin, 1992). 

The other main source for volatiles on the Moon is incoming material from comets or „wet‟ asteroids 

(those with large amounts of hydrated minerals) (Watson et al., 1961; Arnold, 1979; Butler, 1997).  This is 

an episodic source, but for small impactors it can be considered to be temporally uniform.  Comets have 

been cited as a possible source for Earth‟s oceans, and are thought to deliver a substantial quantity of water 

to the Moon as well (Lucey, 2009).  Indeed, over the past 2 Gyr, some 10
13

 kg of water have been delivered 

to the lunar surface by comets, and this flux indicates a surface density of ~0.5 kg m
-2

 (Clark, 2009). 

Apollo images revealed areas of the Moon with low numbers of craters and high albedo, which are 

interpreted to be young (~10 Myr old) and outgassing features (Schultz et al., 2006).  None of these 

features fall within our polar study area (latitudes poleward of 80°), although transport processes may have 

relocated volatiles from outgassing sites to polar regions. 

Earth is also a source of lunar volatiles – ions stripped from the upper atmosphere can become trapped 

at the lunar poles as the Moon passes through Earth‟s magnetotail (Lucey, 2009).  The Moon is in the 

Earth‟s magnetosphere for six days of every orbit, or about 21% of the time.  This process provides ~100 

times more proton flux than direct solar wind implantation (Starukhina, 2002).  While older research 

 

FIGURE 4.9 Schematic of solar wind processes on or near the Moon. Figure taken from Farrell  et al. 

(2011) 
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suggested that this effect would be countered by the shielding effect of Earth‟s magnetotail against galactic 

cosmic rays, more recent work shows that the magnetotail likely provides no shelter from galactic cosmic 

rays >10 MeV (Case et al., 2010). 

 Extrasolar dust may also provide volatiles to the lunar surface.  The Solar System passes through giant 

molecular clouds on timescales of tens to hundreds of Myr; when this occurs, these interstellar clouds may 

deposit dust or icy grains directly onto the lunar surface (Lucey, 2009). 

Significance 

One of the most important reasons for understanding polar volatile sources is the need for a better 

understanding of the lunar volatile budget in these regions.  Science Goal 4a focuses on the present state 

and distribution of volatiles, and Science Goal 4c on the processes that alter the distribution of volatiles, but 

an answer to the questions within Science Goal 4b would provide the initial conditions for these other 

goals.  The volatile budget is also important in terms of understanding how transient some of these deposits 

may be in relation to the thermal cycling of the lunar surface. 

An understanding of volatile sources on the lunar poles bears relevance for other areas of  Solar System 

science. The main contributors to the lunar volatile budget are likely to be solar wind and micro-

meteoroids, which are both prevalent throughout the Solar System, and which likely play a large role in the 

volatiles on other airless bodies, such as Mercury.  If interstellar particles are a component, these would 

also be relevant for other surfaces aside from the Moon.  The volatiles at the lunar poles may also give us 

information about particles in the Earth‟s magnetosphere.  If these particles are implanted on the lunar 

surface and stored for long periods of time in cold traps, then it is possible that they record information 

about Earth‟s geomagnetic history.  

Finally, polar volatiles sourced from within the Moon itself must have arrived there during lunar 

formation or subsequent heavy bombardment, and so could provide useful information about the process of 

lunar formation.  Their abundances are also a useful constraint on models of lunar formation and could aid 

understanding in lunar origin. 

Methods 

In order to find suitable landing sites that could help determine the source(s) for lunar polar volatiles as 

stated in Science Goal 4b, we used only the classified slope layer.  We conducted a classification and a 

post-classification analysis in ArcMap 10. 

Classification 

We first reclassified the raster values as scores from one to four, with one being the most scientifically 

interesting sites and four being the least.  Since there was only one layer used for the classification, we 

assigned 100% of the weight to that layer in ArcMap.  Our slope classification scheme was informed by 

current hardware design constraints: the highest score has been assigned to slopes below 25° and the lowest 

score to slopes steeper than 30°.   

There are no apparent outgassing sites poleward of 80° latitude  (e.g. Schultz et al., 2006; Lawson et al., 

2005), though such places would have been prime locations to test the volatile content of the lunar interior.  

We assume that small craters and the top few centimeters of the regolith could provide useful information 

about volatile sources but these features are ubiquitous and are more important for mission operations than 

landing site consideration. 

Site recommendations 

Results from classification (Fig. 4.10) show that Science Goal 4b is not very constraining in the 

selection of specific landing sites.  Since the only data used in the classification analysis is the slope map, 

most lunar locales would satisfy this goal.  Moreover, the sites excluded from the results of Science Goal 

4b are the same sites excluded from other Science Goals on the basis of slope.  In addressing Science Goal 

4b, sampling strategy is more important than site location.  Therefore, we recommend sampling bright, 

fresh features as well as contrasting areas around these locations.  Such young features should be present 

everywhere on the Moon, and their detection may have to wait until landed missions identify them or until 

they are detected from focused comparison of Lunar Orbiter and LROC NAC images. 
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SCIENCE GOAL 4C: UNDERSTAND THE TRANSPORT, RETENTION, ALTERATION, AND 

LOSS PROCESSES THAT OPERATE ON VOLATILE MATERIALS AT PERMANENTLY 

SHADED LUNAR REGIONS 

Introduction 

Questions concerning processes that alter the state or distribution of volatiles on the lunar surface are 

broadly applicable to similar processes on other airless bodies (e.g., the way in which these processes 

interact with Permanently Shadowed Regions (PSRs) is of great interest for Mercury, in particular).  Study 

of these processes is difficult in terrestrial laboratories, and so a return to the Moon would prove invaluable 

for bettering our understanding of them.  Finally, it is important to understand these processes fully before 

future missions damage the pristine lunar exosphere (NRC 2007).  The processes by which volatiles are 

transported, retained, altered, and lost are described in the following subsections. 

Transport 

The amount of volatiles in a given deposit is a function of efficiency of the various transport and loss 

mechanisms (Fig. 4.11).  There are many ways that volatiles can move across the lunar surface, including 

electrostatic levitation, random ballistic walk, thermal diffusion, impact vaporization, and impact 

gardening.  

Electrostatic levitation 

Small (~1 µm) grains on the lunar surface can be caused to levitate by becoming positively charged by 

plasma and photoemission of electrons from solar UV and X-rays.  They then fall back to the surface after 

a certain period of time after becoming neutralized.  While levitated, grains can be transported laterally by 

electric fields or if the dust has an intrinsic horizontal velocity component.  Transport occurs in a 

photoelectron sheath above the surface.  Grain size controls the height of levitation: 0.1 μm grains can be 

raised to 100 km above the surface, while 5 μm grains can only reach ~10 cm above the surface.  This is 

based on the „dynamic fountain model‟ for lunar dust (Stubbs et al., 2006).  Levitated positively charged 

grains will tend to move across the terminator to negatively charged regions through this process (Berg, 

1978). 

 

FIGURE 4.11 Schematic of various mechanisms that affect lunar volatiles (from Lucey, 2009). 
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Random ballistic walk 

Hydrogen can move through the lunar exosphere by a process known as random ballistic walk (Crider 

and Vondrak, 2000; 2002; 2003).  Incident protons from the solar wind electrically interact with the lunar 

surface which can neutralize them, backscattering ~1% of the incident protons and leaving ~99% implanted 

in the regolith.  Implanted H atoms may remain in the regolith until chemically reacting with local atoms, 

or until they are removed via sputtering or diffusion.  Particles that leave the lunar surface travel on 

individual ballistic paths, and those that are not lost to ionization from ultraviolet radiation or solar wind 

will return to the surface some distance away (see Fig. 4.11).  After landing, particles thermally equilibrate 

with local surface materials until this process repeats itself.  It should be noted that regardless of the release 

mechanism for the first hop, every subsequent hop is considered to be a thermal desorption with a 

Maxwellian distribution (Crider and Vondrak, 2002). 

According to calculations by Crider and Vondrak (2000) using H abundance data from the Lunar 

Prospector Neutron Spectrometer (LP-NS), it would take 7 Ma for the solar wind to supply the cold traps 

with the observed 4.99 × 10
37

 H atoms.  However, if the H is only found as part of H2O molecules, the time 

required for solar wind implantation is 100 Ma.  Via ballistic hopping and associated loss processes the 

absolute minimum time to transport volatiles to the lunar poles is ~83 ka, even assuming the most favorable 

solar wind H concentrations and that every H atom reaches a polar cold trap.  This timeframe increases to 

~83 Ma with less favorable assumptions (Crider and Vondrak., 2000).  These numbers are based on a 

constant solar wind flux, so they are not representative of any solar wind particles except for H, and do not 

apply to any source of lunar volatiles except for solar wind (Crider and Vondrak, 2002). 

Thermal diffusion 

Individual atoms of volatiles, such as H, may diffuse along thermal gradients from the surface to greater 

depths. When surface temperatures are below ~95 K, this process becomes largely ineffective, and volatiles 

are more likely to remain at or near the surface (Siegler et al., 2010).  This is important, because some other 

processes (e.g. levitation, ballistic random walk, sputtering, and gardening) act only on particles at the 

surface, and so thermal diffusion may help shield volatiles from these processes. 

Impact vaporization 

Volatiles can also be mobilized if they are vaporized during an impact event. This process can remove 

volatiles from cold trap areas (Crider and Vondrak, 2003), and is in fact largely insensitive to PSRs and 

surface temperatures.  According to Monte Carlo simulations by Butler (1997), however, 85% of particles 

vaporized from an impact into a PSR would very quickly be re-sequestered by cold trapping. 

Gardening 

Impact gardening is the process of moving material within the top portion of the lunar regolith by small 

meteorite bombardment.  This results in churning of the regolith, exposing previously buried material to 

ultraviolet radiation and solar wind sputtering.  Crider and Vondrak (2003) reported that the lunar regolith 

becomes gardened down to a depth of about 1.6 m in ~1 Ga.  The rate at which new material is exposed can 

provide constraints on the effectiveness of retention of volatiles in cold traps. 

Retention 

The primary way in which volatiles are retained on the Moon is by mineral-grain adsorption, though the 

adsorptive capacity of lunar regolith is 10–100 times less than that of terrestrial soil (Vondrak, 1974).  This 

process is continually active in the top few µm of the regolith, where solar wind particles are bound to the 

surfaces of individual grains at the top of the regolith. 

The saturation rates of volatiles in lunar regolith are important because they control which material is 

stored and which is lost in a given location.  The amount of time it takes to reach saturation varies with 

depth: the top 1–3 mm of freshly exposed regolith become saturated in 10–100 ka, while the top 1–2 m will 

not be saturated for 400–900 Ma.  Both of these timescales assume that overturn occurs by gardening and 

not by the influence of large impacts (Crider and Vondrak, 2002; Johnson and Baragiola, 1991). 

Impact gardening by small meteorites serves to bury volatiles, which greatly increases the amount of 

time that they can be retained.  The survival time of a buried volatile deposit depends on its composition, 
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thickness and burial depth.  This effect is even more pronounced in low-temperature areas; in PSRs, buried 

ice deposits could be stable for billions of years (Vasavada et al., 1999). 

In addition to impact gardening and burial, shadowed regions halt the levitation of small particles that 

may be moving across the lunar surface by electrostatic levitation.  Colwell et al. (2004) suggests that this 

leads to a buildup of finer-sized grains in PSRs on Eros, leading to the „ponds‟ observed there.  Such an 

effect may also be possible on the Moon.  Finer-grained regolith has more surface area available for 

volatile adsorption, and so can retain more volatiles.  Interestingly, this is a way that PSRs may aid 

retention of volatiles that is temperature-independent. 

Alteration 

There are several key processes by which volatiles on the lunar surface are altered from their original 

states.  For example, volatiles can be broken down by alpha particles, incorporated into clathrates or 

hydrated minerals, undergo organic synthesis.  Alteration processes are important both because it would be 

helpful to know in what form you might expect to find volatiles (e.g. for ISRU), and because the varying 

states of volatiles have different physical properties (e.g. sublimation point). 

Alpha particles 

When solar wind alpha particles hit the lunar surface, they can impart their energy to H2O molecules, 

breaking them apart into H and OH.  This can happen any time an H2O molecule is exposed to the solar 

wind, which happens at or above the surface (during a ballistic hop, for example) (Crider and Vondrak, 

2000). 

Clathrate hydrates 

Clathrates are a type of compound where the molecular structure of one substance entrains the 

molecules of another.  In a clathrates hydrate, the „host‟ molecule is water, and the „guest‟ molecule is a 

volatile substance.  There has been some evidence of this kind of compound on the Moon. Apollo 11, 12, 

14, 15, and 16 samples have a ubiquitous CH4 (methane) component.   The assumption is that these are 

products of interactions between solar wind and lunar regolith (Duxbury et al., 2001).  When the water 

molecules are ice, this prevents diffusion of the entrained volatiles into the near-vacuum lunar exosphere.  

The idea is that surficial CH4 gas could get buried under water ice, diffuse into the ice and (given the right 

temperatures and pressures) form clathrates.  These compounds would likely be stable at temperatures 

under around 150 K (Duxbury et al., 2001). 

Hydrated minerals 

There has been some suggestion that hydrated minerals, particularly ilmenite, could account for a 

majority of the hydrogen at the lunar poles, particularly in small (<10 km) craters.  At temperatures 

between 95 and 110 K, surface ices would move down into the regolith through thermal diffusion.  This 

migration may then lead to the formation of hydrated minerals from reactions with dry silicates in the 

regolith at depth (Cocks et al., 2002). 

Organic synthesis 

In-situ production of organics from indigenous inorganic material is possible because of the special 

combination of three conditions in cold traps: a feedstock of organic elements, an energy source for driving 

the chemical reactions, and high enough temperatures for reactions to occur (Lucey, 2000). 

 Loss 

Loss of volatiles from the lunar surface can happen in several ways.  The dominant loss processes 

during volatile transport is photodissociation, or ionization and dissociation of volatiles by photons during a 

ballistic hop (Crider and Vondrak, 2000). 

Thermally-driven sublimation is also an important mechanism for volatile loss; volatiles heated above 

their sublimation points escape from the lunar surface and enter the exosphere.  Cold trapping can prevent 

this from occurring, but PSRs are not found equatorwards of 80°.  Water ice buried under a 10 cm layer of 

regolith has loss rates from 10
-6

–100 kg m
-2

 Ga
-1

, depending on temperature (Schorghofer and Taylor, 

2007). 
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Exposed surface volatile deposits can also be eroded by „sputtering‟, the displacement implanted H 

atoms when cosmic rays or charged particles from the solar wind penetrate into the regolith (Crider and 

Vondrak, 2003; Starukhina, 2002).  For exposed H2O ice, the loss rate by sputtering is 10
3
 kg m

-2
 Ga

-1
 

when the temperature is between 70–120 K (Schorghofer and Taylor, 2007). 

Significance 

Understanding the way in which volatiles move around and off of the lunar surface is a vital part of 

understanding where they can be found.  Volatile transport is a process that involves many different sub-

mechanisms, including temperature-dependent grain-volatile interactions which have not or can not be 

studied in terrestrial laboratories.  Thus, the Moon is an ideal natural laboratory for examining these 

processes.  Also, transport, retention, alteration, and loss of volatiles likely occurs via similar mechanisms 

on all airless bodies.  Finally, studying movement of volatiles into and out of the lunar exosphere must 

occur before future human and robotic missions further alter the pristine lunar polar environment. 

Methods 

In order to find suitable landing sites to help understand the transport, retention, alteration, and loss 

processes that operate on volatile materials at permanently shaded lunar regions, we used four data layers: 

(1) the maximum annual temperature, (2) the distance from PSRs, (3) the slope and (4) the hydrogen 

content.  We conducted a classification and a post-classification analysis in ArcMap. 

Classification 

We first classify the raster values according to scores from 1 to 4, 1 being the most valuable and 4 being 

the least.  We assigned each layer an equal weight and combined them with the Raster Calculator in 

ArcMap.  Table 4.5 summarizes the science site selection criteria, scores and weights based on those layers. 

The main difference between the classification for Science Goal 4c and that for other Science Goals is 

that here we used two different maximum annual temperature ranges: under 54 K, to look at retention, and 

from 90–130 K to look at transport (specifically thermal diffusion).  The 54 K limit was common to several 

other goals, and represents a temperature just below the sublimation point of CO2.  Downward diffusion of 

water ice does not occur below ~90 K, and is most efficient at 110–130 K (Schorghofer and Taylor, 2007). 

PSRs, slope and hydrogen content have also been used in the classification process.  Their classification 

criteria and weights are the same as for science goal 4a. 

TABLE 4.5 Classification criteria for Science Goal 4c. 

Criteria Score Weight Purpose 

Maximum Annual 

Temperature (K) 
 

25% 

 

0-130 1 Allows downward migration of volatiles 

>130 4 Does not allow downward migration  

Distance from PSR 

(m) 
 

25% 

  

0 1 Within PSR 

0-1000 2 Short daily walking distance from PSR 

1000-5000 3 Medium daily walking distance from PSR 

5000-10000 4 
Maximum daily walking distance from 

PSR 

Slope (°)  

25% 

 

0–25 1 High accessibility 

25–27.5 2 Intermediate accessibility 

27.5–30 3 Intermediate to low accessibility 

> 30 4 Low accessibility to inaccessibility 
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Hydrogen content 

(ppm) 
 

25% 

  

>150 1 Enhanced hydrogen content 

100–150 2 Elevated hydrogen content 

50–100 3 Medium hydrogen content 

0–50 4 Normal hydrogen content 

 

Post-Classification Analysis 

The result of the classification process is a map of locations at the lunar polar regions with elevated 

hydrogen concentrations, temperatures <130 K, low slopes, and minimal distances to PSRs.  The polygons 

shown on this map match the above criteria, but their geologic or spatial context is not taken into account.  

The purpose of post-classification, then, is to generate such a map in order to single out sites that maximize 

potential science return. 

We generated two different sets of post-classified polygons, one calling out temperatures below 54 K 

and one with temperatures in the 90–130 K range.  The lower temperatures indicate areas with the best 

potential for volatile storage, while the higher-temperature regions are important for studying the process of 

thermal diffusion of volatiles into the regolith.  For each of these two maps, polygons were kept that 

matched its respective temperature range.  This was done visually by overlaying a classified maximum 

annual temperature map over the set of all polygons for 4c and looking for polygons that contained areas of 

the given temperature. 

The set of polygons containing areas with maximum temperatures of 90–130 K closely matched the 

original set of classified polygons.  This is because the classification process called for temperatures under 

130 K, and the upper end of this range was more common than the lower end.  Polygons with maximum 

temperatures under 54 K were rarer, but it is important to note that a transect from any of these polygons to 

a well-illuminated area will cross isotherms with temperatures of 90–130 K.  Because of this, when we 

incorporated our post-classification results for Science Goal 4c into the final results for Concept 4 as a 

whole, we use the set of polygons from this lower temperature range.  Figure 4.12 shows the results of this 

process, with the upper and lower temperature ranges appearing in different shades of green. 

Site recommendations 

There are a large number of sites to address Science Goal 4c at either pole.  At the North Pole, areas 

from both of the temperature regimes in our result (T < 54 K and 90 K < T < 130 K) are small and patchy.  

Away from the pole, regions of 90–130 K become more continuous in distribution, because of larger-scale 

cratered terrain.  Regions also exist with sites in both temperature ranges.  In these locations, it would be 

possible to sample across isotherms, gaining information about regolith at different temperatures, and thus, 

volatiles that are undergoing different processes. 

North polar region 

In the colder temperature regime (maximum annual temperatures < 54 K), our result is generally 

characterized by small locations, particularly in the Intercrater Polar Highlands (IPH) between Hermite, 

Peary, and Rozhdestvenskiy craters.  Sites also exist on the bases and walls of large craters, such as in 

Hermite, Peary, and Lenard craters. 

For the warmer (90–130 K) temperature range, a similar pattern exists, but with more sites present (Fig. 

4.13).  Larger areas exist in the floors and walls of moderately-sized craters such as Lovelace, 

Rozhdestvenskiy U, and Nansen F and A.  Rozhdestvenskiy U is notable also for its high hydrogen 

abundances and the large area matching Science Goal 4c selection criteria. 

South polar region 

For the colder temperatures considered, there are few sites, mostly in the floors of Haworth, Shoemaker, 

Faustini, de Gerlache, and Amundsen craters (Fig. 4.14).  These areas are fairly extensive (tens of 

kilometers across).  There are also a few locations between Shackleton and Haworth, and to the northwest 

of Shoemaker crater. 
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Sites in the warmer temperature range include Shackleton, Sverdrup, Nobile, Cabeus and Cabeus B, 

Wiechert, and Idel‟son L.  Amundsen also shows areas in this temperature regime.  
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FIGURE 4.13 Enhanced view of recommended sites in the north polar region satisfying Science Goal 4c. 

 

FIGURE 4.14 Enhanced view of recommended sites in the south polar region satisfying Science Goal 4c. 
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SCIENCE GOAL 4D: UNDERSTAND THE PHYSICAL PROPERTIES OF THE EXTREMELY 

COLD (AND POSSIBLY VOLATILE RICH) POLAR REGOLITH 

Introduction 

All existing surface samples of the Moon come either from equatorial Apollo missions or from lunar 

meteorites of unknown provenance.  Because of this, the physical properties of the regolith at the equator 

are comparatively well understood; the analysis of returned samples and drill cores provides information 

about mineralogical and chemical properties of lunar regolith from the equator (McKay et al., 1991).  

Properties of lunar regolith are summarized in Table 4.6.  The in situ bulk density is approximately 1.30 

g/cm
3
 at the surface and the in situ porosity ranged around 44–52%, although these values have been found 

to vary between localities (Carrier et al., 1991).  The concentration of hydrogen in regolith up to a depth of 

2 m is ~50 μg/g (Haskin, 1992).  Generally the volatile content at the poles varies within the range of ~0.1 

to 1.8kg per 0.1 kg/m
3
 of H, and ~1 to 20 g per 0.1kg/m

3 
of H (noble gases)  (Haskin, 1992). 

TABLE 4.6 Example properties of lunar regolith.  Beach sand is provided as a familiar substance for 

comparison.  Data from 
*
Carrier et al., 2005; 

†
Carrier et al., 1991; 

‡
Haskin et al., 1992 

Parameter 
Lunar regolith: 

surface 

Lunar regolith: 50 

cm depth 

Typical beach 

sand 
Units 

Particle size 0.002–2.000 
*
 0.002–2.000 

*
 0.063–2.000 mm 

Bulk density 1.50 
†
 1.74 

†
 2.65 g/cm3 

Porosity 52 
†
 44 

†
 40 % 

Concentration of H 50 
‡
 50 

‡
 Varies μg/g 

Particle shapes 
Spherical to 

angular
‡
 

Spherical to 

angular
‡
 

Rounded, spherical - 

 

At the polar regions, extremely low temperatures (50–70 K) (Vasavada et al., 1999) can have a drastic 

effect on regolith properties such as bulk density and conductivity (Carrier et al., 1991).  Not only are 

surface temperatures lower at the poles, but subsurface temperature profiles are likely also different due to 

the temperature of the surrounding material.  Figure 4.15 shows some important temperatures for volatiles 

on the lunar surface. 

 

FIGURE 4.15 Diagram showing some important temperatures for Science Goal 4d, on the right, with other 

temperatures provided for context on the left. 
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In addition to direct thermal effects on the regolith, the cold temperatures at the lunar poles can 

indirectly affect regolith by allowing the presence of water and other volatiles.  The presence of water, 

specifically, can encourage formation of agglutinates, small lunar soil particles (mineral grains and glasses) 

bonded together by impact glasses (McKay et al., 1991, p. 296).  An abundance of these extremely porous 

particles will increase the overall porosity of a sample of regolith containing them.  Agglutinates already 

comprise at least half of the volume of a mature regolith (McKay et al., 1991), and so their effect on bulk 

regolith properties is nontrivial.  It is also possible that the extremely cold temperatures at the lunar poles 

may inhibit glass formation, leading to fewer agglutinates and therefore lower bulk porosity. 

Space weathering can also play a role in determining the physical properties of polar regolith.  

Generally, the regolith may be much finer grained at the lunar poles as a result of the late heavy 

bombardment and a lack of subsequent large-scale volcanism (Hartmann, 2003).  Finer-grained material at 

the lunar poles would not only affect regolith permeability, but would also provide more grain surface area 

for bonding of volatiles. 

Significance 

The primary importance of understanding the physical properties of the lunar polar regolith is that the 

state of these surface materials may determine the ease or difficulty of volatile extraction from the regolith 

(NRC, 2007).  Such deposits, as explained throughout this report, would greatly facilitate future human 

presence on the lunar surface, and could also provide support for human or robotic exploration by 

providing a local fuel source.  Lunar surface activity related to extraction of these volatiles also requires a 

detailed understanding of the physical conditions of the polar regolith to ensure safe operations.  In 

addition, volatile-rich polar PSRs would provide a useful analog to other airless bodies such as asteroids or 

Mercury. 

Direct measurement of polar regolith in permanently shadowed regions (PSRs) may be the only way of 

characterizing these materials.  Sample return at such low temperatures would be difficult, and the same 

samples raised to higher temperatures likely would not have the same physical properties.  Therefore, a 

return to the moon for in-situ measurements is the only viable way to address Science Goal 4d.  

Methods 

In order to find suitable landing sites that could help understand the physical properties of the extremely 

cold (and possibly volatile rich) polar regolith we used three data layers: (1) the maximum annual 

temperature, (2) the slope and (3) the hydrogen content. We conducted a classification and a post-

classification analysis in ArcMap. 

Classification 

We first classify the raster values according to scores from 1 to 4, 1 being the most valuable and 4 being the 

least.  We assigned a higher weight to the maximum annual temperature due to the focus on the extremely 

cold regions.  We assigned the slope and the hydrogen content equally lower weights.  The three layers 

were then combined with the Raster Calculator in ArcMap.  Table 4.7 summarizes the science site selection 

criteria, scores and weights based on those layers.  Classification of the three layers and score values are the 

same as for Science Goal 4a. 

TABLE 4.7 Classification criteria for Science Goal 4d. 

Criteria Score Weight Purpose 

Maximum Annual 

Temperature (K) 
 

40% 

 

0–54 1 Low volatility (CO2 volatility) 

54–70 2 Medium volatility (C5H12 volatility) 

70–100 3 Medium-high volatility (H2O volatility) 

>100 4 High volatility of most volatiles 
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Slope (°)  

30% 

 

0–25 1 High accessibility 

25–27.5 2 Intermediate accessibility 

27.5–30 3 Intermediate to low accessibility 

>30 4 Low accessibility to inaccessibility 

Hydrogen content (ppm)  

30% 

  

>150 1 Enhanced hydrogen content 

100–150 2 Elevated hydrogen content 

50–100 3 Medium hydrogen content 

0–50 4 Normal hydrogen content 

 

Post-Classification Analysis 

The result of the classification process is a map of locations at the lunar poles with elevated hydrogen 

concentrations, very low temperatures, and low slopes (unlike Science Goals 4a, 4c, and 4e, PSRs were not 

part of this classification).  The areas shown on this map match the above criteria, but their geologic or 

spatial context is not taken into account.  The purpose of post-classification, then, is to generate such a map 

in order to single out sites that maximize potential science return. 

We manually removed every polygon that was not either in a region of low maximum annual 

temperature (<105 K) or of high CPR; we assessed these regional criteria visually using the appropriate 

data layers.  The final results for this process are shown in Fig. 4.16. 

Site recommendations 

As the focus of Science Goal 4d is the study of physical properties of extremely cold regolith, the highest-

priority landing sites had a maximum annual temperature ≤54 K (usually within PSRs).  

North polar region 

Our results show that a relatively small number of sites in the north polar region satisfy the constraints 

of Science Goal 4d, most of which fall north of the 85° latitude line (Fig. 4.17).  The best and most 

extensive regions are found in Lenard and Rozhdestvenskiy W craters (D = 47 km and D = 90 km, 

respectively).  Other sizeable areas can be found near the south wall of Hermite crater, and on the floor of 

Peary crater.  There are also a number of small areas located in the Intercrater Polar Highlands (IPH), 

bounded by Bosch, Rozhdestvenskiy, Hermite, and Peary craters. 

SouthpPolar Region 

For the south polar region, the distribution of possible landing sites is very similar to Science Goal 4a 

(Fig. 4.18).  A small concentration of regions are observable mostly on the floors of medium-to-large 

craters close the poles.  These include Amundsen, Faustini, Haworth, and de Gerlache craters, as well as 

the plains west of Shoemaker. 

Discussion 

The results from the North and South Poles of the Moon were quite similar; neither pole contained 

many sites that satisfied Science Goal 4d.  Note however that the site recommendations shown in Fig. 4.16 

were selected for extreme cold to maximize science returns.  Sampling regolith in different geologic units 

and from different morphologies is important for contrast with the results for regolith from the coldest 

areas. 
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FIGURE 4.17 Enhanced view of recommended sites in the north polar region satisfying Science Goal 4d. 

 

 

FIGURE 4.18 Enhanced view of recommended sites in the south polar region satisfying Science Goal 4d.  
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SCIENCE GOAL 4E: DETERMINE WHAT THE COLD POLAR REGOLITH REVEALS ABOUT 

THE ANCIENT SOLAR ENVIRONMENT 

Introduction 

The extremely cold temperatures at the lunar polar regions, particularly in PSRs, may have allowed the 

preservation of a longer record of solar activity than is present in samples from equatorial regions that have 

been heated and cooled on a diurnal cycle.  When lunar regolith is heated, it releases volatile elements as 

gases, notably particles that had been implanted in that regolith by the solar wind.  In deeper regolith, these 

particles may be quite old, meaning that they were implanted at a different time in our Sun‟s evolution.  

Thermal outgassing from equatorial soils shows a nitrogen signature (N), for example, that does not appear 

to match solar composition models, but because of the high temperatures in these areas, it is unclear 

whether that signature is due to a real anomaly in solar composition or to post-implantation diffusion or 

fractionation processes.  A study of regolith in polar PSRs may help resolve this issue, as it has not been 

extensively heated, and so is unlikely to have suffered similar post-implantation modification (NRC, 2007).  

Solar wind particles implanted in polar regolith and preserved in PSRs would help fill an important 

temporal gap in our knowledge of the Sun.  Through time, lunar obliquity has varied up to 77° (Siegler et 

al., 2011), though the Moon‟s obliquity has been relatively constant over the past 2 Ga (Siegler et al., 

2011a; 2011b, Ward et al., 1975, Arnold et al., 1979).  It follows that modern-day PSRs have likely been 

shadowed for roughly the past 2 Ga, with the oldest PSRs being those closest to the poles.  Thus, the epoch 

of solar history measureable at the lunar polar regions extends from the present back to around 2 Ga.  

According to Lal et al. (1991) meteorite and lunar records can reveal solar history for the first 0.5 Ga of 

solar system history and the last <10 Ma, but times between these are not readily interpretable.  Recent 

(<10 Ma) energetic solar particles do not show any marked variation from present-day particles.  Core tube 

samples of regolith have an antiquity (time since they acquired their characteristic SW signature) of ~3 Ga 

(Kerridge et al., 1979) and this raises the possibility that future deep regolith cores could reveal soils with 

similar antiquities.  If such data can successfully be interpreted, they may place constraints on and context 

for the claims of (1) (Newkirk et al., 1979) that the SW flux was ~2 times its current rate 3.5 Ga ago; and of 

(2) (Eugster et al., 1983) that impact-exhumed Apollo 17 soils (74001 & 73261) likely contain trapped 

noble gases from 3.6 and 2.5 Ga, respectively. 

Significance 

Understanding solar history greatly aids our understanding of past climates on Earth.  Knowing the 

solar output over terrestrial history would, for example, help place constraints on past climate variability on 

Earth. Another promising avenue for study is the possibility of noble gas „snow‟ in PSRs or other cold 

polar regions.  The coldest temperatures measured on the Moon are below 23 K (Paige et al., 2011), which 

puts them in the same temperature range as the stability of xenon (Xe), krypton (Kr), and argon (Ar) 

(Zhang et al., 2010).  This means that there is a possibility that noble gases could be frozen out of the lunar 

exosphere in these places and possibly sequestered in the regolith, at least for short periods of time.  

Because the lowest average temperatures on the Moon are around 38 K (Paige et al., 2011), long-term 

solid-state storage of noble gases seems unlikely, but periodic „trap-and-release‟ cycles may be more 

common.  This provides an interesting analog for periodic comets, which may undergo similar temperature 

fluctuations as they change distance from the Sun. 

Methods 

In order to find suitable landing sites that could help determining what the cold polar regolith reveals 

about the ancient solar environment we used three data layers: (1) the minimum annual temperature, (2) the 

distance from PSRs and (3) the slope.  We conducted a classification and a post-classification analysis in 

ArcMap. 

Classification 

We first classify the raster values according to scores from 1 to 4, 1 being the most valuable and 4 being 

the less.  We assigned the three layers weights of 33%, 34%, and 33%, respectively.  We then combined the 

layers with the Raster Calculator in ArcMap.  In the classification of Science Goal 4e, we decided to use 

the minimum annual temperature instead of the maximum annual temperature that has been used in the 
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classification for all other science goals up to now.  The reason for that is to look at sites that have the 

potential for „trap-and-release‟ of noble gases, particularly xenon (Xe), krypton (Kr), and argon (Ar). 

Post-Classification Analysis 

The result of the classification process is a map having pixels values ranging between 1 and 4, 1 being a 

perfect match of our classification criteria.  To refine our results, we decided to keep values between 1 and 

1.33, meaning that one of the input layer could have had a score of 2 instead of a perfect match.  Keeping 

only the perfectly matched areas resulted in so few sites that we decided to relax our constraints.  We then 

conducted a post-classification analysis to take into consideration the geologic or spatial context of those 

areas.  The purpose of the post-classification analysis is to generate such a map in order to single out sites 

that maximize potential science return. 

We manually removed every area that was not either in a region of low minimum temperature (<54 K), 

high CPR, or elevated hydrogen levels (> 100 ppm); we assessed these regional criteria visually using their 

respective data layers.  The final results are shown in Fig. 4.19. 

Site recommendations 

Science Goal 4e can be addressed in most extremely cold regions (<54 K).  The map of recommended 

sites required that areas be PSRs and have the coldest minimum annual temperatures, though we included 

cold non-PSR regions in order to observe diurnal effects on SW content, especially regarding noble gas 

gain and loss.  

North polar region 

Figure 4.20 shows a close-up view of the recommended landing sites to address Science Goal 4e at the 

north polar region.  The recommended sites are found on the wall and floor of large craters, having a 

diameter larger than 50 km, such as Rozhdestvenskiy W, Lovelace, Hermite, Nansen F, and Plaskett V.  

They are also found on smaller craters such as Rozhdestvenskiy K, Lenard, Houssay, Hinshelwood, and 

Whipple, as well as in smaller craters on the floor of large craters like Rozhdestvenskiy, Hermite, Peary, 

Rozhdestvenskiy W, Florey, and Byrd.  The Intercrater Polar Highlands also contain many small interesting 

sites. 

South polar region 

Many sites also can address Science Goal 4e in the south polar region.  Figure 4.21 shows a close-up 

view of the recommended landing sites there, found in large craters such as Cabeus, Cabeus B, Amundsen, 

Idel‟son, Shoemaker, Haworth, and Nobile as well as in smaller craters such as Faustini, Wiechert, 

Wiechert U, Wiechert P, Sverdrup, de Gerlache, and on the floor of Skackleton. 

Discussion 

Qualitatively, the south polar region has a more consolidated site distribution than the north, 

particularly around the circum-polar craters of Haworth, Shoemaker, and Faustini.  Specifically, the south 

polar region has ~46% the number of sites than the north, although the south has almost 4,000 km
2
 more 

Science Goal coverage than the north pole.  Regions where Science Goal 4e coverage is in large areas are 

more desirable in that they allow for sampling from a greater variety of geologic morphologies.  In this 

regard, the south polar region is preferred.  
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FIGURE 4.20 Enhanced view of recommended sites in the north polar region satisfying Science Goal 4e. 

 

FIGURE 4.21 Enhanced view of recommended sites in the south polar region satisfying Science Goal 4e. 
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INTEGRATED RESULTS FROM ALL SCIENCE GOALS 

Introduction 

Up to this point, we have addressed the Science Goals within Concept 4 on an individual basis and 

identified locations where the potential science return can be maximized.  A broad variety of sites could be 

studied with a multiple-mission campaign, with landing sites chosen to maximize return for each goal.  In 

this type of multi-mission architecture, the Science Goal maps would be used independently, with the same 

recommendations as given in each Science Goal section. 

In order to conduct the most science at the fewest number of stations, a single-mission architecture 

would be more efficient, even one with limited mobility.  By this framework, it would be desirable to find 

sample locations where all five Science Concept 4 Science Goals overlap.  This approach will not give the 

breadth of data possible in a multiple-mission design, but would still allow a mission to address the vast 

majority of key questions for each Science Goal and for Concept 4 as a whole. 

Methods 

To find the sites where all Science Goals could be achieved simultaneously, we overlapped the sites that 

had been determined for each separate Science Goal.  Science Goal 4b was the least constraining, while 

Science Goals 4a and 4d were the most constraining, meaning that they placed the most limitations on the 

overlapping Science Goal sites.  Since the data used for this overlapping came from our previous post-

classification analysis, no further processing or validation was required. 

Site recommendations and discussion 

By sampling areas where all Concept 4 Science Goals may be addressed simultaneously, the probability 

of mission success is increased.  In this section we list potential sites where the scientific return can be 

maximized at both the North and South Poles.  Figure 4.22 shows these sites in a map similar to those 

shown for individual Science Goals. 

North polar region  

The areas that satisfy all Science Goals for Concept 4 at the north polar region can be seen in Fig. 4.23, 

which includes insets to allow better viewing of the sites.  There are very few sites where all goals overlap 

in the north polar region.  Generally, these are patchy areas related to degraded crater morphologies, 

particularly in the Intercrater Polar Highlands (IPH) near the geographic North Pole.  The largest 

continuous region of Science Goal overlap is in Lenard crater (D = 48 km).  Other notable areas include 

sites on the floor of Peary crater, and on the southern walls of Rozhdestvenskiy W, Hermite, and Peary 

craters.  There are more areas on the North Pole than at the South Pole that can address all five Science 

Goals simultaneously.  

South polar region 

Figure 4.24 shows all sites at the south polar region satisfying all Science Goals simultaneously.  In the 

south polar region, many sites can be found in the bottoms of smaller craters within larger craters.  This is 

the case for Faustini, de Gerlache, Haworth, Shoemaker, and some of the near-polar highlands/intercrater 

areas.  The largest Science Goal overlap site at the South Pole is Amundsen crater (D = 105 km), which is 

also a convenient site because there are a range of morphologies present on the crater floor, allowing 

contrasting areas with different physical or thermal properties.  

Discussion 

Both poles have very few sites where all Science Goals of Concept 4 can be addressed simultaneously.  

In south polar regions, the only site of notable size is on the north floor and wall of Amundsen crater.  In 

the north polar regions, there are slightly more acceptable locations that satisfy all Science Goals, but these 

sites are still fairly rare.  The most prominent grouping of sites at the North Pole can be seen in Lenard 

crater.  Note that, as has been the case for individual Science Goal sections, the maps shown in Fig. 4.22 

are probably more selective than is absolutely necessary.  Many sites at both poles are PSRs, for example, 

or have elevated or high H content. 



283 

 

F
IG

U
R

E
 4

.2
2

 S
it

e 
re

co
m

m
en

d
at

io
n

s 
to

 a
d

d
re

ss
 a

ll
 S

ci
en

ce
 C

o
n

ce
p

t 
4

 S
ci

en
ce

 G
o

al
s 

si
m

u
lt

an
eo

u
sl

y
. 



284 

 

F
IG

U
R

E
 4

.2
3

 E
n

h
an

ce
d

 v
ie

w
 o

f 
re

co
m

m
en

d
ed

 s
it

es
 i

n
 t

h
e 

n
o

rt
h

 p
o

la
r 

re
g

io
n

 s
at

is
fy

in
g

 a
ll

 S
ci

en
ce

 C
o

n
ce

p
t 

4
 S

ci
en

ce
 G

o
al

s 
si

m
u

lt
an

eo
u

sl
y

. 



285 

 

F
IG

U
R

E
 4

.2
4

 E
n

h
an

ce
d

 v
ie

w
 o

f 
re

co
m

m
en

d
ed

 s
it

es
 i

n
 t

h
e 

so
u

th
 p

o
la

r 
re

g
io

n
 s

at
is

fy
in

g
 a

ll
 S

ci
en

ce
 C

o
n

ce
p

t 
4

 S
ci

en
ce

 G
o

al
s 

si
m

u
lt

an
eo

u
sl

y
. 



286 

CASE STUDIES 

After compiling lists of recommended landing sites based on individual and integrated Science Goals, 

we conducted case studies for two regions.  These case studies are in-depth examinations of where the 

Science Goals can be addressed within specific geologic and geographic contexts.  We also considered 

basic mission operations in terms of overall exploration architecture and science station distribution.  The 

two case studies are the Hermite-Peary highlands (North Pole) and Amundsen Crater (South Pole).  

Rationale for station selection based on Science Goal 

The common constraint for all Science Goals is navigability; this was dictated by slopes less than 25° as 

derived from a Lunar Orbiter Laser Altimeter Digital Elevation Model (LOLA-DEM) (Plate III).  We used 

other constraints for the various Science Goals below.  

4a: Composition and distribution 

The locations chosen to address Science Goal 4a are those with elevated hydrogen values as derived 

from the Lunar Prospector Neutron Spectrometer (LP-NS) data and those within Permanently Shadowed 

Regions (PSRs).  Also, they have the lowest annual maximum temperature as derived from LRO Diviner 

data. 

4b: Sources of volatiles 

Science Goal 4b can be addressed in any navigable location.  Fresh craters provide the least ambiguous 

information on volatile sources.  Small, fresh craters may be identified by eye in virtually any location 

based on the following criteria: (1) brightness of material, (2) crispness of rim and angularity of blocky, 

near-rim ejecta, and (3) lack of smaller over-printing craters.  While close examination and comparison of 

Lunar Orbiter IV and V and Lunar Reconnaissance Orbiter Camera - Narrow Angle Camera (LROC-NAC) 

images could reveal new craters less than 50 years old, such a time-intensive undertaking was beyond the 

scope of this report.  Therefore, we did not consider fresh craters as a landing site constraint; instead, 

astronaut crews could sample fresh craters wherever they find them. 

4c: Volatile transport, retention, alteration, and loss in PSRs 

The sites where Science Goal 4c phenomena are best addressed (1) have the highest hydrogen content 

as determined from LP-NS; (2) have the lowest annual maximum temperatures as derived from Diviner 

data; (3) are in PSRs and on PSR borders near sunlit areas; and (4) are in and around very fresh craters as 

visually identified by the crew.  

4d: Physical properties of extremely cold polar regolith 

Science Goal 4d can be best addressed in places with the lowest maximum annual temperature that are 

not in PSRs.  Locations with the highest hydrogen content were also considered.  

4e: Ancient solar environment 

For Science Goal 4e we primarily considered diurnal temperature trapping of noble gases and other 

volatiles.  Because of this, our favored  regions (1) have minimum annual temperatures lower than 54 K; 

(2) contain PSRs; (3) are near PSR/sunlit borders; and (4) have contained PSRs for the longest possible 

times. 

CPR: A special dataset 

Circular polarization ratio (CPR) data from the Mini-SAR instrument is a proxy for decimeter-scale 

roughness and water ice (Spudis et al., 2010).  CPR values are locally heterogeneous, so we propose crews 

land with a local remote sensing Mini-SAR-type instrument package or repurpose the lunar module‟s 

landing radar to record CPR data.  These data can be processed and interpreted on Earth leading to a high-

spatial-resolution CPR map that could precisely inform astronaut traverses.  

Amundsen crater (South Pole) 

Amundsen crater, centered at 84.6° S, 85.6° E, is a complex, central-peak crater ~100 km in diameter.  

It is only one of three discernable complex craters poleward of 80° S and is the youngest south polar 

complex crater.  Amundsen formed in the late Nectarian, but its floor has a crater density consistent with an 
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Imbrian age (USGS, 2009a).  The entire crater sits within the South Pole-Aitken (SPA) impact basin, which 

is the oldest (pre-Nectarian) and largest (~2600 km diameter) discernable lunar impact crater (Stuart-

Alexander, 1978).  Because of the great depth of SPA (~18 km of vertical relief), the mineralogy is likely 

intermediate with deep crustal or shallow mantle material mixing with feldspathic highlands material 

(Mest, 2011). 

Approximately 9% of the interior of Amundsen crater is in permanent shadow and ~6% of the interior 

satisfies all five of the NRC (2007) Concept 4 Science Goals.  A 43 km
2 

region directly north of our 

proposed landing site is one such region in which all five Science Goals could be addressed.  Many of these 

regions are on the floor of Amundsen, making for convenient access.  We chose Amundsen crater for this 

case study because it has many easily-accessible sites that address all or most Science Goals.  A broad 

range of geologic features is also present within Amundsen; these include crater floor materials (melt 

and/or volcanics), crater walls, wall slumps from higher on the crater wall or rim, and central peak material.  

It also contains many smaller craters with varying degrees of degradation.  Sampling these various 

morphologies may place constraints on distribution of volatiles, partially addressing Science Goal 4a. 

 

FIGURE 4.25 Amundsen Crater interior, showing PSRs (dark blue), sites where all five Science Concept 4 

Science Goal can be met (light blue), proposed landing sites (stars), and proposed science stations 

(circles).  Radii of 10 and 20 km from the landing sites are shown as solid and dashed lines, respectively.  

Base map is LRO/WAC/LOLA shaded relief. 
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Landing sites 

We identified two landing sites (A and B) on the floor of Amundsen crater that are lit up to ~25% of a 

lunation (Zuber et al., 2011).  Those sites provide access to stations within PSRs while providing a base of 

operations in an illuminated region.  Having the ability to establish stations in both sunlit regions and 

adjacent PSRs also has several scientific advantages.  The stations outside of PSRs can serve as 

experimental controls for the processes that affect volatile distribution within PSRs.  Contrasts between the 

two regions can also be used to evaluate transport mechanisms.  Remotely observed circular polarization 

ratios (CPR) (Zhang and Paige, 2010) also vary around both landing sites, providing an opportunity to 

groundtruth the global data set and test the effects of ground ice and surface roughness on those CPR 

values.  Temperatures derived from the Diviner radiometer (Paige et al., 2010) also helped define station 

locations.  The two sites are shown in Fig. 4.25. 

TABLE 4.8 Amundsen landing sites and science stations. 

Site Station Lat Long 
Science Goals 

addressed 
Description/reasoning 

A 1 -83.95 91.12 4c, 4e  
diurnal temperature variation, proximal to simple 

crater morphologies 

 2 -83.78 90.17 4a, 4b, 4c, 4d, 4e flat terrain 

 3 -83.72 89.89 4a, 4b, 4c, 4d, 4e near degraded crater rim  

 4 -83.77 90.91 4a, 4b, 4c, 4d, 4e 
access to crater ejecta; on a degraded crater rim 

that is over-printed by a younger crater 

 5 -83.65 91.34 4a, 4b, 4c, 4d, 4e access to possible slump material 

 6 -83.48 89.79 4c, 4e  temperature variation, access to terrace material  

B 1 -84.04 87.25 - 
diurnal temperatures (not in a PSR), access to 

base of central peak 

 2 -83.94 87.05 - 
fresh crater material, in small PSR with 

temperature variation 

 3 -83.74 87.69 4a, 4b, 4c, 4d, 4e 
consistent low temperatures (27.8 K = T min; 

41.5 K = T ave; 52.0 K = T max) 

 4 -83.66 87.79 4c, 4e  access to possible slump material 

 5 -83.76 84.99 4c, 4e  
temperature variation, access to debris slump 

material 

 6 -83.47 86.31 4a, 4b, 4c, 4d, 4e access to crater material on wall terrace 

 7 -83.34 84.77 4a, 4b, 4c, 4d, 4e access to terrace material  

 

Site A (83.93°S, 90.45°E) consists of six science stations (Table 4.8), all with elevated hydrogen levels 

(~110– 123 ppm [Feldman et al., 1998]), navigable slopes (< 15° [Zuber et al., 2011]), and with 

temperatures (Paige et al., 2010) ranging from ~23–100 K and averaging ~40–50 K.  Stations A1 and A6 

address three of the five NRC Science Goals (b, c, and e), while Stations A2 to A5 address them all.  The 

maximum temperature (Tmax) distribution places constraints on stations‟ expected volatile abundance based 

on volatiles‟ sublimation points.  Volatile sublimation temperatures (Feldman et al., 1998) near the Tmax of 

the stations include CO2 and hydrogen sulfide (Stations A2 to A5); water and ammonium hydrosulfide 

(A1); and toluene (A6). 

These stations explore the distribution of volatiles in several geologic sites that will have variable 

regolith properties and potentially cavities for icy deposits, while also providing access to geology that 

address other NRC (2007) goals.  Station A1 is in a small PSR amidst an interesting complex of 

overlapping, asymmetric simple craters.  Station A2 is on flat terrain while Stations A3 and A4 are on 

degraded crater rims, though the latter is also near fresh craters and their ejecta.  Station A5‟s location on a 

debris slump will allow sampling of a range of lithologies, particularly from higher on Amundsen‟s wall 
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and rim, while Station A6 is on the terraced wall.  All but Station A6 are within the 10 km astronaut walk-

back safety zone. 

Site B (83.82°S, 87.53°E) consists of seven science stations (Table 4.8); all have elevated hydrogen 

levels (between ~98–125 ppm [Feldman et al., 1998]), slopes <6° (Zuber et al., 2011), and temperatures 

(Paige et al., 2010) ranging from ~23–239 K with an average of ~37–73 K.  Stations B1 and B2 address 

none of the science goals directly, but serve as controls.  Stations B3, B6, and B7 address all five of the 

Science Concept 4 Science Goals, while Stations B4 and B5 address Science Goals 4b, 4c, and 4e.  Site B 

also allows sampling in various geologic regimes.  Station B1 is in a diurnal region at the base of 

Amundsen‟s central peak.  Station B2 is in a small PSR on the bottom of a small, fresh crater while Station 

B3 is on the flat Amundsen floor very near the terraced walls.  Stations B4 and B5 are on different debris 

slumps, allowing for sampling of stratigraphically higher and laterally diverse material.  Station B6 samples 

a simple crater on Amundsen‟s terrace.  Station B7 also samples the terrace, though in a location that also 

satisfies all five NRC goals. 

Conclusions 

Amundsen crater is a prime area for studying lunar volatiles.  Its geologic diversity, elevated hydrogen 

abundances, cold PSRs adjacent to warmer diurnal regions, and overall accessibility make it an appealing 

and interesting target for future lunar missions from both science and mission planning perspectives.  This 

is in contrast to the more limited science opportunities at Shackleton crater, which has steeper walls, 

simpler geology, and whose interior is entirely in permanent shadow. 

Intercrater Polar Highlands (North Pole) 

Centered at 285°E, 89°N, the IPH is ~4000 km
2
 in area and consists of rugged, hummocky terrain 

bounded by Peary, Rozhdestvenskiy, and Hermite craters.  The IPH is relatively homogeneous due to its 

age and near-complete crater saturation (USGS, 2009).  The majority of the region has been characterized 

as pre-Nectarian (~4.60–3.94 Ga) and Nectarian (~3.94–3.86 Ga) in age, which is bounded by highly 

subdued pre-Nectarian crater material (USGS, 2009).  Within the IPH there are also a few young craters of 

Erastosthenian age (3.2–1.1 Ga), namely Hermite A.  The IPH contains abundant PSRs that are smaller, but 

more numerous, than those at the South Pole (see Lemelin et al., 2012).  PSRs within the IPH are typically 

<10 km in diameter, occupying small topographic lows that are often degraded simple craters.  These 

regions have not been illuminated by the Sun in at least 2 Ga (Siegler et al., 2011) and, thus, act as „cold 

traps‟ for volatiles migrating from other regions on the lunar surface (Watson et al., 1961).  Orbital 

measurements indicate that the IPH region has enhanced hydrogen abundances (>150 ppm; [Feldman et al., 

1998]), low average temperatures (<54 K; [Paige et al., 2010]), and high circular polarization ratio (CPR) 

values (Spudis et al., 2010).  The Mini-SAR CPR data suggest that ice may be heterogeneously distributed 

within many small craters near the North Pole and be at least tens of wavelengths (~2–3 m) thick. 

Because the IPH region lacks substantial topographic highs, temperatures remain consistently cold 

(~23–54 K average annual temperatures), and there is little direct sunlight.  Models suggest the entire 

region experiences ~0–25% illumination over a period of four full (18.6 earth-year) cycles (Mazarico et al., 

2011). While this is suboptimal for generation of solar power during a mission, the situation can be 

improved by installing solar panels in nearby well-lit areas or mounted on ~10-meter-high masts.  

Alternatively, radiogenic power sources could be used.  Because of the patchwork nature of the PSRs in the 

IPH, landing can occur in sunlit regions (attractive for solar power) and short drives can then access the 

PSRs for measurements and sample collection. 

Landing sites 

We have identified two sites that can provide access to areas with overlapping science objectives and 

that have slopes suitable for rover operations.  Each area consists of 3 to 5 geologic stations located within 

a 10 km radius (for extravehicular activity safety reasons) of a flat (≤ 1° slopes) landing site.  All stations 

can be reached following rover-accessible paths (slopes <20°), and are located in areas where all Science 

Concept 4 Science Goals can be addressed.  Multiple core samples (to depths of 3 m) collected in a grid-

like fashion would address Science Goal 4a locally, as well as Science Goals 4d and 4e due to the stations‟ 

low annual average temperatures of ~31–39 K.  Sampling regolith to depths of 3 m is required to verify 

potential subsurface water ice as suggested by high CPR values at some stations.  Samples collected at 

stations situated in variable terrains (e.g. crater rim/floor) partially address Science goals 4a and 4c.  To 
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address Science Goals 4b and 4c, ion and particle collectors could be set up to assess volatile flux at the 

boundary of the PSR in which each station resides.  In order to fully address Science Goal 4c, regolith core 

samples could be collected not only at each station, but also outside and on the borders of their respective 

PSRs.  The two sites are shown in Fig. 4.26. 

Site A (258°E, 88.5°N) consists of 3 science stations (Table 4.9).  Station A1 never experiences 

temperatures >54 K, thus providing an opportunity to sample regolith that could contain volatile 

compounds with sublimation temperatures above 54 K (CO2, SO2, NH3, C5H12, HCN, C7H8, H2O, and S; 

[Zhang and Paige, 2010]).  This station exhibits some of the highest hydrogen abundances in the IPH 

region (>155 ppm), further supporting the potential for hydrogen compounds within the regolith at this 

location.  The low CPR values observed at Station A1 would permit ground truth for the global CPR 

dataset, which could prove to be immensely useful for locating subsurface ice in the future.  At Station A2 

there is an opportunity to sample volatiles with sublimation temperatures >50 K (like H2S and the 

 

FIGURE 4.26 Case study for the IPH near the lunar North Pole, showing PSRs (dark blue), sites where all 

five Science Concept 4 Science Goal can be met (light blue), proposed landing sites (stars), and proposed 

science stations (circles).  A 10-km exploration radius is shown around each landing site.  Base map is 

LRO/WAC/LOLA shaded relief. 
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compounds listed for Station A1), as the maximum annual temperature is ~50 K at this location.  Station 

A2 is located within a degraded simple crater and would enable access to deeper deposits from the crater 

floor.  Enhanced hydrogen abundances (>154 ppm) are observed at Station A2, as well as high CPR values 

(suggestive of subsurface water ice).  Station A3 is similar to Station A2 in that it has similar hydrogen 

abundances, and would provide an opportunity to sample volatiles that sublimate above 50 K.  On the other 

hand, Station A3 exhibits medium CPR values, in contrast with Station A2.  The hills near the southern 

edge of Site A experience ~35–45% illumination over four full lunar cycles (Mazarico et al., 2011) and 

have the greatest solar power collection potential for a mission to the IPH. 

Site B (273°E, 89°N) stations (Table 4.9) exhibit hydrogen abundances of 152 ± 1 ppm and 

temperatures (<49 K maximum annual) similar to stations in Site A, so they provide the same potential 

volatile sampling opportunities.  All five Site B stations have minimum annual temperatures <20 K (with 

Stations B1 and B4 being <15 K) and could more completely address Science goals 4d and 4e.  Station B4 

is within a steep-walled (20°–35°) crater, enabling the sampling of the crater rim/wall material, and 

providing access to deeper deposits from the crater floor (similar to Station A2).  As with Site A stations, 

Site B stations sample a range of CPR values. 

TABLE 4.8 Intercrater Polar Highlands landing sites and science stations. 

Site Station Lat Long 
Science Goals 

addressed 
Description/reasoning 

A 1 88.56 -111.73 4a, 4b, 4c, 4d, 4e slopes <5°, pre-Nectarian 

 2 88.61 -106.03 4a, 4b, 4c, 4d, 4e 
slopes <10°, pre-Nectarian, bottom of a crater, 

access to deeper material 

 3 88.66 -99.36 4a, 4b, 4c, 4d, 4e 
slopes <5°, Nectarian and pre-Nectarian, close 

proximity to Tmin material <23K 

B 1 88.80 -90.55 4a, 4b, 4c, 4d, 4e slopes <10°, Nectarian and pre-Nectarian 

 2 88.80 -84.29 4a, 4b, 4c, 4d, 4e slopes <10°, Nectarian and pre-Nectarian 

 3 88.87 -83.46 4a, 4b, 4c, 4d, 4e slopes <5°, Nectarian and pre-Nectarian 

 4 88.97 -83.22 4a, 4b, 4c, 4d, 4e 

slopes <10°, Nectarian and pre-Nectarian, bottom 

of a crater, access to different lithologies and 

deeper material 

 5 88.93 -79.14 4a, 4b, 4c, 4d, 4e 
slopes <10°, Nectarian and pre-Nectarian, at 

outside edge of PSR 

 

Conclusions 

The IPH is an ideal location to study lunar polar volatiles due to the prevalence of PSRs, consistent low 

temperatures, high hydrogen abundances, and very old terrain.  Two landing sites within the IPH provide 

access to stations that can address all of the NRC objectives for the study of polar volatiles.  Mission 

logistics will likely be challenging because of illumination conditions (i.e., access to solar power) and 

extremely cold temperatures.  The small size and patchy distribution of PSRs, however, provide an 

opportunity to base operations in sunlit areas and limit exploration of the PSRs to short-duration traverses. 
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Science Concept 5: Lunar Volcanism Provides a Window into the 

Thermal and Compositional Evolution of the Moon 

 
Science Concept 5: Lunar volcanism provides a window into the thermal and compositional 

evolution of the Moon 

 

Science Goals: 

a. Determine the origin and variability of lunar basalts. 

b. Determine the age of the youngest and oldest mare basalts. 

c. Determine the compositional range and extent of lunar pyroclastic deposits. 

d. Determine the flux of lunar volcanism and its evolution through space and time. 

 

INTRODUCTION 

Features of Lunar Volcanism  

The most prominent volcanic features on the lunar surface are the low albedo mare regions, which 

cover approximately 17% of the lunar surface (Fig. 5.1).  Mare regions are generally considered to be made 

up of flood basalts, which are the product of highly voluminous basaltic volcanism.  On the Moon, such 

flood basalts typically fill topographically-low impact basins up to 2000 m below the global mean elevation 

(Wilhelms, 1987).  The mare regions are asymmetrically distributed on the lunar surface and cover about 

33% of the nearside and only ~3% of the far-side (Wilhelms, 1987).  Other volcanic surface features 

include pyroclastic deposits, domes, and rilles.  These features occur on a much smaller scale than the mare 

flood basalts, but are no less important in understanding lunar volcanism and the internal evolution of the 

Moon.  Table 5.1 outlines different types of volcanic features and their interpreted formational processes.  

TABLE 5.1 Lunar Volcanic Features 

Volcanic Feature Interpreted Process 

Pyroclastic deposit violent eruption caused by the rapid exolution of 

volatiles  

Flood basalts high volume of extrusive lavas 

Domes local build-up of extrusive or intrusive materials 

Sinuous rilles channels or collapsed lava tubes; uncertain if origin is 

erosional, constructive or both 

Linear rilles 

possible magmatic degassing of a stalled, subsurface 

dike; possible lava tube or channel following 

morphology of pre-existing structure; possible tectonic 

feature; possibly multiple 

 

Volcanic materials are surficial expressions of subsurface magmatism and can be used as tools for 

understanding large-scale internal and external lunar processes, links between the Earth and the Moon, and 

planetary evolution within the inner solar system.  Volcanic processes on Earth are comprised of a series of 

related, complex volcanic and tectonic systems that are not fully understood (Head and Coffin, 1997).  A 

general understanding of volcanic processes on both the Earth and the Moon is required to fully understand 

each planetary body individually as well as the relationships between the closely coupled Earth-Moon 
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System.  Moreover, each terrestrial planet in the solar system has unique compositional, thermal, and 

resurfacing properties.  It is imperative to understand how the evolution of volcanic processes through 

space and time vary between terrestrial planets.  Such information provides necessary supplemental data for 

completing our understanding of the thermal evolution of our own planet.  

Beyond describing the thermal evolution of terrestrial planets, a complete investigation of Science 

Concept 5 can provide ancillary information for other NRC (2007) Science Concepts, enhancing our 

knowledge of not only the Moon as a whole, but of the entire solar system.  For example, accurately dating 

volcanic resurfacing events will help refine crater size-frequency calculations with the result of advancing 

our understanding of the impact flux in the early and recent solar system (Science Goals 1a and 1d).  Also, 

understanding the depths and locations of source regions for volcanic materials provides information on the 

thermal, structural, and compositional evolution of the crust (Science Goals 2a, 3c, and 3d), upper mantle 

(Science Goal 2b), and heat-producing regions within the lunar interior (Science Goal 2d).  Sampling 

different types of volcanic rocks, including KREEP component samples, high-aluminum basalts, high 

titanium basalts, and low titanium basalts within their geologic context will supplement the lunar rock 

database with new samples of previously unsampled rocks types (Science Goal 3b) and will provide new 

and essential information on planetary differentiation properties (Science Goal 3a).  Describing lava ascent 

mechanisms will give insight into the structure of the regolith and mega-regolith layers (Science Goal 3e).  

Surface-covering lava layers from different depths and ages can provide insight into the scales on which 

weathering occurs on the lunar surface (Science Concept 7).  Sampling cryptomare regions reveal 

mechanisms and extent to which impact events mix layered materials in ejecta (Science Goal 6d).  Finally, 

studying the magma ascent through impact-induced fracture fields and extrusion through crater floors will 

advance our knowledge of impact processes, which is the most frequent geological resurfacing process 

within the solar system (Science Concept 6). 

 

FIGURE 5.1 Global albedo map of named mare regions. 
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Volcanic materials are also useful as resources for in-situ mineral resource extraction for both rocket 

propulsion and life-support systems and as shielding materials from the hostile space environment (e.g. 

uncollapsed lava tubes or loose pyroclastic deposits).  Thus, sampling and studying lunar volcanic deposits 

should be a prime scientific goal for future missions to the Moon. 

 

DATASETS AND METHODS  

To achieve the objective of determining the global coverage of all possible locations where individual 

goals of Science Concept 5 Science Goals can be addressed, the following steps were used: 

1. Detailed literature review of previous studies of lunar volcanism; 

2. Digitizing, geo-referencing and combining datasets where volcanic deposits, structures and 

features can be identified and categorized: 

a. Maps from previous studies. 

b. Tables from previous studies. 

c. Maps/images of the lunar surface from orbiting spacecraft. 

3. Where applicable, further mapping using current datasets to achieve global distribution 

coverage. 

A summary of the various datasets used in this study is presented in Table 5.2 (the mare basalt and glass 

database compiled by Clive Neal at Notre Dame University was also utilized).  Compositional, age, 

pyroclastic deposits, volcanic features, stratigraphic features, and other global maps were compared to 

identify locations where multiple features were located within 10 and 20 km of each other, reflect the 

current walk-back safety limits for crews during Extra-Vehicular Activities (EVAs).  This method enabled 

suggestion of landing sites where the maximum number of Science Concept 5 Science Goals may be 

addressed.  We separate these sites into Group 1 and Group 2 sites based on diversity of volcanic features, 

complexity of geology, accessibility to these features, and importance to addressing individual goals.  

TABLE 5.2 Table of datasets used to identify Science Concept 5 candidate landing sites. 

Mission Year Instrument Data Description Resolution 

Lunar Orbiter I-V 
05/1967–

10/1967 
Camera 

Individual frames and 

digitized and 

orthorectified image 

mosaics 

1–154 m/pixel 

Apollo 8-17 
03/1968–

12/1971 
Camera 

Panoramic and single 

frame images 
 

Clementine 
01/1994–

06/1994 

Laser Image 

Detection and 

Ranging (LIDAR) 

system 

Topographic data 

Horizontal: ~1.9 

km/pixel, 

Vertical: ~140 

m/pixel 

  
Ultra-violet/Visible 

Camera (UVVIS) 

5 bands between 415 

and 1000 nm 
60–160 m 

  
Near-infrared 

camera (NIR) 

6 bands between 1100 

and 2780 nm 
135–240 m 
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Clementine: 

Metadata 

01/1994–

06/1994 
UVVIS and NIR   

Lunar Prospector 
01/1997–

01/1998 

Gamma Ray 

Spectrometer 
  

 

 

SCIENCE GOAL 5A: DETERMINE THE ORIGIN AND VARIABILITY OF LUNAR BASALTS 

Introduction 

Lunar volcanism covers approximately 17% of the Moon‟s surface (Head, 1976).  The majority of this 

volcanism erupted on the lunar near-side, suggesting a fundamental difference between the near-side and 

far-side in terms of the thermal and compositional evolution of the Moon (e.g., Wasson and Warren, 1980; 

Lucey et al., 1994; Shearer et al., 2006).  The lunar magma ocean hypothesis, based on data provided by 

lunar basalts (e.g., Neal and Taylor, 1992), does not completely explain this asymmetry but continues to 

guide our understanding of the differentiation and evolution of the Moon.  Since the Moon and the early 

Earth have closely linked compositional and thermal histories during formation, understanding the origin 

and evolution of the Moon will provide insight into the early magmatic evolution of the Earth. 

The integration of petrographic, chemical, isotopic and age studies of basalts guides our understanding 

of the origin and processes involved in the generation of basaltic lavas.  Due to this multifaceted nature of 

studying basalt petrogenesis, a spatially and chemically diverse set of samples is needed to resolve 

discrepancies between petrogenetic models. 

Samples returned by the Apollo and Luna missions include several types of basalts, but global remote 

sensing data from the Clementine and the Lunar Prospector missions that a much broader range of 

compositions exist on the lunar surface.  Therefore, a strategic assessment of potential landing sites suitable 

for sampling additional basalts is needed. 

Methodology 

The following steps were applied to address Science Goal 5a: 

1. Determine chemical criteria for locating unsampled basalt units from literature and available 

compositional datasets; 

2. Compile detailed global compositional information in a spatial context using ArcGIS; 

3. Quantitatively combine compositional global maps with possible stratigraphic features, volcanic 

features, pyroclastic deposits, and surface age into global maps; 

4. Find an example location where multiple compositionally diverse and interstratified basalt flows 

may be studied. 

Mare Volcanism 

Mare volcanism on the Moon was mapped by the USGS (Wilhelms and McCauley, 1971; Wilhelms 

and El-Baz, 1977; Scott et al., 1977; Stuart-Alexander, 1978; Lucchitta, 1978; Wilhelms et al., 1979) based 

on their dark color and surface morphology (Wilhelms, 1987).  Figure 5.2 shows the distribution of mare 

volcanism, which clearly exhibits the nearside-farside asymmetry.   
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Lunar Basalt Types  

Lunar basalt compositions range in major and trace element abundances (BVSP, 1981).  Returned lunar 

samples are geochemically classified primarily based on Ti content for mare basalts (e.g., Neal and Taylor, 

1992; Papike et al., 1998).  In addition to the flood basalts of mare volcanism, KREEP volcanism is 

thought to represent pre-mare volcanism and has been collected in mostly highlands terrain (Papike et al., 

1998).  Figure 5.2 shows four examples of basalts returned from the Apollo missions.  The recognition of 

both sampled and unsampled basalt types will be important for the return to the Moon, because most likely 

there will be a restriction on the amount of sample permitted to return to Earth for study.  Identifying and 

ultimately collecting a variety of basaltic samples will aid in our understanding of the bulk Moon 

composition.  The bulk Moon composition is essential for determining the igneous evolution of the Moon 

as well as how the Moon and Earth can be compared (Lunar And Planetary Sample Team, 1985).  

 

FIGURE 5.2 Map of USGS Mare Units.  E = Eratosthenian, I = Imbrian, m = mare.  Data: US Geological 

Survey. 
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Chemical Compositions of Lunar Basalts 

The returned lunar basaltic lavas have provided a wealth of compositional information and provide 

important input for the magmatic evolution of a differentiated Moon.  However, these models are poorly 

constrained by existing samples of limited quantity and diversity of sample locations on the lunar surface.  

Therefore, more samples from chemically diverse regions need to be collected.  The present returned-

sample chemical data provide a solid foundation for establishing the chemical criteria to be used in 

selecting future sample sites where basalts with variable compositions are located. 

The compositional diversity of lunar basalts is revealed in major and trace element geochemistry, and 

has been reviewed in detail by Papike et al. (1976), BVSP (1981), Taylor et al. (1991), Neal and Taylor 

(1992), and Papike et al. (1998).  Three basalt type groups are reveled in MgO variation diagrams, 

especially MgO versus TiO2: a high TiO2 group (~8–14 wt. %), a low TiO2 group (~1–6 wt. %), and a very-

low-Ti group (<1 wt. %).  The majority of the returned lunar basalts range from ~15–24 wt % FeO, while 

the highlands material, including anorthosite, range from ~1–4 wt. % FeO (Spudis and Bussey, 2003).  This 

difference allows for identification of basalts using Fe remote sensing data.  The pre-mare KREEP basaltic 

lavas also have a distinct FeO content of ~10 wt. %.  The combination of the Fe content, enriched 

incompatible elements, and Th abundances allow for remote recognition of these rarely sampled basalts. 

Remote Sensing Data 

Chemical remote sensing data from the Clementine and Lunar Prospector missions has provided global 

geochemical information from the surface of the Moon.  Three datasets used to select possible landings 

sites are FeO and TiO2 weight percent from the LPI Clementine Mapping Project using the Lucey et al. 

(2000) method and a resolution of 0.5 km/pixel and +/- 1wt. %, and Th abundances derived by the Lunar 

 

FIGURE 5.3 Example photographs of different lunar basalt types.  All images are from NASA JSC‟s The 

Lunar Sample Compendium (http://curator.jsc.nasa.gov/lunar/compendium.cfm). 

http://curator.jsc.nasa.gov/lunar/compendium.cfm
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Prospector mission in half degree intervals and with less than 1 ppm margin of error (Lawerence et al., 

2000).  Maps of the global variations of these quantities are shown in Figs. 5.4–5.6. 

 

 

FIGURE 5.4 Clementine FeO concentration Map of Possible Lunar Basalts.  The FeO weight percent 

ranges include the margin of error for tentative mare and non-mare compositions. 

 

FIGURE 5.5 Global Clementine TiO2 Composition Map.  Showing the possible compositional range of 

lunar basalts.  Compositional ranges include the margin of error. 
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Fe-Ti-Th Ratio Maps 

 The combination of Fe, Ti, and Th concentrations provides more comprehensive constraints on the 

global distribution and variability of lunar basalts.  Ratio maps of these quantities reveal regions of 

potentially unsampled basalt compositions.  Figure 5.7 shows a map of Clementine FeO/TiO2 ratio in each 

pixel.  Major areas of potentially unsampled basalts include Mare Frigoris, northern Mare Imbrium, 

Oceanus Procellarum, Aristarchus, and a cryptomaria region south of Mare Humorum.  Compared to the 

Apollo and Luna landing site compositions, these unsampled regions have different compositional values 

of FeO and TiO2. 

A Fe/Th ratio map (Fig. 5.8) shows potential locations where KREEP basalts might be found, as well as 

presenting a more comprehensive comparison for determining locations with additional chemical diversity.  

The majority of unsampled Fe/Th compositions are located in Oceanus Procellarum, southern Mare 

Imbrium, Mare Serenitatis, Mare Nubium, and Mare Humorum.  Some of the regions with unsampled 

Fe/Th and Fe/Ti overlap, which make them particularly interesting targets for exploration.  Ultimately, 

combining many high resolution datasets will provide the best constraints on potentially unsampled basalt 

types. 

 

FIGURE 5.6 Global Th Abundance Map.  Color scale represents relative concentrations. 
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FIGURE 5.7 Fe-Ti Ratio Map for Tentative Mare and Non-Mare Compositions.  Color scale represents 

relative compositions. 

 

FIGURE 5.8 Fe-Th Ratio Map for Tentative Mare and Non-Mare Compositions. Colors represents relative 

compositions. 
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A Potential Landing Site 

A candidate site with multiple flows in temporal context is located in the northern Mare Imbrium 

region.  The northern portion of the area contains two separate flows: a younger flow on top of an older 

flow, based on crater ages, photogeologic methods such as albedo and flow margins, and remote sensing 

data (e.g., Heisinger et al., 2003; Wilhelms and McCauley 1971; Chevrel et al., 2002).  After a detailed 

survey of this region, we determined that the crater Carlini D (diam. ~9 km; 33°N, 16°W) provides the best 

location for astronauts to sample potentially three different basalt flows in stratigraphic context, either by 

sampling exposed layers in the crater wall (rim to floor depth of crater is 1170 m) or by sampling the ejecta 

in a radial traverse towards the crater rim (Fig. 5.9).  The compositions within the center of Carlini D are 

similar to an older northern Mare Imbrium flow and Mare Frigoris; therefore, Carlini D may provide 

samples similar to both of these major unsampled regions.  These samples have KREEP features (like those 

at Apollo 15 landing site), but are chemically distinct. 

As higher resolution spectral data is collected and more precise chemical data become available, the 

techniques outlined here can be expanded to provide detail for determining additional potential landing site 

locations. 

 

FIGURE 5.9 Map of potential landing site, Carlini D, showing FeO/TiO2 variations within nominal 

traverse limits of 10 and 20 km.  The Fe/Ti ratio data of tentative Mare is from Clementine using the Lucey 

et al. (2000) method.  Inset map shows location of the small crater in northern Mare Imbrium.    
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SCIENCE GOAL 5B: DETERMINE THE AGE OF THE YOUNGEST AND OLDEST MARE 

BASALTS 

Introduction 

The timing and duration of lunar mare volcanism is poorly constrained because mare basalts are 

incompletely sampled.  Resolving the duration of mare volcanism will greatly improve models for the 

thermal evolution of the Moon and has, thus, been identified as a key scientific goal during the next phase 

of lunar exploration (NRC 2007). 

Dating Mare Basalts 

Relative ages of mare basalts are assigned based on stratigraphic relationships and the superposition of 

geologic units.  Figure 5.10 shows the lunar geologic timescale, ranging from the oldest, pre-Nectarian 

period to the youngest, Copernican period.  Quantitative ages have been assigned to lunar rocks and 

surfaces using a variety of methods.  Radiometric age dating is the only unequivocal way to quantify the 

age of a mare basalt.  In contrast, „model ages‟ of mare surfaces have been estimated based on crater-

frequency measurements.  This crater-based method for estimating ages for lunar surfaces is based on the 

simple principle that older surfaces will contain a higher density of craters than will younger surfaces.  It is 

a powerful technique for determining the relative ages of planetary surfaces and has been widely applied to 

the mare surfaces of the Moon (e.g., Schultz and Spudis, 1983; Hiesinger et al., 2000, 2003, 2006, 2008; 

Haruyama et al., 2009).  Quantitative ages can be confidently assigned to undated surfaces only if several 

surfaces of known crater-frequency have been radiometrically dated and span a wide interval of time. 

Thus far, the only lunar surfaces that have been confidently assigned radiometric ages are the Apollo 

and Luna landing sites where rock samples were returned and radiometrically dated.  Based on the crater 

frequencies of the Apollo and Luna sample return sites and their determined radiometric ages, a 

relationship has been empirically derived between crater frequency and quantitative age called the „lunar 

cratering chronology curve‟ (Fig. 5.11) (Neukum, 1983; Neukum and Ivanov, 1994).  This curve has served 

as the basis for most of the model ages determined by various authors whose work is presented in this 

report.  The plotted points, corresponding to the Apollo and Luna landing sites, are the empirical basis of 

the curve.  Note that most of these points fall into a tight time period of approximately 4.3–3.2 Ga, and 

indeed this area of the curve is considered to be the most accurate and well-calibrated portion of the curve 

(Greeley et al., 1993).  Thus, most model ages outside of the time period of ~4.3–3.2 Ga are poorly 

calibrated. 
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FIGURE 5.10 Lunar stratigraphic column showing the geologic periods for the Moon with the tentative 

quantitative age boundaries for each period (Ryder et al., 2000).  Also displayed are the radiometric ages of 

representative mare basalts that have been sampled from the lunar surface, along with the tentative ending 

point of mare volcanism (~1.0Ga) based on crater frequency measurements performed on potentially young 

basalts (Schultz and Spudis, 1983; Hiesinger et al., 2003, 2008).  All Apollo and Luna samples date to 

within the age range of ~3.9-3.1Ga, possibly meaning approximately two billion years of mare volcanic 

history are not represented in our sample collections.  Figure modified from Ryder et al. (2000).  Age data 

for basalt samples from BVSP (1981), Fagan et al. (2002), and Terada et al. (2007).  (Note: the time 

periods now called the Nectarian and pre-Nectarian were once lumped into the single time period simply 

called „pre-Imbrian‟.) 
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FIGURE 5.11 The lunar cratering chronology curve (Neukum, 1983; Neukum and Ivanov, 1994) 

representing the empirically-derived relationship between crater frequency and age.  Note the poor 

calibration of the curve beyond the age range of ~4.3–3.2 Ga.  Figure from Neukum and Ivanov (1994). 

Youngest Mare Basalts 

The youngest directly dated mare basalts obtained from the Apollo and Luna sample return missions 

have radiometric ages no younger than ~3.08 Ga (BVSP, 1981).  The youngest basalt sample obtained from 

the Moon thus far is lunar meteorite Northwest Africa 032 (an unbrecciated basalt), which has a 

radiometric age of ~2.8 Ga (Fagan et al., 2002).  However, model surface age estimates suggest that some 

mare basalt flows may be as young as ~1 Ga (Schultz and Spudis, 1983; Hiesinger et al., 2000, 2003, 

2008). 

Figure 5.12 shows the model ages for most of the visible mare basalt surfaces on the Moon, which have 

been compiled from the work of several investigators (Tyrie, 1988; Greeley et al., 1993; Neukum and 

Ivanov, 1994; Hiesinger et al., 2000, 2003, 2008; Haruyama et al., 2009).  According to these model ages, 

the very youngest mare basalt flow appears to embay the southernmost margin of the Aristarchus Plateau 

(AP in Fig. 5.12) and has an estimated surface age of ~1.2 Ga (Schultz and Spudis, 1983).  This locality lies 

in close proximity to volcanically complex locales (i.e., the Aristarchus Plateau and Harbinger Mtns.), and 

is, thus, in a region that can be used to address several other exploration objectives (e.g., Korteniemi et al., 

2010). 

A few small areas may have slightly younger mare basalts (e.g., the nearby and potentially ~0.9 Ga 

oldmare embaying the eastern rim of the crater Lichtenberg, LC [Schultz and Spudis, 1983]), but these 

estimated ages are less certain.  For that reason, these areas may be good secondary targets.  Based on the 

crater-count work of Hiesinger et al. (2000, 2003, 2008), which stands as the most thorough and 

comprehensive study of the relative ages of nearside mare basalts to date, and the crater-count work done 

on the lunar farside mare by other investigators represented in Fig. 12 (Tyrie, 1988, Greeley et al., 1993, 

Haruyama et al., 2009), the basalt flow embaying the southern margin of the Aristarchus plateau is the 
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least-densely cratered mare on the lunar surface and, thus, the best candidate for collecting samples of the 

youngest mare. 

 

Oldest Mare Basalts 

Basalt samples found among lunar meteorites and as clasts within Apollo impact breccias have 

radiometric ages as old as ~4.3 Ga (e.g., Terada et al. 2007; Taylor et al. 1983).  In contrast, crater-

frequency-based model ages of exposed mare surfaces do not appear to be greater than ~4.0 Ga (Fig. 5.12).  

It thus appears that the oldest mare basalts may be buried and relatively inaccessible.  The buried mare 

basalts, termed cryptomare (Fig. 5.13), are generally considered to be the oldest mare basalts (e.g., Schultz 

and Spudis, 1983; Antenenko et al. 1995), and, thus, their locations and accessibility on the lunar surface 

will be the focus here. 

Most cryptomare have been identified by the presence of dark-halo impact craters (DHCs) and mafic 

geochemical anomalies in the highlands revealed by remote spectral data (Schultz and Spudis, 1983; 

Antenenko et al. 1995; Hawke et al. 2005).  Light plains topography has also been considered an indicator 

of cryptomare as their smooth texture might indicate buried mare basalt plains (Antenenko et al. 1995). 

Figure 5.14 shows an overlay of the global distribution of DHCs, a Lunar Prospector Gamma Ray (LP-

GRS) spectrometer Fe-abundance map (which reveals mafic geochemical anomalies in the highlands), and 

light plains across the lunar surface.  Most regions where these features overlap (outlined in Fig. 5.14) are 

major regions of cryptomaria where the oldest mare basalts may occur. 

DHCs are impact craters where low albedo material has been excavated from beneath higher albedo 

material by an impact event, producing a ring of dark ejecta material surrounding the impact crater 

(Antenenko et al. 1995), and have long been recognized to be indicators of buried mare deposits (Schultz 

and Spudis, 1979).  Because DHCs have excavated buried, potentially ancient basalts directly onto the 

lunar surface in the form of their dark haloes, the dark haloes are ideal locales for sampling such basalts. 

Most regions outlined in Fig. 5.14 contain abundant DHCs.  Examples of DHCs that might have 

excavated the oldest cryptomare may be found in the Balmer-Kapteyn (B-K) and Lomonosov-Fleming (L-

F) regions.  These DHCs include the crater Kapteyn-B in B-K (Hawke et al. 2005) and the craters named 3 

and 11 by (Giguere et al. 2003) in L-F. Kapteyn-B is by far the largest DHC (diameter = 39km) in the B-K 

 

FIGURE 5.12 Map showing the surface model ages of most major mare basalts on the lunar surface.  

Compiled using the work of Tyrie [1988], Greeley et al. [1993], Neukum and Ivanov [1994], Hiesinger et 

al. [2000, 2003, 2008], and Haruyama et al. [2009].  LC=Lictenberg Crater, AP=Aristarchus Plateau. 
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region (Hawke et al. 2005), and because craters with larger diameters excavate material from greater 

depths, the dark halo around Kapteyn B might contain some of the deepest (and, thus, oldest) cryptomare in 

the region.  Craters named 3 and 11 in the L-F region excavate material from beneath Nectarian to pre-

Nectarian aged terra mantling material (Giguere et al. 2003), excavating basalt material older than any 

exposed mare surfaces. 

 

 

 

FIGURE 5.13 Schematic diagram illustrating a cryptomare and some of the features that could potentially 

be used to identify it.  Order of major events: (1) basin forms in anorthositic crust via large impact event; 

(2) basin filled with mare flood basalt unit via dikes, some basaltic regolith develops at surface of mare due 

to space weathering; (3) basin ejecta from distal impact event in anorthositic crust obscures mare flood 

basalt unit forming a cryptomare. As ejecta is emplaced over mare, mare material is mixed and 

incorporated into anorthositic ejecta forming light plains of intermediate albedo (according to the ballistic 

sedimentation and erosion model; intermediate albedo also symbolizes the mafic content that can be 

detected spectrally); and (4) relatively small impact events form dark halo impact craters (DHCs) in light 

plains where underlying cryptomare has been partially excavated due to the small impact event.  The 

diagram also illustrates the point that DHCs can excavate different types of cryptomare, i.e., either the 

mare flood basalts directly or regolith that has developed on top of the mare flood basalts.  Figure modified 

after Antonenko et al. (1995). 
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Summary of Recommended Sampling Locations 

Presented in Table 5.3 is a summary of the locations recommended here for sampling what are 

potentially the youngest and oldest mare basalts.  The youngest mare basalt on the lunar surface appears to 

be embaying the southern margin of the Aristarchus Plateau in Oceanus Procellarum.  The oldest mare 

basalts on the lunar surface appear to be the buried mare basalts termed cryptomare, which can be found 

most prominently in the Balmer-Kapteyn, Lomonosov-Fleming, Mendel-Rydberg, and Schiller-Schickard 

regions of the Moon.  The cryptomaria in some of these regions are perhaps as old as pre-Nectarian in 

relative stratigraphic age. 

TABLE 5.3 List of sites recommended here for sampling what are potentially the youngest and oldest mare 

basalts on the lunar surface. 

Region Rationale To Be Sampled 

Oceanus Procellarum 

(Aristarchus Plateau) 

 

Youngest mare basalt Basalt flow embaying southern margin 

of the Aristarchus Plateau 

Balmer-Kapteyn 

 

Old mare basalt (possibly 

pN* in age) 

Dark halo surrounding Kapteyn B 

Lomonosov-Fleming Old mare basalt (possibly 

pN* in age) 

Dark halo surrounding DHICs 3 and 11 

 
FIGURE 5.14 The global distribution of DHCs (black dots), light plains (faint grey outlines), and mafic 

geochemical anomalies in the highlands (revealed by the LP-GRS Fe-abundance map).  Major cryptomare 

regions are darkly outlined (after Hawke et al., 2005): M-R = Mendel-Rydberg, S-S = Schiller-Schickard, 

B-K = Balmer-Kapteyn, L-F = Lomonosov- Fleming. 
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Mendel-Rydberg Old mare basalt (older than 

Orientale impact) 

Dark halo surrounding any of the 

DHICs in the region (only one 

identified so far) 

Schiller-Schickard Old mare basalt (older than 

Orientale impact) 

Dark halo surrounding any of the 

DHICs in the region 

   

*pN = pre-Nectarian 
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SCIENCE GOAL 5C: DETERMINE THE COMPOSITIONAL RANGE AND EXTENT OF 

LUNAR PYROCLASTIC DEPOSITS 

Introduction 

Lunar pyroclastic deposits represent a composition closest to the lunar mantle and therefore provide the 

closest analog for understanding lunar mantle materials.  The resource potential of pyroclastic deposits is 

vast and can provide materials such as oxygen, iron, and titanium among others that may be useful for 

establishing a permanent lunar base.  Sampling new examples of pyroclastic deposits can be helpful in 

understanding the lunar mantle, the nature of mare basalt source regions, and information about the lunar 

magma ocean and lunar igneous processes (NRC, 2007).    

Lunar pyroclastic deposits are believed to form from fire-fountain eruptions in which gas exsolution 

creates an explosive eruption with sprays of lava (Fig. 5.15).  The magma is quenched in transport and 

cools as small droplets and ash before being deposited on the surface.  These deposits do not form steep 

cones like some pyroclastic volcanism deposits on Earth because of the Moon‟s lower gravity and the lack 

of a significant lunar atmosphere.  The lack of atmosphere affects the velocity of the particles because they 

do not create a fluid or turbulent flow (Lucey et al., 2006; McGetchin et al., 1974).  Due to these affects, 

pyroclastics cover an area roughly six times larger on the Moon than they would under similar eruption 

conditions on the Earth and do not form pyroclastic flows (Hawke et al., 1989).  Lunar glasses are a form 

of lunar pyroclastic deposit and despite their relatively minor volume, their presence is indicative of lava 

fire-fountaining on the Moon (Lucey et al., 2006).  High-Ti ultra-mafic glasses may represent the liquid 

formed by a re-melted cumulate material that had been displaced to greater depths due to gravitational 

overturn in the lunar magma ocean (Grove, 2009).   

Surface Expressions of Pyroclastic Deposits 

Pyroclastic deposits are often referred to as endogenic dark halo craters (EDHCs).  Before the Apollo 

missions, all dark halo craters were thought to be of volcanic origin.  Since the discoveries made on these 

 
FIGURE 5.15 Diagram of a fire-fountain eruption as described in text.  Modified from Meyer et al., 

(1975). 
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missions, especially Apollo 17 (Parker et al., 1973), which landed on a dark halo deposit, there has been a 

distinction between endogenic dark halo craters and dark halo impact craters (DHCs).  Volcanic dark halo 

craters are usually non-circular, and have a low crater depth to diameter ratio compared to impact 

originated craters.  EDHCs have no clear crater rims or rays and have un-textured smooth peripheral 

deposits.  Spectral reflectance characteristics of volcanic glasses have lower strength of absorption features 

than dark halo impact deposits (Gaddis et al., 1985). These characteristics help in distinguishing and 

identifying the type of dark halo crater.  The type locality for endogenic dark halo craters is Alphonsus 

crater (Fig. 5.16), a lower-Imbrium aged crater located in the Fra Mauro highlands of the central near-side 

East of Mare Numbium.  Alphonsus has 11 EDHCs that are associated with linear rilles within the crater 

(Gaddis, 2008).  These deposits are only 3–5 km in radial extent and the relationship between crater volume 

and the size of the deposits can help in calculating the amount of material that must make up the deposit 

(Head and Wilson, 1979; Hawke et al., 1989).  The deposit has a mafic spectral signature rich in olivine 

and pyroxene (clinopyroxene) and is similar to the spectral signature of the nearby Mare Nubium basalt 

(Hawke et al., 1989). Spectral studies show that there are intra-deposit composition variations (Gaddis, 

2008). The dark mantling deposits at Oppenheimer crater, which will be discussed later, are similar to the 

endogenic dark-halo craters at Alphonsus.   

Pyroclastic deposits are also referred to as Dark Mantling Deposits (DMDs) which are divided into two 

groups, localized dark mantle deposits (LDMDs) and the larger scale regional dark mantle deposits 

(RDMDs).  LDMDs are usually <2500 km
2
 in size, typically between 250–550 km

2
 and are usually 

associated with EDHCs.  They are usually concentrated on crater floors in association with small pit craters 

aligned along linear rilles in large Imbrian to pre-Imbrian impact craters/basins.  They are composed of 

mafic materials dominated by olivine and pyroxene.  The eruption style of LDMDs is suggested to be 

similar to that of terrestrial vulcanian eruptions in which large blocks or bombs of cooled cap material are 

ejected at high speeds during short-lived eruptions (Hawke et al., 1989). 

RDMDs are usually >2500 km
2
 in size, typically several 1000 km

2
, cover large areas with deposits 

superimposed on the older mare and/or highland substrate, and are often adjacent to major basins.  

 

FIGURE 5.16 The image on the left is a Lunar Orbiter frame #IV-108-H2 showing Alphonsus crater (~108 

km in diameter) showing the differences in albedo of the different deposits. The places highlighted with 

red circles are endogenic dark halo deposits (dark mantle deposits). The image on the right is a Clementine 

color ratio overlaid on top of the Lunar Orbiter image. The blue areas are relatively fresh impact craters 

and the orange areas highlighted by red circles are mafic materials in small pyroclastic deposits. Modified 

from Gaddis et al. [2008]. 
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Pyroclastic deposit thickness can range from very thin (Orientale pyroclastic deposit less than about 2 km 

thick [Gaddis et al, 2003]) to tens of meters thick.  They are composed of picritic (high-Mg olivine rich) 

glasses and ilmenite-rich (FeTiO3) black spheres and glass beads.  RDMDs originate from a source vent 

suggested to be at the head of a sinuous rille or associated with other irregular depressions.  The eruption 

style of RDMDs is most like the terrestrial strombolian style of eruption in which relatively viscous lava is 

ejected in bomb and lapelli sized fragments to typically form scoria cones.  On the Moon however, due to 

the lower gravity and lack of atmosphere, the dispersal of erupted clasts is over a much larger area with 

extreme sorting and no topographically significant cones are formed (Lawrence et al., 2008; Weitz et al., 

1998; Hawke et al., 1989).  

Pyroclastic deposits can have a range of textures including pure glass beads, fractured glass beads, 

glasses mixed with fine regolith fragments, beads mixed with sublimates, and crystalline beads (with 

crystals of ilmenite, olivine, spinel, and metal) (Papike et al., 1998).  Most pyroclastic deposits consist of 

fragmented basalt, iron-bearing minerals like olivine and pyroxenes and small amount of volcanic glasses 

(Gaddis et al., 2001).  Figure 5.17 shows the site where the Apollo 17 orange glasses were collected and 

also shows the sample 72240 in thin section. The thin section is shown in 40× plane polarized light and 

exemplifies the different textures of volcanic glasses that are an average of 40 to 60 microns in diameter.  

Some of the beads are pure orange glass while others have olivine crystals that nucleated and grew during 

slower cooling with or without small ilmenite grains on the outside of the olivine.  Some are almost 

completely black and are composed of more completely with crystallized minerals.  For a further 

description of the sample and the minerals within see Meyer (2003).   

Pyroclastic deposits can be distinguished from mare basalts using multispectral remote sensing because 

of the glass-rich nature of the high-Ti black spheres.  Recognizing low-Ti pyroclastic deposits, however, 

can be problematic.  Through compositional analyses of mare basalt and picritic glass samples it is evident 

that mare basalts and volcanic glasses are in fact distinct.  It has been hypothesized that picritic glasses are 

derived from the parental magmas of the evolved mare basalts (Longhi, 1987) but more samples are needed 

to better understand the relationship between mare basalt compositions and volcanic glass compositions 

and their corresponding source regions. 

 

FIGURE 5.17 Apollo 17 orange glass sample collection site at EVA Station 4.  Glass is on average 40–60 

microns in diameter.  (photo # AS17-137-20992 – AS17-137-21024; NASA file #JSC2007e045388; thin 

section photo http://minerva.union.edu/hollochk/c_petrology/moon_rocks/74220.htm) 



313 

Cooling rate calculations for pyroclastic debris have been made from experimental studies (e.g., Arndt 

and von Englehardt, 1987; Arndt et al., 1984; Kring and McKay, 1984).  These studies suggest cooling 

rates that are considerably lower than those predicted for „free-flight‟ conditions.  The cooling rates for the 

Apollo 17 orange glasses are estimated as ~100°C/s (Arndt and von Englehardt, 1987) and 1°C/s for the 

Apollo 15 green glasses (Arndt et al., 1984).  This slow cooling has been suggested to be caused by a hot 

vapor cloud in which the glass beads were insulated by either the gas vapor or the cloud of radiating 

droplets themselves.  Arndt et al. estimate that the green glass droplets stayed in the gas cloud for ~10 

minutes and cooled slowly allowing for different degrees of crystallization as can be seen in return sample 

petrography and mineralogy studies.  This suggests that the flight times of sampled pyroclastic debris are 

not what would be theoretically expected, illustrates the complexity and clear difference between lunar and 

terrestrial eruptions and how information about volatile content and volatile interaction can constrain 

eruption style. 

Compositions of Pyroclastic Deposits 

The chief chemical distinction between pyroclastic volcanic glasses and mare basalts is the greater 

concentration of compatible elements in the glasses (elements such as Mg and Ni that fit into olivine, 

pyroxene, and other common minerals of the lavas).  Volcanic glasses have on average higher MgO values 

than the mare basalts, suggesting that the magmas that erupted to produce volcanic glasses underwent less 

crystallization (removal of crystals from the melt) during their ascent to the lunar surface than did the 

magmas that gave rise to the mare basalt lavas (Lunar Sourcebook).  This composition suggests that the 

glasses are more likely to represent a primitive magma as compared with crystalline mare basalts because 

as basalts crystallize, the Mg/(Mg+Fe) ratio decreases due to the crystallization of olivine and pyroxene.  

They are depleted in alkali, volatile, and siderophile elements and contain no water (Papike et al., 1998; 

Delano, 1986; Longhi, 1987).  This suggests that volcanic glasses have higher liquidus temperatures than 

mare basalts (Delano, 1986; Longhi, 1987).  The source depth of pyroclastic glasses has been estimated to 

be ~400 km by Delano (1986) and experimental studies show source depths ranging from ~250 km to ~500 

km (Grove and Krawczynski, 2009) to ~1000 km (Longhi, 1992). 

The bulk compositions of picritic glasses are more similar to terrestrial komatiites (compositions with 

low SiO2, low K2O, low Al2O3, and high to extremely high MgO) than terrestrial basalts (Lucey et al., 

2006).  Volcanic glasses have higher MgO, Ni, and Mg/(Mg + Fe) concentrations and values of Mg # 

(MgO/(MgO/FeO)) and lower Al2O3 and CaO values than most fine grained non-cumulate mare basalts.  

Understanding the chemical differences between mare basalts and pyroclastic glasses can help in 

identifying them using remotely sensed chemical data.  Pyroclastic glasses have, on average, lower Al2O3 

content than do mare basalts.  Pyroclastic deposits have a wide range of TiO2 contents, from 0.20–17.0 wt 

% (Papike et al., 1998 pp 5.80-5.82, 5.213-5.215) while the Mg/(Mg+Fe) ratio only varies from 0.76–0.85 

(Delano, 1986).  Hagerty et al. (2006) split the glasses into groups based on Ti content into the following 

groups: very low-Ti (VLT) = 0.2–1.0 wt% TiO2, low-Ti = 1.0–3.4 wt% TiO2, intermediate-Ti = 3.4–

6.9 wt% TiO2, high-Ti = 8.6–14.0 wt% TiO2, and very high-Ti (VHT) = 14.0–17.0 wt% TiO2.  The color of 

the glass varies with TiO2 content (Fig. 5.18), although color alone is not always indicative of TiO2 content. 

Longhi (1987) suggested that the discrepancy between mare basalt compositions and volcanic glass 

compositions is due to a lack of sufficient sample numbers, and with more samples this discrepancy will be 

resolved.  Volcanic glasses and mare basalts may represent different mantle source-regions (Delano 1990). 

More samples of volcanic glasses and associated mare basalts from in-situ field collection could help in 

constraining the relationship between the two and their influences on each other.   
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FIGURE 5.18 Simplified figure showing that lunar volcanic glasses change color with Ti content.  Note, 

however, that black beads from the Apollo 17 orange soil have the same composition as the orange glass 

beads (Delano, 1986; Papike et al., 1998 and references therein).  The degree of nucleation as well as Ti 

content can affect the visible color of the glasses and glasses with the same chemical compositions have 

been identified with different colors.  

Box 5.1 

Pyroclastic Deposits as Lunar Resources 

Lunar resources are any element that can be extracted from the lunar surface and used as fuel, energy, 

or building materials.  Useful and likely to be utilized elements include Ti, Fe, and O from ilmenite, Mg 

from olivine, Na, K, Sr, and Ba from plagioclase and potassium feldspars, and Mn and Cr from pyroxenes.  

Solar wind atoms (He, He3, C, H, N and other noble gases) that are implanted in mineral grains of the 

regolith are also a potential source for resource materials. 

Pyroclastic deposits are one of the most numerous and easily accessible lunar resources (Lawrence et 

al., 2008 and references therein).  Regional-scale deposits are relatively thick and consist of loose, 

unconsolidated material high in Ti and relatively unmixed with other low-Ti materials.  Ilmenite is also 

abundant in high-Ti mare basalt soils but may prove to be more difficult to utilize because basalts are often 

still intact in flows or in large blocks and therefore more difficult to process.  The range of compositions of 

lunar glasses must be more fully understood in order to assess their resource potential.  

Volcanic glasses have surface coatings of volatile elements from gas exsolution during eruption 

including S, Ag, Cd, Zn, and Br which can potentially be used as resources.  Oxygen is one of the most 

important materials needed and can be extracted from ilmenite by reduction (Duke et al., 2006).  High-Ti 

pyroclastic deposits have a high potential for resource extraction.  He3, identified as an important resource 

element found in mature high-Ti deposits, would be expected to be found in more concentrated amounts on 

the lunar farside because it has more nearside solar wind fluence due to magnetotail shielding (Johnson et 

al., 1999).  Ilmenite preferentially retains solar wind volatiles including H, He, C, N, and S and is known to 

preferentially retain He3 which can be used as nuclear fission fuel using a Deuterium-He3 reaction.  

Ilmenite is abundant in lunar soils and is often found in volcanic glasses, especially in black beads like the 

ones found in the Apollo 17 orange „soil‟.  These beads have a TiO2 content of 9–10% and are similar in 

composition to Apollo 17 high-Ti mare basalts (Hawke et al., 1990). 
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Potential Sampling Sites 

Figure 5.19 shows a map of pyroclastic deposits with the Clementine TiO2 global map as a base map.  

The white circles represent over 120 identified pyroclastic deposits, about 100 of which have been 

confirmed and published in lists of compiled data (see Gaddis et al., 1985, 2000, 2003 and references 

therein).  The deposits have diameters of ~2–330 km.  The red symbols are floor-fractured craters, 

indicated with their appropriate sizes.  Floor-fractured craters are often found in association with 

pyroclastic deposits and some are partially or entirely filled by mare-type smooth dark-albedo lacus (lakes) 

or smaller ponds, suggesting that the fractures provide vents for flood lavas (Gaddis et al., 2000; Head, 

1974; Korteniemi et al. 2010).  Pyroclastic deposits are also often associated with sinuous rille morphologic 

features, however are not represented on this map. 

Four regions of overlapping high-Ti, floor-fractured craters, and pyroclastic deposits are identified as 

regions suggested for further investigation and/or sampling. These locations are Mare Moscoviense, 

Oppenheimer, Grimaldi, and Mare Smythii.  Mare Moscoviense (Fig. 5.20), which is located on the 

northern far-side, is suggested to have a He
3
 abundance of 8–17 ppb (Johnson et al., 1999) which is high 

compared to average maria abundance of 8–10 ppb (Duke et al., 2006).  This location also has the largest 

varitation in Ti within an enclosed deposit on the farside and may have particularly high glass contents 

based on very red spectra (Gillis and Spudis, 1998).  Oppenheimer (Fig. 5.21) is located within the South 

Pole-Aitken basin (SPA) and has seven pyroclastic deposits located along floor-fractures that are concentric 

to the crater rim and associated with the linear part of a rille and several small rille-related craters.  

Although these deposits visually resemble the deposits at Alphonsus, they have been identified as having a 

different composition than both the Alphonsus deposits and two other deposits within SPA (Petro and 

Gaddis, 2001; Head, Wilson and Pieters, 2000).  Mare Smythii (Fig. 5.22), located on the equatorial eastern 

limb of the Moon, has some of the most diverse geologic units including pyroclastic deposits in minable 

  

FIGURE 5.19  Map of pyroclastic deposits (white circles), floor-fractured craters (red circles shown with 

size representing crater diameter), with TiO2 map (dark blue = 0.1–0.2 wt %, blue = 0.2–0.5 wt %, green = 

0.5–1.0 wt %, yellow = 1.0–3.0 wt %, orange = 3.0–7.0 wt %, red = 7.0–22.0 wt %).  Suggested 

investigation sites shown with bright red circles. 
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quantities (Spudis and Hood, 1992).  These deposits are suggested to contain a large amount of basaltic 

glass (Gillis and Spudis, 1998) and the site was suggested for a lunar base by Spudis and Hood (1992).  The 

Grimaldi region (Fig. 5.23) consists of two pyroclastic deposits: one about 10 km northwest of the inner 

ring of the Grimaldi crater and the other covering  ~90 km
2
 on the floor of Grimaldi F (~50 km east of 

Grimaldi crater).  They are associated with irregularly shaped endogenic source vents and floor-fractures.  

Coombs and Hawke (1992) suggest that both the pyroclastic deposits and the nearby mare basalts originate 

from the same source vent. 

All four of these locations can provide important samples to help understand lunar volcanism.  At all 

locations, high-resolution images, detailed spectral data, and sample return would help in understanding 

lunar volcanism from the perspective of pyroclastic glass deposits.  Because these deposits are loose and at 

the surface they can be sampled with simple scoop techniques, as exemplified by Apollo 17 EVA station 4 

(see in Fig. 5.17).  Pyroclastic deposits can also be sampled from within an exposed unit in geologic strata 

if such a place of exposed geologic cross section is found (in a crater wall or exposed fault block, etc.). 

 

FIGURE 5.20 Left: Clementine image mosaic of Moscoveinse crater.  Right: a sketch map of Moscoveinse 

crater.  From Craddock et al. (1997).  Based on analyses of UV/VIS Clementine data, these pyroclastic 

deposits may have 7.7–11.1 wt % TiO2. 



317 

 

 

 

FIGURE 5.21 Left: Clementine image mosaic of Oppenheimer crater.  Right: a sketch map of 

Oppenheimer crater.  From Head et al. (2000).  Based on analyses of UV/VIS Clementine data, these 

pyroclastic deposits may have 5.5–11.1 wt % TiO2. 

 

FIGURE 5.22 Left: Clementine image mosaic of Mare Smythii.  Right: a sketch map of Mare Smythii in 

which DMDs are the striped units.  From Yingst and Head (1998).  Based on analyses of UV/VIS 

Clementine data, these pyroclastic deposits may have 2.7–7.7 wt % TiO2 (2.5–3.5 wt % [Spudis and Hood, 

1992]). 
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SCIENCE GOAL 5D: DETERMINE THE FLUX OF LUNAR VOLCANISM AND ITS 

EVOLUTION THROUGH SPACE AND TIME 

Introduction 

Lunar volcanism can be used to examine the thermal and chemical evolution of the Moon and, by 

proxy, terrestrial-type planets.  One of the principal ways to address that concept is to determine the flux of 

volcanism and its evolution in time.  Calculating volcanic flux requires constraints on age, chemistry, 

thickness, and area of volcanic deposits.  The lunar surface, unaffected by plate tectonics and erosion from 

wind and water, offers a pristine setting to study volcanic flux early in a planet‟s history.  Although past 

and current lunar missions, as well as Earth-based observations, have provided a framework for 

understanding the physical and chemical properties of lunar volcanic activity, significant uncertainties in 

the history of lunar volcanism remain (Shearer and Papike, 1999). 

Thus far, it appears lunar mare volcanism peaked in the upper Imbrian, producing about 9.3 × 10
6
 km

3
 

of lava at an average rate of 0.015 km
3
/yr (Hiesinger and Head, 2006).  During the Eratosthenian and 

Copernican periods, the rate of volcanism decreased to about 1.3 × 10
-4

 km
3
/yr and 2.4 × 10

-6
 km

3
/yr 

respectively (Hiesinger and Head, 2006).  These estimated eruption rates can be misleading, because they 

are global averages over hundreds of millions of years.  Some volcanic features, like sinuous rilles, are 

volumetrically minor on a global scale, but require large volumes of rapidly emplaced lava – sometimes 

eruption rates must be on the order of 1000 km
3
/yr (Hiesinger and Head, 2006).  Consequently, a global 

average estimate of volcanic flux does not accurately represent the magma source region of a localized 

 

FIGURE 5.23 Left: Lunar Orbiter image IV-168-H3 of Grimaldi with feature names.  Right: a sketch map 

of Grimaldi showing pyroclastic deposits in solid black from Coombs and Hawke (1992).  Based on 

analyses of UV/VIS Clementine data, these pyroclastic deposits may have 7.7–11.1 wt % TiO2. 
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eruption.  It will be important to evaluate the global volcanic production rate and those reflecting regional 

magmatic conditions.  Moreover, detailed analyses of some magmatic regions will be needed to properly 

evaluate the links between extrusive volumes, source regions, and the delivery of magma to the surface 

(Sheaer et al., 2006). 

Ascertaining changes in volcanic activity through time will require a continuum of samples from 

multiple time periods for a given location.  Similarly, ascertaining changes in volcanic activity across space 

requires a continuum of samples from a given time period across a series of locations.  To maximize the 

scientific return of missions, it will be best to identify locations where volcanic material from multiple time 

periods can easily be sampled on virtually any mission. 

Criteria for Site Selection 

We focus on locations where volcanic material from multiple time periods are within close proximity to 

one another, and where volcanic plumbing may be exposed, establishing the relationships between surface 

volcanic features and the underlying magmatic systems. 

Craters 

Craters can expose multiple units (e.g., cryptomaria or subsurface dikes) in one location that would not 

otherwise be accessible, allowing for the measurement and sampling of multiple events through time (Pike, 

1977; Carter et al., 1980).  Ideally, a target crater will penetrate all basalt layers and bottom in anorthositic 

crustal material to provide total basalt thickness.  A detailed analysis of high resolution orbital data around 

a crater of interest will reveal the approximate number of flow and/or crustal units exposed in a crater wall 

and help delineate preferred traverse paths. 

Area 

Area measurements deal with large-scale features and, thus, orbital data is the most practical way to 

continue refining area estimates.  Margins of individual lava flows can be visually outlined using remote 

sensing data and/or crater statistics and fill properties (e.g., Neukum et al., 1975; Hartmann et al., 1981; 

Stöffler et al., 2006; Hiesinger et al., 2000).  As higher-resolution data becomes available, flow margins 

should be reexamined and refined. 

Thickness 

Flow thickness is difficult to estimate uniquely through aerial investigations because of uncertainties in 

the effects of downwarping caused by the extrusion of large masses of lava, uncertainties in pre-flow 

topography, and assumptions made among different methods of thickness calculation (e.g., Head, 1976; 

Yingst and Head, 1977; Wieczorek et al. 2006).  In-situ sampling and accurate thickness measurements 

taken from exposed flow stratigraphy or geophysical techniques such as ground penetrating radar will 

reveal the amount of error associated with orbital estimates. 

Cryptomare 

Cryptomare deposits represent some of the oldest volcanic deposits on the Moon and remain largely, if 

not entirely, unsampled (Shearer et al., 2006).  Measuring their volume, composition, and age is essential to 

understanding early lunar flux.  An initial step in constraining their volume is to use high-resolution 

spectral data to identify and catalogue all Dark Halo Impact Craters (DHCs).  These craters potentially 

reveal the areal extent and thickness of old mare deposits subsequently covered by regolith.  Because no 

ground truth data exists for any cryptomare deposits, sampling any DHC will provide new information 

about the volcanic flux.  Those in pre-Nectarian plains have the highest priority. 

Composition 

Composition plays an important role in determining source depth, amount of crystallization, and 

amount of assimilation of crustal rock in the erupting lava.  We have only sampled a very small portion of 

the lunar crust, leaving entire crustal suites unsampled.  Regions of unsampled composition have been 

identified with Clementine and Lunar Prospector data (e.g., Lucey et al., 2006) and re-evaluated with high-

resolution compositional data from current and upcoming missions (e.g., M
3
 on Chandryaan-1). 
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Groundtruthing 

Groundtruthing is an essential step in remote sensing analysis, which can address many NRC scientific 

priorities.  Without groundtruthing, absolute ages and compositions of hypothesized geologic units cannot 

be known.  Groundtruthing can only be accomplished by analyzing lunar samples and their geologic and 

stratigraphic context.  As the library of lunar sample types grows, so does our ability to accurately interpret 

remote sensing data and analyze relative dates based on crater size-frequency distributions. 

Example Landing Sites 

We used the above criteria to identify four example landing sites, listed below. 

Buch B crater (~38°S, 17°W) 

Buch B is an example of a crater that may expose a basaltic dike (Hawke et al., 2002).  Lunar Orbiter 

mosaic images of Buch crater show dark-albedo, mafic material radiating away from the crater rim.  

Corresponding iron-oxide ratio maps of Buch B crater reveal this mafic material has a higher iron-oxide 

content than the surrounding anorthositic highland material.  Age and compositional analysis of the mafic 

material could provide insight into the parameters that determine whether a dike propogates to the surface, 

or stalls in the crust. 

Carlini Crater (33.7°N, 24.1°W) 

Carlini (Fig. 5.24) is only 10 km in diameter, but is the largest unburied crater in the Imbrium region 

and offers a window into the deepest portion of the flow.  Although it does not penetrate through mare into 

crust, the crater contains materials with at least three different titanium contents.  This suggests it has 

penetrated at least three mare flows.  From the crater rim, astronauts may conduct thickness and 

compositional measurements on the inside of the crater wall.  Also, Carlini Crater may be located within 

the central ring of Imbrium Basin; this is an ideal location to verify differing thickness estimate and 

measurement techniques (e.g., DeHon, 1974; Hörz, 1978; Head, 1982). 

 

 
FIGURE 5.24 Titanium map (right) of the area surrounding Carlini Crater suggests that it has penetrated at 

least three mare flows. 
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Lomonosov region (~24°N, ~109°E) 

The Lomonosov region (Fig. 5.25) contains two proposed DHCs that contain exposed pre-Nectarian 

cryptomaria (Giguere et al. 2003).  Because these two DHCs are covered with pre-Nectarian material, they 

could represent some of the earliest basalt flows on the Moon.  Sampling the basaltic ejecta of one or both 

of the craters would constrain the age and composition of these unique deposits.  Geophysical work would 

penetrate through the regolith blanketing the cryptomaria and give the thickness of the basalt unit.  These 

measurements, coupled with spectral studies to determine the arial extent of the cryptomare deposit, would 

help constrain the melt volume and source depth of some of the earliest lunar volcanism. 

Apollo Crater (70°S, 172°W) 

Apollo (Fig. 5.26) contains high-titanium and high-aluminum regions with at least two units of 

hypothesized, unsampled mare units.  A small unnamed impact crater located at 70°S, 172°W penetrates 

through a region of high titanium into a region of low titanium.  This crater provides a good opportunity to 

sample at least two layers of material.  The unnamed crater is located in Apollo Crater‟s inner-ring and, like 

Carlini Crater, provides a good opportunity to test models of mare fill derived from orbital data and test 

excess mass-induced downwarping models with geophysical equipment. 

 
FIGURE 5.25 Location of two proposed DHCs that contain exposed pre-Nectarian cryptomaria (Giguer et 

al., 2003).  Both images are on a Clementine 750 base map. 
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SUGGESTED LANDING SITES AND CASE STUDIES 

Below is a list of the most interesting and diverse volcanic sites that have been identified to achieve 

Science Concept 5 Science Goals.  The ten locations (Fig. 5.27) have been split up into two groups based 

on the apparent complexity of the site and the proximity of the features to one another.  We include 

recommended investigations to better understand the geology of each site, including pre-landing analyses 

of orbital high-resolution spectral and topographic data to pinpoint exact landing locations and traverse 

paths. The Science Concept 5 Science Goals that are addressed at each site are listed at the beginning of 

each site description. 

 
FIGURE 5.26 Apollo crater: high-titanium, high-aluminum region.  Clementine 750 nm global base map in 

Mercator projection shows regions of potentially anomalously aluminum–rich basalts.  The zoomed-in 

region shows a titanium map of the interior of Apollo crater. 
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Group 1: High Priority Sites (in no particular order) 

Montes Harbinger (25.71° Lat., -44.47° Long.) Science Goals 5a, 5b, 5c, and 5d 

Site Description:  Montes Harbinger (Fig. 5.28) is a mountainous region located just east of the Aristarchus 

Plateau in Oceanus Procellarum.  The region contains many of the same volcanic features of interest as the 

Aristarchus Plateau, except in a smaller area.  Prinz Crater (25.5° Lat., -44° Long.) is filled and partially 

buried with a potentially young mare with model age ~1.2 Ga (Hiesinger et al., 2003), potentially the 

youngest mare flow on the lunar surface.  The region is mantled by pyroclastic deposits, as is the adjacent 

Aristarchus Plateau.  Aristarchus crater ejecta could potentially be sampled in the region (e.g., from within 

the mare-filled Prinz Crater).  Several sinuous rilles are present in the area, two of which might be 

accessible from the ~1.2 Ga flow that fills Prinz Crater.  Domes have been mapped in the area but are 

potentially remnant highland material surrounded by mare.  Mare flows with relatively old model ages 

(3.48–3.74 Ga) bound the region to the north, east and west (Hiesinger et al., 2003).  The region is 

spectrally characterized by 16–18 wt-% FeO, intermediate Ti, and a high Th anomaly. 

Site Recommendations: 

 High-resolution images to determine: 

- Can stratigraphy be observed in Prinz Crater wall? 

- Distinguish between domes that are volcanic verses those that are highland material; target 

region bounded by 24.4°–25.7° Lat., -42.2°–-40.6° Long.) 

 High-resolution topographic data: 

- Define the height and slope of the rim of the partially buried Prinz Crater to determine 

whether the rim can be traversed; if such a traverse is possible, can potentially examine 

sinuous rilles in high region 

- Determine sinuous rille morphology 

 

FIGURE 5.27 Suggested landing sites for Science Concept 5.  High priority sites (Group 1) are in red and 

lower priority sites (Group 2) are in blue. 
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- Determine dome heights 

 Explore/Sample/Examine: 

- Inside Prinz Crater (potentially the young mare on the lunar surface) 

- North rim of Prinz Crater (stratigraphy, pyroclastic deposits) 

- Traverse up Prinz Crater rim to Vera crater (26.3° Lat., -43.7° Long.) if possible 

- Old mare units north of the southeast corner of Prinz rim 

- It appears that the rille immediately east of Prinz Crater can be traversed, allowing access to 

the mountainous regions in the area 

Oppenheimer (-34.30° Lat., -166.30° Long.) Science Goals 5a, 5c, and 5d 

Site Description:  Oppenheimer (Fig. 5.29) is a farside basin (~208 km in diameter) within the larger South 

Pole-Aitken basin.  The region contains mafic spectral signature (i.e., high FeO relative to surrounding 

region).  Mare have not been mapped in the region (Wilhelms, 1987), although volcanic features inside 

Oppenheimer include concentric floor-fractures probably related to volcanic intrusions, smaller craters with 

floor-fractures (e.g., Oppenheimer U, -34.5° Lat., 68.2° Long.), pyroclastic deposits associated with 

fractures and high-Fe regions, a probable endogenic crater (-33° Lat., -156° Long.) within a dark mantle 

deposit and cut by linear feature, and a possible sinuous rille (-34.5° Lat., -168.48° Long.). 

Site Recommendations: 

 High resolution images to assess any possibility of the presence of mare material, look for: 

 
FIGURE 5.28 Lunar Orbiter image mosaic of Montes Harbinger. The black point represents the 

recommended landing location surrounded by 10 km and 20 km radius circles.  Dashed lines represent 

approximate flow boundaries as presented in Hiesinger et al. (2003).  Model ages in figure are also from 

Hiesinger et al. (2003). 
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- Mare spectral signatures 

- Flow scarps 

- Ponded regions 

 High resolution spectral images of Oppenheimer U to determine: 

- Does mafic anomaly represent mare?  

- Analyze possible lobate feature on northern rim 

- Map pyroclastic deposits  

- Analyze central peak; could contain material from ~55 km deep may reveal plumbing 

system under peak  

 Detailed topographical information to determine: 

- Depth of possible rilles and fractures 

- Stratigraphy 

- Flow margins 

Marius Hills (14.68° lat., -55.65° long.) Science Goals 5a, 5b, and 5d  

Site Description: The Marius Hills region (Fig. 5.30) contains a high concentration of domes of probable 

volcanic origin and sinuous rilles associated with domes.  The area has high Fe abundance (18–20 wt %), 

high Ti, and a range of Th values from lower in west to higher in east.  Various aged flows surround the 

area ranging in model age from 1.73–3.74 Ga (Hiesinger et al., 2003).  In the northern region there is a 

flow margin of two potentially young flows with model ages of 1.85 Ga and 2.01 Ga (Hiesinger et al., 

2003). 

Site Recommendations: 

 Higher resolution imagery of the region:  

 
FIGURE 5.29 Clementine 750nm image of Oppenheimer basin. The white point represents the 

recommended landing location surrounded by a 10 km and 20 km radius circles. 
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- Pinpoint exact locations of flow fronts  

- Detailed dome and rille morphology 

 Statistical analyses of dome distribution in order to understand timing of different eruptions to help 

decide which domes to sample 

 Sample domes and rille materials 

 Sample ejecta of several small impact craters occurring on the domes 

Apennine Bench Region (26.67° lat., -8.52° long) Science Goals 5a, 5c, 5d 

Site Description: The Apennine Bench region (Fig. 5.31) is located in the southeast area of Imbrium basin, 

west of the Apollo 15 landing site.  The area is dominantly characterized by the Apennine Bench formation, 

which is composed of light plains units that may uniquely be of volcanic origin (i.e., they may be high 

albedo lava flows rather than basin ejecta).  Lobate margins have been observed within the plains.  “Non-

mare” volcanic material is present (the area is a „red spot‟ [Malin, 1974]).  Spectrally determined Fe, Th, 

and Ti compositions are consistent with ~3.9 Ga (radiometric age) Apollo 15 KREEP basalt samples 

(Nyquist et al., 1975; Carlson and Lugmair, 1979; Blewett and Hawke, 2001).  Pyroclastic deposits are 

found at the northwestern edge of the region and south of the Apollo 15 landing site (Blewett and Hawke, 

2001).  Domes have been mapped along the western margin of the region near pyroclastic deposits, 

including a dome-like feature with a non-circular summit depression (at 23.4°, -5.1°).  Sampling the 

adjacent mare units in Mare Imbrium is of secondary importance because the model ages of these flows 

(~3.3–3.55 Ga; Hiesinger et al., 2000) fall within the well-calibrated region of the „lunar cratering 

chronology curve‟ (see Fig. 5.11).  Beer crater (~8.5 km in diameter 27.1° Lat., -9.1° Long.) contains mare 

ponds, possibly visible stratigraphy , and possible fresh ejecta (including a secondary chain) from 

Timocharis crater, located ~100 km West.  

Site Recommendations: 

 High resolution images needed to find flow margins on plains unit 

- Particularly near Beer crater (at 27° Lat., -8° Long.) [see map in Blewett and Hawke, 2001] 

 
FIGURE 5.30 Lunar Orbiter image mosaic of Marius Hills. The black point represents our recommended 

landing location surrounded by a 10 km radius circle and a 20 km radius circle. 
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 Sampling of the Appenine Bench formation, pyroclastic deposits, dome materials, complex 

crater ejecta materials (Timocharis crater), and “non-mare” KREEP material (of possible 

volcanic origin) 

Lomonosov-Fleming Region (19.83 Lat., 98.21 Long.) Science Concept 5b, 5c, and 5d 

Site Description: The Lomonosov-Fleming region (Fig. 5.32) is located in the highlands northeast of Mare 

Marginis on the farside of the Moon.  The region is characterized light plains units and is a well-known 

cryptomare region with multiple DHCs that have excavated potentially pre-Nectarian cryptomare from 

beneath (Giguere et al., 2003).  The northernmost region contains dark mantling deposits of probable 

pyroclastic origin (e.g., along the southern side of Edison crater).  Several craters (e.g., Dziewulski [21.2° 

Lat., 98.9° Long.], Edison [25.0° Lat., 99.1° Long.], Artamonov  (25.5° Lat., 103.6° Long.), and 

Richardson [31.1° Lat., 100.5° Long.] contain pyroclastic deposits, expose cryptomare as DHCs, and/or 

contain unsampled mare units. 

Site Recommendation: 

 Obtain high-resolution images to define boundaries of volcanic units 

 The nature of the low albedo material (as observed in Clementine 750nm images) between 

Dziewulski crater and the DHC numbered 11 by Giguere et al., (2003) is unclear; samples 

potentially from both pyroclastics from Dziewulski or dark halo material from DHC #11 could be 

collected in the area between these two craters.  This material needs to be characterized before 

considering the area between the two craters as a potential landing site. 

 Geophysical work would be useful for looking at the subsurface stratigraphy, potentially allowing 

the determination of: 

 
FIGURE 5.31 Clementine 750nm image of the Apennine Bench region.  The black point represents the 

recommended landing location surrounded by  10 km and 20 km radius circles. 
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- the extension of cryptomare under ejecta 

- the thickness of cryptomare in the region in general 

Gruithuisen Domes (36.43° lat., -40.18° long) Science Concept 5a, 5b,and  5d 

Site Description: The Gruithuisen Domes site (Fig. 5.33) features a number of silicic composition, low-Ti 

and low-Fe domes.  The region overall is a high-Th “red spot” (Malin, 1974).  Unsampled materials here 

may be similar to those in Mare Frigoris, potentially KREEP sampling high-Ti, Low-Ti KREEP materials.  

Maria in the region have an estimated model age of ~1.1 Ga (Schultz and Spudis, 1983).  Gruithuisen 

Gamma includes a dome with a sinuous rille on its southern side (35.98°, 40.34°).  The Luna 17 landing 

site is located ~100 km to the northeast, although it is located on different mare flow units. 

Site Recommendations: 

 High resolution topography data to identify flow fronts 

 High resolution spectral data to identify compositions of the domes and basalt flows 

- High resolution imagery and spectral data of a crater (at 36.57°, -40.64°) on top of 

Gruithuisen Gamma; identify accessibility and if stratigraphy is present 

 More accurate crater count model ages of the mare 

 Sample the materials of all the domes and the adjacent mare, sinuous rille material, and flow 

margins 

 
FIGURE 5.32 Clementine 750nm image of the Lomonosov-Fleming region.  The black point represents 

the recommended landing location surrounded by 10 km and 20 km radius circles. 
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Mare Moscoviense (26.33 lat., 146.94 long) Science Concept 5a, 5b, 5c, and 5d 

Site Description: Mare Moscoviense (Fig. 5.34) is a 277 km diameter mare-filled basin.  At least two 

younger mare flows are present in the region, one in the east (model age ~2.57 Ga) and one in the west 

(model age ~3.50 Ga) (Haruyama et al., 2009); the western flow has higher Fe and Ti.  Several floor-

fractured craters are located on the central-western side of mare; Komarov on the southeast margin is partly 

flooded.  A large pyroclastic deposit is located at the southern edge of the mare.  An impact crater at 

26.3°N, 147.7°E potentially penetrates through high-Ti and high-Fe material into low-Ti and low-Fe 

material, potentially penetrate through a mare flow to another flow beneath. 

Site Recommendations: 

 Higher resolution images and topography are needed to: 

- Delineate flow fronts 

- Determine stratigraphy in crater at 26.3° Lat., 147.7° Long. 

 Sample crater at 26.3° Lat., 147.7° Long.  

 Sample maximum number of flows 

 Geophysical work to determine flow thickness 

 
FIGURE 5.33 Lunar Orbiter image mosaic of Gruithuisen domes. The black point represents the 

recommended landing location surrounded by 10 km and 20 km radius circles. 
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Group 2: Lower Priority Sites 

Aristarchus Plateau (25.17° lat., -54.69° long.) Science Concept 5a, 5b, 5c, and 5d 

Site Description: The Aristarchus Plateau is a 200 × 230 km highland plateau in the middle of a mare unit.  

The southern margin of the plateau is embayed by what is potentially the youngest mare basalt flow on the 

lunar surface (model age ~1.2 Ga) (Hiesinger et al., 2003).  Aristarchus crater may have excavated old low-

Fe, very-high-Th highland material.  A large regional pyroclastic deposit radiates outwards from the 

plateau center.  Sinuous rilles are located on the north, east, and west sides of the plateau.  There are flow 

margins of young and older flow units to the east and west adjacent to the plateau and several other 

potentially young mare flows surround the plateau (Hiesinger et al., 2003).  This is considered to be a lower 

priority site because the nearby Montes Harbinger region appears to display the same level of volcanic 

complexity but in a much smaller area. 

Site Recommendations: 

 High resolution imagery and topography of young mare flow margins  

 Define landing sites just outside the plateau 

 East or west sides would be best to sample young-flow/old-flow margin, pyroclastic deposits, 

and sinuous rille materials within close proximity 

 Samples of Aristarchus ejecta northeast of the crater may be volcanic material  

 High resolution imagery of young flow south of the plateau to determine if there are underlying 

units exposed  

 Sample plateau material anywhere where there is ejecta  

Mairan Domes (41.7° Lat., -48.3° Long.) Science Concept 5a, 5b, and 5d 

Site Description: The Mairam domes are located in a region flooded with a mare flow that potentially has a 

young age (~1.33 Ga) (Hiesinger et al., 2003).  The northern group of two or more domes contains the 

Mairan T dome (identified as a “red spot”), 6.7 km in diameter and 930 m high with nested summit craters 

~2-3 km in diameter.  There are other nearby domes an rilles. 

 

 
FIGURE 5.34 Lunar Orbiter image mosaic of Mare Moscoviense. The white point represents the 

recommended landing location surrounded by 10 km and 20 km radius circles. 
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Site recommendations: 

 high-resolution images of Mairan T summit craters 

- map evolution of craters 

- look for visible plumbing 

 sample young maria 

 sample dome material 

 geophysical work to determine flow thickness and possible shallow-crustal magma reservoirs 

Mare Smythii (1.3°, 87.5°) Science Concept 5a, 5b, 5c, and 5d 

Site Description: Mare Smythii is a ~373 km diameter mare-filled basin with floor fractured craters.  

Compositions of the mare units are similar to the Luna 24 site (low-Ti basalts).  A young mare flow (model 

age ~1.1 Ga) potentially exists in the eastern portion of Mare Smythii (1.3°N, 91°E) around Dorsum Cloos 

(Schultz and Spudis 1983), however Hiesinger et al. (2008) suggest a much older model age for Mare 

Smythii (model age ~3.0 Ga).  Pyroclastic deposits are present in the region and appear to have 

intermediate Ti contents. 

Site Recommendations: 

 Determine the relative age of the mare ponds south of the main mare 

- Dark halo impact craters and dark mantling deposits are in close proximity 

 High resolution imagery, topography and spectral data  

- Determine the best single site to sample the dark halo impact craters, dark mantle deposits, 

and young mare unit 

Other Sites of Interest 

General Interest: 

 Basin centers 

 Cryptomaria 

 Convergent flow margins 

 Farside lava ponds 

Sites of Interest for Individual Science Concept 5 Science Goals: 

 Campbell crater 

 Mare Marginis 

 Goddard crater 

 Schiller-Schickard region 

 Buys-Ballot - Lacus Luxuriae 

 Mare Nectaris 

 Balmer-Kapteyn region 

 Mare Australe 

 Mare Humorum 

 Maestlin crater (linear rilles, mare embayed craters, Kepler ejecta) 

 Letronne region of Oceanus Procellarum (possibly young mare) 

 Natasha/Euler region (domes w/ craters on top, rilles, mare) 

 Mendel-Rydberg region (orientale ejecta, cryptomare DHICs) 

 Alphonsus crater (pyroclastic deposits inside FFC, domes) 

 Northern Imbrium (domes, rilles)  
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 Grimaldi (northern part has domes, pyroclastic deposits, one mare flow model age estimated at 

~3.0Ga, high-Ti, high-Fe) 

 Flamsteed 

 Mare Humboldtianum 

 Mare Orientale 

 Mons Hansteen 
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Science Concept 6: The Moon is an Accessible Laboratory for Studying 

the Impact Process on Planetary Scales 

 
Science Concept 6: The Moon is an accessible laboratory for studying the impact process on 

planetary scales 

 

Science Goals: 

a. Characterize the existence and extent of melt sheet differentiation. 

b. Determine the structure of multi-ring impact basins. 

c. Quantify the effects of planetary characteristics (composition, density, impact velocities) on 

crater formation and morphology. 

d. Measure the extent of lateral and vertical mixing of local and ejecta material. 

 

INTRODUCTION 

Impact cratering is a fundamental geological process which is ubiquitous throughout the Solar System.  

Impacts have been linked with the formation of bodies (e.g. the Moon; Hartmann and Davis, 1975), 

terrestrial mass extinctions (e.g. the Cretaceous-Tertiary boundary extinction; Alvarez et al., 1980), and 

even proposed as a transfer mechanism for life between planetary bodies (Chyba et al., 1994).  However, 

the importance of impacts and impact cratering has only been realized within the last 50 or so years.  

Here we briefly introduce the topic of impact cratering.  The main crater types and their features are 

outlined as well as their formation mechanisms.  Scaling laws, which attempt to link impacts at a variety of 

scales, are also introduced.  Finally, we note the lack of extraterrestrial crater samples and how Science 

Concept 6 addresses this.  

Crater Types   

There are three distinct crater types: simple craters, complex craters, and multi-ring basins (Fig. 6.1).  

The type of crater produced in an impact is dependent upon the size, density, and speed of the impactor, as 

well as the strength and gravitational field of the target.   

Simple craters  

Simple craters, as their name suggest, are the most basic, and smallest, craters.  They are typified by a 

smooth, bowl-shaped profile, with essentially no flat floor within the crater.  They have a depth-to-diameter 

ratio of 1:3–1:5 (Melosh, 1989; Melosh and Ivanov, 1999) with their rims slightly uplifted due to 

stratigraphic tilt and ejecta deposition.  Within the crater resides broken and melted target rock – breccia, 

which has slumped off the crater walls and overlays fractured bedrock.   

Complex craters  

Between diameters of ~15–20 km on the Moon, simple craters begin to transition into complex craters 

(on Earth this transition occurs between 2–4 km [Pike, 1988]; transition diameter is inversely proportional 

to gravity, hence the smaller transition diameter on Earth compared to the Moon).  Complex craters can be 

categorized into two groups: central-peak and peak-ring craters.  Central-peak craters are characterized by a 

central dome which protrudes from the crater floor; a topographically high rim again defines the edge of the 

impact structure.  Between the central dome and crater rim is an area of relatively flat topography produced 

by breccia infill which overlays molten material.  Unstable material from the crater wall collapses inward 

as large discrete blocks forming terraces.  Complex craters have a smaller depth-to-diameter ratio compared 
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to simple craters, a consequence of central peak and peak ring formation.  Peak-ring craters are larger in 

diameter than central-peak craters and possess a ring of raised massifs roughly half the rim-to-rim diameter 

instead of a central peak.  The transition between central-peak and peak-ring crater morphology begins at 

diameters of ~140 km on the Moon (Melosh, 1989), however the transition is gradual and ill-defined; 

Antoniadi Crater is 145 km in diameter and possesses both a peak ring and a central peak, while 

Tsiolkovsky Crater, 190 km in diameter, contains just a central peak.  Above diameters of 200 km, nearly 

all lunar craters display remnants of a peak ring.  

Multi-ring basins  

Multi-ring basins are the largest type of impact structure and are characterized by the presence of at 

least one asymmetric, inward facing scarp ring outside the main crater rim.  As with peak-ring craters, they 

generally possess (at least) one peak ring.  Multi-ring basins begin on the Moon at diameters of ~300 km 

(Wilhelms, 1987).  No multi-ring basin has been verified on Earth; Vredefort (~300 km diameter), Sudbury 

(~200 km diameter) and Chicxulub (~180 km diameter) impact structures are thought to be the best basin 

candidates.   

Formation of Impact Craters  

The cratering process can be divided into three distinct stages: contact/compression, excavation, and 

modification (Fig. 3.9).  All impacts, regardless of scale, will experience these three stages during crater 

formation.  The most common angle for impact is 45
o
 (Gilbert, 1893; Shoemaker, 1962) to the horizontal. 

 Contact/compression begins when the leading edge of the impactor hits the target surface.  This creates 

two shock waves; one travels into the target, the other through the impactor.  Tens of gigapascals of 

pressure can be created by the shock, melting and vaporizing target and impactor material; peak shock 

pressure is the same in both target and impactor.  Evidence of these high shock pressures includes shatter 

cones in shocked rock and high pressure phase minerals (coesite and stishovite).  The contact/compression 

stage is defined by the time taken for the shock to travel up through the impactor, be reflected at the 

impactor‟s rear edge, travel back through the impactor as a release wave (releasing the impactor from the 

high shock pressures), and reach the impactor-target interface.  This time can be approximated by the time 

taken for the impactor to travel a distance equal to twice its diameter at its impact speed; for an impactor 1 

km in diameter travelling at 20 km/s contact/compression would last ~0.1 s.  

 Excavation is the next stage, determining the volume of excavated material.  Following shock 

compression and release impacted rock is accelerated and driven away from the impact point.  The path of 

 

FIGURE 6.1 Impact craters on an airless body like the Moon range in size from pin-size structures to 

continent-size structures.  This illustration shows a broad range of examples (from left to right): (a) a 10 

micron-diameter crater on a glassy, ~465 micron diameter lunar spherule from the Luna 16 landing site 

(Hartung et al., 1972); (b) a 1 kilometer diameter simple crater called Moltke; (c) a 28 kilometer diameter 

complex crater called Euler; (d) a 320 kilometer diameter peak-ring impact basin called Schrödinger; and 

(e) a 970 kilometer diameter multi-ring impact basin called Orientale.  Image Credit: LPI (Priyanka 

Sharma). 
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movement of a particle is dependent on its original location within the target.  Material moves along 

streamlines away from the impact point resulting in the formation of a bowl-shaped, transient cavity.  This 

cavity is in effect split into two distinct regions separated by the hinge streamline (Fig. 6.2).  Material found 

to a depth equal to approximately one third of the transient cavity‟s depth is driven upwards and out of the 

cavity; this is known as the excavation cavity (the excavation and transient cavity are equal in diameter).  

Below this depth, material is driven downward and outward.  This flow of (particle) material is described 

by the Z model (Maxwell and Seifert, 1974; Maxwell, 1977), which is based on numerical simulations of 

high energy explosions, although Croft (1980) showed that this can be applied to the excavation of high-

speed impact craters.   

Eventually the shock and release waves, through attenuation, lose their ability to excavate or displace 

target rock.  At this point the cavity is at its largest size, and is referred to as the transient crater.  The size 

of the transient crater is dependent on many factors including impactor speed, angle of impact, and 

impactor and target material.  The transient crater is an ephemeral feature and so must be estimated from 

theoretical studies and geological field studies; these have suggested the maximum transient crater depth is 

approximately one third of its diameter (this proportion appears to remain constant for craters of widely 

varying sizes).  This can be used to estimate the volume of the excavation cavity, as well as the impactor 

energy.  The latter however is non-unique; energy can represent a wide variety of impact conditions.  The 

formation of the transient crater marks the end of the excavation stage.  Excavation lasts longer than 

contact/compression, but is still very short, geologically speaking, lasting no more than a few minutes for 

the very largest basin-forming impacts. 

Following excavation, the final stage of crater formation, modification, begins.  Here rock strength and 

gravity are the dominant forces resulting in the collapse of the transient crater which alters the crater 

morphology.  In simple craters, this involves the failure of the crater walls, leading to breccia infill of the 

crater floor.  For complex craters and multi-ring basins, modification is more complex with various theories 

proposed for the formation of central peaks, peak rings, and basins; see Science Goal 6b for a discussion of 

these.  In general, the modification stage can be thought of as ending when motion ceases completely. 

 
FIGURE 6.2 The impact of a projectile at 45

o
 showing the decrease in shock pressure, ejecta trajectories 

and excavation flow paths. (Modified after David Kring, UA/NASA Space Imagery Center). 
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Scaling Laws 

Statistically, only a small subset of craters has been studied on Earth.  These investigations, as well as 

high energy explosion and nuclear tests, have been used to formulate scaling laws (e.g., Croft, 1985) 

linking small, simple impacts to larger terrestrial and lunar impact structures, including multi-ring basins.  

Scaling laws have been formulated to estimate, among other things, transient crater diameter, melt volume, 

and depth of excavation.  Currently, scaling laws represent the best estimates for predicting crater features 

at all scales, however their ability to accurately predict features of the largest impact structures, multi-ring 

basins, remains uncertain.  Our understanding of cratering processes has, however, been severely impeded 

on Earth where other geologic processes erode impact sites.  Thus, we are driven to the Moon for answers.  

Science Concept 6 aims to highlight lunar sites where in-situ studies can test and re-evaluate scaling laws 

for basin-scale impacts. The scaling laws relative to the various Science Goals of Science Concept 6 will be 

discussed in greater detail throughout this section. 

Apollo Missions – Lunar Crater ‘Ground Truth’ 

A few craters were visited, and sampled, during the Apollo missions (Table 6.1), though most were <2 

km in diameter, limiting samples to small, simple craters or reworked debris from larger craters.  Because 

impact cratering was so poorly understood at the time of Apollo, these few samples allowed some basic 

conclusions about lunar craters be made.  One of these conclusions was that the vast majority of lunar 

craters were formed by impacts rather than volcanism (volcanism was a popular pre-Apollo hypothesis for 

the formation of many lunar craters; e.g. Fielder and Marcus, 1967); another was that craters distribute 

ejecta on global scales producing regolith.  Science Concept 6 aims to address both fundamental and 

detailed issues to expand our knowledge of impact cratering through further „ground truth‟ studies.  

TABLE 6.1 Craters visited (with approximate diameters) during the Apollo missions (data from 

http://www.lpi.usra.edu/lunar/missions/apollo/). 

Apollo Mission Crater Diameter (m) 

11 Little West 183 

12 Halo 7 

 Sharp 13 

 Block 13 

 Bench 55 

 Head 95 

 Surveyor 150 

 Middle Crescent 335 

14 Flank 38 

 North Triplet 105 

 Cone 340 

15 Spur 70 

 Elbow 290 

 Dune 340 

 St. George 1750 

16 Cinco 65 

 Buster 85 

 Flag/Plum 230 



337 

 Wreck 740 

 N. Ray 980 

17 Van Serg 96 

 Shorty 105 

 Lara 530 

 Steno 545 

 Nasen 600? 

 Camelot 650 

 

 

SCIENCE GOAL 6A: CHARACTERIZE THE EXISTENCE AND EXTENT OF MELT SHEET 

DIFFERENTIATION 

Introduction 

Impact cratering is one of the most influential processes that affect the evolution of the lunar surface 

(Ahrens and O‟Keefe, 1972) and similar planetary bodies.  When impacts of sufficiently high speed occur 

they generate pressures on the order of 40–100 GPa, far greater than the threshold of whole rock melting.  

In large-scale impacts, large volumes of impact melt can pool into sheets, which can be kilometers thick 

(Fig. 6.3).  Chemical differentiation is thought to separate these large melt sheets into varying lithologies 

(Fig. 6.4) based on density.  The notion that large impact melt sheets can differentiate carries important 

implications for how lunar samples and the early geologic history of the lunar highlands are interpreted 

(Grieve et al., 1991).  On Earth, examples of differentiated impact melt sheets have been found (e.g. 

Therriault et al., 2002), however due to destructive terrestrial processes such as erosion and plate tectonics, 

examples are rare.  These kind of destructive processes do not occur on the Moon, thereby making it an 

ideal laboratory for exploring melt sheet differentiation. The aim of Science Goal 6a is to study lunar melt 

sheets and characterize the existence and extent of melt sheet differentiation. This section will outline the 

most suitable lunar locations to achieve this goal. 

 

 

 

 

FIGURE 6.3 The structure of a multi-ring basin (modified after LPI classroom illustration). 
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Terrestrial Differentiated Melt Sheet Analogs 

Chemical and textural characteristics of returned lunar samples interpreted as impact melts show 

similarities to those formed on the Earth, suggesting parameters governing melt processes are similar for 

both bodies (Floran et al., 1978). Terrestrial analogs are an integral part in understanding processes on 

other planetary bodies; they promote development of models, experiments, and other methods of 

understanding which can be used for comparisons to non-terrestrial cases. The Sudbury and Manicouagan 

impact structures have been found to possess differentiated melt sheets; understanding these terrestrial 

structures will therefore aid understanding and exploration of melt sheet differentiation on other bodies.  

Sudbury impact structure 

The first impact structure recognized to possess a differentiated melt sheet was the Sudbury impact 

structure, Canada.  The impact occurred ~1.85 Ga (Zieg and Marsh, 2005) into primarily granitic and 

gneissitic target rocks, with an estimated 5 km ceiling of metamorphosed sediments (Kring, 1995); the 

crater is 220 km in diameter (Stöffler et al., 1994).  The crater contains an igneous complex that includes a 

~2.5 km thick differentiated melt sheet (Fig. 6.5) (Grieve et al., 1991).  The differentiation process, which 

took anywhere from days to months for complete differentiation, divided the melt into a norite (~56% 

SiO2) layer overlain by granophyre (~70% SiO2) with a thin transition zone of quartz gabbro between them 

(Zieg and Marsh, 2005).  

Manicouagan impact structure 

A more recently confirmed differentiated, terrestrial melt sheet is within the Manicouagan impact 

structure, Canada.  The Manicouagan impact occurred 214±1 Ma (Hodych and Dunning, 1992), creating an 

impact structure ~100 km in diameter (Grieve, 1987).  Target lithologies were Precambrian crystalline 

rocks overlain by a thin (<200 m), discontinuous layer of Middle Ordovician carbonates and shales (Spray 

et al., 2010).  The structure is unique among Earth‟s larger impact structures in that it is so well preserved, 

exposed, and has not been subjected to significant erosion or tectonic events, unlike Sudbury (Spray et al., 

2010).  Despite its pristine state, the differentiated nature of the 55 km diameter melt sheet remained 

undiscovered until resource drilling commenced in the mid-1990‟s.  Prior to this, geological field studies 

estimated the melt sheet to be ~230 m thick with another 50 m of material lost to erosion (O‟Connell-

Cooper and Spray, 2010).  The drill core from the central part of the melt sheet, core MAN-0608, 

confirmed a clast free melt sheet with a thickness of ~1100 m (Spray et al., 2010), a more modest thickness 

than the >2.5 km thick melt sheet of the Sudbury impact structure (Stöffler and Deutsch, 1994).  Core 

MAN-0608, unlike the other homogeneous cores from shallower regions of the melt sheet, revealed two 

distinct geochemical layers with a transitional dividing zone.  The top 278 m represents the upper layer 

which is relatively enriched in silica (60.55 wt. %) and relatively depleted in CaO and MgO with a bulk 

composition of quartz monzodiorite.  The bottom 525 m represents the lower layer which is enriched in 

 

FIGURE 6.5 Chemical compositions for the units of the Sudbury Igneous Complex, as well as an overall 

average composition (after Therriault et al., 2002). 
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CaO and MgO but relatively depleted in silica (56.64 wt. %) with a bulk composition ranging from quartz 

monzodiorite to monzodiorite (Fig. 6.8) (O‟Connell-Cooper and Spray, 2010).  

Manicouagan as an analog for the lunar highlands 

The Manicouagan impact structure is an excellent analog for the Moon because the central uplift is 

composed of anorthositic material.  Anorthosites are very common on the Moon, making up the highlands 

material which accounts for ~83% of the lunar surface.  Manicouagan is one of only a few terrestrial 

impacts that contain anorthosite, the others being the Charlevoix (54 km diameter) and Mistastin (28 km 

diameter) impact structures, both in Canada, though these have comparatively less anorthosite than 

Manicouagan.  The Manicouagan structure has not been reworked by constant bombardment so it provides 

a good comparison to pristine lunar highlands material.  The largest impacts on the Moon incorporate more 

mafic, mantle material in their melts so Manicouagan is likely only an analog for small- to intermediate-

sized events impacting the highlands. 

Crater Sizes and Resulting Melt  

Lunar craters range in size from micro-structures recorded in glasses to vast basins that stretch up to 

thousands of kilometers across the surface (Ahrens and O‟Keefe, 1972).  Such a wide range of sizes 

generates, as expected, an equally wide range of resulting melt products with the relative volume of melt 

produced and retained within the crater increasing as event magnitude increases (Fig. 6.9).  Melt volume, 

Vm, is calculated using the equation 

 

Vm=cDtc
d
 ,   (6.1)

          

 

where c and d are constants (~1–2 × 10
-4

 and 3.85, respectively; see Table 2 of Cintala and Grieve, 1998) 

determined by fitting the curves in Fig. 6.9 and Dtc is the diameter of the transient crater. 

Simple craters 

Melts in simple craters, like Alfraganus C (10 km diameter), occur only as thin veneers that coat the 

floor and, to a lesser extent, the rim (Hawke and Head, 1977) (Fig. 3.12, top panel).  Models suggest the 

ratio of the volume of melt to the volume of the transient cavity in a crater of this size will be ~0.007 

(Cintala and Grieve, 1998), equating to a melt sheet approximately 3 m in thickness.  The relatively small 

 

FIGURE 6.9 Calculations for melt volume as a function of transient crater diameter for varying impactor 

compositions and speeds (from Cintala and Grieve, 1998). 
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volumes of melt created are quickly choked with clasts, increasing the melt‟s viscosity and quenching it 

rapidly (Cintala and Grieve, 1998).  Craters in this regime will not produce differentiated melt sheets. 

Complex craters 

Larger craters with thick melt sheets will be less susceptible to the clast choking process.  Complex 

craters have a higher ratio of melt volume to transient crater volume compared to simple craters.  Models 

suggest a crater the size of Tycho (102 km diameter) would have a ratio of ~0.04, producing a melt sheet 

~150 m thick (Fig. 3.12, middle panel) (Cintala and Grieve, 1998).  Though craters of this size have 

considerably more melt than simple craters they still lack the dimensions necessary to produce 

differentiated melt sheets. 

Impact basins 

Large amounts of melt are generated during basin-forming impacts and constitute an important rock 

type on the Moon (Spudis, 1993).  The calculated melt volume to transient crater volume ratio in basins 

ranges from 0.1 (Schrödinger) to greater than 1 for the largest basins.  Models suggest a basin the size of 

Schrödinger, the second smallest basin at 320 km in diameter, would produce a melt sheet approximately 

1.4 km in thickness (Fig. 3.12, bottom panel) (Cintala and Grieve, 1998).  The largest basin on the Moon, 

the South Pole-Aitken Basin (SPA), is thought to have a ~200 km thick melt sheet (Morrison, 1998). 

Scaling issues for the Earth and Moon 

“Direct correlation from the Earth to the Moon regarding impact processes can lead to confusion at 

best and incorrect conclusions at worst” (Cintala and Grieve, 1998).  Accurate scaling is vital for 

determining locations to investigate possibly differentiated melt sheets.  For instance, five times as much 

melt would be produced for a given transient crater size on Earth compared to the Moon (Cintala and 

Grieve, 1998).  There are three variables that need to be considered when modeling impact melt generation: 

impact speed, target gravity, and projectile size (Cintala and Grieve, 1994).  Only speed and gravity need to 

be considered with regards to scaling issues between the Earth and Moon because average projectile size 

will be comparable. 

Impact speed 

On Earth, impacts tend to have slightly higher speeds than those on the Moon.  This speed difference is 

relatively small due to their proximity; it would have been even less in the past when the two bodies were 

closer together.  In their present positions, this small speed difference can cause an almost 70% greater 

volume of melt on the Earth for craters of identical size (Cintala and Grieve, 1994). 

Gravity 

The volume of impact melt is essentially independent of gravity (O‟Keefe and Ahrens, 1977) however 

the dimensions of impact craters are dependent primarily on target body gravity. Impact experiments 

conducted with varying gravity yield successively smaller crater sizes as gravity increases, assuming a 

constant impact energy.  Models suggest lunar transient crater diameters are almost 50% larger than their 

terrestrial impact energy equivalents (Cintala and Grieve, 1994).  This has implications for how thick the 

melt sheet will be based on larger surface areas of transient craters for gravities less than Earth‟s.  

Considering these variables, events of larger magnitude will be required to facilitate differentiated melt 

sheets for impacts on the Moon compared to the Earth. 

Analysis Methods 

Various depths within a melt sheet must be accessed to determine if any vertical composition 

heterogeneity exists.  Melt sheets may be many kilometers thick and buried underneath other lithologies, 

therefore testing the nature of internal differentiation within them could be problematic.  Methods for 

testing the existence and extent of their differentiation must therefore try to circumvent this problem.  

Geophysical analysis 

Seismic detection of subsurface features is an analysis method used widely by geologists to detect 

structural features and, to a lesser extent, lithological variation.  Seismic surveys could be used to infer 

density and structural changes beneath the surface and therefore investigate the nature of melt sheets and 

whether or not they are differentiated.  
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Stratigraphic analysis 

Currently the most robust method for testing melt differentiation on the Moon is through stratigraphic 

interpretation of uplifted central structures.  When an impact occurs, material from beneath the zone of 

melting is uplifted above the crater floor (Fig. 6.11).  Investigation of this material, for example in central 

peaks, can help determine the composition of originally deeper lithologies beneath the lunar surface.  Some 

of this deep, excavated and uplifted material may represent melt sheet material from older, larger impacts 

that the smaller crater impacted into; testing of the vertical heterogeneity of the uplifted melt could take 

place.  Figure 6.12 (Cintala and Grieve, 1998) shows the minimum depth of origin for central peaks with 

respect to final crater diameter.  These estimates are developed from the notion that the central peak must 

come from a depth below the zone of melting of the cratering event.  Any material above this depth would 

have been incorporated into the melt.  The subsequent craters used for differentiation analyses must lie 

within the limit of the transient crater because the melt sheet is proposed to be confined within this area 

(Kring, 2005).  

 

Ejecta analysis 

Another way of using subsequent craters to access the underlying melt sheet is to examine their ejecta.  

Distal ejecta material would have originated from shallower depths, while material proximal to the crater is 

 

FIGURE 6.11 The structure of a central-peak complex crater. The central uplift is shown to contain 

originally deeper lithologies (after LPI classroom illustrations). 

 

FIGURE 6.12 Minimum depth of origin for lunar central peak material as a function of final crater 

diameter for an impact velocity of 16.1 km/s (after Cintala and Grieve, 1998). 
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thought to have originated from deeper in the crust (Fig. 6.13).  Croft (1985) found that the depth of 

excavation is ~1/10 of the transient crater diameter.  With a reasonable estimate of the transient crater 

diameter, calculations could be made to ensure that the impact melt of interest was ejected.  This same 

technique was used for site selection on the Apollo 14 mission, the goal of which was to sample the ejecta 

of the 340 m diameter Cone Crater which was suspected to have excavated material from the Fra Mauro 

Formation (Imbrium Basin ejecta).  The astronauts obtained samples along a traverse towards and away 

from the crater, acquiring material from varying excavated depths (Kiefer, personal communication).  This 

method, on a larger scale, may prove useful for testing impact melt sheet differentiation.  As with the 

previous method, subsequent excavating craters must lie within the limits of the transient crater to access 

the melt sheet. 

Drill core analysis 

As shown in the discussion of the Manicouagan impact melt sheet, surficial geologic interpretation may 

not be sufficient to detect differentiation.  One way to precisely determine this phenomenon is by drilling 

into a melt sheet to collect rock core samples.  As stated earlier, the differentiated nature of the 

Manicouagan melt sheet was not discovered until it was drilled.  Although this may be out of scope for 

immediate lunar missions, drilling would be a definitive way to investigate lunar melt sheet differentiation. 

Previous Work on Lunar Differentiation 

Given the extent of terrestrial erosion and the dynamic nature of Earth‟s geologic processes, 

information on melt sheet differentiation is sparse; use of terrestrial melt sheet data to explain the 

composition and nature of lunar melt sheets, while useful, may not yield correct interpretations. 

Spectral analysis of Orientale Basin 

Budney et al. (1996) studied the melt sheet of the 930 km diameter Orientale Basin for signs of 

differentiation. Using spectral data from the Clementine UVVIS instrument they mapped radial FeO 

variations of ejecta from craters excavating Orientale basin floor material to determine if vertical 

differentiation of Orientale melt took place.  Initial results from their study suggested that the Orientale 

melt sheet is both laterally and vertically homogeneous.  This would mean only basins larger than Orientale 

could potentially contain differentiated melt sheets, dramatically reducing the number of candidate basins 

(Fig. 6.14).  However, the craters excavating basin floor material that were analyzed were located near the 

margin of the proposed Orientale transient crater.  Here the melt sheet is likely to be thinner than at the 

center of Orientale and heterogeneity may not be as apparent.  This study also suggested that a melt 

thickness of 1 km would be sufficient to see variations in FeO using the MAGFOX program for modeling 

fractional crystallization.   

 

FIGURE 6.13 A schematic representation of the various depths of origin for crater ejecta on the surface. In 

reality, ejecta will not be separated into such distinct layers as shown. 
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Rayleigh calculation for convection 

Morrison (1998) proposed that the South Pole-Aitken Basin melt sheet could have been as thick as 226 

km, producing a differentiated melt sheet consisting of anorthosites, norites, and possibly ultramafics.  The 

differentiated nature of the SPA melt sheet was prompted by Clementine spectral data of FeO 

concentrations in the outer ring of Apollo Basin; Apollo is thought to have excavated 28 km into the 

heterogeneous SPA melt sheet yielding variations of FeO from 10-12%, while the Apollo melt sheet yields 

FeO concentrations from 6-8%.  Morrison (1998) also used the Rayleigh equation to determine if 

convection and therefore differentiation occurs in an impact melt sheet 

R = gaBd
4
/(hv) ,       (6.2)  

where g is the acceleration due to gravity, a is the coefficient of thermal expansion, B is the temperature 

gradient in excess of the adiabat, d is the thickness of the melt, h is the thermal diffusivity, and v the 

kinematic viscosity.  Using the Rayleigh number, R, approximated from Manicouagan, lunar gravity and 

viscosities of impact melt estimated from lunar meteorites, an approximate minimum thickness for 

differentiating melt sheets on the Moon is 1.1 km.  If the Rayleigh number is the determining factor, melt 

sheets in excess of this thickness have the physical dimensions to convect as vigorously as Manicouagan 

and therefore differentiate.  Based on estimates for lunar melt thickness from Cintala and Grieve (1998) 

(Fig. 6.15), all lunar basins will have a melt thickness >1.1 km and, therefore, based on the Rayleigh 

criteria, will be thick enough to differentiate (Fig. 6.16). 

 

 

FIGURE 6.14 Imbrium Basin (center) and South Pole-Aitken Basin (lower periphery); the only two basins 

that may have differentiated melt sheets based on the spectral analysis of Orientale by Budney et al. (1996). 
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Spectral analysis of the South Pole-Aitken Basin 

Using the Spectral Profiler aboard the Kaguya spacecraft, a study by Yamamoto et al. (2010) suggested 

the SPA Basin has a highly differentiated impact melt sheet consisting of an orthopyroxene layer that 

overlies an olivine-rich layer.  However, a study by Nakamura et al. (2009) suggested SPA‟s melt sheet is 

largely homogeneous given the spectral similarities of the central peaks in Finsen, Antoniadi, Bhabha and 

Lyman craters within SPA, despite their different estimated excavation depths.   

 

 

 
FIGURE 6.15 Effective thickness of the melt lining as a function of final crater diameter (after Cintala and 

Grieve, 1998). 

 

FIGURE 6.16 Basins with melt sheets thick enough to differentiate based on the Rayleigh number criteria. 
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Requirements 

Three requirements are used to select impact sites at which to investigate lunar melt sheet 

differentiation: certainty of basin existence, the extent of post-basin cratering, and whether those post-basin 

craters excavated the basin‟s melt sheet. 

Basin certainty 

Figure 6.17 shows the location of all named basins on the Moon and classifies them by certainty (after 

Wood, 2004).  Based on this classification, uncertain and possible basins are determined to be unsuitable 

candidates for testing lunar impact melt sheet differentiation.  

Post-basin cratering 

Post-basin impacts can act as probes into the underlying basin material, such as the melt sheet.  Areas 

with a large number of craters are deemed older than an area with fewer craters; an older surface may offer 

a greater number of potential probes into the subsurface.  Therefore, though some younger and smaller 

basins like Schrödinger (320 km diameter) are ideal for studying many cratering processes, their younger 

age means they may not have sufficient post-basin impacts (of a certain size) to test impact melt sheet 

differentiation.  However, the youngest basin, Orientale, may provide access to its melt sheet through post 

basin-forming cratering simply because of its large size (930 km diameter); a melt sheet with a larger 

surface area has a greater chance of being subsequently impacted on. 

Melt sheet excavation 

Not all post basin-forming craters are suitable for testing basin melt sheet differentiation.  If a crater is 

too large it will have a depth of melting which exceeds the underlying basin melt sheet, in which case 

uplifted central peak material will not contain the basin melt sheet of interest.  For instance, models suggest 

Orientale has a maximum melt sheet thickness of ~10.5 km (Cintala and Grieve, 1998).  Assuming only a 

small amount of regolith has accumulated above the melt sheet since formation, an impact onto Orientale‟s 

basin floor forming a crater > 69 km will melt material to a depth greater than that of Orientale‟s melt 

sheet.  Therefore at Orientale, craters ≤69 km in diameter will be targeted, as these craters will not, in 

theory, melt material to be a depth greater than Orientale‟s melt sheet and so can investigate differentiation 

of the Orientale melt sheet. 

 

 

FIGURE 6.17 The spatial extent of lunar basins.  Basins are classified by certainty (after Wood, 2004): red, 

certain; green, probable; blue, possible; yellow, proposed (uncertain). 



346 

Complications 

Post-impact regolith accumulations 

Models have been produced to determine the amount of regolith accumulated on the lunar surface since 

the start of the basin forming era.  Housen et al. (1983) suggest a minimum of ~100 m to a maximum of 

~1000 m of material has accumulated, while Pike‟s (1974) model instead suggests a minimum of ~200 m to 

a maximum of ~3000 m of material may be blanketing the pre-basin surface (Fig. 6.18) (Petro and Pieters 

2008).  This will be important when using the method of examining melt sheet material excavated from a 

post-basin crater.  If the basin is old (for example, Nectarian in age) and the crater excavating the basin 

material is young (Copernican in age), there would likely be a substantial amount of ejecta and regolith that 

must be penetrated. If the crater is too small it will only excavate regolith material and not the underlying 

basin melt sheet.  Conversely if the basin of interest is relatively young (Imbrian in age) there will be little 

material between the surface and the melt sheet.  Assuming a constant post-basin regolith accumulation rate 

of 1 mm/yr, the youngest basin (Orientale) would have ~38 m of regolith blanketing its surface. 

Fallback breccia accumulations 

During an impact, material is ejected from the crater, some of which falls directly back into the crater 

and accumulates atop the melt sheet (Figs. 6.3 and 6.11).  This fallback breccia must be considered when 

calculating the size of crater that is required to excavate the melt sheet.  The Sudbury impact melt, for 

 

FIGURE 6.18 Cumulative ejecta thickness from 42 impact basins estimated from the calculations of (a) 

Pike (1974) and (b) Housen et al. (1983) (after Petro and Pieters, 2008). 



347 

instance, is covered by a thick (~1.5 km) layer of breccia. If the crater is not of sufficient size it will only 

excavate breccia and not the melt sheet of interest.  

Density relationships 

A study by Warren (1993) suggested the density of lunar impact melt relative to the density of the 

crystals precipitating from the melt could prevent differentiation in all except the largest basins; Warren 

(1993) implies that buoyant floatation of feldspar crystals would mostly prevent effective differentiation.  

The average density of lunar impact melt compositions is 2.76 g/cm
3
, which is 0.05 g/cm

3 
greater than the 

density of the major liquidus phase, feldspar.  The density of the aggregate liquidus phase, feldspar + 

pyroxene, would be 0.20 g/cm
3 

greater than the density of the melt (2.76 g/cm
3
).  This difference in 

densities could interfere with convection and therefore differentiation. 

SPA Case Study 

The highest priority for investigating melt sheet differentiation on the Moon is the South Pole-Aitken 

(SPA) Basin.  SPA is the largest confirmed lunar basin and has been sufficiently excavated by subsequent 

impacts to allow investigation of the initially deeper lithologies (including basin melt sheet) at or close to 

the lunar surface.  The SPA impact is thought to have sampled material from deep within the Moon making 

a geochemically complex melt of anorthosites, norites, and perhaps ultramafics (Morrison, 1998), which 

likely differentiated into layers of varying mineralogy and chemistry.  On the other hand, smaller lunar 

impact events may only have sampled (and melted) upper crustal material and may therefore not have 

differentiated due to their relative geochemical homogeneity.   

Subsequent cratering 

SPA contains approximately 45 complex craters (Fig. 6.19) that have well-defined central peaks in 

high-resolution Clementine data.  Fourteen of these are within the 1260 km transient crater diameter 

estimate (centered at –56°, 170°E) of Petro and Pieters (2002).  Using a proportional growth model Spudis 

(1993) estimated a SPA transient crater diameter of 1160-1470 km.  When centered at –56°, 180° 

(Wilhelms et al., 1979), the lower estimate of Spudis (1993) contains 16 complex craters, while the upper 

estimate contains 21 with an additional two complex craters straddling its limit (Table 6.2).  There are also 

several large basins within SPA that excavate deep into the proposed ~200 km melt sheet.  These large 

basins would serve to test the nature of SPA‟s melt sheet and also to constrain the extent of melt sheet 

differentiation as their own melt sheets could be tested during the process (see chapter on SPA). 

Antoniadi crater 

There are 11 complex craters with well-defined central peaks that lie completely within all three 

transient crater estimates for SPA mentioned above.  One is of particular interest to several goals in Science 

Concept 6: Antoniadi Crater.  Antoniadi possesses a peak-ring and a well preserved central peak (Fig. 

6.39).  Its 143 km diameter suggests the central peak came from a depth of ~22.8 km (calculated from 

Cintala and Grieve, 1998), which provides a glimpse into the mid-upper ranges of SPA‟s melt sheet. 

Melt sheet differentiation at SPA, if proven, would confirm the differentiation of impact-induced melt 

sheets for the very largest impact events.  However, it would also be important to constrain a lower bound 

on the size of basin that would produce a differentiated melt sheet.  Therefore, if SPA, ~2500 km diameter, 

is confirmed to possess a differentiated melt sheet, basins of gradually smaller sizes should be evaluated. 
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TABLE 6.2. Complex craters within SPA that fall within various estimates for the transient crater (TC) 

diameter, whose central peaks may be used to determine if the SPA melt sheet differentiated. Asterisks 

indicate craters whose central peaks are barely visible in high-resolution (~100 m/pixel) Clementine data 

(see chapter on SPA). 

ID # Name 

Lower TC estimate 

calculated from Spudis, 

1993 (1160 km) 

Upper TC estimate 

calculated from Spudis, 

1993 (1470 km) 

 Petro and Pieters 

(2002) TC estimate 

1 O‟Day       

2 Birkeland       

 

FIGURE 6.19 Locations and approximate sizes of complex craters with discernable central peaks within 

SPA (large, dashed white circle) (see chapter on SPA).  The solid white rings represent the minimum 

(1160 km) and maximum (1470 km) estimates of transient crater diameter calculated from Spudis (1993) 

and the smaller dashed white ring represents the size and location of the transient crater as estimated by 

Petro and Pieters (2002).  See Table 6.2 for crater identification information. 



349 

3 Finsen X X X 

4 Hausen       

5 Antoniadi X X X 

6 De Forest   X   

7 Dryden       

8 Hale       

9 Lyman X X X 

10 Maksutov* X X (partial) 

11 Mariotte       

12 Oresme V X X X 

13 White X X   

14 Doerfel S       

15 Fizeau   (partial)   

16 Plummer M*       

17 Alder X X X 

18 Grissom M   X   

19 Oppenheimer U   X   

20 Pauli       

21 Rumford       

22 Wexler       

23 Carver       

24 Langmuir       

25 Leavitt       

26 Leavitt Z       

27 Amundsen       

28 Barringer       

29 Bhabha X X X 

30 Bose X X X 

31 Boyle X X X 

32 Buffon       

33 Demonax       

34 Eijkman   X   

35 Hopmann* X X X 

36 Numerov X X X 

37 Orlov       

38 Prandtl*   X X 

39 Sniadecki       

40 Zeeman   (partial)   

41 Drygalski       

42 Von Karman* X X X 

43 Davisson X X (partial) 

44 Oresme Q X X X 

45 Stoney X X X 

 

Orientale Case Study 

As mentioned earlier, spectral evidence suggests Orientale‟s melt sheet is not differentiated (Budney et 

al., 1996).  However, the proposed melt sheet thickness (~10.5 km) is far greater than the estimated 

thickness for differentiation (1.1 km) using the Rayleigh criteria. At 930 km in diameter, Orientale would 

be a reasonable choice for investigation when down-sizing from SPA.  

Subsequent cratering 

One problem for testing Orientale is its relatively young age.  Being the youngest basin, it has had less 

time to accumulate post basin-forming craters (which could potentially excavate its melt sheet) compared 
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to older basins.  There are eight craters >5 km diameter within the maximum Orientale transient crater 

estimate of Melosh (1989) (Fig. 6.20), only two of which are complex and only one, Maunder, contains a 

central peak. 

Maunder crater 

The largest crater inside the estimated transient diameter of Orientale basin is Maunder.  It is a complex 

crater with a diameter of 55 km suggesting that its central peak originated from a depth of ~7.3 km, 

therefore within the melt sheet of Orientale.  The ejecta blanket of Maunder shows considerable variability 

compared to that of the surrounding areas and may be estimated for variations in compositions with 

distance.  

If Orientale proves to be differentiated, smaller basins must be tested.  Conversely if it does not show 

differentiation, basins of larger size must be tested to constrain a lower/upper bound on melt sheet 

differentiation. 

Mutus-Vlacq Case Study 

The 700 km diameter Mutus-Vlacq Basin would be appropriate for investigation after Orientale.  Its 

diameter suggests a melt sheet thicker than the minimum estimate for differentiation from the Rayleigh 

criteria.  Classified in age group 3 of the pre-Nectarian basins (Wilhelms, 1987) and therefore one of the 

oldest lunar basins, its formation could have been at a time when the Moon possessed a different (hotter) 

thermal gradient relative to the younger basins (such as Orientale).  It is possible that hotter thermal 

conditions could have influenced the differentiation of impact-induced melt sheets (initially warmer 

 

FIGURE 6.20 Location, age, and size of craters within Orientale Basin.  The inner white circle represents 

the transient crater from Melosh (1989); the outer white circle represents the basin rim (930 km diameter).  

The ages of craters shown by closed white circles are undetermined. 
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conditions would result in a larger impact-induced melt volume for a given impact energy).  For example, 

Mutus-Vlacq, though smaller than Orientale, could possess a differentiated melt sheet on account of the 

warmer conditions during its formation compared to the cooler conditions during Orientale‟s formation.  

This suggests a range of basins with different ages should be studied to infer if possible warmer thermal 

conditions during the Lunar Cataclysm could have affected the process of melt sheet differentiation. 

Subsequent cratering 

As a pre-Nectarian basin, Mutus-Vlacq has been subjected to significant cratering over time, increasing 

the likelihood of post basin-forming impact craters excavating the Mutus-Vlacq melt sheet.  In order to 

guarantee uplift of the melt sheet, post-basin craters ≤55 km in diameter will be considered as possible 

Mutus-Vlacq melt sheet samplers.  Craters larger than this would have a zone of melting that extends 

deeper than the Mutus-Vlacq melt sheet.  

Analysis of an intermediate-sized basin, such as Mutus-Vlacq, would help place a constraint on basin 

melt sheet differentiation.  If the Mutus-Vlacq melt sheet is shown to be differentiated, basins of smaller 

size will need to be considered.  Conversely if it does not show signs of differentiation, basins of larger size 

should be tested to constrain limits of impact melt differentiation. 

Implementation 

There are three methods that should be considered as immediate means for testing impact melt sheet 

differentiation via post basin-forming cratering.  The first and most direct method is to traverse a crater 

central peak, which is estimated to have uplifted the underlying basin melt sheet, taking samples at various 

locations.  The second method is to sample boulders that have fallen down a central peak and lay at its 

base; Apollo 17 used this method to sample massif material.  Boulder tracks can trace the path to locate the 

original position of the boulder.  With a sufficient sample size of boulders, one could potentially examine 

multiple elevations along the central peak and determine the presence, composition and extent of the melt 

sheet, and whether it is differentiated.  A third, less direct way to test for differentiation is to traverse away 

from or towards a crater that possibly excavated melt sheet material to test for varying elemental 

abundances in it‟s ejecta as a function of crater distance.  Deeper lithologies will be concentrated at 

locations proximal to the crater; shallower lithologies will be concentrated at distal locations (Fig. 6.13).  

Conclusion 

Lunar impact melt sheet differentiation will be an issue of contention until it is directly assessed with 

geologic sampling.  With the recommendations for site selection and implementation methods discussed 

here, the question of whether basin melt sheet differentiation takes place, and if so, to what extent, can be 

definitively resolved. 

 

SCIENCE GOAL 6B: DETERMINE THE STRUCTURE OF MULTI-RING IMPACT BASINS  

Introduction 

Multi-ring basins are the largest form of impact structure.  Evidence of these structures on Earth is 

contentious, however they have been found and confirmed on many other Solar System bodies including 

the Moon (Wilhelms, 1987), Mercury and Mars (Pike and Spudis, 1987), and Ganymede and Callisto 

(Melosh, 1989). 

Multi-ring basins were first discovered on the Moon by Hartmann and Kuiper (1962)
1
 and defined as 

“large circular structures with not just one rim but an additional raised ring or rings and a system of radial 

furrows”.  Later, Wilhelms (1987) used a size parameter to define lunar multi-ring basins as any impact 

structure larger than 300 km in diameter.  Problems arising from these definitions include potentially 

classifying peak-ring craters as multi-ring basins from the former, and placing an arbitrary limit on the size 

of multi-ring basins from the latter.  A more concise definition is offered by Melosh (1989) who states, 

“multi-ring basins possess at least two asymmetric scarped rings one of which may be the original crater 

                                                 
1
 The original paper by Hartmann and Kuiper (1962) is hard to obtain, therefore the reader is directed to 

Hartmann (1981). 
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rim”.  This definition therefore differentiates multi-ring basins (at least two asymmetric scarped rings) from 

peak-ring craters (only one asymmetric escarpment), and does not place an arbitrary size constraint on 

basins.  Added to this definition is the caveat that at least one of the rings must form outside of the final 

crater.  These outer rings generally resemble scarps, are asymmetric in shape, and locally disrupt material.  

It has been observed that adjacent basin rings appear to be spaced at a ratio of √2 (Baldwin, 1963; 

Hartmann and Wood, 1971); the validity of this geometric spacing remains unclear.  Lunar multi-ring 

basins are thought to have formed early on in the Solar System‟s history, many within a period of a few 

hundred million years approximately 4 Ga.  This period is known as the Lunar Cataclysm (Tera et al., 

1974).  

These „lunar‟ multi-ring basins are not the only multi-ring basin type; another is the Valhalla-type basin 

named after the Valhalla multi-ring basin on Callisto.  These basins contain tens to hundreds of closely 

spaced outward facing scarps.  These basins are not discussed further here; for more information see 

Melosh (1989). 

Spudis (1993) outlines five criteria for recognizing lunar basins: 1) presence of strongly expressed 

concentric scarps, 2) arcuate chains of massif (isolated or associated with textural ejecta deposits), 3) 

arcuate chains of massifs in association with wrinkle ridges within maria, 4) circular arrangements of 

complex, wrinkle-ridge systems, and 5) isolated massif scarps/ridges that collectively occur more or less at 

a constant radial distance from a central point. 

A Lunar Multi-Ring Basin – Orientale  

The first multi-ring basins were discovered on the Moon (Hartmann and Kuiper, 1962).  Twenty five 

years later, Wilhelms (1987) had identified 45 lunar impact structures as definite, probable or possible 

multi-ring basins.  The most prominent and best preserved of these basins is Orientale.  Located on the 

western limb of the nearside, Orientale contains at least four ring structures encompassing a diameter of 

930 km making it one of the largest lunar impact structures.  Relative ageing suggests Orientale is the 

youngest multi-ring basin with an estimated age of 3.82 Ga (Wilhelms, 1987).  Being the youngest basin, it 

is well preserved compared to other, older basins. 

Orientale‟s ring structures are clearly visible at radial distances of 465 km (Montes Cordillera), 310 km 

(Outer Rook Mountains) and 240 km (Inner Rook Mountains) from its basin center, with another less 

prominent ring, here referred to as the Inner Shelf Ring, at a radial distance of 160 km.  Outside of the 

Montes Cordillera lays the Hevelius Formation; between the Rook Mountains is the Montes Rook 

Formation and within the Inner Rook Mountains lays the Maunder Formation (Fig. 6.21).  Gravity 

modeling suggests the center of the basin sits ~3 km below the lunar geoid, with the basin possessing a 

vertical height range of 5–6 km (Mohit and Phillips, 2006).  

Orientale‟s inner most zone, the Maunder Formation, is interpreted as Orientale‟s impact melt sheet 

(Bussey and Spudis, 2000) while the compositionally similar outermost zone, the Hevelius formation, is 

interpreted as impact ejecta which is thought to be highly feldspathic in composition (Spudis et al., 1984).  

 

FIGURE 6.21 A cross-section through the Orientale Basin.  The Inner and Outer Rook rings, as well as the 

Cordillera Ring are clearly visible.  The crust has been thinned under the basin center resulting in uplift of 

the Moho (the crust/mantle boundary).  In this model the rings are composed of either megaregolith or 

upper crustal material.  The upper crust has been completely removed around the basin center (after Head 

et al. 1993; modified from LPI classroom illustrations). 
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Between these two, the Montes Rook Formation has a weak mafic signature (Head et al., 1993), suggesting 

a deeper crustal composition.  The most topographically prominent ring is the Montes Cordillera, which 

would suggest this represents the final crater rim.  However, pre-impact structures have been recognized 

relatively intact between the Cordillera and Outer Rook (Spudis, 1993) implying the Cordillera Mountains 

are placed outside of the crater rim and are therefore an outer ring structure.  The crust beneath the center of 

Orientale appears to be thinned relative to the crust outside of the basin.  Gravity estimates suggest a crustal 

thickness between ~0 km (Hikida and Wieczorek, 2007) and 15 km (Wieczorek and Phillips, 1999) at the 

basin center; Wieczorek et al. (2006) suggest the entire upper crust is absent below the basin center. 

A (Possible) Terrestrial Multi-Ring Basin – Chicxulub  

On Earth, three impact structures are considered possible multi-ring basins: Vredefort, Sudbury, and 

Chicxulub.  Of these three, Vredefort and Sudbury formed ~2 Ga and are therefore severely degraded 

preventing extensive analysis of their structure. Chicxulub on the other hand is a relatively young, 65 Ma, 

impact structure and its links to the Cretaceous-Tertiary mass extinction (Alvarez et al., 1980; Hildebrand 

et al., 1991) means it has been studied intensely. 

The Chicxulub impact crater is located on the Yucatán Peninsula, Mexico and is ~150-200 km in 

diameter (Morgan and Warner, 1999) (Fig. 6.22).  The crater is buried under a kilometer of Tertiary 

sediments (Morgan et al., 1997) therefore its structure has been inferred from seismic, gravity and magnetic 

surveying.  This surveying suggests Chicxulub contains a peak ring, a main rim, and an outer ring; a second 

exterior ring with a diameter of ~250 km has also been proposed (Fig. 6.22).  Based on these observations, 

Chicxulub may well represent a terrestrial equivalent to the Orientale Basin, and other multi-ring basins 

found in the Solar System.  

Morgan et al. (2000), from their analysis of gravity and seismic data, suggested the Chicxulub peak ring 

contains highly brecciated and altered central peak material or allogenic impact breccias.  The seismic data 

also suggests the peak ring is underlain by slump blocks and bounds the lateral extent of the central melt 

sheet.  

The main topographic rim of Chicxulub has a diameter of ~150 km.  The rim itself is asymmetric with a 

steep inward facing slope and a gentle back slope, in contrast to the peak ring.  The main rim is also a head 

scarp within which are a number of terraces which have slumped inwards along normal faults; occasional 

up-thrust slumps are also present (Gulick et al., 2008).  The slumps are covered by a thin veneer of impact 

melt and ejecta material.  

 

 

FIGURE 6.22 A cross-section through the Chicxulub impact structure (after Morgan et al. 2000).  The 

peak ring is found ~40 km from the basin center and contains a thrust feature with originally deep-seated 

crustal material overlaying normally faulted slump blocks which collapsed off the crater wall.  The crater 

rim occurs at ~75 km and the outer ring at ~100 km.  The outer ring is the surface structure of a deep-

seated normal fault.  A second outer ring is thought to be ~125 km from the basin center.  The Moho 

(crust/mantle boundary) appears to be thickened beneath the peak ring and thinned below the basin center. 
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Outside of the main crater rim, another ring structure is found at a diameter of ~200 km.  As with the 

crater rim this ring is faulted normally and possesses an asymmetric profile with a gently sloping 

backslope.  However, unlike the crater rim, there are no terrace slump structures associated with this outer 

ring.  Beneath the impact structure the Moho appears to be uplifted by a distance of 1 km at the basin 

center, and thickened adjacently by a value of ~1.25–1.5 km (Christeson et al., 2001).  

Formation of Multi-Ring Basins 

As noted above, the mechanism responsible for the modification of complex craters and multi-ring 

basins, and their resulting ring structures, is unclear.  Based on photogeology, spectroscopic data, and 

gravity data from lunar multi-ring basins, various theories have been proposed to explain multi-ring basin 

formation; these are outlined below. 

Megaterrace hypothesis 

The megaterrace hypothesis (Head, 1977; Fig. 6.23, left) suggests ring structures in multi-ring basins 

are the result of transient crater collapse.  The formation of the transient crater weakens target material 

resulting in the inward collapse of material creating a „mega‟ terrace.  The edges of these terraces form the 

basin ring structures.  

Nested melt cavity hypothesis 

The nested melt cavity hypothesis (Head, 2010; Fig. 6.23, right) in some ways builds upon the earlier 

megaterrace hypothesis and work by Cintala and Grieve (1998).  Here, inwards movement of target 

material along the edge of the displaced zone (the zone of material affected by the impact) results in the 

uplift of the transient crater floor.  Collapse at the edge of the displaced zone forms the outer ring; inward 

and upward movement forms the peak rings, which are composed of highly shocked, partially molten, 

shallow crustal material.  

 

 

 

FIGURE 6.23 Left: The Megaterrace hypothesis for basin formation (after Head, 1977).  The Outer Rook 

Ring marks the final crater rim.  This forms in a zone of weakness and results in normal faulting which 

forms the Cordillera Ring outside and the Inner Rook Ring within.  Right: The nested melt cavity 

hypothesis (after Head, 2010) based Orientale.  On formation of the transient crater (top image), collapse 

occurs at the edge of the displaced zone (bottom image) forming a megaterrace resulting in the formation 

of ring structures.  Inner ring structures form from the uplift of shallow crustal material from the edges of 

the melt zone. (IR: Inner Ring, OR: Outer Ring, CD: Cordillera). 
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Nested crater hypothesis 

The nested crater hypothesis (Hodges and Wilhelms, 1978; Fig. 6.24) suggests rings are formed at 

strength boundaries within the crust.  The transient cavity penetrates layers of varying strength creating 

bench structures.  The crater subsequently undergoes isostatic re-adjustment following its formation, rising 

up and creating prominent topographic features from the strength boundaries – the ring structures.  The 

innermost ring represents the deepest strength boundary layer; the outermost rings represent the shallower 

strength boundaries.  Slumping may occur at the rims of the 'nested' craters forming additional ring-like 

structures.  

Volcanic modification 

Volcanic modification (Hartmann and Yale, 1968) (Fig. 6.25) suggests subsidence in ring faults around 

the basin, induced by later subsurface melting or intrusions below the crater result in the formation of ring 

structures both inside and outside of the original crater.  However, geological evidence suggests ring 

formation occurs almost instantaneously in the impact process.  At Orientale for example, evidence 

suggests that suevite, a form of impact breccia, laps up against the Rook Mountains implying the rings 

formed prior to the suevite hardening.  Volcanic modification assumes some kind of volcanic activity 

within the crater, however many large farside basins lack volcanic mare deposits, in contradiction to this 

theory. 

 

 

 

FIGURE 6.24 The nested crater hypothesis modeled on Orientale Basin (after Hodges and Wilhelms, 

1978). Strength boundaries within the crust are exposed during impact forming benches (A). These are 

pushed upwards and outwards through isostatic re-adjustment, forming the various ring structures (B). The 

outermost ring represents the extent of the transient crater. 
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Tsunami wave motion 

The formation of rings by tsunami-like motions (Baldwin, 1972; Murray, 1980) has also been 

suggested.  Wave oscillations from the initial impact move through the transient crater or alternatively 

target material becomes fluidized.  Eventually the sloshing material „freezes‟ into place producing rings.  

However, the concept of fluid material suddenly „freezing‟ in place was not well received.  A more 

physical explanation was proposed by Melosh (1979): acoustic fluidization. In the acoustic fluidization 

theory, the target material behaves as a Bingham fluid (Bingham, 1916); it deforms either as a plastic or 

viscous material depending on the applied shear stress.  If the shear stress exceeds the material's cohesive 

strength then the material will flow with a viscosity in a fluid-like manner, allowing the creation of central 

peaks and peak rings.  Once the shear stress drops below the cohesive strength the material once again 

deforms plastically, its motion ceases and the material becomes „frozen‟ into place.  

 

 

 

 

 

 

 

 

 

FIGURE 6.25 The volcanic modification hypothesis (after Hartmann and Yale, 1968). Following crater 

excavation, partial melting occurs beneath the crater (2), which results in subsidence along ring faults (3) 

creating the ring structures. 
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Interaction/collision 

The theory that peak-rings contain originally deep-seated material has mainly arisen from studies at 

Chicxulub.  Brittan et al. (1999) suggests the peak ring is formed from the collision/interaction of 

upward/outward collapsing central peak material and inward/downward collapsing material from the crater 

wall.  This results in the peak ring containing deep-seated (lower) crustal material (which had been brought 

up in the impact by the central uplift) overlying shallow (upper) crustal material which had simply slumped 

off the crater wall (Fig. 6.26).  Seismic studies at Chicxulub showed the peak-ring contained highly 

brecciated and altered central peak material underlain by slump blocks (Morgan et al., 2000), which agrees 

with this interaction/collision hypothesis.  Spectroscopic analysis of the rings at Orientale also suggests 

peak-rings are composed of originally deep-seated material (Bussey and Spudis, 1997).  

Ring tectonics 

Ring tectonics (Melosh and McKinnon, 1978; Melosh, 1989) deals specifically with the formation of 

outer rings. In this hypothesis the thickness and strength of the lithosphere as well as the viscosity of the 

asthenosphere and the depth of the transient crater are the factors controlling outer ring formation.  

Penetration through the lithosphere into the underlying (more fluid) asthenosphere by the transient crater 

will result in the flow of asthenospheric material towards the basin center.  The inward flow of the 

asthenosphere exerts a drag on the lithosphere; a weak enough lithosphere may fracture under this force 

forming ring faults, the surface traces of which are the outer rings (Fig. 6.27).  The apparent √2 ring 

spacing of multi-ring basin rings can also be explained by this mechanism.  The faults will form to relieve 

stress, but will only form at an appropriate distance from the rim diameter.  Shear stresses at the base of the 

lithosphere will prevent the rings forming too close to the crater rim as they need to act over a broad area to 

build up large extensional stress.  At great distances the inward directed forces which would cause the 

scarps can be resisted.  Therefore, the rings form at an appropriate distance from the crater rim, which is 

normally 1.3–1.6, crater radii away, approximately √2.  This differs from the megaterrace hypothesis as it 

requires penetration into the asthenosphere and allows for the formation of more than one ring outside of 

the crater rim. 

 

FIGURE 6.26 Peak ring formation through collision/interaction (modified from LPI classroom 

illustrations). The peak-ring is formed through the outwards motion of the collapsed central peak and the 

inwards collapse of the crater rim. This forms a type of thrust feature with lower crustal material overlying 

upper crustal material.  
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All of the theories attempting to explain multi-ring basin formation outlined above have their 

weaknesses.  For example, the megaterrace hypothesis cannot account for more than one ring forming 

outside of the basin.  The nested crater hypothesis is reliant on the strength of the target, not the crater size, 

and implies that if layers are at a constant depth within the Moon then all basins would have rings at the 

same radial distances; photogeology implies this is not the case.  This model also assumes the topographic 

basin rim represents the original crater rim, which does not seem to be the case for Orientale (e.g. Head et 

al., 1993).  Contradictions also occur between models.  For example the interaction/collision model 

suggests the formation of the peak-ring through the interaction of the collapsing central peak and slump 

structures.  Contrasting this, the nested melt cavity hypothesis suggests that the peak-ring is formed solely 

by vertical motion, and that no central peak forms in basin-sized impacts.  

Scaling Laws and the Transient Crater 

As previously mentioned, scaling laws have been developed to link impact structures at all scales on 

any target body.  However, the accuracy of scaling laws for predicting features of the very largest impact 

structures, multi-ring basins, is uncertain.  One notable scaling law, based on data from complex terrestrial 

and lunar craters, relates the final crater diameter D, to the transient crater diameter Dtc (Croft, 1985): 

Dtc = Dq 
0.15±0.04

 D 
0.85±0.04 

,      (6.3) 

where Dq is the transition diameter between simple and complex craters, all values are in kilometers.  The 

importance of the transient crater lies in the ability to estimate depth and volume of excavated material as 

well as the impact energy from it.  If one knows the final crater diameter, the transient crater diameter can 

be calculated from Equation 6.3, which can then be used to calculate melt volume and depth as well as 

excavation depth.  The ratio of excavation depth to transient crater diameter, based on Z-model results and 

somewhat limited field data, is approximated to be 0.1.  This is believed to be valid for both simple and 

complex craters.  The use of this law to estimate transient crater diameters for multi-ring basins is 

problematic as it assumes craters at all scales obey the same relationship.  Croft (1985) notes, however, that 

the collapse environment producing rims is apparently the same in both complex and multi-ring structures, 

suggesting that complex crater scaling can be applied to the larger multi-ring basins.  

Assuming the 0.1 depth/diameter ratio is valid for multi-ring basin scale impacts, then the larger the 

basin, the greater the depth of excavation.  It is therefore possible that multi-ring basins may have 

excavated mantle material, which numerical models suggest is the case for the largest multi-ring basin, 

South Pole-Aitken (SPA) (Hammond et al., 2009; Potter et al., 2010).  If true, sampling of mantle material 

on the lunar surface would dramatically aid understanding of the Moon‟s interior as well as planetary 

differentiation.  However, there is no confirmed geological evidence of any lunar basin penetrating into or 

excavating mantle material (e.g. Wieczorek and Philips, 1999; Hikida and Wieczorek, 2007) 

Wieczorek and Phillips (1999) suggested that basins up to 500 km in diameter follow proportional 

scaling laws, but that the largest basins do not.  For example, using Equation 6.3 assuming a simple-to-

complex transition diameter of 18 km and final crater diameter of 2500 km, the transient crater for SPA is 

estimated to be 1190 km.  However Petro and Pieters (2002), using orbital spectroscopic data, estimated the 

transient crater of SPA to be 1260 km based on the innermost occurrence of upper crustal anorthosite 

 

FIGURE 6.27 The ring tectonic theory (after Melosh and McKinnon, 1978). In a thick lithospheric target, 

ring structures will not form outside of the crater rim (a). In a thinner lithospheric target, penetration into 

the asthenosphere below results in fluid inflow and the formation of rings outside of the crater rim (b).  
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crustal material which they believe bounds the edge of the transient crater (the transient crater removed all 

upper crustal material within its limits).  For Orientale, Equation 6.3, assuming an 18 km simple-to-

complex transition and a 930 km final crater diameter, predicts a transient crater 515 km in diameter.  

Alternative techniques using excavation (transient) cavity reconstruction based on gravity-derived crustal 

profiles estimated transient cavities with diameters of 383 km (Hikida and Wieczorek, 2007) and 397 km 

(Wieczorek and Phillips, 1999).  This suggests scaling laws may be a useful first estimate for transient 

crater sizes (and other basin features) however in situ studies would be required to test estimates of the 

various methods.  

Data collection: Testing the Hypotheses  

Two primary data collection methods can be employed to test and investigate multi-ring basin structure: 

geological sampling and geophysical surveying.  Geological sampling can be used to infer the near-surface 

compositions of structures, contact boundaries at outcrops and fault features, whereas geophysical 

surveying can probe the subsurface and infer features at greater depth, possibly the crust/mantle boundary 

(the Moho). 

Peak ring structure and formation 

According to the theories outlined above, peak rings may either be composed of shallow crustal 

material or deep crustal material.  Geological sampling of ring material will be able to infer a depth of 

origin and therefore test these models.  Sampling can be undertaken on the slopes of peak rings or from 

boulders at the base of the peaks, if slopes are too steep for lunar rovers or crew to traverse.  Samples 

should be taken on either side of the peak ring for comparison.  The peak ring may well be discontinuous 

and contain (smaller) isolated massif structures; these massifs may be more accessible for traversing and 

sampling.  Seismic surveys can also be used to infer the subsurface structure including contact boundaries, 

fault and slump structures, and the location of the Moho.  Jointly, the geological and geophysical data can 

be used compile evidence for or against the proposed formation mechanisms for peak rings. 

Outer ring structure and formation  

At outer rings, geological surveying could locate fault structures, identify compositional features as well 

as note the amount of fault movement and fault type.  Seismic surveying could infer subsurface structures.  

Transient crater estimations  

The transient crater is an ephemeral feature and so cannot be directly sampled.  However features can 

be used to infer upper and lower limits for the transient crater diameter.  Scaling laws can be used to 

initially estimate the transient crater diameter.  Field studies around this estimated diameter could then be 

undertaken to locate any pre-impact structures.  The presence of pre-impact structures would place an 

upper bound on the transient crater diameter, as all pre-impact surface features within the transient crater 

would be destroyed during impact.  If particular upper crustal lithologies were missing from the basin 

center, the first occurrence of these could also help place a boundary on the transient crater (the first 

occurrence would mark the edge of the transient crater).  

Quantitative data to collect  

Scaling laws have been used to estimate multi-ring basin features, however their validity at multi-ring 

basin scale is questionable.  Therefore, it is important to try to quantitatively assess a basin‟s features and in 

turn the accuracy of the scaling laws.  Features which can possibly be quantified are the extent and 

thickness of a melt sheet and, possibly, whether it has differentiated.  This could be sampled through 

excavated or uplifted material from smaller, younger impacts.  Ring dimensions as well as fault zone 

widths could also be collected to help determine basin structure. 

Basin ages are not well constrained, and most are dated relative to one another.  It would therefore be 

important to sample basins to produce definitive ages; this would help constrain timing of the proposed 

Lunar Cataclysm.  A geological anchor on the Cataclysm would be provided by dating the youngest basin, 

Orientale, and the oldest basin, SPA, and a basin of intermediate age, such as Nectaris.  

Table 6.3 outlines the sample locations at which various multi-ring basin formation hypotheses can be 

tested; Table 6.4 list various tests which can be carried out at these locations to gain evidence either for or 

against the hypothesis.  Some hypotheses will be easier to test than others.  For example, testing the ring 
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tectonics theory will be extremely difficult.  The best way to test this is through numerical modeling of 

impacts investigating how the thickness of the lithosphere affects the formation of outer-ring structures.  

The method of acoustic fluidization (Melosh, 1983) to produce peak rings also cannot be tested at ground 

level, and will also require numerical modeling to investigate whether this process can be used to 

accurately re-create well studied terrestrial and lunar impact structures.  

TABLE 6.3. Summary of sample locations and the hypotheses which can be tested their (marked by a ). 

Hypothesis → Interactio

n/ 

collision 

Megaterrace 
Nested 

Crater 

Nested Melt 

Cavity 

Ring 

Tectonics 

Volcanic 

Modification Sample location ↓ 

Peak-ring       

Main Rim       

Outer Ring       

TABLE 6.4. Summary of testable questions and whether these will provide evidence for or against the 

various formation hypotheses. Boxes left blank indicate the test will not provide any useful feedback on the 

hypothesis. 

Hypothesis → Interaction

/ 

collision 

Megaterrace 
Nested 

Crater 

Nested 

Melt 

Cavity 

Ring 

Tectonics 

Volcanic 

Modification Test ↓ 

Peak-ring material 

derived from 

shallow depths 

against for for for  for 

Peak-ring material 

derived from 

great depths 

for against against against  against 

Deep material 

overlays shallow 

material in peak 

rings 

for against against against   

Slumps blocks are 

evident under 

peak ring 

for      

Evidence of listric 

faulting in ring 

structures 

against for  for   

Pre-impact 

features are 

persevered within 

the outermost ring 

  against    

>1 ring outside of 

original crater rim 
 against against against   

 

Recommendation Criteria and Results  

Based on the multi-ring basin studies of Wilhelms (1987), Pike and Spudis (1987) and Spudis (1993), 

with additions from Cook et al. (2000, 2002), a total of 53 lunar multi-ring basins were identified for 

consideration in this study (Fig. 6.28) (see Appendix A for additional basin data).  In order to identify the 

basins most suitable to determine the structure of multi-ring basins, a systemic analysis was undertaken, 

taking into account basin age, location, size, individual attributes (presence of a peak-ring, outer-ring etc.) 

and certainty. 
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Temporal distribution and basin modification  

Lunar multi-ring basins are either pre-Nectarian (~4.5–3.92 Ga), Nectarian (~3.92–3.85 Ga) or Imbrian 

(~3.85–3.2 Ga) in age.  Orientale, an Imbrian basin, is the youngest basin with an estimated age of 3.82 Ga.  

SPA, a pre-Nectarian basin, is the oldest; but does not have a definitive age (age estimates vary between 

4.4–3.9 Ga; Ryder et al., 2000).  Due to the Moon‟s thermal evolution basins forming in different 

geological time periods may have impacted into different thermal regimes thus affecting their structure and 

subsequent evolution.  Over time, basins lose their characteristic topographic and crustal profiles through a 

process known as viscous relaxation.  Older basins are therefore more likely to have lost their features 

through viscous relaxation compared to the younger basins.  Evidence of this viscous relaxation can be seen 

in the gravity-derived basin profiles from Hikida and Wieczorek (2007) (Fig. 6.29); young basins appear to 

have maintained their crustal and topographic profiles over time, while the older basins lack the 

characteristic crustal thinning. 

The relaxed and degraded state of the (early) pre-Nectarian basins studied by Hikida and Wieczorek 

(2007) suggests that pre-Nectarian basins are not viable basins to investigate the structure of multi-ring 

basins.  Compounding this, many of these basins possess only one or two ring structures (a probable 

consequence of their relaxation and degradation).  In contrast the younger Nectarian and Imbrian basins (as 

well as late pre-Nectarian basins) appear to have retained their structure and ring features, making them the 

best candidates to sample to determine the structure of multi-ring basins.  

In terms of basin evolution, analysis of the current rheological and mechanical structure of basins can 

be used to infer the thermal regime at the time of formation (Mohit and Philips, 2006).  The early pre-

Nectarian basins would therefore be useful for investigation in terms of basin evolution due to their relaxed 

state.  Similarly the younger basins could also be analyzed to infer the thermal state of the Moon within 

younger periods.  Science Concept 6 does not deal with the evolution of multi-ring basins, however this 

issue should be considered for future investigations. 

 

 

FIGURE 6.28 A global Mercator projection showing the spatial extent of the 53 lunar multi-ring basins 

(Wilhelms 1987; Pike and Spudis 1987; Spudis 1993; Cook et al. (2000, 2002).  The green points 

represent the basin centers.  Basemap is a UVVIS Clementine image. 
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FIGURE 6.29. Crustal profiles for 11 pre-Nectarian, Nectarian, and Imbrian basins (top four rows) and 11 

pre-Nectarian basins (bottom three rows) (after Hikida and Wieczorek, 2007).  Distance from the Moon‟s 

center (y-axis) is plotted against radial distance from the basin center (x-axis).  Both axes are in kilometers.  

Basin center coordinates given in the middle of each image; the letter-number combination in the lower 

left is basin age from the classification of Wilhelms (1984).  In contrast to the older pre-Nectarian basins, 

the younger basins in the top four rows clearly show topographic variations as well as a thinned crust 

beneath the basin center, and a thickened crust towards its edge.  The older basins in the bottom three rows 

show generally flat topography and Moho structure and no clear crustal thinning below the basin center or 

crustal thickening at the basin edges. 
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Spatial distribution  

Jolliff et al. (2000) divided the Moon into three separate terranes: the South Pole-Aitken Terrane 

(SPAT), the Feldspathic Highlands Terrane (FHT) and the Procellarum KREEP Terrane (PKT) (Fig. 6.30).  

Differences in composition between these terranes could have affected the cratering forming process.  To 

see if terrane composition did affect basin formation (for example, it has been hypothesized that the PKT 

never possessed an anorthositic crust; Jolliff et al., 2000) it would be advantageous to sample basins of 

similar age and/or size which impacted into different terranes. 

Size distribution and number of rings  

Not all of the impact structures classified as basins by Wilhelms (1987) possess three ring structures 

and are not, therefore, by the definition of Melosh (1989), true multi-ring basins (Fig. 6.31).  It is possible 

those basins ~300 km in diameter with only two discernible rings are multi-ring basins, but due to impact 

over-printing and degradation, they no longer possess any outer ring features.  However, this seems 

unlikely for the young Imbrian basin Schrödinger, which appears to be a peak-ring crater and not a multi-

ring basin.  Nevertheless, it is possible that the mechanism responsible for peak ring formation in peak-ring 

craters is the same for multi-ring basins.  By sampling these more accessible (in terms of their size) basins, 

it would be possible to determine the structure and formation of peak rings.  It would therefore be important 

to visit at least two basins, one smaller, more accessible basin 300 km in diameter and one basin with at 

least three clearly defined rings of similar ages. 

Basin certainty 

Added to these three criteria is basin certainty. Wilhelms (1987) classified basins as definite, probable 

or possible, depending on their features.  In terms of determining multi-ring basin structure, basins defined 

as definite are here given sampling priority over the probable or possible basins.  However, it would also be 

advantageous to visit other basins or study them in greater detail (i.e., remotely) to aid clarification of basin 

structures. 

 

 

FIGURE 6.30 A global Mercator projection of the Moon showing lunar multi-ring basins classified by age 

(Wilhelms 1984) (see legend) and terrane.  The purple boundary represents the extent of the Procellarum 

KREEP Terrane, the yellow boundary represents the extent of the South Pole-Aitken Terrane.  The rest of 

the surface area is represented by the Feldspathic Highlands Terrane (terranes from Jolliff et al. 2000).  Of 

the 53 basins, 29 are pre-Nectarian (red), 12 are Nectarian 9 (orange), 3 are Imbrian (blue) and 9 are 

unknown (pink) in age. 
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Summary of Site Recommendations  

Based on the analysis outlined above, a total of 11 basins have been selected as suitable for determining 

the structure of multi-ring basins (Table 6.5, Fig. 6.32).  Of these basins, Orientale should be given the 

highest priority for sampling because it is the youngest impact basin, has undergone the least degradation, 

and possesses three clearly defined ring structures.  At Orientale it would be possible, in theory, to sample a 

peak ring, a main rim, and an outer ring.  Smaller, younger impacts in the center of the basin could be used 

to infer the composition and depth of a (possibly differentiated) melt sheet.  Rock sampling would also 

allow a definitive age of the basin to be calculated, which would help constrain an end date for the Lunar 

Cataclysm.  Many other basins can be investigated to determine how multi-ring basin structure differs 

within different lunar terranes and with age. However their lack of attributes means a limited number of 

features can be sampled. 

TABLE 6.5. Criteria indentifying the best basins to determine multi-ring basin structure.  Certainty: Basins 

classified by Wilhelms (1987) as certain are checked.  Well preserved: Basins of Nectarian or Imbrian age, 

based on Wilhelms (1984) are checked.  Basins which contain clear evidence of at least 3 rings, a peak-

ring, or an outer ring are also checked.  Basins are listed in order of age (youngest to oldest), and then 

alphabetically.  Eleven basins (bolded in table) match all five criteria and are therefore the chosen priority 

sites for determining multi-ring basin structure.  Outside of these 11 basins there are many others which can 

be visited to help determine basin structure, but not all criteria and features could be studied. 

Basin/Category Certainty 
Well 

Preserved 

3 or more 

rings 

Peak- 

ring 

Outer 

Ring 
Total 

Orientale      5 

Schrödinger      3 

Imbrium      5 

Bailly      3 

Crisium      5 

 

FIGURE 6.31 A global Mercator projection of the Moon showing lunar multi-ring basins classified by 

main topographic rim diameter (Wilhelms 1987; Pike and Spudis 1987; Spudis 1993; Cook et al (2000, 

2002) (see legend). The larger circles represent the extent of each individual basin‟s topographic rim. 

Basins containing < 3 identified ring structures have a blue circle (35 basins); basins with ≥ 3 rings have a 

beige circle (18 basins). 31 basins are >300 km in diameter, 15 >500 km, four >750 km and two >1000 

km. Note that away from the equator, basins appear to increase in size and ellipticity. This is an artifact of 

the projection, and does not represent true basin size relative to one another.  
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Hertzsprung      5 

Humboldtianum      5 

Humorum      5 

Serenitatis      5 

Sikorsky-Rittenhouse      2 

Mendeleev      3 

Korolev      5 

Mendel-Rydberg      5 

Moscoviense      5 

Nectaris      5 

Apollo      4 

Grimaldi      4 

Freundlich-Sharonov      1 

Amundsen-Ganswindt      2 

Birkhoff      2 

Planck      2 

Schiller-Zucchius      2 

Lorentz      2 

Coulomb-Sarton      3 

Smythii      4 

Ingenii      4 

Keeler-Heaviside      4 

Poincare      2 

Australe      2 

Fecunditatis      1 

Lomonosov-Fleming       

Mutus-Vlacq       

Nubium       

Tranquilitatis      1 

Al-Khwarizmi-King      1 

Balmer-Kapteyn      2 

Flamsteed-Billy      1 

Grissom-White       

Insularum      1 

Marginis       

Pingre-Hausen       

Tsiolkovsky-Stark       

Werner-Airy       

SPA      2 

Bailly-Newton       

Cruger-Sirsalis      1 

Dirichlet-Jackson      1 

Fitzgerald-Jackson       

Fowler-Charlier       

Kohlschutter-Leonov       

Riemann-Fabry       

Sylvester-Nansen       

Wegner-Winlock       
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Case Study of Two Potential Sampling Sites: Outer Rook Ring, within Orientale Basin  

We present two possible site sampling localities within Orientale Basin, the highest priority basin for 

determining the structure of multi-ring basins.  Both site localities are positioned on or near the Outer Rook 

Ring (Fig. 6.33).  The Outer Rook Ring lies between the Inner Rook and Montes Cordillera rings.  The 

formation between the two Rook rings is known as the Montes Rook Formation.  The Outer Rook ring is an 

appropriate site to sample as it may possibly represent the main rim or a peak ring of the Orientale Basin.  

The Montes Rook Formation is also important as spectral data suggests it possesses a weak mafic signature 

(Head et al., 1993) which possibly represents lower crustal material, inferring the removal of the upper 

crust during the basin-forming impact.  These sites were also chosen due to a break in the Outer Rook Ring 

at this location; if crew landed here they could visit the massif at either the northern or southern end of the 

valley (or both). 

Site A is located ~350 km south east from Orientale‟s center, where there is a gap within the Outer 

Rook Ring at approximately (-22.3
o
N, -83.2

o
E) (Fig. 6.34).  A crew landing within this valley would be 

able to sample both, or either of, the northern or southern faces of this Outer Rook massif.  At the northern 

face, large in situ boulders as well as possible outcrops for sampling are visible at the summit of the massif.  

Using Kaguya altimetry data the slope angle on the north slope is ~18
o
, well within the range of a lunar 

rover vehicle, allowing the sampling of these summit boulders.  In addition to this, boulders which have 

fallen down the slopes can be sampled at the massif base.  On the massif slopes, outcrops containing 

stratigraphy suitable for sampling may also be present.  Crew members would be able to traverse along the 

base of the ring, collecting samples and looking for stratigraphic sequence sections.  The sampling of peak 

ring material would allow testing of the peak ring formation hypotheses and the structure of the Orientale 

Basin.  For example, if sampling of the ring material infers a deep (lower) crustal origin, this would provide 

evidence for the Outer Rook forming by the interaction/collision hypothesis, rather than the megaterrace 

which suggest a shallow (upper) crustal origin for the Outer Rook Ring.  A seismic survey could be carried 

out through the valley to infer the sub-surface structure.  A survey across the massif itself may be possible 

as a lunar rover could easily traverse this.  Seismic studies could also be used to test peak-ring formation 

mechanisms by studying wave velocity and rock density, thereby inferring the stratigraphy of the peak ring.  

 

FIGURE 6.32 A global Mercator projection of the Moon showing lunar multi-ring basins.  Basins are 

classified by the number of criteria they meet which are important for determining the structure of multi-

ring basins (see text).  Basins which meet all criteria are named, with their centers colored red and 

relatively enlarged.  These basins represent the recommended sites for this study.  Of these 11 basins, 

Orientale is the highest priority target due to its young age, well-preserved state, and three clearly defined 

ring structures. 
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For example, higher density, originally deep-seated rock overlaying lower density shallow crustal rock, 

would again provide evidence for the interaction/collision hypothesis of peak-ring formation. 

Site B, ~20 km northwest of Site A could also be a potential sampling site. This locality lies just inside 

the Outer Rook Ring within the Montes Rook Formation.  At this particular locality, a group of what 

appear to be isolated massifs are present at approximately (-21.14
o
N, -84.17

o
E) (Fig. 6.35).  These could 

potentially represent part of the extent of the transient crater or material which has slumped off the Outer 

Rook Ring.  Spectrally, this is also an area of interest as it displays elevated Ti and Fe content relative to 

the rest of the basin (Fig. 6.36), possibly representing lower crustal material and help to infer the possible 

depth of excavation.  From a locality in this region, the inner slope of the Outer Rook Ring to the east could 

be potentially sampled in a similar fashion to that outlined at Site A.  However, this would limit the data 

collection opportunities within the isolated massifs at Site B due to the 10 km exploration radius.  If 

however, the exploration radius was 40 km localities at both sites could be sampled (Fig. 6.36) allowing a 

more thorough examination of the Outer Rook Ring. 

 

 

 

 

  

 

FIGURE 6.33 The locations of two possible sample sites, Site A and Site B, within the Orientale Basin.  

Site A is located in a break in the ring; from here either the northern or southern section of the ring could 

be sampled.  Site B is located in the Montes Rook formation near some isolated massif structures.  An 

overview of Orientale is presented in the top right for reference and highlights the area within which the 

sites reside.  IR: Inner Rook Ring, OR: Outer Rook Ring, and MC: Montes Cordillera (LROC WAC 

mosaic of Orientale Basin.  Arizona State University). 
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Limitations  

These two example sites show the limited amount of data and multi-ring basin features that can be 

collected from a single mission constrained by a 10 km exploration radius.  With this travel constraint it 

would be impossible to visit both these example sites in a single mission; both sites could be visited if the 

exploration radius was increased to 40 km.  This highlights the importance of selecting potential sample 

sites within a multi-ring basin, especially if other goals and objectives also need to be achieved.  Therefore 

significant pre-mission planning must be undertaken to highlight potential sampling sites.  Factors such as 

geochemical content, slope angle, basin attributes, and lunar location (e.g. sunlight, direct communication 

with Earth) must be carefully considered when planning a sample return mission to a multi-ring basin. 

Conclusions  

Eleven basins have been identified as potential sites to determine the structure of multi-ring basins.  Of 

these basins, Orientale is the highest priority due to its relatively young age, preservation, and number of 

 

FIGURE 6.36 (a) UVVIS, (b) rgb false color, (c) FeO, and (d) TiO Clementine images highlighting the 

example sites (shown by the turquoise rectangles of the LROC images).  The dashed blue circles represent 

a 10 km exploration radius, while the white circles represent a 40 km exploration radius.  Given the larger 

exploration radius, both sites could be visited in a single mission.  Site A (lower turquoise rectangle) 

would allow sampling of the Outer Rook Ring; Site B would allow sampling of isolated massifs and areas 

of elevated Fe and Ti (lighter colors) within the Montes Rook Formation.  
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clearly defined rings.  Various hypotheses regarding the formation of multi-ring basins can be tested at a 

variety of locations within a basin.  However, only one particular feature, for example a peak ring, could be 

studied in a single mission given a 10 km radius of exploration.  Two rings could be studied and sampled at 

Orientale (the Inner and Outer Rook Rings) in one mission given a far larger exploration radius of 35 km.  

For other basins, an even larger exploration radius would be required to sample two ring structures (see 

Tables A4 and A5 in Appendix A).  Geological sampling of outcrops or boulders would be the primary 

method of data collection. Seismic surveying would be useful, however given the size of massifs and the 

limits of crew exploration a definitive seismic study over a multi-ring basin feature is unlikely. 

The full extent of a multi-ring basin structure could not be examined in a single mission, given current 

architectural limits.  Nevertheless, at a well-chosen site locality, vital field data could be collected, allowing 

the testing and re-evaluation of multi-ring basin formation hypotheses and scaling laws. 

 

SCIENCE GOAL 6C: QUANTIFY THE EFFECTS OF PLANETARY CHARACTERISTICS 

(COMPOSITION, DENSITY, IMPACT VELOCITIES) ON CRATER FORMATION AND 

MORPHOLOGY 

Introduction 

Impact structures are ubiquitous on solid surfaces of planets, satellites, and small bodies throughout the 

Solar System.  Crater morphologies vary dramatically between these bodies as a result of the unique 

physical and chemical characteristics of the targets.  The lunar surface is scarred by more 300,000 craters 

greater than 1 km in diameter, representing more than 4 billion years of impact history.  The Moon is 

drastically different from the Earth, with one-sixth the gravity, virtually no water, and a different crustal 

composition.  Impact structures on the Moon can be compared with terrestrial craters to infer the 

importance of various target parameters.  The following section provides guidelines for resolving many 

issues regarding impact cratering that are still under debate by suggesting landing sites and implementation 

methods needed to gather the appropriate data. 

Scientific Background 

Many contentious issues exist within the field of impact cratering.  In part these conflicts arise from the 

variety of methods used to study impact cratering: laboratory experiments, TNT and nuclear explosions, 

numerical simulations, and geological field work at terrestrial impact structures.  Field geology can provide 

constraints for the other methods, however the number of well preserved impact structures on Earth is 

limited, affecting our ability to accurately replicate the effects of impact cratering on planetary scales.  The 

plethora of scaling laws, models, and theories that these methods have produced must be used with caution 

until more ground truth is gathered.  We present here a summary of impact cratering theories and models 

that could be tested on the Moon. 

Simple craters 

On the Moon, simple craters range from micrometers to ~20 km in diameter.  At ~kilometer scales a 

lens of debris fills their interior, composed of impact breccia that has slid off the crater walls and rim, 

decreasing apparent crater depths and slightly increasing diameters.  The maximum thickness of this layer 

is roughly half the rim to floor depth and its volume, on average, is half that of the final crater (Melosh, 

1989).  In terrestrial craters, the density of this layer is approximately 5% less than the country rock.  

Gravity deficiencies associated with lunar craters and the investigation of one small crater by Apollo 17 

crew suggests the same density differences and breccia lens volumes (Dvorak, 1979).  Equation 6.4 relates 

the volume of breccia and the apparent crater diameter to the transient crater:  

Dt = D(1 - 1.2Hb/[H + Hb]) ,     (6.4) 

where Dt and D are the transient crater diameter and apparent crater diameter, respectively, and Hb and H 

are the maximum height of the breccia lens and the apparent height of the crater, respectively (units are in 

meters) (Melosh, 1989).  To test this model, breccia lens volumes could be measured for lunar craters on 

various target lithologies.  

There are some anomalous morphologies among simple craters.  Bench craters are small, simple craters 

with either a flattened floor or a small mound at their center.  These are caused by impacts into mixed 
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targets of poorly consolidated regolith overlying intact crust (Oberbeck and Quaide, 1968).  The apparent 

depth of these bench craters has been used to correctly predict the depth of the lunar regolith at the Apollo 

landing sites.  Bench craters have also been identified on Mars and Mercury (Melosh, 1989).  Concentric 

craters display a prominent inner ring and have reduced depth-diameter ratios.  They may also be the result 

of impacts into layered targets.  Their occurrence mostly on the margins of maria suggests an origin related 

to volcanism (Schultz, 1976; Wood, 1978; Wohler et al., 2009).  Visiting these anomalous crater types 

could reveal how target properties influenced their morphology. 

Secondary impact craters 

Secondary craters are formed from ejected material of a primary impact.  They typically have steeper 

wall slopes angled toward their primary crater, are less circular, and have asymmetric ejecta distribution 

patterns due to lower impact speeds.  They often form crater chains and typically have poorly defined crater 

rims.  Chevron-shaped dunes appear between secondary craters, possibly as a result of simultaneously 

expanding ejecta curtains.  Secondary craters begin to appear just beyond the continuous ejecta blanket, and 

if far enough away from the parent crater can appear identical to primary craters (Wilhelms, 1987).  

Secondary craters represent a unique opportunity to study impact cratering, since their impact speed and 

trajectory are known.  The effect of projectile mass and speed on final crater morphology can therefore be 

investigated.  The population of secondary craters on the Moon must be known in order to estimate the 

impact flux, so greater knowledge of secondary crater morphology is needed to distinguish them from 

primary craters (NRC, 2007). 

Ejecta deposits 

Material ejected from a crater during the excavation stage mixes with the target material in a process 

called ballistic sedimentation (Oberbeck, 1975).  Depending on its proximity to the crater, ejecta will either 

become part of the continuous or discontinuous ejecta blanket, or be deposited as high-albedo, radially-

distributed rays.  The brightness of crater rays, in part, is attributed the material‟s immaturity; freshly 

produced surfaces are brighter due to less exposure to space weathering, which darkens material.  Rays are 

therefore relatively young features.  Craters possessing rays are considered Copernican in age.  It is 

uncertain whether these rays are produced from direct deposition of primary ejecta or the ejecta of 

secondary craters (Hawke et al., 2004).  Collecting samples of crater rays could help resolve this issue. 

Central peak formation 

Central peaks are the most prominent feature of complex craters, ranging from 10 m to 3.5 km in 

height.  Tsiolkovsky Crater, 185 km in diameter, has a central peak over 30 km across (Hale and Grieve, 

1982).  Central peaks form when the transient crater floor uplifts material from great depths (Fig. 3.11) 

(Baldwin, 1972, 1981; Grieve, 1987; Melosh, 1989; Melosh and Ivanov, 1999).  In terrestrial craters, this 

theory has been supported by relating the stratigraphic position of central peak material to stratigraphy 

outside the crater, showing that central peak material comes from below the depth of the transient crater 

(Grieve, 1987).  A fundamental check must be performed to determine if lunar central peaks are also the 

product of uplift or if they are formed in an alternative process, such as the accumulation of collapsing rim 

material (Wilhelms, 1987). 

Stratigraphic uplift 

In order to predict the lithologies of central peak material, Cintala and Grieve (1998) developed a 

scaling law for stratigraphic uplift, SU, in lunar central peaks: 

SU = 0.022D
1.45

 ,       (6.5) 

where D is crater diameter (units in meters).  Observations of lunar central peak heights indicate that craters 

above 50 km in diameter do not follow Equation 6.5, possibly due to the transition between central-peak 

and peak-ring craters.  Hale and Grieve (1982) observed that central peak volume is reduced for craters 

above 80 km in diameter and hummocky terrains start to encircle the central peak.  Above 140 km, this 

material eventually becomes a peak ring. It is likely that the amount of stratigraphic uplift for larger 

complex craters is proportionally lower due to the collapse of the central peak into a peak ring.   Uplift for 

craters outside the range of this scaling law should be tested to understand how uplift varies as a function of 
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diameter.  The model itself should also be tested, as well as the assumption that melting depth and 

stratigraphic uplift are directly equivalent. 

Target properties and transition diameter 

The influence of target properties on uplift can be determined by observing the transition diameter 

above which craters develop central peaks.  Complex craters develop over a range of diameters depending 

on the target gravity and composition.  Pike (1988) attempted to determine the transition diameter from 

simple to complex morphologies on several planetary bodies, finding the transition to occur at diameters of 

approximately 16 km, 10 km, 6 km, and 3 km on the Moon, Mercury, Mars and the Earth, respectively.  

The data strongly suggest an inverse relationship between gravity and transition diameter (Fig. 6.37A).  

This demonstrates the importance of gravity in enabling uplift, and suggests the possibility that it also 

controls the extent of uplift. 

Cintala et al. (1977) analyzed the effect of target composition on lunar crater morphology and found 

craters on mare developed central peaks and terraces at smaller diameters than craters on highlands.  Their 

interpretation was the more coherent structure of the mare made it more prone to central peak and terrace 

formation (Fig. 6.37B), suggesting that the density of the target may be the cause of this phenomenon (the 

average density of lunar basalt and lunar highlands is 3.25 kg/m
3
 and 2.95 kg/m

3
, respectively).  Complex 

craters within the South Pole-Aitken Basin (which may have been excavated in lower crustal material; 

Wieczorek and Phillips, 1999), on mare, and on highlands should therefore be comparatively sampled in 

order to investigate if and how target composition effects crater morphology.  

Numerical models have also attempted to determine the influence of target properties on crater 

morphology.  O‟Keefe and Ahrens (1999) simulated impacts into targets of varying density and gravity, 

showed that a dimensionless number  could be used to predict the certain morphologies of craters:  

 = Ys / gdp ,        (6.6) 

where Ys and  are the yield strength and density of the target, g is gravity, and dp is depth of crater 

penetration (MKS units).  Simple craters were produced when  > 0.15, while central peak and peak ring 

 

FIGURE 6.37 (A) Crater diameter plotted against target gravity using logarithmic scaling.  Circles 

represent average transition diameter on a given terrestrial body.  Error bars are the result of various 

compositional terranes on the target that also affect transition diameter (from Pike, 1988).  (B) Crater 

diameter plotted against the cumulative frequency of terraces and central peaks. Dotted and dashed areas 

represent craters that impacted Maria and Highlands, respectively (from Cintala et al., 1977). 



374 

morphologies where produced when  < 0.15.  This shows that increasing crater size, gravity, or the target 

density encourages the formation of craters with complex morphologies, consistent with observations.  

Exploring this relationship on the Moon would require visiting craters that impacted targets of varying 

density and strength. 

Terrace formation 

On formation of the transient crater, the crater walls become unstable and collapse inwards toward the 

crater center.  In small craters this collapse results in scallops, localized mass wasting deposits evenly 

sloped at the angle of repose.  Above diameters of 20 km, terraces, large discrete blocks often several 

kilometers wide that encircle the crater interior, form.  They slide along faults whose slopes flatten out as 

they approach the center of the crater (Melosh, 1989).  They are affected by composition and gravity in a 

similar manner as central peaks, developing more readily in mare and at lower diameters in higher gravity 

(Cintala et al., 1977; Pike, 1988).  

Within a complex crater, a single impact melt flow often lies over multiple terraces, suggesting that 

terraces are emplaced directly after the transient crater forms, before impact melt solidifies.  Terraces 

increase in width closer to the crater center, a behavior consistent with models that require collapsing 

material to behave plastically (Pearce and Melosh, 1986).  The transient crater can be reconstructed by 

tracing terrace movement back along fault lines. Scaling laws relating the diameter of the final crater to that 

of the transient crater have been developed using this method (Croft, 1985).  Understanding the extent of 

terrace movement and whether terrace formation occurs in brittle or ductile regimes could be investigated 

from the floor of a complex crater. 

The physical mechanism enabling crater collapse 

The influence of target properties on crater morphology is clear.  However the exact roles of gravity and 

target composition in the cratering process, especially during the modification phase, is somewhat unclear 

because the physical mechanism that allows the transient crater to collapse is still under debate (Ivanov and 

Melosh, 1999).  One possibility is that transient craters above a certain size exceed a strength threshold 

resulting in the uplift of the crater floor and the subsequent formation of central peaks and terraces.  

However, for small complex craters, the calculated force of this instability seems to be too weak to 

overcome the strength of typical rocks (Melosh, 1983), which would prevent the crater from uplifting.  This 

suggests there must be some additional mechanism associated with the cratering process that substantially 

lowers or removes the strength of the target material and allows material to flow.  Acoustic fluidization has 

been proposed as a mechanism.  It is unlikely that acoustic fluidization could be directly tested, but perhaps 

clast size distribution and maximum pressure and temperature exposures in central peak material could 

constrain its feasibility. 

Melt production 

For impacts of equivalent kinetic energy, resulting craters on Earth will be smaller than those on the 

Moon  (due to the larger surface gravity), although similar volumes of impact melt should produced, 

resulting in a higher ratio of melt to crater volume in terrestrial impacts.  When comparing lunar and 

terrestrial melt volumes it is difficult to discern what factors are most influential in changing melt volume 

ratios.  Comparing lunar craters with each other may help disentangle the relative importance of impact 

speed and target composition in determining melt ratios. 

Implementation 

A wide variety of features and processes can be studied to expand our understanding of impact 

cratering, but some features can only be studied at certain locations.  The large spatial scale and geographic 

extent of even moderately-sized craters is often under-appreciated and if one lands in the interior of a 

complex crater it is unlikely that a rover would be able to navigate out.  Crater walls are generally sloped at 

the angle of repose (~30
o
), while current rover capabilities can comfortable handle slopes of only 25

o
 

(Lunar Exploration Science Working Group, 1995).  It is therefore important to note what can be 

accomplished from landing within a crater as opposed to landing on the crater rim.  Table 6.6 lists the most 

pertinent questions of impact cratering and where each of them can be answered.  Visiting multiple craters 

would enhance the understanding of every aspect of impact cratering, but to answer some questions, 

visiting multiple craters is the minimum requirement. 
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The crater interior 

The crater interior is the best vantage point for studying crater morphology.  Seismometers may be 

placed on the crater floor and used to infer subsurface structure (i.e., density changes) and therefore 

estimate impact melt sheet volume as well as the structure of the central peak or peak ring.  Once samples 

are obtained, the seismic wave speed in that material can be measured, allowing for interpretation of the 

seismic data.  This method has been used to measure these parameters at the Chicxulub Crater (Morgan et 

al., 2000) (Fig. 6.38).  A more accurate measurement of impact melt volume could be acquired with a 

gravity survey, allowing scaling laws that predict melt volumes to be tested (Cintala and Grieve, 1998; 

Lucey et al., 1998; Petro and Pieters 2002).  

 

TABLE 6.6 Check marks denote where the most pertinent questions regarding the impact cratering process 

can be addressed. 
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Examination of the crater wall can give insight into terrace formation.  The motion of terraces can be 

restored by identifying similar stratigraphic units within the modification zone.  Materials such as 

pseudotachylite along the terrace fault surfaces could give insight to the timing of fault movement and the 

pressure and temperature conditions during which the fault was active.  Central peak and peak rings can be 

examined to determine if both features are the product of uplift.  Samples of both should be taken and 

returned to Earth so their pre-impact positions in the crust can be estimated.  Thin veneers of melt can often 

cover the central peak, so it is important that samples of actual central peak material are collected (Melosh, 

1989).  The degree of shock metamorphism in a target rock can be related to its pre-impact depth.  

Determining the composition of uplifted material and comparing it with the predicted composition from 

crustal thickness estimates can test uplift scaling laws. 

The composition of impact melt may help reveal the depth of melting.  If deeply buried lithologies such 

as lower noritic crust or lunar mantle, are included in the melt zone, their chemical components should be 

visible in the overall melt composition.  Samples of impact melt should be taken from the excavated 

material of subsequent craters that impacted the larger crater‟s melt sheet.  If multiple craters on various 

lithologies are visited, the effect of target composition and impact velocity on melt volume can be assessed.  

The crater rim 

Some impact features can be investigated exterior to the crater rim.  Melt appears in ejecta as tektites, 

small glass spherules, or as the matrix of an impact breccia.  Recovery of these components could yield the 

composition of the impactor and possibly the depth of melting.  The excavation depth can be estimated if 

the composition of ejected materials can be related to target lithologies. 

High-resolution views of the crater interior from the rim could aid in post-mission photo-geology.  This 

could lead to enhanced interpretations of terrace formation and transient crater modification.  The range of 

impact lithologies can also be studied from this vantage point. 

Recommendations 

To investigate the questions outlined in the previous section several prioritized requirements must be 

met:  

 

FIGURE 6.38 Seismic reflection data from the Chicxulub impact crater.  Faster wave speeds toward the 

crater‟s center are interpreted to be caused by a large volume of impact generated melt rock.  A linear 

discontinuity below the peak-ring in interpreted to be a thrust fault that uplifted material form depth (after 

Morgan et al., 2000). 



377 

 Land in or near a well preserved complex crater 

 Visit craters that have impacted different lithologies 

 Explore several simple craters  

 Examine craters of anomalous morphologies 

 Examine a secondary crater  

The most compelling questions can be addressed by visiting complex craters; these locations should 

therefore receive priority.  Simple craters exist everywhere on the lunar surface and within a 10 km radius 

of any landing site there should exist several fresh simple craters for study.  However, to address the 

importance of target composition, several craters in different terranes should be visited.  Anomalous crater 

types and secondary craters are given a lower priority as their investigation will not address as many 

aspects of the impact process as other sites (e.g., complex craters). 

Central peak craters of Copernican and Eratosthenian age were selected since they are relatively 

unmodified and their numbers and spatial distribution provide a wide range of landing sites.  Craters were 

selected from the Lunar Impact Crater Database (Losiak et al., 2011) and cross referenced with an 

independent study of the young rayed lunar crater population (Werner et al., 2010).  Because there are no 

peak ring craters of Copernican or Eratosthenian age, peak ring craters of every age were included, apart 

from extremely degraded examples.  This produced 234 candidate landing sites.  Lunar Orbiter, Apollo, 

and Clementine images were analyzed to assess the degradation state of each crater, producing a list of 164 

craters that were preserved well enough to be ideal for studying crater morphology (Table A6.1).  The 

craters are classified by morphology into simple-complex transitional, central-peak, central-peak-to-peak-

ring transitional, and peak-ring craters.  Target lithology is also identified for all craters.   

The craters are classified by morphology into central peak craters, peak ring craters, transitional craters 

between simple and complex and transitional craters between central peak and peak ring.  Target lithology 

is also identified for all craters.  Figure 6.39 shows complex craters that may be appropriate landing sites 

for studying the impact cratering process.  For these craters, assessing the influence of target composition is 

more difficult, though every other question pertaining to impact cratering can still be investigated.   

Figure 6.40 shows a global map of complex craters with crater morphology indicated by color. Yellow 

circles are craters are between simple to complex morphology.  They show flattened floors, poorly defined 

terraces and no central peak.  These craters could be examined to understand target properties‟ influence on 

transition diameter.  Orange, tan and brown circles represent central peak, transitional and peak ring craters, 

respectively.  There are only 6 peak ring craters that are relatively well preserved.  There are 7 craters 

transitioning from central peak to peak ring.  

Figure  6.41 shows the same craters as Figure 6.40 but with color indicating age.  Yellow, green, blue, 

orange and red are Copernican, Eratosthenian, Imbrian, Nectarian and pre-Nectarian craters, respectively. 

Black circles are craters with no assigned date.  White circles show craters of particular interest. Two 

craters with certain notable features, were selected for each impact terrain: Finsen, Antoniadi, Reiner, 

Maunder, Aristarchus, Copernicus, Tsiolkovskiy, and Tycho.  Finsen crater is the best preserved central 

peak crater in SPA terrane, while Antoniadi is probably the best preserved peak ring crater on the entire 

Moon.  Reiner and Maunder have the best preserved central peaks of craters that impacted mare, (or impact 

melt) without excavating all the way through it.  Aristarchus and Copernicus impacted mixed lithologies, 

are especially well preserved craters and have been well studied.  Tycho crater is extremely young, 100Ma, 

and has been a considered as a landing site since the Apollo Era.  Tsiolkovskiy is an anomalously large 

central peak crater that may have uplifted mantle material (Pieters and Tompkins, 1999).  These craters are 

highlighted not to give them highest priority, but to illustrate the kinds of features that are desirable for 

studying impact cratering.  

Craters that may contain mantle or lower crust in the central peak or peak ring are ideal for studying 

stratigraphic uplift.  Figure 6.42 shows craters may have uplifted these deeper lithologies, based on scaling 

laws by Cintala and Grieve (1998) and crustal thickness estimates by Weiczorek (1999).  There are some 

craters in this list that are not included as candidate sites in previous figures.  This is because they are older 

and more degraded, making them poor location choices for studying crater morphology.  However they are 

still intact enough to recover samples of uplifted lithologies and test models of uplift.  
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Figure 6.43 shows fresh complex craters and concentric craters overlapped with locations where 

secondary craters are likely to be densely concentrated.  Purple regions indicate the crater interior and the 

continuous ejecta blanket, calculated by Moore et al. (1974), while red regions extend to 4 crater radii away 

from the crater center.  Secondary crater density should be highest just outside the continuous ejecta 

blanket (Wilhelms, 1987).  Only craters of Imbrian age and younger are selected for this figure to ensure 

satellite craters are not buried by considerable amounts of regolith.  Craters that overlap with red regions 

may be ideal locations to examine secondary crater morphology.  

Visiting any of these complex craters could help answer fundamental questions regarding impact 

cratering and the effect of planetary characteristics on crater morphology.  Multiple craters should be 

examined to refine our conception of impact cratering, and to ascertain target compositions affect on crater 

morphology. 
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Case Studies 

This section provides two specific examples of landing sites ideal for accomplishing Science Goal 6c, 

outlining implementation methods and science questions that could be addressed at these locations. 

Antoniadi crater 

Located within SPA basin, ~600 km from the South Pole, Antoniadi Crater is 143 km in diameter, and 

Upper-Imbrian in age (Wilhelms, 1987).  It is unusual in that it contains a peak ring and a central peak.  

The floor of Antoniadi is 9 km below the lunar surface (Araki et at., 2009); it is the lowest point on the 

Moon.  Figure 6.44 shows two possible landing sites with stations for data collection within a 10 km radius 

exploration zone. 

Site 1 is on the ejecta blanket of Antoniadi, southwest of the crater‟s center.  The predicted radial extent 

of its continuous ejecta blanket is 175 km (Moore et al., 1974), but recent geologic mapping predicts an 

ejecta blanket with a radius of at least 275 km.  Numerous secondary craters can be found in this area 

(Dominov and Mest, 2009).   Scaling laws predict an excavation depth of 14 km, which may be too shallow 

to excavate mantle material, since gravitational data predicts a 20 km thick crust in this region (Cintala and 

Grieve, 1998; Wieczorek and Phillips, 1999).  Antoniadi‟s ejecta blanket can be accessed from the 

excavated material of younger simple craters outside the rim of Antoniadi.  Figure 6.45 shows a fresh 

 

FIGURE 6.44 Mosaic of Antoniadi Crater imaged by Clementine 750nm UVVIS camera.  Antoniadi‟s 

location is shown by the yellow star on the global map in the top left.  Blue circles represent a 10 km 

radius traverse limit.  Locations a, b, and c are illustrated in subsequent figures. 



385 

simple crater and a secondary crater chain that are in close proximity.  Landing in this location would allow 

geologic examination of secondary craters as well as collection of Antoniadi ejecta.  Models of ejecta 

deposition, excavation depth, and secondary crater morphology could be tested here. 

Site 2, within Antoniadi crater, would allow direct sampling of the central peak and the peak ring.  

Seismometers and gravimeters may be placed along the crater floor to examine the volume of impact melt 

and the subsurface structure of the peak ring.  Sites 2a and 2b show boulders have that have rolled off the 

central peak and peak ring that would allow sampling without having to ascend possibly hazardous slopes 

(Figs. 6.46 and 6.47).  Antoniadi is estimated to have uplifted from material from 23 km depth (Cintala and 

Grieve, 1998), so a mantle rich central peak composition would be consistent with uplift models.  Possible 

stratigraphy on peak ring outcrops could also be examined to understand peak ring structure.  At station 2c 

small simple craters have impacted peak ring material and impact melt.  These craters could be examined 

for morphological differences caused by changes in target composition (Fig. 6.48).  Excavated material 

from these craters could also yield definitive samples of impact melt and the peak ring.  A landing at this 

site could reveal the origin of the peak ring, test models of stratigraphic uplift, melt production and melting 

depth and examine the effect of target composition on crater morphology.  
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FIGURE 6.45 (a) LROC NAC image M121089722.  The red and green boxes highlight a fresh simple 

crater and a degraded secondary crater.  (b) The simple crater at a larger scale.  (c) The secondary crater at 

a larger scale. 
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FIGURE 6.46 (a) Central peak of Antoniadi Crater captured by LROC (NAC image M108001035L).  The 

red box highlights fallen boulders that are possibly accessible for sampling.  (b) Shows this specific area at 

a larger scale. 

 

FIGURE 6.47 (a) A segment of Antoniadi‟s peak ring captured by LROC (NAC image M110371891L).  

The area within the red box is shown at a larger scale in (b), which highlights possible stratigraphy (in the 

top left corner) and fallen boulders that could be sampled (towards the right of the image). 
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Tycho crater 

Tycho is one of the most prominent central peak craters on the lunar nearside.  It is 103 km in diameter 

and located on thick highlands crust south of Mare Nubium.  The crater is 4 km deep and the central peak 

rises 2.4 km above the crater floor.  The south-western section of its floor is 200 m higher than the rest, 

probably a result of greater slumping occurring along that section of the crater rim (Margot et al., 1999).  

Numerous hummocky massifs are irregularly dispersed along the crater floor.  These features evolve into 

more discrete terraces approaching the crater rim and the crater wall is lined with large scarps (Schultz, 

1975).  Tycho‟s most striking features are the bright rays that extend for thousands of kilometers across the 

Moon.  One of these rays is thought to intersect the Apollo 17 landing site, 2000 km away, where it may 

have triggered a landslide dated to be 100 Ma.  This is the best age approximation for the Tycho-forming 

impact event. 

Apollo missions to Tycho were considered but not selected as the surface was considered too hazardous 

to land on.  However, Surveyor VII successfully landed 18 miles north of Tycho‟s crater rim, despite the 

rugged terrain.  Data from Surveyor suggested the local crust was depleted in iron relative to maria (which 

previous Surveyors that landed in), and that the rock types there were probably impact breccias rather than 

volcanic flows (Phinney et al., 1969). 

Figure 6.49 shows a proposed landing site with a 10 km radius exploration zone depicted by a blue 

circle.  It is possible to investigate both the modification zone (the crater walls) and the central peak within 

these limits.  Station A, shown in Fig. 6.50, shows an example of an appropriate landing site upon a 

possible pond of impact melt.  These impact melts could be found in other locations on the floor of Tycho; 

 

FIGURE 6.48 (a) A portion of Antoniadi Crater captured by LROC (NAC image M10800782R).  Red and 

green boxes highlight simple craters that impacted impact melt and peak ring material; these are shown at 

the larger scale in (b) and (c) respectively.  
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this image from the Lunar Reconnaissance Orbiter narrow angle camera only had limited coverage of the 

floor of Tycho. 

A seismic and a gravity survey could be conducted from the crater floor to determine the volume of 

impact melt and the structure of the central peak.  Samples of impact melt can be collected from small 

craters on the crater floor, since very little regolith should be obscuring the floor of this young crater.  

Station B, depicted in Fig. 6.51, shows a segment of Tycho‟s central peak.  At this location samples of 

central peak material can be collected from boulder falls.  Scarps along the central peak could be examined 

for stratigraphy and structure; Tycho may have uplifted material from 17 km depth in the crust, so samples 

may have a noritic component to their composition.  Station C, Fig. 6.52a, shows boulders that have fallen 

off of terraces along the crater wall.  Possible heterogeneity within the boulders can be seen from orbit.  

Samples of similar boulders should be collected and crew should examine the crater walls to identify the 

boulders fall path, as shown in Fig. 6.52b.  Compositional analysis of both central peak and terrace material 

could yield important insights into the cratering process.  Models for uplift and central peak and terrace 

formation could be tested by analyzing samples for shock metamorphic effects and presence of frictional 

melts. 

 

FIGURE 6.49 Tycho crater, 103 km in diameter, located on highlands terrain south of Mare Nubium.  

Blue circle indicates 10 km radius around a possible landing site.  Stations a, b, and c shown below in Figs. 

6.50, 6.51, and 6.52, respectively.  LROC wide angle camera, image M104584833CE. 
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FIGURE 6.50 (a) Tycho crater‟s floor captured by LROC NAC, image number M121089722R.  The red 

box highlights a flat pond of possible impact melt; an ideal surface to land on. This area is shown at a 

larger scale in (b). 

 

Figure 6.51 (a) Tycho‟s central peak, cropped from LROC WAC image M104584833CE. The red box 

highlights a section of central peak with a fresh scarp, possibly produced by faulting, and boulders of 

central peak material that are accessible for sampling. This area is shown at a larger scale in (b). 
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Conclusion 

Numerous methods for studying impact cratering have generated a wide variety of theories, scaling 

laws, and models pertaining to the impact process; sampling of young lunar complex craters can test these 

models and theories.  The effects of planetary characteristics can be ascertained by visiting multiple craters 

on different lithologies.  Implementation methods include seismic surveys, visual examination of outcrops 

and the collection of samples from outcrops, boulder falls, and the excavated material of simple craters.  

Models of stratigraphic uplift, melting and central peak and terrace formation can be tested.  Additionally, 

simple craters, secondary craters and anomalous crater types could be studied to further our understanding 

of impact cratering.  Sample return will allow a thorough analysis of impact-related rocks, further aiding 

our understanding of impact cratering and adding to the observational data gathered by the mission crews. 

 

SCIENCE GOAL 6D: MEASURE THE EXTENT OF LATERAL AND VERTICAL MIXING OF 

LOCAL AND EJECTA MATERIAL 

Introduction 

Impact craters eject material that interacts with the lunar surface on local to global scales.  The nature 

and absolute extent of this interaction is poorly constrained due to the complexity of samples (NRC, 2007).  

Despite investigations of lunar samples, remote sensing, terrestrial analogs, and experiments, consensus is 

limited on the extent of lateral and vertical mixing.  However, there is evidence for incorporation of local 

material into ejecta blankets based on geochemical data from Apollo orbital missions.  Observations of 

large impact craters on the Earth and Moon have shown ejecta deposits can extend multiple crater 

diameters from the crater of origin.  These deposits can also be quite thick, on the order of hundreds of 

meters for basin ejecta (McGetchin et al., 1973).  

Material is ejected from a crater as a mixture of impactor and (dominantly) target material.  Due to the 

Moon‟s low gravity and lack of atmosphere, particles follow a ballistic trajectory that is not affected by 

base surge (ground hugging), fluid, or turbulent flow (Oberbeck, 1975).  Thus, ejecta deposits form 

predictable facies that are largely the products of initial impactor speed, excavation volume, and excavation 

angle (Shoemaker, 1960; Oberbeck, 1975).  Current ejection and mixing models are heavily biased towards 

experiments and studies of terrestrial craters; these models may not always be applicable in a lunar regime.  

In the following, areas on the lunar surface will be identified where original ejecta mixing ratios are 

most likely to be preserved based on orbital and spectroscopic observations.  Areas of interest will be 

 

FIGURE 6.52 A portion of Tycho‟s crater wall imaged by LROC.  (a) Boulder tracks along Tycho‟s crater 

walls that can be used to track boulders original position (NAC image M116392591R).  (b) The green 

circle shows a large boulder at the base of Tycho‟s crater wall, that either shows peculiar shadows on its 

surface or a visible heterogeneity in its composition (NAC image M116392591L).  
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focused primarily near Copernican age craters, which by definition have well-preserved ejecta (Wilhelms, 

1987).  Improvements in remote sensing might yield observational data to calibrate the various estimates of 

mixing ratios (NRC, 2007).  However, direct sampling of crater ejecta is the only definitive way to quantify 

mixing of local and ejecta material. 

Ballistic Sedimentation 

The method of ejecta emplacement has significant consequences on resultant morphologic and mixing 

characteristics.  Since the 1960‟s ballistic sedimentation has been the dominant theory to explain lunar 

ejection processes (Shoemaker, 1960; Oberbeck, 1975; McGetchin et al., 1973).  These models are based 

on impact experiments, applying or modifying these to fit lunar observations.  Some observations of 

complex crater and basin secondary craters suggest a process other than ballistic sedimentation also plays a 

role (Haskin, 1998; Haskin et al., 2003).  

In ballistic sedimentation models all material is launched from the impact crater in ballistic trajectories 

(Fig. 6.53).  Thus nearly all ejected particles have a horizontal and vertical velocity component.  Particles 

ejected at the same time from the same horizontal profile are ejected at different angles and speeds.  In 

general, material closer to the impact center experiences higher shock pressures and is ejected faster at 

higher angles relative to the surface.  In vertical profiles within the transient crater, initial ejection angle 

decreases with increasing depth.  At some threshold proximity to the transient crater wall, the initial angle 

of ejecta of a particle is too shallow to overcome crater rim height.  As a result, these particles are retained 

in the transient cavity for greater lengths of time, on the order of tens of seconds to a few minutes rather 

than a few seconds, resulting in higher comminution (mechanical breakdown) of particles (Schultz and 

Mendell, 1978).  

 

Particle trajectory (Fig. 6.54) can be modeled by the classic ballistic formula  

 

FIGURE 6.53 Ballistic ejection process and effects of particle interaction with preexisting lunar surface as 

a function of radial range.  t, time; VP, velocity of primary ejecta; VP+S, velocity of mixture of primary and 

secondary ejecta.  Finer-grained fragments (right box) occur higher in the ejecta curtain and were ejected 

at higher speeds and steeper angles.  Larger particles ejected at lower speeds and angles are launched late 

in cratering, and are concentrated at the base of the curtain (left box).  Arrow lengths in boxed sections 

represent relative velocity magnitude.  From Head et al. (1993), after Oberbeck (1975). 



393 

r = (v
2
 sin 2θ)/g ,   (6.7) 

where r is horizontal distance of travel (km), v is ejection speed (km/s), θ is ejection angle (degrees) from 

the horizontal, and g is gravitational acceleration (km/s
2
).  This expression does not take into account the 

radius of curvature of the planet or satellite, or the decrease in gravity with height.  However, the error 

associated with these limitations is small for distances up to ~100 km, or 3
o
 on the Moon (Shoemaker, 

1960).  Ejection angles are typically ~45. 

Several scaling models have been developed to estimate ejecta thickness as a function of crater size and 

distance from crater (McGetchin et al., 1973; Pike, 1974; Housen et al., 1983; Moss, 1994).  Estimates 

from different models may vary by an order of magnitude, thus greatly affecting estimates of mixing ratios. 

Models of ejecta formation based on terrestrial craters are not directly analogous to the Moon, as 

gravitational force and atmospheric conditions differ between the two.  The lower lunar gravity results in a 

thinner ejecta deposition profile for the same volume of material ejected on Earth (Fig. 6.55). The Moon‟s 

lack of atmosphere results in ballistic trajectories of primary material that are affected only by other ejecta 

particles.  The mushroom-shaped plume and associated fallback deposits of Earth-based large-scale 

explosions do not occur on the Moon, as this phenomenon is a result of atmospheric influence.  Base surges 

observed in nuclear explosion fallback are probably unimportant when considering ejecta mixing with local 

material on the Moon as deposition occurs at less than free-fall speed and typical deposits of fine materials 

are ~1 cm thick (Oberbeck, 1975; Chao et al., 1977).  However, a base surge of secondary material results 

from the horizontal velocity component of ejected material interacting with secondary excavated material 

(at sites of primary ejecta impact) and interfering with the ballistic trajectory.  This horizontal velocity 

component can result in meter-scale lateral transport and possibly scouring of the lunar surface, entraining 

local material into deposits.  Evidence for scouring comes from the sharp contact and lack of weathered 

surface between country rock and Bunte breccia of the Ries Crater (Hörz et al., 1983). 

 

FIGURE 6.54 Schematic diagram of the ballistic trajectory path of a single particle ejected from a crater. 

x, launch position; v, ejection speed; θ, ejection angle; R, apparent crater radius; r, distance from crater 

center.  Modified from Housen et al. (1983). 
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Surface Expressions of Ejecta Deposits 

The three generally recognized deposition regimes for craters are (with increasing distance from the 

crater rim): continuous ejecta, discontinuous ejecta, and rayed material (Fig. 6.56).  The extent and nature 

of these zones varies with crater size and radial distance from the crater. Impact velocity of ejecta increases 

linearly with increasing distance, while ejecta particle size decreases (Hörz et al., 1991). Near-surface 

material is excavated first and at the highest velocities and angles, while deeper lithologies are ejected later 

at lower velocities. This results in a general inverted stratigraphy of ejecta deposits with respect to pre-

impact stratigraphy (Fig. 6.57).  

 

 
FIGURE 6.55. Calculated profiles (equations as shown) of continuous deposits of the Ries Crater and a 

theoretical lunar crater with an ejecta volume equal to that of the Ries for ejection angles (θ0) of 45° and 

75°. tP, thickness of primary ejecta; tS, thickness of local material incorporated into deposit. (from 

Morrison and Oberbeck, 1978). 
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FIGURE 6.56 Idealized crater deposits observable at Lichtenberg B (5 km diameter) and modeled ejection 

angles and velocities (modified after Settle et al., 1978).  Inset image: Lichtenberg B from portion of 

Lunar Orbiter IV 170-H1. 

 

FIGURE 6.57 Illustration of idealized inverted stratigraphy.  Modified illustration from Guidebook to the 

Geology of Barringer Meteorite Crater, Arizona (a.k.a. Meteor Crater), ©2007, David A. Kring, Lunar and 

Planetary Institute.  
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The most proximal ejected material form continuous deposits that may completely drape pre-existing 

ground.  Moore et al. (1974) measured the radius of continuous ejecta (Rce) deposits for lunar craters in the 

size range of radius (R) = 0.1–100 km.  They determined that Rce/R was constant (~2.3) for craters between 

0.3 and 100 km, indicating geometric similarity of ejecta blankets.  It has been noted that for large-scale 

impacts, early ejecta would mix with substrate, with later primary material masking mixed material (Pieters 

et al., 1985).  Despite this intense particle interaction, the bulk of large-scale continuous deposits are 

deposited at essentially ambient temperatures (Hörz et al., 1983) and low velocities.  

The outer periphery of continuous ejecta is lobate and grades into the zone of discontinuous ejecta 

(Hörz et al., 1991).  Discontinuous ejecta deposits tend to be patchy, locally extensive, and have a 

relatively dense secondary crater population.  This zone generally exists within approximately 2.3 to 5 

crater radii of the crater center (Fig. 6.58).  For small craters, this may be within one kilometer of the crater 

center, indicating a low threshold velocity for crater formation on the lunar surface (Oberbeck, 1975).  

Common shallow and elongate craters result from the low angle, higher velocity impact of ejected material 

(Hörz et al., 1991).  Clusters of craters and the beginnings of crater rays also frequently occur in this zone.  

Crater rays are relatively narrow, linear, and high albedo ejecta features containing numerous secondary 

craters (Fig. 6.58).  They extend outward from the crater beyond the zone of discontinuous ejecta, though in 

some cases may be traced back to within a few radii.  These features may extend thousands of kilometers 

from large craters.  Tycho has mapped rays up to 2000 km to the northeast with a total covered area of 

~560,000 m
2
 (Dundas and McEwen, 2007).  Many of these rays exhibit gradational boundary contacts, 

resulting from a combination of soil immaturity and difference in composition between ejecta and local 

terrain (Pieters et al., 1985).  While secondary craters in crater rays may excavate material, the amount of 

mixing of ray material with pre-existing lunar surface is uncertain.  Maximum crater ray thickness 

estimated for large craters are on the order of 15 m (Pieters et al., 1985).  Oberbeck (1971) interpreted the 

high albedo of some ray elements of Copernicus as the result of relative soil immaturity due to excavation 

by secondary craters.  

 

FIGURE 6.58 Photographs of quadrants of four lunar craters of different size, highlighting the changing 

appearance of continuous deposits and/or secondary crater fields.  Photographs have been reduced so that 

the diameter of each crater is the same in the composite photograph.  Crater a is 0.56 km in diameter; 

crater b is 0.66 km; crater c is 4.2 km; and crater d is 41.6 km.  The continuous deposits of crater a drape 

the surface.  Crater b has subdued dunes, while in crater c they are well developed.  Hummocky structures 

are well developed in crater d.  Ejecta of the four craters impacted at increasing impact velocity at a given 

photograph distance from the crater rim in the sequence a, b, c, and d (after Oberbeck et al., 1975). 
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Spectral analysis is a well-established method of determining surface feature composition (Pieters et al., 

1994).  Remote sensing spectral studies are a measure of reflected solar radiation at wavelengths ranging 

from near infrared (NIR, 0.4–1.0 μm) and ultraviolet-visible (UV/VIS, 1.0–3.0 μm).  False color mosaics of 

spectral data ratios are typically used to illustrate spectral variations and are composites of the color ratios: 

Red = 0.750 μm / 0.415 μm 

Green = 0.750 μm / 0.950 μm 

Blue = 0.415 μm / 0.750 μm 

Fresh craters are easily distinguished from mature soils (Fig. 6.60); they have a relatively higher albedo, 

and may have „greener‟ or „bluer‟ deposits depending on (respectively) if they excavate material with 

relatively higher or lower abundances of iron and magnesium (Belton et al., 1992).  This signature is 

reduced over time as micrometeoroids and meteoroids garden the lunar surface and average out local 

differences in composition.  

Improvements in remote-sensing capabilities coupled to ground-truth data will yield improvements in 

estimates of mixing ratios as a function of distance.  This has been applied in models and estimates of basin 

ejecta distribution by several authors (Haskin, 1998; Haskin et al., 2003; Petro and Pieters, 2008).  

Estimates of Imbrium ejecta volume indicate it would have excavated 1.1–3.2 × 10
7
 km

3
, enough to cover 

the surface of the Moon to a depth of at least 250 m, assuming even distribution (Haskin, 1998).  The 

Imbrium basin impacted a Th-rich region, and Haskin (1998) suggests Imbrium ejecta is a source of 

elevated Th over much of Oceanus Procellarum and surrounding highlands.  Higher resolution global maps 

of trace element distribution may be used to trace deposits with unique geochemical signatures; local 

variations would result from mixing of local and ejecta material. 

 

FIGURE 6.59 Views of the 93 km diameter crater Copernicus and associated ejecta deposits on Mare 

Imbrium. Left: Clementine basemap V2.  Right: Oblique photograph of Copernicus (located near horizon) 

and secondary crater chains in rays.  View is to the south, with the 20 km crater Pytheas in foreground.  

Apollo 17 Metric photograph AS17-2444. 
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Classification of Ejecta Deposits 

The term “impactite” is used as a collective term to identify any rock affected by one (or more) 

hypervelocity impact(s) (Stöffler et al., 2007).  Varieties of lithologies are formed from hypervelocity 

impacts, and are classified based on texture, degree of shock metamorphism, and lithological components.  

Impact breccias and impact debris make up the majority of samples returned by Apollo and Luna missions.  

Lithic breccias and suevites are the major deposits formed outside the rim of the terrestrial Nördlinger Ries 

Crater (Germany).  Monomict breccias result from in situ brecciation, whereas polymict breccias dominate 

ejecta found outside the crater rim.  Polymict breccias have two main textures, matrix and clasts, which can 

be composed of rock fragments, crystallized impact melt, or glassy impact melt.  Impact breccia clasts in 

general are fragments of minerals, rocks, or glassy or partially recrystallized melt bodies.  This can include 

other breccias, resulting in “breccia-in-breccia” textures (Fig. 6.61).  The compositions of lunar breccias are 

consistent with mixtures of known lunar rock types (Stöffler et al., 1979).  

 

 

 

FIGURE 6.60 Clementine false color RGB mosaic of Petavius B, a 33 km diameter crater, and its 

associated ejecta.  Petavius B impacted highland material (to right of crater) and its northwest ejecta 

extends onto Mare Fecunditatis. 
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Lithic breccias consist exclusively of lithic and mineral clasts, with no melt particles in the matrix, and 

are generally polymict.  This lithology forms the bulk of continuous ejecta deposits, and contains blocks up 

to several hundred meters in size.  In the 24 km diameter Ries Crater, the lithic breccia unit is called “Bunte 

breccia.” The bulk of rock fragments in the Bunte breccia indicate very low shock pressures (<10 GPa), and 

lithologies from the upper sedimentary units of the target stratigraphy dominate the deposits (Hörz et al., 

1983; Kring, 2005).  However, Hörz et al. (1983) found that both local and ejecta material display 

pronounced facies and grain size changes over small lateral (<1 km) and vertical scales (<10 m).  The 

chaotic nature of the Bunte breccia yielded pockets and zones of crater-rich or crater-poor materials 

distributed at random in vertical section.  They concluded there is no systematic trend in vertical profile 

regarding enrichment or depletion of any given lithology (Hörz et al., 1983), while others have described a 

crude inverted stratigraphy (von Schneider, 1971; Chao et al., 1977).  Regardless of its stratigraphic origin, 

Bunte breccia near the crater rim consists almost entirely of crater ejecta, while 20–30 km away it is 

composed of 60–80% locally derived material (Kring, 2005). 

Suevitic breccias are polymict breccias similar to lithic breccias but contain cogenetic melt inclusions.  

Both the clasts and melt inclusions originate from the lower stratigraphic section of a target (Stöffler et al., 

1979).  Outside the crater rim they are called fallout or throwout suevite, as melt fragments often have 

aerodynamic forms resulting from atmospheric transport during the molten stage.  The occurrence of 

impact melt indicates the material was shocked to much higher pressure (>50 GPa) than the Bunte breccia 

(Kring, 2005), and originated nearer the crater center.  Suevites are deposited as discontinuous layered 

deposits extending beyond the zone of continuous ejecta (Pohl et al., 1977).  They represent a small 

fraction (generally <5%, though they are 5-8% for the Ries) of the total ejecta volume, though local 

deposits may be tens of meters thick and contain boulder-size clasts (Pohl et al., 1977; Stöffler et al., 1979).  

Shock-lithified lithic breccias and regolith breccias form from the consolidation of debris from multiple 

impacts.  Shock-lithified lithic breccias are similar to lithic impact breccias described above. Regolith 

breccias contain melt and melt particles formed in situ, primarily due to meteoroid and micrometeoroid 

bombardment. 

Recommendations 

To accomplish Science Goal 6d, the following requirements must be met at potential landing sites: 

I. Target sites with ejecta of known origin 

II. Target sites with the potential to yield characteristic mixing ratios of ejecta and local 

material 

 

FIGURE 6.61 Macro (left, sawn surface of sample 14306,21, about 6cm across, NASA # S77-22103) and 

microphotographs (right, plane light view of portion of thin section 14306,4, field of view is 1.15 mm, 10× 

magnification, Photo # JSC03280) illustrating the breccia-in-breccia texture typical of samples from the 

Fra Mauro Formation. 
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III. Target sites that could place constraints on mixing efficiency 

Sample return is required to fulfill these goals and determine the nature and extent of ejecta mixing.  To 

minimize heterogeneities resulting from small-scale sampling bias, a large volume of material may be 

required from each site.  Ground-level photo-documentation of ejecta outcrops could supplement these 

samples and aid in post-mission analysis of emplacement histories.  The current study is limited to the area 

between 70°N and 70°S due to limits of resolution of the global Clementine images at the poles. 

The Moon has an extensive crater system, and almost any surface mission will have the opportunity to 

sample ejecta material.  Not all sites are ideal, however.  From the above discussion of crater 

characteristics, the following constraints are recommended in the search for ideal sampling sites. 

Young and fresh craters 

The most recent craters are more likely to have preserved ejecta deposits.  In lunar geochronology, 

rayed craters are assigned to the Copernican period (from the present to ~1.1–0.9 Ga).  The high albedo 

deposits of rays result from a combination of soil immaturity and differences in composition between ejecta 

and local material, and thus these deposits are likely to be relatively young in age.  

Craters of variable size 

Sampling ejecta from a range of crater sizes will be necessary to constrain the effects of scaling on 

mixing ratios.   According to ejecta thickness models, the largest simple craters should have at least 10 m 

thick continuous ejecta deposits up to 20 km from the crater rim.  Thus a single mission to a simple crater 

could thoroughly sample the full extent of a continuous ejecta deposit.  The simple crater Euclides M is 

examined as a potential case study. 

The ejecta of complex craters is too broad and thick to adequately sample the full lateral and vertical 

extent during a single mission.  The focus of missions to large ejecta deposits should be on the transition 

zone between continuous and discontinuous ejecta (2–3 radii from the crater center).  Doing so would avoid 

late stage, low velocity deposition that could potentially mask the majority of ejecta nearest the crater rim. 

The 33 km diameter crater Petavius B is investigated further as a case study. 

Samples of basin ejecta may yield information on mixing efficiencies at a global scale.  Apollo missions 

sampled formations from the Imbrium, Serenitatis, and Nectaris basins.  Mapped basin deposits are also 

accessible sites of large-scale ejecta. Due to architectural limits of roving capability, only a small fraction 

of the lateral extent of basin ejecta could be sampled in a single mission. Therefore, improved remote 

sensing data coupled to new ground truth may be more suitable for determining mixing ratios at these 

scales.  Information on the complete list of craters used in this study can be found in Appendix B. 

Compositionally distinct ejecta 

The origin of clasts from polymict breccias is significantly easier to establish than those of 

monolithologic breccias.  The simplest method to determine mixing ratios of any two substances is to start 

with two distinct end-members.  On a broad scale, the mare and highlands are significantly different in 

composition and have extensive contacts.  Thus a crater ejecting exclusively highland material onto mare 

(or vice versa) would yield the best chance for determining mixing extent solely by emplacement 

processes. 

Figure 6.62 shows the 52 Copernican craters recommended for further investigation, considering the 

constraints discussed above. 
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Case Study: Petavius B Crater 

Located on the lunar nearside (-19.90°N, 57.10°E), Petavius B is a complex crater with a diameter of 33 

km (Fig. 6.63).  High albedo rays are visible over 200 km from the crater center.  Based on the butterfly 

ejecta pattern, Petavius B was formed by an oblique impact from the north.  It impacted the edge of 

highland plains and deposited a significant portion of ejecta on the southeastern margin of Mare 

Fecunditatis. 

 
FIGURE 6.62 Fifty two Copernican craters recommended for further investigation. Red circles are highest 

priority craters, excavating highlands and depositing ejecta on mare; green triangles are high priority 

craters on highland outcrops in mare; blue squares are low priority craters excavating through mare to 

underlying lithology. 

 

FIGURE 6.63 Petavius B (33 km diameter) is located on the margin of Imbrium plains and Petavius ejecta.  

Ejecta from Petavius B extends onto the southeast of Mare Fecunditatis.  The small and large circle (image 

center) are 10- and 20-km-radius traverse limits.  Upper-left inset image shows approximate location of 

Petavius B (gold star) on eastern limb of the lunar near side.  Clementine UV/VIS color mosaic and inset 

Clementine 750 nm global albedo. 
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The ejecta spectra of Petavius B show a marked compositional difference from the mare.  The FeO and 

TiO2 (wt %) abundance of the continuous ejecta zone is significantly lower than the mare but comparable 

to the highlands (Fig. 6.64).  Abundant boulders and small recent craters are the best targets for sampling 

ejecta from Petavius B (Fig. 6.65).  A 10- or 20-km traverse could sample much of the proximal ejecta 

deposits.  Initial missions to determine the extent of mixing will need to focus on proximal deposits in order 

to ensure the original composition of ejecta is well characterized. 

 

 

FIGURE 6.64 High-resolution Clementine mosaic of FeO (top) and contrast enhanced TiO2 (bottom) wt % 

abundance maps for Petavius B.  Lighter shades represent higher abundances of the respective element.  

Solid white circles represent 10- and 20-km-radius traverse paths. Rectangle indicates approximate area 

shown in Fig. 6.65. 
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Case Study: Euclides M Crater 

Located on the lunar nearside (10.40°S, 28.20°W), Euclides M is a simple crater with a diameter of 6 

km (Fig. 6.66).  The impact into a highland rise resulted in deposition of ejecta onto the western margin of 

Mare Grigoris.  Due to its small size, the ejecta of Euclides M is not as extensive as Petavius B. 

The relatively higher albedo of ejected highland material is apparent, and in conjunction with spectral 

data allows for a mapping of the regional extent (Fig. 6.67).  Clementine spectral data is available for most 

of this region, although there is a gap in some datasets approximately one crater radii east of the rim of 

Euclides M.  Nearly the full extent of ejecta can be sampled from this site in one mission, as the material 

ejected is unlikely to extend beyond 10 crater radii (~30 km).  Mare Grigoris is a flat, relatively easily 

traversable region, as indicated by elevation profiles of the area (Fig. 6.68).  The estimated ejecta thickness 

at the crater rim is ~240 m. 

 

FIGURE 6.65 Northwest rim of Petavius B crater (left image), with box highlighting (right image) 

boulders ~5 km from the rim as likely sample targets.  Mosaic of portions of LROC paired images 

M119482428LC and M119482428RC. 
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FIGURE 6.66 Lunar orbiter mosaic of the region surrounding Euclides M, showing location on edge of 

highland material and ejecta deposits extending (eastward) onto Mare Grigoris. 

 

FIGURE 6.67 General geologic divisions within Kaguya/SELENE image 

TC_EVE_02_S09E330S12E333SC mapped by solid black lines.  Solid white line indicates highest-albedo 

portion of ejecta from Euclides M.  White dashed circle indicates 10-km-radius traverse.  Orange line 

indicates profile in Fig. 6.68. 
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FIGURE 6.68 Elevation profile radially away from Euclides M, with modeled ejecta thickness 

superimposed.  

Conclusions 

The sites identified here can help determine the extent of lateral and vertical mixing of local and ejecta 

material.  The Apollo missions sampled abundant impactites that showed the variety of lithologies that 

impacts produce.  Complex mixing ratios resulting from multiple impacts can be better constrained by 

examining the ejecta of young, fresh craters.  Understanding the process of ejecta deposition and mixing 

across the Moon will improve our knowledge of lunar surface evolution. 
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CONCEPT 6 CASE STUDY – MAUNDER CRATER, WITHIN ORIENTALE BASIN 

 

We present a case study locality where all of the Science Concept 6 Science Goals can be addressed: 

Maunder Crater, within Orientale Basin.  

Orientale Basin (Fig. 6.69) is an Imbrian aged multi-ring basin located on the western limb of the 

Moon. It has a topographic rim diameter of 930 km (the Montes Cordillera), and contains two rings within 

this (the Outer and Inner Rook Rings) with diameters of 620 km and 480 km, with another less prominent 

ring of diameter 320 km; this ring is referred to as the Inner Shelf Ring in this report. Maunder Crater (Fig. 

6.70) is a 55 km diameter complex crater of Eratosthenian age. It is located on the edge of the Inner Shelf 

Ring of Orientale, within the Maunder Formation, approximately 150 km due north of Orientale‟s center. 

 

FIGURE 6.69 Orientale Basin.  Maunder Crater is highlighted by the red box.  IS: Inner Shelf Ring, IR: 

Inner Rook, OR: Outer Rook, MC: Montes Cordillera (LROC WAC mosaic, Arizona State University).  
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Maunder Crater was suggested as a location for an unmanned sample return mission by Wilhelms 

(1985), but this location was not included as either a tier 1 or tier 2 site by a 2005 survey by the Exploration 

Systems Architecture Study (NASA, 2005).  Maunder Crater is selected here because it is the only location 

within Orientale that provides access to a well preserved central peak crater, Orientale‟s melt sheet, and 

peak ring material.  Access to all of these is required to accomplish every goal of Science Concept 6.    

Sampling Localities (Figs. 6.71, 6.72, 6.73) 

Orientale melt 

Maunder Crater impacted into the proposed edge of the Orientale melt sheet.  Scaling laws suggest 

Maunder would have excavated material to a depth of ~4.5 km.  Orientale‟s melt sheet is estimated to be 

~10.5 km thick at its center, thinning towards its edge.  The Maunder-forming impact should therefore have 

excavated Orientale melt sheet, which should be contained in its ejecta and be accessible to crew for 

sampling.  This therefore addresses Science Goal 6a.  

Inner shelf ring 

Though not as topographically prominent as other ring structures at Orientale, the Inner Shelf Ring 

provides the opportunity to study a multi-ring basin ring.  Boulder falls or exposed stratigraphy can be 

sampled to infer the composition and structure of this inner ring, and therefore help to address Science Goal 

6b.   

Maunder ejecta 

The proposed traverse extends 40 km (~1.5 crater radii) from the rim of Maunder.  Within this range, 

Maunder ejecta will be ubiquitous as it is the largest and most recent crater within several hundred 

kilometers of the site.  There is an estimated 270 m of ejecta at the crater rim, with thickness decreasing to 

~20 m at 1.5 crater radii from the rim.  Based on estimates of mixing efficiencies, the percentage of primary 

material should decrease from ~80% to ~40% over this range.  The variable spectral composition of 

Maunder and its ejecta indicate it excavated material of different or variable lithologies, which may make 

estimates of mixing ratios more difficult to ascertain.  The increase in local material with increasing 

distance may also account for some of the observed variation.  Sampling the ejecta will help to address 

Science Goals 6c and 6d. 

 



409 

F
IG

U
R

E
 6

.7
1

 M
au

n
d

er
 C

ra
te

r 
an

d
 t

h
e 

ex
te

n
t 

o
f 

1
0

 a
n

d
 2

0
 k

m
 e

x
p

lo
ra

ti
o
n

 r
ad

ii
. 

T
h

re
e 

sa
m

p
le

 l
o

ca
li

ti
es

 a
re

 h
ig

h
li

g
h

te
d
: 

A
, 

B
, 

an
d

 C
. 

 A
t 

A
 

an
d

 B
 S

ci
en

ce
 G

o
al

s 
6

a,
 6

c,
 a

n
d

 6
d
, 

ca
n

 b
e 

ad
d

re
ss

ed
 t

h
ro

u
g

h
 t

h
e 

sa
m

p
li

n
g

 o
f 

M
au

n
d

er
‟s

 e
je

ct
a.

  
A

t 
lo

ca
li

ty
 C

, 
S

ci
en

ce
 G

o
al

 6
b

 c
an

 b
e 

ad
d

re
ss

ed
 t

h
ro

u
g

h
 t

h
e 

sa
m

p
li

n
g

 o
f 

th
e 

In
n
er

 S
h

el
f 

R
in

g
 m

as
si

fs
. 



410 

F
IG

U
R

E
 6

.7
2

 M
au

n
d

er
 C

ra
te

r 
an

d
 t

h
e 

ex
te

n
t 

o
f 

1
0

 a
n

d
 2

0
 k

m
 e

x
p

lo
ra

ti
o
n

 r
ad

ii
 o

n
 a

 C
le

m
en

ti
n

e 
fa

ls
e 

rg
b

 i
m

ag
e.

  
T

h
re

e 
sa

m
p

le
 l

o
ca

li
ti

es
 a

re
 

h
ig

h
li

g
h

te
d

: 
A

, 
B

, 
an

d
 C

. 
 A

t 
A

 a
n

d
 B

 S
ci

en
ce

 G
o

al
s 

6
a,

 6
c,

 a
n

d
 6

d
, 

ca
n
 b

e 
ad

d
re

ss
ed

 t
h

ro
u

g
h

 t
h

e 
sa

m
p

li
n

g
 o

f 
M

au
n
d

er
‟s

 e
je

ct
a.

  
A

t 
lo

ca
li

ty
 

C
, 

S
ci

en
ce

 G
o

al
 6

b
 c

an
 b

e 
ad

d
re

ss
ed

 t
h

ro
u

g
h

 t
h

e 
sa

m
p

li
n
g

 o
f 

th
e 

In
n

er
 S

h
el

f 
R

in
g

 m
as

si
fs

. 
 T

h
e 

ex
te

n
t 

o
f 

M
au

n
d

er
‟s

 e
je

ct
a 

is
 s

ee
n

 b
y

 t
h

e 

g
re

en
 a

n
d

 y
el

lo
w

 c
o

lo
rs

 e
m

an
at

in
g

 f
ro

m
 t

h
e 

n
o

rt
h

 e
as

t 
ri

m
 o

f 
th

e 
cr

at
er

. 

 



411 

F
IG

U
R

E
 6

.7
3

 C
ro

ss
-s

ec
ti

o
n

al
 p

ro
fi

le
 g

o
in

g
 e

as
t 

fr
o

m
 t

h
e 

cr
at

er
 r

im
 o

f 
M

au
n

d
er

 t
o

 t
h

e 
O

ri
en

ta
le

 I
n

n
er

 S
h

el
f 

R
in

g
. 

 P
u

rp
le

 s
h

o
w

s 
sc

al
ed

 

th
ic

k
n

es
s 

o
f 

M
au

n
d

er
 e

je
ct

a 
fr

o
m

 M
cG

et
ch

in
 e

t 
a

l.
 (

1
9
7

3
).

  
 D

ar
k

er
 s

h
ad

es
 d

ep
ic

t 
ej

ec
ta

 t
h
at

 o
n

 a
v

er
ag

e 
o
ri

g
in

at
ed

 f
ro

m
 g

re
at

er
 d

ep
th

s.
  

S
ta

ti
o

n
s 

A
, 

B
 a

n
d

 C
 a

re
 i

n
d

ic
at

ed
. 

T
o

p
o

g
ra

p
h

y
 i

s 
1
0

×
 v

er
ti

ca
ll

y
 e

x
ag

g
er

at
ed

 (
el

ev
at

io
n

 d
at

a 
fr

o
m

 K
ag

u
y

a)
. 

 



412 

Sample Collection 

Science Goal 6a 

To determine if the Orientate melt sheet differentiated, samples of Maunder‟s ejecta should be taken at 

various distances from its crater rim.  Deeper lithologies of Orientale‟s melt sheet should have been 

deposited close to the rim of Maunder (site A), while shallower lithologies should have been deposited 

farther out (sites B and C).  Along the traverse from point A to point C samples will be taken intermittently 

to gauge the amount of chemical variability as a function of Maunder‟s excavation depth.  

Science Goal 6b 

Geological sampling can be conducted from boulders lying at the base of the Inner Shelf Ring massif at 

site C, in the same way as that outlined in the case study for Science Goal 6b.  Boulders, based on 

movement tracks, may be able to be traced back to their original location on the massif.  Stratigraphy may 

be present in outcrops at the massif, which can be used to infer internal structure.  Seismic surveying could 

be carried out however the usefulness of this is dependent upon the size of the exploration radii. 

Science Goal 6c 

Samples of Maunder‟s ejecta will hopefully contain not only fragments of Orientale‟s impact melt 

sheet, but also fragments of Maunder‟s melt.  Tektites and larger melt clasts incorporated into impact 

breccias can be analyzed to reveal the composition of Maunder‟s melt zone.  These melt fragments will 

have the same age as Maunder Crater, and can therefore be distinguished from older Orientale melt 

fragments.  Trace elements in Maunder melt clasts can be analyzed to determine if Maunder was formed 

from an asteroid or a comet.  This can help determine if Maunder‟s morphology was influenced heavily by 

impact velocity.  Within a 20 km radial traverse limit, Maunder‟s crater rim is accessible (site A).  From 

there, observations of the modification zone can be made and the motions of terraces can be restored by 

identifying similar stratigraphic units in various portions of the modification zone.   

Science Goal 6d 

A sampling traverse from the Fe-rich near-rim deposit to the Fe-poor east/northeast could place 

constraints on the nature of the observed spectral variation of Maunder ejecta.  The decrease in iron content 

with distance from the crater could be attributed to either lower mixing ratios or increased deposition of Fe-

poor ejecta from Maunder.  To distinguish between these two factors, a second traverse along the Fe-poor 

ejecta should be undertaken.  To recognize the precise composition of Maunder‟s ejecta, with certainty, 

excavated material from the crater rim must be analyzed.  Once this composition is known, mixing ratios 

further from the rim can be calculated.  This sampling strategy would be more effective if conducted over a 

larger area, as a 10 km exploration radius will not contain the full range of material excavated by Maunder.  

Maunder Case Study Summary 

None of the sites highlighted here are necessarily the best for investigating any of the Science Concept 

6 science goals, however this study location does allow all Science Concept 6 Science Goals to be 

investigated simultaneously.  To address the question of melt sheet differentiation, it is more effective to 

sample a crater near the center of Orientale, where the melt sheet is thicker and more likely differentiated.  

Sampling inside Maunder Crater is better for studying crater morphology.  Both of these requirements 

however, conflict with the investigation of basin structure.  In order to access peak ring material, landing 

sites near Orientale‟s transient crater must be chosen, where impact melt and peak rings are likely to be in 

relatively close proximity. 

With a 10 km radial traverse limit, it is possible to address all goals encompassing Science Concept 6: 

melt sheet differentiation (6a), the composition of the Inner Shelf Ring (6b), the target composition of 

Maunder Crater (6c), and ballistic sedimentation (6d).  However, a traverse limit of 20 km would allow a 

more thorough assessment of each goal: originally deeper lithologies, including, in theory, more Orientale 

melt sheet) be collected, a greater number of outcrops along the Inner Shelf Ring could be accessed, 

Maunder Crater‟s modification zone could be examined, and more chemically distinct ejecta could be 

sampled to help determine the degree of mixing.  With either traverse limit, a mission at this site would 

provide insight into fundamental impact processes, and provide data to test a wide variety of impact 

hypotheses. 
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Science Concept 7: The Moon is a Natural Laboratory for Regolith 

Processes and Weathering on Anhydrous Airless Bodies 

 
Science Concept 7: The Moon is a natural laboratory for regolith processes and weathering on 

anhydrous airless bodies 

 

Science Goals: 

a. Search for and characterize ancient regolith. 

b. Determine the physical properties of the regolith at diverse locations of expected human 

activity. 

c. Understand regolith modification processes (including space weathering), particularly 

deposition of volatile materials. 

d. Separate and study rare materials in the lunar regolith. 

 

 

INTRODUCTION 

The Moon is unmodified by processes that have changed other terrestrial planets, including Mars, and 

thus offers a pristine history of evolution of the terrestrial planets.  Though Mars demonstrates the 

evolution of a warm, wet planet, water is an erosive substance that can erase a planet‘s geological history. 

The Moon, on the other hand, is anhydrous.  It has never had liquid water on its surface.  The Moon is also 

airless, as opposed to the Venus, the Earth, and Mars.  An atmosphere, too, is a weathering component that 

can distort a planet‘s geologic history.  Thus, the Moon offers a pristine history of the evolution of 

terrestrial planets that can increase our understanding of the formation of all rocky bodies, including the 

Earth. 

Additionally, the Moon offers many resources that can be exploited, from metals like iron and titanium 

to implanted volatiles like hydrogen and helium.  There is evidence for water at the poles in permanently 

shadowed regions (PSRs) (Nozette et al., 1996).  Such volatiles could not only support human exploration 

and habitation on the Moon, but they could also be the constituents for fuel or fuel cells to propel explorers 

to farther reaches of the Solar System (NRC, 2007).  If fuel can be produced on the Moon, the weight of a 

launch vehicle from Earth could be greatly reduced, thus reducing the cost of launch.  As a result, the Moon 

can be a springboard for future exploration missions outside the Earth-Moon system. 

The resources on the Moon are most easily accessible from the regolith.  The lunar regolith is the top 

unconsolidated layer of fragmented, fine-grained, cohesive, clastic material.  Regolith is composed of 

crystalline rock fragments, mineral fragments, breccias, aggregates held together with impact glass called 

agglutinates, and glasses (Heiken et al., 1991).  Because of the lunar environment, namely that it is 

anhydrous and airless, lunar regolith is very unique from the terrestrial soils of the Earth, Venus, Mars, and 

perhaps Mercury.  Also, because of the Moon‘s formation, size, and location in the Solar System, the 

Moon‘s regolith differs from that of asteroids, particularly in agglutinate abundance.   

Figure 7.1 shows a schematic cross section of the upper lunar crust.  The regolith composes roughly the 

top 10m, though it varies from 4–5 m in the maria and 10–15 m in the highlands.  Regolith is formed from 

the constant bombardment of the lunar surface by space weathering processes, including most prominently 

meteoroid impacts.  Such impacts (ranging from micrometer to kilometer size) pulverize and mix any 

exposed rock on the surface.  This process occurs at a rate of about 1mm of regolith production per million 

years, though it is likely that regolith production was faster in the past due to an increased impactor flux. 
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Impacts are also responsible for gardening of the regolith.  Gardening is the process of churning the 

regolith by impact bombardment (Jolliff and Ryder, 2006).  The top ~0.5 mm of the surface is turned over 

about 100 times in one million years, but it takes billions of years to turn over 10 cm to 1 m of the surface 

(Gault et al., 1974). 

The top few centimeters of the regolith are relatively loose, particularly due to the gardening process, 

but the regolith becomes quite dense in just the first 30 cm (with a relative density of 92%) (Heiken et al., 

1991).  In the top few millimeters of the regolith, three processes dominate regolith production: 

comminution, agglutination, and vapor deposition.  Figure 7.2 is a visual representation of these processes. 

Comminution is the process of breaking up rock into smaller pieces and eventually to the very fine-grained 

regolith.  Agglutination is the process of forming aggregates of the lunar soil.  When a micrometeorite hits 

the surface, it transfers kinetic energy to the surface, melting particles.  The melted glass can then splash 

onto other grains, sticking to them and holding grains together.  This process also releases a vapor of 

volatiles, called sputtering, and it can even vaporizes some regolith grains.   Some of the vapor may escape 

into space, but some may also be redeposited on the surrounding grains or become trapped in the melted 

glass before it cools.  The process of sputtering and vapor deposition also produces another unique feature 

in the lunar regolith: minute droplets of iron metal, herein referred to as nanophase-iron (np-Fe
0
).  

Hydrogen reacts with FeO in the soil to reduce the FeO to metallic iron (Kramer et al., 2011; Pieters et al., 

1993).  This np-Fe
0
 has important spectral properties, potentially causing misinterpretation of remotely 

 

FIGURE 7.1 A schematic cross section of the top portion of the lunar crust (Heiken et al., 1991) that shows 

the results of widespread impact cratering.  Depths are inferred from seismic measurements and sound 

speed. 
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obtained spectral data.  Iron and glass are also potentially useful for building future infrastructure, perhaps 

through sintering (Hintze et al., 2008). 

Importance of Studying the Regolith 

The Moon is covered in a layer of regolith, varying in thickness.  Except on very steep slopes, for 

example on a crater wall or rille, no bedrock is exposed.  Regolith is, therefore, the prime interface between 

explorers and the Moon.  The regolith is also the boundary between the rest of the Solar System and the 

Moon, and is constantly affected by the solar wind, galactic cosmic rays, and impacts.  It is the source of 

virtually all the information that is known about the Moon, and it is our most accessible resource (Jolliff 

and Ryder, 2006).  Thus, understanding and learning more about this interface is of primary importance for 

future exploration of the Moon. 

Regions of the Moon 

For the purpose of this section, we have divided the Moon into a set of regions.  These regions differ by 

location, as well as mineralogical/chemical makeup (Table 7.1). 

TABLE 7.1 Regions of the Moon Defined 

Region Definition Sampled? 

Polar Regions Regions of >±70° latitude NO 

Permanently Shadowed 

Region 
Regions of constant shadow from the sun NO 

Illuminated Region Regions that remain illuminated for >50% of the lunar day NO 

 

FIGURE 7.2 The processes that affect the top few millimeters of the lunar regolith: comminution, 

agglutination, and vapor deposition.  Micrometeorites impact the soil, breaking particles and melting 

silicate material that splash to form agglutinates.  Some melt vaporizes or releases volatiles which can 

condense on other particles.  Figure 3.6 from NRC (2007). 
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Highland Regions Oldest regions on the Moon, light albedo regions NO 

Nearside Highland regions concentrated from -90° to 90° longitude YES 

Far Side Highland regions concentrated from 90° to -90° longitude NO 

Mare Regions Dark albedo regions, composed of >10 wt% Fe NO 

Nearside Mare regions concentrated from -90° to 90° longitude YES 

Far Side Mare regions concentrated from 90° to -90° longitude NO 

Cryptomare Regions where there is access to normally buried mare NO 

Highland-Mare Boundary 

Regions 
Regions with access to both highland and mare regions NO 

Nearside 
Highland-mare boundary regions concentrated from -90° to 

90° longitude 
YES 

Far Side 
Highland-mare boundary regions concentrated from 90° to -

90° longitude 
NO 

Geochemical Terranes 
Areas geochemically different from the surrounding regions, 

(Jolliff et al., 2000) 
NO 

South Pole-Aitken Terrane 
Region surrounding the South Pole-Aitken Basin, 6–10 wt% 

Fe 
NO 

Feldspathic Highlands 

Terrane 
Region of >70km crustal thickness NO 

Procellarum KREEP 

Terrane 
Region defined by Th >3.5 ppm YES 

 

Methodology 

Remote sensing datasets are the primary source of information on which any assessment of lunar 

landing sites must be based.  In recent years, a diverse array of spacecraft have completed flybys or orbited 

the Moon, creating a rich addition to data from samples, landers, and Earth-based observations.  We used a 

number of these datasets in our assessment of landing regions and sites for Science Concept 7.  The 

datasets we collected are shown in Table 7.2, along with information about the mission and instrument, the 

spatial resolution of the data, and the source from which we obtained the data.  Most data processing and 

map projection were performed in Arc-GIS 10.  Some pre-processing was done using ISIS and IDL 7.1.   

TABLE 7.2 Table of Datasets Used 

Data set 
Mission/ 

Instrument 
Resolution Source 

Topography LRO LOLA 256 ppd ≈ 120 m/pix USGS 

Slope LRO LOLA 16 ppd ≈ 1.895 km/pix 
PDS, Rosenburg et 

al., 2011 

Roughness LRO LOLA 16 ppd ≈ 1.895 km/pix 
PDS, Rosenburg et 

al., 2011 

Polar Illumination LRO LOLA 240 m/pix PDS 

Clementine 750 nm Albedo Clementine UVVIS 100 m/pix USGS 

Clementine Mineral Mosaic Clementine UVVIS 200 m/pix USGS 

Clementine OMAT Clementine UVVIS 200 m/pix USGS, Lucey et al., 
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2000b 

FeO Abundance (Between +/-70 

latitude) 
Clementine UVVIS 100 m/pix 

USGS, Lucey et al., 

2000a 

TiO2 Abundance (Between +/-70 

latitude) 
Clementine UVVIS 100 m/pix 

USGS, Lucey et al., 

2000a 

FeO Abundance LP GRS 0.5 deg=15 km/pix USGS 

TiO2 Abundance LP GRS 2 deg = 60 km/pix USGS 

Th Abundance LP GRS 0.5 deg=15 km/pix USGS 

Rock Abundance (Between +/-60 

latitude) 
LRO Diviner 32 pix/degree ≈ 947 m/pix 

PDS, Bandfield et 

al., 2010 

Soil Temperature (Between +/-60 

latitude) 
LRO Diviner 32 pix/degree ≈ 947 m/pix 

PDS, Bandfield et 

al., 2010 

WAC Mosaic LRO WAC 100 m/pix USGS 

NAC Images LRO NAC 0.5 m/pix PDS 

Lunar Orbiter Mosaic Lunar Orbiter ~60 m/pix USGS 

USGS Geologic Maps   USGS 

Lunar Impact Crater Database   LPI 

 

The majority of maps shown in this section are projected using an orthographic projection, datum Moon 

2000, and centered at 0 degrees latitude and either 0 or 180 degrees longitude.  When appropriate, the 

center point of the projection will be rotated to better display the poles of the Moon or regions of interest 

near 90 or -90 degrees longitude.  Maps will be labeled as necessary when they deviate from this standard 

layout.  Figure 7.3 shows the typical map layout with latitude and longitude ticks labeled; in subsequent 

maps latitude and longitude will not be labeled unless the layout of the maps differs from that of Fig. 7.3. 
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Limitations of the Datasets 

Any remote sensing method has unique limitations.  Spatial resolution is an important limiting factor on 

how much information any remote sensing instrument can provide.  For example, Lunar Prospector gamma 

ray spectrometer FeO measurements have 0.5 degree-per-pixel resolution.  This corresponds to square 

pixels of 15×15 km.  A feature smaller than the pixel size of any measurement cannot be studied using that 

measurement.  The value returned for that pixel is the average of the actual surface values for every point 

inside the pixel. 

Another important limitation of remote sensing datasets is the depth into the surface a technique is able 

to probe.  Multispectral imaging techniques like the Clementine UVVIS or LRO WAC measurements 

collect information only from approximately the top micron of the lunar surface.  Because measurements 

collect only information from such a small depth, surface effects dominate the information gathered from 

these techniques.  Other techniques like gamma-ray spectroscopy collect information from approximately 

the top 30cm of the regolith.  While this is still largely surficial, there is potential for these techniques to 

incorporate heterogeneity not sensed by multispectral imaging into their results.  Table 7.3 summarizes 

measurement parameters for a variety of remote sensing techniques. 

 

 

 

 

FIGURE 7.3 LROC WAC mosaic displayed in the typical projection for maps in this report.  Maps are 

orthographically projected, datum Moon 2000. 
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TABLE 7.3 Summary of observational measurement parameters for different remote sensing techniques 

(Jolliff and Ryder, 2006). 

Technique Spatial resolution Depth of signal Data set 

Multispectral imaging ~100 m ~ 1um Clementine UVVIS 

Gamma-ray spectroscopy 50-200 km 30 cm LP GRS 

Thermal neutrons 50-200 km 100 cm LP NS 

Epithermal neutrons 50-200 km 50 cm LP GRS 

Fast neutrons 50-200 km 50 cm LP GRS 

 

 

SCIENCE GOAL 7A: SEARCH FOR AND CHARACTERIZE ANCIENT REGOLITH 

Introduction 

The ancient lunar surface recorded the initial geological evolution of the Moon and provides a record of 

dynamical processes in the inner Solar System.  Specifically, analysis of the Apollo samples has established 

that lunar regolith has efficiently retained materials bombarding the Moon for most of the history of the 

Solar System (Wieler et al., 1996).  Regolith forms when the lunar surface, exposed for millions of years, is 

continuously struck by meteorites ranging in size from giant basin-forming impactors to micrometeorites, 

and charged atomic particles from the Sun and the stars (Heiken et al., 1991; Lucey et al., 2006).  

Subsequently, particles of asteroids, interplanetary dust, comets, terrestrial planet debris, solar wind 

particles, and galactic cosmic-rays are implanted in surface regolith (Lucey, et al. 2006).  Surface regolith 

impacted by different particles may then be buried by various mechanisms (McKay et al., 2009).  The 

implantation and burial cycle repeats itself on the upper surface regolith.  Thus, we expect to find buried 

regolith between different layers of lunar material (McKay et al., 2009; Fagents et al., 2010).  

Micrometeorite impact and gardening damages the present lunar surface record of more ancient particles 

implanted in the regolith (Crawford et al., 2010).  Conversely, regolith preserved in the deep layers has 

been undisturbed since its formation and therefore preserves a record of implanted material over billions of 

years (McKay et al., 2009). 

Particles Implanted in the Lunar Regolith 

Solar wind and noble gases 

The Sun releases streams of high-energy particles, and the Moon, lacking an appreciable atmosphere 

and global magnetic field, has been trapping these particles for the past 4 billion years (Wieler et al., 1996).  

Initial samples from the Apollo missions established the fact that lunar regolith contains a large amount of 

trapped solar wind material.  Consequently, preserved regolith could contain records of the composition 

and evolution of the solar atmosphere over time (Wieler et al., 1996; Levine et al., 2007).  The solar wind 

consists of plasma composed of ionized atoms that originate in the Sun‘s atmosphere.  This plasma 

represents a particle influx of 3 × 10
8 

protons cm
-2 

s
-1

, and is the main source of volatiles in the lunar 

regolith (Haskin and Warren, 1991; Vaniman et al., 1996).  The plasma of ionized atoms is composed of 

~95% H, 4% He, and less than 0.5% C, N, O, Ne, Mg, Si, Fe, Ar, Kr, and Xe (Haskin and Warren, 1991; 

Vaniman et al., 1996; McKay et al., 1991).  Solar wind particles penetrate to depths of microns to 

millimeters in the lunar regolith, and progressively arrange themselves in the outer layers of exposed grains 

(Dran et al., 1970; McKay et al., 1991).   

Planetary scientists have a particular interest in the major noble gas components on the Moon because 

these elements can provide information about lunar and solar history (Wieler and Hever, 2003).  The major 

noble gas components consist of five categories.   First are gases in the weak lunar atmosphere, which 

could potentially limit the present degassing of the Moon, such as 
4
He, 

36,40
Ar, and 

222
Rn.   Secondly, 

40
Ar, 

129
Xe, and 

131-136
Xe, which are parentless radiogenic and fissiogenic isotopes existing at grain surfaces.  

These elements are useful for constraining lunar degassing history, the time of lunar formation, and when a 

sample was exposed to the solar wind.  Thirdly, all solar wind isotopes implanted into the regolith provide 
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a precious archive of solar history.  Fourthly, radiogenic isotopes like 
40

Ar that are produced in situ can be 

used for age dating.  Finally, cosmic-ray-produced isotopes like 
21

Ne and 
38

Ar can be used to study the 

exposure history of the lunar regolith.  

―Comparing the quantity of solar wind noble gases in the regolith column with those anticipated during 

the last four billion years of regolith existence could help planetary scientists understand the average solar 

wind long-term flux‖ (Wieler and Hever, 2003).  Geiss and Bochsler (1991) and Kerridge et al. (1991) 

reported a possible intensity and composition variation of solar wind during the history of the Solar System.  

Explicitly, solar wind Xe is believed to have been two to three times greater in the past (Geiss, 1973).  

Moreover, the 
15

N/
14

N ratio could have increased by 15% per Gyr, which implies an increase in solar 

activity (Kerridge, 1975).  Wieler et al. (1996) also proposed temporal alterations in the solar wind Kr/Ar 

and Xe/Ar ratio.  

Understanding the variations in the intensity of solar wind is especially important because this 

information could yield information about early evolution of the Sun and how it affected the development 

of life on Earth (Fagents et al., 2010).  The accepted solar model predicts that the Sun‘s luminosity was 

about 70% of its current value 4 Ga.  This notion cannot explain the geomorphological evidence for liquid 

water on the early Earth and Mars.  The apparent higher temperatures on the early Earth and Mars could be 

explained by a young Sun a few percent more massive, and consequently more luminous, than estimates 

based on models that assume its present mass (Whitmire et al., 1995; Sackmann and Boothroyd, 2003).  A 

number of astronomical studies (e.g., Wood et al., 2002) support this hypothesis by predicting a very 

intense solar wind early in the Sun‘s evolution.  If this hypothesis is correct, evidence for this strong solar 

wind should be preserved in the Moon‘s regolith.  However, a lack of such evidence could disprove the 

hypothesis of a more massive young Sun.  Finding evidence to either support or challenge models of the 

Sun‘s evolution would advance our understanding of the evolution of all Sun-like stars (Wood et al., 2002).     

Terrestrial atmospheric gases 

Various volatile elements are implanted into the regolith, including N, H, C, and the noble gases.  Some 

have likely been implanted directly by solar wind ions.  However, the great abundance of nitrogen and a 

variation of 30% in the 
15

N/
14

N isotopic ratio suggest that some other volatiles could have come from the 

Earth‘s atmosphere at a time when our planet had no geomagnetic field (Ozima et al., 2005).  Evidence 

recorded in samples of ancient lunar regolith could help us estimate the time when the Earth‘s geomagnetic 

field first appeared and could help us understand the origin and historical record of Earth‘s geomagnetic 

field.  We may use ancient regolith as a tracer of magnetic field evolution if we know the time when 

terrestrial atmospheric components were implanted in regolith. 

Meteorite fragments 

Lunar and Martian meteorites found on the Earth confirm that transport of planetary material within the 

Solar System is possible.  The active geology of the Earth, however, restricts the preservation of these 

materials (Armstrong et al., 2002).  On the Moon, lack of atmospheric or hydrologic processes, as well as 

lack of crustal recycling, could preserve meteorites from the terrestrial planets. 

Recovering terrestrial fragments could provide information about the early planetary environment, 

including information about early life on Earth, and a record of the rate at which material has been 

transferred between the terrestrial planets during the history of the Solar System.  Since meteorites from 

terrestrial planets would have hit the Moon at very high speed, we expect fragments that survived initial 

impact with the lunar surface to be very small, but it is possible that microfossils could have survived and 

might be embedded in ancient regolith (Armstrong et al., 2002; Crawford et al., 2008).  A more complete 

meteorite record could help constrain models of lithopanspermia (Mileikowsky et al., 2000; Burchell, 

2004).  Armstrong et al. (2010) suggest that some regions on the Moon may have as much as 11–18 ppm, 

or 300–510 kg km
-2

 of terrestrial material. 

Galactic particles 

Since the formation of the Solar System our Sun has made about 20 circuits around the Milky Way, 

exposing the lunar surface to different galactic environments.  Three different environments have implanted 

a variety of particles on the lunar surface (Talbot and Newman 1977; Gies and Helsel 2005; Crawford et 

al., 2010).  First, during spiral arm passages, the Sun encountered denser interstellar environments, 
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implying the deposition of about 1 kg/m
2 

of interstellar dust on exposed planetary surfaces.  Secondly, the 

flux of galactic ionizing radiation could also have left records on the Moon.  A variety of galactic processes 

influence the galactic cosmic ray flux in the inner Solar system over different timescales, from greater than 

1 Gyr to of order of 100 Myr, including an enhanced supernova rate associated with passage through 

galactic spiral arms and variations due to the oscillation of the solar orbit about the plane of the galaxy.  

Finally, the vertical oscillations above and below the galactic plane and passages through spiral arms cause 

variations in the gravitational potential that may perturb the orbits of comets in the Oort cloud.  Such 

perturbations could periodically increase the impactor flux in the inner Solar System, and thereby increase 

the cratering rate there (Torbett, 1986; Clube and Napier, 1986; Matese et al., 1995; Stothers, 1998; Leitch 

and Vasisht, 1998; Crawford et al., 2010).   

Ancient Regolith Deposits  

The current lunar surface regolith has been subject to overturning by meteorite impacts for the last 4 

Gyr.  The record of past Solar System processes at the surface is thus averaged over most of Solar System 

history, frustrating attempts to understand ancient planetary, solar, and galaxy processes and events.  To 

study these we must obtain well-preserved samples of regolith dating back to, or even prior to, the lunar 

cataclysm.  Ancient regolith or preserved regolith may be encapsulated between basalt flows, beneath 

impact ejecta, or beneath pyroclastic deposits (McKay et al., 2009) and can be accessed through drilling or 

by examining the walls of craters that expose such layers (Weider et al., 2010) (Fig. 7.4). 

Ancient Regolith Trapping Mechanisms 

Basalt flows  

Most exposed mare surfaces date from about 3.8 and 3.1 Gyr, and geographically constrained 

volcanism may have continued as recently as 1 Gyr ago (Hiesinger et al., 2003).  Ancient volcanism likely 

also occurred prior to 3.8 Gyr.  Ancient regolith layers became trapped when young lava flows covered 

 

FIGURE 7.4 Locations of encapsulated ancient regolith. 
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older flows, preserving layers of regolith between them.  The preserved regolith layer may be dated using 

the ages of the underlying and overlying basalts as upper and lower limits.  Only regolith particles that 

survive the thermal effects of the molten overlying lava flow can provide significant information about the 

ancient cosmic environment.  Fagents et al. (2010) estimated that implanted solar wind particles should be 

preserved in ancient regolith at depths between 3.7–38 cm beneath overlying lava flows with thickness 

between 1–10 m, respectively.  The rate of regolith accumulation changes as a function of exposed surface 

age, as well as with absolute age.  Early regolith formation rates ranged from 3 to 5 mm/Myr, while the 

present regolith formation rate is <1 mm/Myr (Hörz et al., 1991).  A single lava flow would have to remain 

exposed for ~20–200 Ma in order to accumulate enough regolith to shield implanted particles. 

Pyroclastic deposits  

In addition to lava flows, fire fountains driven by gas exsolution from erupting lava also took place on 

the Moon (Hiesinger and Head, 2006) scattering melt as fine droplets.  These pyroclastic deposits can be 

distinguished from lava flows using multispectral remote sensing techniques that can detect glass beads or 

large quantities of titanium-rich black spheres.  Lunar pyroclastic deposits extend over more than ~2500 

km
2 

and can be found widely dispersed on the highlands adjacent to young maria.  A variety of pyroclastic 

glass beads and fragments were found at different Apollo landing sites (orange and black vitrophyric beads 

that formed during lava fountains of gas rich, low-viscosity, Fe-Ti-rich basaltic magmas at the Apollo 17 

site, and green glasses of volcanic origin at the Apollo 15 site; Delano, [1986]).  Like basalt flow layers 

covering ancient regolith, layers of pyroclastic deposits could have encapsulated ancient regolith.  

Continuous crater ejecta blankets  

Impact craters are surrounded by debris ejected from the crater interior.  Ejecta deposits are thickest at 

the crater rim and thin with increasing distance from the crater.  The continuous ejecta blanket near the 

crater expands approximately one crater radius of the crater rim, regardless of the crater size.  Pre-existing 

regolith within the ejecta blanket is mixed and buried (through the process of ballistic sedimentation), but 

some buried regolith may escape additional modification and scattering.   

Accessing Ancient Regolith 

Ancient regolith encapsulated between basalt flows, under pyroclastic deposits, or under ejecta blankets 

may be accessed by drilling.  Examination of the lunar cores and drive tubes from Apollo did not show any 

stratigraphic horizon that could provide information about the stratigraphy of the lunar regolith, however, 

and a single core may neglect some layers, or show local stratigraphic layers only.  Alternatively, a trench 

could provide a two-dimensional view of regolith, and access fragments of continuous layers.  Soil 

mechanics suggest that the sidewall of a trench could remain standing and intact up to 3 meters, and deeper 

trenches can be produced by offsetting the wall in steps (McKay, 2009).  Impact craters excavating through 

basalt flows of different ages could expose sub-surface boundaries (Weider et al., 2010).  Young lunar 

surfaces have been less exposed to space weathering effects; fresh craters characterized by bright rays and 

rough material (Copernican aged craters) may better preserve the stratigraphy of ancient regolith in their 

walls than older craters.  

Methods and Requirements 

We suggest the following target site requirements to maximize the potential for finding preserved 

ancient regolith: 

 Near mare basalt flows of varying ages 

 Near pyroclastic deposits 

 Near continuous ejecta blankets of craters 

 Near or in Copernican-age craters that penetrate older terrains 

In order to pinpoint locations that fulfill the target site requirements above, we developed the following 

procedure: 

1. Compile surface maps of the modeled ages of mare basalts 

2. Map and determine the locations and ages of cryptomare deposits 

3. Map the locations of pyroclastic deposits 

4. Map of the locations of Copernican-age craters and the geologic units in which they reside 
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5. Calculate the theoretical depths of crater continuous ejecta blankets to determine how deep 

ancient regolith is buried 

6. Correlate the compiled maps to determine landing sites that best meet Science Goal 7a 

Discussion and Site Selection 

Sites near mare basalt flows of varying ages 

Ancient regolith layers may be preserved beneath or between mare basalt flows if sufficient time for 

regolith formation was available between the flow events.  Modification of these regolith layers by 

micrometeorites, solar wind, and other space weathering processes would have been halted at the time of 

the overlying lava flow, preserving the state of the regolith and its implanted volatiles at that time. 

Absolute ages for basalt flows cannot be determined remotely; however, ages have been modeled for 

most of the surface mare basalt flows on the Moon and are presented in Fig. 7.5.  These mare basalt flows 

represent regions on the Moon where regolith of a certain age may be preserved.  For example, a regolith of 

age 3.1 Gyr (that is, a regolith no longer modified after 3.1 Ga) could potentially be found beneath any 

mare basalt flow of that age. 
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Buried mare basalts, termed cryptomare, are often considered the most ancient mare basalts (Terada et 

al., 2007).  These buried basalt flows are located when craters excavate dark, mafic material that is 

observed against light highlands material.  These dark haloed impact craters provide indicators for where 

ancient mare flows may be buried, and thus are indicators for where even more ancient regolith may be 

preserved.  No definitive cryptomare material exists in the existing sample suite, so absolute ages have not 

been determined for these deposits.  The meteorite Kalahari 009 from NE Africa, however, contains 

basaltic clasts radiometrically dated to ~4.35 Ga that may be samples of cryptomare material (Terada et al., 

2007).  Cryptomare deposits provide the opportunity to sample regolith that may be definitively dated at 

ages older than any exposed surface mare flow.  Their locations are shown in Fig. 7.6. 

Mare basalt flow layers are a particularly appealing method for preserving regolith because if both the 

underlaying and overlaying lava flows can be sampled along with the regolith in between, the age of the 

regolith and all products within it will be bracketed between the absolute ages for the lava flows. 

 

FIGURE 7.5 Estimated surface ages of mare basalts based on crater counting. 

 

FIGURE 7.6 Locations of cryptomare deposits.  Base map: LROC WAC mosaic. 
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Sites near pyroclastic deposits 

Pyroclastic deposits may also cover and preserve ancient regolith.  The locations of pyroclastic deposits 

identified on the Moon are shown in Fig. 7.7. 

Sites near continuous ejecta blankets of craters 

Every crater will deposit a continuous ejecta blanket of a size proportional to the size of the crater itself.  

In general, the continuous ejecta blanket of a crater extends to 1 or 2 crater radii beyond the rim (Kring 

1995; McGetchin et al., 1973).  The regolith preserved beneath the ejecta blanket of a crater ceases to be 

modified by space weathering processes at the time of crater formation, so the preserved regolith can be 

dated to the age of the crater.  However, mixing of the crater ejecta with the underlying regolith upon 

deposition may make the boundary of the ancient regolith layer difficult to discern.  Because of the heavily 

cratered nature of the Moon, any landing site will most likely be near or on a continuous ejecta blanket.  

Smaller craters on top of continuous ejecta blankets will provide the opportunity to sample regolith beneath 

the ejecta blanket.  The depth of excavation necessary to access the underlying regolith can be estimated 

based on the thickness of the continuous crater ejecta blanket.  The ejecta blanket is thickest at the crater 

rim and decreases with distance according to Equation 7.1: 

δ = 0.14Rc
0.74

 · (r/Rc)
-3.0±0.5

 ,      (7.1) 

where δ is the thickness of the ejecta blanket, Rc is the radius of the complex crater, and r is the distance in 

meters from the point of impact. 

Sites near or in Copernican-age craters that penetrate older terrains 

In addition to the types of locations discussed above in which regolith is buried by volcanic or cratering 

processes, ancient regolith can be found simply by excavating into the lunar surface.  As new regolith 

accumulates it buries older regolith.  Although mixing processes continue, in general deep regolith is older 

than surface regolith.  Craters act as natural drills into ancient terrain and provide an opportunity to sample 

deep regolith layers.  Without a continuous boundary such as a mare basalt flow on top of ancient regolith 

layers, it is more difficult to constrain the absolute age of buried regolith; however, ages of different types 

of geologic terrains have been estimated in geologic mapping of the lunar surface.  These estimates can be 

used to locate craters that have penetrated into ancient terrain.  The locations of Copernican age craters 

(younger than ~1.1 Gyr) are shown in Fig. 7.8.   

 

FIGURE 7.7 Locations of pyroclastic deposits identified by the Lunar Pyroclastic Volcanism Project 

(http://astrogeology.usgs.gov/Projects/LunarPyroclasticVolcanism).  Base map: LROC WAC mosaic. 

http://astrogeology.usgs.gov/Projects/LunarPyroclasticVolcanism
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FIGURE 7.8 Locations of Copernican age craters on the Moon.  Base map: LROC WAC mosaic. 

Science Goal 7a Landing Site Recommendations 

Figure 7.9 is a composite map showing the modeled ages of mare basalts, the locations of cryptomaria, 

and locations of pyroclastic deposits.  Landing sites in any of these locations or at Copernican age craters 

penetrating more ancient terrain, as shown in Fig. 7.10, have the potential to sample ancient preserved 

regolith and satisfy Science Goal 7a. 
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FIGURE 7.9 Locations where ancient regolith may be found preserved beneath basalt flows, cryptomaria, 

and pyroclastic deposits. 
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FIGURE 7.10 Locations of Copernican age craters on the Moon superposed on USGS geologic maps of the 

lunar surface. 

 

SCIENCE GOAL 7B: DETERMINE THE PHYSICAL PROPERTIES OF THE REGOLITH AT 

DIVERSE LOCATIONS OF EXPECTED HUMAN ACTIVITY 

Introduction 

The lunar regolith poses many unique challenges to human explorers, but it can also be a great asset 

(Taylor et al., 2005). Understanding the properties of regolith in different regions of the Moon will be 

essential to exploiting regolith-based resources. 

We developed a list of important regolith characteristics to study based primarily on the properties 

outlined in The Lunar Sourcebook (Heiken et al., 1991).  To aid in site selection, we also defined a set of 

specific regions, or terrains, on the lunar surface at which various physical properties of the regolith might 

change.   Keeping the NRC 2007 report in mind, our objective was to determine how the physical 

properties of the regolith might change between and within our defined regions.  The NRC 2007 report 
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emphasizes heat flow, volatile concentrations, properties at the poles, and other properties at depths within 

the regolith greater than the Apollo drill cores‘ three meter depths, so we gave special consideration to 

these topics as well.  Finally, for each region we analyzed some of the possible effects that the chosen 

landing sites will have on human explorers. 

Background 

The physical properties of the lunar regolith can and should be studied at any location on the Moon.   

Unfortunately, the Apollo and Luna mission only sampled a limited area of the Moon, at nine different 

nearside sites of varied terrain.  It is plausible, then, that the missions have not fully characterized the 

regolith.  Our objective here is not necessarily to choose specific landing sites but to suggest regions of 

interest for reconnaissance missions that will allow explorers to gain information about the regolith.  This 

initial information can then be used to determine the best location(s) for a lunar habitat or other extended 

stay. 

We utilized the list of regions on the Moon described in Table 7.1.  These regions vary by composition, 

both chemical and mineralogical, as well as location on the Moon.  Since we may not be able to sample (or 

may not need to sample) all of these regions, we must prioritize them and suggest a minimum number of 

sites to visit that will allow a more comprehensive understanding of the lunar regolith.  To prioritize the 

regions, we used two sets of constraints: scientific constraints and human factor constraints. 

First, we used a set of scientific constraints.  We developed a catalog of lunar regolith properties that 

should be studied at any landing site based on properties outlined in The Lunar Sourcebook.  This list can 

be broken into geotechnical properties, optical properties, chemical properties, and electrical properties.  

Although each property can be studied at each region, some regions are more scientifically interesting than 

others.  To organize this comparison, we developed a decision matrix (Table 7.4) of physical properties 

versus region, rating each region on a scale of -2 to 2 (extremely undesirable/ineffective to highly 

desirable/effective).  Since studying the physical properties of the regolith can and should be done 

anywhere on the Moon and studying all properties possible is desirable, there were no negative values 

given in this matrix.  The limiting factors to studying each of these properties at any chosen landing site are 

the scope of the science instrument package and time to study properties in situ.  Generally, locations that 

have already been studied gained a ‗no priority‘ or ‗low priority‘ rating, whereas places that have not been 

visited are given a higher priority rating.  The geotechnical properties are thought to be similar nearly 

everywhere in the equatorial regions of the Moon (Carrier 2005), so these have generally been given a ‗no 

priority‘ or ‗low priority‘ rating as well.  Water ice in the lunar PSRs could potentially cause the physical 

properties of the regolith to behave differently than at equatorial regions so many chemical properties in the 

polar regions were rated as a higher priority to study. 

TABLE 7.4 Regolith Property vs. Region Decision Matrix.  Ranking: -2 = Extremely Undesirable; -1 = 

Undesirable; 0 = No Priority/No Effect/Unknown; 1 = Priority/Effective/Desirable; 2 = High 

Priority/Highly Desirable.  PSR = Permanently Shaded Region; Polar Illum = Polar Illuminated Region; 

N.H = Nearside Highlands; F.H = Farside Highlands; FHT = Feldspathic Highland Terrane; PKT.M = 

Procellarum KREEP Terrane Mare; Non-PKT.M = Non-Procellarum KREEP Terrane Mare; F.M = Farside 

Mare; Crypto = Cryptomare; SPAT = South Pole-Aitken Terrane; HMB (Any Type) = Highland-Mare 

Boundary of any region. 

Property / 

Region 

P 

S 

R 

Polar 

Illumin 

N

H 

F

H 
FHT 

PKT. 

M 

Non-

PKT. 

M 

F.

M 
Crypto SPAT 

HMB 

(Any 

Type) 

Total 

Particle Size 

Distribution 
1 1 0 0 0 0 0 0 1 0 0 3 

Particle Shape 1 1 0 0 0 0 0 0 1 0 0 3 

Specific 

Gravity 
1 1 0 0 0 0 0 0 1 0 0 3 
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Bulk Density 

and Porosity 
2 1 0 0 0 0 0 0 1 0 1 5 

Relative 

Density 
2 1 0 0 0 0 0 0 1 0 1 5 

Compressibility 2 1 0 0 0 0 0 0 1 0 1 5 

Shear Strength 2 1 0 0 0 0 0 0 1 0 0 4 

Permeability 2 1 0 0 0 0 0 0 1 0 0 4 

Diffusivity 2 1 0 0 0 0 0 0 0 0 0 3 

Bearing 

Capacity 
2 1 0 0 0 0 0 0 1 0 0 4 

Cohesion 2 1 0 0 0 0 0 0 1 0 0 4 

Slope Stability 

(Angle of 

Repose) 

1 1 0 0 0 0 0 0 0 0 0 2 

Trafficability 1 1 0 0 0 0 0 0 0 0 0 2 

Mineralogical 

Composition 
2 1 1 1 2 1 1 1 2 2 1 15 

Chemical 

Composition 
2 1 1 1 2 1 1 1 2 2 1 15 

Age 1 1 1 1 1 1 1 1 2 2 1 13 

Variation of 

Soil with Depth 
2 1 0 1 1 1 1 1 2 2 1 13 

Record of Solar 

History 
2 1 0 0 0 0 0 0 2 1 1 7 

Electrical 

Properties 
1 1 0 0 0 0 0 0 0 0 0 2 

Reflectivity and 

Emission of 

Radiation 

1 0 0 0 0 0 0 0 0 0 0 1 

Heat Flow 2 2 0 1 1 2 1 1 1 1 1 13 

Abrasiveness 1 0 0 0 0 0 0 0 0 0 0 1 

Albedo 0 0 0 0 0 0 0 0 1 0 0 1 

TOTAL 35 21 3 5 7 6 5 5 22 10 9 128 

 

Second, we used a set of human factor constraints.  We developed a list of human factor issues and 

operational considerations that we must consider when studying the properties of the regolith.  Although 

many of the human factor issues are more relevant for future missions (e.g., building a lunar outpost), we 

still believe it is pertinent to include them to help prioritize the regions of interest.  How the lunar regolith 

affects humans, after all, is the overarching purpose of this Science Goal.  Again, to help prioritize regions, 

we developed a decision matrix for this constraint, shown in Table 7.5.  The rating scale we used for this 

decision matrix was the same as for the physical properties matrix (from -2 corresponding to extremely 

―undesirable/ineffective‖ to 2 corresponding to ―highly desirable/effective‖).  Regions that would be 



431 

extremely difficult or potentially dangerous for long duration stay were rated with negative values, while 

regions that have a positive relation to human activity were given positive values.  In this decision matrix, 0 

often corresponds to the region having an unknown effect on human habitation and related activities 

although it can also mean that the region simply has neither a positive nor negative effect on humans.  Polar 

regions demonstrate an intriguing dichotomy.  PSRs, though ranked high in science value may prove to be 

difficult to accommodate long-duration stay because of the lack of access to solar illumination for power 

and a lack of direct communication with Earth.  However, illuminated regions may have access to PSRs, 

allowing the science goals to be fulfilled while reducing the risk to human explorers.   

TABLE 7.5 Human Factor Issues vs. Region Decision Matrix.  Ranking and acronyms same as Table 7.4. 

Human 

Issue / 

Region 

PSR 
Polar 

Illumin 

N

H 

F

H 
FHT 

PKT.

M 

Non-

PKT.

M 

F.

M 
Crypto SPAT 

HMB 

(Any 

Type) 

Total 

Landing 

Facilitation 
-2 2 0 0 0 0 0 0 0 0 0 0 

Habitat 

Location 
-2 2 0 0 0 0 0 0 0 0 0 0 

Human 

Health 
-1 2 0 0 0 0 0 0 0 0 0 1 

Rover 

Mobility 
-1 0 0 0 0 0 0 0 0 0 0 -1 

Digging 

Facilitation, 

Construction, 

Waste 

Placement 

0 0 0 0 0 0 0 0 0 0 0 0 

Structure / 

Infrastructure 

Placement 

-1 1 0 0 0 0 0 0 0 0 0 0 

Human Issue 

/ Region 
PSR 

Polar 

Illumin 

N

H 

F.

H 
FHT 

PKT.

M 

Non-

PKT.

M 

F.

M 
Crypto SPAT 

HMB 

(Any 

Type) 

Total 

Earth 

Communicati

on 

-2 2 1 1 1 1 1 1 1 1 1 9 

Exploitation 2 2 1 1 1 1 1 1 1 1 1 13 

TOTAL -7 11 2 2 2 2 2 2 2 2 2 22 

 

All of the Apollo missions included science experiments to be made on the lunar surface, providing 

basic information about the regolith and surface environment.  Most of them were included in the Apollo 

astronaut‘s EVAs.  Experiment results are summarized in The Lunar Sourcebook.  In the same time period 

the Soviet Luna missions also landed on the lunar surface and studied its properties, imaging areas around 

the spacecraft, making density, temperature, and radiation measurements, and sampling regolith.  Through 

sample analysis, the lunar highlands and mare regolith were shown to be mineralogically different, 

especially in the amounts of Al2O3 and FeO.  For the finest fractions of the regolith (from less than 10 µm 

to 45 µm), the highlands have a significantly larger amount of Al2O3 than the mare, but a lower amount of 

FeO (Taylor et al. 1996; Taylor et al. 2001a, Taylor et al. 2001b; Taylor et al. 2001c; Pieters et al. 2001; 
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Taylor et al. 2002; Taylor et al. 2003).  Figure 7.11 shows the average over these sizes of mare, highlands, 

and boundary Apollo sites.  The mineralogical makeup of the regolith is specifically important for 

extraction of resources (Heiken et al., 1991) and building infrastructure.  Iron, titanium, and oxygen are 

examples of resources that can be removed from the regolith through mineral extraction.  The 

mineralogical content of the regolith can also aid in sintering launch and landing pads or roads (Hintze et 

al., 2008; Taylor 2005). 

Geotechnical properties of the regolith, including density, thermal conductivity, and particle size/shape, are 

expected to be the same or similar most everywhere, with the possible exception of the poles (Carrier 

2005).  A suite of instruments that can sample the geotechnical properties of the regolith can and should be 

included in any mission (robotic or human).  These properties are the most likely to affect human 

explorers‘ endeavors in building a lunar base.  Figure 7.12 is an iconic image, but it also demonstrates some 

important regolith properties. 

 

FIGURE 7.11 Pie charts comparing the mineralogical composition of the average values for Apollo mare, 

highland and boundary regions.  These charts use averages of the finest fraction (from less than 10 µm to 

45 µm) of Apollo samples. 

 

FIGURE 7.12 Apollo 11 astronaut Edwin ―Buzz‖ Aldrin photographed this footprint in the lunar regolith.  

The photograph was part of an experiment to study the geotechnical properties of the Moon (specifically 

the effects of pressure applied to the surface).  Image AS11-40-5878. 
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Regolith density affects several other physical properties, such as thermal conductivity, seismic speed, 

shear strength, compressibility, and the dielectric constant.  Density was a significant source of curiosity 

and trouble to Apollo astronauts.  Within the top few centimeters of the regolith, the properties of the soil 

change greatly from light and fluffy to very hard and compact; Apollo 15 astronauts had extreme difficulty 

drilling to the assigned depth of 3 m, reaching only 1.4 m and 1 m because of difficult drilling conditions.  

Figure 7.13 shows the lunar regolith‘s characteristic of increasing density with depth. 

Thermal conductivity is the ability of the regolith to transfer heat beneath the surface.  Thermal 

conductivity may be important for any human-related products buried beneath the surface (outpost, storage 

facilities, equipment, etc.).  Because of the importance of thermal conductivity to mission operational 

issues, one of the specifically defined purposes of Science Goal 7b is to study the heat flow, in particular to 

a depth of 10 m (NRC 2007).  One of the main purposes of this requirement is that the Apollo heat flow 

probes were not as effective as hoped due to difficult drilling conditions (the deepest probe reached 292 

cm.  Measuring the thermal conductivity of the regolith in more detail will also help confirm results from 

Apollo showing that diurnal temperature cycles can no longer be detected below 80 cm.  Decreased thermal 

conductivity of deep regolith poses the problem of waste heat removal for future missions. 

Particle size and shape are important properties of the regolith.  Particle size is a variable that controls, 

to various degrees, the strength and compressibility of the material as well as its optical, thermal, and 

seismic properties.  Particle shape and size together affect cohesion, abrasiveness, and space weathering 

 

FIGURE 7.13 Plot of recommended values for relative density of the lunar regolith.  With increasing 

depth, the regolith becomes dense to very dense quickly (Heiken et al., 1991). 
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effects.  For example, the smallest size fraction of the regolith is the most likely to show space weathering 

effects, like reduction of iron to nanophase-iron (np-Fe0) (Pieters et al., 1993).  The fine fractions are also 

held together by micrometeorite impact melts to form agglutinates (Fig. 7.14).  Agglutinates, np-Fe0, and 

the very nature of the finest fractions of the regolith itself are particularly interesting because of their 

uniqueness to the Moon.  Unique particle size and shape affects the way the soil fails in shear, causing the 

regolith to behave differently than expected: regolith thrown up as the Apollo lunar roving vehicle (LRV) 

drove followed rooster-tail trajectories (Mullis, 1971) instead of ballistic ones, as shown in Fig. 7.15.  Size 

and shape of regolith particles are also factors of the regolith‘s exceptionally abrasive nature.  

Understanding how the size and shape of the regolith vary with depth and between sites and how they can 

affect human physiology and hardware is a top priority. 

 

FIGURE 7.14 Agglutinates from Apollo 11 sample 10084, NASA Photo S69-54827.  This figure shows 

typical agglutinates found in the lunar regolith.  Agglutinates were a surprising feature because they are not 

found in Earth soils.  (a) Photo taken with an optical microscope.  (b) Scanning electron photomicrograph 

(Heiken et al., 1991). 

 

FIGURE 7.15 The rooster-tail trajectory of regolith thrown out from the LRV wheels is a curiosity of the 

regolith‘s shear failure (Mullis, 1971). 

The lunar regolith also has distinct electrical properties, including electrical conductivity and 

photoconductivity.  The electrical conductivity is relatively low and large changes in photoconductivity 

occur across the terminator.  Charging of particles across the terminator could be enough to levitate the 

upper, thin layer of soil particles above the surface.  Electrostatic levitation could extend up to several 
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meters above the lunar surface and the ensuing ‗dust storm‘ would follow the terminator around the Moon 

(Colwell et al., 2009).  Horizon glow may also be related to electrical properties of the regolith and dust 

migration.  Dust levitation removes the smallest grains from the topmost soil layers on illuminated slopes 

and exposes them to the higher energy solar wind ions and solar cosmic rays. The result is the forward 

scattering of sunlight on the darker surrounding areas (Criswell, 1972). 

Methods and Requirements 

Experiments studying the physical properties of the regolith can and should be performed at any landing 

site location; however, in order to fully characterize regolith properties that may be markedly different from 

those at the Apollo and Luna landing sites, we have prioritized certain areas on the lunar surface for study.  

We compiled a list of the physical properties of the regolith that should be studied, determined what 

variation these properties might have with location, and then categorized the lunar surface into regions 

using a variety of parameters that may contribute to changes in the physical properties of the regolith in 

these regions.  

Science Concept 7b landing site requirements: 

 Sites in each of the three main geochemical terranes (SPAT, FHT, PKT) 

 Mare and highland sites (and boundary regions) within each of the three terranes 

 Sites in permanently shadowed and illuminated regions at the poles 

 Sites of differing surface temperature 

 Stations in varied locations at each site (e.g., crater rims, intercrater regions, areas on ridges) 

In order to locate sites of highest priority for studying regolith physical properties we followed the 

procedure below: 

1. Compile maps showing the limits of the three main geochemical terranes 

2. Create maps delimiting the boundaries of the maria and the highlands 

3. Obtain maps of the permanently shadowed regions of the lunar poles 

4. Categorize the previously visited landing sites based on the region types above 

5. Denote regions where physical properties have previously been determined as the lowest 

priority 

6. Use a decision matrix in conjunction with the maps above to develop a prioritized list of landing 

locations 

Discussion and Site Selection 

Sites in each of the three main geochemical terranes (SPAT, FHT, PKT) 

Apollo sampled the area within and just outside of the PKT, but we have yet to obtain definitive 

samples the FHT and the SPAT.  Of highest priority is the SPAT, which may provide samples of the lunar 

mantle, given the size and age of the SPA basin.  The basin is also on the lunar farside at low latitudes.  

These characteristics are important because the farside of the Moon (mare or highland) has not been 

sampled.  Additionally, the South Pole-Aitken basin may contain FHT material (Jolliff and Ryder, 2006), 

allowing a mission to potentially sample two geochemical terranes in one area.  A heat flow experiment 

within the SPA basin could be used to study the temperature profile at lower latitudes than have been 

studied before.  The next priority is to study the FHT in depth, not only because of the proposed thick crust 

in this region, but also because of its ancient age, relative lack of mare deposits, and its feldspathic 

composition (Jolliff and Ryder, 2006).  Thus, we suggest sampling, in priority order, areas within the 

SPAT, the FHT, and if possible, more extensive sampling of the PKT.     

Mare and highland sites (and boundary regions) within each of the three terranes 

Within the three geochemical terranes are regions of mare, highlands, and boundaries between the two.  

Sampling both the mare and highlands regions in each of these terranes will help to more fully characterize 

the regolith.  For example, how the mare, highlands, or boundary regions differ between each of the 

terranes is unknown for FHT and the SPAT regions.  Even in the PKT region, there are limited data for 

regions inside and outside the PKT.  Apollo 16 is the only Apollo highland site outside the PKT, while the 

only Apollo highland site within the PKT is Apollo 14.  Apollo 12 is the only mare site within the PKT.  

No Apollo representations of mare-only sites outside the PKT exist, though Apollo 17 does represent a 
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highland-mare boundary and Apollo 11 is located on the PKT boundary.  Luna 16 and 20 did land in mare 

sites outside the PKT, but they did not have the same sampling instruments as Apollo.   

The primary targets for this requirement are the highland-mare boundaries within each geochemical 

terrane because these sites allow sampling of both regions at once.  Of the three geochemical terranes, the 

SPAT region should be sampled first.  The next priority is the FHT.  Of lowest priority are the regions 

inside and outside the PKT, as they have already been sampled, though not necessarily comprehensively.  If 

possible, more samples from mare and highland sites outside the PKT, especially at greater distances from 

the PKT boundary, are needed to better understand the area. 

Cryptomare, or ancient buried mare, may also prove to have unique physical properties, particularly in 

their chemistry and mineralogy.  We have not yet sampled this specific type of mare, and they rate high as 

areas of interest in our decision matrices.  Cryptomare deposits are best found in the ejecta of craters that 

have excavated into the ancient layer. 

Sites in permanently shadowed and illuminated regions at the poles 

Table 7.1 defines two types of areas within the polar regions: the PSRs and illuminated regions.  Both 

PSRs and illuminated regions rank exceptionally high in terms of science goals, but from a human factors 

and operational perspective, PSRs rate dangerously low in all aspects, except exploitation of resources, 

while illuminated regions rate extremely well.  

Sites of differing surface temperature 

Heat flow measurements into the lunar regolith were only performed on Apollo 15 and 17.  Figure 7.16 

shows the thermal profile determined from the Apollo 15 and 17 heat flow probes.  The Apollo 15 drill 

cores required for the heat flow sensor deployment did not reach their full 3 m intended depth because of 

complications, leading to an incomplete and not well-constrained temperature profile for the site.  Also, 

since the Apollo landings were primarily equatorial, the thermal profile at depth within the regolith is 

unknown at lower latitudes.  Heat flow is of particular concern to the human issues because it relates to 

habitat deployment. 

 

FIGURE 7.16 Apollo 15 and 17 heat flow profiles as a function of depth into the regolith (Heiken et al., 

1991). 
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Stations in varied locations at each site 

Some physical properties of the regolith are dependent upon location within a single region, or even 

within a single landing site.  This potential difference could be caused by different mineralogical 

composition within the site, such as from two different lava flows or a highland-mare boundary.  

Differences could also be caused by maturity of the regolith.  For example, the regolith in the ejecta of a 

fresh crater is sharp, angular, and generally more unconsolidated than an older, more weathered regolith, 

and these two regolith types will also appear spectrally distinct because of space weathering effects. 

Landing Site Recommendations 

Science Goal 7b aims to characterize the lunar regolith as completely as possible.  As such, this goal 

can be fulfilled at any location on the Moon.  Specific consideration should be taken for locations of 

expected future human activity, as these are the sites that should be best characterized for the health and 

safety of the human explorers.  We have also divided the Moon into distinct regions based on 

compositional and location differences, and we have prioritized these regions based upon science goals and 

human issues.   

Figure 7.17 shows a compiled map of Jolliff et al.‘s (2000a) three geochemical regions with the mare 

highlighted and cryptomare locations accentuated.  The map‘s legend also shows these regions ranked in 

order of interest, defined from Table 7.6, which is based on the science goals and human factors decision 

matrices.  The regions are prioritized in the following way: Top priority is given to the polar regions 

(especially an illuminated region with access to a PSR), followed by a cryptomare deposit, the SPAT, and 

the FHT.  Although Table 7.6 shows that highland-mare boundaries rank higher than the FHT, highland-

mare boundaries can be studied in any of the geochemical terranes (anywhere where mare meets highland), 

so we suggest choosing landing sites at highland-mare boundaries within their prioritized geochemical 

terranes. 

TABLE 7.6 Results of Science Goal 7b Decision Matrix.  Acronyms same as Table 7.4. 

Issue PSR 
Polar 

Illum. 
N.H F.H FHT PKT.M 

Non-

PKT.M 
F.M Crypto SPAT 

HMB (Any 

Type) 

Human -7 11 2 2 2 2 2 2 2 2 2 

Science 35 21 3 5 7 6 5 5 22 10 9 

TOTAL 28 32 5 7 9 8 7 7 24 12 11 

 

 



438 

 

FIGURE 7.17 Science Goal 7b regions of interest.  Highest priority goes to regions that have not been 

sampled before, because the purpose of this goal is to more fully characterize the regolith, especially 

considering regions of expected human activity.  Of top priority are the polar regions.  Illuminated regions 

with access to PSRs (the PSRs are highlighted in the figure) are the location of choice for polar regions.  

After polar regions, cryptomare deposits are the next priority, as they may also prove to have unique 

physical properties.  SPAT and finally FHT regions should also be studied, and in particular, highland-mare 

boundaries should be the target site for these regions, allowing sampling of both mare and highland 

materials. 

 

SCIENCE GOAL 7C: UNDERSTAND REGOLITH MODIFICATION PROCESSES (INCLUDING 

SPACE WEATHERING), PARTICULARLY DEPOSITION OF VOLATILE MATERIALS 

Introduction 

Regolith modification can take several forms, from very large scale impacts to much smaller-scale 

processes that together are called space weathering.  Space weathering is a modification process that alters 

the regolith in various ways – it is not a single process, but rather a suite of processes that alter the regolith 

and transfer volatiles to the regolith.  Understanding space weathering and regolith modification processes 

is crucial for understanding spectral data obtained from remote sensing of the lunar surface.   

The diverse effects of space weathering are dependent on both the maturity of the regolith at the 

surface, as well as the composition of that regolith.  Sciences Goal 7c compels identification of locations 

that can allow sampling of regolith of different age and composition within the scope of a single landing 
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site.  Additionally, this goal could benefit from choosing a site near a previous lander, rover, or other 

spacecraft, allowing the sampling of an artificial surface that has been exposed to the lunar environment for 

a known time period. 

Background 

Though space weathering is often described as if it were a single process, it actually consists of several 

individual processes: 

 Micrometeorite bombardment 

 Solar wind 

 Solar cosmic rays 

 Galactic cosmic rays 

Increasing exposure to space weathering processes is expressed as maturity, which can be defined in 

several ways that are discussed below.  Figure 7.18 illustrates the variety of space weathering processes 

that affect the Moon. 

Micrometeorite bombardment is the impact of dust-sized particles onto the lunar surface.  

Micrometeorites are primarily responsible for the formation of agglutinates, aggregates bonded by impact 

melt glass form only on airless bodies like the Moon.  Agglutinates comprise a large percentage of the 

regolith (about 25–30%) and agglutinate abundance increases with time until a steady state is reached 

(Heiken et al., 1991).  Agglutinate particles are usually smaller than 1mm and are the primary carriers of 

the single domain, iron metal called nanophase iron (np-Fe
0
).  This np-Fe

0
 can cause changes in infrared 

and ultraviolet fluorescence, making spectroscopy difficult and potentially leading to misinterpretation of 

remote sensing data.  Consequently, np-Fe
0
 is a very good indicator of a soil‘s maturity.  Perhaps even 

more important than the nano-sized metallic droplets in agglutinates from a human exploration viewpoint is 

the fact that agglutinates retain gases from the solar wind, including hydrogen and helium, in relatively 

high abundances.  Such volatiles can potentially support human habitats and may be used as propellant for 

future missions to farther reaches of the Solar System. 

 

FIGURE 7.18 Schematic illustration of the space weathering effects on the Moon.  The Moon is constantly 

bombarded by solar wind and solar cosmic rays expelled from the Sun and galactic cosmic rays from other 

parts of the solar system.  The normal path of solar wind particles can be disturbed by magnetic anomalies 

on the Moon.  Electrostatic charging of the lunar surface between the nearside and farside can cause dust to 

be elevated along the terminator. 
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Solar wind consists of a stream of charged particles that is ejected from the sun, but penetrates less than 

a micrometer into the regolith.  The solar wind is responsible for some volatile implantation into the 

regolith, including hydrogen, carbon and nitrogen.  Most volatiles, though, are lost to space through solar 

wind sputtering, which is the displacement of nuclei in a target material by energetic particles.  Solar wind 

particles are deflected by magnetic fields, so in locations on the Moon where enhanced magnetic fields 

exist, the effects of space weathering on the regolith are expected to be modified.  Presence of solar wind 

deposited hydrogen in the regolith is an important factor in reducing FeO in the regolith to native iron in 

the production of np-Fe
0
 particles.  In the presence of a magnetic field, the charged hydrogen particles of 

the solar wind would be deflected from the center of the magnetic anomaly and deposited at the edges of 

the field.  The enhanced hydrogen abundance around magnetic fields is thought to lead to formation of 

larger np-Fe
0
 particles, while inside the magnetic anomaly regolith remains unweathered by the solar wind 

(Kramer et al., 2011).  Figure 7.19 shows Reiner Gamma, an example of an anomalously weathered lunar 

swirl.  By studying magnetic anomalies on the Moon, we may be able to deconvolve the effects of the solar 

wind from the other space weathering processes active on the Moon, a valuable result for understanding 

space weathering on other airless bodies.  

Solar cosmic rays (SCRs) are energetic charged particles that originate from the Sun.  SCRs can 

penetrate the regolith to depths up to a few centimeters, though they only implant heavy nuclei into the top 

millimeter of the soil.  They can also cause a high density of radiation damage.  Similarly, galactic cosmic 

rays (GCRs) are also energetic charged particles, but they originate from outside the Solar System.  

Normally, GCRs are stopped within the top 10cm of regolith, but the lighter particles, mainly protons and 

alpha particles, can cause a cascade of particles that affect meters of regolith.  Figure 7.20 shows a visual 

representation of how far into the regolith the different processes of space weathering can penetrate. 

 

FIGURE 7.19 Reiner Gamma is an example of a lunar swirl—a surface feature related to some magnetic 

anomalies on the Moon.  Magnetic anomalies have the potential to deflect solar wind charged particles 

away from the regolith, retarding space weathering at the location of the anomaly and enhancing space 

weathering at the edges. 
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The original composition of the regolith experiencing space weathering affects the weathering process.  

In particular, FeO content of the original material affects the np-Fe
0
 abundance, so mare soils, which have 

on average three or more times the total FeO content of highlands soils, accumulate more np-Fe
0
 particles.  

Thus, spectral effects of space weathering differ between highlands and mare soils (Noble et al., 2001).  

Opaque mineral content also may have effects on the maturity of soils as detected from orbit that are not 

well understood.  Remote sensing studies of maturity on the Moon reveal anomalously mature values in 

Mare Tranquillitatis, which is a high-Ti area of the Moon (Lucey et al., 2000b).  Sampling locations of 

diverse composition to fill out the existing sample suite will enhance understanding of the compositional 

controls on space weathering processes, which can then be applied to other airless bodies. 

As with the physical properties of the regolith, the effects of space weathering can and should be 

studied at any landing site.  The motivation for studying the modification processes of the regolith is 

threefold.  First, a primary objective of understanding the effects of space weathering is needed to better 

understand spectral data obtained from the Moon and other airless bodies.  Potentially, if we measure these 

spectral effects at a small number of sites, we may be able to better calibrate our global spectral dataset.  

Understanding space weathering also allows us to obtain better age dating of lunar craters.  The 

accumulating effects of space weathering make freshly excavated, bright regolith optically darker, so as a 

crater ages its ejecta darkens (Fig. 7.21).  However, not all bright rays are young—some are bright simply 

due to their composition.  A more complete understanding of the process of space weathering as it proceeds 

with time and varies with composition will lead to the development of a more reliable chronometer for the 

Moon and other space weathered bodies.  Finally, space weathering has been active on the Moon since its 

formation.  Understanding space weathering processes can help understand volatile emplacement and solar 

history.   

 

FIGURE 7.20 Schematic illustration of the penetration depth of various space weathering processes. 
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It is important to note that, athough the Moon is a laboratory for studying space weathering processes 

on all airless bodies, processes that fall under the term ‗space weathering‘ are varied and affected by 

numerous factors.  Thus, space weathering is expected to proceed differently on different airless bodies.  

Composition has been shown to exert strong control on the effects of space weathering in lunar regolith; 

since asteroids differ compositionally from the Moon and from each other, the effects of space weathering 

should not be expected to be the same.  Indeed, asteroids composed of dark, opaque materials (e.g., C 

types) show very little evidence for optical maturation of the type seen on the Moon, while asteroids 

composed of bright, relatively transparent components (e.g., S types) display strong effects of optical 

alteration (Clark et al., 2002).  Regions of the Moon enriched in opaque minerals also show optical 

maturity anomalies, and may provide insight into space weathering on opaque oxide-rich asteroids.  As on 

the Moon, availability of iron in any form on the body affects the production of np-Fe
0
 in vapor-deposited 

rims surrounding regolith particles. 

Location in the solar system is another factor affecting space weathering on the different airless bodies.  

The effectiveness of the agglutinate formation process is dependent on the energy and frequency with 

which micrometeorites bombard the surface of the regolith.  Micrometeorite flux may be higher closer to 

the Sun at Mercury‘s orbit than at the Moon, and lower at the more distant orbits of the asteroid belt 

(Cintala, 1992).  In addition, impact speeds are higher closer to the Sun than at the orbit of the asteroid belt, 

 

FIGURE 7.21 Evolution of a lunar combination ray (Copernicus, the large crater near the limb).  As time 

progresses, the bright ray matures and darkens.  However, some rays are bright due to composition rather 

than age.  Lower portion of figure from Hawke et al., (2004). 
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as shown in Fig. 7.22 (Cintala, 1992; Matson et al., 1977).  These factors may contribute to different 

populations of agglutinate particles on Mercury, the Moon, asteroids, and outer Solar System bodies, 

leading to differing optical properties.   

The solar wind is an important space weathering agent whose key effects include implantation of 

volatiles into regolith and delivery of H
+
 for the reduction of FeO to native iron.  In conjunction with 

micrometeorite bombardment, solar wind particles vaporize regolith material which can then be redeposited 

as fine-grained rims surrounding regolith particles.  The presence of a magnetic field is known to deflect 

charged solar wind particles.  This process has consequences for material and optical properties of regolith 

shielded or partially shielded by magnetic fields.  Mercury‘s magnetic field may prevent the solar wind 

from interacting directly with the regolith, reducing effects of sputtering, vaporization and redeposition of 

native materials, and solar wind volatile deposition (Pieters et al., 2000).  Magnetic anomalies on the Moon 

may provide an accessible analog for study of this process. 

Although composition, location in the solar system, and magnetic properties of a body can create 

variation in the process and results of space weathering on that body outside the scope of what can be 

directly observed on the Moon, the Moon remains a valuable and accessible site for study of these 

processes.  Examination of lunar samples has provided insight contributing to the identification of S-type 

asteroids as possible parent bodies for ordinary chondrites (Pieters et al., 2000), and further study of the 

 

FIGURE 7.22 Plot of the log mass of the inner Solar System planets and the Moon against the average 

impact speeds of asteroids for each body.  Impact speeds are related to the size of the body being impacted, 

but can be affected by proximity to a larger body or distance from the source region of the impactor.  

Illustration Credit: LPI (Andrew Shaner and David A. Kring).  Background image of Mercury‘s surface 

courtesy of NASA/Johns Hopkins University Applied Physics Laboratory/Carnegie Institution of 

Washington, PIA12421. 



444 

lunar example of space weathering will continue to enhance understanding of the process throughout the 

Solar System. 

Methods and Requirements 

As with many of the Science Concept 7 Science Goals, regolith modification can be studied to first 

order at any location on the Moon.  Exposed regolith everywhere on the Moon is subject to reworking and 

mixing as a result of micrometeorite bombardment and energetic particle interactions, so every regolith 

sample collected provides the opportunity to study these processes.  However, Science Goal 7c delimits 

specific priorities for study, including returning samples of different initial composition and exposure 

history, as well as examining of volatile deposition in the regolith.  The science goal definition also points 

out the usefulness of using artificial materials exposed on the lunar surface for a known length of time as a 

controlled experiment in space weathering.  In order to address these specific goals, we defined four target 

site requirements: 

 Sites that allow sampling of immature, mature, and intermediate regolith. 

 Sites that allow examination of the effects of FeO content and opaque mineral content on space 

weathering. 

 At magnetic anomalies, where solar wind volatile deposition may be modified. 

 At locations where man-made materials have been exposed on the lunar surface for a known 

length of time. 

In order to locate sites that address the four target site requirements for Science Goal 7c, we developed the 

following procedure: 

1. Obtain global optical maturity maps. 

2. Obtain global FeO maps; use these to define high-iron and low-iron regions. 

3. Obtain global TiO2 maps as a proxy for opaque minerals; define regions well represented in the 

sample suite and regions that have not been sampled. 

4. Compile a map of magnetic anomalies identified in the literature. 

5. Compile maps of all landed and crashed spacecraft and man-made material on the Moon; 

suggest the use of LROC NAC imagery where available to determine the extent of intact debris 

present at locations of crashed spacecraft. 

6. Overlay the areas of interest determined on the previous maps and identify locations fulfilling 

requirements for Science Goal 7c target sites. 

Discussion and Site Selection 

Sites that allow sampling of immature, mature, and intermediate regolith 

Regolith freshly created in an impact event matures with time exposed to the process of space 

weathering on the lunar surface.  Very fresh regolith is considered immature; regolith that has reached 

steady state with respect to the modification processes of space weathering is considered mature.  A remote 

sensing metric for discussing maturity is the optical maturity parameter, which largely removes 

compositional effects (Lucey et al., 2000b).  Figure 7.23 shows variations in the optical maturity parameter 

across the lunar surface, particularly in the rays of very young craters.  However, on a small scale, material 

of varying maturity may be found at nearly any landing site.  In Apollo core samples, maturity decreased 

by a factor of two after excavating into the regolith by a half meter (Lucey et al., 2006).  We therefore do 

not consider finding material of different maturities a landing site constraint. 
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FIGURE 7.23 Lucey et al.‘s (2000b) optical maturity (OMAT) map.  Lighter regions indicate more 

immature regolith, darker regions more mature regolith. 

Sites that allow examination of the effects of FeO content and opaque mineral content on space weathering 

The original iron content of a material affects production of nanophase iron particles during the space 

weathering process.  Mare regions of the Moon have iron content as high as 20 wt% FeO, while the 

highlands regions have much lower FeO, averaging around 4 wt% (Lucey et al., 2006).  We divide the 

Moon into ‗low-FeO‘ and ‗high-FeO‘ regions, with the dividing line at 10 wt%.  Figure 7.24 shows the 

lunar nearside and farside with high-FeO regions highlighted in shades of yellow.  These high-FeO regions 

correspond well with mare regions. 

 

FIGURE 7.24 Areas of greater than 10 wt% FeO are considered areas of high iron.  These regions 

correspond well with mare regions. 
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Opaque minerals have space weathering properties different from other materials.  Ilmenite (FeTiO3) is 

the most abundant opaque mineral on the Moon, and most of the titanium in the Moon‘s crust is in this 

form.  Because of this, TiO2 abundance, as measured by Clementine spectral algorithms or the Lunar 

Prospector gamma ray spectrometer, can be used as a proxy for abundance of opaque lunar minerals.  

Using TiO2 as a proxy allows location of regions with opaque mineral contents not already studied.  Figure 

7.25 shows a histogram of the titanium content of Apollo and Luna soils and rock samples, demonstrating 

that low- and high-titanium samples have been obtained and well characterized.  However, the lunar 

samples create the false impression of a bimodal distribution of titanium on the lunar surface that is not 

seen in remote sensing data.  Materials with moderate titanium content have not been well sampled and are 

high priority for improving our understanding of the effects of opaque minerals on space weathering.  

Figure 7.26 shows the lunar farside and nearside with regions of moderate titanium content highlighted. 

 

FIGURE 7.25 The apparent bimodal distribution of TiO2 in Apollo and Luna samples.  The colors 

correspond to the colors used in the TiO2 maps shown in Fig. 7.26. 
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At magnetic anomalies 

The Moon does not have a planetary magnetic field, but certain locations of the lunar surface have 

relatively high magnetic field strength.  Many of these locations are associated with lunar swirls, a type of 

surface feature that shows anomalous space weathering.  Calculations have shown that lunar magnetic 

anomalies have the potential to deflect solar wind charged particles away from the regolith at those 

locations, retarding space weathering at the location of the anomaly and enhancing it at the edges (Kramer 

et al., 2011).  Studying the regolith at these locations, where all processes of space weathering except for 

those related to the solar wind occur, provides a possible analog for space weathering on airless, 

magnetized bodies like Mercury.  Understanding lunar magnetic anomalies can help deconvolve the effects 

of the different space weathering processes for a better understanding of space weathering throughout the 

solar system.  Figure 7.27 shows a map of the locations of magnetic anomalies summarized by Blewett et 

al. (2011). 

 

FIGURE 7.26 Clementine of TiO2 distribution maps (Gillis et al., 2003).  The highest priority landing sites 

sample moderate titanium areas (red), followed by high titanium areas (yellow), and finally low titanium 

areas (green). 
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At locations where man-made materials have been exposed on the lunar surface for a known length of time 

Studying space weathering effects on a known material for a known length of time may enhance our 

understanding of space weathering as it progresses with time.  Knowing how space weathering affects a 

known material will help us calibrate a space weathering chronometer.  Artificial materials could be 

brought to the Moon for the purpose of setting up experiments of this type, but man-made materials already 

exist on the Moon in a number of locations from previous missions.  Old spacecraft can be recovered and 

studied to the same end.  Apollo 12 returned man-made material (Surveyor 3) from the Moon; however, the 

descent module‘s engines stirred up regolith, sandblasting the target.  Consequently, space weathering 

effects were difficult to study on returned Surveyor 3 samples.  Figure 7.28 shows the locations of all 

landed and crashed spacecraft and rovers on the Moon.  Locations of all crashed spacecraft could be 

examined with high-resolution imagery to determine whether any material survived the impacts.   

 

FIGURE 7.27 Locations of known magnetic anomalies on the Moon. 
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Science Goal 7c Landing Site Recommendations 

The overarching objective of Science Goal 7c is to understand regolith modification processes, 

including the deposition of volatile material.  Space weathering occurs at every location on the lunar 

surface, so to first order these processes can be studied at any landing site.  However, we have prioritized 

locations and regions that offer the best opportunity to fully characterize the processes of space weathering.  

FeO content of the regolith has an important effect on the final space weathering product, so regions of 

both high and low FeO content should be sampled.  Regions with intermediate TiO2 content should be 

sampled to expand the sample suite to fully reflect the variation of the lunar surface.  Magnetic anomalies 

on the Moon offer important and unique science returns, and locations of man-made materials on the lunar 

surface provide the opportunity to gain a better understanding of the weathering process with time in a 

ready-made experiment.  These locations and regions are summarized in Fig. 7.29. 

 

FIGURE 7.28 Locations of crashed and landed spacecraft on the lunar surface.  Blue demarks landed 

spacecraft, while red demarks crashed spacecraft. 
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SCIENCE GOAL 7D: SEPARATE AND STUDY RARE MATERIALS IN THE LUNAR 

REGOLITH 

Introduction 

The presence on Earth of meteorites from the Moon, Mars, and asteroids suggests that material from 

Earth, as well as these other bodies, could also be found on the Moon.  The exchange of impact-liberated 

material between planetary bodies in the inner Solar System has been modeled; new sampling and searches 

for meteoritic material on the Moon could help to improve the models.  Moreover, if ancient meteorites 

ejected from the Earth could be found on the Moon, we could learn more about Earth‘s own early history 

(NRC, 2007). 

Samples of rare material need not be only meteorites from other Solar System bodies.  Material 

consisting of lunar impact ejecta itself is also a target for study.  Ejecta may provide a way to sample 

distant locations on the Moon at another site of interest, providing a way to study two or more distinct lunar 

regions without the need for multiple missions. 

Background 

The definition of ‗rare materials‘ for Science Goal 7d is not explicitly defined in the NRC (2007) report.  

For the purposes of this report we have defined rare in two ways.  First, rare can refer to meteoritic 

material, or more specifically, meteoritic fragments of a few millimeters in diameter.   

The second definition of rare can mean lunar material unique to the region of the Moon in which it is 

found.  In this case, we can also consider material that may not be rare in absolute terms, but is rare in a 

particular site.  For example, allochthonous lunar material found in secondary craters may be considered 

‗rare‘.  

 

 

FIGURE 7.29 Map of suggested landing regions for Science Goal 7c.  We have prioritized these regions in 

the following manner:  Sampling of regions of varying FeO and TiO2 are of top priority.  Intermediate TiO2 

samples are of higher priority than low or high TiO2 because of the bimodal appearance of Apollo and 

Luna samples compared to spectral observations.  Next are regions of landed spacecraft because they could 

potentially be used as a space weathering controlled experiment.  Finally, regions modified by the presence 

of a magnetic anomaly should be studied.  Though these regions may show ‗anomalous‘ space weathering, 

they are useful in understanding space weathering on other bodies with magnetic fields, like Mercury.   
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‘Extralunar’ material – meteoritic material 

We will first consider meteoritic material on the Moon.  Meteoritic material is important for several 

reasons.  It may contain volatiles, such as water, or even biomarkers, such as simple hydrocarbons (ten 

Kate et al., 2010).  The chance of finding meteorites containing volatiles or biomarkers (likely in 

carbonaceous chondrites) on the Moon is greater than on Earth, primarily because the Moon lacks an 

atmosphere.  Meteorites that reach Earth are biased – only the strongest meteorites survive Earth‘s 

atmosphere.  Weaker ones are destroyed, but often these weaker meteoroids are the ones that may contain 

volatiles or biomarkers.  The Moon lacks an atmosphere and therefore may record a more precise and 

unbiased meteorite record.  Meteoritic traces that appear to be of a variety not found on Earth have been 

found in lunar samples, supporting the idea that studying meteoritic material on the Moon may allow us to 

study types of meteorites not present on Earth (Puchtel et al., 2008).  Carbonaceous chondrites may help 

explain the origin and history of the Solar System, volatiles in it, and perhaps even the presence of 

important organic compounds like those needed for life (ten Kate et al., 2010). 

Theoretically, to first order, we can find meteoritic material anywhere on the Moon, but for the purpose 

of this study we should identify sites that have a greater potential to find, especially, larger fragments.   

On Earth, one way to find meteoritic material and fragments is to look inside and around very recent 

impact craters.  More explicitly, the impact melt may contain chemical traces of the impactor.  Impact melt 

is composed primarily of the target rock, but also includes traces of the impactor that were melted during 

impact (Puchtel et al., 2008).  In fresh lunar impact craters the probability of finding traces of the impactor 

(whether fragments or in impact melt) is greater because post-impact alteration of the impactor is much 

reduced compared to the terrestrial environment.  Figure 7.30 shows an example of a new crater that has 

formed in the time between the Apollo missions and the LRO mission. 

 

FIGURE 7.30 New impact crater on the Moon, determined to have formed within the last 39 years by 

comparing images from the Apollo Panoramic Camera and the LROC NAC.  This particular crater is only 

about 10m in diameter.  Image credit: NASA/GSFC/Arizona State University; LROC NAC Image 

M108971316L. 

Meteoritic fragments may also be found in crater ejecta blankets.  Some of the impactor may be 

pulverized or melted by the impact and mixed with ejected material.  As with any search for meteoritic 

material, a way to screen large quantities of regolith and pick out rare materials like meteorites is needed.  

Additionally, on the Earth, meteorites are sometimes found by searching for siderophile elements such as 
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iron and nickel, but orbiting satellites are not capable of detecting such small traces of elements.  Perhaps, 

alongside a screening technique, a siderophile-detection system could be developed for human (or robotic) 

use on the ground. 

It may be possible to find ancient meteorite fragments from a time when the impactor flux was greater.  

In the early Solar System there was more material in the inner regions of the system to impact the planets 

(Tera et al., 1974).  Because of the greater impactor flux, there may be a greater chance of finding 

meteoritic material (including material from the early Earth) trapped in the ancient regolith on the Moon.  

For example, it is obvious that large impacts have not occurred on the Earth in recent times, but there is 

significant evidence for large impacts in Earth‘s past.  Finding a fragment of the early Earth on the Moon 

―could provide a new window into early Earth history‖ (NRC, 2007).  Science Goal 7a discusses ancient 

regolith in detail, including where it may be found.  For example, ancient regolith may be trapped between 

lava flows of different ages, or under distinct layers of lunar material.  Craters that penetrate different aged 

material are excellent targets to search for ancient regolith because they serve as natural drills into the 

regolith layers.  Craters excavate much deeper than is currently possible by manmade instruments.  In this 

case, even old craters may be useful in identifying old terrains and ancient regolith where there is potential 

to find meteoritic material from a time of greater impactor flux, some of which may have originated on the 

early Earth. 

‘Intralunar’ material – lunar material from distant locations 

In addition to rare, ‗extralunar‘ meteoritic material on the Moon, locally rare material of lunar origin 

that has been transported from another region of the Moon to its current location via impact ejecta is of 

interest for study.  The most prominent features in this category of rare material are secondary craters and 

ejecta rays located far from their primary source.  Secondary craters can be found both close to and far 

from the original primary crater.  Material from secondaries close to the primary is not particularly useful 

because the ejecta itself can likely be sampled, so we are predominantly interested in secondaries at 

locations far from the original crater.  Figure 7.31 illustrates the extent of distal ejecta material across the 

lunar surface from the crater Tycho. 

 

FIGURE 7.31 The extent of Tycho‘s ray system, including secondary craters and secondary crater clusters, 

indicated in red outline.  Tycho is a relatively large crater, so its secondaries reach vast distances.  Tycho is 

also a prime example for crater ray sampling.  Apollo 17 landed about 2000km away from Tycho, yet 

astronauts were still able to sample one of Tycho‘s rays, thus collecting rare material from a distant 

location.  Credit: (Dundas and McEwen, 2007). 

Secondaries close to and far from the primary crater are morphologically different.  Close secondaries often 

have irregular shapes, fall in crater chains, or form ‗herringbone‘ patterns (Shoemaker, 1962; Oberbeck and 
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Morrison, 1973).  Depending on the magnitude of the impact, some ‗close‘ secondaries may be suitable for 

study if the primary crater cannot be sampled during a mission.  Distant secondaries, on the other hand, 

may appear more like small primary craters because of the high reimpact speeds.  Unfortunately, as impact 

speed increases, the survivability of the secondary impactor material decreases. 

A mission should not depend on the location of secondaries near the landing site.  Rather, when 

deciding between various landing sites of equal potential for science return, a landing site with access to 

secondary may be more appealing because of the chance to study material from another location of the 

Moon. 

Methods and Requirements 

Because the regolith is highly mixed and material from impacts becomes widely distributed over the 

Moon‘s surface, there is potential to find rare materials in the regolith anywhere on the Moon if the means 

to detect the material is present.  However, some locations on the Moon may provide a better chance of 

finding the rare materials defined in Science Goal 7d.  Meteoritic material may be more easily discerned in 

relatively fresh craters of Copernican age, material from the early Earth or other terrestrial planets may be 

more easily isolated in ancient regoliths, and material from faraway locations on the Moon is more likely to 

be found in secondary craters or crater rays.  These preferred target site requirements for finding rare 

material on the Moon are listed below. 

Science Goal 7d landing site requirements: 

 Near or in craters of Copernican age 

 Locations where ancient regolith may be found (see Science Goal 7a) 

 Near secondary craters of faraway impacts 

In order to locate sites fulfilling the requirements listed, we followed the procedure below. 

1. Compile a map of the locations of Copernican-age craters 

2. Compile a map showing locations of recent impact candidates on the Moon sighted from Earth 

3. Compile maps of secondary craters identified for key impact basins and maps of craters 

identified as secondary whose primary craters are uncertain 

4. Refer to Science Goal 7a for locations where ancient regolith may be found 

5. Overlay the maps listed above to determine sites that can satisfy the requirements for Science 

Goal 7d 

Discussion and Site Selection 

This section discusses landing sites that will fulfill the criteria presented in the methods section above. 

Near or in craters of Copernican age 

Copernican age craters are those thought to have formed in the last 1.1 Ga, since the formation of 

Copernicus crater (Hawke et al., 2004).  These are the youngest and least degraded craters on the lunar 

surface, and meteoritic material from the impactors that created these craters may be more easily identified 

in these craters than in older, more heavily modified ones.  Figure 7.8 in Science Goal 7a above shows the 

locations of craters identified as Copernican age. 

Crater-forming events continue to occur even in the present day.  Some of these very recent craters may 

be very good sampling locations for meteoritic traces because of their freshness, but generally are not 

identified in the literature.  We attempted to identify new, very young craters by comparing Lunar Orbiter 

images from the 1960s with Lunar Reconnaissance Orbiter images from 2009 to present.  Craters from 

impacts between the two missions can be detected if the image resolution is sufficient.  We identified about 

twenty ‗young‘ crater candidates in LROC imagery, looking for very sharp, very well defined rims with 

bright rays, bright ejecta, and well-delineated round shapes.  For the majority of these candidates, however, 

a comparison with LO imagery was not possible for a lack of data in the chosen areas. 

NASA‘s Marshall Space Flight Center (MSFC) conducts automated observations of possible lunar 

impacts.  Locations of possible lunar impacts observed by the MSFC Automated Lunar and Meteor 
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Observatory (ALaMO) between November 2005 and June 2011 are shown in Fig. 7.32 below.  These 

locations should be checked using high-resolution imagery to confirm impacts; once confirmed they 

provide very young locations to search for meteoritic material. 

The Optical Maturity Parameter (OMAT) (Lucey et al., 2000b), may be a possible tool for assisting in 

the determination of the relative ages of bright rayed craters, but a method for using it in this way has not 

been well developed (Grier et al., 1998).  We tried to use the optical maturity technique to identify recent 

lunar craters with immature by mapping thirty-three craters around Tycho.  Because we could not rule out 

the possibility that the optical maturity parameter would belong to the ejecta of Tycho crater that covers the 

area, and because the craters did not show the usual morphological features that are typical for new craters, 

we did not include these craters for further consideration here. 

Figure 7.32 shows the relatively young craters identified in this study as possible locations for isolating 

meteoritic material from the impactors creating the craters. 

FIGURE 7.32 Locations of all Copernican, post-Lunar Orbiter impacts, and post-2005 candidate lunar 

impacts. Base map: LROC WAC mosaic. 
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Locations where ancient regolith may be found 

Preserved ancient regolith deposits will contain traces of meteoritic material that impacted the Moon 

during the time period when that regolith was exposed to the space environment.  In addition, because the 

impactor flux in the past was higher than at present, ancient regolith deposits may contain higher quantities 

of meteoritic material and have a higher probability of containing material ejected from Earth or the other 

terrestrial planets in giant impact events.  For possible locations of preserved ancient regolith deposits the 

reader is referred to the discussion in Science Goal 7a. 

Near secondary craters of faraway impacts 

When impact events occur on the Moon, ejecta from the original impact can travel great distances 

because of the absence of an atmosphere to create drag.  In this way, material from very distant areas of the 

Moon can be transported to another location on the Moon.  Though secondary craters are not a site 

selection criterion, a mission should take advantage of studying secondary craters if they are within an 

acceptable distance from the landing site.  Thus, by cataloging secondary craters from various primary 

impact locations on the Moon, we can provide guidance for locations where distant lunar materials can be 

sampled.  At this point, maps for secondary craters are grossly incomplete.  Ideally, a map of the global 

distribution of secondary craters could aid in the evaluation of landing sites.  Figure 7.33 shows locations of 

all secondary craters identified in this study. 

Science Goal 7d Landing Site Recommendations 

Figure 7.34 shows compiled maps of all young craters and secondary craters identified on the Moon.  

These maps are not comprehensive, but serve as a guide for some locations where meteoritic material may 

be found in young craters, and in particular how determining the source craters of secondary craters may 

allow missions to sample two regions of the Moon while only visiting one.   
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FIGURE 7.33 Locations of all secondary craters compiled in this study.  Base map: LROC WAC mosaic. 
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FIGURE 7.34 Locations of young craters and secondary craters compiled in this study.  Meteoritic material 

may be more easily located in these young craters.  Material from distant regions of the Moon may be 

found in these secondary craters.  Base map: LROC WAC mosaic. 

 

SUGGESTED LANDING SITES AND CASE STUDIES 

As examples of potential missions that could fulfill the requirements of Science Concept 7, we defined 

two case studies – one at Mare Moscoviense and one on the rim of Tycho Crater.  These case studies 

explore how sites might be selected to meet various aspects of the Science Concept 7 Science Goals.  Some 

sites may be more applicable for a certain goal than others, but we have tried to demonstrate how valuable 

science return can be gained from any site.  An important note is that the region of top priority for Science 

Concept 7 is actually the lunar poles.  However, our case studies focused on two non-polar sites.  For polar 

studies, we direct the reader to Science Concept 4 and the case studies considered therein. 

Mare Moscoviense 

The Moscoviense Basin, and in particular the boundary between Mare Moscoviense, the basin‘s inner 

ring, and the rest of the basin floor, is an appealing location to study.  Moscoviense Basin is located about 4 
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km above the average lunar radius (Gillis-Davis et al., 2006) in the northern portion of the Moon‘s farside, 

well within the FHT terrane.  Figure 7.35 shows the Mare Moscoviense landing site on a global Lunar 

Reconnaissance Orbiter Camera (LROC) Wide Angle Camera (WAC) map of the Moon.   

 

FIGURE 7.35 An LROC WAC mosaic of the Moon showing Mare Moscoviense and our suggested landing 

site with a red dot. 

Our hypothetical landing site, situated at approximately 149.4° E and 24.8° N, can satisfy multiple 

aspects of each Science Goal of Science Concept 7.  An LROC WAC mosaic and geologic map of the 

region are shown in Fig. 7.36.  Within the inner ring of the Moscoviense basin lie Mare Moscoviense and 

our proposed landing site.  Mare Moscoviense is one of the few mare regions on the farside of the Moon 

and it is also composed of several different mare units of unique compositions.  The proposed landing site 

is located at a boundary between two mare units and a highlands unit.  The mare units are anomalous for 

the farside, but there is also a highlands unit within accessible distance from the landing site.  Spectral data 

show that this highlands unit is, in fact, similar in composition to the rest of the FHT region.  Iron maps, 

however, show that the region is enriched in iron.  Some locations within the areas of exploration, however, 

do not have high iron content.   We believe that, although the region has a higher iron content, it will still 

be relatively representative of the FHT, based on the Clementine data (Fig. 7.37), and is therefore a 

reasonable location to study and characterize the regolith. 
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FIGURE 7.36 Image of Moscoviense Basin region in a LROC WAC mosaic (a), and a geologic map of the 

same area (b).   The landing region is denoted with a red ―X,‖ surrounded by circles of areas for study. 
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FIGURE 7.37 Clementine mosaic of the farside hemisphere zoomed into the Mare Moscoviense region, 

demonstrating that the highlands in the region are representative of the FHT in general. 

The Mare Moscoviense landing site, shown in Fig. 7.38, is located on the youngest mare unit.  As such, 

this landing site has an exceptionally flat surface, with a slope of 2.3° (Rosenburg et al., 2011).  Regions of 

interest within these exploration areas will be discussed further in context of each individual Science Goal. 

 

FIGURE 7.38 View of the Mare Moscoviense landing site, denoted by a red ―X‖ and surrounded by circles 

denoting areas of exploration.  The circles have radii of 10 km, 20 km, and 30 km, respectively. 
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Science Goal 7a 

WAC and NAC imagery of the lunar surface reveals a fresh crater located approximately 11 km from 

our landing site (the bright, fresh crater at the 11 o‘clock position just outside the 10-km exploration area in 

Fig. 7.38).  This 1.1-km-diamter crater lies within an Eratosthenian (2.6 Gyr) high-titanium mare basalt and 

approximately 10 km from an Imbrium (3.4 Gyr) low-titanium mare basalt, which could be impact melt 

(Thaisen et al., 2011).  The crater is shown in detail in Fig. 7.39.  Ancient regolith might be found in the 

crater walls of fresh craters and encapsulated between layers of basalt flows of different ages.  The fresh 

Mare Moscoviense crater appears to have distinctive rim strata that suggests layers of regolith sandwiched 

by two layers of basalt (Kring et al., 2011).  Consequently, we propose that within the rim of this fresh 

crater we might find an ancient regolith layer of Eratosthenian age between Eratosthenian and Imbrium age 

basalts. 

An additional feature of interest for the Moscoviense landing site is the proximity of two pyroclastic 

deposits in the area.  The locations of the vents are thought to be roughly 62 km and 136 km away from the 

landing site, but it is possible, due to the nature of pyroclastic volcanism on the Moon, that material from 

those vents could be found at the landing site.  Thus, we can complete another aspect of Science Goal 7a. 

 

FIGURE 7.39 The fresh Mare Moscoviense crater, with a zoomed in view of the layering present in its 

walls.  This crater is about 1.1 km in diameter.  Layering in the walls may contain ancient regolith of 

Eratosthenian age between Eratosthenian and Imbrium age basalts.  LROC NAC Image #M118872509R. 
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Science Goal 7b 

The choice of Moscovience in relation to Science Goal 7b, which refers to determining the physical 

properties of the regolith at diverse locations of expected human activity, is justified for several reasons.  

There are a variety of terrains of different ages and compositions in the chosen landing area, 

including diverse mare basalt units (Thaisen et al., 2011).  It is one of the few farside basins that has 

abundant mare deposits (Gillis-Davis et al., 2006).  Further, the mare units that are present in the basin are 

of different ages and compositions.  Mare Moscoviense is located in a region of some of the thickest crust 

(Gillis-Davis et al., 2006), and has an abnormally large gravity anomaly.  The basin lies within the FHT 

(Jolliff, et al. 2000a) and presents a cross section into the original highlands crust (Thaisen et al., 2011).  

To date, no mission has sampled a farside highland-mare boundary.  There is also the possibility of finding 

cryptomare deposits in the oldest mare unit.  Finding cryptomare deposits will aid in the characterization of 

ancient lunar regolith.  The cryptomare may have physical or chemical properties that may be useful to 

future human explorers.  Finally, the presence of rills in the area indicates the possibility of finding exposed 

bedrock, which may be helpful in determining the depth of the regolith in the Moscoviense region.  Figure 

7.40 shows a geological map of the suggested landing site, with areas of potential exploration circled 

around the site at 10 km, 20 km, and 30 km radii. 

 

FIGURE 7.40 Image of Moscoviense basin landing site in a LROC WAC mosaic (a), and a geologic map 

of the same area (b).  The landing site is marked by an ―X‖ with circles of potential exploration areas with 

10 km, 20 km, and 30 km radii around the site.  There are three geologic units of a variety of ages and 

compositions within 10 km of the site.  Im (Mare Materials of Dark Plains, the bright pink region) is of 

Imbrian age, Ip (Smooth Light Plains, light purple region) is of Imbrian age, Np (Rolling Terra, light pink 

region) is of Nectarian age.  Cryptomare deposits may be in Nectarian aged region. 
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Science Goal 7c 

The Mare Moscoviense site is a unique location that provides the opportunity to fulfill multiple aspects 

of Science Goal 7c.  Mare Moscoviense is the site of a magnetic field anomaly and a group of high-albedo 

lunar swirls (Figs. 7.41 and 7.42).  The landing site chosen is within 10 km of a lunar swirl and is well 

within the Moscoviense elevated magnetic field anomaly.  Samples of regolith both on and off the swirls 

would provide insight into the effects of a magnetic field on space weathering.  A solar wind experiment at 

the location of the landing site could confirm orbital data studying the effects of lunar magnetic anomalies 

on solar wind flux (Lue et al., 2011).  The Moscoviense Basin is filled with a number of mare basalt flows 

of varying composition, including low-titanium and high-titanium flows of varying ages (Gillis, 1998; 

Thaisen et al., 2011; Kramer et al., 2008).  The landing site selected is in a region of low titanium, but is 

within 3 km of a region of moderate titanium content and within 15 km of a region of high titanium content 

(Fig. 7.43).  Samples from Mare Moscoviense could be compared to mare samples in the Apollo and Luna 

sample suites to investigate first-order differences in weathering of mare regolith under the influence of a 

magnetic field (Moscoviense) as compared to mare regolith not protected by a magnetic field (Apollo and 

Luna). 

 

FIGURE 7.41 Yellow arrows point to bright lunar swirls on Mare Moscoviense.  Clementine color 

composite image covers ~24.2°N-29°N, 142°E-149°E in sinusoidal projection.  R=950nm, G=750nm, 

B=415nm.  (Blewett et al., 2011). 
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FIGURE 7.42 Magnetic field magnitude in nT at the Mare Moscoviense landing site, at altitudes ranging 

from ~25 to 32km.  Bold black lines outline the general topographic structure of the Moscoviense basin 

rim.  Our landing site falls in the main anomaly (yellow region) of field strength 2.7 nT.  (Hood, 2011). 
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FIGURE 7.43 Landing site shown with Clementine-derived TiO2 abundances overlaid (Gillis et al.,2003). 

Samples of low, medium, and high-titanium regions would best satisfy the goals of 7C. 

The process and formation of lunar swirls is not fully understood.  Some researchers suggest that lunar 

swirls form as an interaction between lofted lunar dust and magnetic anomalies (Kramer et al., 2011; 

Garrick-Bethell et al., 2011).  The finest fraction of the regolith may become charged and lofted from 

centimeters to kilometers above the surface when the terminator crosses, and they may interact with weak 

magnetic anomalies.  The time the dust is lofted is not well known, but it is likely on the order of seconds 

to minutes, twice a lunar day (during the terminator crossing).  The terminator crossing is something the 

Apollo sites experienced (though not with astronauts there), and dust has been observed 60 hours after 

sunrise or before sunset at the equator (Garrick-Bethell et al., 2011).  It is not clearly known how the dust 

grains may be deposited to create the lunar swirls, but dust transport timescales are believed to be on the 

order of 10
5
 years.  Thus, we believe that the lunar swirl near the Mare Moscoviense site will not pose a 

risk to explorers, especially if the mission does not occur during a time of terminator passage. 

Science Goal 7d 

Moscoviense basin has gone through extensive modification, including the introduction of rare foreign 

material by meteorites coming from different locations within the Solar System and ejected rare material 

from large impacts at distant locations on lunar surface.  As discussed in Science Goal 7d, we expect to find 

well-preserved ancient material transported by meteorites during a period of heavy bombardment in the 

walls of fresh lunar craters.  Moreover, rare material transported from distant regions on the lunar surface 

may reside in secondary craters or ancient ejecta.  We believe that within the Eratosthenian age regolith 

layer found in the rim of the fresh crater shown in Fig. 7.39 rare materials implanted by ancient impact 
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events could be identified.  The fresh crater‘s ejecta also offers the opportunity to look for samples of the 

impactor that created the crater. 

A summary of the details of the case study for the Mare Moscoviense landing site is shown in Fig. 7.44. 

 

FIGURE 7.44 Detail of the Mare Moscoviense landing site, situated at approximately 149.4° E and 24.8° 

N, and its immediate surroundings in an LROC WAC mosaic. The landing region is denoted with an ―X,‖ 

surrounded by exploration area circles with 10 km, 20 km, and 30 km radii from the suggested landing site.  

We have marked stations to study, which are described in the legend.  The Mare Moscoviense site provides 

an opportunity to study a layered deposit in the fresh Mare Moscoviense crater, a rille, and a lunar swirl 

within a 20 km radius of the landing site.  In addition, there are three different geological units, as 

described in the Science Goal 7b section above, within only a 10 km radius.  Two pyroclastic vents in the 

area may also be sampled if their deposits reach the site (which is possible due to the nature of pyroclastic 

volcanism on the Moon).  Finally, there is a potential to sample cryptomare at the farthest reaches of our 

proposed circles of exploration.  In summary, the Mare Moscoviense site provides an excellent opportunity 

to study every aspect of Science Concept 7 at a single landing site. 
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Tycho Crater 

This case study is focused on the potential landing site located at approximately 41.4° S and 11.8° W, 

which is about 20 km to the north-west from the Tycho crater.  Tycho is a popular and appealing location 

because it is a well-studied crater.  A mission to Tycho has a great opportunity for gaining public interest, 

which is important for future missions to the Moon.  Figure 7.45 shows an LROC WAC mosaic map of the 

lunar nearside, and the Tycho landing site is demarked with a red dot.  Tycho (Fig. 7.46) is a complex 

crater located at 43.37° S, 348.68° E.  Tycho is 82km in diameter and its central peak is 2km above the 

crater floor, which is 4.7km below the rim.  In 1968, the Surveyor 7 landed on the ejecta blanket 

surrounding its outer rim.   

 

 

FIGURE 7.45 An LROC WAC mosaic of the Moon showing the Tycho landing site with a red dot. 

 

FIGURE 7.46 LROC WAC mosaic of Tycho crater. Mosaic is 130km wide, north is up 

(NASA/GSFC/Arizona State University). 
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Figure 7.47 shows a closer view of the proposed Tycho landing site.  The slope in the region of the 

landing site is between about 4.5-8°, but slope data are from remote sensing (Rosenburg et al., 2011); there 

may very well be flatter surfaces in the region.  For example, we chose the landing site at approximately 

11.5° W, 40.9° S because it is within a melt pond, likely formed by the Tycho impact, that appears flat and 

has low slope.  This melt pond is shown in Fig. 7.48.  The floor of the Tycho is covered irregularly by 

impact melt features (Fig. 7.49). 

 

FIGURE 7.47 The Tycho landing site marked with a red ―x‖, with circles denoting 10-km, 20-km, and 30-

km radius exploration areas centered on the landing site. 

 

FIGURE 7.48 A close-up of the suggested landing site for Tycho.  This site is within a melt pond on the 

ejecta blanket of the site.  This provides a relatively smooth area, even though the surrounding area is 

rough.  LROC NAC Image #M106950070L. 
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FIGURE 7.49 The chaotic floor of Tycho crater.  The chaotic structure is formed by impact melt features. 

Image scale is 0.5m/pixel, image width is 500m. LROC NAC Image #M117568330R  

(NASA/GSFC/Arizona State University). 

Tycho crater was created ~110 million years ago and is relatively young.  The sharp rim of the crater 

and sharp slopes of its peak are features that are characteristic of young craters.  The crater has a very high 

albedo and may be easily seen from Earth without any special instruments.  The area surrounding Tycho is 

covered by many craters of various sizes; some of the smaller ones are Tycho secondary craters.  Tycho has 

well-known and very distinctive ejecta rays, which range up to 1,500km long. 

Figure 7.50 shows a Clementine UVVIS global map and a detailed view of the Tycho landing site.  

From these images, it is apparent that the ejecta directly surrounding the crater is of a different composition 

than that farther out.  Astronauts can easily sample both types of material from our chosen landing site. 
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FIGURE 7.50 Clementine mosaic showing the nearside hemisphere and a detailed view of the Tycho 

landing site.  The region has material of two different compositions, and both are accessible to our 

proposed landing site. 

Science Goal 7a 

The Tycho landing site is located outside the crater on the continuous ejecta blanket, but is within 20 

km of the crater rim.  Possible layered deposits can be found just inside the crater rim within 30 km of the 

landing site (Fig. 7.51).  NAC coverage for Tycho is not complete, so additional layered deposits within 20 

km of the landing site may still be unidentified.  Tycho is located in the highlands in highly cratered pre-

Imbrian terrain, so layers in Tycho‘s walls may expose regolith of pre-Imbrian age.  Slopes for the upper 

edges of the Tycho rim exceed 25 only in some locations; a navigable path to access layered deposits may 

be possible to find.  Preserved pre-Imbrian regolith should also be present beneath Tycho‘s continuous 

ejecta blanket, but no smaller craters penetrate through this layer in the region of the landing site, so the 

older regolith beneath it may be inaccessible.  The thickness of the ejecta blanket at the landing site can be 

calculated using Equation 7.1.  Using this equation, we find that the thickness of the ejecta blanket at the 

landing location is approximately 153 m, decreasing to 43 m at the outermost edge of a 30 km traverse 

away from Tycho from the landing site.  Apollo drill cores reached only 3 m into the regolith; at best, a 

drill core on a future mission might reach 10m into the regolith.  However, the ejecta could be sampled at 

intervals of varying distances from the crater rim, producing a stratigraphic column as described in the 

introduction to this case study.  The ejecta could also be age dated precisely to better determine the 

potential for finding ancient regolith in the layers of the crater. 
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FIGURE 7.51 LROC NAC Image #M144708853 showing layered deposits in the wall of Tycho. 

Science Goal 7b 

The priority of Science Goal 7b is to measure regolith‘s properties at many different locations.  Tycho 

is a large crater, and taking into account also the area covered by its rays it is very large feature indeed.  In 

1968 Surveyor 7 landed on the ejecta blanket, approximately 30 km to the north of Tycho, and in 1972 

Apollo 17 landed on one of the rays about 2000 km away from Tycho. 

Our suggested landing site is closer to the rim of Tycho and may let us compare measurements from 

previous missions (Fig. 7.52).  In addition, we can study regolith not only surrounding Tycho, but also 

covering its rim and slopes, allowing us to better understand the regolith properties at depth in the region.  

None of the previous missions were situated in highlands so far away from PKT Mare.  Another very 

important advantage of this site is that it offers an opportunity to measure the heat flow in lower latitudes.  

Measuring heat flow at Tycho and comparing it to measurements from the equatorial zones will give us a 

better understanding of how the day/night and diurnal heat flow changes with increasing latitude.  For 

future human missions, knowledge of the global heat flow will aid in determining how deep a structure 

must be buried to avoid extreme lunar temperature fluctuations. 
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FIGURE 7.52 LROC WAC view of the Tycho landing site location on a global scale.  The PKT region is 

outlined in pink, and the Apollo 16 and 17 sites are shown with arrows.  Tycho is well outside the PKT 

region, and at much lower latitudes than have been sampled before. 

Science Goal 7c 

For Science Goal 7c, the Tycho landing site is appealing for a variety of reasons.  Most importantly, 

Tycho is a very fresh crater located in the ancient highlands.  From remote sensing maturity maps 

developed by Lucey et al. (2000b), it is apparent that the landing site contains both very immature and 

intermediately mature soil.  Astronauts have not been able to sample such immature material, so we may be 

able to better understand the space weathering process by studying material around the Tycho landing site.   

Another important feature of the Tycho landing site is that the Surveyor 7 spacecraft is within 

accessible distance of our proposed landing site: approximately 20 km away, as shown in Figs. 7.53 and 

7.54.  Surveyor 7 offers a chance to study the effects of space weathering on a known surface for a known 

amount of time, a goal which is specifically stated in the NRC 2007 report.  Additionally, because Surveyor 

7 is located about 20 km away from the proposed landing site, it should not suffer sandblasting effects of 

lander decent engines, as Surveyor 3 experienced when Apollo 12 landed just 183 m away (Heiken et al., 

1991).  Surveyor 7 should therefore provide scientists with a more pristine sample of space weathering on 

manmade surfaces.   
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FIGURE 7.53 Tycho landing site location, and Surveyor 7 (denoted by a blue dot) shown just inside the 

20km mark. 

 

FIGURE 7.54 LROC NACIimage #M119936760LE of the Surveyor 7 landing site, roughly 20km from our 

proposed landing site. 

Finally, the Tycho landing site is not near a lunar magnetic anomaly, so all space weathering processes 

are expected to be normal and representative of the lunar highlands.  Thus, the Tycho landing site is an 

especially good site for Science 7c because of the access to Surveyor 7, the ability to sample material of a 

variety of maturities and the site‘s lack of magnetic anomalies to alter space weathering effects.   

Science Goal 7d 

Tycho is a relatively young crater and this increases the chances of finding meteoritic material in its 

deposits.  Second, Tycho has many secondary craters and crater clusters, making it possible to identify 

ejected material from craters in more distant regions.  Moreover, the fact that Tycho is not located in the 

equatorial zone covered by the Apollo missions gives us the possibility of studying and sampling a 
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potentially very different area.  Another interesting aspect of Tycho is the presence of a layered structure in 

its walls that may expose meteoritic material trapped in the layers.  There is also the possibility to find 

samples of the original Tycho impactor within impact melt in and around Tycho.  The chosen landing site 

is within a small melt pond and will provide immediate access to impact melt material. 

Figure 7.55 summarizes the case study for the Tycho rim landing site.  Tycho could potentially be a 

two-mission site.  If it were deemed possible, a mission could also land inside Tycho to sample the floor, 

central peak, and or some of the crater‘s walls.  At this point, it is unknown whether a mission to Tycho‘s 

floor is possible because of possible surface roughness.  However, if possible we suggest a landing site at 

approximately 42.98° S, 10.78° W.  The slope of this region is 3.66°.  The landing location compared to 

our rim location, as well as a NAC image of the landing site, are shown in Figs. 7.56 and 7.57. 

  

FIGURE 7.55 An LROC WAC image of the suggested landing site on Tycho‘s rim, located at 

approximately 41.4° S and 11.8° W.  The circles represent areas of exploration at 10km, 20km, and 30km 

radii from the landing site.  Stations of interest within the 20km exploration area include the Surveyor 7 and 

layered deposits within the crater walls.  These are marked on the map and explained in the legend.  

Additionally, Tycho‘s ejecta could be sampled at increasing distances from the crater rim, providing a 

stratigraphic column of the excavated depth of the crater.  This information could be useful to the floor 

landing, as it may provide a better understanding of the layering found within the crater.  Overall, the 

Tycho rim landing site provides an excellent opportunity to sample regolith of varying ages from Tycho‘s 

ejecta and possibly its walls.  The lower latitude and highland material is useful for understanding the 

regolith in the area.  Finally, Surveyor 7 provides an opportunity to sample a known material that has been 

on the surface for a known amount of time. 
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FIGURE 7.56 Both our proposed landing sites: the Tycho rim and the Tycho floor sites. 

 

FIGURE 7.57 LROC NAC image M135257592L of the Tycho floor proposed landing site.  We believe it 

may be possible to land on the floor of Tycho, but further study into the roughness of the area is needed. 
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Feasibility Assessment of All Science Concepts within South Pole-Aitken 

Basin 

INTRODUCTION 

While most of the NRC 2007 Science Concepts can be investigated across the Moon, this chapter will 

focus on specifically how they can be addressed in the South Pole-Aitken Basin (SPA).  SPA is potentially 

the largest impact crater in the Solar System (Stuart-Alexander, 1978), and covers most of the central 

southern farside (see Fig. 8.1).  SPA is both topographically and compositionally distinct from the rest of 

the Moon, as well as potentially being the oldest identifiable structure on the surface (e.g., Jolliff et al., 

2003).  Determining the age of SPA was explicitly cited by the National Research Council (2007) as their 

second priority out of 35 goals.  A major finding of our study is that nearly all science goals can be 

addressed within SPA. 

As the lunar south pole has many engineering advantages over other locations (e.g., areas with 

enhanced illumination and little temperature variation, hydrogen deposits), it has been proposed as a site for 

a future human lunar outpost.  If this were to be the case, SPA would be the closest major geologic feature, 

and thus the primary target for long-distance traverses from the outpost.  Clark et al. (2008) described four 

long traverses from the center of SPA going to Olivine Hill (Pieters et al., 2001), Oppenheimer Basin, Mare 

Ingenii, and Schrödinger Basin, with a stop at the South Pole.  This chapter will identify other potential 

sites for future exploration across SPA, highlighting sites with both great scientific potential and proximity 

to the lunar South Pole. 

 

FIGURE 8.1 The location of SPA, first on the left in a cylindrical projection centered on the central 

nearside, and then on the right in an orthographic projection centered on SPA.  The latter projection will be 

used throughout this chapter. 

 

SCIENCE CONCEPT 1: THE BOMBARDMENT HISTORY OF THE INNER SOLAR SYSTEM IS 

UNIQUELY REVEALED ON THE MOON 

Impact cratering is the dominant geologic process affecting planetary surfaces.  The record of those 

processes is well preserved on the Moon, where events stretching as far back as at least 4 Ga can be 

studied.  This makes the Moon an ideal site to study the bombardment history of the inner Solar System.  

Impact craters can also provide probes of the lunar crust and potentially the upper mantle.  Those scientific 

goals associated with the flux and timing of impact events will be addressed here.  Those goals associated 

with the geology of the cratering process and its utility for exposing the lunar interior will be addressed 

later in this chapter. 
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Impacting asteroids and comets have produced several types of impact structures.  The smallest events 

produce simple, bowl-like craters (Fig. 8.2).  Smaller impact events occur far more frequently than larger 

ones, so simple craters are the most common impact structure.  Larger events produce complex impact 

craters with uplifted central peaks or central peak rings.  The walls of these craters also collapse, producing 

a modification zone that enlarges the diameter of the crater.  The transition diameter between simple and 

complex craters on the Moon is ~18–20 km (Pike, 1977).  The largest collisions produce impact basins 

greater than 300 km in diameter (Fig. 8.2).  These events are the least frequent type of impact and all of 

them were produced before 3 Ga. 

To determine the timing of impact events and, thus, determine the flux, we need samples of impact melt 

or other impact lithologies whose radiometric ages were reset by the impact events.  The volume of melt 

produced also increases with crater size.  Most of the melt will remain in the craters, but some of it will be 

ejected.  As we assess the Science Goals of the NRC‟s (2007) Science Concept 1, we are identifying those 

areas where these chronologically-significant lithologies can be found on the lunar surface. 

 

FIGURE 8.2 Three types of structural morphologies for lunar craters.  Taruntius H (left) has a simple crater 

structure; bowl-shaped, without additional complexity to its floor.  Tycho (center) represents the central-

peak complex crater morphology; a prominent peak located at the center of a relatively flat crater floor.  

Schrödinger depicts a peak-ring complex crater; much larger in size with evidence of at least one inner 

ring. 

 

Science Goal 1a: Test the Cataclysm hypothesis by determining the spacing in time of the creation of 

lunar basins 

The early history of the Moon is not very clearly understood.  After the accretion of the Earth and 

Moon, there is little available evidence to definitively explain the rate and magnitude at which impact 

events were occurring within the inner solar system.  The Cataclysm Hypothesis (commonly referred to as 

the Late Heavy Bombardment, or LHB), describes a period of time roughly 3.8–4.1 Ga during which a 

large number of impact craters are believed to have formed (Fig. 8.3).  It suggests that the largest craters 

observed on the Moon, vast multi-ringed impact basins, were formed in a relatively short period by a high 

flux of large impactors rather than from a more gradual and continuous post-accretion impact flux decay 

rate.  This pulse of activity is estimated to have occurred well after impact-causing debris left over from 

solar system formation had ceased.  The reality or not of an inner solar system cataclysm is important in 

understanding conditions on Earth around the time that life was first emerging (NRC, 2007). 

 Schrödinger (320 km) 
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FIGURE 8.3 A diagram of the current understanding for the Lunar Cataclysm Hypothesis (Kring, 2003). 

With currently available data, it is difficult to decide whether a cataclysm occurred or whether the 

cratering rate smoothly declined with time after lunar origin.  Determining the ages of impact-melt rocks 

from the South Pole-Aitken Basin (the stratigraphically oldest lunar basin) and major impact basins within 

SPA should hopefully resolve this issue (Fig. 8.4).  The precision required to date these events accurately 

requires well-chosen samples to undergo isotopic analysis in terrestrial laboratories. 
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FIGURE 8.4 Lunar craters greater than 140 km diameter and their estimated ages found in SPA.  Apollo is 

labeled, while 1 corresponds to Schrödinger and 2 to Amundsen-Ganswindt. The yellow lines surrounding 

the South Pole (labeled SP) indicate distances of 500 km and 1000 km traverse limits, while the dashed 

white line represents the extent of the SPA Basin.  The base map is Clementine 750nm UV-VIS centered at 

(56 S, 180 E).  The data for these points can be found in Table A9.1. 

As there are nearly 30 distinct craters greater than 140 km diameter within SPA – 5 within 500 km of 

the lunar South Pole, and 12 within a 1000 km traverse – it is not hard to find sample locations.  

Schrödinger offers several different areas of interest, as described in Chapter 1 of this report (Fig. 8.5).  

Because the Schrödinger basin-forming event excavated and uplifted impact melted material from the SPA 

event, one may be able to collect samples at a single landing site that provides the ages of both events.  

That outcome would virtually bracket the entire basin-forming epoch (Kring, 2009).  Other basins within 

the nearest traverse limit include the pre-Nectarian basins Amundsen-Ganswindt, Ashbrook, Drygalski; and 

the Nectarian basin Zeeman.  Antoniadi, an Upper Imbrian age basin, and the Eratosthenian Hausen basin 

can be found just outside this traverse limit along with 4 other pre-Nectarian and a Nectarian aged basin, all 

comfortably within 1000 km.  Apollo would be a high priority target as it is the last of the pre-Nectarian 

basins, but it lies roughly 1500 km from the southern pole at (36 S, 151 W) making it an option for sortie 

missions. 
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FIGURE 8.5  The three landing sites and corresponding 10 km EVA radius (20 km return trip) for 

Schrödinger described in Science Concept 1. 

 

Science Goal 1b: Anchor the early Earth-Moon impact flux curve by determining the age of the 

oldest lunar basin (South Pole-Aitken Basin) 

In the past, relative age dating of the lunar surface has been conducted by crater counting on ejecta 

blankets.  Although some ages of lunar basins are known from radiometric age dating of lunar samples, we 

still do not have an age for the oldest basin on the moon, the South Pole-Aitken (SPA) Basin.  As the oldest 

basin, SPA is a critical calibration point for subsequent relative age dating of the Moon.  To precisely 

determine the age of SPA, samples must be returned with impact melts derived from the ancient impact. 

SPA exhibits an FeO-rich anomaly relative to non-mare lunar crust in its interior that is in stark contrast 

to the surrounding highland feldspathic terrain (Jolliff et al., 2000).  This anomaly suggests a deeper, more 

mafic composition is involved in the crust within the basin, which implies the presence of impact melt 

derived from the SPA impact that melted the lower crust and possibly the upper mantle (Lucey et al., 

1998).  As the oldest basin on the moon, SPA has undergone extensive overprinting by subsequent mare 

emplacement, impact craters, and basin materials, but still maintains a distinctive chemical signature.  This 

indicates that SPA-derived impact melts, which can be used to date the basin formation, should be 

prevalent within the basin interior. 

  Given the immense volume of estimated impact melt from SPA (~1.38×10
8
 km

3
 (Morrison, 1998)) and 

the prevalent FeO anomaly, it is likely that impact melts would be widespread in regolith samples 

throughout areas of the basin within the transient crater diameter, which is where the central melt sheet 

would have pooled.  Petro and Pieters (2003) calculated that ~59% of the surface components at an interior 

location (59.5°S, 165.5°W) are derived from original SPA impact melt breccia while Haskin et al. (2003) 

estimate ~80% of the surface material at a similar location (60°S, 160°W) is indigenous to SPA.  
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While impact melts may be pervasive in the regolith, the impact melts therein cannot be explicitly 

linked to the SPA impact without hundreds of analyses (Kring, personal communication).  It may be more 

unambiguous to examine coherent sections of impact melt in the uplifted central peaks of complex craters 

that overlay the SPA melt sheet.  Twenty-three complex craters (Fig. 8.6, Table 8.1) with preserved central 

peaks visible in high-resolution (~100 m/pixel) Clementine data lie approximately within the FeO anomaly.  

Models have estimated that the amount of foreign material within the central area of SPA could range ~35–

1075 m (Petro and Pieters, 2004), but each of these craters is likely to excavate material from depths below 

the regolith.  All but three of these craters lie within at least one of the three transient crater (TC) 

dimensional estimates shown as white rings in Fig. 8.6.  Over half of these craters lie within all three of the 

TC estimates (Table 8.1) and should be considered the best locations for finding impact melt with the high 

FeO signature.  In addition, two craters lie within a ring defined by a Constellation Tier 2 site selection as 

part of the TC rim.   
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FIGURE 8.6  Locations and approximate sizes of complex craters with discernable central peaks within the 

SPA where the largest dashed circle represents the outer extent of SPA.  Areas of bright yellow show the 

SPA mafic (high FeO) anomaly.  The two solid white circles in SPA‟s interior represent minimum (1160 

km) and maximum (1470) estimates for the transient crater diameter calculated from an equation in Spudis 

(1993) and centered at 56° S, 180° E.  The smaller dashed white circle is the transient crater estimate by 

Petro and Pieters (2002) (1260 km, centered at 56° S, 170° E).  Black arcs around the south pole represent 

the 500 km and 1000 km traverse limits. 



484 

 

TABLE 8.1 Name, location, age, and central peak (CP) depth of origin information for complex craters featured in Fig. 8.6.  The ID# corresponds to the same 

number given in later tables for the same crater features (e.g., Table A9.3).  This table also indicates if a crater lays within each of the transient craters (TC) as 

well as a 1000 km traverse limit from the lunar South Pole.  None of the craters in this table can be found within 500 km of the South Pole.  The CP depth of 

origin values were extrapolated from Fig. 24 in Cintala and Grieve (1998). 

ID # Name Latitude Longitude 
Diameter 

(km) 

Estimated Age                                   

(Wilhelms and 

Byrne, 2009) 

CP Min. 

Depth of 

Origin 

(km) 

Lower TC 

estimate 

calculated from 

Spudis, 1993 

(1160km) 

Upper TC 

estimate 

calculated from 

Spudis, 1993 

(1470km) 

 Petro and 

Pieters (2002) 

TC estimate 

TC defined by 

LROC Tier 2 site 

& SPA center 

1000 km 

traverse 

limit 

2 Birkeland -30.416 173.836 82 Eratosthenian 13.34           

3 Finsen -42.555 -177.99 72 Eratosthenian 11.56 X X X     

5 Antoniadi -69.534 -173.155 143 Upper Imbrian 24.62 X X X   X 

9 Lyman -65.093 161.88 84 Upper Imbrian 13.70 X X X   X 

10 Maksutov* -41.089 -168.664 83 Upper Imbrian 13.52 X X (partial)     

12 Oresme V -40.951 165.081 51 Upper Imbrian 7.91 X X X     

13 White -45.166 -159.071 39 Upper Imbrian 5.88 X X       

15 Fizeau -58.345 -134.314 111 Upper Imbrian                       
(Lower Imbrian?) 18.62   (partial)     X 

17 Alder -48.751 -178.315 77 Lower Imbrian 12.45 X X X     

18 Grissom M -49.311 -148.422 38 Lower Imbrian 5.72   X       

19 Oppenheimer U -34.864 -168.186 38 Lower Imbrian 5.72   X       

21 Rumford -29.182 -169.898 61 Lower Imbrian 9.63           

29 Bhabha -55.732 -165.291 64 Nectarian 10.15 X X X     

30 Bose -54.166 -169.648 91 Nectarian 14.96 X X X X   

31 Boyle -53.494 177.566 57 Nectarian 8.94 X X X X   

34 Eijkman -63.441 -142.839 54 Nectarian 8.42   X     X 

35 Hopmann* -51.108 158.825 88 Nectarian 14.42 X X X     

36 Numerov -70.584 -162.9 113 Nectarian 18.99 X X X   X 

37 Orlov -26.128 -175.373 81 Nectarian 13.16           

42 Von Karman* -44.8 175.9 180 Pre-Nectarian 31.72 X X X     

43 Davisson -38.147 -175.077 87 ~~~~~~~ 14.24 X X (partial)     

44 Oresme Q -44.553 166.972 23 ~~~~~~~ 3.29 X X X     

45 Stoney -55.812 -156.506 45 ~~~~~~~ 6.89 X X X     
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If limited to a 1000 km traverse from an outpost at the South Pole, five craters lie within at least one of 

the TC estimate rings; three of these craters lie within all the TC estimate rings (Antoniadi, Lyman, 

Numerov) and should be considered the best sites of the five.  None of the original 23 craters lie within a 

500 km traverse limit of an outpost at the South Pole.  The best sites to sample SPA impact melt are likely 

to be Antoniadi (Fig. 8.7) and Lyman (Fig. 8.8) craters. 

 

FIGURE 8.7  High-resolution Clementine image of Antoniadi, which is a recommended site for Science 

Goal 1b.  The black arc represents the 1000 km traverse limit.  The two white arcs represent SPA transient 

crater diameter estimates listed in the text. 
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FIGURE 8.8 High-resolution Clementine image of Lyman, which is a recommended site for NRC (2007) 

Science Goal 1b. 
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Science Goal 1c: Establish a precise absolute chronology 

The current grasp on a lunar chronology (Fig. 8.9) comes from combination of radiometric dating of 

returned Apollo samples, numerous crater count studies, and less confident methods such as systems 

utilizing albedo measurements of the lunar surface to correlate brightly rayed craters with a newer surface 

(Hiesinger and Head, 2006).  However, there can be several uncertainties associated with each of these 

techniques that can make it difficult to form an accurate chronology.  Dating rock samples provides the best 

constraint on age and are the only source to providing an absolute age, but determining where the rocks 

originated in order to classify a geographical unit can be a challenge.  Unfortunately there have been very 

few locations sampled thus far which further substantiates the importance of returning to the Moon to 

collect a greater range of samples and increase the necessary dataset.  Crater counting techniques allow for 

large regions to be sampled and relative ages to be designated, but they cannot provide a definite age for a 

given unit.  If one is to attempt to gain a chronostratigraphic constraint for the moon similar to the present 

understanding of the Earth‟s, the amount of data used for dating methods must improve and increase 

considerably. 

 

FIGURE 8.9 Comparison of three attempts at lunar chronostratigraphy illustrating the uncertainty that 

remains in its current understanding (adapted from Hiesinger and Head, 2006). 

It would be advantageous to sample a vast number of geologic units of varying ages over the entire 

surface of the Moon to obtain the best constraint and most comprehensive dataset for establishing an 

absolute lunar chronology.  Due to the great age and size of the SPA Basin, it seems only logical that a 
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significant amount of geologic material representing every lunar epoch can be ascertained within the 

basin‟s walls.  Not only this, but within a distance of 500 kilometers from the South Pole, craters with ages 

encompassing all six of the currently defined epochs can be found (Figs. 8.10 and 8.11).  Further analyses 

of the SPA region using various remote sensors collecting spectral data in the coming years will almost 

certainly locate a similar diversity of geologic features within a much smaller area – one that might be 

manageable for even short term traverses. 

Furthermore, as the accuracy and efficiency of crater counting computer models improves, estimates on 

these surfaces can be made with greater confidence.  Considering the extensive expanse of the SPA Basin, 

it is rather humiliating to have such a small sample of identified craters, with even a smaller number of 

them presently dated. With absolute dating from sampled rocks, the models can be improved upon and 

refined to allow for more extensive dating of regions not yet sampled but soon to be imaged with an 

unprecedented level of resolution. 

 

FIGURE 8.10  Estimated ages of named craters within 1,500 km of the center of SPA Basin (56° S, 180° 

E) from the Crater Database (Losiak et al., 2009). The blue line indicates the 500 km traverse limit from 

the lunar South Pole.  See Table A9.2 for the coordinates and names of these craters. 
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FIGURE 8.11  Estimated ages of named craters within 1,500 km of the center of SPA Basin (56° S, 180° 

E) from the Crater Database (Losiak et al., 2009). The blue line indicates the 500 km traverse limit from 

the lunar South Pole.  In this map, the areas of the circles are proportional to craters‟ diameters.  See Table 

A9.2 for the coordinates and names of these craters. 

 

Science Goal 1d: Assess the recent impact flux 

Understanding the history of the lunar surface for the most recent period (<100 Ma) is useful for several 

reasons.  It is of specific interest to the current space program in order to have a better idea of what the 

lunar environment is like and its implications for sending manned and/or robotic missions to the surface.  

The current bombardment rate of micrometeorites could affect engineering concepts and standards for the 

Constellation program and others to follow.  Learning more about the most recent impact flux also provides 

information to either verify or refute such events as the mass extinction hypotheses due to impact processes 

on the Earth (e.g., the Cretaceous/Tertiary (K/T) and Permian/Triassic (P/Tr) boundary events).   Also, by 

further investigating the recent impact history on the lunar surface and its support of a more accurate 

absolute chronology, an enhanced relative chronology can be suggested in regards to both the Moon and 

the Earth. 

To understand the impact flux over the most recent part of the Copernican epoch it will be necessary to 

locate and analyze lunar rock samples from the youngest craters and basins possible.  Identifying these 
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areas is fairly simple on the most fundamental level due to the exquisite nature that the lunar environment 

provides for crater preservation.  As the primary source of erosion on the Moon is caused by overlaying of 

ejecta from more recent events, these youngest impact formations can be recognized by a simple review of 

the lunar surface imagery over a broad scale. 

As crater recognition software and the level of resolution in imagery improve for lunar surfaces, this 

task can be more easily performed and on a much smaller scale (Fig. 8.12) than presently capable, allowing 

for the generation of larger and more complete data sets of cratering events.  For now, it remains the 

responsibility of investigators to identify these features through perhaps more tedious surveys.  However, 

on a larger scale, with the existing quality of available images, these sites appear bright and fresh with very 

few (if any) signs of ejecta deposition caused by even more recent cratering events (Fig. 8.13). 

 

FIGURE 8.13  Fechner T located on the western edge of SPA at (58.771° S, 122.304° E) with a diameter of 

14 km is shown with Clementine High Resolution UV-VIS (left) and in false-color (right).  The noticeable 

brightness of this crater hints at its young age. 

For studying the most recent impact flux (e.g., events occurring since the dawn of space exploration) 

two methods can be utilized, as suggested in Chapter 1d of this report. 

(i) a comparison of old and new imagery in order to identify craters which have formed in the 

interim, and 

(ii) deployment of seismometers as part of a global network in order to detect the seismic waves 

created by meteoroid impacts (the site of the impact and the size of the meteoroid can thus be 

estimated. 

Performing a quick survey over the highest quality images currently available for the South Pole-Aitken 

Basin (Clementine UV-VIS, 1994), several fresh craters were mapped in ArcGIS to investigate their 

distribution (Fig. 8.14).  Those with sharp rims and bright ejecta and rays are considered bright, fresh 

craters.  Within SPA, there are certain areas that demonstrate a higher concentration of fresh craters than 

others which should be the regions to focus attention on for investigating Science Goal 1d.  Several bright, 

fresh craters were found between craters Bose and White (~1200 km from the South Pole).  Three clusters 
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were identified in this region appropriate for possible sortie missions.  The largest being a group of 10 

craters clustered in a region with the largest dimension of just 100 km.  This means that within a 50 km 

radius traverse, at least 10 fresh (likely Copernican) craters could be sampled. 

 

 

FIGURE 8.14  The distribution of bright, fresh craters within SPA Basin. (Fagan, 2009) 

 

Science Goal 1e: Study the role of secondary impact craters on crater counts 

A large number of small impact craters on the Moon could in fact be secondary craters.  The proportion 

of secondary craters to primary craters may be larger than previously believed.  “If true, the flux of small 

primary impact craters on the Moon might have been overestimated, which could have effects on the 

precise shape of the standard distribution.” (NRC, 2007)  The relative dating of surface locals based on 

crater size frequency distribution plots (CSFDs) can be a useful method for estimating the ages of broad 

regions, but it can only be as accurate as the information employed in the analyses.  The “noise” created by 

secondary cratering can skew the results making previous estimates inadequate, further signifying the 

necessity for a greater basis of ground-truth values. 

To fully study the extent to which secondary cratering events dominate the lunar terrain, a 

comprehensive examination should be done on a global level.  However, within SPA there exist several 

areas with significant secondary crater fields that can be used to clarify the problem.  Providing a better 

constraint on the limits to which secondary cratering can occur will allow for better scaling models to be 

produced and in turn better aging estimates made through CSFDs.  Collecting samples from areas of 

previous focus to test the validity of the proposed dating schemes will be highly useful.  Schrödinger basin 
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is one of these regions that has been studied rather extensively by Shoemaker (1994) and would be an area 

of significant interest due to its relative locality to the South Pole.  Smaller craters with prominent 

secondary cratering features will also be useful for shorter duration traverses.  A specifically noticeable 

example is situated near the Jules Verne Y crater (30.764 S, 145.286 E) in the NW region of SPA with 

extensive ray formations (Fig. 8.15). 

 

FIGURE 8.15  Unidentified butterfly crater (30.764 S, 145.286 E) near Jules Verne Y (immediately E-

SE) and the edge of SPA Basin (dashed line).  Taken with Clementine High Resolution UV-VIS (left) and 

in false-color (right).   

 

SCIENCE CONCEPT 2: THE STRUCTURE AND COMPOSITION OF THE LUNAR INTERIOR 

PROVIDE FUNDAMENTAL INFORMATION ON THE EVOLUTION OF A DIFFERENTIATED 

PLANETARY BODY 

Science Goal 2a: Determine the thickness of the lunar crust (upper and lower) and characterize its 

lateral variability on regional and global scales 

Information about the thickness of the lunar crust can be obtained from topographic and gravity 

measurements which have been made remotely.  Various attempts have been made to model the thickness 

of the lunar crust using such data (Zuber et al., 1994; Neumann et al., 1996; Wieczorek and Phillips, 1998; 

1999; Wieczorek et al., 2006).  Such models are powerful tools for examining the physical nature of the 

lunar crust, however, one must be aware of their potential weaknesses.  The uncertainty of gravity data 

(particularly for far side locations) which has been used to generate these models, for example, will result 

in limited accuracy for crustal thickness values.  The calibration of these models uses seismic data obtained 

at the Apollo 12 and 14 sites, and is therefore not ideal for extrapolation to farside locations such as SPA.  

Assumptions made in order to generate models will also limit their accuracy.  One such assumption is the 

level of stratification in the lunar crust.  Different crustal thicknesses will be estimated if the crust is 

modeled as a single layer with a constant density, than if it is modeled with multiple layers of varying 
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densities.  In the case of modeling the crustal thickness over large impact basins the presence of surficial 

mare deposits and thick impact melt sheets may also distort modeled crustal thicknesses. 

Through analysis of the laser ranging instrument (LIDAR) data from the Clementine spacecraft, Zuber 

et al. (1994) found the far side crust to be approximately 68 km thick on average, making it 8 km thicker 

than their estimate for the near side crust.  Their models also highlight the thinning of the crust which tends 

to occur beneath impact basins.  For example, they estimate a thickness of 20 km below SPA.  Neumann et 

al. (1996) believe this value to be an underestimate due simplified assumptions in the method used.  

Neumann et al. (1996) obtained similar values of 55 km and 67 km for the near and far sides respectively.  

Their model shows the crust beneath SPA thinning to a minimum of ~35 km. 

Models by Wieczorek and Phillips (1998, 1999) also suggest that, despite the size of SPA, the lunar 

mantle has not been exposed by the formation of the basin and estimate that approximately 40 km of lower 

crustal material remains beneath the basin floor.  It is possible that these models are misleading, as they do 

not account for the possibility of an impact melt sheet, which itself could have a thickness of more than 40 

km (Cintala and Grieve, 1998).  Wieczorek and Phillips (1998) acknowledge this, but defend their 

conclusion that no mantle material was exposed by SPA.  They highlight the low iron concentration in the 

highland regions surrounding the basin (Lucey et al., 1995, 1998; Gillis et al., 2004) as being inconsistent 

with ejecta material derived from either the lunar mantle or lower crust. 

For this study, we have used a „dual-layered crust‟ moho depth model developed by Wieczorek et al. 

(2006) and combined this with topographic data obtained by the Kaguya (SELENE) probe in order to 

obtain a map of crustal thickness below SPA (Figs. 8.16 and 8.17).  This map indicates major crustal 

thinning beneath SPA (Fig. 8.18) and beneath several of the major basins within SPA such as Apollo and 

Schrödinger.  This thinning is observed to be most exaggerated in the center of the basin. 

Sampling uplifted material from central peaks and peak rings of craters and basins as well as impact 

melt from craters which might have breached the crust mantle boundary would also help constrain 

estimates of crustal thickness when combined with impact models.  Attempts have been made to identify 

such exposures of mantle material have been made (Pieters, 1993; Tompkins and Pieters, 1999; Pieters et 

al., 2001; Cahill et al., 2009a;2009b).  One possible location of mantle exposure which has been noted is an 

area near the center of SPA (57° S, 160° W) which Pieters et al. (2001) identified as having unusually high 

concentrations of olivine („Olivine Hill‟).   
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FIGURE 8.16 Clementine 750 nm image of SPA.  SPA basin is identified with dashed black line.  

Several locations of interest are marked on the image, as is the south pole (red dot), and 500 and 1000 

km traverse limits from the south pole. 
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FIGURE 8.17 a. Topographic map of SPA, based on Kaguya (SELENE) data.  b. Moho depth map, 

obtained using the dual-layered crustal thickness model of Wieczorek (2006). 
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FIGURE 8.18 Radially averaged crustal thickness profile for SPA (see Fig. A9.1).  Solid line represents 

the averaged topography of SPA; dashed line represents the depth of the moho.  The depths of origin for 

crater central peaks and depths of melting (Cintala and Grieve, 1998) have been superimposed on this 

profile, and adjusted for the radially averaged surface elevation. 

Using relationships developed by Cintala and Grieve (1998), we have calculated the approximate 

depths for the origins of central peaks of craters within SPA as well as the depths of impact melting.  We 

then compared these values against a radially averaged profile of crustal thickness in SPA in order to obtain 

an estimate of which craters may have either excavated or melted mantle material.  The most likely 

candidate crater was found to be Von Karman (Fig. 8.19c), as it was the only site with a depth of 

excavation and melting clearly exceeding the modeled crustal thickness.  However, remembering that the 

profile is a radially averaged profile, and considering the potential weaknesses of the crustal thickness 

model used, we consider several other craters to be worth further investigation.  These are Bose, Antoniadi 

and Zeeman (Figs. 8.18 and 8.19).  Of these craters Antoniadi is within 1000 km of the south pole, while 

Zeeman is within 500 km. 

Emplacement of seismic stations would be another method for obtaining data regarding the thickness of 

the lunar crust.  A variety of locations could be utilized for this purpose, in order to fully exploit the 

variations in crustal thickness throughout SPA.  We suggest that seismic surveys should be performed near 

the center of the basin, where the crust is likely to be thinnest.  The olivine hill area identified by Pieters et 

al. (2001) would provide one such location while remaining, and lies approximately 1000 km north of the 
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south pole.  Within 500 km of the south pole, Schrödinger basin (Figs. 8.16 and 8.19a) may provide the 

thinnest crust for potential seismic studies. 

Science Goal 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 

The lower mantle will not be accessible for direct sampling; however it is possible that samples of 

upper mantle material may be obtained. 

Geophysical studies, in particular seismic networks, will almost certainly be the most revealing method 

for studying the chemical and physical stratification within the mantle.  The depth to which such studies 

can examine will be limited by the lateral distribution of survey locations.  At a top level, the wider the 

lateral distribution of seismic arrays, the deeper one can study.  Upper limits for this distribution will 

depend on the mission architecture, and whether site selections will have to be within 1000 km or 500 km 

of the south pole. 

Science Goal 2c: Determine the size, composition, and state (solid/liquid) of the core of the Moon 

The characteristics of the Moon‟s core are largely beyond the scope of many possible surface studies.  

As with studying the lunar mantle, geophysical studies involving seismic surveys may provide the most 

information about the lunar core.  The depth which can be studied will rely on the lateral distribution of 

seismic nodes.  In order to obtain information pertaining to the lunar core, a seismic network would most 

likely need to extend beyond the limits of SPA.  A global geophysical network is advised to perform such 

studies. 

Studying areas of known magnetic anomalies may also provide some information about the past state of 

the Moon‟s core (Wieczorek et al., 2006).  For example, remnant magnetism retained in geologic samples 

of different ages may help to constrain the period over which the Moon had a magnetic field, providing an 

indication of whether the Moon‟s core was liquid or solid at a given time during lunar geologic history.  

Analysis of Apollo samples has provided some indication of a lunar paleo-magnetic field varying between 

approximately 1-10 μT (~4.0-3.9 Ga) and 100 μT (~3.9-3.6 Ga), before returning to 1-10 μT (~3.6 Ga to 

the present) (Cisowski et al., 1983; Runcorn, 1994; 1996; Wieczorek et al., 2006; Garrick-Bethell and 

Weiss, 2007; 2008). 

Halekas (2003) used Lunar Prospector Electron Reflectometer data to study the magnetic fields 

associated with multi-ringed basin structures.  They identified magnetic anomalies in the basins Bailly and 

Apollo.  Similar studies of lunar crustal magnetic fields (Hood et al., 2001; Mitchell et al., 2008) have also 

revealed prominent magnetic field strengths around the SPA region.  The origin of these particular 

anomalies is uncertain.  Mitchell et al. (2008) have suggested they could be caused by impact processes, 

and therefore may not be related to the nature of the lunar core.  For this reason site selections based on 

magnetic anomalies are given with caution, and should not be chosen on the merit the magnetic anomalies 

alone.  Sampling material within the magnetic anomalies in SPA would be possible in Apollo basin.  Bailly 

and Schrödinger are also believed to exhibit magnetic anomalies (Halekas et al., 2003; Mitchell et al., 

2008) and are within 500 km of the south pole. 

Science Goal 2d: Characterize the thermal state of the interior and elucidate the workings of the 

planetary heat engine 

The main source of accessible information about the thermal state of the Moon‟s interior is volcanic 

material.  Constraining the source depths, eruptive temperature, and timing of volcanic activity is vital for 

understanding the workings of the lunar heat engine.  As the only directly sampled rocks from the Moon 

come from the nearside, it is not known exactly how farside volcanic material might differ from that which 

we have already sampled.  By sampling such volcanic materials, and subjecting them to extensive 

petrologic studies it hoped that a more complete understanding of lunar volcanism can be obtained.  

Samples of farside volcanic rocks will also help provide ground truthing for the interpretation of remote 

sensing data such as spectral imaging. 

There are several craters and basins within SPA which contain both mare material and other volcanic 

products.  Notable examples are Antoniadi, Ingenii, Oppenheimer, Von Karman, Leibnitz, and Schrödinger 

(Stuart-Alexander, 1978).  Schrödinger is of particular interest due to the apparent presence of both mare 
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basalt and pyroclastic deposits (Shoemaker et al., 1994; Kohout et al., 2009).  It is also an attractive 

location from an operational perspective due to it‟s location within 500 km of the south pole.  A more 

detailed description of the distribution of volcanism within SPA can be found in section 9.5 of this report. 

It is also possible to obtain information about the thermal state of the Moon using heat flow probes.  

Ideally these would be deployed in a number of locations, each providing examples of different lunar 

terrains.  Within and near SPA, locations can be found containing noritic lower crustal material 

(widespread around the central region of the basin), feldspathic highland material (around the basin edges 

in locations such as Hausen crater), and mare basalt (found in a number of craters).  It would also be 

worthwhile to deploy heat flow probes in areas of increased Th concentration, as this is an indicator of 

KREEP-rich material.  Such material is understood to be enriched in heat-producing elements such as U 

and K, as well as Th (Lucey et al., 2006). 

Summary 

TABLE 8.2 NRC 2007 Science Concept 2 target locations (favored sites highlighted). 

 

The locations discussed for Science Concept 2 have been summarized above.  It is apparent that several 

locations (highlighted) are particularly attractive target sites for addressing multiple science goals.  For a 

500 km traverse, we have chosen Schrödinger as a top priority location.  For a 1000 km traverse, Antoniadi 

was chosen.  For a >1000 km sortie, Von Karman was chosen. 

Recommendations 

Following this study, we have a number of suggestions for future studies which we believe would be 

important focus on, prior to making final plans for future manned lunar missions.  These include: 

 Obtaining higher resolution laser altimetry data of the lunar surface so that smaller scale (less 

than one degree) topographic features can be resolved. 

 Improving processing of existing gravity and topographic data to help refine crustal thickness 

models. 

 Developing a seismic network, with nodes distributed across the entire lunar surface.  This 

would help answer many of the questions related to the second science concept in the 2007 

NRC report.  It would also allow for improved calibration of crustal thickness models in areas 

beyond those studied by the Apollo 12 and 14 seismic experiments. 

Location Latitude Longitude

2a;2c;2d -74.6 132.2 500

Zeeman 2a;2b -75.5 -136.0 500

Bailly 2c -66.0 -66.9 500

Antoniadi 2a;2b;2d -69.5 -173.2 1000

Olivine Hill 2a;2b -57.0 -160.0 1000

Von Karman 2a;2b;2d -44.8 175.9 >1000

Apollo 2c -36.3 -152.0 >1000

Bose 2a -54.2 -169.6 >1000

Ingenii 2d -43.0 165.0 >1000

Leibnitz 2d -38.7 179.0 >1000

Oppenheimer 2d -35.9 -166.0 >1000

NRC Goals 
addressed

Distance from 
south pole (km)

Schrödinger
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SCIENCE CONCEPT 3: KEY PLANETARY PROCESSES ARE MANIFESTED IN THE 

DIVERSITY OF LUNAR CRUSTAL ROCKS 

While the samples returned by the Apollo and Luna missions have been invaluable to the study of lunar 

geology, the relatively limited sampling area suggests our sampling of lunar lithologies is incomplete.  The 

SPA basin may provide an opportunity to sample a range of materials from different parts of the lunar crust 

and of widely ranging ages (Stuart-Alexander, 1978; Wilhelms et al., 1979; Jolliff et al., 2003). 

Observations of the compositional characteristics of the Moon‟s surface materials have enabled lunar 

geologists to develop models of lunar geological evolution.  Fundamental to all of these theories is the 

differentiation of the Moon and resulting formation of a lunar crust and differentiated interior (Fig. 8.19).  

This concept is described with the global magma ocean hypothesis (Smith et al., 1970; Wood et al., 1970; 

Warren, 1985). 

 

FIGURE 8.19  a. Idealized cross-section of major lunar crustal terranes.  (Source: Planetary Science 

Research Discoveries, University of Hawaii).  b. Idealized cross-section of the lunar megaregolith. (Hörz 

et al., 1991) 

The hypothesis involves the formation of global magma ocean due to the heating by rapid accretion.  

This is followed by a period of differentiation, in which denser mafic minerals (olivine and pyroxene) sink 

to the bottom of the system, while less dense plagioclase floats to the top to form the early lunar crust.  In 

between the crust and mantle, a residual layer of incompatible elements formed, which lunar geologists 

refer to as KREEP, due to the concentrations of Potassium (K), Rare Earth Elements (REE) and 

Phosphorus (P).  This hypothesis provides us with a number of testable predictions about the lunar crust 
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with regard to the SPA region.  For example, if SPA has exposed the upper mantle or lower crust of the 

Moon, we should observe more mafic materials on the basin floor.  Similarly, if the KREEP layer was 

globally distributed below the crust of the Moon, and the SPA impact excavated below the crust, then the 

geochemical KREEP signature should be apparent in the material excavated by the formation of the basin, 

as it is around the many of the nearside basins (Jolliff et al., 2000). 

Science Goal 3a: Determine the extent and composition of the primary feldspathic crust, KREEP 

layer, and other products of planetary differentiation 

One of the primary advantages of studying a cratered planetary surface is that many materials which 

would normally be buried are exposed by the cratering process.  Impact ejecta, for example, will contain 

excavated material and should be considered an important source for geologic samples of buried crustal 

lithologies (Kring, 2009).  However, exposures of crustal material at exposed scarps within the basin may 

provide the best opportunities for investigating the vertical structure of the lunar crust, and may make it 

possible to collect samples of upper and lower crustal rocks.  Using the topographic data from Kaguya and 

Clementine images, several craters and basins have been identified as possibly having such exposures: 

 Apollo Basin (36.3°S, 152.0°W; Fig. 8.16) – the north east basin walls approach the edge of SPA 

and the farside highlands.  Consequently these walls exhibit vertical relief of more than 7 km in some 

places.  From an operational perspective these scarps may be hard to access.  A detailed study of possible 

traverse routes is needed.  If the exposures are not accessible, then samples that were eroded and deposited 

on the basin floor can be collected. 

 Schrödinger Basin (74.6°S, 132.2°E; Figs. 8.16 and 8.20a) – analysis of Kaguya topography data 

shows the southern walls of Schrödinger to be ~6 km high.  They exhibit large (~2 km vertical relief) scarp 

faces, although as with Apollo, these may be hard to access for direct observation and sampling.  

Schrödinger has the advantage of being younger (Lower Imbrian) than Apollo (pre-Nectarian), and is 

therefore likely to have fresher basin walls, and be covered by less regolith. 

 Antoniadi (69.5°S, 173.2°W; Figs. 8.16 and 8.20b) – several locations around the walls of 

Antoniadi (depth – 4.51 km) are observed to exhibit dramatic scarp slopes (>3 km vertical relief).  

Stratification within one of the western scarps of the basin may be visible in Clementine enhanced colour 

imagery.  Antoniadi is even younger (Upper Imbrian) than Schrödinger. 

 Lyman (65.1°S, 1161.9°E; Figs. 8.16 and 8.21d) – as with Antoniadi, close inspection of the south 

eastern scarp slopes in Lyman (depth – 3.84 km) possibly reveals evidence of stratification. 

 Hausen (65.5°S, 88.2°W; Figs. 8.16 and 8.21a) – the south west region of Hausen (depth – 4.73 

km) is another location which exhibits large scarp slopes possibly showing evidence of stratification.  

Hausen is believed to be Eratosthenian in age, making it the youngest of these locations, and should have 

fresher crater walls. 
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FIGURE 8.20 Locations of interest, imaged by the Clementine probe. a. Schrodinger basin (depth – 

unknown); b. Antoniadi basin (depth – 4.51 km); c. Von Karman crater (depth – 4.84 km); d. Zeeman 

crater (depth – 4.92 km).  Red dashes mark exposed scarp slopes which may show layering/stratification.  

White dashed lines indicate approximate paths of topographic profiles obtained (Fig. 8.22). 

Schrödinger, Antoniadi, Lyman, and Hausen are located within 1000 km of the lunar south pole, 

making them accessible for longer traverse studies.  However, if traverses are limited to distances of 500 

km limit from the south pole, then Schrödinger basin is the best target location.  Higher resolution imagery 

of these locations would be particularly useful for confirming the presence of layering in the crater walls. 

Remote sensing from the Apollo, Clementine, and Lunar Prospector missions have revealed large 

variations in the composition of the lunar surface (Lucey et al., 1998; Pieters, 2001; Lucey, 2004; 2005; 

Gillis et al., 2003; 2004) (Fig. 8.23).  This is most clearly observable in the dichotomy between regions of 

feldspathic highland material and regions of mare basalt material.  Figure 8.19 is an idealized cross-section 

of how the lithologies making up the lunar crust might relate to one another.  Jolliff et al. (2000) attempted 

to further categorize the observed variations in lunar crustal compositions by dividing the lunar surface into 

three major ancient crustal terranes.  These include the Feldspathic Highlands Terrane (FHT), the 
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Procellarum KREEP Terrane (PKT) and the South Pole-Aitken Terrane (SPAT).  The FHT is believed to 

represent the ancient feldspathic crust and the PKT is a region centered around several of the near side 

mare-filled basins which exhibit unusually high concentrations of incompatible elements indicative of 

KREEP-rich material.  Both of these terranes have been sampled to a certain extent by the Apollo and Luna 

missions.  Jolliff et al. (2000) describe the SPAT as a large mafic anomaly.  Based on multispectral 

mapping from Clementine data (Lucey et al. 1998), the SPAT is observed to have an average FeO 

concentration of 7–14 wt. % (Fig. 8.23).  The unusual nature of the SPAT is believed to be a result of the 

basin exposing more noritic lower crustal material (Pieters et al., 1997). 

Material from greater depths within the Moon (possibly including material from the lunar mantle) may 

also have been sampled by impact craters and basins within SPA (Lucey et al., 1998).  If this is the case it 

is likely that this material could be found within the central peaks and peak rings of larger craters and 

basins, which are thought to contain material which has originated from the deepest points.  Spectral data 

from the Clementine mission has been used to identify possible locations of sampled mantle material 

(Pieters et al., 2001; Lucey, 2004), however some questions remain over the interpretation of this data.  For 

this reason, it is clear that better spectral data will be of great value when trying to identify areas of exposed 

mantle material.  Pieters et al. (2001) in particular identified an area (which they refer to as „Olivine Hill‟  

57°S, 160°W) of unusually olivine-rich composition near the center of SPA, which they propose as a 

possible sign of exposed mantle material.  Sampling this region therefore would be of interest, in order to 

test whether mantle material actually has been exposed. 

Our own attempts to identify craters with central peaks and impact melt which may have sampled 

mantle material identified several locations of interest.  Our results suggest that the 180 km diameter crater, 

Von Karman is the most likely to have excavated and melted mantle material (Fig. 8.18), however the 

crater is located well beyond the 1000 km maximum traverse limit from the south pole.  Antoniadi basin is 

within 1000 km of the south pole, while Zeeman is located within 500 km of the south pole, both of these 

might have sampled mantle material (Fig. 8.18). 

One possible complication of identifying mantle material within SPA is the large volume of impact melt 

which would almost certainly have been generated by the formation of the basin (Cintala and Grieve, 

1998).  Several studies have investigated the concept of impact melt sheet differentiation (Grieve et al., 

1991; Schuraytz and Sharpton, 1993; Warren, 1993; Morrison, 1998).  If mantle material was included in 

the SPA melt sheet, then it is possible that a „true‟ mantle composition would not be exposed on the basin 

floor, due to melt sheet differentiation (Morrison, 1998). 

Concentrations of Th within SPA are significantly lower than those observed in the PKT (Lucey et al., 

2006), however regions of increased Th are observed in Apollo and Lunar Prospector gamma ray 

spectrometer (GRS) data (Lawrence et al., 1998;1999).  Various explanations have been proposed for the 

origin of these Th anomalies (Stuart-Alexander, 1978; Hawke and Spudis, 1980; Haskin, 1998; Wieczorek 

and Zuber, 2001; Garrick-Bethell and Zuber, 2005), focusing particularly on a region in the north-west of 

the basin, near Van de Graaff basin.  These theories are broadly divided in to two categories:  

(1) Those that consider the anomaly to be the effect of antipodal ejecta from a large near-side 

basin (either Imbrium or Serenitatis) in the PKT (Stuart-Alexander, 1978; Wieczorek and 

Zuber, 2001; Jolliff et al., 2002). 

(2) Those that consider the anomaly to be of indigenous origin, either relating to the formation of 

the basin itself or due to emplacement of Th-rich material at a later time, possibly by volcanic 

processes (Hawke and Spudis, 1980; Garrick-Bethell and Zuber, 2005).  There seems to be 

growing consensus that this is the more likely theory. 

Because Th is typically used as a tracer for KREEP material, the Th-anomaly within SPA should be a 

key target location for understanding the nature and extent of the KREEP layer.  For this reason we suggest 

the craters Birkeland (30.4°S, 173.8°E; Fig. 8.24) and Oresme V (41.0°S, 165.1°E; Fig. 8.24) which lie 

centrally in the regions of highest Th concentration.  Also of interest are a number of the craters containing 

mare basalt which appears to have subdued the Th signature.  The best examples of these are Leibnitz 

(38.7°S, 179.0°E; Fig. 8.24) and Von Karman (44.8°S, 175.9°E; Fig. 8.24).  Both of these craters have 

smaller craters within them which have impacted into the mare basalt on the crater floors (Fig. 8.19c), and 

may have re-exposed Th-rich material. 
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The constraint of a 1000 km limit from the South Pole severely restricts this particular aspect of site 

location, as the Th-anomaly is most pronounced in the north west of the basin.  The craters Antoniadi and 

Numerov both appear to exhibit areas of higher concentrations of Th, especially on the ridge which 

separates them.  Abbe M is also located within an area of increased Th concentrations.  These three craters 

all lie within 1000 km of the south pole.  Within 500 km of the south pole there is very little evidence of the 

Th anomaly with the exception of a minor occurrence in Zeeman crater. 

Science Goal 3b: Inventory the variety, age, distribution, and origin of lunar rock types 

Photogeologic studies of the basin have provided considerable information about the variety of rock 

types in the region.  The geology of SPA is mapped in the USGS maps of the lunar far side (Stuart-

Alexander, 1978) and south pole (Wilhelms et al., 1979).  For the sake of this study we have used ArcGIS 

(Version 9.3) to combine these maps, as well as the surrounding maps (Wilhelms and McCauley, 1971; 

Scott et al., 1977; Wilhelms and El-Baz, 1977). 

In order to study the ages of the rocks within the SPA basin we have grouped together geologic units 

(Stuart-Alexander, 1978; Wilhelms et al., 1979) according to the lunar geologic periods defined by 

Wilhelms (1987) (Fig. 8.25a).  The ages of some units have been changed according to studies subsequent 

to the original publication of the maps.  Most notably, Schrödinger basin (originally believed to be of 

Nectarian age was re-classified by Shoemaker et al., (1994) as being of Upper Imbrian age.  A similar map 

was produced to help understand the variety and origin of rock types in the basin (Fig. 8.25b).  For this 

map, geologic units were grouped according to the unit descriptions provided in the original USGS maps.  

This map highlights the concentration of mare basalt within the north of the basin. 

A key goal of any future lunar mission should be to provide ground truth for areas which have not been 

previously sampled in order to aid in the interpretation of remote sensing data.  For example, sampling 

areas within the basin which are believed to represent the more noritic lower crust, and then comparing 

these with samples of more feldspathic upper crustal material which have already been obtained by the 

Apollo missions will help increase our understanding of the diversity of lunar lithologies. 

Science Goal 3c: Determine the composition of the lower crust and bulk Moon 

Rocks from the lower lunar crust are generally believed to be exposed throughout SPA.  Such materials 

have never been directly sampled before.  Therefore, sampling and studying the lithologies within the basin 

will almost certainly yield new information about the rocks with make up the lower crust and help constrain 

theories about the formation of the lunar crust. 

The process of determining the composition of the bulk Moon would be greatly aided by the acquisition 

of samples from the lunar mantle.  As with several of the previous Science Goals this will rely on 

identifying craters and basins which may have sampled mantle material.  The specific locations discussed 

previously will, therefore, be applicable here. 

Science Goal 3d: Quantify the local and regional complexity of the current lunar crust 

SPA has a range of crustal characteristics which would be worthwhile to investigate.  One of the key 

features of SPA is the fact that the basin appears to have caused dramatic crustal thinning, and has 

excavated a large amount of the lunar crust, possibly even mantle material (Lucey et al., 1998).  The local 

and regional complexity of the current lunar crust can therefore be examined by comparing samples of 

lower crust which have been dredged up in ejecta in craters, and exposed in uplifts throughout SPA. 

The basin is also adjacent to the farside lunar highlands, which include the greatest points of elevation 

on the Moon and what is believed to be the thickest area of lunar crust.  This would make the north basin 

rim a interesting target location.  Such extreme changes in topography may provide ideal outcrops for 

examining the nature of the far side highlands and performing geophysical studies which could help clarify 

the reason for the non-symmetric distribution of lunar crust.  While the north of SPA might be an 

interesting target locations for obtaining samples from the far side highlands, there are also locations closer 

to the south pole which may provide similar opportunities.  Hausen crater is within 1000 km of the south 

pole and lies on the edge of SPA.  Clementine data shows it to be mostly outside of the major mafic 

anomaly associated with SPA (Fig. 8.23) - further evidence that the crater is sampling lithologies different 

to those found elsewhere in the basin. 



504 

Obtaining samples of the farside highlands may also be possible within SPA by sampling ejecta from 

large craters just outside of the basin.  Stuart-Alexander et al. (1978) indicate that material from the 

Orientale basin for example can be found around the eastern edge of the basin.  There are no mapped 

occurrences of Orientale material within 500 km of the south pole, however Boltzmann crater (74.9°S, 

90.0°W), which lies approximately 1000 km from the south pole may contain some Orientale ejecta 

(Stuart-Alexander et al., 1978). 

Science Goal 3e: Determine the vertical extent and structure of the megaregolith 

The megaregolith is the term used to describe the upper few kilometers of the lunar crust which have 

become fragmented and chaotically mixed by continuous impact processes (Taylor et al., 1991).  This layer 

of ejecta has been estimated to be approximately 2–3 km thick by conservative estimates, and the 

underlying structural disturbance is thought to extend more than 10 km in highland areas (Hörz et al., 

1991).  More recent modelling by Petro and Pieters (2008) indicates that the cumulative amount of material 

redistributed across the Moon by basin formation may amount to 0.1–1 km.  These values are poorly 

constrained, however, and require more in situ data to be evaluated, particularly in terranes that are older 

than the terranes of the Apollo sites. 

The range of crater and basin depths within SPA means that it may be possible to test these estimates 

for the vertical extent of the megaregolith by locating by locating exposed stratigraphy in basin walls and 

scarps.  Ideally young craters would be chosen as these would be the least likely to be severely modified by 

further impacts, and therefore might preserve megaregolith structure in their walls.  O‟Day (Latitude = -

30.60; Longitude = 157.50) is a Copernican crater with an apparent depth of 3.65 km (Losiak et al., 2008).  

Several large Eratosthenian craters are also observed within SPA, including Hausen (65.5°S, 88.2°W; 

apparent depth = 4.73 km), Finsen (42.6°S, 178.0°W; apparent depth = 3.67 km), and Birkeland (30.4°S, 

173.8°E; apparent depth = 3.82 km).  Of these craters, only Hausen is with 1000 km of the south pole.   

The structure of the megaregolith can also be studied using geophysical studies.  For example ground 

penetrating radar (GPR) would provide a means of studying the upper regolith layer and possibly some of 

the underlying layers of the megaregolith (Fig. 8.20).  Preliminary studies of lunar rover mounted GPR 

equipment have demonstrated the ability to probe depths of 0.5–3 m in terrestrial lunar analogue sites 

(Heggy et al., 2009).  In order to study much below the top few metres of the megaregolith it would be 

necessary to employ seismic survey techniques. 



 

 

505 

 

FIGURE 8.21 Locations of interest, imaged by the Clementine probe. a. Hausen crater (depth – 4.73 

km); b. Bose crater (depth – 3.94 km); c. Birkeland crater (depth – 3.82 km); d. Lyman crater (depth – 

3.84 km).  Red dashes mark exposed scarp slopes which may show layering/stratification.  White dashed 

lines indicates approximate paths of topographic profiles obtained (Fig. 23d; 23e). 
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FIGURE 8.22 Cross section profiles of the 5 basins and craters identified in 9.3a as possibly having 

scarp slopes suitable for studying crustal stratigraphy (y-axis = elevation in km; x-axis = distance from 

center of SPA in km).  All profiles have a vertical exaggeration of 20×. 
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FIGURE 8.23 Compositional maps derived from Clementine data. a. USGS false colour ratio map.  b. 

FeO (wt. %) as derived from Clementine spectral data (Gillis et al., 2004). 
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FIGURE 8.24 Th concentrations, as mapped by Lunar Prospector (Lawrence et al., 1998, 1999).  

Locations marked indicate those which are believed to be of interest when studying the Th anomaly. 
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FIGURE 8.25 Geologic maps of SPA, adapted from the work of Stuart-Alexander (1978) and Wilhelms et 

al. (1979). a. Geologic units have been combined according to their location on the lunar stratigraphic 

column (Wilhelms, 1987) and adjusted to compensate for subsequent studies (Shoemaker et al., 1994).  b. 

Geologic units have been combined according their lithologic types.  Black area on both maps (including 

and adjacent to the south pole) indicates a lack of data coverage.  The South Pole is marked on both maps 

with a white star. 
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Summary 

TABLE 8.3 NRC 2007 Science Concept 3 target locations (favored sites highlighted). 

 

The locations discussed for concept 9.3 have been summarized above.  It is apparent that several 

locations (highlighted) are particularly attractive target sites for addressing multiple science goals.  For a 

500 km traverse, we have chosen Zeeman as a top priority location.  For a 1000 km traverse, Hausen was 

chosen.  For a >1000 km sortie, Bose was chosen. 

Recommendations 

Following this study, we have a number of suggestions for future studies which we believe would be 

important focus on, prior to making final plans for future manned lunar missions.  These include: 

 Detailed re-evaluation of geologic mapping of the South Pole-Aitken Basin area, utilizing 

datasets which have become available since the original maps were made (Stuart-Alexander, 

1978; Wilhelms et al., 1979). 

 Higher resolution visual and spectral imagery, so that observations of small scale features 

(such as stratification in basin walls) can be confirmed, and predictions of exposed materials 

from spectral signatures can be refined. 

 Sample return missions to several key locations (e.g., Olivine Hill, Bose Borehole, Antoniadi 

etc.) in order to provide ground truth for spectrally derived mineral maps. 

 

 

SCIENCE CONCEPT 4: THE LUNAR POLES ARE SPECIAL ENVIRONMENTS THAT MAY 

BEAR WITNESS TO THE VOLATILE FLUX OVER THE LATTER PART OF SOLAR SYSTEM 

HISTORY. 

While the Moon hosts many unique environments, the shadowed polar areas are inherently limited to 

two locations.  The South Pole-Aitken Basin obviously plays host to one of these poles; the one, in fact, 

that has over 2/3 of the total permanently shadowed area on the Moon (Noda et al., 2008).  These areas 

have historically been regarded as cold traps for lunar volatiles (Watson et al., 1961).  Any full 

Location Latitude Longitude

Zeeman 3a;3c;3d -75.5 -136.0 500

3a -74.6 132.2 500

Hausen 3a;3d;3e -65.5 -88.2 1000

Antoniadi 3a;3c;3d -69.5 -173.2 1000

Olivine Hill 3a;3c;3d -57.0 -160.0 1000

Abbe M 3a -61.9 174.8 1000

Lyman 3a -65.1 161.9 1000

Numerov 3a -70.6 -162.9 1000

Von Karman 3a;3c;3d -44.8 175.9 >1000

Bose 3a;3c;3d -54.2 -169.6 >1000

Birkeland 3a;3e -30.4 173.8 >1000

Apollo 3a -36.3 -152.0 >1000

Boltzmann 3d -74.9 -90.0 >1000

Finsen 3e -42.6 -178.0 >1000

Leibnitz 3a -38.7 179.0 >1000

O'Day 3e -30.6 157.5 >1000

Oresme V 3a -41.0 165.1 >1000

NRC Goals 
addressed

Distance from 
south pole (km)

Schrödinger
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investigation of SPA could therefore involve a study of the polar regions, especially if a lunar outpost is 

built at the south pole.  This section will therefore focus on the science that can be recovered from volatile 

deposits, how this might be accomplished, and where are good locations to study these volatiles, and cold 

silicate regolith in general. 

Science Goal 4a: Determine the compositional state (elemental, isotopic, mineralogic) and 

compositional distribution (lateral and depth) of the volatile component in lunar polar regions. 

Currently, the only dataset that has definitively measured volatiles at lunar poles is the Lunar Prospector 

Neutron Spectrometer (LP NS) (Feldman et al., 2000).  While its measurement and mapping of epithermal 

neutrons does show that hydrogen is more concentrated at the south pole than in the general lunar surface, 

it did not have sufficient spatial resolution to correlate the hydrogen to terrain features, nor could it 

determine the compositional state of that hydrogen.  The National Research Council (2007) identified these 

two deficiencies the single most important problem to be addressed in lunar exploration after impact 

chronology. 

The compositional state of south polar volatiles has been the subject of much theoretical discussion, and 

is described in further detail below.  Briefly, the raw LP NS data do not discriminate between solar wind 

hydrogen residing in the surfaces of regolith grains (Crider and Vondrak, 2000; Heber et al., 2003), 

subsurface water ice physically mixed into the regolith (Vasavada et al., 1999; Crider and Vondrak, 2003a), 

hydrated minerals (Cocks et al., 2002), or even clathrates (Duxbury et al., 2001).  While the real south pole 

may contain contributions from all these possible states, one or two will probably dominate.  Determining 

those dominant states will require in-situ investigation on and in the lunar polar surface.  While a  few 

simple surface measurements would drive down much of the present uncertainty, a full study will require 

extensive sampling at a variety of shadowed locations, and return of cryogenically-cooled samples to Earth. 

 

FIGURE 8.26 South pole topography; ULCN 2007 above 85˚S, Kaguya LALT below 85˚S; the lunar 

farside is down. 
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FIGURE 8.27 Lunar Prospector Neutron Spectrometer hydrogen concentrations, with shaded relief 

overlaid. 

While the lateral distribution of LP NS epithermal neutrons could only be measured to the nearest half-

degree (Feldman et al., 2000), subsequent noise-reduction analysis coupled with assumptions about the 

coverage of shadowed areas has offered a potentially higher resolution maps (Elphic et al., 2007; Eke et al., 

2009).  These maps appear to show that the observed hydrogen signal could best be explained by 

concentrated water ice on the floors of certain shadowed craters, specifically Shackleton, de Gerlache, 

Faustini, and Cabaeus.  The results from terrestrial radar is less conclusive, with Shoemaker and Faustini, 

for example, showing increased circular polarization albedo, due either to subsurface ice or blocky 

Orientale ejecta on their surfaces (Campbell and Campbell, 2006).  Most recently, laser altimetry from the 

Kaguya spacecraft has allowed high-resolution shadowing maps of the south pole to be constructed, 

correlating well with prior estimates (Noda et al., 2008).  The basic lateral distribution of polar hydrogen is 

thus known to a much better extent than its other properties, and future remote sensing will only improve it.  

Surface investigation of this distribution should therefore be focused chiefly on small-scale variations 

within polar craters. 

The variation of polar volatiles with depth is not as well constrained as lateral distribution or even 

composition.  Thermal diffusive modeling shows that water ice, under certain thermal regimes, will migrate 

downward in to the regolith (Crider and Vondrak, 2003b; Schorghofer and Taylor, 2007).  As the ice 

migrates downward, micrometeorite impacts will heat and churn the top  few centimeters, leaving a mostly 

desiccated top layer.  This layer may not be totally dry, however, as certain hydrates created in the regolith 

could survive at or nearer to the surface (Cocks et al., 2002).  In addition, since the downward diffusion 

increases with temperature, the maximum column-inegrated water ice density may at surfaces with 

temperatures between 110–120 K (Schorghofer and Taylor, 2007).  Low surface density molecular or 

atomic hydrogen in the regolith, however, would not necessarily be confined in the upper few centimeters.  

High dynamic-range optical observations of the interior of Shackleton crater show that its floor is similar in 

albedo and texture to the walls, confirming that any ice must be in the subsurface (Haruyama et al., 2008).  

Determining the vertical distribution of polar volatiles, therefore, requires the direct measurements of 

volatile contributions and compositions with depth down at least a few centimeters into the regolith, and up 
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to one meter.  This investigation needs to be preformed a several different sites, preferable with different 

surface temperatures and illuminations. 

The best sites to send surface investigations are therefore ones that can address as many of these 

questions as possible in the shortest spatial distance (see Figs. 8.26–8.31).  Shackleton is the best studied, 

as its rim is on the south pole.  According to Kaguya LALT altimetry, its floor is 4 km below its rim, with 

an average grade of approximately 25% on its walls.  It is therefore close to a potential outpost location, but 

would require careful access planning.  Fasutini is less often cited, but according to the analysis of Elphic et 

al. (2007), should have a similar hydrogen content to Shackleton, but with an increasing gradient across it 

floor from north to south (Fig. 8.30). Shoemaker is similar, but with potentially lower hydrogen (Elphic et 

al., 2007).  While these craters are further from the south pole, the gradient in Faustini would be an 

excellent location for an overland traverse to measure volatile concentration and depth as a function of 

mean surface temperature.  There is also an unnamed crater between Shackleton and Faustini that also 

appears to have a significant amount of hydrogen, and has much shallower slopes than any of the named 

craters.  Cabaeus and de Gerlache both show higher hydrogen than Shackleton in the Elphic et al. (2007) 

model, correlating well with the terrain model in Noda et al. (2008), which shows relatively large craters on 

the floors of both major craters.  These floor craters are protected from sunlight reflected off the main 

craters‟ rims, and are thus potentially the richest areas in volatiles.  Cabaeus has a larger hydrogen signal, 

but is more distant from the pole than de Gerlache. 

Science Goal 4b: Determine the source(s) for lunar polar volatiles. 

The most controversial aspect of the Lunar Prospector Neutron Spectrometer south polar hydrogen map 

is whether it represents enrichments in solar wind implanted molecular and atomic hydrogen, or H2O, either 

in the form of ice or hydrated minerals.  Since the Moon generally appears to be depleted in volatile 

elements (Ringwood and Kesson, 1977), exogenic sources of water are commonly suggested, including 

chondritic asteroids (Warner et al., 1983), rarer but more volatile-rich comets (Klumov and Berezhnoi, 

2002), and even interstellar molecular clouds inducing a spike in volatile-rich micrometeorites (Wimmer-

Schweingruber and Bochsler, 2000).  In addition, when micrometeorites impact regolith rich in solar wind 

implanted hydrogen, they can reduce FeO and produce H2O vapor (Arnold, 1979).  This process may 

produce several tonnes of water per year (Crider and Vondrak, 2003b). 

Given the number of sources suggested for polar hydrogen, it is likely that several contribute to the 

signal seen by Lunar Prospector.  If found, the source of molecular hydrogen in the regolith would be the 

most straightforward to identify (Crider and Vondrak, 2000).  However, if the enhanced solar-wind 

hydrogen in shadowed regions is not sufficient to explain the observed epithermal neutron signal (Eke et 

al., 2009), then a form of water may be present.  D/H ratios may be useful in determining the water‟s 

origin, but could suffer from fractionation during transport (Klumov and Berezhnoi, 2002).  In addition, 

careful consideration should be given to the providence of trace volatiles found in polar cold traps, given 

the variety of sources they may have come from, and the fractionation they could have endured.  If, 

however, a wide enough sampling of volatiles can be obtained and the fractionations understood, trace 

gases could provide a unique record of the sources of lunar impactors. 
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FIGURE 8.28 Kaguya LALT topography to 85˚S. 

 

FIGURE 8.29 Mean solar illumination (Noda et al., 2008). 

While remote sensing has thus far not been able to resolve the origin of polar hydrogen, higher-

resolution neutron and reflective spectroscopy, as being preformed currently by the LEND and M
3
 

instruments currently will help considerably (Pieters et al., 2007; Sanin et al., 2009).  The simplest surface 
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test of polar volatile origin would a small surface mission to a hydrogen-rich area of the south pole which 

could distinguish between subsurface water ice and solar hydrogen (see Figs. 8.27 and 8.30).  Such a 

mission could then be followed by more intensive exploration of a wider range of areas, in order to 

characterize the full picture of south polar hydrogen (e.g., Kring and Rademacher, 2007). 

The localization of polar hydrogen will drive the planning for any south polar human outpost.  If it is 

mainly in the form of molecular or atomic hydrogen, it could be distributed over a wide area (Crider and 

Vondrak, 2000). This would require extraction techniques that process only the top few centimeters of 

regolith across a large region.  Conversely, water ice would probably be concentrated below the floors of 

permanently shadowed craters, and in the parts of the walls that average a temperature of 110–120 K 

(Schorgofer and Taylor, 2007).  These sites would thus require extraction techniques that dig up to a meter 

into the regolith, but over a smaller area.  It is thus crucial to outpost planning to know the source of polar 

hydrogen at the earliest possible date (e.g., Kring, 2007). 

Science Goal 4c: Understand the transport, retention, alteration, and loss processes that operate on 

volatile materials at permanently shaded lunar regions. 

Intertwined with the question of what the origins of polar volatiles are is the question of what processes 

brought them to the south pole, and what processes have affected them since.  While observations have 

been made of volatile migration along the lunar terminator (Feldman and Morrison, 1991), latitudinal 

migration has not been commensurately studied.  Numerical Monte Carlo modeling of hydrogen and water 

vapor transport shows that both will migrate to the poles, though with varying estimated efficiencies 

(Butler, 1997; Crider and Vondrak, 2000; Hodges, 2002).  

Since permanently shadowed areas are protected from the Sun and the Moon is geologically quiescent, 

they should only be altered by non-solar exogenic inputs.  Galactic cosmic rays and Lyman- could erode 

surface ice (Cocks et al., 2002), as would micrometeorite impact heat and gardening (Crider and Vondrak, 

2003a,b).  Several studies have shown that water ice will sublimate and thermally diffuse downwards, 

below weathering depths, in regolith that is not too cold (Vasavada et al., 1999; Crider and Vondrak, 

2003a; Schorgofer and Taylor, 2007).  In addition, before the ice migrates downwards, it may hydrate 

surface minerals (such as ilmenite to goethite), leaving behind thermally stable hydrates on the surface 

(Cocks et al., 2002). 

Understanding the transport and alteration process for polar volatiles must be approached from two 

separate directions: environment and present state.  The environment in which polar volatiles find 

themselves can be measured by observing the latitudinal volatile migration, and thus better constraining the 

assumed transport efficiency.  In addition, surface measurements of the micrometeorite flux over a full 

Earth orbit would help determine the rate of space weathering.  Finally, like all the Science Goals in 

Science Concept 4, samples would need to be obtained and returned of volatile-rich polar regolith (see 

Figs. 28, 31 for locations).  Drive tubes at a variety of surface temperatures and illuminations would be best 

to measure space weathering, though like all volatile samples, they would need to be cryogenically 

preserved during the return to Earth. 

Surface observation stations for volatile transport would be best placed at several different latitudes.  

Surface missions to farther north in SPA could therefore deploy zenith-looking volatile observational 

stations as part of their deployed science payload.  In addition, weathering rates may change faster than 

volatile concentration, and so a series of shallow drive tubes during a long traverse could be very useful in 

characterizing the space weathering rate. 

Science Goal 4d: Understand the physical properties of the extremely cold (and possibly volatile rich) 

polar regolith. 

The polar shadowed regions are interesting for the very fact that they are so cold, but this property 

presents its own problems.  Being shaded from the Sun, the regolith is exposed to the same cosmic ray 

exposure as a particle in interstellar space, though enhanced somewhat by the magnetotail of the Earth 

(Potter et al., 2000).   Micrometeorite impacts occur at the same rate as elsewhere on the Moon, but the 

cooler regolith temperatures may alter or inhibit the formation of agglutinate glasses (von Gunten et al., 

1982). 
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Both radar (Campbell and Campbell, 2006) and long-exposure optical (Haruyama et al., 2008) 

observations have been made of the interiors of shadowed craters.  The radar measurements by Campbell 

and Campbell (2006) show a number of craters with smooth-appearing floors (e.g., Shoemaker and 

Faustini) that show an unexpectedly high circular polarization ratio.  If these values are not due to 

subsurface ice, then Campbell and Campbell (2006) suggest they could be a melt-rich layer of Orientale 

ejecta.  The optical images of the interior of Shackleton by the Kaguya spacecraft appeared not to show 

exposed surface ice on the floor of the crater (Haruyama et al., 2008).  Any ice in the crater, therefore, must 

in the subsurface. 

This is consistent with prior modeling, which has shown that water ice is only stable below a layer of 

desiccated regolith (Vasavada et al., 1999; Cocks et al., 2002; Crider and Vondrak, 2003a; Schorgofer and 

Taylor, 2007).  Vasavada et al. (1999) showed that several centimeters of dry regolith is probably sufficient 

to slow the sublimation rate of ice below ~110 K to be geologically slow to be stable. Cocks et al. (2002), 

however, show that hydrated minerals are stable on the surface, and could remain after ice had migrated 

downward.  Schorgofer and Taylor (2007) show that the maximum ice capacity regolith may exist between 

110 K and 120 K. 

 

FIGURE 8.30 Pixon-recovered Water-Equivalent Hydrogen (WEH) percent from Elphic et al. (2007); the 

white circle is 85˚S, C is Cabaeus, dG is de Gerlache, S is Shackleton, Sh is Shoemaker, F is Faustini. 
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FIGURE 8.31 Slope map generated from Kaguya laser altimetry, with example traverses overlaid (see 

Table 8.4). Slopes calculated at 0.5 km lateral resolution. 

 

TABLE 8.4 Example south polar traverse targets. 

 

Target 

Latitude 

Target 

Longitude 

Distance 

(km) 

Mean 

Slope 

Max 

Slope 

Elphic et al. 

(2007) 

WEH% 

Shackleton 89.7˚S 129˚E 10 20˚ 30˚ 0.5 

(unnamed) 88.2˚S 115˚E 72 6˚ 15˚ 0.5 

de Gerlache 87.2˚S 85˚E 78 8˚ 20˚ 0.7 

Faustini 88.3˚S 92˚W 140 5˚ 15˚ 0.4 

Malapert 85.9˚S 1.0˚W 260 5˚ 15˚ n/a 

 

The next great step in understanding the polar regolith will be to map the temperature of south pole as a 

function of both the diurnal and seasonal cycles, as is currently being performed by the DIVNER 

instrument on LRO (Paige et al., 2009)  In addition, high-resolution radar observations by the Mini-SAR 

and Mini-RF instruments will help to further constrain regolith properties (Spudis et al., 2009).  Surface 

investigations of the regolith will need to be performed at a variety of regolith temperatures, and need go 

down at least 10 cm in order to characterize the migration of water ice, and any hydrated minerals it leaves 

behind.  In-situ temperature sensors could be placed at various depths below the regolith in partially 

shadowed areas, with the goal of profiling diurnal and seasonal temperature variations with depth. Regolith 

samples measuring agglutinate production would not be temperature sensitive, while hydrated minerals 

would be more so, and ice-bearing samples would need to remain at cryogenic temperatures.  Finally, the 
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mechanical properties of the regolith should be measured as a function of temperature, especially the 

porosity. 

The most advantageous sites to study extremely cold regolith are areas that have a wide range of 

temperatures in a short spatial extent.  The walls of deep craters, especially Shackleton, provide this 

variation right next to a permanently shadowed floor.  The pole-facing walls of Shoemaker and Fastini also 

display this variation, though their floors may have a more spread-out thermal gradient across a relatively 

flat terrain.  This latter option may be more desirable for traversing in a long-distance rover. 

Science Goal 4e: Determine what the cold polar regolith reveals about the ancient solar environment. 

Even if the hydrogen signal recorded by the Lunar Prospector Neutron Spectrometer is not dominated 

by solar wind-implanted hydrogen, the lunar south pole is still an excellent site to collect solar wind 

samples.  The major loss mechanisms for solar wind species from regolith are frictional erosion from 

impacts and thermal diffusion (Herber et al., 2003).  The lower temperatures at the south pole will certainly 

lower thermal diffusion rates, and may dampen the effectiveness of impact erosion (Starukhina, 2005).  In 

addition, the lower temperatures will stop most of the fractionation of solar isotopes due to diffusion, better 

preserving the solar record. 

Solar isotopic ratios that have been identified as useful in tracking the Sun‟s evolution include D/H 

(Crider and Vondrak, 2000), 
3
He/

4
He (Herber et al., 2003; Starukhina, 2005), 

15
N/

14
N (Marty et al., 2003), 

17
O/

16
O and 

18
O/

16
O (Ireland et al., 2007; Hashizume  and Chaussidon, 2008), and 

20
Ne/

22
Ne (Herber et al., 

2003).  He, N, and Ne all adhere very easily to ilmenite-rich grains.  Ilmenite, however, may not be 

abundant at the south pole, which mainly consists of highlands terrain, and so the highest value solar wind 

samples will be those from very cold paleoregoliths. 

As regolith grows at a rate of approximately 1 mm/million years (Arnold, 1975), the best record of the 

solar wind 3-4 billion years ago is in the oldest preserved regoliths.  Since there not thought to be any 

crytomare at the south pole, horizontal drilling or trenching into crater walls may provide the only source of 

old regolith. In addition, temperature measurement should be at each location of regolith collection, so as to 

quantify the solar wind loss rate.  

Properly identifying the locations of potential paleoregoliths at the south pole will require higher 

resolution imagining, spectroscopy, and altimetry of the region.  LROC and LOLA on LRO, and M
3
 on 

Chandrayaan-1 with all help to address this relative lack of information (Chin et al., 2007; Pieters et al., 

2007).  Partially shaded areas in craters may also be useful, as they receive solar wind, but are still colder 

than the surrounding terrain.  

Summary 

A few shadowed craters stand out as potentially the best sites to understand polar volatiles.  Shackleton 

is the most cited, as it is the closest large crater to the south pole, and potentially the future location of the 

lunar outpost.  It is probably Imbrian in age (3.3–3.85 Ga) (Spudis et al., 2008), and thus older than the 

Moon‟s current obliquity (Ward, 1975).  The analysis by Elphic et al. (2007) appears to indicate, though, 

that it is only moderate in hydrogen enhanced relative to other shadowed areas, which may mean it is too 

cold to efficiently trap water ice.  In addition, its walls are steep on all sides (~30˚), and so accessing the 

floor may be difficult.  On the other hand, the lowest areas of Cabaeus crater show potentially very high 

hydrogen, but are relatively distant from the south pole (~300 km), across very rugged terrain (Fig. 8.31).  

Faustini and Shoemaker are similar dimensions, have a similar hydrogen content, and are about the same 

distance from the south pole.  Further information is required to tell which is more useful. 

Two sites that should warrant further study, therefore, are de Gerlache and an unnamed crater between 

Shackleton and Faustini craters (see Table 8.4 for coordinates).  De Gerlache appears to have a very high 

hydrogen signal, and the smaller crater that covers a third of its floor makes it a very shadowed (and thus 

very cold) location.  The floor of this smaller crater is less than 80 km from the south pole along a route 

that does not exceed 20˚ of slope (Fig. 8.31, Table 8.4).  The unnamed crater is even closer to the south 

pole (<75 km), and appears to have a similar hydrogen content to Shackleton, but with a route to the floor 

that does not exceed 15˚ slope.  It may, therefore be the easiest permanently shadowed crater floor to visit 

from the south pole. 
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In summary, the south polar region of the Moon, as contained in SPA, is the best area to study any 

potential lunar volatiles.  While many questions remain about the state, distribution, and origin of lunar 

polar volatiles, the existing knowledge is sufficient to begin targeting surface locations for further study.  

Any sample returned from the south pole would be useful, but a carefully selected, cryogenically-preserved 

series of samples could be the Rossetta stone in understanding polar regolith. 

 

SCIENCE CONCEPT 5: LUNAR VOLCANISM PROVIDES A WINDOW INTO THE THERMAL 

AND COMPOSITIONAL EVOLUTION OF THE MOON 

Although the Apollo samples provide limited compositional and age ranges for the lunar surface, 

detailed studies of these samples have provided earthbound scientists with a wealth of lunar knowledge 

over the past decades.  For instance, the lunar magma ocean hypothesis (Fig. 8.32) was one of three key 

lunar origin and evolution hypotheses formulated on the basis of the Apollo samples (NRC, 2007).  The 

lunar magma ocean hypothesis suggests that during formation the Moon hosted a globe encircling magma 

ocean as a result of accretional heating.  The molten material began to cool and differentiate shortly after 

accretion leading to the ancient primary highlands crust observed on the lunar surface.  While the lunar 

magma ocean hypothesis provides a simple model for the lunar crust formation on a global scale, a more 

complex model is needed to fully describe lunar evolution in detail.  

FIGURE 8.32 The lunar magma ocean model (NRC, 2007 and references therein). 

After the conclusion of the Apollo program, lunar data were collected via remote sensing.  Galileo 

observed the Moon remotely in 1990 and 1992 while in transit to the Jovian system and Clementine 

provided global data sets in 1994 as did Lunar Prospector in 1998.  Galileo revealed the anomalous 

composition of South Pole-Aitken basin but it was Lunar Prospector data that actually confirmed an 

asymmetry in lunar composition.  In the work of Taylor (1989) a primary crust is defined as the crust that 

formed as a result of the cooling of an accretionary heated body while a secondary crust is formed by the 

later partial melting of the mantle.  Erosion and plate tectonics have erased much of Earth‟s early geologic 

history and hence the primary crust while the Moon‟s has been preserved.  Mare volcanism represents the 

secondary crust of the Moon which is also well-preserved and demonstrates no evidence of crustal 

recycling therefore providing an opportunity to study planetary evolution processes (Head and Wilson, 

1992).  The Moon hosts not only a compositional asymmetry but a volcanic one as well.  A relatively small 

portion of the lunar surface is coved by volcanic deposits with the bulk of this material having been 

emplaced onto the lunar nearside. 

Based on sample analysis and crater size-frequency distributions it has been suggested that volcanism 

possibly began on the lunar surface prior to the end of the late heavy bombardment (Taylor, 1983) and 

continued until the Copernican period (Pieters et al., 2001).  Predominantly Imbrian age mare basalts and 

pyroclastic deposits represent the volcanism within SPA (Wilhelms, 1987); however, a few cryptomaria 

deposits have been identified that may represent pre-Orientale volcanism which suggests a range of active 

volcanism within SPA of several 100 Myr (Pieters et al., 2001). 

As stated in the Science Concept 5 of the NRC (2007) report, lunar volcanism provides a window into 

the thermal and compositional evolution of the moon.  Addressing this concept will provide insight into 

three of the four overarching themes in lunar science, including terrestrial planet differentiation and 

evolution, solar system impact, and the lunar environment.  The NRC (2007) Science Goals outline key 
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questions that need explanation.  It is the goal of this study to find all of the locations within SPA and the 

prime target areas these issues may be resolved.  A combination of location, chemical composition, and age 

data of mare basalts attained via direct sampling will lead to a better understanding of lunar volcanism and 

magma evolution. An improved understanding of the volcanic processes on the Moon will allow for 

comparison to similar processes on the Earth and other terrestrial planets. 

Science Goal 5a: Determine the origin and variability of lunar basalts 

Apollo samples provided a range of lunar basalt compositions.  Remote sensing, however, has revealed 

that the entire compositional range of the lunar basalts is not represented by the Apollo collection or the 

lunar meteorite collection.  Sample return missions are essential to provide additional compositional data 

and remote sensing ground truth. 

Mare basalts cover about 17% of the lunar surface, predominantly occurring as basaltic plains in the 

topographic lows of the near side (Head, 1975a,b).  Dominated by the lunar highlands, only a small amount 

of volcanic deposits are located on the far side, most of which are found within SPA (Head and Wilson, 

1992).  Although subject to remote sensing, the far side basalts have not yet been directly sampled.  

Samples of lunar far side volcanic deposits will provide insight not only to the thermal evolution of the 

moon but also to variations in mantle composition that may be linked to the asymmetry that exists between 

near side and far side volcanism.  These insights will help constrain the lunar magma ocean model and 

therefore planetary differentiation theories. 

Geologic mapping of the lunar far side revealed about 52 separate mare deposits within SPA (Stuart-

Alexander, 1978; Wilhelms et al., 1979; Wilhelms, 1987; Yingst and Head, 1999) as well as dark mantle 

material which were interpreted to be pyroclastic deposits (Fig. 8.33).  Cryptomaria were not mapped 

within SPA until later using Clementine data (Fig. 8.41) (Pieters and Head, 2001).  Nearly all of the 

mapped mare deposits were confirmed to have a basaltic composition based on analysis of Clementine data 

(Yingst and Head, 1999; Pieters et al., 2001). 

Despite SPA‟s old age, its low lying topography, and underlying thin crust, extensive basaltic flood 

deposits are not present.  Although the presence of the asymmetry has been acknowledged for decades, it is 

not understood.  Several hypotheses have been formulated to explain the asymmetry, but they need to be 

tested with in situ analyses.   

Head and Wilson (1992) propose that the dichotomy reflects differences in crustal thickness.  In 

general, the lunar far side has a thicker crust than that of the nearside; therefore magmas may be extruded 

onto the nearside easier than magmas originating at the same depths on the far side.  Due to the increased 

crustal thickness of the far side the magmas may stall at neutral buoyancy zones and only erupt into the 

deepest basins or areas of lowest topography (i.e., basins found within SPA) where crustal thickness is 

minimized. 

A second hypothesis proposed by Arkani-Hamed and Pentecost (2001), based on impact modeling, 

suggests that an impact forming event on the scale of SPA may have induced mantle convection capable of 

stripping away the KREEP layer in a very short period of time.  Based on the lunar magma ocean model, 

the KREEP layer is located at the base of the crust and consists of high concentrations of potassium, rare 

earth elements, and phosphorus (Warren and Wasson, 1979).  These radioactive heat producing elements 

may have played a key role in lunar Imbrian volcanism and its absence from the SPA region may be 

directly related to the volcanism asymmetry observed today.  Deployment of a geophysical network to 

provide better estimates of crustal thickness as well as samples collection within SPA to place constraints 

on the composition of the source regions for these mare basalts will aide in the testing of these hypotheses. 

Several simple petrogenic models for the generation of lunar basalts have been derived from studies of 

the Apollo samples.  These models suggested that the source region for high titanium basalts was deeper 

than the source region for low titanium basalts, however it was later determined that there is no apparent 

correlation between the titanium content and the depth of origin (see Greeley et al., 1993 and references 

therein).  Based on Clementine spectral analysis, SPA mare basalts contain a comparable mafic component 

to that seen on the lunar nearside (Gaddis et al., 1995).  With the exception of the Apollo mare deposits, it 

appears that the high titanium source region for the nearside basalts is not an accessible reservoir for the far 

side (Yingst and Head, 1997).  Possible heterogeneity within the mantle source regions further add to the 

volcanic asymmetry on the Moon. 
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FIGURE 8.33. Geologic map of volcanic units with in SPA. Map was created using ArcGIS and the USGS 

digitized geologic maps.  EIm represents the youngest mare material, dated as late-Imbrian to Eratosthenian 

in age.  These deposits appear dark and lightly cratered and are interpreted as basaltic lavas.  Im2 represents 

an intermediate aged mare material which is similar in dark color and crater density to typical nearside 

mare material of late and middle Imbrian age.  This material is interpreted as basaltic lava and the exact age 

range and composition is unknown.  Im1 is described as light in color with a high density of superposed 

craters.  These units represent the oldest mare material and are interpreted as old basaltic lavas that may be 

as old as Orientale basin.  Imd represents mare dome material and is described as dark, smooth, slightly 

elevated terrain in maria.  Only one dark mantling deposit is located within SPA.  This deposit appears a 

halo around irregular craters on the floor of Schrödinger Basin and is interpreted as thin pyroclastic 

deposits. (Stuart-Alexander, 1978; Wilhelms et al., 1979; Wilhelms, 1987).   

Despite the mafic nature of the floor of SPA basin, which ranges from 8–12 wt. % FeO (Spudis and 

Bussey, 2003), mare deposits typically containing greater than 14 wt. % FeO (Jolliff, 2000) are readily 

identifiable within SPA using the Clementine data (Fig. 8.34).  While SPA basin has elevated titanium 

concentrations relative to the surrounding feldspathic highland rocks, the volcanic deposits within the basin 

have medium to medium-high titanium content compared to the high titanium nearside mare volcanism 

(Fig. 8.35).  

Currently no in situ samples have been collected from the lunar farside surface; therefore sampling any 

volcanic region within SPA should reveal new insight into the thermal evolution of the moon.  As 

discussed previously, farside lunar volcanism is limited; however, there are several unique localities within 

SPA that may be sample. Three of these localities are described herein.  Unfortunately most of the mare 
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deposits are located in the northern region of SPA and will not be readily accessible on 1000-km traverses 

or even 500-km traverses from a base located at the South Pole.  These localities would be more 

appropriate for a short duration sortie mission. 

 

FIGURE 8.34 FeO wt. % within SPA. Mare deposits are readily identifiable due to their high iron content 

(>14 wt. %) despite the mafic nature of the floor of SPA basin.  The map was created in ArcGIS using 

Clementine FeO data processed via the methodology described by Lucey et al. (2000).  The base map layer 

is Clementine 750nm UVIS. 
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FIGURE 8.35 TiO2 wt. % within SPA.  Mare within SPA is generally classified as medium- to medium-

high titanium basalts.  The classification scheme above is derived from the spectral classification by Pieters 

(1978) and the petrologic classification by Neal and Taylor (1992).  The classification may be described as 

follows: very low Ti < 1, low Ti ~1.0-3.0, medium Ti ~3.0-7.0, and high-Ti >7.0.  The map was created in 

ArcGIS using Clementine TiO2 data processed via the methodology described by Lucey et al. (2000).  The 

base map layer is Clementine 750nm UVIS. 
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FIGURE 8.36  Apollo South is the mare deposit located along the southwestern rim of Apollo Basin.  A) 

Lunar Orbiter data centered on Apollo South to illustrate the surface morphology of the flow and 

surrounding terrain.  B) High-resolution Clementine UVIS data allows for better observation of fresh 

impact craters in the region that may sample the flow at depth.  C) FeO wt. % map shows FeO 

concentrations consistent with those of nearside mare deposits.  This map was created in ArcGIS using 

Clementine FeO data processed via the methodology described by Lucey et al. (2000).  D) TiO2 wt. % map 

illustrate the high titanium concentrations of the mare at Apollo South.  The map was created in ArcGIS 

using Clementine TiO2 data processed via the methodology described by Lucey et al. (2000).  The base 

map layer is Clementine 750nm UVIS. 

Apollo South is one of the four mare regions associated with the Apollo Basin (Fig. 8.36).  This mare 

deposit is located along the southwestern rim of the basin and appears to be embaying the basin rim 

structure.  High-Ti mare volcanism is common on the nearside however, as discussed previously, mare 

deposits within SPA typically range from medium to medium high titanium in remote sensing data (Fig. 

8.35).  The mare located along the southwestern rim of Apollo Basin is representative of the few high-Ti 

mare deposits on the lunar farside, therefore sampling this unit may provide a point of comparison for SPA 

mare relative to the nearside mare deposits. 
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FIGURE 8.37  The mare in-filled Chrétien Crater.  A) High-resolution Clementine UVIS data allows for 

better observation of fresh impact craters in the region that may sample the flow at depth.  B) Half degree 

resolution Lunar Prospector thorium data illustrates the high thorium composition of SPA basin floor 

within the region of the Chrétien Crater.  C)  FeO wt. % map shows FeO concentrations consistent with 

those of nearside mare deposits.  This map was created in ArcGIS using Clementine FeO data processed 

via the methodology described by Lucey et al. (2000).  D) TiO2 wt. % map illustrates the regions typical 

titanium concentrations.  The map was created in ArcGIS using Clementine TiO2 data processed via the 

methodology described by Lucey et al. (2000).  The base map layer is Clementine 750nm UVIS. 

Chrétien Crater is located in the central northwest region of SPA basin within the thorium anomaly 

(Fig. 8.37).  This mare deposit is of interest as the magma infilling the crater erupted through the thorium 

rich crustal material of the thorium anomaly.  Assimilation of the thorium-rich crustal rock into the magma 

may leave a signature of the regional crustal material.  It should also be noted that there appears to be two 

distinct titanium concentrations at this location which may indicate two separate flows.  In this case the 

later flow has high concentrations of titanium than the earlier flow. 
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FIGURE 8.38 Thomson Crater and associated mare flows.  A) High-resolution Clementine UVIS data 

provides some morphological information and allows for better observation of fresh impact craters in the 

region that may sample the flow at depth.  B) Half degree resolution Lunar Prospector thorium data 

illustrates the western margin of the thorium anomaly in the vicinity of Thomson Crater.  C)  FeO wt. % 

map illustrates the variability in the FeO concentration of the mare deposit.  This map was created in 

ArcGIS using Clementine FeO data processed via the methodology described by Lucey et al. (2000).  D) 

TiO2 wt. % map illustrates the regions variation in titanium concentrations.  The map was created in 

ArcGIS using Clementine TiO2 data processed via the methodology described by Lucey et al. (2000).  The 

base map layer is Clementine 750nm UVIS. 

Thomson Crater is located in the northwestern region of SPA Basin (Fig. 8.38).  The mare within this 

crater shows interesting low features as well as a variable composition.  The variability in composition 

could be related to mechanical mixing as is the case with each of the regions previously discussed.  This 

mare has a small region of high-Ti basalts in the south and grades to lower titanium concentration to the 

north.  The region is also located along the outer margin of the thorium anomaly and therefore might 

exhibit variations in thorium concentrations. 

Science Goal 5b: Determine the age of the youngest and oldest mare basalts 

While the Apollo samples have provided ages for a limited selection of mare basalts the most useful age 

information attained is that which calibrates the crater size-frequency distribution which are used to attain 
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model ages of the lunar surface.  Based on the combination of crater size-frequency distributions and ages 

obtained from the Apollo samples, Taylor (1983) suggested that mare volcanism began as early as 4.2 Ga 

(i.e. before the end of the late heavy bombardment), however the majority of the maria were emplaced from 

3.9 Ga to 3.2 Ga (Taylor, 1982).  Crater size-frequency distributions curves yield a model age of 1.2 Ga for 

mare basalts within Oceanus Procellarum (Hiesinger et al., 2003).  This young age is not represented in the 

sample collection and suggests that the Moon was volcanically active for longer than that represented by 

the Apollo collection.  More samples are necessary to better constrain the evolution of lunar volcanism 

through time as well as the crater size-frequency distribution curves. 

 

FIGURE 8.39 Lunar chronostratic column illustrating the time constraints on lunar volcanism.  The red 

area indicates the duration of volcanic activity within SPA as suggested by Pieters et al. (2001) and 

Haruyama et al. (2008).   Lunar volcanism is constrained by the earliest dated lunar meteorite (~4.3 by) and 

model ages of young mare flows (~1.0 by) (see Chapter 5 and references therein). 

Mare deposits within SPA are mapped as Imbrian or Eratosthenian age (Stuart-Alexander, 1978; 

Wilhelms et al., 1979; Wilhelms, 1987).  Consistent with the geologic mapping, crater counts have yielded 

model ages for several deposits within SPA, including several mare patches in Apollo basin were dated at 

3.63 Ga and Van de Graaff deposits were dated at 3.64 Ga (Greeley et al., 1993).  It has been suggested by 

Pieters et al. (2001) that there were several episodes of basaltic volcanism during the pre-Orientale period 

of SPA evolution that extended over several hundred million years into the Upper Imbrian.  Figure 8.39 

depicts a representative sampling of radiometric ages from the lunar sample collection (including Apollo 

samples, Luna samples, and meteorite samples) as well as the proposed duration of active volcanism within 
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SPA.  Currently, lunar volcanism is constrained by the earliest dated lunar meteorite (~4.3 Ga) and model 

ages of young mare flows (~1.0 Ga).   

Antoniadi Crater possibly hosts the youngest mare deposit within SPA.  This deposit was originally 

mapped as Upper Imbrian to Eartosthenian in age (Wilhelms, 1987); however it was later assigned an 

Eratosthenian model age of 2.58 Ga in the work of Haruyama et al. (2009).  A close look at the deposit in 

the central peak region of the crater reveals the young age of the basalt based on the lack of impact craters 

on the surface (Fig. 8.40).  Antoniadi is located in the south central region of SPA, just outside of the 

500km traverse limit distance.  Sampling the flow may help to constrain the temporal extent of volcanism 

within SPA by constraining the upper age limit of mare volcanism within the basin.  Here it is important to 

note that SPA basin may also contain the youngest pyroclastic deposit on the lunar surface located within 

the young Schrödinger Basin.  Sampling this deposit will provide compositional data for possibly the most 

primitive magmas on the lunar surface.  

 

FIGURE 8.40 High-resolution Clementine UVIS data of the central peak region with in Antoniadi reveals a 

low crater density for the superposed mare material, indicating a relatively young age. 

Cryptomaria are defined as covered or hidden mare deposits which have been obscured by the 

emplacement of subsequent deposits of higher albedo material (Head and Wilson, 1992).  Thus, these are 

targets for the oldest mare basalt samples.  Typically, cryptomaria are identified through the detection of 

dark haloed impact craters (Shultz and Spudis, 1979), however due to the mafic nature (i.e., low albedo) of 

the floor of SPA this method alone is not appropriate.  High Ca-pyroxene is used as a proxy for 

cryptomaria as it reflects the basaltic composition of the mare material (Pieters and Head, 2001) as opposed 

to the low Ca-pyroxene which is representative of the non-mare material within SPA (Pieters et al., 2001; 

Lucey, 2004).  Clementine revealed several areas of possible cryptomaria within SPA (Fig. 8.41).  These 

areas were identified by the detection of high Ca-pyroxene at various light albedo locations, suggesting that 

the mare had been masked by impact ejecta (Pieters et al., 2001). 
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The suspect cryptomaria are predominately situated within the smooth intercrater plains on the basin 

floor.  Sampling cryptomaria will improve the constraints on the estimation of the duration of volcanism 

with in SPA.  Figure 8.42 represents one area that this type of sampling may be accomplished. 

 

FIGURE 8.41 Dark halo impact craters and possible cryptomaria within SPA.  The possible cryptomaria 

represented here are mapped by Pieters et al. (2001) using the detection of high-Ca pyroxene as a proxy for 

the basaltic material.  Map created in ArcGIS using Clementine 750nm UVIS as the base map layer. 
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FIGURE 8.42 Located in the northeast region of SPA and southwest of Apollo Basin, the area outline in 

yellow represents possible cryptomaria units.  A)  Mineral map of the region exposes cryptomaria.  The 

green color within the impact craters is indicative of high-Ca pyroxene which is a proxy for lunar basalts.  

B)  High resolution Clementine UVIS illustrates a near true color representation of the area.  C)  FeO wt. % 

map shows relatively high concentrations of FeO. This map was created in ArcGIS using Clementine FeO 

data processed via the methodology described by Lucey et al. (2000).  D) TiO2 wt. % map illustrates higher 

titanium concentrations than the surrounding terrain.  The map was created in ArcGIS using Clementine 

TiO2 data processed via the methodology described by Lucey et al. (2000).  The base map layer is 

Clementine 750nm UVIS. 

Science Goal 5c: Determine the compositional range and extent of lunar pyroclastic deposits 

Pyroclastic eruptions occurred on the lunar surface much like the fire fountain eruptions seen in Hawaii 

today (Fig. 8.43).  On the Earth, it is well understood that as a magma enriched in volatile elements ascends 

to the surface it decompresses.  The decompression causes the volatiles within to begin to exsolve, leading 

to a vertical and horizontal expansion of the magma.  The expansion of the magma results in an eruption of 

pyroclastic material onto the planetary surface.  On the Moon only small amounts of volatiles are required 

to achieve this affect (Head and Wilson, 1992). 
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FIGURE 8.43  The eruption of Kilauea in Hawaii creates pyroclastic type deposits on the Earth (Britannica 

Encyclopedia website). 

Early lunar mappers (Stuart-Alexander, 1978; Wilhelms et al., 1979; Wilhelms, 1987) mapped these 

units as dark mantling deposits and interpreted them as the result of sustained effusive eruptions.  As 

referenced in Head and Wilson (1992), the long duration and high effusion rate of the eruption spreads the 

pyroclastic material tens to hundreds of kilometers over the lunar surface with many of the deposits in close 

association with sinuous rilles. 

The Apollo sample collection contains a compositional range of pyroclastic materials.  Interestingly, a 

compositional analysis of the pyroclastic glasses collected at various Apollo sites has shown that the 

glasses are not related to the mare basalts at the same localities and that rather they represent a more 

primitive magma than the mare basalts (Delano, 1986).  The exact source of the volatiles driving these 

eruptions is unknown.  Perhaps during the final solidification of the lunar magma ocean, the hypothesized 

density driven overturn of the mantle led to an enrichment of the incompatible and volatile elements or the 

lunar magma ocean did not differentiate the entire mantle resulting in a mantle reservoir rich in volatile 

elements (see Saal et al., 2008 and references therein).  Sampling of pyroclastics deposits within SPA will 

provide useful information about the source region for these deposits.  The distribution of pyroclastic 

deposits within SPA is illustrated in Fig. 8.44.  There are a limited number of locations available for 

sampling pyroclastics material within SPA.  Two of the regions that contain the deposits are of particular 

interest.  One is Oppenheimer Crater (Fig. 8.45) which is outside of the 1000 km traverse limit and the 

second is Schrödinger Basin (Fig. 8.46) which is within the 500 km traverse limit. 
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FIGURE 8.44 Distribution of pyroclastic deposits within SPA.  The possible cryptomaria represented here 

were mapped by Pieters et al. (2001).  Map created in ArcGIS using Clementine 750nm UVIS as the base 

map layer. 



 

 

533 

 

FIGURE 8.45 Oppenheimer pyroclastic deposits.  A)  Schematic representation of Oppenheimer and the 

pyroclastic deposits within.  B)  High resolution Clementine UVIS illustrates a near true color 

representation of the area showing the low albedo of the dark mantling deposits.  C)  FeO wt. % map shows 

relatively high concentrations of FeO. This map was created in ArcGIS using Clementine FeO data 

processed via the methodology described by Lucey et al. (2000).  D) TiO2 wt. % map illustrates the typical 

medium titanium concentrations.  The map was created in ArcGIS using Clementine TiO2 data processed 

via the methodology described by Lucey et al. (2000).  The base map layer is Clementine 750nm UVIS. 

Oppenheimer is a floor fractured crater located west of Apollo in the northern region of SPA.  Seven 

pyroclastic deposits of varying sizes are present in Oppenheimer and appear to be associated with the floor 

fractures.  Figure 46 illustrates the relatively high concentrations of Fe and Ti present within these deposits 

which makes these deposits great for in situ resource utilization.  While this is a great location to sample 

pyroclastic material it is located well beyond the 1000km traverse distance.  An extended sortie mission 

might be useful for studying this region of the lunar surface.  
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FIGURE 8.46 Schrödinger pyroclastic deposits.  A)  High resolution Clementine UVIS used as base map to 

illustrate the mare units and pyroclastic deposits within Schrödinger Basin as mapped by Shoemaker et al., 

(1994).  These dark mantling deposits have low albedo and a large source vent.  B)  FeO wt. % map show 

low concentrations of FeO. It should be noted that this data is approaching the spatial limit of the 

Clementine data (i.e., more error in the data was incurred upon approaching the polar regions.  This map 

was created in ArcGIS using Clementine FeO data processed via the methodology described by Lucey et 

al. (2000).  

The second location that pyroclastic material may be sampled within SPA is Schrödinger Basin.  

Schrödinger is a relatively young basin that contains both mare material and pyroclastic deposits 

(Shoemaker et al., 1994).  The basin is located within the 500 km traverse limit and would therefore be a 

great location to sample pyroclastic material. 

Science Goal 5d: Determine the flux of lunar volcanism and its evolution through space and time 

Little is known about the flux of lunar volcanism.  Ariel extent and stratigraphic measurements of 

individual flow units can help to increase the understanding of the flux of lunar volcanism by determining 

the volume of the individual flow units (Head and Wilson, 1992).  Figure 8.47 illustrates estimates for lunar 

volcanic flux through time.  There are many locations with in SPA where flow measurements might be 

made, such as Chrétien, Von Karman, and Apollo South.  

This science goal may also be addressed by  doing thorough field work on the lunar surface (i.e. 

stratigraphic columns, in situ sampling, description of morphological features, etc.) and through a 

comprehensive compilation of all data obtained about lunar volcanism. 
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FIGURE 8.47 Summary of the chronology of lunar mare emplacement. (see Head and Wilson, 1992 and 

references therein). 

Summary of SPA Volcanism 

After studying the volcanism within SPA, we believe Schrödinger Basin (Fig. 8.48) is the best location 

to address NRC (2007) Science Concept 5.  This locality was chosen because it contains both mare material 

and pyroclastic material.  Sampling the mare material will address Science Goal 5a and sampling of the 

pyroclastics will aide in addressing Science Goal 5c.  Also it is thought these pyroclastic deposits may 

represent very young pyroclastic material therefore sampling it would address Science Goal 5b.   

The Apollo samples are the only samples on the Earth that were actually collected from an extra-

terrestrial planet and they provide great insight into the many unanswered questions pertaining to the 

Moon; however more lunar samples are needed.  Remote sensing reveals compositions not contained 

within the sample collection.  With the tremendous amount of knowledge gained over the past decades via 

remote sensing and sample analysis scientists and engineers are better equipped to select an optimal lunar 

landing site that will aide in bridging the gap between the sample collection and remote sensing data and 

ultimately increase our understanding of lunar volcanism and the evolution of the Moon. 
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FIGURE 8.48 Schrödinger Basin is the best location with in the 500km traverse distance to address Science 

Concept 5. 

 

SCIENCE CONCEPT 6: THE MOON IS AN ACCESSIBLE LABORATORY FOR STUDYING 

THE IMPACT PROCESS ON PLANETARY SCALES 

Science Goal 6a: Characterize the existence and extent of melt sheet differentiation 

During the contact and compression stage of the cratering process, shock pressures can reach >80 GPa, 

which cause the target rock to spontaneously and completely melt.  This „melt zone‟ of a crater (Hörz et al., 

1991) has a depth of melting exceeding the maximum depth of the transient cavity (Cintala and Grieve, 

1998a).  Kinetic energy from the shockwaves accelerates the melt (Grieve et al., 1981) and eject small 

spherules from the crater cavity (Melosh and Vickery, 1991).  As the melt moves along the transient crater 

floor, cooler inclusions from the floor and wall are incorporated, cooling the melt.  The cooling melt may 

divide into clast-rich impact melt breccia and clast-poor impact melt (Simmonds et al., 1976, 1978a, 

1978b).  Impact melt breccias are characterized by target rock clasts surrounded by a melt matrix while 

impact melt is characterized by a relatively homogenous mixture of the target rocks (Hörz et al., 1991).  A 
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sufficiently large cratering event may create a mass of melt that would cool slowly enough to differentiate 

as seen at Sudbury Crater in Canada (e.g., Warren et al., 1996).  

To determine the existence and extent of impact melt sheet differentiation on the Moon, we must rely 

on the examination of large impact structures, which have uplifted and exposed the interior of older melt 

sheets.  However, given the paucity of information on impact melt sheet differentiation, it is unclear what 

size crater or melt volume is required for differentiation to occur.  A variety of basins and large craters 

must be sampled to confirm or refute the existence of lunar impact melt sheet differentiation as well as 

constrain the size of crater or basin required for such differentiation. 

Models have suggested that the SPA impact event produced vast amounts of impact melt.  Models have 

predicted an SPA melt sheet of ~80–90 km thick with the total melt equivalent to approximately 0.3 

volume percent of the lunar mantle (Warren et al., 1996).  Other models have estimated a sheet thickness of 

200 km if 47% of the melt sheet were retained within the basin and 55 km if 20% were retained (Morrison, 

1998).  The best way to determine if SPA‟s impact melt sheet differentiated is to examine impact craters 

that effectively „drill‟ into the surface of the basin floor and not only expose layers beneath the surface, but 

also bring up material from depth in the form of the central peak.  If the melt sheet did differentiate, 

perhaps some of these central peaks will display the differentiated layers.   

Within SPA, approximately 45 complex craters have well-defined central peaks in high-resolution 

(~100m/pixel) Clementine data. The estimated minimum depth of origin for the central peaks of these 

craters ranges ~3–33 km (Fig. 8.49, Table A9.3).  Of these craters, many fall within the limits of the SPA 

transient crater (TC) where the central melt sheet would have pooled (e.g., Kring, 2005), thus they may be 

used as locations to examine uplifted material from the SPA melt sheet.  Several estimates have been made 

with regard to the diameter and location of the TC.  Petro and Pieters (2002) estimated that the TC diameter 

for SPA is approximately 1260 km and is centered at -56°, 170°E based on the innermost presence of 

anorthositic materials, which are interpreted to be exposures representative of upper crust.  There are 14 

complex craters within SPA that lie inside this limit (Fig. 8.50, Table A9.4).  Spudis (1993) provides a 

proportional growth model for calculation of a TC diameter, modified from Pike and Spudis (1987), which, 

when applied to SPA, indicates a TC diameter range of 1160–1470 km.  When centered at -56°, 180° 

(Wilhelms et al., 1979), the lower estimate diameter contains 16 complex craters, while the upper estimate 

contains 21 with an additional 2 complex craters straddling its limit (Fig. 8.50, Table A9.4).  Warren et al. 

(1996) estimated a TC diameter of approximately 1170 km based on scaling models by Croft (1985), which 

falls in between the estimates calculated from Spudis (1993).  In addition, the Constellation Program has 

identified a Tier 2 region of interest for the Lunar Reconnaissance Orbiter Camera (LROC) at -51.00, 

170.92, which they identify as a location on the rim of the SPA transient crater (John Gruener, personal 

communication) based on size estimates and an Orientale analogy by Hiesinger and Head (2004).  Given 

the location of this site and based on the SPA center determined by Wilhelms et al. (1979), the resulting TC 

diameter is ~450 km, and contains only 2 complex craters with a well-defined central peak (Fig. 8.50, 

Table A9.4). Impact ejecta post-dating the formation of SPA can complicate the determination of SPA-

derived melt sheet material in central peaks; the oldest craters (Pre-Nectarian and Nectarian) with 

remaining central peaks are likely to be the best subjects (Table A9.3) for examining possible SPA impact 

melt sheet material.   

If limited to a 1000 km traverse from the South Pole (Table A9.4), the set of applicable craters shrinks 

significantly to 3 craters that are included in the three main TC estimates (Antoniadi, Lyman, and 

Numerov) as well as 4 additional craters that are included in at least one of the main TC estimates (Fizeau, 

Eijkman, Prandtl, and Zeeman).  If limited to a 500 km traverse from the south pole (Table A9.4), only 6 

craters exist with well-defined central peaks in the high-resolution Clementine data; of these, only 2 craters 

are included in at least one of the TC estimates, De Forest and Zeeman (Fig. 8.51); these craters are likely 

the best sites for characterizing the SPA melt sheet. 

Smaller basins and larger craters within SPA must also be examined to determine if their impact melt 

sheets were sufficiently large to cool slowly enough to differentiate.  We examined all basins (impact 

features ≥140 km in diameter) and large craters between 100–140 km in diameter within SPA.  A second 

impact into the central melt sheet is required to uplift and expose the older melt, thus we eliminated large 

craters and basins that did not contain any complex craters (≥15 km diameter) within the estimated 

transient TC diameter.  The impact events that may dredge up material from the older melt sheet may occur 
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billions of years after the initial impact event, so they must be able to bore through not only the older melt 

sheet, but also any material blanketing the melt sheet from other impacting events.  To be certain that the 

younger craters drill through the ejecta of other craters, we only chose craters that drill into at least 85% of 

the melt sheet thickness.  These constraints leave 7 basins and 1 large impact crater within SPA (Fig. 8.52, 

Table A9.5) that contain craters for characterizing the existence and extent of melt sheet differentiation on a 

scale smaller than SPA.  The un-named crater within Antoniadi is an exception to these qualifications as it 

is below the transition diameter between simple and complex craters.  However, its size may still allow it to 

drill well into the impact melt sheet of Antoniadi.  Of the 7 test basins in SPA, 2 sites are within the 1000 

km traverse limit, Prandtl (Fig. 8.53) and Antoniadi (Fig. 8.54), and are the recommended sites to test 

impact melt differentiation on a smaller scale.  None of these features are within 500 km of the south pole.  
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FIGURE 8.49 Minimum depth of origin of well-defined central peaks of complex craters in SPA defined 

by extrapolation of Fig. 24 in Cintala and Grieve (1998a).  These complex craters are identified in Fig. 8.50 

and have additional information in Table A9.3. 
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FIGURE 8.50 Locations and approximate sizes of complex craters with discernable central peaks within 

SPA (large, dashed white circle).  The solid white rings represent the minimum (1160 km) and maximum 

(1470 km) estimates of transient crater diameter calculated from Spudis (1993) and the smaller dashed 

white ring represents the size and location of the transient crater as estimated by Petro and Pieters (2002).  

The black arcs represent the 500 km and 1000 km traverse limits from the south pole.  The small, pink star 

that lies just outside of the 1000 km traverse limit represents a region of interest as selected by 

Constellation for LROC, which represents the rim of the transient crater by another estimate based on the 

size given in Hiesinger and Head (2004). 
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FIGURE 8.51 High-resolution Clementine mosaic showing de Forest and Zeeman craters, which are type 

localities to address possible impact melt sheet differentiation for the SPA impact event.  The black arc is 

the 500 km traverse limit from the south pole.  White arcs represent transient crater estimates mentioned in 

the text. 
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FIGURE 8.52 Locations and approximate sizes of craters that may drill into a pre-existing melt sheet of an 

older large crater or basin (not including SPA).  These sites may be used to constrain the limits of impact 

melt sheet differentiation.  Basins and large craters are encircled by pink rings and are labeled in white text.  

Smaller craters that drill into the older melt sheets are outlined by green circles and are identified in Table 

A9.5. The black arcs represent the 500 km and 1000 km traverse limits from the south pole and the dashed 

white circle shows the outermost extent of SPA. 



542 

 

FIGURE 8.53 High-resolution Clementine mosaic of Prandtl crater, which is one of the type localities to 

address possible impact melt sheet differentiation on scales smaller than SPA.  Prandtl crater lies within 

Planck basin  (dashed light blue line) and may have Planck-derived melt within its walls and central peak.  

The black arc is the 1000 km traverse limit from the south pole.  White arcs represent transient crater 

estimates mentioned in the text. 
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FIGURE 8.54 High-resolution Clementine mosaic of Antoniadi crater, which is one of the type localities to 

address possible impact melt sheet differentiation on scales smaller than SPA.  The larger crater inside 

Antoniadi may have excavated into Antoniadi‟s melt sheet.  The black arc is the 500 km traverse limit from 

the south pole.  White arcs represent transient crater estimates mentioned in the text. 
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 Science Goal 6b: Determine the structure of multi-ring impact basins 

We do not know the exact origin of the rings in basins, but several theories exist.  The megaterrace 

hypothesis argues that the rings are slump features surrounding the excavated crater (Hartmann and Kuiper, 

1962), analogous to slumping in smaller lunar craters (Spudis, 1993).  Others suggest the rings are due to a 

fluidization of the crust from the impact with either a tsunami-like action (Baldwin, 1974) or oscillations of 

ripples (Murray, 1980) that solidify after excavation.  A third theory, the nested crater hypothesis, proposes 

that the interior rings represent the boundaries between different layers of crust, and thus different 

strengths, as excavation occurs (Hodges and Wilhelms, 1978). 

The theories of basin ring formation may be tested in several locations within SPA.  Of the basins 

within SPA, only a handful of them contain at least remnants of interior rings; these features are shown in 

Fig. 8.55 and Table 8.5.  To test the megaterrace or nested crater hypotheses, geophysical surveys should 

be conducted across the rim of these craters to determine the existence of faults.  Faults may also be visible 

on the surface with higher resolution imagery from LRO.  If the nested crater hypothesis could be proved 

true, it might also indicate that the SPA melt sheet underwent differentiation as the rings would not have 

formed if the target were not layered.  Testing the fluidization hypotheses may prove to be more difficult as 

they cannot be simply proved or disproved with the use of seismic surveys.  More modeling should be 

conducted on all of these theories before a suggestion may be made to test them.  In addition, further 

ground truthing should be conducted on large terrestrial impact craters to better constrain these theories. 

Within SPA, Antoniadi (Fig. 8.54) and Schrödinger (Fig. 8.56) will likely be the best locations for 

testing the basin ring formation theories.  Antoniadi is an upper Imbrian central peak basin while 

Schrödinger is a lower Imbrian peak ring basin.  These two basins are the youngest of the basins with 

visible rings in SPA.  In addition, Schrödinger straddles the 500-km traverse limit from the south pole and 

Antoniadi is just past the 500-km traverse limit, but well within the 1000-km traverse limit.  While these 

two basins would be excellent sortie locations, they would also be accessible from an outpost at the lunar 

south pole.   

While basins are often treated as large complex craters in modeling, the depth-diameter relationship 

falls apart with the largest of basins.  This is especially seen with regards to the SPA basin.  SPA‟s 

dimension cannot be modeled by a simple scaling-up of smaller impact basins.  On the contrary, it is 

significantly deeper than would be expected based on scaling laws.  Williams and Zuber (1998) defined a 

depth-diameter relationship for lunar impact basins as log10(d)=0.41·(log10(D))
0.57

, where d is depth and D 

is diameter, but they note that SPA does not fall along this fit line (Fig. 8.57) indicating that it is unique 

among the impact basin population.  Furthermore, Wieczorek and Phillips (1999) note that crater/basin size 

obeys a proportional scaling law up to a diameter of 500km where the depth/diameter ratio begins to drop 

drastically for Serenitatis and Imbrium basins with SPA being even lower than these by nearly a factor of 6.  

They suggest three possible explanations for the small depth/diameter ratio: (1) nonproportional scaling is a 

natural outcome of the cratering process for larger basins; (2) a small depth/diameter ratio represents a 

special impact condition; or (3) the small ratio is a result of modification during or post-impact (Wieczorek 

and Phillips, 1999).  To test these possible explanations with respect to SPA, the same geophysical network 

discussed above may be used.  A thorough examination of Malapert Massif might also give some insight 

into the formation mechanism of SPA.  For smaller basins, a thorough ground examination of the geology 

of the interior rings and modification zones by an astronaut may be conducted on those listed in Table 8.5.   
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FIGURE 8.55 Locations and approximate sizes of basins within SPA with complete or remnant rings over 

750nm Clementine data.  The white, dashed circle indicates the limit of SPA.  The black curves 

surrounding the south pole indicate 500 km and 1000 km traverse limits from the south pole. 
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FIGURE 8.56 High-resolution Clementine mosaic of Schrödinger basin, which is a type locality for 

determining the structure of multi-ring basins. 
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TABLE 8.5 Locations to test the basin ring formation hypotheses.  Asterisks indicate that the inner rim 

remnants are barely visible in high-resolution (~100m/pixel) Clementine mosaics. 

Name Latitude Longitude 
Diameter 

(km) 

Estimated Age                                   

(Wilhelms and 

Byrne, 2009) 

Antoniadi -173.155 -69.534 143 Upper Imbrian 

Schrödinger 132.163 -74.642 312 Lower Imbrian 

Chebyshev* -133.396 -34.253 178 Nectarian 

Apollo -152.001 -36.296 537 Pre-Nectarian 

Poincare 163.60 -56.70 319 Pre-Nectarian 

Von Karman* 175.90 -44.80 180 Pre-Nectarian 

 

 

FIGURE 8.57 Log10 (depth) versus Log10 (diameter) for complex craters, transitional craters, and basins 

modified from Williams and Zuber (1998) showing that basins do not fall along the linear complex crater 

fit by Pike, R.A. (1974) and SPA does not fall along a model line for basins. 

 

Science Concept 6c: Quantify the effects of planetary characteristics (composition, density, impact 

velocities) on crater formation and morphology 

The South Pole-Aitken basin contains diverse crustal types within it including thorium-rich, hummocky 

terrain (e.g., Garrick-Bethell and Zuber, 2005); mare basalt (e.g., Yingst and Head, 1999); anomalously 

mafic terrain (e.g., Lucey et al., 1998); and putative anorthitic terrain (e.g., Peterson et al., 2000).  It is 

possible that craters within these various materials will have different morphologies, so a range of crater 

sizes should be analyzed from these terrains.  Remote sensing techniques can be used to analyze crater 

morphologies with subsequent ground truthing to analyze the composition and density of the crust.  Impact 

melt samples from the surface may also be able to give information on the projectile type and thus hint at 

the impact velocity to complete the investigation.  Craters within regions of interest in SPA should then be 
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compared to craters in various other locations on the moon such as the highlands and the nearside.  To 

eliminate as many modification effects as possible, relatively fresh craters are preferable to degraded ones. 

Relatively fresh, simple craters exhibit bright albedos in Clementine data, so they are fairly easy to 

identify, but are often unnamed craters.  Only simple craters with the brightest albedos are selected in this 

report, so the number reported should be treated as a minimum.  Large, complex craters that retain their 

central peaks and have sharp crater walls will likely be „fresh‟ enough to use, but they are rarely as young 

as some of the simple craters within the same region and often do not have clear ejecta blankets; we only 

use complex craters with an estimated age of Lower Imbrian or younger.  For the purposes of this part of 

the report, it is necessary to constrain all analyses to the freshest complex craters, so those without sharp 

interior walls are eliminated to produce 17 fresh complex craters (Antoniadi is treated as a basin here).  

SPA only contains a handful of basins that retain even a small portion of an inner ring and even these are 

often some of the oldest features in SPA (see Fig. 8.55 and Table 8.5); again we recommend the use of 

basins of Lower Imbrian age or younger. 

Thorium may be used as a tracer for KREEP on the Moon (e.g., Lucey et al., 1998), so impact craters 

within the thorium anomaly of SPA may be drilling into a KREEP surface.  Within this region, there are at 

least 25 fresh simple craters and 7 complex craters with central peaks within the highest value areas (Fig. 

8.58, Table 8.6).  Of these features, at least 3 simple craters are located within the 1000km traverse limit 

from an outpost at the South Pole.  There are no fresh basins in the highest Thorium region, nor are there 

any complex craters in the anomaly within the 1000 km of the south pole.  The 500 km traverse limit is 

similarly void of craters and basins.  The two best craters in which to examine the Thorium anomaly are 

Birkeland and Oresme V (Fig. 8.59), as they both lie in the highest value areas. 

Most of the scant amount of mare mapped within SPA (Stuart-Alexander, 1978; Wilhelms et al., 1979) 

is found within large impact craters and ancient basins (Fig. 8.60, Table 8.6).  Interestingly, two of the 

large, fresh complex craters (Maksutov and Rumford) contain mare as well as both of the basins.  

Antoniadi is frequently referred to as a crater because is it smaller than the often used 300 km diameter 

cutoff for basins; Antoniadi is indeed referred to as a crater earlier, but in this section, it will only be 

discussed as a basin.  Recently, Schrödinger basin has also had small mare units mapped within it 

(Shoemaker et al., 1994).  No large, fresh complex craters or basins appear to impact into mare, but there 

are a multitude of fresh simple craters that impact into mare.  Over 30 fresh, simple craters can be found in 

mare within craters and basins (Thompson, Leibnitz, Apollo, Maksutov, Von Karman, Von Karman M, 

Hopmann, Hess, Grissom-White, Abbe, and Poincare) as well as in area of SPA not directly associated 

with a basin or large crater.  Within 1000 km of the south pole, Schrödinger and Antoniadi are the only 

large features (complex crater or basin) that are at least partially filled with mare, but none of the mare 

units within these basins lie within 500km of the south pole (units within Schrödinger lie just past the 500 

km traverse limit).  At least 2 fresh simple craters impacted into mare are found within 1000 km of the 

south pole.  Both Schrödinger (Fig. 8.56) and Antoniadi (Fig. 8.54) are recommended as type localities for 

craters and basins with mare infilling. 

Within the high FeO region of SPA (Fig. 8.61, Table 8.6), 10 large fresh complex craters and 1 basin 

have impacted into the mafic anomaly.  At least 120 fresh simple craters lie within the mafic anomaly.  

Within 500km of the south pole, it is unclear of the extent of the mafic anomaly in Clementine data due to 

shadowing effects near the pole.  Due to this uncertainty, White crater (Fig. 8.62) is chosen as a 

recommended site.  Craters that may have impacted into anorthositic material lie within the regions of low 

FeO, just outside of the mafic anomaly.  This region contains 7 large fresh complex craters, 1 basin 

(Schrödinger), and at least 50 fresh simple craters. Within 1000 km of the south pole, there are at least 20 

simple craters, 4 large complex craters, and 1 basin in the anorthitic region.  Within 500 km of the south 

pole, there are at least 3 simple craters, 2 large complex craters (De Forest and Hale), and 1 basin in the 

anorthitic region.  Hausen crater (Fig. 8.63), with its relatively young age as well as location within the 

1000 km traverse limit and along the edge of the SPA rim is one of the best locations to sample low FeO 

material. 

Of these craters, several fall into multiple regions of interest.  Rumford (ID# 21), a Lower Imbrian 

complex crater, lies in the Thorium anomaly, contains mare, and also lies within the FeO anomaly.  

Although this crater does not contain any of the brightest albedo simple craters, the many simple craters on 

its floor may be fresh enough for analysis.  The one drawback for this site is that its distance from the south 
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pole is significantly more than 1000 km.  Seven complex craters lie with the Thorium and FeO anomalies, 

but none lie within 1000 km of the south pole.  Of the complex craters and basins that lie within 1000 km, 

only Antoniadi and Schrödinger are listed in more than one category. 

It is likely that there are more fresh complex craters that lie within more than one region of interest, but 

with the resolution of Clementine data, only the central peak of the largest complex craters are readily 

discernable.  Higher-resolution images are needed to find smaller, fresh complex craters as well as more 

simple craters.  In addition, more work should be done to lessen the shadowing effects near the south pole; 

with current data, these effects make it nearly impossible to locate fresh craters. 

 

FIGURE 8.58 Craters and basins within the thorium anomaly in SPA.  Fresh, high albedo craters are 

represented by yellow stars. Antoniadi and Schrödinger are represented by open circles to show that they 

are basins and thus treated separately from the other impact features in this section. 
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FIGURE 8.59 High-resolution Clementine mosaic showing Birkeland and Oresme V, the two best sites to 

study crater morphology within the thorium anomaly.  White arcs represent different transient crater 

estimates. 
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FIGURE 8.60 Mare-filled craters and basins (dashed rings) and craters that impact into mare (solid rings) 

within SPA.  Fresh, high-albedo, craters are represented by yellow stars.  Large, complex craters and basins 

(Antoniadi and Schrödinger) are shown as open circles so that the mare units within them can be seen. 
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FIGURE 8.61 FeO anomaly in SPA overlain by the freshest craters and basins.  Basins are represented by 

open circles, complex craters by filled circles, and simple craters by pink stars. 
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FIGURE 8.62 High-resolution Clementine mosaic showing White Crater, which is a type locality for 

testing crater morphologies within the mafic anomaly of SPA.  Arcs shown in white (solid and dashed) are 

transient crater estimates for SPA. 
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FIGURE 8.63 High-resolution Clementine mosaic of Hausen Crater, which is the type locality for 

examining impact crater morphology outside of the SPA mafic anomaly.  The white dashed arc represents 

the edge of SPA. 

 



 

 

 

TABLE 8.6  Craters and basins within regions of interest in SPA: Thorium anomaly, mare (as identified by Stuart-Alexander (1978) and Wilhelms et al. (1979)), 

mafic anomaly, and possible anorthitic terrain. 

ID # Name Latitude Longitude 
Diameter 

(km) 

Estimated Age                                   

(Wilhelms and 

Byrne, 2009) 

Th 

Anomaly  

Contains 

Mare  

Impacts   

Mare  

High     

FeO   

Low     

FeO  

1000 km 

traverse 

limit 

500 km 

traverse 

limit 

1 O'Day -30.626 157.073 71 
Copernican              

(Eratosthenian?) 
        X     

2 Birkeland -30.416 173.836 82 Eratosthenian X     X       

3 Finsen -42.555 -177.99 72 Eratosthenian X     X       

4 Hausen -65.461 -88.165 167 Eratosthenian         X X   

6 De Forest -77.146 -164.011 57 Upper Imbrian         X X X 

7 Dryden -33.546 -156.199 51 Upper Imbrian         X     

8 Hale -74.159 90.829 83 Upper Imbrian         X X X 

9 Lyman -65.093 161.88 84 Upper Imbrian       X   X   

10 Maksutov* -41.089 -168.664 83 Upper Imbrian   X   X       

11 Mariotte -28.886 -139.1 65 Upper Imbrian         X     

12 Oresme V -40.951 165.081 51 Upper Imbrian X     X       

13 White -45.166 -159.071 39 Upper Imbrian       X       

14 Doerfel S -70.034 -120.64 32 
Upper Imbrian                       

(Lower Imbrian?) 
        X X   

17 Alder -48.751 -178.315 77 Lower Imbrian X     X       

21 Rumford -29.182 -169.898 61 Lower Imbrian X X   X       

43 Davisson -38.147 -175.077 87 ~~~~~~~ X     X       

44 Oresme Q -44.553 166.972 23 ~~~~~~~ X     X       

  Antoniadi -173.155 -69.534 143 Upper Imbrian   X   X   X   

  Schrödinger 132.163 -74.642 312 Lower Imbrian   X     X X (partial) 

Bright, fresh, simple 

craters 
varies varies varies ~~~~~~~ 

≥25          ≥3   

    ≥33*     ≥2   

      ≥120   ≥15 unclear 

        ≥50 ≥20 ≥3 
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Science Goal 6d: Measure the extent of lateral and vertical mixing of local and ejecta material 

The lateral and vertical extent of mixing of ejecta material can be measured on both the small scale 

(simple and complex craters) and large scale (basins) within SPA.  Craters and basins with clearly defined 

ejecta blankets should be examined as possible locations for measuring mixing within SPA. 

On the small scale, simple and complex craters can be examined.  Within SPA, there are no large 

complex craters with clearly defined ejecta blankets; Possible craters are either too old to have maintained a 

distinct ejecta blanket due to overprinting of younger craters or they have suffered modification in some 

other way.  At least 38 simple craters with pronounced ejecta blankets have been identified in SPA (Fig. 

8.64, Table 8.7).  These craters range in size from 1.2–14 km in diameter.  Most have primarily radial 

blankets, but at least one crater (iv) has a „butterfly-wing‟ ejecta blanket suggestive of an oblique impact 

(Bottke et al., 2000).  Samples can be taken along the ejecta blankets with decreasing (or increasing 

distance) to the crater and analyzed. 

On a larger scale, material can be sampled from mapped ejecta from Schrödinger and Orientale basins 

(Stuart-Alexander, 1978; Wilhelms et al., 1979).  Three of the simple craters with ejecta blankets lie on top 

of Orientale‟s ejecta blanket (Fig. 8.64, Table 8.7) and would be prime locations for measuring mixing on 

both scales.  At least one simple crater is similarly located with respect to Schrödinger.  Fechner T (Fig. 

8.65) is likely to be the best location given its high albedo ejecta blanket, its distance from the south pole (< 

1000 km) and its proximity to Schrödinger ejecta. 

If restricted to a 1000-km traverse limit from an outpost at the lunar south pole, at least 5 simple craters 

can be sampled with ejecta blankets; a portion of Schrödinger‟s ejecta blanket and Orientale‟s ejecta 

blankets can also be sampled.  Only Schrödinger‟s ejecta blanket can be sampled within 500 km of the 

south pole.  However, there may be simple or complex craters within 500 km of the pole, but they are not 

discernable due to shadowing effects associated with Clementine data near the poles. 

On an even larger scale, models have been created to examine the thickness of ejecta from SPA over the 

entirety of the moon; samples of SPA ejecta from various locations on the moon may be used to constrain 

these models.  Although the amount of SPA ejecta (83.0 ± 23.1 × 10
9
 km

3
 (Wieczorek and Phillips, 1999)) 

is an order of magnitude greater than any other lunar basin and is approximately equivalent to the 42 other 

lunar basins (Petro and Pieters, 2008), there is still significant discussion of where to find it.  Some 

estimates have been calculated by Petro and Pieters (2008) of the minimum amount of SPA material to be 

found at any location which range between 750 m thick according to the Housen model (Housen et al., 

1983) to 1900 m thick according to the Pike model (Pike, 1974).  A narrow band of SPA ejecta has been 

modeled to lie across the northern nearside and farside (Fig. 8.66) with a maximum thickness of several 

kilometers near the basin rim and antipode (Petro and Pieters, 2008).  Thus we can suppose that the best 

locations near SPA to find related ejecta is near the basin rim, which is supported by the work of Hammond 

et al. (2009) who suggest that the thickest ejecta should be found within 1.5 basin radii from the basin 

center; this would indicate that the largest amount of ejecta can be found within 1875 km of -56°, 180°.  

Additionally, work by Thompson et al. (2009) found that a difference of ~1 km in megaregolith thickness 

between the nearside southern and northern highlands (2.5 km and 1.5 km respectively) is likely to be 

attributed to SPA basin ejecta. 
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FIGURE 8.64 Locations of simple craters with clear ejecta blankets in SPA listed in Table 8.7.  Also shown 

are the ejecta blankets and radial ejecta from Schrödinger and Orientale that are included in SPA. 
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FIGURE 8.65 High-resolution Clementine mosaic showing Fechner T, which is likely the best location to 

measure lateral and vertical mixing with in SPA. 
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TABLE 8.7.  Locations and diameters of fresh, simple craters with distinct ejecta blankets in Fig. 8.64.  

Appropriate values for Schrödinger and Orientale are also included. 

Crater ID Latitude Longitude 
Diameter 

(km) 

1000 km traverse 

limit 
500 km traverse limit 

i  -19.317 160.336 2.5     

ii -25.918 155.952 1.2     

iii -31.234 157.859 6.9     

iv -30.792 145.293 11.5     

v -17.072 -170.21 4.3     

vi -26.354 -170.74 6.9     

vii -28.172 -155.366 5.1     

viii -23.89 -145.756 2.4     

ix -31.656 -142.071 2.2     

x -38.674 127.944 4.7     

xi -42.286 136.396 2.1     

xii -44.059 142.886 13.1     

xiii -42.883 152.784 4     

xiv -50.871 158.912 1.6     

xv -39.851 172.684 2.5     

xvi -45.57 175.776 3.5     

xvii -41.765 -171.911 3.1     

xviii -43.602 116.984 2.3     

xix -48.982 121.279 3.1     

xx -53.914 139.213 1.6     

xxi -57.067 146.39 9.4     

xxii -54.131 -171.009 3.4     

xxiii -45.571 -138.428 3.5     

xxiv -41.889 134.286 1.9     

xxv -50.261 -130.096 3.9     

xxvi -54.911 -130.11 1.4     

xxvii -53.542 -120.686 7.5     

xxviii -56.404 1-0.992 3.3     

xxix -65.681 94.637 8.8 X   

xxx -66.555 117.337 7.3 X   

xxxi -64.12 174.118 1.3 X   

xxxii -58.366 -166.095 1.6 X   

xxxiii -61.511 -139.434 2.2 X   

xxxiv -57.581 -129.962 1.4 X   

xxxv -62.445 -117.017 1.2 X   

xxxvi -57.074 -100.943 1.2 X   

xxxvii -62.851 -99.238 3.1 X   

xxxviii -81.153 -94.475 2.4 X X 

Fechner T -58.763 122.339 14 X   

Orientale -19 -95 930 ejecta ejecta 

Schrödinger  -74.642 132.163 312 basin & ejecta partial basin & ejecta 
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FIGURE 8.66 Lunar-wide distribution of SPA ejecta where dashed lines represent different amount of 

ejecta emplaced on the surface and tick marks indicate the direction of decreasing amounts of ejecta.  Areas 

with the most ejecta are shaded in solid black while the area of the least amount of ejecta is shaded with 

diagonal lines.  From Petro and Pieters (2008). 

 

SCIENCE CONCEPT 7: THE MOON IS A NATURAL LABORATORY FOR REGOLITH 

PROCESSES AND WEATHERING ON ANHYDROUS AIRLESS BODIES 

Being airless, the Moon is covered in the debris from impact craters, both large and small.  This regolith 

covers the entire lunar surface, and is thus the only part of the Moon visible to remote sensing.  

Understanding its properties as a function of composition is critical to quantifiably interpreting orbital data.  

In addition, old regolith buried for billions of years could provide a window into the solar system‟s history.  

SPA is well-suited to addressing both these issues, as it offers both geochemical diversity and cold, 

possibly ancient regolith. 

Science Goal 7a: Search for and characterize ancient regolith 

While the Apollo missions sampled regolith at every site that they visited, they never had the 

opportunity to collect a preserved layer of ancient regolith (or paleoregolith).  Such a layer would however 

record the lunar bombardment history, early solar wind and terrestrial material, and ancient space 

weathering products.   

The most identifiable paleoregoliths are probably those under a layer of quickly laid down volcanic 

material of a known age.  Sampling paleoregoliths below a mare unit in SPA through the use a of a deep 

drill would be theoretically possible, but may be very technically complex.  Instead, the best paleoregolith 

samples may be recovered by drilling or trenching horizontally into exposed scarps.  As analysis of Apollo 

15 images of the walls of Hadley Rille showed (Spudis et al., 1988), sinuous rilles can expose ancient 

regolith layers on their walls.  Rilles are unfortunately rare in SPA, with the closest structures being the 

large fractures on the floor of Schrödinger.  The best exposed scarps in SPA may then be steep crater walls, 

though identifying which may have accessible paleoregolith will probably require sub-meter resolution 

imagery. 

In addition, buried mare units (cryptomare) could offer samples of both themselves and the regolith 

they cover.  Principle-component analysis of the Clementine UVVIS/NIR data indicates that the floor of 
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SPA may have a large fraction of basaltic fragments physically mixed into the regolith (Petro and Pieters, 

2004; Lucey et al., 2005).  This could indicate the presence of crytomare under the surface of SPA, and 

Pieters et al. (2001) identified a smooth plain are south of Apollo Basin as a crytomare based on its spectral 

qualities. Further spectra mapping and modeling of SPA would be required to fully map the possible 

crytomare. 

Science Goal 7b: Determine the physical properties of the regolith at diverse locations of expected 

human activity 

South Pole-Aitken Basin is both geochemically diverse and distinct from the surrounding feldspathic 

highlands (see Section 9.3 for more details).  Remote sensing data is currently unable to distinguish to what 

extent this distinctiveness is due to an single regolith grain composition, or an intimate physical mixture of 

different compositions (Jolliff et al., 2002; Lucey et al., 2005).  Bulk surface regolith samples would be 

able to address this to the first order for each investigation site, and would be the most useful if taken on 

either side of a geologic boundary.   

To the first order, those boundaries are defined by gross composition, and can be seen in the FeO, TiO2, 

and Th maps (Figs. 8.34, 8.35, and 8.24).  Sampling the endpoints of these compositions would help to 

constrain the compositions of areas in between.  The geologically mapped units offer a deeper level of 

complexity, including relative age and  morphology in addition to composition (Fig. 8.25).  At most, 

regolith could be sampled from each the identified geologic units in SPA, allowing a very close relationship 

between observed spectra and known composition. 

In addition, the diverse chemical compositions of SPA regoliths may be expressed in their physical 

properties.  The grain size distribution, grain shapes, bulk density, and thermal conductivity all may vary at 

different sites in the basin, and could be very different from returned Apollo samples.  This especially 

important at sites that could support future long-term human exploration, like the south pole.   

Science Goal 7c: Understand regolith modification processes (including space weathering), 

particularly deposition of volatile materials 

The lunar regolith is a product of the actively ongoing space weathering process, and thus 

understanding this weathering is crucial to interpreting remote sensing data from across the Moon.  The 

dominant weathering process is micrometeorite impacts melting small fragments of the regolith to create 

agglutinates, and reducing iron in the process (Pieters et al., 1993).  The FeO content of the regolith is thus 

important to weathering, and SPA is has a unique FeO composition (Fig. 8.34).  In fact, SPA contains a 

wide variety of more mafic, but not necessarily basaltic, compositions (Lucey et al., 2005).  Sampling bulk 

regolith at several different locations in SPA can therefore provide necessary ground-truthing for orbital 

spectroscopy. 

In addition to collecting surface regolith, other potential space weathering investigations could also 

include recovering ancient paleoregolith to quantify any change in the weathering rate with time, as well as 

artificial exposed surfaces to measure the short-timescale weathering rate.  Also, the agglutinate production 

rate may be a function of surface temperature (von Gunten et al., 1982), and so sampling regolith at a 

variety of surface temperatures around the south pole can help to quantify the maturation rate of polar 

regolith.  Finally, the space weathering process in very cold regolith intimately affects the migration of 

volatiles below the surface (Crider and Vondrak, 2003a).  Measurements of weathering, therefore, should 

accompany any investigation of polar cold traps. 

Science Goal 7d: Separate and study rare materials in the lunar regolith 

The lunar regolith serves as an archive of all the material that has impacted the Moon in the past 4.5 

billion years.  Preserved paleoregoliths from early in the Moon‟s history preserve not only information 

about the ancient Moon, but also material from throughout the solar system, and even beyond.  The most 

common non-lunar component will be terrestrial meteoritic material, which could be in the bulk regolith at 

a concentration of about 7 ppm (Armstrong et al., 2002).  This material would be most concentrated in the 

oldest regoliths (those formed during higher bombardment rates), and best preserved in the coldest 

regoliths.  In fact, these terrestrial meteorites may contain information about the Earth during the period 

when life first arose, a time period not easily accessible in the terrestrial record (Crawford et al., 2008).  
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Locating and sampling paleoregoliths in cold polar areas should therefore be a high priority for future lunar 

exploration. 

In addition, the regolith bears witness to solar and galactic history.  The nitrogen isotopic ratios in 

returned Apollo samples appear to vary as a function of argon exposure age (Hashizume and Chaussidon, 

2008; Marty et al., 2003).  This could be due to secular variations in either solar intensity, micrometeorite 

flux from the outer solar system (rich in NH4), or some combination thereof.  In addition, the medium-

depth „SEP‟ component of implanted gases in regolith samples has been linked to interstellar molecules 

swept up by the solar wind (Wimmer-Schweingruber and Bochsler, 2000, 2001).  If this is the case, a full 

SEP history may reveal the interstellar environment the heliosphere has passed through for the past few 

billion years.  Again, returning cold, ancient regolith would help construct a more empirical model of the 

solar system‟s history. 

Summary 

Since regolith covers the entire Moon, a sample from any site in SPA would be in some way useful.  

Certain areas, however, stand out as particularly interesting.  SPA boasts several regions (chiefly in the 

northwest) with very unusual composition; even a small sample from one of these sites could provide an 

endmember in regolith spectral modeling.  In addition, areas like the fissures in Schrödinger and possible 

crytomare south of Apollo could provide access to material from the ancient lunar surface.  The real 

advantage to regolith collected in SPA is in areas south of 70 S, where shadowing starts to lower mean 

surface temperatures, thus preserving ancient solar and terrestrial volatiles.  The best locations in SPA to 

collect regolith would therefore be relatively close to the poles, and expose very old material in scarps.  To 

find these old and cold regoliths, however, will require more and higher resolution remote sensing than is 

currently available.  

 

SCIENCE CONCEPT 8: PROCESSES INVOLVED WITH THE ATMOSPHERE AND DUST 

ENVIRONMENT OF THE MOON ARE ACCESSIBLE FOR SCIENTIFIC STUDY WHILE THE 

ENVIRONMENT REMAINS IN A PRISTINE STATE 

Investigations pertaining to the lunar atmosphere are non-unique to the surface of the South Pole-Aitken 

Basin and were, thus, not considered specific to the scope of this study.   
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Synopsis 

Our examination of the scientific concepts and objectives in the NRC (2007) report The Scientific 

Context for Exploration of the Moon generated a series of requirements for surface targets that were then 

evaluated using a compilation of existing sample data and remote sensing observations.   The latter were 

co-registered in an ArcGIS database and used to map locations where the requirements could be met. 

The underlying question was, simply, where on the lunar surface could each of the NRC (2007) 

investigations be addressed?  Rather than asking what could be accomplished at one place or another on the 

surface, the goal was to identify all locations on the lunar surface where each of the investigations could be 

addressed.  Thus, this is truly a global assessment of the landing sites suitable for The Scientific Context for 

Exploration of the Moon. 

That strategy produced several interesting results for each of the concepts.  Moreover, by collating the 

results for each concept, the strategy has identified several sites on the lunar surface that are particularly 

science-rich targets.  Some of them have not appeared in previous landing site assessments, even though 

they may be far better landing sites than those previously identified.  For example, one of the sites that 

appeared repeatedly throughout the series of summer studies is the Schrödinger basin within the South 

Pole-Aitken basin on the lunar far side.  At that location, the first and second highest priorities within the 

NRC (2007) report can be addressed, as can over half of the other scientific investigations in the report.  It 

is an exceedingly fascinating location. Another interesting site is Amundsen crater, near the South Pole, 

which this study suggests is a better place to study polar volatiles than the often-discussed Shackleton 

crater.   

In most cases, the missions require field work, sample collection, and return of those samples to Earth 

for analyses.  In a few cases, measurements can be made in situ and/or must be made in situ (e.g., the 

geophysical network).  

To address Concept 1 investigations, which involve the bombardment history of the Moon and its 

implications for planetary bodies throughout the inner solar system, samples need to be collected from a 

series of impact basins and craters that are distributed geographically around the Moon and are temporally 

representative of the collisional evolution of the Moon from the accretional epoch up to the present day.  

Those samples will need to be returned to Earth for analyses.  The highest priority is to test the lunar 

cataclysm hypothesis, which means the magnitude and duration of the pulse of basin-forming events needs 

to be determined.  The second highest priority investigation is to determine the age of the South Pole-

Aitken basin.  Both of those could potentially be addressed within Schrödinger basin, which is within the 

South Pole-Aitken basin and likely contains samples produced by both impact events. Because Schrödinger 

basin is the second youngest basin and SPA is the oldest basin, collecting samples from that location would 

virtually bracket the entire basin forming epoch.  Moreover, other suites of rock available within 

Schrödinger basin can be used to address Concepts 3, 4, 5, 6, and 7.  

Concept 2 investigations are designed to probe the lunar interior (lower crust, mantle, and core).  Those 

issues can be addressed by both geophysical networks and sample return.  While some progress can be 

made with the deployment of a single geophysical station, arrays of 4 to 8 globally distributed stations are 

needed to fully address the goals.  The locations of those stations can (albeit not always) conflict with the 

locations of landing sites identified for the other concepts.  Often, locations of geologic complexity where 

multiple types of terrains meet are the most attractive sites for other concepts.  Terrain boundary locations, 

however, can be poor places for geophysical measurements like heat flow. 

The investigations within Concept 3 are designed to use the diverse range of lithologies within the lunar 

crust to evaluate major planetary processes like planetary differentiation (e.g., the lunar magma ocean 

hypothesis).  Multiple landing sites are generally required to fully evaluate crustal diversity and, in most 

cases, impact craters are used as probes of the crust.  The team studying this concept high-graded their list 

of globally distributed sites and identified 14 impact craters that could provide a diverse sampling of the 

crust: Antoniadi, Aristarchus, Birkeland, Copernicus, Finsen, Jackson, King, Moscoviense, Orientale, 

Schrödinger, Theophilus, Tsiolkovsky, Tycho, and Vavilov.  Specific landing sites were explored in 
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Aristarchus, Jackson, and Schrödinger.  The team also noted that all five of the goals in this concept can be 

addressed within both Schrödinger and Orientale basins. 

Unlike the other concepts, Concept 4 is geographically confined to a particular area of the Moon.  In 

this case, five scientific goals were designed to study volatiles and their flux over geologic time in the polar 

regions.  For the purposes of this study, the polar regions were defined as areas around each pole to a 

latitude of 80°.  Maps of temperature, hydrogen abundance, slope, and permanently shadowed regions were 

integrated to locate the best areas to address each of the goals.  The goal-specific maps were then integrated 

together to find those locations where all of the goals could be addressed simultaneously.  Around the north 

pole, the total area was fairly large, but the sites were highly fragmented.  That is, suitable sites were 

relatively small although many of them were scattered among the intercratered highlands.  Larger sites 

exist around the South Pole.  Specific landing sites in both the north and south polar regions were 

examined.  Interestingly, Amundsen crater, located between Shackleton crater and Schrödinger basin, was a 

particularly attractive landing site.  Robotic assets or crew could land in a sunlit area on the flat crater floor 

and then make short-duration excursions into the more challenging thermal and power environment of a 

permanently shadowed region. 

Four science goals within Concept 5 use lunar volcanism to explore the chemical and thermal evolution 

of the lunar interior.  Volcanic processes resurfaced 17% of the Moon (~33% of the nearside and ~3% of 

the farside).  Suitable landing sites to address these goals were again mapped globally.  Some sites are 

sufficiently diverse that they can provide access to samples that address multiple goals.  Ten sites were 

identified that might provide the greatest insights: Montes Harbinger, Oppenheimer, Marius Hills, 

Apennine Bench region, Lomonosov-Fleming region, Gruithuisen Domes, Mare Moscoviense, Aristarchus 

Plateau, Mairan Domes, and Mare Smythii.   

Concept 6 recognizes that the Moon has an extraordinary record of impact cratering processes and is, 

thus, the best place to study those processes in the Solar System.  Lessons learned on the Moon could then 

be applied to the Earth and all other planetary surfaces.   Several very well preserved impact sites of 

different sizes and morphologies would need to be targeted.  For example, a Copernican-age central peak 

complex crater like Tycho, Copernicus, King, or Jackson craters should be explored.  A good transitional 

structure would be Antoniadi crater.  Schrödinger is the best preserved small basin and Orientale the best 

preserved large basin.  Orientale was evaluated in more detail and several landing sites were proposed to 

answer different goals within Concept 6.  In one case, a pair of landing sites in the eastern margins of the 

basin (and on the nearside) were identified to test models of basin formation.  The team also realized, 

however, that a landing site in the northern part of the inner basin, near where Maunder crater excavated 

some of the deeper Orientale lithologies, provides an opportunity to simultaneously address all of the goals 

in this concept. 

The regolith of the Moon, which may provide insights applicable to all airless bodies, is the focus of 

Concept 7.  In general, this concept and its four goals are not important drivers for landing site selection.   

We can study lunar regolith properties everywhere on the Moon.  Nonetheless, if one wants to fine-tune 

missions to address specific issues, there are places that may be more informative.  The most interesting 

sites are those that have never been explored and those with diverse types of regolith.  Potential landing 

sites in Mare Moscoviense and on the ejecta blanket of Tycho crater were examined in greater detail. 

As noted in the preface, this study did not include Concept 8, which involves measures of the 

atmosphere and dust environment while it is still pristine (i.e., before significant surface operations begin).  

Those issues are going to be addressed by the LADEE mission. 

One of our teams examined, instead, the immense 2,500 km diameter South Pole-Aitken basin and 

evaluated which of the Concept 1, 2, 3, 4, 5, 6, and 7 goals could be addressed within its margins.  

Interestingly, this study found that one can begin to address most of the science goals in the NRC (2007) 

within the South Pole-Aitken basin.  In some cases, surface activities within South Pole-Aitken can 

significantly resolve the NRC (2007) science goals.   This study was also being conducted with input from 

an OSWEG (Optimizing Science and Exploration Working Group) study and a LEAG (Lunar Exploration 

Analysis Group) Science Scenarios for Human Exploration Specific Action Team (SAT) report.  The 

OSWEG and LEAG-SAT groups were considering an architecture with assets delivered to the South Pole 

near Shackleton crater.   Those assets could then be deployed and used by crew within distances of either 

500 km or 1000 km.  Sortie missions to locations at greater distances were also possible.  Schrödinger is the 
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most attractive science exploration site within the 500 km limit.  If mobility was extended to 1000 km, then 

Antoniadi crater would be another attractive site.  Beyond that limit, but still within South Pole-Aitken 

basin, Van Karman crater is a good target.   In all three cases (Schrödinger, Antoniadi, and van Karman), 

multiple goals in multiple concepts can be addressed.   And, even if the OSWEG architecture is not used, 

these three sites are still very attractive science and exploration targets. 

As this study unfolded, it became clear that the Apollo landing sites, while provocative and having 

completely re-shaped our vision of solar system processes 50 years ago, represent only a tiny fraction of the 

lunar surface.  Other sites can reveal completely new details of lunar history and are, arguably, better sites 

for addressing the fundamentally important issues identified in the NRC (2007) report The Scientific 

Context for Exploration of the Moon.    

The Moon is still largely unexplored.  The work captured here will hopefully point mission planners to 

the most productive science and exploration sites on the Moon.  We are ready to get back on the surface of 

the Moon and spark another era of discovery.   
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Appendix 

SCIENCE CONCEPT 1 

No appendix material for Science Concept 1. 

 

SCIENCE CONCEPT 2 

Table A2.1 Pertaining to Science Goal 2a, lists all of the craters and basins which may contain lower crust 

in calculated uplifted peaks/rings. Where dm is the maximum depth of melting, Pm is the proximity of melt 

to the upper crust – lower crust boundary, and Pe is the proximity of excavation to the lower crust-upper 

crust boundary. ‘Peaks/Rings Calc’ means those craters or basins identified to contain lower crust material 

in melt and central uplifts from calculations only.  Preserved p/r identifies the peaks and rings which are 

well preserved as shown through verification with LROC Quickmap. The red color indicates those 

craters/basins which potentially contain lower crust material in ejecta. 

Name Lat˚ Long˚ Diameter 

(km) 
dm Pm Pe Peak/ 

ring 

calc 

Preserved 

p/r 

Chaffee F -38.8 -152.5 35 5.1 -5.1 -3.1   

Warner -4 87.3 35 5.1 -5.5 -3.5   

Haldane -1.7 84.1 37 5.4 -5.7 -3.5   

Runge -2.5 86.7 38 5.5 -5.6 -3.3   

Crommelin C -66.4 -144.8 44 6.5 -5.3 -2.5 p p 

Numerov Z -68.1 -160 44 6.5 -5.5 -2.7   

Stoney -55.3 -156.1 45 6.7 -6.1 -3.3 p p 

Cabannes M -64.2 -170.2 48 7.1 -6.6 -3.5   

Cabannes Q -63.3 -174.5 49 7.3 -6.5 -3.3 p p 

Chaffee -38.8 -153.9 49 7.3 -5.4 -2.2   

Borman -38.8 -147.7 50 7.5 -6.1 -2.8 p p 

Karrer -52.1 -141.8 51 7.6 -7.5 -4.1   

Boyle Z -51.3 177.7 52 7.8 -6.6 -3.1   

Eijkman -63.1 -141.5 54 8.1 -7.2 -3.5 p p 

Baldet -53.3 -151.1 55 8.3 -8.2 -4.5   

Boyle -53.1 178.1 57 8.6 -8.3 -4.4 p p 

Bel'kovich A 58.7 86 58 8.8 -5.6 -1.5   

Dawson V -66.6 -137 58 8.8 -6.4 -2.4 p p 

Lyman T -64.1 157.7 59 8.9 -5.2 -1   

Fizeau S -58.7 -139.9 62 9.4 -7.8 -3.4   

Bellinsgauzen -60.6 -164.6 63 9.6 -7.2 -2.7   

Bhabha -55.1 -164.5 64 9.7 -7 -2.4 p p 

Cori -50.6 -151.9 65 9.9 -9 -4.3   

Nishina -44.6 -170.4 65 9.9 -5.2 -0.5   

Abbe -57.3 175.2 66 10.1 -10 -5.3   

Alekhin -68.2 -131.3 70 10.7 -6.6 -1.5   

Cajori -47.4 168.8 70 10.7 -7.7 -2.5   

Finsen -42 -177.9 72 11.1 -7.6 -2.3 p p 

Hess Z -52 174 73 11.2 -9.9 -4.5   

Oresme -42.4 169.2 76 11.7 -5.1 0.7   

Alder -48.6 -177.4 77 11.9 -8.4 -2.5 p p 
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Cabannes -60.9 -169.6 80 12.4 -10.6 -4.5 p p 

Birkeland -30.2 173.9 82 12.7 -5.2 1.2 p p 

Maksutov -40.5 -168.7 83 12.9 -9.8 -3.3 p p 

Lyman -64.8 163.6 84 13.1 -8.9 -2.3 p p 

Davisson -37.5 -174.6 87 13.6 -10.1 -3.2 p p 

Chretien -43.9 163.6 88 13.7 -5.4 1.6   

Hess -54.3 174.6 88 13.7 -13.3 -6.2   

Hopmann -50.8 160.3 88 13.7 -8.7 -1.7   

Bose -53.5 -170 91 14.2 -11.6 -4.3 p p 

Lemaitre -61.2 -149.6 91 14.2 -13.1 -5.8 p p 

Berlage -63.2 -162.8 92 14.4 -12.6 -5.2   

Crommelin -68.1 -146.9 94 14.7 -12.5 -4.9 p p 

Rumford T -28.6 -172.1 108 17.1 -6.3 2.8 p p 

Fizeau -58.6 -133.9 111 17.6 -12.7 -3.3 p p 

Numerov -70.7 -160.7 113 18 -14.1 -4.5 p p 

Minkowski -56.5 -146 113 18 -16.9 -7.2 p p 

Leeuwenhoek E -28.2 -176.7 117 18.7 -7.9 2.2   

Thomson -32.7 166.2 117 18.7 -5.8 4.3   

Thomson M -35.7 166 119 19 -6.9 3.5   

Leeuwenhoek -29.3 -178.7 125 20.1 -11.4 -0.4 p p 

Minnaert -67.8 179.6 125 20.1 -17.5 -6.5   

Repsold C 48.9 -73.6 133 21.4 -5.1 6.8   

Neper 8.5 84.6 137 22.1 -8.8 3.5   

Babbage 59.7 -57.1 143 23.2 -5.5 7.6   

Antoniadi -69.7 -172 143 23.2 -19.7 -6.7 p p 

W. Bond 65.4 4.5 156 25.5 -7 7.5   

Compton 55.3 103.8 162 26.5 -8.4 6.8 p p 

Riemann 38.9 86.8 163 26.7 -5.6 9.7   

Struve 22.4 -77.1 164 26.9 -8.1 7.4   

J. Herschel 62 -42 165 27.1 -10.1 5.6   

Hecataeus -21.8 79.4 167 27.4 -5.2 10.7   

Gauss 35.7 79 177 29.2 -8.7 8.4   

Von Karman -44.8 175.9 180 29.7 -25.8 -8.4   

Fabry 42.9 100.7 184 30.4 -8.4 9.4 p p 

Vertregt -19.8 171.1 187 31 -6.5 11.8   

Petavius -25.1 60.4 188 31.2 -6.3 12.1 p p 

Humboldt -27 80.9 189 31.3 -11 7.5 p p 

Zeeman -75.2 -133.6 190 31.5 -19.8 -1.2 p p 

Maginus -50.5 -6.3 194 32.2 -8.7 10.4   

Einstein 16.3 -88.7 198 33 -6.1 13.5   

Janssen -45.4 40.3 199 33.1 -9.2 10.5   

Schickard -44.3 -55.3 206 34.4 -7.1 13.4   

Oppenheimer -35.2 -166.3 208 34.8 -28.1 -7.3   

Schwarzschild 70.1 121.2 212 35.5 -12.6 8.8   

Bel'kovich 61.1 90.2 214 35.8 -14.6 7   

Von Karman M -47.2 176.2 225 37.8 -33.3 -10.4   

Van de Graaff -27.4 172.2 233 39.3 -20.4 3.5   

Harkhebi 39.6 98.3 237 40 -17.3 7.1   
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Leibnitz -38.3 179.2 245 41.5 -35.4 -10   

Clavius -58.8 -14.1 245 41.5 -17.8 7.7   

d'Alembert 50.8 163.9 248 42 -5.2 20.6   

Deslandres -33.1 -4.8 256 43.5 -21.9 5   

Gagarin -20.2 149.2 265 45.1 -15.1 13   

Milne -31.4 112.2 272 46.4 -19.3 9.7   

Bailly -66.5 -69.1 287 49.2 -20 10.9   

Pingre-Hausen -56 -82 300 51.6 -18.9 13.7 r  

Sikorsky-

Rittenhouse 

-68 111 310 53.5 -32.4 1.5 r  

Lorentz 32.6 -95.3 312 53.8 -26.6 7.6 r  

Schrodinger -75 132.4 312 53.8 -35.5 -1.3 r r 

Mendeleev 5.7 140.9 313 54 -15.3 19.1 r r 

Planck -57.9 136.8 314 54.2 -38.2 -3.7 r  

Poincare -56.7 163.6 319 55.2 -42.8 -7.6 r r 

Amundsen-

Ganswindt 

-81 120 335 58.1 -35.6 1.7 r r 

Schiller-

Zucchius 

-56 -45 335 58.1 -29.5 7.8 r  

Birkhoff 58.7 -146.1 345 60 -26.3 12.4 r  

Humorum -24 -39 425 75.2 -54.1 -4.4 r  

Korolev -4 -157.4 437 77.5 -32.3 19 r r 

Coulomb-Sarton 52 -123 440 78.1 -42.4 9.4 r  

Moscoviense 26 148 445 79 -42.4 10 r r 

Balmer-Kapteyn -15 70 500 89.6 -68.9 -8.6 r  

Keeler-

Heaviside 

-10 162 500 89.6 -57.7 2.7 r  

Werner-Airy -24 12 500 89.6 -69.6 -9.3   

Apollo -36.1 -151.8 537 96.8 -66.6 -1 r r 

Ingenii -43 165 560 101.3 -82.3 -13.2 r r 

Flamsteed-Billy -7 -45 570 103.2 -80.6 -10.1   

Marginis 20 84 580 105.2 -82.7 -10.8   

Al-Khwarizmi-

King 

1 112 590 107.1 -80.1 -6.7   

Hertzsprung 2.6 -129.2 591 107.3 -58.5 15.1 r r 

Freundlich-

Sharonov 

18.5 175 600 109.1 -63.4 11.5 r  

Grissom-White -44 -161 600 109.1 -81.8 -6.9   

Insularum 9 -18 600 109.1 -93.1 -18.2   

Lomonosov-

Fleming 

19 105 620 113 -83.8 -5.9   

Mendel-Rydberg -50 -94 630 115 -89.9 -10.5 r  

Humboldtianum 59 82 650 119 -95.7 -13.3 r  

Fecunditatis -4 52 690 126.9 -105 -16.6   

Nubium -21 -15 690 126.9 -103.6 -15.2   

Mutus-Vlacq -52 21 700 128.9 -105.5 -15.6   

Tranquillitatis 7 30 700 128.9 -106.9 -17   

Tsiolkovsky-

Stark 

-15 128 700 128.9 -102.6 -12.7   

Smythii -2 87 740 136.8 -113.7 -17.7 r  
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Crisium 18 59 740 136.8 -120.1 -24.1 r  

Nectaris -16 34 860 161 -141.6 -27 r r 

Australe -52 95 880 165 -141.7 -24 r  

Serenitatis 26 18 920 173.1 -154.1 -30.1 r  

Orientale -19 -95 930 175.1 -146.7 -21.1 r r 

Imbrium 35 -17 1160 222.4 -200.5 -37.9 r  

Table A2.2 An updated lunar pyroclastic database used in Science Goal 2b. 

Name Latitude (˚N) Longitude (˚E) Area (km2) Reference 

Aestatis -15 -68.4 370 1 

Alphonsus (C) -13.7 -3.4 11 2 

Alphonsus (E) -12.5 -2 8 2 

Alphonsus (E) -12.5 -1.7 8 2 

Alphonsus (E) -12.6 -1.7 10 2 

Alphonsus (E) -12.8 -1.6 25 2 

Alphonsus (E) -13 -1.6 48 2 

Alphonsus (E) -13.5 -1.6 55 2 

Alphonsus (S) -14.4 -2 43 2 

Alphonsus (W) -13.6 -4.1 39 2 

Alphonsus (W) -13.5 -4.2 41 2 

Alphonsus (W) -13.7 -4.3 79 2 

Anderson E 17.1 173.6 81 18 

Anderson F 16.4 174.1 31 18 

Apollo Basin (E) -30 -153.1 69 2 

Apollo Basin (W) -30 -153.5 2 2 

Archimedes 28 -4 8 3 

Aristarchus 26.7 -50.5 37400 4,5 

Atlas (N) 47.3 44.8 100 3 

Atlas (S) 45.7 44.6 250 3 

Autumni -9.5 -82.2 330 1 

Birt E -20.9 -9.8 540 18 

Buys-Ballot 19.6 175.4 440 18 

Cavalerius 5.1 -66.9 880 1 

Compton (SC) 54 105 24 6 

Compton (SE) 54 106 45 6 

Compton (SW) 54 104 5 6 

Cruger (N) -16.7 -66.7 120 1 

Cruger (S) -17.9 -66.7 760 1 

Cruger (W1) -16.7 -66.7 50 1 

Cruger (W2) -16.7 -66.7 50 1 

Daguerre -11.2 34 297 7,8 
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E. Mare Frigoris (E) 50.1 34.4 575 4 

E. Mare Frigoris (W) 49.6 27.4 1000 4 

Franklin 38.4 47.9 1000 4 

Gambart -1 -15.2 100 9 

Gassendi N-E -14.82 -37.71 250 22 

Gaudibert -11.1 37.7 40 7,8 

Gaudibert B -12.4 38.7 576 7,8 

Gauss 36 77 350 4 

Gay-Lussac N 14.9 -20.7 1400 18 

Gay-Lussac NE 14.8 -18.4 760 18 

Grimaldi -5.2 -68.3 2100 3 

Grimaldi F -7.9 -66.2 90 1 

Haldane -1.6 83.7 85 10,11 

Hedin (N) 2.2 -77 113 1 

Hedin (NW) 2.2 -77 130 1 

Hedin (W) 2.2 -77 150 1 

Hevelius 2.2 -67.5 76 1 

J. Herschel (C) 62 -36.9 120 12 

J. Herschel (N) 61.4 -38 260 12 

J. Herschel (S) 61 -37 60 12 

Kiess -6.5 84.1 1450 10,11 

Kopff -18 -89.8 1100 18 

Lagrange C -29.9 -65 1900 1 

Lavoisier 38.5 -81.9 5 13 

Lavoisier 38.3 -79.7 5 13 

Lavoisier 37.6 -80.7 8 13 

Lavoisier 38.2 -79.8 9 13 

Lavoisier 37.8 -80.3 11 13 

Lavoisier 37.5 -80.8 11 13 

Lavoisier 38 -80.1 18 13 

Lavoisier F 36.4 -76.4 3 13 

Lavoisier H 38.2 -78.1 36 13 

Lomonosov-Fleming 29.4 103.64 6875 19 

Lomonosov-Fleming 20.71 98.97 2500 19 

Lomonosov-Fleming 23.56 99.65 625 19 

Lomonosov-Fleming 26.89 104.07 1250 19 

Mare Humorum -30 -40 3000 4 

Mare Smythii (NNW) 2 83 590 10 

Mare Smythii (SW) -6 86 460 10 
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Mare Smythii (W) 1 85 245 10 

Mare Smythii (WSW) -4.5 81.5 355 10 

Mare Vaporum 10 7 10000 4 

McAdie 3.6 91.7 43 11 

Mersenius (NW) -21.5 -49.2 53 1 

Mersenius (SW) -21.5 -49.2 91 1 

Mersenius (W) -21.5 -49.2 76 1 

Mersenius (WNW) -21.5 -49.2 91 1 

Messala 39 60 700 4 

Montes Carpatus 15 -25 2500 4 

Montes Harbinger 20 -42 5400 4 

Moscoviense 25.7 154.3 1500 14 

Moscoviense 23.6 147.7 3700 14 

NE Lavoisier (N) 41.4 -80 36 13 

NE Lavoisier (NW) 41.3 -80.6 68 13 

NE Lavoisier (W) 40.9 -80.6 14 13 

Oppenheimer -35.8 -163.3 13 15 

Oppenheimer -37.5 -164.6 25 15 

Oppenheimer -34 -165.5 38 15 

Oppenheimer -37.1 -163.5 140 15 

Oppenheimer -37 -168.5 245 15 

Oppenheimer -34.8 -168.3 1300 15 

Oppenheimer -38 -166.8 1500 15 

Orientale -30.2 -97.4 3600 16 

Pacificus -28.5 -99 1600 1 

Riccioli (N) -2.5 -83 1400 1 

Riccioli (NW) -2.5 -83 150 1 

Riccioli (SE) -2.9 -83 20 1 

Riccioli (SW) -2.5 -83 50 1 

Riccioli (W) -2.5 -83 40 1 

Riccioli (W-SW) -2.5 -83 40 1 

Rima Bode 13 -3 10000 4 

Rima Fresnel 28.5 4 2120 3 

Schluter A -9.2 -82.2 40 1 

Schluter  -5.2 -83 210 18 

Schrodinger -75 140 680 17 

SE of Nectaris -22.6 40.4 891 21 

Sinus Aestuum 5 -7 30000 4 

Sinus Aestuum 5.44 -15.06 10000 21 
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Sulpicius Gallus 20 10 6000 7,8 

Taruntius 5.1 46 3 11 

Taruntius 5.3 46.8 4 11 

Tasso S -2 92 250 10 

Taurus-Littrow 20.1 30.1 4000 4 

Tobias Mayer  19.2 -31.1 170 18 

Tobais Mayer N  18.2 -28.8 680 18 

Tobias Mayer  14 -30.7 370 18 

Walther A -32.4 0.7 660 18 

Database compiled from the following sources: [1] Coombs and Hawke (1992), [2] Head and Wilson 

(1979), [3] Hawke et al. [1989], [4] Gaddis et al. (1985), [5] Lucey et al. (1986), [6] Lucchitta (1978), [7] 

Coombs et al. (1990), [8] Hawke et al. (1997), [9] Hawke et al. (1991), [10] Yingst and Head (1998), [11] 

Spudis (1990), [12] McCord et al. (1981), [13] USGS Moon Pyroclastic Volcanism Project, [14] Craddock 

et al. (1997), [15] Rosanova et al. (1998), [16] Bussey and Spudis (1997), [17] Shoemaker et al. (1994), 

[18] Gustafson et al. (2012), [19] Giguere et al. (2003), [20] Sunshine et al. (2010), [21] Gaddis et al. 

(2003) and [22] Giguere et al. (2007). 
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Table A2.3 Well identified and described lunar cryptomare deposits. 

Cryptomare deposit Latitude (˚N) Longitude (˚E) Reference 

Australe (interior) -41.9 96.1 1 

Balmer-Kapteyn -18.3 70 1,2,3,4,5 

Copernicus 9.7 -20.1 2 

Gassendi -16.5 -43 1,3,6 

Hercules 46.8 39.2 1 

Humboldtianum 55.7 73.6 1 

Humboldtianum 54.5 83.8 1 

Korolev -4.5 -157.3 1 

Langemak -11.3 119.4 1 

Lomonosov-Fleming 20.3 107.4 1,3,4,6 

Marginis (East margin) 12.4 93.9 1,6 

Maurolycus -37.1 16.6 1 

Mendeleev 1.3 141.8 1 

Mendel-Rydberg -48.8 -95.5 1,3,4 

Milne -29.4 116.5 1 

Moscoviense 21.4 148.3 4 

Orientale (East)/ Procellarum (South-

West margin) 

-11.9 -61.7 1,7 

Schiller-Schickard -46.1 -51.4 1,2,3,4,10 

Smythii -4.5 93.4 1,4 

South Pole-Aitken -49.8 -160.6 1,8,9 

South Pole-Aitken -67.2 150.7 1,8,9 

Taruntius 5.4 46.3 1 

Tsiolkovskiy -22.5 126.3 1 

The data sources for this table are as follows: [1] Antonenko et al. (1999), [2] Bell and Hawke (1984), [3] 

Hawke et al. (2003), [4] Hawke et al. (2005a), [5] Hawke et al. (2005b), [6] Giguere et al. (2007) , [7] 

Campbell and Hawke (2005), [8] Pieters and Head (2001), [9] Pieters et al. (2001), [10] Blewett et al. 

(1995). 
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Table A2.4 Pertaining to Science Goal 2b, lists all of the craters and basins which may contain mantle 

material in calculated uplifted peaks/rings. Where dm is the maximum depth of melting, Pm is the proximity 

of melt to the crust-mantle boundary, and Pe is the proximity of excavation to the crust-mantle boundary. 

‘Uplifted Rings Calc’ means those craters or basins identified to contain mantle material in melt and central 

uplifts from calculations only.  Preserved ring identifies the uplifted rings which are well preserved as 

shown through verification with LROC Quickmap. The red color indicates the two basins which potentially 

contain mantle material in ejecta, note that SPA basin also may excavate mantle. 

Name Lat˚ Long˚ Diameter 

(km) 

dm Pm Pe Uplifted 

Rings 

Calc 

Preserved 

ring 

Von Karman -44.8 175.9 180 29.7 -7 10.4   

Sikorsky-

Rittenhouse 

-68 111 310 53.5 -7.3 26.6 r  

Oppenheimer -35.2 -166.3 208 34.8 -8.2 12.7   

Amundsen-

Ganswindt 

-81 120 335 58.1 -9.6 27.7 r r 

Schrodinger -75 132.4 312 53.8 -11.5 22.7 r r 

Moscoviense 26 148 445 79 -12.8 39.7 r r 

Coulomb-Sarton 52 -123 440 78.1 -13.4 38.4 r  

Von Karman M -47.2 176.2 225 37.8 -13.7 9.2   

Planck -57.9 136.8 314 54.2 -14.7 19.8 r  

Leibnitz -38.3 179.2 245 41.5 -15.3 10.2   

Poincare -56.7 163.6 319 55.2 -20 15.2 r r 

Hertzsprung 2.6 -129.2 591 107 -25.1 48.5 r r 

Humorum -24 -39 425 75.2 -29 20.6 r  

Keeler-Heaviside -10 162 500 89.6 -30 30.3 r  

Freundlich-

Sharonov 

18.5 175 600 109 -30.6 44.3 r  

Apollo -36.1 -151.8 537 96.8 -39.1 26.6 r r 

Balmer-Kapteyn -15 70 500 89.6 -44 16.3 r  

Werner-Airy -24 12 500 89.6 -45.2 15.2   

Al-Khwarizmi-

King 

1 112 590 107 -53.8 19.6   

Grissom-White -44 -161 600 109 -54.6 20.3   

Flamsteed-Billy -7 -45 570 103 -54.8 15.7   

Lomonosov-

Fleming 

19 105 620 113 -56.3 21.6   

Marginis 20 84 580 105 -57.4 14.6   

Ingenii -43 165 560 101 -58 11 r  

Mendel-Rydberg -50 -94 630 115 -64.2 15.2 r  

Insularum 9 -18 600 109 -69 5.9   

Humboldtianum 59 82 650 119 -70 12.3 r  

Tsiolkovsky-Stark -15 128 700 129 -76.1 13.8   

Nubium -21 -15 690 127 -77.8 10.6   

Fecunditatis -4 52 690 127 -79.7 8.7   

Mutus-Vlacq -52 21 700 129 -80.1 9.9   

Tranquillitatis 7 30 700 129 -81.5 8.4   

Smythii -2 87 740 137 -88.6 7.4 r  

Crisium 18 59 740 137 -97 -1 r  

Australe -52 95 880 165 -116 1.6 r  
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Nectaris -16 34 860 161 -118 -3 r r 

Orientale -19 -95 930 175 -120 5.9 r r 

Serenitatis 26 18 920 173 -130 -5.6 r  

Imbrium 35 -17 1160 222 -175 -13 r  
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Table A2.5 Olivine detections by Kayuga-SELENE as described by Yamamoto et al. (2010). 

Lat ˚ Long ˚ Region 

32.5 143.5 Mare Moscoviense 

28.1 145.3 Mare Moscoviense 

21.2 147.5 Mare Moscoviense 

22.9 148.8 Mare Moscoviense 

22 146.7 Mare Moscoviense 

21.4 148 Mare Moscoviense 

23 139.8 Mare Moscoviense 

13.4 49.2 Mare Crisium 

12 65.5 Mare Crisium 

14.3 66.1 Mare Crisium 

8.4 58.7 Mare Crisium 

23.9 54.4 Mare Crisium 

12 52.4 Mare Crisium 

19 50 Mare Crisium 

10.1 -20.3 Mare Imbrium 

44.9 -0.8 Mare Imbrium 

14.3 -11.6 Mare Imbrium 

48.2 -31.2 Mare Imbrium 

23.3 -47.1 Mare Imbrium 

-19.3 -47.2 Mare Humorum 

-72.1 133.8 Schrodinger 

-76.3 143.1 Schrodinger 

-76.2 130.6 Schrodinger 

52.9 39 Mare Frigoris 

-14.5 30 Mare Nectaris 

-11.3 26.3 Mare Nectaris 

16.2 16.3 Mare Serenitatis 

53 102.3 Mare Humboldtianum 

-33.5 97.1 Mare Australe 

-27.1 83.1 Mare Australe 

33.9 -59.2 Western side of Ocean Procellarum 

35.4 56.5 Geminus 

-74.9 -134.1 Zeeman 
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Table A2.6 Ranked mare flow intersections as used by Science Goal 2b (in optimization 1). 

Lat ˚ Long ˚ Rank 

number 
Lat ˚ Long ˚ Rank number 

41.029701 -56.098499 1 35.865299 -10.631699 53 

44.044601 -53.6026 2 31.3693 11.3098 54a 

54.207401 -52.168998 3 26.4295 18.687599 54b 

49.1408 -43.819 4 25.9258 24.552 54c 

44.4318 -59.169101 5 32.142398 1.44351 54d 

32.943 -69.466697 6 49.564998 -56.977001 55a 

37.382701 -61.103401 7 27.327499 -70.651397 55b 

30.7539 -64.508499 8 -13.5703 -17.822799 55c 

26.0872 -53.918899 9a -15.969599 -25.715999 55d 

35.009201 -46.961399 9b 3.786819 -39.4831 56 

40.127498 -51.591999 10 56.331501 -74.017402 57 

-1.914999 -43.623298 11 5.01025 -36.331199 58 

12.7945 -39.5797 12 49.431098 -66.849296 59a 

-1.407809 -59.595901 13 -8.240839 -48.112598 59b 

37.321201 -66.136001 14 -0.737379 -10.663999 59c 

54.766101 -58.5489 15 -15.712499 -5.18759 60 

29.138799 -52.887298 16 54.961799 35.971298 61 

4.977469 -48.468898 17 56.731098 -66.639099 62 

3.09928 -30.1109 18 18.2998 32.210899 63a 

25.091999 -64.113899 19 6.122839 18.2103 63b 

30.938699 -16.398099 20 53.7523 1.77441 64 

19.458099 -56.880901 21 25.5741 -59.970699 65 

25.9575 -32.6763 22 2.81135 -55.200801 66 

23.837699 31.5337 23 -19.319099 -36.845401 67a 

2.65117 -44.051998 24 39.887199 -34.813701 67b 

7.470089 -53.6721 25 61.6053 -2.048749 68 

30.714899 -29.6608 26 17.322399 14.900799 69 

27.089199 6.8547 27 61.618698 -42.1212 70a 

23.5195 -45.7672 28 16.5988 2.145329 70b 

31.7949 -59.2607 29 21.149999 -15.9251 71a 

10.2817 -50.5424 30 -31.178199 97.607398 71b 

9.965459 -34.132701 31 -53.745201 160.901 71c 

23.027299 -68.566398 32a 59.433399 -49.7434 72a 

19.3574 -39.8017 32b -25.018899 -47.0587 72b 

16.0956 -64.913497 32c -27.399799 -24.503599 72c 

-10.0656 -42.547199 32d -23.7903 -6.12616 72d 

16.6096 -32.327301 32e 23.303199 4.433559 72e 

30.312299 -43.599399 32f 15.444499 26.7807 72f 

29.0293 32.8413 33 19.999799 88.684097 72g 

-19.734899 -14.636599 34 18.0501 80.9225 72h 

-20.336099 -22.091899 35 -45.815399 83.871696 72i 

35.784198 -24.3784 36 -20.226299 -90.519401 72j 

51.895099 -20.163299 37 -16.945199 -98.413299 72k 

-8.57425 -36.195301 38 39.695201 24.855199 73a 

9.102009 -41.508499 39 12.052499 21.3292 73b 
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14.720899 -47.333198 40 8.989879 39.303298 73c 

41.156799 -24.046699 41 5.94569 24.642099 73d 

23.076299 11.9965 42 6.165279 30.639799 73e 

61.5685 -19.7835 43a 2.383049 35.291099 73f 

17.7924 22.2019 43b 41.1427 13.864999 74a 

22.122299 17.083499 43c 58.0405 0.122056 74b 

-5.169189 -52.674701 44 12.589099 33.858299 74c 

-0.610279 -49.452499 45a 57.759998 84.904701 74d 

-6.82001 -60.382099 45b 57.7388 76.343803 74e 

49.564701 -24.883499 46 -50.507598 99.265602 74f 

46.3931 -32.884998 47 -52.3936 92.847 74g 

40.296001 -45.1819 48 -56.681701 97.334999 74h 

34.024898 -36.4323 49 48.747001 -76.069702 75a 

29.492799 152.239 50 41.638301 -73.779403 75a 

26.4274 -25.9181 51 56.1735 8.942779 76a 

56.795299 -19.884599 52a 34.418701 30.7203 76b 

61.687999 -12.9849 52b    

The purpose of using mare flow intersections was to select locations where multiple mare basalts of a 

variety of ages could be sampled from one landing site. The ranking was done based on the number of 

flows which intersected at one place (e.g. sites where 2 flows intersected was given a score of 4, 3 flows a 

score of 3, 4 flows a score of 2 etc). The ages of the flows were then scored such that if the age range of all 

of the flows was >2.0 Ga the point was given score of 3, if the ages were between 1.5 to 2.0 Ga the point 

was given a score of 4, between 1.0 to 1.5 Ga a score of 5 etc etc… The scores were combined and then 

ranked with points sampling younger flows given higher priority than older flows. Notice that there are 

multiples of some ranks e.g. 52a and 52b this is because the two sites scored exactly the same scores and 

could not be separated by relative age. 
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Table A2.7 Data used to determine which Copernican craters would expose melt sheet in the Birkhoff and 

Mendel-Rydberg basins.  Superscript notes are as follows:  (a) Ages are based on Wilhelms (1987); (b) 

Basin diameters are from Spudis (1993); (c) Transient cavity diameter was calculated using Equation 5 

from Kring (1995); (d) Regolith thickness was calculated using McGetchin et al. (1973) and Equation 1 

from Kring (1995). 

Age
a
 

Basin 

Name 

Center 

Latitude 

Center 

Longitude 

Diameter
b
 (km) 

Transient 

Cavity 

Diameter
c
 (km) 

Max. 

Impact 

Regolith 

Thickness
d
 (m) 

Nom. 

Impact 

Regolith 

Thickness
d
 (m) 

Min. 

Impact 

Regolith 

Thickness
d
 (m) 

Pre-

Nectarian 
Birchoff 59 -147 325 171 122 57 26 

Nectarian 
Mendel-

Rydberg 
-50 -94 420 217 299 196 130 
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SCIENCE CONCEPT 3 

Table A3.1List of PAN detections by SP onboard Kaguya (Ohtake et al., 2009), from Earth-based 

observations (Hawke et al., 2003) and with Clementine (Tompkins and Pieters, 1999).  PAN detections 

from Ohtake (2010), realized with MI onboard Kayuga, were not available as a list of precise locations, and 

are therefore not detailed in the following Table. 

Name 
Lat 

(˚N) 

Long 

(˚E) 

Diam.     

(km) 
Age 

Geological 

province 

Ohtake 

2009 

Hawke 

2003 

Tompkins 

1999 

Alphonsus -14.00 -3.00 119.00 Nectarian PKT   x 

Anaxagoras 74.10 -8.90 50.00   x x  

Appleton 40.00 158.00 63.00 Nectarian FHTA   x 

Aristarchus 23.50 -47.50 42.00 Copernican PKT x   

Atlas 47.00 44.40 87.00 Up. Imb.  x   

Belyaer 23.00 143.00 51.00  FHTA   x 

Berkner 25.00 -105.00 95.00     x 

Bernouilli 35.00 61.00 47.00 Up. Imb.    x 

Bettinus -64.00 -45.00 82.00     x 

Bohnenberger 

F 
-14.70 39.60 10.00    x  

Bridgman 43.50 137.00 94.00     x 

Byrgius A -24.10 -63.80 20.00   x   

Cantor 38.50 119.00 75.00 Up. Imb.    x 

Carpenter 70.00 -50.50 60.00 Copernican    x 

Cyrillus -13.50 24.00 93.00 Nectarian    x 

Daedalus -5.50 180.00 100.00 Low. Imb. FHTA   x 

Damoiseau C -6.40 -63.30 15.00  PKT  x  

Damoiseau D -9.10 -62.50 17.00  PKT  x  

Delporte -16.00 121.50 40.00  FHTA   x 

Doppel-

Mayer 
-28.50 -41.00 65.00 Nectarian    x 

Eichstadt -22.00 -78.00 45.00     x 

Einstein 17.00 -72.00 48.00  PKT   x 

Fechner T -59.00 122.00 18.00   x   

Gassendi E -18.00 -44.00 9.00  PKT x x  

Gassendi K -18.70 -43.60 6.00  PKT  x  

Geminus 34.50 56.70 86.00 Eratosth.   x  

Giordano 

Bruno 
36.00 103.00 22.00 Copernican  x   

Goldschmidt 73.20 -3.80 113.00 Nectarian?   x  

Goltsyn -27.10 -103.60 20.00   x   

Grimaldi 

(inner rim) 
-5.50 -68.30 172.00  PKT  x  

Hahn 31.50 74.00 84.00 Low. Imb.    x 

Helmholtz -69.00 65.50 110.00     x 

Hubble 

(Plutarch A) 
22.50 87.00 82.00 Nectarian    x 

Jackson 22.00 -163.00 71.00 Copernican FHTA x   

Janssen K -46.20 42.50 15.00   x   

Joliot-Curie 26.00 93.50 143.00 Pre-Nect.    x 
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Name 
Lat 

(˚N) 

Long 

(˚E) 

Diam.     

(km) 
Age 

Geological 

province 

Ohtake 

2009 

Hawke 

2003 

Tompkins 

1999 

Kant -11.00 20.00 33.00   x x  

Keeler -10.00 162.00 132.00 Low. Imb. FHTA   x 

King 6.00 120.50 77.00 Copernican FHTA x   

Kirkwood 69.00 123.00 70.00 Eratosth.    x 

Korolev -9.00 -157.00 57.00 Nectarian FHTA   x 

Leibnitz S -39.60 172.00 2.00  SPA x   

Leuschner 1.50 -109.00 42.00  FHTA   x 

Liebig A -24.30 -47.70 12.00    x  

Liebig B -25.00 -47.10 9.00    x  

Lodygin -18.00 -147.00 50.00  FHTA   x 

Mach 18.00 -149.00 155.00  FHTA   x 

Manilius 14.50 9.00 40.00 Eratosth. PKT   x 

Maurolycus -42.00 13.50 137.00     x 

Mendell -51.00 -110.00 160.00     x 

Mersenius C -19.80 -45.90 14.00    x  

Miller -39.00 1.00 68.00     x 

Millikan 47.00 121.00 100.00 Nectarian    x 

Milne N -32.50 110.80 3.00   x   

Morse 22.00 -175.00 62.00 Eratosth. FHTA   x 

Nansen 81.00 95.00 116.00 Nectarian    x 

O'Day -31.00 157.00 71.00  SPA x  x 

Orientale (In. 

Rook massif) 
-21.00 -86.00 327.00   x x  

Orientale (In. 

Rook North) 
-10.00 -96.00 327.00 Low. Imb.  x x  

Paracelsus -23.00 163.00 71.00  SPA   x 

Petavius -25.00 60.40 188.00   x x  

Philolaus 72.50 -32.50 71.00 Copernican    x 

Piccolomini -29.50 32.00 88.00 Up. Imb.    x 

Pitatus -30.00 -13.50 101.00 Nectarian PKT   x 

Plana 42.00 28.50 44.00  PKT   x 

Plinius 15.50 23.50 43.00 Eratosth.    x 

Plutarch 24.50 79.00 68.00 Eratosth.    x 

Posidonius 32.00 30.00 95.00 Up. Imb.    x 

Proclus 16.00 46.60 28.00   x   

Pythagoras 64.00 -63.00 130.00 Eratosth.  x   

Robertson 22.00 -105.00 88.00 Copernican  x   

Rydberg -47.00 -96.00 50.00 Eratosth.    x 

Ryder -42.00 143.00 17.00   x   

Schjellerup 70.00 157.00 68.00 Up. Imb.    x 

Schorr -19.50 90.00 48.00 Up. Imb.    x 

Schrodinger -73.00 135.00 312.00 Low. Imb.  x   

Slipher 50.00 160.00 87.00 Up. Imb. FHTA   x 

South Ray -9.00 15.00 0.80   x   

Stiborius -35.00 32.00 45.00     x 



624 

 

Name 
Lat 

(˚N) 

Long 

(˚E) 

Diam.     

(km) 
Age 

Geological 

province 

Ohtake 

2009 

Hawke 

2003 

Tompkins 

1999 

Theophilus -11.40 26.40 110.00 Eratosth.   x  

Tsiolkovsky -20.00 129.00 185.00 Up. Imb. FHTA x  x 

Tycho -43.00 -11.00 85.00   x   

Vavilov -1.50 -139.00 99.00 Copernican FHTA x  x 

Virtanen 16.00 177.00 40.00  FHTA x   

Vitello -30.40 -37.50 42.00 Low. Imb.   x  

Vlacq -53.50 39.00 98.00     x 

Wiener 41.00 146.00 131.00 Nectarian FHTA   x 
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Table A3.2 List of all the craters that should have excavated lower crust (LCE) or mantle (ME) in the 

ejecta, or that should have lower crust (LCM) or mantle (MM) in their preserved central peak or uplifted 

rings. 

Name 
Latitude 

(˚N) 

Longitude 

(˚E) 

Diameter 

(km) 
Age LCE LCM ME MM 

Abbe -57.30 175.20 66.00 Nectarian x x   

Alder -48.60 -177.40 77.00 Low. Imb.  x   

Al-Khwarizmi-

King 
1.00 112.00 590.00 Pre-Nect. x    

Amundsen-

Ganswindt 
-81.00 120.00 335.00 Pre-Nect.  x  x 

Antoniadi -69.70 -172.00 143.00 Up. Imb. x x   

Apollo -36.10 -151.80 537.00 Pre-Nect.  x  x 

Australe -52.00 95.00 880.00 Pre-Nect. x x  x 

Balmer-Kapteyn -15.00 70.00 500.00 Pre-Nect. x x  x 

Berlage -63.20 -162.80 92.00  x    

Bhabha -55.10 -164.50 64.00 Nectarian  x   

Birkeland -30.20 173.90 82.00 Eratosth.  x   

Birkhoff 58.70 -146.10 345.00 Pre-Nect.  x   

Borman -38.80 -147.70 50.00 Low. Imb.  x   

Bose -53.50 -170.00 91.00 Nectarian  x   

Boyle -53.10 178.10 57.00 Nectarian  x   

Cabannes -60.90 -169.60 80.00   x   

Cabannes Q -63.30 -174.50 49.00 Nectarian  x   

Compton 55.30 103.80 162.00 Low. Imb.  x   

Coulomb-Sarton 52.00 -123.00 440.00 Pre-Nect.  x  x 

Crisium 18.00 59.00 740.00 Nectarian x x  x 

Crommelin -68.10 -146.90 94.00   x   

Crommelin C -66.40 -144.80 44.00 Nectarian  x   

Davisson -37.50 -174.60 87.00   x   

Dawson V -66.60 -137.00 58.00   x   

Eijkman -63.10 -141.50 54.00 Nectarian  x   

Fabry 42.90 100.70 184.00 Pre-Nect.  x   

Fecunditatis -4.00 52.00 690.00 Pre-Nect. x    

Finsen -42.00 -177.90 72.00 Eratosth.  x   

Fizeau -58.60 -133.90 111.00 Up. Imb.  x   

Flamsteed-Billy -7.00 -45.00 570.00 Pre-Nect. x    

Freundlich-

Sharonov 
18.50 175.00 600.00 Pre-Nect.  x  x 

Grissom-White -44.00 -161.00 600.00 Pre-Nect. x    

Hertzsprung 2.60 -129.20 591.00 Nectarian  x  x 

Hess -54.30 174.60 88.00  x    

Humboldt -27.00 80.90 189.00 Up. Imb.  x   

Humboldtianum 59.00 82.00 650.00 Nectarian x x  x 

Humorum -24.00 -39.00 425.00 Nectarian  x  x 

Imbrium 35.00 -17.00 1160.00 Low. Imb. x x x x 

Ingenii -43.00 165.00 560.00 Pre-Nect. x x  x 

Insularum 9.00 -18.00 600.00 Pre-Nect. x    
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Name 
Latitude 

(˚N) 

Longitude 

(˚E) 

Diameter 

(km) 
Age LCE LCM ME MM 

Keeler-Heaviside -10.00 162.00 500.00 Pre-Nect.  x  x 

Korolev -4.00 -157.40 437.00 Nectarian  x   

Leeuwenhoek -29.30 -178.70 125.00 Nectarian  x   

Leibnitz -38.30 179.20 245.00 Pre-Nect. x    

Lemaitre -61.20 -149.60 91.00 Nectarian x x   

Lomonosov-

Fleming 
19.00 105.00 620.00 Pre-Nect. x    

Lorentz 32.60 -95.30 312.00 Pre-Nect.  x   

Lyman -64.80 163.60 84.00 Up. Imb.  x   

Maksutov -40.50 -168.70 83.00 Up. Imb.  x   

Marginis 20.00 84.00 580.00 Pre-Nect. x    

Mendeleev 5.70 140.90 313.00 Nectarian  x   

Mendel-Rydberg -50.00 -94.00 630.00 Nectarian x x  x 

Minkowski -56.50 -146.00 113.00  x x   

Minnaert -67.80 179.60 125.00  x    

Moscoviense 26.00 148.00 445.00 Nectarian  x  x 

Mutus-Vlacq -52.00 21.00 700.00 Pre-Nect. x    

Nectaris -16.00 34.00 860.00 Nectarian x x  x 

Nubium -21.00 -15.00 690.00 Pre-Nect. x    

Numerov -70.70 -160.70 113.00 Nectarian  x   

Oppenheimer -35.20 -166.30 208.00 Nectarian x    

Orientale -19.00 -95.00 930.00 Low. Imb. x x  x 

Petavius -25.10 60.40 188.00 Low. Imb.  x   

Pingre-Hausen -56.00 -82.00 300.00 Pre-Nect.  x   

Planck -57.90 136.80 314.00 Pre-Nect.  x  x 

Poincare -56.70 163.60 319.00 Pre-Nect. x x  x 

Rumford T -28.60 -172.10 108.00   x   

Schiller-Zucchius -56.00 -45.00 335.00 Pre-Nect.  x   

Schrodinger -75.00 132.40 312.00 Low. Imb.  x  x 

Serenitatis 26.00 18.00 920.00 Nectarian x x x x 

Sikorsky-

Rittenhouse 
-68.00 111.00 310.00 Nectarian  x  x 

Smythii -2.00 87.00 740.00 Pre-Nect. x x  x 

Stoney -55.30 -156.10 45.00   x   

Tranquillitatis 7.00 30.00 700.00 Pre-Nect. x    

Tsiolkovsky-

Stark 
-15.00 128.00 700.00 Pre-Nect. x    

Von Karman -44.80 175.90 180.00 Pre-Nect. x    

Von Karman M -47.20 176.20 225.00 Pre-Nect. x    

Werner-Airy -24.00 12.00 500.00 Pre-Nect. x    

Zeeman -75.20 -133.60 190.00 Nectarian  x   
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Table A3.3 Final list of potential landing sites for Science Goal 3a.  Highlighted ones correspond to 

prioritized sites, where at least 3 of the 4 requirements could be addressed.  Note that for this Table, the 

requirement R2 was considered achieved only when sites were sampling H1 and H2 types, which are the 

high priority targets. 

Requirements:  

R1: sample the planetary differentiation products;  

R2: sample the variety of highland types; 

R3: sample the 3 main geochemical terranes (FHT, PKT, SPAT); 

R4: determine the origin and extent of the KREEP layer. 

 

Name 
Lat 

(˚N) 

Long 

(˚E) 

Diameter 

(km) 
Age 

Geological 

province 
R1 R2 R3 R4 

Abbe -57.30 175.20 66.00 Nectarian SPAT x   x   

Airy M -19.20 7.60 1.00   PKT   H3 x   

Alder -48.60 -177.40 77.00 Low. Imb. SPAT x   x   

Al-Khwarizmi-

King 
1.00 112.00 590.00 Pre-Nect. FHTa x   x Low 

Alpetragius H -18.00 -6.00 5.00   PKT   H3 x   

Alphonsus -14.00 -3.00 119.00 Nectarian PKT x   x   

Amundsen-

Ganswindt 
-81.00 120.00 335.00 Pre-Nect. SPAT x   x low 

Anaxagoras 74.10 -8.90 50.00     x       

Antoniadi -69.70 -172.00 143.00 Up. Imb. SPAT x   x high 

Apollo -36.10 -151.80 537.00 Pre-Nect. SPAT x   x low 

Appleton 40.00 158.00 63.00 Nectarian FHTa x   x   

Aratus 23.60 4.50 10.00   PKT   H3 x   

Archimedes E 25.00 -7.20 3.00 Copernican PKT   H5 x   

Archimedes L 25.00 -2.60 4.00 Copernican PKT   H5 x   

Archimedes R 26.00 -6.60 4.00 Copernican PKT   H5 x   

Aristarchus 23.70 -47.40 40.00 Copernican PKT  x H5 x   

Atlas 47.00 44.40 87.00 Up. Imb.   x       

Australe -52.00 95.00 880.00 Pre-Nect.   x     low 

Autolycus 30.70 1.50 39.00 Copernican PKT   H5 x   

Autolycus A 30.90 2.20 4.00 Copernican PKT   H5 x   

Balmer-Kapteyn -15.00 70.00 500.00 Pre-Nect.   x       

Belyaer 23.00 143.00 51.00   FHTa x   x   

Berkner 25.00 -105.00 95.00     x       

Berlage -63.20 -162.80 92.00   SPAT x   x   

Bernouilli 35.00 61.00 47.00 Up. Imb.   x       

Bettinus -64.00 -45.00 82.00     x       

Bhabha -55.10 -164.50 64.00 Nectarian SPAT x   x   

Birkeland -30.20 173.90 82.00 Eratosth. SPAT x   x   

Birkhoff 58.70 -146.10 345.00 Pre-Nect. FHTa x   x   

Birkhoff Z 61.30 -145.30 30.00 Copernican FHTa x   x   

Birkhoff Z 61.30 -145.30 30.00 Copernican FHTa   H1 x   

Bode G 6.40 -3.50 4.00   PKT   H4 x   

Bohnenberger F -14.70 39.60 10.00     x       
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Name 
Lat 

(˚N) 

Long 

(˚E) 

Diameter 

(km) 
Age 

Geological 

province 
R1 R2 R3 R4 

Bonpland C -10.20 -17.40 4.00   PKT   H4 x   

Borman -38.80 -147.70 50.00 Low. Imb. SPAT x   x   

Bose -53.50 -170.00 91.00 Nectarian SPAT x   x   

Boyle -53.10 178.10 57.00 Nectarian SPAT x   x   

Bridgman 43.50 137.00 94.00     x       

Byrgius A -24.10 -63.80 20.00     x       

Cabannes -60.90 -169.60 80.00   SPAT x   x   

Cabannes Q -63.30 -174.50 49.00 Nectarian SPAT x   x   

Cantor 38.50 119.00 75.00 Up. Imb.   x       

Carpenter 70.00 -50.50 60.00 Copernican   x       

Cassini K 45.20 4.10 4.00   PKT   H4 x   

Compton 55.30 103.80 162.00 Low. Imb.   x     high 

Condorcet T 11.80 65.80 15.00       H2     

Conon 21.60 2.00 21.00 Copernican PKT   H3 x   

Copernicus 9.70 -20.10 93.00 Copernican PKT   H4 x   

Coulomb-Sarton 52.00 -123.00 440.00 Pre-Nect.   x     low 

Crisium 18.00 59.00 740.00 Nectarian   x       

Crommelin -68.10 -146.90 94.00   SPAT x   x   

Crommelin C -66.40 -144.80 44.00 Nectarian SPAT x   x   

Crookes -10.65 -165.20 49.00 Copernican FHTa x   x   

Crookes -10.65 -165.20 49.00 Copernican FHTa   H1 x   

Cyrillus -13.50 24.00 93.00 Nectarian   x       

Daedalus -5.50 180.00 100.00 Low. Imb. FHTa x   x   

Damoiseau C -6.40 -63.30 15.00   PKT x   x   

Damoiseau D -9.10 -62.50 17.00   PKT x   x   

Darwin C -20.50 -71.00 16.00       H2     

Das -26.84 -137.01 38.00 Copernican FHTa x   x   

Davisson -37.50 -174.60 87.00   SPAT x   x   

Dawson V -66.60 -137.00 58.00   SPAT x   x   

Delporte -16.00 121.50 40.00   FHTa x   x   

Doppel-Mayer -28.50 -41.00 65.00 Nectarian   x       

Eichstadt -22.00 -78.00 45.00     x       

Eijkman -63.10 -141.50 54.00 Nectarian SPAT x   x   

Einstein 17.00 -72.00 48.00   PKT x   x   

Eudoxus 44.30 16.30 67.00 Copernican PKT   H3 x   

Fabry 42.90 100.70 184.00 Pre-Nect.   x       

Fechner T -59.00 122.00 18.00     x       

Fecunditatis -4.00 52.00 690.00 Pre-Nect.   x       

Finsen -42.00 -177.90 72.00 Eratosth. SPAT x   x   

Fizeau -58.60 -133.90 111.00 Up. Imb. SPAT x   x   

Flammarion A -1.90 -2.50 4.00   PKT   H4 x   

Flamsteed-Billy -7.00 -45.00 570.00 Pre-Nect. PKT x   x high 

Fra Mauro F -6.70 -16.90 3.00 Copernican PKT   H5 x   

Fra Mauro H -4.10 -15.50 6.00 Copernican PKT   H5 x   
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Name 
Lat 

(˚N) 

Long 

(˚E) 

Diameter 

(km) 
Age 

Geological 

province 
R1 R2 R3 R4 

Fra Mauro J -2.60 -18.60 3.00 Copernican PKT   H5 x   

Fra Mauro K -2.50 -16.70 6.00 Copernican PKT   H5 x   

Fra Mauro R -2.20 -15.60 3.00 Copernican PKT   H5 x   

Fra Mauro W -1.30 -16.80 4.00 Copernican PKT   H5 x   

Freundlich-

Sharonov 
18.50 175.00 600.00 Pre-Nect. FHTa x   x low 

Gambart A 1.00 -18.70 12.00 Copernican PKT   H5 x   

Gartner D 58.50 33.90 8.00   PKT   H3 x   

Gassendi A -15.50 -39.70 33.00 Copernican PKT   H3 x   

Gassendi E -18.00 -44.00 9.00   PKT x   x   

Gassendi K -18.70 -43.60 6.00   PKT x   x   

Geminus 34.50 56.70 86.00 Eratosth.   x       

Giordano Bruno 36.00 103.00 22.00 Copernican   x       

Glazenap F -1.50 139.70 11.00   FHTa x   x   

Glazenap F -1.50 139.70 11.00   FHTa   H1 x   

Godin 1.80 10.20 34.00 Copernican PKT   H3 x   

Goldschmidt 73.20 -3.80 113.00 Nectarian?   x       

Goltsyn -27.10 -103.60 20.00     x       

Green M 0.90 132.90 37.00   FHTa x   x   

Grimaldi (inner 

rim) 
-5.50 -68.30 172.00   PKT x   x   

Grissom-White -44.00 -161.00 600.00 Pre-Nect. SPAT x   x   

Hahn 31.50 74.00 84.00 Low. Imb.   x       

Harpalus 52.60 -43.40 39.00 Copernican PKT   H4 x   

Helmholtz -69.00 65.50 110.00     x       

Hertzsprung 2.60 -129.20 591.00 Nectarian FHTa x   x low 

Hess -54.30 174.60 88.00   SPAT x   x   

Hubble (Plutarch 

A) 
22.50 87.00 82.00 Nectarian   x       

Humboldt -27.00 80.90 189.00 Up. Imb.   x       

Humboldtianum 59.00 82.00 650.00 Nectarian   x       

Humorum -24.00 -39.00 425.00 Nectarian   x     high 

Imbrium 35.00 -17.00 1160.00 Low. Imb. PKT x   x high 

Ingenii -43.00 165.00 560.00 Pre-Nect. SPAT x   x high 

Insularum 9.00 -18.00 600.00 Pre-Nect. PKT x   x high 

Jackson 22.00 -163.00 71.00 Copernican FHTa x   x   

Janssen K -46.10 42.30 16.00     x H2     

Joliot-Curie 26.00 93.50 143.00 Pre-Nect.   x       

Kant -11.00 20.00 33.00     x       

Keeler -10.00 162.00 132.00 Low. Imb. FHTa x   x   

Keeler-Heaviside -10.00 162.00 500.00 Pre-Nect. FHTa x   x   

Kepler 8.10 -38.00 31.00 Copernican PKT   H5 x   

Kepler A 7.20 -36.10 11.00 Copernican PKT   H5 x   

King 6.00 120.50 77.00 Copernican FHTa x   x   

Kirkwood 69.00 123.00 70.00 Eratosth.   x       
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Name 
Lat 

(˚N) 

Long 

(˚E) 

Diameter 

(km) 
Age 

Geological 

province 
R1 R2 R3 R4 

Klute W 38.20 -143.00 13.00 Eratosthenian FHTa x H1 x   

Korolev  -9.00 -157.00 57.00 Nectarian FHTa x   x   

Larmor Q 28.60 176.20 22.00   FHTa x H1 x   

Leeuwenhoek -29.30 -178.70 125.00 Nectarian SPAT x   x   

Legendre H -32.50 78.10 7.00       H2     

Leibnitz -38.30 179.20 245.00 Pre-Nect. SPAT x   x   

Leibnitz S -39.60 172.00 2.00   SPAT x   x   

Lemaitre -61.20 -149.60 91.00 Nectarian SPAT x   x   

Leuschner 1.50 -109.00 42.00   FHTa x   x   

Liebig A -24.30 -47.70 12.00     x       

Liebig B -25.00 -47.10 9.00     x       

Lodygin -18.00 -147.00 50.00   FHTa x   x   

Lomonosov-

Fleming 
19.00 105.00 620.00 Pre-Nect.   x     low 

Lorentz 32.60 -95.30 312.00 Pre-Nect.   x       

Lowell W -10.00 -107.00 18.00   FHTa x   x   

Lyman -64.80 163.60 84.00 Up. Imb. SPAT x   x   

Mach 18.00 -149.00 155.00   FHTa x   x   

Maksutov -40.50 -168.70 83.00 Up. Imb. SPAT x   x   

Mandel'shtam F 5.20 166.20 17.00   FHTa x H1 x   

Manilius 14.50 9.00 40.00 Eratosth. PKT x   x   

Marco Polo F 15.70 -4.50 4.00   PKT   H4 x   

Marginis 20.00 84.00 580.00 Pre-Nect.   x     low 

Maurolycus -42.00 13.50 137.00     x       

Mendeleev 5.70 140.90 313.00 Nectarian FHTa x   x   

Mendell -51.00 -110.00 160.00     x       

Mendel-Rydberg -50.00 -94.00 630.00 Nectarian SPAT x   x low 

Mersenius C -19.80 -45.90 14.00     x       

Michelson H 4.60 -116.80 35.00   FHTa x   x   

Miller -39.00 1.00 68.00     x       

Millikan 47.00 121.00 100.00 Nectarian   x       

Milne N -32.50 110.80 3.00     x       

Minkowski -56.50 -146.00 113.00   SPAT x   x   

Minnaert -67.80 179.60 125.00   SPAT x   x   

Moore F 37.40 -175.00 24.00   FHTa x   x   

Morse 22.00 -175.00 62.00 Eratosth. FHTa x   x   

Moscoviense 26.00 148.00 445.00 Nectarian FHTa x   x low 

Mosting -0.70 -5.90 24.00 Copernican PKT   H4 x   

Mosting C -1.80 -8.00 4.00   PKT   H5 x   

Mutus-Vlacq -52.00 21.00 700.00 Pre-Nect.   x     low 

Nansen 81.00 95.00 116.00 Nectarian   x       

Necho -5.00 123.10 30.00 Copernican FHTa x   x   

Nectaris -16.00 34.00 860.00 Nectarian   x       

Nubium -21.00 345.00 690.00 Pre-Nect. PKT x   x high 
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Name 
Lat 

(˚N) 

Long 

(˚E) 

Diameter 

(km) 
Age 

Geological 

province 
R1 R2 R3 R4 

Numerov -70.70 -160.70 113.00 Nectarian SPAT x   x high 

O'Day -31.00 157.00 71.00   SPAT x   x   

Ohm 18.40 -113.50 64.00 Copernican FHTa x   x   

Oppenheimer -35.20 -166.30 208.00 Nectarian SPAT x   x   

Orientale -19.00 -95.00 930.00 Low. Imb.   x     low 

Orientale (Inner 

Rook massif) 
-21.00 -86.00 327.00     x       

Orientale (Inner 

Rook North) 
-10.00 -96.00 327.00 Low. Imb.   x       

Paracelsus -23.00 163.00 71.00   SPAT x   x   

Parry M -8.90 -14.50 26.00 Copernican PKT   H5 x   

Petavius -25.00 60.40 188.00     x       

Philolaus 72.50 -32.50 71.00 Copernican   x       

Piccolomini -29.50 32.00 88.00 Up. Imb.   x       

Pingre-Hausen -56.00 -82.00 300.00 Pre-Nect.   x       

Pitatus -30.00 -13.50 101.00 Nectarian PKT x   x   

Plana 42.00 28.50 44.00   PKT x   x   

Planck -57.90 136.80 314.00 Pre-Nect. SPAT x   x low 

Plato J 49.00 -4.60 8.00   PKT   H4 x   

Plato M 53.10 -15.40 8.00   PKT   H4 x   

Plinius 15.50 23.50 43.00 Eratosth.   x       

Plutarch 24.50 79.00 68.00 Eratosth.   x       

Poincare -56.70 163.60 319.00 Pre-Nect. SPAT x   x high 

Posidonius 32.00 30.00 95.00 Up. Imb.   x       

Proclus 16.00 46.60 28.00     x       

Pythagoras 64.00 -63.00 130.00 Eratosth.   x       

Robertson 22.00 -105.00 88.00 Copernican   x       

Rumford T -28.60 -172.10 108.00   SPAT x   x   

Rutherford 10.70 137.00 13.00 Copernican FHTa x H1 x   

Rydberg -47.00 -96.00 50.00 Eratosth.   x       

Ryder -42.00 143.00 17.00     x       

Saha E -0.20 107.60 28.00   FHTa x   x   

Saunder T -4.00 10.40 6.00   PKT   H3 x   

Schiller-

Zucchius 
-56.00 -45.00 335.00 Pre-Nect.   x       

Schjellerup 70.00 157.00 68.00 Up. Imb.   x       

Schorr -19.50 90.00 48.00 Up. Imb.   x       

Schrodinger -75.00 132.40 312.00 Low. Imb. SPAT x   x low 

Serenitatis 26.00 18.00 920.00 Nectarian PKT x   x high 

Sikorsky-

Rittenhouse 
-68.00 111.00 310.00 Nectarian   x     low 

Sirsalis F -13.50 -60.10 13.00   PKT   H3 x   

Sita 4.60 120.80 2.00   FHTa x   x   

Slipher 50.00 160.00 87.00 Up. Imb. FHTa x   x   

Smythii -2.00 87.00 740.00 Pre-Nect.   x       
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Name 
Lat 

(˚N) 

Long 

(˚E) 

Diameter 

(km) 
Age 

Geological 

province 
R1 R2 R3 R4 

South Ray -9.00 15.00 0.80     x       

Stiborius -35.00 32.00 45.00     x       

Stoney -55.30 -156.10 45.00   SPAT x   x   

T. Mayer H 11.70 -25.50 3.00   PKT   H5 x   

Thebit A -21.50 -4.90 20.00 Copernican PKT   H3 x   

Theophilus -11.40 26.40 110.00 Eratosth.   x       

Tranquillitatis 7.00 30.00 700.00 Pre-Nect.   x       

Triesnecker 4.20 3.60 26.00 Copernican PKT   H4 x   

Tsiolkovsky -20.00 129.00 185.00 Up. Imb. FHTa x   x   

Tsiolkovsky-

Stark 
-15.00 128.00 700.00 Pre-Nect. FHTa x   x low 

Turner M -4.20 -11.80 4.00 Copernican PKT   H5     

Tycho -43.00 -11.00 85.00     x       

Vavilov -1.50 -139.00 99.00 Copernican FHTa x H1 x   

Ventris M -6.00 157.90 18.00   FHTa x   x   

Virtanen 15.50 176.70 44.00 Copernican FHTa x   x   

Vitello -30.40 -37.50 42.00 Low. Imb.   x       

Vlacq -53.50 39.00 98.00     x       

Von Karman -44.80 175.90 180.00 Pre-Nect. SPAT x   x   

Von Karman M -47.20 176.20 225.00 Pre-Nect. SPAT x   x   

Wallace C 17.60 -6.40 5.00   PKT   H4 x   

Werner-Airy -24.00 12.00 500.00 Pre-Nect.   x       

Wiener 41.00 146.00 131.00 Nectarian FHTa x   x   

Wiener F 41.20 150.00 47.00 Copernican FHTa x H2 x   

Zeeman -75.20 -133.60 190.00 Nectarian SPAT x   x   
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Table A3.4 Detection of gabbro (G), norite (N), troctolite (T), gabbronorite (GN), anorthositic troctolite 

(AT), anorthositic gabbro (AG), and anorthositic gabbronorite (AGN) in central peaks (Tompkins and 

Pieters, 1999). They might correspond to Mg-suite, lower crust or mantle rocks. 

Name Latitude (˚N) Longitude (˚E) Diameter (km) Age Setting Peak lithologies 

Bhabha -55.73 -165.29 78 ? basin GN, G 

Birkeland -30.42 173.84 85 E basin AN, GN 

Bose -54.17 -169.65 94 ? basin AGN 

Bullialdus -20.70 -22.20 61 UI basin N 

Eratosthenes 14.50 -11.30 58 E basin AGN 

Finsen -42.56 -177.99 87 E basin AGN, GN, N 

Jackson 22.40 -163.10 71 C highlands AGN 

Keeler -9.97 161.52 132 LI highlands AT 

King 5.00 120.50 77 C highlands AGN 

Langmuir -36.20 -128.73 85 ? highlands AGN 

Langrenus -8.90 61.10 132 E basin T 

Lansberg -0.30 -26.60 40 UI basin AGN 

Lowell -12.90 -103.10 66 C basin AG 

Lyman -65.09 161.88 90 UI highlands N 

Maunder -14.60 -93.80 55 E basin AG 

Ohm 18.40 -113.50 64 C highlands AG 

Orlov -26.13 -175.37 61 ? highlands AGN 

Scaliger -27.10 108.90 78 UI highlands AG 

Stevinus -32.50 54.20 75 C highlands AG, AGN 

Theophilus -11.40 26.40 100 E basin AT 

Tsiolkovsky -21.20 128.90 185 UI highlands AT 

Tycho -43.40 -11.10 85 C highlands AG, AGN, G 

Vavilov -0.80 -137.90 99 C highlands AGN 

White -45.17 -159.07 45 ? highlands AG, GN 

Zucchius -61.40 -50.30 64 C basin AG, G 
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Table A3.5 Pyroclastic deposits, from the USGS Lunar Pyroclastic Volcanism Project (Lisa R. Gaddis et 

al., 2008, and references therein) and additional sources (Giguere et al. 2003, 2007; Sunshine et al. 2010). 

Name Latitude (˚N) Longitude (˚E) Area (km
2
) 

Aestatis -15.00 -68.40 370 

Alphonsus (C) -13.70 -3.40 11 

Alphonsus (E) -12.50 -2.00 8 

Alphonsus (E) -12.50 -1.70 8 

Alphonsus (E) -12.60 -1.70 10 

Alphonsus (E) -12.80 -1.60 25 

Alphonsus (E) -13.00 -1.60 48 

Alphonsus (E) -13.50 -1.60 55 

Alphonsus (S) -14.40 -2.00 43 

Alphonsus (W) -13.60 -4.10 39 

Alphonsus (W) -13.50 -4.20 41 

Alphonsus (W) -13.70 -4.30 79 

Apollo Basin (E) -30.00 -153.10 69 

Apollo Basin (W) -30.00 -153.50 2 

Archimedes 28.00 -4.00 8 

Aristarchus 26.70 -50.50 37400 

Atlas (N) 47.30 44.80 100 

Atlas (S) 45.70 44.60 250 

Autumni -9.50 -82.20 330 

Cavalerius 5.10 -66.90 880 

Compton (SC) 54.00 105.00 24 

Compton (SE) 54.00 106.00 45 

Compton (SW) 54.00 104.00 5 

Cruger (N) -16.70 -66.70 120 

Cruger (S) -17.90 -66.70 760 

Cruger (W1) -16.70 -66.70 50 

Cruger (W2) -16.70 -66.70 50 

Daguerre -11.20 34.00 297 

E. Mare Frigoris (E) 50.10 34.40 575 

E. Mare Frigoris (W) 49.60 27.40 1000 

Franklin 38.40 47.90 1000 

Gambart -1.00 -15.20 100 

Gassendi N-E -14.82 -37.71 250 

Gaudibert -11.10 37.70 40 

Gaudibert B -12.40 38.70 576 

Gauss 36.00 77.00 350 

Grimaldi -5.20 -68.30 2100 

Grimaldi F -7.90 -66.20 90 

Haldane -1.60 83.70 85 

Hedin (N) 2.20 -77.00 113 

Hedin (NW) 2.20 -77.00 130 

Hedin (W) 2.20 -77.00 150 

Hevelius 2.20 -67.50 76 

J. Herschel (C) 62.00 -36.90 120 
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Name Latitude (˚N) Longitude (˚E) Area (km
2
) 

J. Herschel (N) 61.40 -38.00 260 

J. Herschel (S) 61.00 -37.00 60 

Kiess -6.50 84.10 1450 

Lagrange C -29.90 -65.00 1900 

Lavoisier 38.50 -81.90 5 

Lavoisier 38.30 -79.70 5 

Lavoisier 37.60 -80.70 8 

Lavoisier 38.20 -79.80 9 

Lavoisier 37.80 -80.30 11 

Lavoisier 37.50 -80.80 11 

Lavoisier 38.00 -80.10 18 

Lavoisier F 36.40 -76.40 3 

Lavoisier H 38.20 -78.10 36 

Lomonosov-Fleming 29.40 103.64 6875 

Lomonosov-Fleming 20.71 98.97 2500 

Lomonosov-Fleming 23.56 99.65 625 

Lomonosov-Fleming 26.89 104.07 1250 

Mare Humorum -30.00 -40.00 3000 

Mare Smythii (NNW) 2.00 83.00 590 

Mare Smythii (SW) -6.00 86.00 460 

Mare Smythii (W) 1.00 85.00 245 

Mare Smythii (WSW) -4.50 81.50 355 

Mare Vaporum 10.00 7.00 10000 

McAdie 3.60 91.70 43 

Mersenius (NW) -21.50 -49.20 53 

Mersenius (SW) -21.50 -49.20 91 

Mersenius (W) -21.50 -49.20 76 

Mersenius (WNW) -21.50 -49.20 91 

Messala 39.00 60.00 700 

Montes Carpatus 15.00 -25.00 2500 

Montes Harbinger 20.00 -42.00 5400 

Moscoviense 25.70 154.30 1500 

Moscoviense 23.60 147.70 3700 

NE Lavoisier (N) 41.40 -80.00 36 

NE Lavoisier (NW) 41.30 -80.60 68 

NE Lavoisier (W) 40.90 -80.60 14 

Oppenheimer -35.80 -163.30 13 

Oppenheimer -37.50 -164.60 25 

Oppenheimer -34.00 -165.50 38 

Oppenheimer -37.10 -163.50 140 

Oppenheimer -37.00 -168.50 245 

Oppenheimer -34.80 -168.30 1300 

Oppenheimer -38.00 -166.80 1500 

Orientale -30.20 -97.40 3600 

Pacificus -28.50 -99.00 1600 

Riccioli (N) -2.50 -83.00 1400 
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Name Latitude (˚N) Longitude (˚E) Area (km
2
) 

Riccioli (NW) -2.50 -83.00 150 

Riccioli (SE) -2.90 -83.00 20 

Riccioli (SW) -2.50 -83.00 50 

Riccioli (W) -2.50 -83.00 40 

Riccioli (W-SW) -2.50 -83.00 40 

Rima Bode 13.00 -3.00 10000 

Rima Fresnel 28.50 4.00 2120 

Schluter A -9.20 -82.20 40 

Schrodinger -75.00 140.00 680 

SE of Nectaris -22.60 40.40 891 

Sinus Aestuum 5.00 -7.00 30000 

Sinus Aestuum 5.44 -15.06 10000 

Sulpicius Gallus 20.00 10.00 6000 

Taruntius 5.10 46.00 3 

Taruntius 5.30 46.80 4 

Tasso S -2.00 92.00 250 

Taurus-Littrow 20.10 30.10 4000 
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Table A3.6 Studied cryptomare locations. Highlighted in grey are regions that have been studied and 

mapped precisely in the literature. 

Cryptomare deposit 
Latitude 

(˚N) 

Longitude 

(˚E) 
Source 

Australe (interior) -41.9 96.1 Antonenko et al., 1999 

Balmer-Kapteyn -18.3 70.0 
Bell and Hawke, 1984; Antonenko et al., 

1999; Hawke et al., 2003, 2005a, 2005b 

Copernicus 9.70 -20.10 Bell and Hawke, 1984 

Gassendi -16.5 -43.0 
Antonenko et al., 1999; Hawke et al., 

2005a; Giguere et al., 2007 

Hercules 46.8 39.2 Antonenko et al., 1999 

Humboldtianum 55.7 73.6 Antonenko et al., 1999 

Humboldtianum 54.5 83.8 Antonenko et al., 1999 

Korolev -4.5 -157.3 Antonenko et al., 1999 

Langemak -11.3 119.4 Antonenko et al., 1999 

Lomonosov-Fleming 20.3 107.4 
Antonenko et al., 1999; Giguere et al., 

2003; Hawke et al., 2003, 2005a 

Marginis (East margin) 12.4 93.9 Antonenko et al., 1999; Giguere et al., 2003 

Maurolycus -37.1 16.6 Antonenko et al., 1999 

Mendeleev 1.3 141.8 Antonenko et al., 1999 

Mendel-Rydberg -48.8 -95.5 
Antonenko et al., 1999; Hawke et al., 2003, 

2005a 

Milne -29.40 116.5 Antonenko et al., 1999 

Moscoviense 21.4 148.3 Hawke et al., 2005a 

Orientale (East)/ Procellarum 

(South-West margin) 
-11.9 -61.7 

Antonenko et al., 1999; Campbell and 

Hawke, 2005 

Schiller-Schickard -46.1 -51.4 

Bell and Hawke, 1984; Blewett et al., 1995; 

Antonenko et al., 1999; Hawke et al., 2003, 

2005a 

Smythii -4.5 93.4 
Antonenko et al., 1999; Hawke et al., 

2005a 

South Pole-Aitken -49.8 -160.6 
Antonenko et al., 1999; Pieters et al., 

2001a, 2001b 

South Pole-Aitken -67.2 150.7 
Antonenko et al., 1999; Pieters et al., 

2001a, 2001b 

Taruntius 5.4 46.3 Antonenko et al., 1999 

Tsiolkovskiy -22.5 126.3 Antonenko et al., 1999 
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Table A3.7 List of all the craters and basins that are thought to contain lower crust material in their melt or 

central peak/uplifted rings, based on calculations only.  Pm  Proximity for melt (used to infer the depth 

from where the central peak material comes from), Pe  proximity for excavation, M  melt depth (include 

the crust thickness).  IDs refer to their number on Fig. 3.54.  Only those highlighted in gray have some 

central peaks (P) or uplifted rings (R) and are therefore considered as final landing sites.  

ID Name Lat Long 
Diameter 

(km) 
Pm Pe M Age 

Peak? 

Rings

? 

0 Chaffee F -38.8 -152.5 35.0 -5.1 -3.1 5.1 
Nectaria

n 
  

1 Warner -4.0 87.3 35.0 -5.5 -3.5 5.1     

2 Haldane -1.7 84.1 37.0 -5.7 -3.5 5.4     

3 Runge -2.5 86.7 38.0 -5.6 -3.3 5.5     

4 Crommelin C -66.4 -144.8 44.0 -5.3 -2.5 6.5 
Nectaria

n 
P 

5 Numerov Z -68.1 -160.0 44.0 -5.5 -2.7 6.5     

6 Stoney -55.3 -156.1 45.0 -6.1 -3.3 6.7   P 

7 Cabannes M -64.2 -170.2 48.0 -6.6 -3.5 7.1     

8 Cabannes Q -63.3 -174.5 49.0 -6.5 -3.3 7.3 
Nectaria

n 
P 

9 Chaffee -38.8 -153.9 49.0 -5.4 -2.2 7.3 
Nectaria

n 
  

10 Borman -38.8 -147.7 50.0 -6.1 -2.8 7.5 
Low. 

Imb. 
P 

11 Karrer -52.1 -141.8 51.0 -7.5 -4.1 7.6 
Nectaria

n 
  

12 Boyle Z -51.3 177.7 52.0 -6.6 -3.1 7.8 
Nectaria

n 
  

13 Eijkman -63.1 -141.5 54.0 -7.2 -3.5 8.1 
Nectaria

n 
P 

14 Baldet -53.3 -151.1 55.0 -8.2 -4.5 8.3     

15 Boyle -53.1 178.1 57.0 -8.3 -4.4 8.6 
Nectaria

n 
P 

16 Bel'kovich A 58.7 86.0 58.0 -5.6 -1.5 8.8 
Nectaria

n 
  

17 Dawson V -66.6 -137.0 58.0 -6.4 -2.4 8.8   P 

18 Lyman T -64.1 157.7 59.0 -5.2 -1.0 8.9     

19 Fizeau S -58.7 -139.9 62.0 -7.8 -3.4 9.4     

20 Bellinsgauzen -60.6 -164.6 63.0 -7.2 -2.7 9.6     

21 Bhabha -55.1 -164.5 64.0 -7.0 -2.4 9.7 
Nectaria

n 
P 

22 Cori -50.6 -151.9 65.0 -9.0 -4.3 9.9 
Nectaria

n 
  

23 Nishina -44.6 -170.4 65.0 -5.2 -0.5 9.9     

24 Abbe -57.3 175.2 66.0 -10.0 -5.3 10.1 
Nectaria

n 
  

25 Alekhin -68.2 -131.3 70.0 -6.6 -1.5 10.7     

26 Cajori -47.4 168.8 70.0 -7.7 -2.5 10.7     

27 Finsen -42.0 -177.9 72.0 -7.6 -2.3 11.1 Eratosth. P 

28 Hess Z -52.0 174.0 73.0 -9.9 -4.5 11.2     

29 Oresme -42.4 169.2 76.0 -5.1 0.7 11.7     

30 Alder -48.6 -177.4 77.0 -8.4 -2.5 11.9 
Low. 

Imb. 
P 
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ID Name Lat Long 
Diameter 

(km) 
Pm Pe M Age 

Peak? 

Rings

? 

31 Cabannes -60.9 -169.6 80.0 -10.6 -4.5 12.4   P 

32 Birkeland -30.2 173.9 82.0 -5.2 1.2 12.7 Eratosth. P 

33 Maksutov -40.5 -168.7 83.0 -9.8 -3.3 12.9 Up. Imb. P 

34 Lyman -64.8 163.6 84.0 -8.9 -2.3 13.1 Up. Imb. P 

35 Davisson -37.5 -174.6 87.0 -10.1 -3.2 13.6   P 

36 Chretien -43.9 163.6 88.0 -5.4 1.6 13.7     

37 Hess -54.3 174.6 88.0 -13.3 -6.2 13.7     

38 Hopmann -50.8 160.3 88.0 -8.7 -1.7 13.7     

39 Bose -53.5 -170.0 91.0 -11.6 -4.3 14.2 
Nectaria

n 
P 

40 Lemaitre -61.2 -149.6 91.0 -13.1 -5.8 14.2 
Nectaria

n 
P 

41 Berlage -63.2 -162.8 92.0 -12.6 -5.2 14.4     

42 Crommelin -68.1 -146.9 94.0 -12.5 -4.9 14.7   P 

43 Rumford T -28.6 -172.1 108.0 -6.3 2.8 17.1   P 

44 Fizeau -58.6 -133.9 111.0 -12.7 -3.3 17.6 Up. Imb. P 

45 Numerov -70.7 -160.7 113.0 -14.1 -4.5 18.0 
Nectaria

n 
P 

46 Minkowski -56.5 -146.0 113.0 -16.9 -7.2 18.0   P 

47 Leeuwenhoek E -28.2 -176.7 117.0 -7.9 2.2 18.7     

48 Thomson -32.7 166.2 117.0 -5.8 4.3 18.7     

49 Thomson M -35.7 166.0 119.0 -6.9 3.5 19.0     

50 Leeuwenhoek -29.3 -178.7 125.0 -11.4 -0.4 20.1 
Nectaria

n 
P 

51 Minnaert -67.8 179.6 125.0 -17.5 -6.5 20.1     

52 Repsold C 48.9 -73.6 133.0 -5.1 6.8 21.4 
Pre-

Nect. 
  

53 Neper 8.5 84.6 137.0 -8.8 3.5 22.1 
Nectaria

n 
  

54 Babbage 59.7 -57.1 143.0 -5.5 7.6 23.2 
Pre-

Nect. 
  

55 Antoniadi -69.7 -172.0 143.0 -19.7 -6.7 23.2 Up. Imb. P 

56 W. Bond 65.4 4.5 156.0 -7.0 7.5 25.5 
Pre-

Nect. 
  

57 Compton 55.3 103.8 162.0 -8.4 6.8 26.5 
Low. 

Imb. 
P 

58 Riemann 38.9 86.8 163.0 -5.6 9.7 26.7     

59 Struve 22.4 -77.1 164.0 -8.1 7.4 26.9 
Pre-

Nect. 
  

60 J. Herschel 62.0 -42.0 165.0 -10.1 5.6 27.1 
Pre-

Nect. 
  

61 Hecataeus -21.8 79.4 167.0 -5.2 10.7 27.4 
Nectaria

n 
  

62 Gauss 35.7 79.0 177.0 -8.7 8.4 29.2 
Nectaria

n 
  

63 Von Karman -44.8 175.9 180.0 -25.8 -8.4 29.7 
Pre-

Nect. 
  

64 Fabry 42.9 100.7 184.0 -8.4 9.4 30.4 
Pre-

Nect. 
P 

65 Vertregt -19.8 171.1 187.0 -6.5 11.8 31.0 Pre-   
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ID Name Lat Long 
Diameter 

(km) 
Pm Pe M Age 

Peak? 

Rings

? 

Nect. 

66 Petavius -25.1 60.4 188.0 -6.3 12.1 31.2 
Low. 

Imb. 
P 

67 Humboldt -27.0 80.9 189.0 -11.0 7.5 31.3 Up. Imb. P 

68 Zeeman -75.2 -133.6 190.0 -19.8 -1.2 31.5 
Nectaria

n 
P 

69 Maginus -50.5 -6.3 194.0 -8.7 10.4 32.2 
Pre-

Nect. 
  

70 Einstein 16.3 -88.7 198.0 -6.1 13.5 33.0 
Pre-

Nect. 
  

71 Janssen -45.4 40.3 199.0 -9.2 10.5 33.1 
Pre-

Nect. 
  

72 Schickard -44.3 -55.3 206.0 -7.1 13.4 34.4 
Pre-

Nect. 
  

73 Oppenheimer -35.2 -166.3 208.0 -28.1 -7.3 34.8 
Nectaria

n 
  

74 Schwarzschild 70.1 121.2 212.0 -12.6 8.8 35.5 
Nectaria

n 
  

75 Bel'kovich 61.1 90.2 214.0 -14.6 7.0 35.8 
Nectaria

n 
  

76 Von Karman M -47.2 176.2 225.0 -33.3 -10.4 37.8 
Pre-

Nect. 
  

77 Van de Graaff -27.4 172.2 233.0 -20.4 3.5 39.3 
Nectaria

n 
  

78 Harkhebi 39.6 98.3 237.0 -17.3 7.1 40.0 
Pre-

Nect. 
  

79 Leibnitz -38.3 179.2 245.0 -35.4 -10.0 41.5 
Pre-

Nect. 
  

80 Clavius -58.8 -14.1 245.0 -17.8 7.7 41.5 
Nectaria

n 
  

81 d'Alembert 50.8 163.9 248.0 -5.2 20.6 42.0 
Nectaria

n 
  

82 Deslandres -33.1 -4.8 256.0 -21.9 5.0 43.5 
Pre-

Nect. 
  

83 Gagarin -20.2 149.2 265.0 -15.1 13.0 45.1 
Pre-

Nect. 
  

84 Milne -31.4 112.2 272.0 -19.3 9.7 46.4 
Pre-

Nect. 
  

85 Bailly -66.5 -69.1 287.0 -20.0 10.9 49.2 
Nectaria

n 
  

86 Pingre-Hausen -56.0 -82.0 300.0 -18.9 13.7 51.6 
Pre-

Nect. 
R 

87 
Sikorsky-

Rittenhouse 
-68.0 111.0 310.0 -32.4 1.5 53.5 

Nectaria

n 
R 

88 Lorentz 32.6 -95.3 312.0 -26.6 7.6 53.8 
Pre-

Nect. 
R 

89 Schrodinger -75.0 132.4 312.0 -35.5 -1.3 53.8 
Low. 

Imb. 
R 

90 Mendeleev 5.7 140.9 313.0 -15.3 19.1 54.0 
Nectaria

n 
R 

91 Planck -57.9 136.8 314.0 -38.2 -3.7 54.2 Pre- R 
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ID Name Lat Long 
Diameter 

(km) 
Pm Pe M Age 

Peak? 

Rings

? 

Nect. 

92 Poincare -56.7 163.6 319.0 -42.8 -7.6 55.2 
Pre-

Nect. 
R 

93 
Amundsen-

Ganswindt 
-81.0 120.0 335.0 -35.6 1.7 58.1 

Pre-

Nect. 
R 

94 
Schiller-

Zucchius 
-56.0 -45.0 335.0 -29.5 7.8 58.1 

Pre-

Nect. 
R 

95 Birkhoff 58.7 -146.1 345.0 -26.3 12.4 60.0 
Pre-

Nect. 
R 

96 Humorum -24.0 -39.0 425.0 -54.1 -4.4 75.2 
Nectaria

n 
R 

97 Korolev -4.0 -157.4 437.0 -32.3 19.0 77.5 
Nectaria

n 
R 

98 
Coulomb-

Sarton 
52.0 -123.0 440.0 -42.4 9.4 78.1 

Pre-

Nect. 
R 

99 Moscoviense 26.0 148.0 445.0 -42.4 10.0 79.0 
Nectaria

n 
R 

100 
Balmer-

Kapteyn 
-15.0 70.0 500.0 -68.9 -8.6 89.6 

Pre-

Nect. 
R 

101 
Keeler-

Heaviside 
-10.0 162.0 500.0 -57.7 2.7 89.6 

Pre-

Nect. 
R 

102 Werner-Airy -24.0 12.0 500.0 -69.6 -9.3 89.6 
Pre-

Nect. 
  

103 Apollo -36.1 -151.8 537.0 -66.6 -1.0 96.8 
Pre-

Nect. 
R 

104 Ingenii -43.0 165.0 560.0 -82.3 -13.2 101.3 
Pre-

Nect. 
R 

105 Flamsteed-Billy -7.0 -45.0 570.0 -80.6 -10.1 103.2 
Pre-

Nect. 
  

106 Marginis 20.0 84.0 580.0 -82.7 -10.8 105.2 
Pre-

Nect. 
  

107 
Al-Khwarizmi-

King 
1.0 112.0 590.0 -80.1 -6.7 107.1 

Pre-

Nect. 
  

108 Hertzsprung 2.6 -129.2 591.0 -58.5 15.1 107.3 
Nectaria

n 
R 

109 
Freundlich-

Sharonov 
18.5 175.0 600.0 -63.4 11.5 109.1 

Pre-

Nect. 
R 

110 Grissom-White -44.0 -161.0 600.0 -81.8 -6.9 109.1 
Pre-

Nect. 
  

111 Insularum 9.0 -18.0 600.0 -93.1 -18.2 109.1 
Pre-

Nect. 
  

112 
Lomonosov-

Fleming 
19.0 105.0 620.0 -83.8 -5.9 113.0 

Pre-

Nect. 
  

113 
Mendel-

Rydberg 
-50.0 -94.0 630.0 -89.9 -10.5 115.0 

Nectaria

n 
R 

114 
Humboldtianu

m 
59.0 82.0 650.0 -95.7 -13.3 119.0 

Nectaria

n 
R 

115 Fecunditatis -4.0 52.0 690.0 
-

105.0 
-16.6 126.9 

Pre-

Nect. 
  

116 Nubium -21.0 -15.0 690.0 
-

103.6 
-15.2 126.9 

Pre-

Nect. 
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ID Name Lat Long 
Diameter 

(km) 
Pm Pe M Age 

Peak? 

Rings

? 

117 Mutus-Vlacq -52.0 21.0 700.0 
-

105.5 
-15.6 128.9 

Pre-

Nect. 
  

118 Tranquillitatis 7.0 30.0 700.0 
-

106.9 
-17.0 128.9 

Pre-

Nect. 
  

119 
Tsiolkovsky-

Stark 
-15.0 128.0 700.0 

-

102.6 
-12.7 128.9 

Pre-

Nect. 
  

120 Smythii -2.0 87.0 740.0 
-

113.7 
-17.7 136.8 

Pre-

Nect. 
R 

121 Crisium 18.0 59.0 740.0 
-

120.1 
-24.1 136.8 

Nectaria

n 
R 

122 Nectaris -16.0 34.0 860.0 
-

141.6 
-27.0 161.0 

Nectaria

n 
R 

123 Australe -52.0 95.0 880.0 
-

141.7 
-24.0 165.0 

Pre-

Nect. 
R 

124 Serenitatis 26.0 18.0 920.0 
-

154.1 
-30.1 173.1 

Nectaria

n 
R 

125 Orientale -19.0 -95.0 930.0 
-

146.7 
-21.1 175.1 

Low. 

Imb. 
R 

126 Imbrium 35.0 -17.0 1160.0 
-

200.5 
-37.9 222.4 

Low. 

Imb. 
R 
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Table A3.8 List of all the craters and basins that are thought to have mantle in their melt or central 

peak/uplifted rings, based on calculations only.  Pm  Proximity for melt (used to infer the depth from 

where the central peak material comes from), Pe  proximity for excavation, M  melt depth (include the 

crust thickness). Blue values indicate negative proximity for mantle excavation, corresponding to the two 

basins that are excavating mantle.  IDs refer to their number on Fig. 3.58.  Only those highlighted in gray 

have some uplifted rings (R) and are therefore considered as final landing sites.  

ID Name Latitude Longitude 
Diameter 

(km) 
Pm Pe M Age 

Uplifted 

rings? 

0 Von Karman -44.8 175.9 180.0 -7.0 10.4 29.7 Pre-Nect.   

4 
Sikorsky-

Rittenhouse 
-68.0 111.0 310.0 -7.3 26.6 53.5 Nectarian R 

1 Oppenheimer -35.2 -166.3 208.0 -8.2 12.7 34.8 Nectarian   

8 
Amundsen-

Ganswindt 
-81.0 120.0 335.0 -9.6 27.7 58.1 Pre-Nect. R 

5 Schrodinger -75.0 132.4 312.0 -11.5 22.7 53.8 
Low. 

Imb. 
R 

11 Moscoviense 26.0 148.0 445.0 -12.8 39.7 79.0 Nectarian R 

10 
Coulomb-

Sarton 
52.0 -123.0 440.0 -13.4 38.4 78.1 Pre-Nect. R 

2 Von Karman M -47.2 176.2 225.0 -13.7 9.2 37.8 Pre-Nect.   

6 Planck -57.9 136.8 314.0 -14.7 19.8 54.2 Pre-Nect. R 

3 Leibnitz -38.3 179.2 245.0 -15.3 10.2 41.5 Pre-Nect.   

7 Poincare -56.7 163.6 319.0 -20.0 15.2 55.2 Pre-Nect. R 

20 Hertzsprung 2.6 -129.2 591.0 -25.1 48.5 107.3 Nectarian R 

9 Humorum -24.0 -39.0 425.0 -29.0 20.6 75.2 Nectarian R 

13 
Keeler-

Heaviside 
-10.0 162.0 500.0 -30.0 30.3 89.6 Pre-Nect. R 

21 
Freundlich-

Sharonov 
18.5 175.0 600.0 -30.6 44.3 109.1 Pre-Nect. R 

15 Apollo -36.1 -151.8 537.0 -39.1 26.6 96.8 Pre-Nect. R 

12 
Balmer-

Kapteyn 
-15.0 70.0 500.0 -44.0 16.3 89.6 Pre-Nect. R 

14 Werner-Airy -24.0 12.0 500.0 -45.2 15.2 89.6 Pre-Nect.   

19 
Al-Khwarizmi-

King 
1.0 112.0 590.0 -53.8 19.6 107.1 Pre-Nect.   

22 Grissom-White -44.0 -161.0 600.0 -54.6 20.3 109.1 Pre-Nect.   

17 Flamsteed-Billy -7.0 -45.0 570.0 -54.8 15.7 103.2 Pre-Nect.   

24 
Lomonosov-

Fleming 
19.0 105.0 620.0 -56.3 21.6 113.0 Pre-Nect.   

18 Marginis 20.0 84.0 580.0 -57.4 14.6 105.2 Pre-Nect.   

16 Ingenii -43.0 165.0 560.0 -58.0 11.0 101.3 Pre-Nect. R 

25 
Mendel-

Rydberg 
-50.0 -94.0 630.0 -64.2 15.2 115.0 Nectarian R 

23 Insularum 9.0 -18.0 600.0 -69.0 5.9 109.1 Pre-Nect.   

26 Humboldtianum 59.0 82.0 650.0 -70.0 12.3 119.0 Nectarian R 

31 
Tsiolkovsky-

Stark 
-15.0 128.0 700.0 -76.1 13.8 128.9 Pre-Nect.   

28 Nubium -21.0 -15.0 690.0 -77.8 10.6 126.9 Pre-Nect.   

27 Fecunditatis -4.0 52.0 690.0 -79.7 8.7 126.9 Pre-Nect.   

29 Mutus-Vlacq -52.0 21.0 700.0 -80.1 9.9 128.9 Pre-Nect.   
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ID Name Latitude Longitude 
Diameter 

(km) 
Pm Pe M Age 

Uplifted 

rings? 

30 Tranquillitatis 7.0 30.0 700.0 -81.5 8.4 128.9 Pre-Nect.   

32 Smythii -2.0 87.0 740.0 -88.6 7.4 136.8 Pre-Nect. R 

33 Crisium 18.0 59.0 740.0 -97.0 -1.0 136.8 Nectarian R 

35 Australe -52.0 95.0 880.0 
-

116.1 
1.6 165.0 Pre-Nect. R 

34 Nectaris -16.0 34.0 860.0 
-

117.6 
-3.0 161.0 Nectarian R 

37 Orientale -19.0 -95.0 930.0 
-

119.7 
5.9 175.1 

Low. 

Imb. 
R 

36 Serenitatis 26.0 18.0 920.0 
-

129.6 
-5.6 173.1 Nectarian R 

38 Imbrium 35.0 -17.0 1160.0 
-

175.2 

-

12.6 
222.4 

Low. 

Imb. 
R 
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Table A3.9 List of all the craters and basins that are thought to contain lower crust and/or mantle material 

in their ejecta or central peak/uplifted rings, based on calculations only. LCE = excavate lower crust 

material in its ejecta, ME= excavate mantle material in its ejecta, LCM = should contain lower crust 

material in its preserved central peak or uplifted rings, MM = should contain mantle material in its 

preserved uplifted rings.  Craters and basins highlighted in gray should contain both lower crust and mantle 

material and are considered as best final landing sites to assess Science Goal 3c in general.  

Name Lat Long 
Diameter 

(km) 
Age LCE 

LC

M 
ME MM 

Abbe -57.3 175.2 66.0 Nectarian x x     

Alder -48.6 -177.4 77.0 
Low. 

Imb. 
  x     

Al-Khwarizmi-King 1.0 112.0 590.0 Pre-Nect. x       

Amundsen-Ganswindt -81.0 120.0 335.0 Pre-Nect.   x   x 

Antoniadi -69.7 -172.0 143.0 Up. Imb. x x     

Apollo -36.1 -151.8 537.0 Pre-Nect.   x   x 

Australe -52.0 95.0 880.0 Pre-Nect. x x   x 

Balmer-Kapteyn -15.0 70.0 500.0 Pre-Nect. x x   x 

Berlage -63.2 -162.8 92.0   x       

Bhabha -55.1 -164.5 64.0 Nectarian   x     

Birkeland -30.2 173.9 82.0 Eratosth.   x     

Birkhoff 58.7 -146.1 345.0 Pre-Nect.   x     

Borman -38.8 -147.7 50.0 
Low. 

Imb. 
  x     

Bose -53.5 -170.0 91.0 Nectarian   x     

Boyle -53.1 178.1 57.0 Nectarian   x     

Cabannes -60.9 -169.6 80.0     x     

Cabannes Q -63.3 -174.5 49.0 Nectarian   x     

Compton 55.3 103.8 162.0 
Low. 

Imb. 
  x     

Coulomb-Sarton 52.0 -123.0 440.0 Pre-Nect.   x   x 

Crisium 18.0 59.0 740.0 Nectarian x x   x 

Crommelin -68.1 -146.9 94.0     x     

Crommelin C -66.4 -144.8 44.0 Nectarian   x     

Davisson -37.5 -174.6 87.0     x     

Dawson V -66.6 -137.0 58.0     x     

Eijkman -63.1 -141.5 54.0 Nectarian   x     

Fabry 42.9 100.7 184.0 Pre-Nect.   x     

Fecunditatis -4.0 52.0 690.0 Pre-Nect. x       

Finsen -42.0 -177.9 72.0 Eratosth.   x     

Fizeau -58.6 -133.9 111.0 Up. Imb.   x     

Flamsteed-Billy -7.0 -45.0 570.0 Pre-Nect. x       

Freundlich-Sharonov 18.5 175.0 600.0 Pre-Nect.   x   x 

Grissom-White -44.0 -161.0 600.0 Pre-Nect. x       

Hertzsprung 2.6 -129.2 591.0 Nectarian   x   x 

Hess -54.3 174.6 88.0   x       

Humboldt -27.0 80.9 189.0 Up. Imb.   x     

Humboldtianum 59.0 82.0 650.0 Nectarian x x   x 

Humorum -24.0 -39.0 425.0 Nectarian   x   x 
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Name Lat Long 
Diameter 

(km) 
Age LCE 

LC

M 
ME MM 

Imbrium 35.0 -17.0 1160.0 
Low. 

Imb. 
x x x x 

Ingenii -43.0 165.0 560.0 Pre-Nect. x x   x 

Insularum 9.0 -18.0 600.0 Pre-Nect. x       

Keeler-Heaviside -10.0 162.0 500.0 Pre-Nect.   x   x 

Korolev -4.0 -157.4 437.0 Nectarian   x     

Leeuwenhoek -29.3 -178.7 125.0 Nectarian   x     

Leibnitz -38.3 179.2 245.0 Pre-Nect. x       

Lemaitre -61.2 -149.6 91.0 Nectarian x x     

Lomonosov-Fleming 19.0 105.0 620.0 Pre-Nect. x       

Lorentz 32.6 -95.3 312.0 Pre-Nect.   x     

Lyman -64.8 163.6 84.0 Up. Imb.   x     

Maksutov -40.5 -168.7 83.0 Up. Imb.   x     

Marginis 20.0 84.0 580.0 Pre-Nect. x       

Mendeleev 5.7 140.9 313.0 Nectarian   x     

Mendel-Rydberg -50.0 -94.0 630.0 Nectarian x x   x 

Minkowski -56.5 -146.0 113.0   x x     

Minnaert -67.8 179.6 125.0   x       

Moscoviense 26.0 148.0 445.0 Nectarian   x   x 

Mutus-Vlacq -52.0 21.0 700.0 Pre-Nect. x       

Nectaris -16.0 34.0 860.0 Nectarian x x   x 

Nubium -21.0 -15.0 690.0 Pre-Nect. x       

Numerov -70.7 -160.7 113.0 Nectarian   x     

Oppenheimer -35.2 -166.3 208.0 Nectarian x       

Orientale -19.0 -95.0 930.0 
Low. 

Imb. 
x x   x 

Petavius -25.1 60.4 188.0 
Low. 

Imb. 
  x     

Pingre-Hausen -56.0 -82.0 300.0 Pre-Nect.   x     

Planck -57.9 136.8 314.0 Pre-Nect.   x   x 

Poincare -56.7 163.6 319.0 Pre-Nect. x x   x 

Rumford T -28.6 -172.1 108.0     x     

Schiller-Zucchius -56.0 -45.0 335.0 Pre-Nect.   x     

Schrodinger -75.0 132.4 312.0 
Low. 

Imb. 
  x   x 

Serenitatis 26.0 18.0 920.0 Nectarian x x x x 

Sikorsky-Rittenhouse -68.0 111.0 310.0 Nectarian   x   x 

Smythii -2.0 87.0 740.0 Pre-Nect. x x   x 

Stoney -55.3 -156.1 45.0     x     

Tranquillitatis 7.0 30.0 700.0 Pre-Nect. x       

Tsiolkovsky-Stark -15.0 128.0 700.0 Pre-Nect. x       

Von Karman -44.8 175.9 180.0 Pre-Nect. x       

Von Karman M -47.2 176.2 225.0 Pre-Nect. x       

Werner-Airy -24.0 12.0 500.0 Pre-Nect. x       

Zeeman -75.2 -133.6 190.0 Nectarian   x     
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Table A3.10 List of all the suggested landing sites to address Science Goal 3d and their associated feature: 

intrusive feature (IF), massif (M), plateau (P), red spot (RS), gravity anomaly type (GA), crustal thickness 

extreme (TE).  Also mentioned is the presence of a central peak (CP) if the feature is a crater, and whether 

it is of Copernican age (CC).  Sinuous rilles are not mentioned for they are not punctual features. 

Feature name Lat Long           IF M P 
R

S 

G

A 

T

E 

C

P 

C

C 

Anaxagoras 73.40 -10.10        x 

Apollo -36.00 
-

151.00 
    II    

Archytas 55.71 0.71 
intrusive 

dome 
       

Archytas 55.71 1.05 
intrusive 

dome 
       

Aristarchus 23.70 -47.40 pluton  x    x x 

Aristillus 33.90 1.20       x x 

Aristillus 1 33.28 5.67 
intrusive 

dome 
       

Autolycus 30.70 1.50        x 

Balboa A 17.40 -81.90       x  

Bel'kovich K 63.80 93.60       x x 

Birkeland -30.20 173.90       x  

Birkhoff Z 61.30 
-

145.30 
       x 

Bok -20.20 
-

171.60 
      x  

Bulliadus -20.70 -22.20 pluton      x  

Burg 45.00 28.20        x 

Carpenter 69.40 -50.90       x x 

Central Mare 

Tranquillitatis plains 
7.06 34.66 

intrusive 

dome 
       

Conon 21.60 2.00        x 

Copernicus 9.70 -20.10 pluton      x x 

Coulomb-Sarton 52.00 
-

123.00 
    II    

Crisium 17.00 59.10     
P

M 
   

Crookes -10.30 
-

164.50 
       x 

Darney Chi -12.00 -24.00    x     

Darney Tau -12.00 -24.00    x     

Das -26.60 
-

136.80 
       x 

Dirichlet-Jackson 14.00 
-

158.00 
    I x   

Eratosthenes 14.50 -11.30       x  

Eudoxus 44.30 16.30        x 

Fabricius -42.90 42.00       x  
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Feature name Lat Long           IF M P 
R

S 

G

A 

T

E 

C

P 

C

C 

Faraday C -43.30 8.10        x 

Finsen -42.00 
-

177.90 
      x  

Freundlich-Sharanov 18.00 175.00     II    

Gambart -0.75 -14.84 
intrusive 

dome 
       

Gassendi A -15.50 -39.70        x 

Giordano Bruno 35.90 102.80        x 

Glushko (Earlier Olbers 

A) 
8.00 -78.00        x 

Godin 1.80 10.20        x 

Grimaldi 1 -4.45 -68.62 
intrusive 

dome 
       

Guthnick -47.70 -93.90        x 

Harpalus 52.60 -43.40        x 

Hausen -65.00 -88.10       x  

Hayn 64.70 85.20       x x 

Helmet -17.00 -30.00    x     

Helmholtz D -66.30 54.30       x  

Hertzsprung 1.50 
-

128.50 
    II    

Humboldtianum 61.00 84.00     II    

Humorum -24.40 -38.60     
P

M 
   

Imbrium 32.80 -15.60     
P

M 
   

Ingenii -34.00 163.00     I    

Jackson 22.40 
-

163.10 
pluton      x x 

Kant plateau -7.90 17.16   x      

Kepler 8.10 -38.00        x 

King 5.00 120.50 pluton      x x 

Korolev -4.50 
-

157.00 
    I    

Langmuir -36.20 
-

128.73 
pluton        

Langrenus -8.90 61.10       x  

Lassell -15.00 -8.00    x     

Leuschner 1.80 
-

108.80 
      x  

Lorentz 34.00 -97.00     I    

Malapert Massif -85.99 -2.93  x       

Marius Hills plateau 13.29 -53.22   x      

Mendeleev 6.00 141.00     I    
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Feature name Lat Long           IF M P 
R

S 

G

A 

T

E 

C

P 

C

C 

Mendel-Rydberg -50.00 -94.00     II    

Milichius 11.68 -31.53 
intrusive 

dome 
       

Milne N -35.50 110.80        x 

Mons Agnes 18.60 5.30  x       

Mons Ampère 19.00 -4.00  x       

Mons André 5.20 120.60  x       

Mons Ardeshir 5.00 121.00  x       

Mons Argaeus 19.00 29.00  x       

Mons Bradley 22.00 1.00  x       

Mons Delisle 29.50 -35.80  x       

Mons Dieter 5.00 120.20  x       

Mons Dilip 5.60 120.80  x       

Mons Esam 14.60 35.70  x       

Mons Ganau 4.80 120.60  x       

Mons Gruithuisen Delta 36.00 -39.00  x  x     

Mons Gruithuisen 

Gamma 
37.00 -41.00  x  x     

Mons Hadley 27.00 5.00  x       

Mons Hadley Delta 26.00 4.00  x       

Mons Hansteen Alpha -12.00 -50.00  x  x     

Mons Herodotus 27.00 -53.00  x       

Mons Huygens 20.00 -3.00  x       

Mons La Hire 28.00 -25.00  x  x     

Mons Maraldi 20.00 35.00  x       

Mons Moro -12.00 -20.00  x       

Mons Penck -10.00 22.00  x       

Mons Pico 46.00 -9.00  x       

Mons Piton 41.00 -1.00  x       

Mons Rümker 41.00 -58.00  x       

Mons Usov 12.00 63.00  x       

Mons Vinogradov 22.00 -32.00  x       

Mons Vitruvius 19.00 31.00  x       

Mons Wolff 17.00 -7.00  x       

Mont Blanc 45.00 1.00  x       

Montes Agricola 29.00 -54.00  x       

Montes Alpes 46.00 -1.00  x       

Montes Apenninus 18.90 -3.60  x       

Montes Archimedes 26.00 -5.00  x       

Montes Carpatus 15.00 -25.00  x       
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Feature name Lat Long           IF M P 
R

S 

G

A 

T

E 

C

P 

C

C 

Montes Caucasus 39.00 9.00  x       

Montes Cordillera -20.00 -80.00  x       

Montes Haemus 17.00 13.00  x       

Montes Harbinger 27.00 -41.00  x       

Montes Jura 47.00 -37.00  x       

Montes Pyrenaeus -14.00 41.00  x       

Montes Recti 48.00 -20.00  x       

Montes Riphaeus -7.00 -28.00  x  x     

Montes Rook -20.00 -83.00  x       

Montes Secchi 3.00 43.00  x       

Montes Spitzbergen 35.00 -5.00  x       

Montes Taurus 25.00 36.00  x       

Montes Teneriffe 48.00 -13.00  x       

Moretus -70.60 -5.80       x  

Moscoviense 26.00 148.00     II x   

Mosting -0.70 -5.90        x 

Necho -5.00 123.10        x 

Nectaris -15.20 35.50     
P

M 
   

O'Day -30.60 157.50       x x 

Ohm 18.40 
-

113.50 
pluton       x 

Olcott 20.60 117.80       x  

Orientale -20.00 -95.00     II    

Orlov -26.13 
-

175.37 
pluton        

Palitzsch B -26.40 68.40        x 

Palmieri -26.63 -47.88 
intrusive 

dome 
       

Pasteur D -8.80 108.80        x 

Perrine E 42.80 
-

124.90 
       x 

Petavius B -19.90 57.10        x 

Philolaus 72.10 -32.40       x x 

Planck -57.50 135.50     I    

Plutarch 24.10 79.00       x  

Proclus 16.10 46.80        x 

Promontorium Laplace 47.08 -29.16 
intrusive 

dome 
       

Pythagoras 63.50 -63.00       x  

Ricco 75.60 176.30       x  

Rima Cauchy 11.06 36.75 
intrusive 

dome 
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Feature name Lat Long           IF M P 
R

S 

G

A 

T

E 

C

P 

C

C 

Robertson 21.80 
-

105.20 
      x x 

Rowland J 53.10 
-

155.50 
      x  

Rupes Cauchy 10.00 35.19 
intrusive 

dome 
       

Rutherfurd -60.90 -12.10       x x 

Rydberg -46.50 -96.30       x  

Schomberger A -78.80 24.40        x 

Schrodinger -75.00 134.00     I    

Scoresby 77.70 14.10       x  

Serenitatis 28.00 17.50     
P

M 
   

Sharonov 12.40 173.30        x 

Smythii 1.30 87.50     
P

M 
   

Stevinus -32.50 54.20 pluton      x x 

Taruntius 5.60 46.50 laccolith      x x 

Thales 61.80 50.30        x 

Theophilus -11.40 26.40       x  

Triesnecker 4.20 3.60        x 

Tycho -43.40 -11.10 pluton      x x 

Valentine dome 30.70 10.20 
intrusive 

dome 
       

Valentine dome 31.89 10.26 
intrusive 

dome 
       

Vavilov -0.80 
-

137.90 
      x x 

Virtanen 15.50 176.70        x 

Zucchius -61.40 -50.30       x x 

 



652 

 

Table A3.11 List of all craters shown in Fig. 3.80.  The lunar region in which each crater belongs is also 

indicated (nearside mare, highlands, SPA).  The shadowed lines represent the craters in Fig. 3.80 which are 

not labeled. The central peaks of those craters could potentially show the limiting extent of the 

megaregolith, but they are less likely to, as they lie within the +5 km limit. 

Name 
Lat  

(˚) 

Long 

(˚) 

Diam. 

(km) 
Age 

Stratigraphic 

Uplift (km) 
Mare Highlands SPA 

Aristillus 33.9 1.2 55.0 Copernican 7.34 X   

Taruntius 5.6 46.5 56.0 Copernican 7.54 X   

Eratosthenes 14.5 -11.3 58.0 

Eratosthenia

n 7.93 X   

Bullialdus -20.7 -22.2 60.0 

Eratosthenia

n 8.33 X   

Copernicus 9.7 -20.1 93.0 Copernican 15.73 X   

Langrenus -8.9 61.1 127.0 

Eratosthenia

n 24.71 X   

Theophilus -11.4 26.4 110.0 

Eratosthenia

n 20.07 X X  

Vavilov -0.8 -137.9 98.0 Copernican 16.97  X  

Tycho -43.4 -11.1 102.0 Copernican 17.98  X  

Plaskett 82.1 174.3 109.0 

Upper 

Imbrian 19.80  X  

Moretus -70.6 -5.8 111.0 

Eratosthenia

n 20.33  X  

Kovalevskay

a 30.8 -129.6 115.0 

Upper 

Imbrian 21.40  X  

Pythagoras 63.5 -63.0 142.0 

Eratosthenia

n 29.06  X  

Tsiolkovskiy -21.2 128.9 185.0 

Upper 

Imbrian 42.64  X  

Humboldt -27.0 80.9 189.0 

Upper 

Imbrian 43.98  X  

Hausen -65.0 -88.1 167.0 

Eratosthenia

n 36.76  X X 

Bok -20.2 -171.6 45.0 

Eratosthenia

n 5.49   X 

Oresme V -40.5 165.6 51.0 

Upper 

Imbrian 6.58   X 

de Vries -19.9 -176.7 59.0 

Upper 

Imbrian 8.13   X 

O'Day -30.6 157.5 71.0 Copernican 10.64   X 

Finsen -42.0 -177.9 72.0 

Eratosthenia

n 10.85   X 

Birkeland -30.2 173.9 82.0 

Eratosthenia

n 13.11   X 

Maksutov -40.5 -168.7 83.0 

Upper 

Imbrian 13.34   X 

Lyman -64.8 163.6 84.0 

Upper 

Imbrian 13.57   X 

Fizeau -58.6 -133.9 111.0 

Upper 

Imbrian 20.33   X 

Antoniadi -69.7 -172.0 143.0 

Upper 

Imbrian 29.35   X 
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Name 
Lat  

(˚) 

Long 

(˚) 

Diam. 

(km) 
Age 

Stratigraphic 

Uplift (km) 
Mare Highlands SPA 

Stormer 57.3 146.3 69.0 

Upper 

Imbrian 10.20  X  

Philolaus 72.1 -32.4 70.0 Copernican 10.42  X  

Jackson 22.4 -163.1 71.0 Copernican 10.64  X  

Jenner -42.1 95.9 71.0 

Upper 

Imbrian 10.64  X  

Stevinus -32.5 54.2 74.0 Copernican 11.29  X  

King 5.0 120.5 76.0 Copernican 11.74  X  

la Perouse -10.7 76.3 77.0 

Upper 

Imbrian 11.96  X  

Fabricius -42.9 42.0 78.0 

Eratosthenia

n 12.19  X  

von Neumann 40.4 153.2 78.0 

Upper 

Imbrian 12.19  X  

Olcott 20.6 117.8 81.0 

Eratosthenia

n 12.87  X  

Schomberger -76.7 24.9 85.0 

Upper 

Imbrian 13.81  X  

Hayn 64.7 85.2 87.0 Copernican 14.28  X  

Piccolomini -29.7 32.2 87.0 

Upper 

Imbrian 14.28  X  

Robertson 21.8 -105.2 88.0 Copernican 14.52  X  

Schluter -5.9 -83.3 89.0 

Upper 

Imbrian 14.76  X  

 



654 

 

Table A3.12 List of all craters showed in Fig. 3.82.  The lunar region in which each crater belongs is also 

indicated (nearside mare, highlands, SPA) 

Name 
Lat  

(˚) 

Long 

(˚) 

Diam. 

(km) 
Age 

Stratigraphic 

Uplift (km) 
Mare Highlands SPA 

Taruntius 5.6 46.5 56 Copernican 2.57 X   

Kepler 8.1 -38 31 Copernican 3.09 X   

Conon 21.6 2 21 Copernican 3.44 X   

Petavius B -19.9 57.1 33 Copernican 3.55 X   

Burg 45 28.2 39 Copernican 3.59 X   

Harpalus 52.6 -43.4 39 Copernican 3.67 X   

Aristarchus 23.7 -47.4 40 Copernican 3.76 X   

Aristillus 33.9 1.2 55 Copernican 3.93 X   

Gassendi A -15.5 -39.7 33 Copernican 3.94 X   

Autolycus 30.7 1.5 39 Copernican 4.02 X   

Copernicus 9.7 -20.1 93 Copernican 4.24 X   

Virtanen 15.5 176.7 44 Copernican 5.00  X  

Crookes -10.3 -164.5 49 Copernican 5.01  X  

Robertson 21.8 -105.2 88 Copernican 5.04  X  

Philolaus 72.1 -32.4 70 Copernican 5.04  X  

Eudoxus 44.3 16.3 67 Copernican 5.12  X  

Rutherfurd -60.9 -12.1 48 Copernican 5.15  X  

Carpenter 69.4 -50.9 59 Copernican 5.17  X  

Stevinus -32.5 54.2 74 Copernican 5.19  X  

Tycho -43.4 -11.1 102 Copernican 5.37  X  

Bel'kovich K 63.8 93.6 47 Copernican 5.41  X  

Zucchius -61.4 -50.3 64 Copernican 5.45  X  

Ohm 18.4 -113.5 64 Copernican 5.50  X  

Sharonov 12.4 173.3 74 Copernican 5.70  X  

Jackson 22.4 -163.1 71 Copernican 5.80  X  

King 5 120.5 76 Copernican 5.81  X  

Hayn 64.7 85.2 87 Copernican 6.18  X  

O’Day -30.6 157.5 71 Copernican 6.67   X 
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Table A3.13 List of all suggested landing sites that fulfill at least two of the Science Concept 3 Science 

Goals. The fourth column indicates how many of the Science Goals they address, followed by a description 

of how they each address it.  Sites were selected as possible locations to address Science Goal 3a if they are 

within one of the 5 highland types (H1 to H5), or within the primordial highland material, or have PAN 

detections, or contain lower crust or mantle material (cf. Comments 3C for the detail of what can exactly be 

sampled and where), or are good sites to assess the extent of the urKREEP layer.  Specific sites were 

selected to address Science Goal 3b if they contain pyroclastic deposits or cryptomare, but Science Goal 3b 

could actually be assessed almost everywhere on the Moon.  Sites were selected for Science Goal 3c if they 

have central peaks or peak rings and contain lower crust (lcm) or mantle (mm) in their central peaks/rings, 

or lower crust (lce) or mantle (me) in their ejecta.  If the proximity value is between 0 and -5 km, there is an 

uncertainty on the possible excavation of lower/crust or mantle, and the comment will precise ‘mm in EB’, 

where ‘EB’ means error bar.  Sites were selected for Science Goal 3d if they correspond to any gravity 

anomalies, massif, plateau, identified plutonic feature, red spot or young features.  Sites were selected for 

Science Goal 3e if they are young and deep enough to show the transition from megaregolith to upper crust 

in their central peaks or walls. 

Feature Name Lat Long # 
Comments 

3A 
Comments 3B 

Comment 

3C 

Comment 

3D 

Comments 

3E 

Orientale -19.0 -95.0 5 

lower crust 

or/and 

mantle, low 
KREEP, 

PAN (Inner 

Rook 
massif & 

Inner Rook 

North) 

Pyroclastics, 
cryptomare 

peak rings, 

lce, lcm, 

mm 

Type II 

gravity 

anomaly 

Walls or 

peak rings 
should show 

contacts 

between 
megaregolith 

and 

underlying 
fractured 

crust 

Schrödinger -75.0 132.4 5 

lower crust 

or/and 
mantle, low 

KREEP, 

PAN 

detection 

Pyroclastics 
peak rings, 

lcm, mm 

Type I 

gravity 
anomaly 

Walls or 
peak rings 

should show 

contacts 
between 

megaregolith 

and 

underlying 

fractured 

crust 

Apollo -36.1 
-

151.8 
4 

lower crust 
or/and 

mantle, low 

KREEP 

Pyroclastics 
peak rings, 

lcm, mm 

Type II 

gravity 
anomaly 

 

Aristarchus 23.7 -47.4 4 

h5, 

KREEP, 
PAN 

detection 

Pyroclastics  

Pluton, 

young crater 
walls and 

central peak 

Young 

craters 

deeper than 
the estimated 

megaregolith 

thickness. 
Walls might 

show 

contact. 

Australe -52.0 95.0 4 

lower crust 

or/and 

mantle, low 

KREEP 

Cryptomare 
peak rings, 
lce, lcm, 

mm 

Type NM 
gravity 

anomaly 

 

Birkeland -30.2 173.9 4 

lower crust 

or/and 

mantle 
 

central 
peak, lcm 

Young 
central peak 

Central peak 

should show 

the contact 
between the 

megaregolith 

and the 
underlying 

fractured 

crust 

Copernicus 9.7 -20.1 4 
high 

KREEP, h4 
Cryptomare  

Pluton, 

young crater 

Central peak 

should show 
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Feature Name Lat Long # 
Comments 

3A 
Comments 3B 

Comment 

3C 

Comment 

3D 

Comments 

3E 

walls and 
central peak 

the contact 
between the 

megaregolith 

and the 
underlying 

fractured 

crust. Young 
craters 

deeper than 

the estimated 
megaregolith 

thickness. 

Walls might 
show 

contact. 

Finsen -42.0 
-

177.9 
4 

lower crust 
or/and 

mantle 

 
central 

peak, lcm 

Young 
crater 

central peak 

Central peak 
should show 

the contact 

between the 
megaregolith 

and the 

underlying 
fractured 

crust 

Humboldtianum 56.8 81.5 4 

lower crust 
or/and 

mantle, 

med 
KREEP 

Cryptomare 

peak rings, 

lce, lcm, 

mm 

Type II 

gravity 

anomaly 

 

Humorum -24.0 -39.0 4 

lower crust 

or/and 

mantle, 
high 

KREEP 

Pyroclastics(Lat:-

30, Lon:-40) 

peak rings, 

lce, lcm, 
mm 

Type PM 

gravity 
anomaly 

 

Korolev -4.0 
-

157.4 
4 

lower crust 
or/and 

mantle, 

PAN 
detection 

Cryptomare 

peak rings, 

lcm, (mm 

in EB),  

Type I 

gravity 

anomaly 

 

Mendeleev 5.7 140.9 4 

lower crust 

or/and 

mantle 

Cryptomare 
peak rings, 

lcm 

Type I 

gravity 

anomaly 

 

Mendel-Rydberg -50.0 -94.0 4 

lower crust 

or/and 

mantle, low 
KREEP 

Cryptomare, 

pyroclastics 

peak rings, 
lce, lcm, 

mm 

Type II 
gravity 

anomaly 

 

Moscoviense 26.0 148.0 4 

lower crust 

or/and 

mantle, low 
KREEP 

Cryptomare, 

pyroclastics 

peak rings, 

lcm, mm 

Type II 
gravity 

anomaly 

 

Nectaris -16.0 34.0 4 

lower crust 

or/and 
mantle, 

med 

KREEP,  

Pyroclastics 

peak rings, 

lce, lcm, 
(me in 

error bar), 

mm 

Type PM 
gravity 

anomaly 

 

Smythii -2.0 87.0 4 

lower crust 

or/and 

mantle, 
med 

KREEP 

Cryptomare, 

pyroclastics 
(lat:2, lon:83) 

peak rings, 

lce, lcm, 
mm 

Type PM 

gravity 
anomaly 

 

Antoniadi -69.7 
-

172.0 
3 

lower crust 
or/and 

mantle, 

high 
KREEP 

 

central 

peak, lce, 
lcm, (mm 

within EB 

 

Central peak 

should show 
the contact 

between the 

megaregolith 
and the 

underlying 
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Feature Name Lat Long # 
Comments 

3A 
Comments 3B 

Comment 

3C 

Comment 

3D 

Comments 

3E 

fractured 
crust 

Autolycus 30.7 1.5 3 h5   
Young 

crater walls 

Young 

craters 
deeper than 

the estimated 

megaregolith 
thickness. 

Walls might 

show 
contact. 

Balmer Kapteyn -15.5 69.0 3 

lower crust 

or/and 

mantle, 
med 

KREEP 

Cryptomare 

peak rings, 

lce, lcm, 
mm 

  

Carpenter 70.0 309.5 3 
PAN 

detection 
  

Young 

central peak 

and crater 
walls 

Young 
craters 

deeper than 

the estimated 
megaregolith 

thickness. 

Walls might 
show 

contact. 

Compton 55.3 103.8 3 

lower crust 
or/and 

mantle, 

high 
KREEP 

Pyroclastics 
central 

peak, lcm 
  

Conon 21.6 2.0 3 
KREEP, 

h3. 
  

Massif: 
Mons 

Bradley, 

young crater 
walls 

Young 

craters 

deeper than 
the estimated 

megaregolith 

thickness. 
Walls might 

show 

contact. 

Coulomb-Sarton 52.0 
-

123.0 
3 

lower crust 

or/and 

mantle, low 
KREEP 

 
peak rings, 

lcm, mm 

Type II 
gravity 

anomaly 

 

Crisium 18.0 59.0 3 

lower crust 

or/and 

mantle, 
med 

KREEP 

 

peak rings, 
lce, lcm, 

(me in 

EB), mm 

Type PM 

gravity 
anomaly 

 

Crookes -10.6 
-

165.2 
3 

primordial 

feldspathic 

crust 
sample, h1 

  
Young 

crater walls 

Young 
craters 

deeper than 

the estimated 
megaregolith 

thickness. 

Walls might 

show 

contact. 

Eudoxus 44.3 16.3 3 h3   
Young 

crater walls 

Young 
craters 

deeper than 

the estimated 
megaregolith 

thickness. 

Walls might 
show 

contact. 

Fizeau -58.6 - 3 lower crust  central  Central peak 



658 

 

Feature Name Lat Long # 
Comments 

3A 
Comments 3B 

Comment 

3C 

Comment 

3D 

Comments 

3E 

133.9 or/and 
mantle 

peak, lcm should show 
the contact 

between the 

megaregolith 
and the 

underlying 

fractured 
crust 

Freundlich-
Sharonov 

18.5 175.0 3 

lower crust 

or/and 
mantle, low 

KREEP 

 
peak rings, 
lcm, mm 

Type II 

gravity 

anomaly 

 

Gassendi A -15.5 -39.7 3 h3   
Young 

crater walls 

Young 

craters 
deeper than 

the estimated 

megaregolith 
thickness. 

Walls might 

show 
contact. 

Grimaldi -5.2 -68.3 3 
PAN 

detection 

Pyroclastics 

(36x24km) 
 

intrusive 

dome 
 

Harpalus 52.6 -43.4 3 h4   
Young 

crater walls 

Young 
craters 

deeper than 
the estimated 

megaregolith 

thickness. 
Walls might 

show 

contact. 

Hertzsprung 2.6 
-

129.2 
3 

lower crust 
or/and 

mantle, low 

KREEP 

 
peak rings, 

lcm, mm 

Type II 

gravity 
anomaly 

 

Humboldt -27.0 80.9 3 

lower crust 

or/and 

mantle 

 
central 

peak, lcm 
 

Central peak 

should show 

the contact 
between the 

megaregolith 

and the 
underlying 

fractured 

crust 

Imbrium 35.0 -17.0 3 

lower crust 
or/and 

mantle, 

high 
KREEP 

 

peak rings, 

lce, lcm, 

me, mm 

Type PM 

gravity 

anomaly 

 

Ingenii -43.0 165.0 3 

lower crust 

or/and 
mantle, 

high 

KREEP 

 
peak rings, 
lce, lcm, 

mm 

Type I 
gravity 

anomaly 

 

Jackson 22.0 197.0 3 

PAN 

detection, 

primordial 
feldspathic 

crust 

sample 

  

Pluton, 

young crater 
central peak 

and walls 

Young 

craters 

deeper than 
the estimated 

megaregolith 

thickness. 
Walls might 

show 

contact. 

Keeler-Heaviside -10.0 162.0 3 

lower crust 
or/and 

mantle, 

 
peak rings, 

lcm, mm 

Type NM 
gravity 

anomaly 

 



659 

 

Feature Name Lat Long # 
Comments 

3A 
Comments 3B 

Comment 

3C 

Comment 

3D 

Comments 

3E 

med 
KREEP 

Kepler 8.1 -38.0 3 h5   
Young 

crater walls 

Young 

craters 
deeper than 

the estimated 

megaregolith 
thickness. 

Walls might 

show 
contact. 

King 6.0 120.5 3 
PAN 

detection 
  

Pluton, 

young crater 
central peak 

and walls 

Young 

craters 

deeper than 
the estimated 

megaregolith 

thickness. 
Walls might 

show 

contact. 

Lomonosov-

Fleming 
19.0 105.0 3 

lower crust 

or/and 

mantle, low 
KREEP 

Cryptomare, 

pyroclastics 
lce   

Lorentz 32.6 -95.3 3 

lower crust 

or/and 
mantle 

 

peak rings, 

lcm, (mm 
in EB) 

Type I 

gravity 
anomaly 

 

Lyman -64.8 163.6 3 

lower crust 

or/and 

mantle 

 
central 

peak, lcm 
 

Central peak 

should show 

the contact 
between the 

megaregolith 

and the 
underlying 

fractured 

crust 

Maksutov -40.5 
-

168.7 
3 

lower crust 

or/and 

mantle 

 
central 

peak, lcm 
 

Central peak 

should show 

the contact 
between the 

megaregolith 

and the 
underlying 

fractured 

crust 

Marginis 20.0 84.0 3 

lower crust 
or/and 

mantle, low 

KREEP 

Cryptomare (east 

margin) 
lce   

O'Day -31.0 157.0 3 
PAN 

detection 
  

Young 
crater 

central peak 

and  walls 

Central peak 

should show 

the contact 
between the 

megaregolith 

and the 

underlying 

fractured 

crust. Young 
craters 

deeper than 

the estimated 
megaregolith 

thickness. 

Walls might 
show 

contact. 

Ohm 18.4 - 3 primordial   Pluton, Young 



660 

 

Feature Name Lat Long # 
Comments 

3A 
Comments 3B 

Comment 

3C 

Comment 

3D 

Comments 

3E 

113.5 feldspathic 
crust 

sample 

young crater 
walls 

craters 
deeper than 

the estimated 

megaregolith 
thickness. 

Walls might 

show 
contact. 

Oppenheimer -35.2 
-

166.3 
3 

lower crust 

or/and 
mantle, 

med 

KREEP 

Pyroclastics lce   

Philolaus 72.1 -32.4 3 
PAN 

detection 
  

Young 

crater 

central peak 
and  walls 

Young 
craters 

deeper than 

the estimated 
megaregolith 

thickness. 

Walls might 
show 

contact. 

Planck -57.9 136.8 3 

lower crust 
or/and 

mantle, low 

KREEP 

 

peak rings, 

lce, lcm, 
mm 

Type I 

gravity 
anomaly 

 

Poincare -56.7 163.6 3 

lower crust 

or/and 

mantle, 
high 

KREEP 

 

peak rings, 

lce, lcm, 
mm 

Type NM 

gravity 
anomaly 

 

Pythagoras 63.5 -63.0 3 

KREEP, 

PAN 
detection 

 

(central 
peak, lcm 

in error 

bar) 

Young 

crater 
central peak 

Central peak 

should show 
the contact 

between the 

megaregolith 
and the 

underlying 

fractured 
crust 

Robertson 21.8 
-

105.2 
3 

PAN 

detection 
  

Young 
crater 

central peak 

and  walls 

Young 

craters 
deeper than 

the estimated 

megaregolith 
thickness. 

Walls might 

show 
contact. 

Serenitatis 26.0 18.0 3 

lower crust 

or/and 
mantle, 

high 

KREEP 

 
peak rings, 
lce, lcm, 

me, mm 

Type PM 
gravity 

anomaly 

 

Taruntius 5.1 46.0 3  
Pyroclastics, 

cryptomare 
 

Laccolith, 
young crater 

central peak 

and walls 

Central peak 

should show 

the contact 

between the 
megaregolith 

and the 

underlying 
fractured 

crust. Young 

craters 
deeper than 

the estimated 

megaregolith 
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Feature Name Lat Long # 
Comments 

3A 
Comments 3B 

Comment 

3C 

Comment 

3D 

Comments 

3E 

thickness. 
Walls might 

show 

contact. 

Theophilus -11.4 26.4 3 
PAN 

detection 
 

(central 

peak with 
lcm in the 

EB) 

Young 

crater 

central 
peak, 

possible 

pluton 

Central peak 

should show 

the contact 
between the 

megaregolith 

and the 
underlying 

fractured 

crust 

Tsiolkovsky -20.0 129.0 3 
PAN 

detection 
Cryptomare   

Central peak 
should show 

the contact 

between the 
megaregolith 

and the 

underlying 
fractured 

crust 

Tycho -43.0 349.0 3 
PAN 

detection 
  

Pluton, 

young crater 
central peak 

and walls 

Central peak 
should show 

the contact 

between the 
megaregolith 

and the 

underlying 
fractured 

crust. Young 

craters 
deeper than 

the estimated 

megaregolith 
thickness. 

Walls might 

show 
contact. 

Vavilov -0.8 
-

137.9 
3 

primordial 

feldspathic 
crust 

sample, h1, 

PAN 
detection 

  

Young 
crater 

central peak 

and  walls 

Central peak 

should show 
the contact 

between the 

megaregolith 
and the 

underlying 

fractured 
crust 

Virtanen 15.5 176.7 3 

primordial 

feldspathic 
crust 

sample, 

PAN 
detection 

  

Young 
crater 

central peak 

and  walls 

Young 

craters 
deeper than 

the estimated 

megaregolith 
thickness. 

Walls might 

show 
contact. 

Abbe -57.3 175.2 2 

lower crust 

or/and 

mantle 

 lce   

Alder -48.6 
-

177.4 
2 

lower crust 

or/and 

mantle 

 
central 

peak, lcm 
  

Al-Khwarizmi-

King 
1.0 112.0 2 

lower crust 
or/and 

mantle, low 

KREEP 

 lce   



662 

 

Feature Name Lat Long # 
Comments 

3A 
Comments 3B 

Comment 

3C 

Comment 

3D 

Comments 

3E 

Alphonsus -14.0 357.0 2 
PAN 

detection 
Pyroclastics    

Amundsen 
Ganswindt 

-81.0 120.0 2 

lower crust 

or/and 
mantle, low 

KREEP 

 

central 

ring, lcm, 

mm 

  

Anaxagoras 74.1 351.1 2 
PAN 

detection 
  

Young 

crater walls 
 

Archimedes R 26.0 -5.0 2 h5   

Massif: 

Montes 

Archimedes 

 

Aristillus 33.9 1.2 2    

Young 

crater 

central peak 

and walls 

Central peak 
should show 

the contact 

between the 
megaregolith 

and the 

underlying 

fractured 

crust Young 

craters 
deeper than 

the estimated 

megaregolith 
thickness. 

Walls might 
show  

Atlas 47.0 44.4 2 
PAN 

detection 
Pyroclastics    

Bel'kovich K 63.8 93.6 2    

Young 

crater 

central peak 
and walls 

Young 
craters 

deeper than 

the estimated 
megaregolith 

thickness. 

Walls might 

show 

contact. 

Berlage -63.2 
-

162.8 
2 

lower crust 

or/and 
mantle 

 lce   

Bhabha -55.1 
-

164.5 
2 

lower crust 

or/and 
mantle 

 
central 

peak, lcm 
  

Birkhoff 58.7 
-

146.1 
2 

lower crust 

or/and 

mantle 
 

peak rings, 
lcm 

  

Birkhoff Z 61.3 
-

145.3 
2 

primordial 

feldspathic 

crust 
sample, h1 

  
Young 

crater walls 
 

Bok -20.2 
-

171.6 
2    

Young 

crater 
central peak  

Central peak 

should show 
the contact 

between the 

megaregolith 
and the 

underlying 

fractured 
crust 

Borman -38.8 
-

147.7 
2 

lower crust 

or/and 

mantle 
 

central 
peak, lcm 

  

Bose -53.5 
-

170.0 
2 

lower crust 

or/and 

mantle 
 

central 
peak, lcm 

  

Boyle -53.1 178.1 2 lower crust  central   
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Feature Name Lat Long # 
Comments 

3A 
Comments 3B 

Comment 

3C 

Comment 

3D 

Comments 

3E 

or/and 
mantle 

peak, lcm 

Bullialdus -20.7 -22.2 2    

Pluton, 

young 
central peak 

Central peak 

should show 
the contact 

between the 

megaregolith 
and the 

underlying 

fractured 
crust 

Burg 45.0 28.2 2    
Young 

crater walls 

Young 

craters 

deeper than 
the estimated 

megaregolith 

thickness. 
Walls might 

show 

contact. 

Cabannes -60.9 
-

169.6 
2 

lower crust 

or/and 

mantle 

 
central 

peak, lcm 
  

Cabannes Q -63.3 
-

174.5 
2 

lower crust 
or/and 

mantle 

 
central 

peak, lcm 
  

Crommelin -68.1 
-

146.9 
2 

lower crust 
or/and 

mantle 

 
central 

peak, lcm 
  

Crommelin C -66.4 
-

144.8 
2 

lower crust 
or/and 

mantle 

 
central 

peak, lcm 
  

Das -26.8 
-

137.0 
2 

primordial 

feldspathic 
crust 

sample 

  
Young 

crater walls 
 

Davisson -37.5 
-

174.6 
2 

lower crust 
or/and 

mantle 

 
central 

peak, lcm 
  

Dawson V -66.6 
-

137.0 
2 

lower crust 

or/and 
mantle 

 

central 

peak, lce, 
lcm 

  

Eijkman -63.1 
-

141.5 
2 

lower crust 

or/and 
mantle 

 
central 

peak, lcm 
  

Eratosthenes 14.5 -11.3 2    

Young 

crater 
central peak  

Central peak 

should show 

the contact 
between the 

megaregolith 
and the 

underlying 

fractured 
crust 

Fabry 42.9 100.7 2 

lower crust 

or/and 

mantle 

 
central 

peak, lcm 
  

Fecunditatis -4.0 52.0 2 

lower crust 

or/and 

mantle, 
med 

KREEP 

 lce   

Flamsteed-Billy -7.0 -45.0 2 

lower crust 

or/and 
mantle, 

high 

KREEP 

 lce   
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Feature Name Lat Long # 
Comments 

3A 
Comments 3B 

Comment 

3C 

Comment 

3D 

Comments 

3E 

Gambart -1.0 -15.2 2  Pyroclastics  
Intrusive 

dome 
 

Giordano Bruno 36.0 103.0 2 
PAN 

detection 
  

Young 

crater walls 
 

Godin 1.8 10.2 2 h3   
Young 

crater walls 
 

Grissom-White -44.0 
-

161.0 
2 

lower crust 

or/and 
mantle, 

med 

KREEP 

 lce   

Hausen -65.0 -88.1 2    

Young 
crater 

central peak 

Central peak 
should show 

the contact 

between the 
megaregolith 

and the 

underlying 

fractured 

crust 

Hayn 64.7 85.2 2    

Young 

crater 

central peak 
and  walls 

Young 
craters 

deeper than 

the estimated 
megaregolith 

thickness. 

Walls might 
show 

contact. 

Hess -54.3 174.6 2 

lower crust 
or/and 

mantle 

 lce   

Insularum 9.0 -18.0 2 

lower crust 

or/and 
mantle, 

high 

KREEP 

 lce   

Langrenus -8.9 61.1 2    

Young 

crater 

central peak 

Central peak 

should show 

the contact 
between the 

megaregolith 

and the 
underlying 

fractured 

crust 

Leeuwenhoek -29.3 
-

178.7 
2 

lower crust 
or/and 

mantle 

 
central 

peak, lcm 
  

Leibnitz -38.3 179.2 2 

lower crust 
or/and 

mantle, 

med 
KREEP 

 lce   

Lemaitre -61.2 
-

149.6 
2 

lower crust 

or/and 
mantle 

 

central 

peak, lce, 
lcm 

  

Leuschner 1.5 251.0 2 
PAN 

detection 
  

Young 

crater 

central peak 

 

Maurolycus -42.0 13.5 2 
PAN 

detection 
Cryptomare    

Milne N -32.5 110.8 2 
PAN 

detection 
  

Young 

crater walls 
 

Minkowski -56.5 
-

146.0 
2 

lower crust 

or/and 

mantle 

 

central 

peak, lce, 

lcm 
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Feature Name Lat Long # 
Comments 

3A 
Comments 3B 

Comment 

3C 

Comment 

3D 

Comments 

3E 

Minnaert -67.8 179.6 2 

lower crust 
or/and 

mantle 

 lce   

Moretus -70.6 -5.8 2    

Young 
crater 

central peak 

Central peak 
should show 

the contact 

between the 
megaregolith 

and the 

underlying 
fractured 

crust 

Mosting -0.7 -5.9 2 h4   
Young 

crater walls 
 

Mutus-Vlacq -52.0 21.0 2 

lower crust 

or/and 

mantle, low 
KREEP 

 lce   

Necho -5.0 123.1 2 

primordial 

feldspathic 

crust 
sample 

  
Young 

crater walls 
 

Nubium -21.0 -15.0 2 

lower crust 

or/and 
mantle, 

high 

KREEP 

 lce   

Numerov -70.7 
-

160.7 
2 

lower crust 

or/and 

mantle, 
high 

KREEP 

 
central 

peak, lcm 
  

Petavius -25.1 60.4 2 

lower crust 

or/and 
mantle, 

PAN 

detection 

 
central 

peak, lcm 
  

Petavius B -19.9 57.1 2    
Young 

crater walls 

Young 

craters 

deeper than 
the estimated 

megaregolith 

thickness. 
Walls might 

show 

contact. 

Plutarch 24.5 79.0 2 
PAN 

detection 
  

Young 
crater 

central peak 

 

Proclus 16.0 46.6 2 
PAN 

detection 
  

Young 
crater walls 

 

Rumford T -28.6 
-

172.1 
2 

lower crust 

or/and 
mantle 

 
central 

peak, lcm 
  

Rutherfurd -60.9 -12.1 2    

Young 

crater 
central peak 

and walls 

Young 

craters 

deeper than 
the estimated 

megaregolith 

thickness. 
Walls might 

show 

contact. 

Rydberg -47.0 264.0 2 
 PAN 

detection 
  

Young 

crater 

central peak 

 

Schiller-Zucchius -56.0 -45.0 2 lower crust  peak rings,   
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Feature Name Lat Long # 
Comments 

3A 
Comments 3B 

Comment 

3C 

Comment 

3D 

Comments 

3E 

or/and 
mantle 

lcm, (mm 
in EB) 

Sharonov 12.4 173.3 2    
Young 

crater walls 

Young 

craters 
deeper than 

the estimated 

megaregolith 
thickness. 

Walls might 

show 
contact. 

Sikorsky-

Rittenhouse 
-68.0 111.0 2 

lower crust 

or/and 

mantle, low 
KREEP 

 
peak rings, 

lcm, mm 
  

Stevinus -32.5 54.2 2    

Pluton, 
young crater 

central peak 

and  walls 

Young 

craters 
deeper than 

the estimated 

megaregolith 
thickness. 

Walls might 

show 
contact. 

Stoney -55.3 
-

156.1 
2 

lower crust 

or/and 
mantle 

 
central 

peak, lcm 
  

Tranquillitatis 7.0 30.0 2 

lower crust 

or/and 

mantle, 
med 

KREEP 

 lce   

Triesnecker 4.2 3.6 2 h4   
Young 

crater walls 
 

Tsiolkovsky-Stark -15.0 128.0 2 

lower crust 

or/and 

mantle, low 
KREEP 

 lce   

Von Karman -44.8 175.9 2 

lower crust 

or/and 
mantle, 

med 

KREEP 

 lce   

Von Karman M -47.2 176.2 2 

lower crust 
or/and 

mantle, 

med 
KREEP 

 lce   

Wallace C 17.6 -6.4 2 h4   
Massif: 

Mons Wolff 
 

Werner-Airy -24.0 12.0 2 

lower crust 

or/and 

mantle, 
med 

KREEP 

 lce   

Zeeman -75.2 
-

133.6 
2 

lower crust 

or/and 
mantle 

 
central 

peak, lcm 
  

Zucchius -61.4 -50.3 2    

Young 
crater 

central peak 

and walls 

Young 

craters 
deeper than 

the estimated 

megaregolith 
thickness. 

Walls might 

show 
contact. 
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SCIENCE CONCEPT 4 

 
Figure A4.1 Result of classification process for Science Goal 4a. 

 
Figure A4.2 Result of classification process for Science Goal 4c. 
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Figure A4.3 Result of classification process for Science Goal 4d. 

 
Figure A4.4 Result of classification process for Science Goal 4e. 
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Figure A4.5 Result of classification process for all Science Goals of Science Concept 4. 
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SCIENCE CONCEPT 5 

No appendix material for Science Concept 5. 

 

SCIENCE CONCEPT 6 

TABLE A6.1 Fresh, complex craters ideal for studying impact lithology.   

Name 
Diameter 

(km) 
Terrane Age Morphology LAT LONG 

Dionysius 18 Highlands Copernican Flat Floored 2.8 17.3 

Giordano Bruno 22 Highlands Copernican Central Peak 35.9 102.8 

Proclus 28 Highlands Copernican Central Peak 16.1 46.8 

Necho 30 Highlands Copernican Central Peak -5 123.1 

Faraday C 30 Highlands Copernican Central Peak -43.3 8.1 

Schomberger A 31 Highlands Copernican Central Peak -78.8 24.4 

Thales 31 Highlands Copernican Central Peak 61.8 50.3 

Petavius B 33 Highlands Copernican Central Peak -19.9 57.1 

Gassendi A 33 Highlands Copernican Central Peak -15.5 -39.7 

Godin 34 Highlands Copernican Central Peak 1.8 10.2 

Guthnick 36 Highlands Copernican Central Peak -47.7 -93.9 

Pasteur D 36 Highlands Copernican Central Peak -8.8 108.8 

Milne N 37 Highlands Copernican Central Peak -35.5 110.8 

Das 38 Highlands Copernican Central Peak -26.6 -136.8 

Harpalus 39 Highlands Copernican Central Peak 52.6 -43.4 

Palitzsch B 39 Highlands Copernican Central Peak -26.4 68.4 

Perrine E 40 Highlands Copernican Central Peak 42.8 -124.9 

Glushko (Earlier 

Olbers A) 
43 Highlands Copernican Central Peak 8 -78 

Virtanen 44 Highlands Copernican Central Peak 15.5 176.7 

Rutherfurd 48 Highlands Copernican Central Peak -60.9 -12.1 

Crookes 49 Highlands Copernican Central Peak -10.3 -164.5 

Anaxagoras 50 Highlands Copernican Central Peak 73.4 -10.1 

Taruntius 56 Highlands Copernican Central Peak 5.6 46.5 

Carpenter 59 Highlands Copernican Central Peak 69.4 -50.9 

Ohm 64 Highlands Copernican Central Peak 18.4 -113.5 

Zucchius 64 Highlands Copernican Transitional -61.4 -50.3 

Eudoxus 67 Highlands Copernican Central Peak 44.3 16.3 

Philolaus 70 Highlands Copernican Central Peak 72.1 -32.4 

Jackson 71 Highlands Copernican Central Peak 22.4 -163.1 

Sharonov 74 Highlands Copernican Central Peak 12.4 173.3 

Stevinus 74 Highlands Copernican Central Peak -32.5 54.2 
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King 76 Highlands Copernican Central Peak 5 120.5 

Hayn 87 Highlands Copernican Central Peak 64.7 85.2 

RoberFlat 

Flooredon 
88 Highlands Copernican Central Peak 21.8 -105.2 

Tycho* 102 Highlands Copernican Central Peak -43.4 -11.1 

Klute W 13 Highlands Eratosthenian Central Peak 38.2 -143 

Steno Q 29 Highlands Eratosthenian Central Peak 29.3 157.8 

Horrocks 30 Highlands Eratosthenian Central Peak -4 5.9 

Tedinger Y 31 Highlands Eratosthenian Central Peak 58.1 175.1 

Coulomb N 32 Highlands Eratosthenian Central Peak 50.6 -115.8 

Hommel B 33 Highlands Eratosthenian Central Peak -55.3 37 

Petrie 33 Highlands Eratosthenian Central Peak 45.3 108.4 

Wilsing C 33 Highlands Eratosthenian Central Peak -19 -153 

Reichenbach A 34 Highlands Eratosthenian Central Peak -28.3 49 

Zhukovskiy Z 34 Highlands Eratosthenian Central Peak 10 -166.8 

Grachev 35 Highlands Eratosthenian Central Peak -3.7 -108.2 

Pogson F 35 Highlands Eratosthenian Central Peak -42 114.6 

von der Pahlen H 35 Highlands Eratosthenian Central Peak -27.1 -127.5 

Chebyshev U 36 Highlands Eratosthenian Central Peak -33.5 -133.6 

Foster P 36 Highlands Eratosthenian Central Peak 20.2 -143.5 

Stearns 36 Highlands Eratosthenian Central Peak 34.8 162.6 

Grotrian 37 Highlands Eratosthenian Central Peak -66.5 128.3 

Plante 37 Highlands Eratosthenian Central Peak -10.2 163.3 

Zeno B 37 Highlands Eratosthenian Central Peak 44 71 

Nicholson 38 Highlands Eratosthenian Central Peak -26.2 -85.1 

Harriot W 39 Highlands Eratosthenian Central Peak 35 111.7 

Wright 39 Highlands Eratosthenian Central Peak -31.6 -86.6 

Cepheus 39 Highlands Eratosthenian Central Peak 40.8 45.8 

Cichus 40 Highlands Eratosthenian Central Peak -33.3 -21.1 

Herschel 40 Highlands Eratosthenian Central Peak -5.7 -2.1 

Newcomb 41 Highlands Eratosthenian Central Peak 29.9 43.8 

Hayn E 42 Highlands Eratosthenian Central Peak 67.1 66.4 

Innes 42 Highlands Eratosthenian Central Peak 27.8 119.2 

Rothmann 42 Highlands Eratosthenian Central Peak -30.8 27.7 

Rozhdestvenskiy 

K 
42 Highlands Eratosthenian Central Peak 82.7 -144.6 

Sirsalis 42 Highlands Eratosthenian Central Peak -12.5 -60.4 

Amici T 43 Highlands Eratosthenian Central Peak -9.7 -174 

Dante E 43 Highlands Eratosthenian Central Peak 26.7 -177 

Agrippa 44 Highlands Eratosthenian Central Peak 4.1 10.5 
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Leuschner 49 Highlands Eratosthenian Central Peak 1.8 -108.8 

Rowland J 49 Highlands Eratosthenian Central Peak 53.1 -155.5 

Rydberg 49 Highlands Eratosthenian Central Peak -46.5 -96.3 

Hainzel A 53 Highlands Eratosthenian Central Peak -40.3 -33.9 

Scoresby 55 Highlands Eratosthenian Central Peak 77.7 14.1 

Cavalerius 57 Highlands Eratosthenian Central Peak 5.1 -66.8 

Hamilton 57 Highlands Eratosthenian Central Peak -42.8 84.7 

Moiseev 59 Highlands Eratosthenian Central Peak 9.5 103.3 

Ricco 65 Highlands Eratosthenian Central Peak 75.6 176.3 

Kirkwood 67 Highlands Eratosthenian Central Peak 68.8 -156.1 

Plutarch 68 Highlands Eratosthenian Central Peak 24.1 79 

Werner 70 Highlands Eratosthenian Central Peak -28 3.3 

Morse 77 Highlands Eratosthenian Central Peak 22.1 -175.1 

Fabricius 78 Highlands Eratosthenian Central Peak -42.9 42 

Olcott 81 Highlands Eratosthenian Transitional 20.6 117.8 

Geminus 85 Highlands Eratosthenian Central Peak 34.5 56.7 

Aristoteles 87 Highlands Eratosthenian Central Peak 50.2 17.4 

Theophilus 110 Highlands Eratosthenian Central Peak -11.4 26.4 

Moretus 111 Highlands Eratosthenian Central Peak -70.6 -5.8 

Langrenus 127 Highlands Eratosthenian Central Peak -8.9 61.1 

Pythagoras 142 Highlands Eratosthenian Transitional 63.5 -63 

Hausen 167 Highlands Eratosthenian Transitional -65 -88.1 

Petavius 188 Highlands Eratosthenian Transitional -25.1 60.4 

Compton 162 Highlands 
Lower 

Imbrian 
Peak Ring 55.3 103.8 

Hilbert 151 Highlands Nectarian Central Peak -17.9 108.2 

Sommerfeld 169 Highlands Nectarian Central Peak 65.2 -162.4 

Schiller* 180 Highlands Nectarian Central Peak -51.9 -39 

Drygalski 149 Highlands Pre-Nectarian Central Peak -79.3 -84.9 

Longomontanus 157 Highlands Pre-Nectarian Central Peak -49.6 -21.8 

Keeler 160 Highlands Pre-Nectarian Transitional -10.2 161.9 

Joliot 164 Highlands Pre-Nectarian Central Peak 25.8 93.1 

Gauss 177 Highlands Pre-Nectarian Transitional 35.7 79 

Mach 180 Highlands Pre-Nectarian Central Peak 18.5 -149.3 

d'Alembert 248 Highlands Pre-Nectarian Peak Ring 50.8 163.9 

Milne 272 Highlands Pre-Nectarian Peak Ring -31.4 112.2 

Bailly 287 Highlands Pre-Nectarian Peak Ring -66.5 -69.1 

Mandel'shtam F 17 Highlands unknown Flat Floored 5.2 166.2 

Ryder 17 Highlands unknown Flat Floored -44.5 143.2 
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Byrgius A 19 Highlands unknown Flat Floored -24.5 -63.7 

Poincare X 19 Highlands unknown Flat Floored -54.06 160.886 

Cleostratus J 20 Highlands unknown Flat Floored 61.3 -83.8 

Bouguer 22 Highlands unknown Flat Floored 52.3 -35.8 

Lalande 24 Highlands unknown Central Peak -4.4 -8.6 

Moore F 24 Highlands unknown Central Peak 37.4 -175 

Unnamed 25 Highlands unknown Central Peak 37 -175 

Stefan L 26 Highlands unknown Central Peak 44.6 -107.7 

Unnamed 28 Highlands unknown Central Peak 44.2 -108.1 

Saha E 28 Highlands unknown Central Peak -0.2 107.6 

Unnamed 31 Highlands unknown Central Peak 27 -93 

Laue G 36 Highlands unknown Central Peak 27.8 -93.2 

Tsiolkovsky 180 Highlands unknown Central Peak -20.4 129.1 

Fabry 184 Highlands unknown Central Peak 42.9 100.7 

Schwarzschild 212 Highlands unknown Peak Ring 70.1 121.2 

Dawes 18 Mare Copernican Flat Floored 17.2 26.4 

Pytheas 20 Mare Copernican Central Peak 20.5 -20.6 

Triesnecker 26 Mare Copernican Central Peak 4.2 3.6 

Kepler 31 Mare Copernican Central Peak 8.1 -38 

Marius A 15 Mare Eratosthenian Flat Floored 12.6 -46 

Bessel 15 Mare Eratosthenian Flat Floored 21.8 17.9 

Diophantus 17 Mare Eratosthenian Central Peak 27.6 -34.3 

Peirce 18 Mare Eratosthenian Flat Floored 18.3 53.5 

Flamsteed 20 Mare Eratosthenian Central Peak -4.5 -44.3 

Delisle 25 Mare Eratosthenian Central Peak 29.9 -34.6 

Arago 26 Mare Eratosthenian Central Peak 6.2 21.4 

Reiner 29 Mare Eratosthenian Central Peak 7 -54.9 

Delmotte 32 Mare Eratosthenian Central Peak 27.1 60.2 

Reinhold 42 Mare Eratosthenian Central Peak 3.3 -22.8 

Maunder 55 Mare Eratosthenian Central Peak -14.6 -93.8 

Harding 22 Mare unknown Central Peak 43.5 -71.7 

Briggs B 25 Mare unknown Central Peak 28.1 -70.9 

Unnamed 27 Mare Unknown Central Peak 28.1 -70.5 

Lichtenberg 20 Mixed Copernican Central Peak 31.8 -67.7 

Mosting 24 Mixed Copernican Central Peak -0.7 -5.9 

Burg 39 Mixed Copernican Central Peak 45 28.2 

Aristarchus 40 Mixed Copernican Central Peak 23.7 -47.4 

Aristillus 55 Mixed Copernican Central Peak 33.9 1.2 

Copernicus 93 Mixed Copernican Central Peak 9.7 -20.1 
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Picard 22 Mixed Eratosthenian Central Peak 14.6 54.7 

Euler 27 Mixed Eratosthenian Central Peak 23.3 -29.2 

Lambert 30 Mixed Eratosthenian Central Peak 25.8 -21 

Archytas 31 Mixed Eratosthenian Central Peak 58.7 5 

Timocharis 33 Mixed Eratosthenian Central Peak 26.7 -13.1 

Manilius 38 Mixed Eratosthenian Central Peak 14.5 9.1 

Plinius 43 Mixed Eratosthenian Central Peak 15.4 23.7 

Eratosthenes 58 Mixed Eratosthenian Central Peak 14.5 -11.3 

Bullialdus 60 Mixed Eratosthenian Central Peak -20.7 -22.2 

Harding 24 Mixed Unknown Central Peak 43.3 -73.3 

Menelaus 26 Mixed unknown Central Peak 16.3 16 

O'Day 71 SPA Copernican Central Peak -30.6 157.5 

Wiechert J 34 SPA Eratosthenian Central Peak -85.6 -177 

Finsen 72 SPA Eratosthenian Central Peak -42 -177.9 

Birkeland 82 SPA Eratosthenian Central Peak -30.2 173.9 

Zeeman 190 SPA Nectarian Central Peak -75.2 -133.6 

Von Karman 180 SPA Pre-Nectarian Central Peak -44.8 175.9 

Antoniadi 143 SPA Upper Imbrian Peak Ring -69.7 -172 
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SCIENCE CONCEPT 7 

No appendix material for Science Concept 7. 

 

SCIENCE CONCEPT 8 

No appendix material for Science Concept 8. 

 

SOUTH POLE-AITKEN BASIN 

Table A9.1 The locations of basins greater than 140 kilometers in diameter found inside the 2500 km 

diameter of SPA and their corresponding ages and distance from the lunar South Pole. 

Basin 
Radius 

(km) 
LAT LONG 

Distance from 

South Pole (km) 
Estimated Age 

Amundsen-Ganswindt 167.5 -81 120 272.9 Pre-Nectarian  

Antoniadi 71.5 -69.534 -173.155 620.5 Upper Imbrian  

Apollo 268.5 -36.296 -152.001 1628.3 Pre-Nectarian  

Ashbrook 78 -81.446 -111.01 259.4 Pre-Nectarian  

Australe 440 -52 95 1152.2 Pre-Nectarian  

Brouwer 79 -36.402 -125.605 1625.1 Nectarian  

Chebyshev 89 -34.253 -133.396 1690.2 Nectarian  

Drygalski 74.5 -79.699 -85.729 312.3 Pre-Nectarian  

Gagarin 132.5 -19.694 149.226 2131.7 Pre-Nectarian  

Grissom-White 300 -43.45 -159.797 1411.4 Pre-Nectarian  

Hausen 83.5 -65.461 -88.165 744.0 Eratosthenian  

Ingenii 280 -43 165 1425.0 Pre-Nectarian  

Jules Verne 71.5 -35.022 146.734 1666.9 Pre-Nectarian  

Keeler-Heaviside 250 -10 162 2425.6 Pre-Nectarian  

Leibnitz 122.5 -38.681 178.968 1556.0 Pre-Nectarian  

Lippmann 80 -55.801 -114.565 1036.9 Pre-Nectarian  

Oppenheimer 104 -35.946 -166.033 1638.9 Nectarian  

Pavlov 74 -28.8 142.5 1855.6 Nectarian  

Planck 157 -58.058 135.87 968.5 Pre-Nectarian  

Poincare 159.5 -56.7 163.6 1009.7 Pre-Nectarian  

Roche 80 -42.514 136.158 1439.8 Nectarian  

Schrödinger 156 -74.642 132.163 465.7 Lower Imbrian 

Sikorsky-Rittenhouse 155 -69.218 112.062 630.1 Nectarian  

Van de Graaff 116.5 -27.4 172.2 1898.0 Nectarian  

Vertregt 93.5 -19.8 171.1 2128.5 Pre-Nectarian  

Von Karman 90 -44.8 175.9 1370.5 Pre-Nectarian  

Von Karman M 112.5 -48.002 177.543 1273.4 Pre-Nectarian  

Zeeman 95 -75.498 -135.99 439.7 Nectarian  

Zwicky 75 -15.224 167.192 2267.2 Pre-Nectarian  
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 Table A9.2 Named craters within SPA Basin given an estimated age in the Crater Database (Losiak et al., 

2009).  C.f., Figs. 8.10 and 8.11. 

Crater Name 
Radius 

(km) 
LAT LONG 

Distance from 

South Pole (km) 
Estimated Age 

Amundsen-Ganswindt 167.5 -81.00 120.00 272.9 Pre-Nectarian  

Apollo 268.5 -36.296 -152.001 1628.5 Pre-Nectarian  

Australe 440 -52.00 95.00 1152.3 Pre-Nectarian  

Barbier 33 -24.12 157.65 1997.9 Pre-Nectarian  

Blackett 70.5 -37.67 -115.59 1586.8 Pre-Nectarian  

Boguslawsky 48.5 -72.719 42.817 524.0 Pre-Nectarian  

Boussingault 71 -70.29 54.16 597.8 Pre-Nectarian  

Daedalus R 20.5 -7.70 175.20 2495.6 Pre-Nectarian  

Drygalski 74.5 -79.70 -85.73 312.4 Pre-Nectarian  

Gagarin 132.5 -19.69 149.23 2131.9 Pre-Nectarian  

Galois 111 -14.23 -152.78 2297.7 Pre-Nectarian  

Galois Q 66 -15.20 -154.70 2268.2 Pre-Nectarian  

Grissom-White 300 -43.45 -159.80 1411.6 Pre-Nectarian  

Heaviside 82.5 -10.16 166.74 2420.9 Pre-Nectarian  

Helmholtz 47 -68.458 64.818 653.2 Pre-Nectarian  

Ingenii 280 -43.00 165.00 1425.2 Pre-Nectarian  

Jules Verne 71.5 -35.02 146.73 1667.1 Pre-Nectarian  

Keeler-Heaviside 250 -10.00 162.00 2425.9 Pre-Nectarian  

Leibnitz 122.5 -38.681 178.968 1556.2 Pre-Nectarian  

Lippmann 80 -55.80 -114.57 1037.0 Pre-Nectarian  

Orlov Y 63 -22.80 -175.10 2037.7 Pre-Nectarian  

Planck 157 -58.06 135.87 968.6 Pre-Nectarian  

Poincare 159.5 -56.70 163.60 1009.8 Pre-Nectarian  

Vertregt 93.5 -19.80 171.10 2128.7 Pre-Nectarian  

Von Karman 90 -44.8 175.9 1370.6 Pre-Nectarian  

Von Karman M 112.5 -48.00 177.54 1273.5 Pre-Nectarian  

Zwicky 75 -15.22 167.19 2267.5 Pre-Nectarian  

Abbe 33 -57.69 174.30 979.6 Nectarian 

Aitken Y 17.5 -12.14 172.72 2360.9 Nectarian 

Amici N 19.5 -12.15 -172.75 2360.6 Nectarian 

Amici R 17 -11.74 -175.55 2373.0 Nectarian 

Amundsen 50.5 -84.33 83.94 172.0 Nectarian 

Anders 20 -41.71 -143.36 1464.4 Nectarian 

Anuchin 28.5 -48.75 101.17 1250.9 Nectarian 

Bailly 143.5 -66.70 -68.07 706.6 Nectarian 

Bailly A 19 -69.34 -59.29 626.6 Nectarian 

Bailly B 32.5 -68.75 -62.83 644.5 Nectarian 

Barbier U 19 -23.02 154.92 2031.1 Nectarian 

Barringer 34 -28.64 -150.44 1860.6 Nectarian 

Bergstrand 21.5 -18.88 176.17 2156.6 Nectarian 

Bhabha 32 -55.73 -165.29 1039.1 Nectarian 

Bose 45.5 -54.17 -169.65 1086.6 Nectarian 

Boussingault A 36 -69.94 53.49 608.4 Nectarian 

Boyle 28.5 -53.49 177.57 1107.0 Nectarian 
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Boyle Z 26 -51.67 177.26 1162.4 Nectarian 

Brouwer 79 -36.40 -125.61 1625.3 Nectarian 

Buffon 53 -41.00 -133.58 1486.0 Nectarian 

Cabannes Q 24.5 -63.64 -175.40 799.4 Nectarian 

Cabeus B 30.5 -82.24 -53.57 235.5 Nectarian 

Carver 29.5 -43.49 127.12 1410.3 Nectarian 

Cassegrain 27.5 -51.96 112.93 1153.5 Nectarian 

Cassegrain B 19.5 -49.54 114.19 1226.9 Nectarian 

Chaffee 24.5 -39.48 -154.62 1532.0 Nectarian 

Chaffee F 17.5 -39.38 -153.08 1535.0 Nectarian 

Chamberlin 29 -58.66 95.56 950.2 Nectarian 

Chebyshev 89 -34.25 -133.40 1690.4 Nectarian 

Clark F 13.5 -38.70 122.61 1555.5 Nectarian 

Coblentz 16.5 -38.18 126.29 1571.4 Nectarian 

Cori 32.5 -50.85 -153.02 1187.2 Nectarian 

Crocco 37.5 -47.15 149.92 1299.4 Nectarian 

Crommelin C 22 -66.40 -144.80 715.6 Nectarian 

Crookes D 20.5 -9.60 -162.80 2438.0 Nectarian 

Cyrano 40 -20.50 157.03 2107.6 Nectarian 

Daedalus G 16.5 -6.91 -177.66 2519.5 Nectarian 

Demonax 64 -78.29 59.55 355.0 Nectarian 

Denning 22 -16.40 142.60 2231.8 Nectarian 

Dryden T 17.5 -33.38 -158.91 1716.9 Nectarian 

Dryden W 15 -31.00 -158.50 1789.1 Nectarian 

Eijkman 27 -63.44 -142.84 805.4 Nectarian 

Fechner 31.5 -58.28 124.61 961.8 Nectarian 

Galois A 27 -13.51 -152.37 2319.4 Nectarian 

Galois L 25.5 -15.40 -151.92 2262.3 Nectarian 

Galois U 17.5 -13.20 -154.70 2328.8 Nectarian 

Ganswindt 37 -79.39 110.88 321.8 Nectarian 

Garavito Q 21 -49.60 153.60 1225.1 Nectarian 

Garavito Y 26 -45.79 155.67 1340.6 Nectarian 

Geiger R 20 -15.59 156.19 2256.2 Nectarian 

Grave 20 -17.15 150.03 2209.2 Nectarian 

Grissom 29 -47.30 -147.97 1294.9 Nectarian 

Hagen J 23.5 -49.33 137.56 1233.3 Nectarian 

Haret C 15 -57.80 -173.98 976.5 Nectarian 

Holetschek R 34.5 -29.26 146.67 1842.0 Nectarian 

Icarus J 16 -7.58 -171.09 2499.2 Nectarian 

Idel'son 30 -81.283 111.884 264.3 Nectarian 

Jarvis 19 -35.55 -148.34 1651.2 Nectarian 

Jeans X 22 -53.33 89.03 1111.8 Nectarian 

Jules Verne C 15 -33.30 149.42 1719.4 Nectarian 

Jules Verne P 31 -38.11 144.99 1573.6 Nectarian 

Karrer 25.5 -52.36 -142.47 1141.4 Nectarian 

Kugler N 21 -53.80 103.70 1097.7 Nectarian 

Lampland K 23.5 -33.22 132.52 1721.7 Nectarian 

Leavitt 33 -45.20 -140.01 1358.6 Nectarian 
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Lebedev K 11 -50.04 108.92 1211.8 Nectarian 

Leeuwenhoek 62.5 -29.71 -179.21 1828.3 Nectarian 

Lemaitre 45.5 -61.71 -150.39 857.8 Nectarian 

Lemaitre F 16 -61.75 -148.98 856.6 Nectarian 

Lemaitre S 17 -61.94 -157.15 850.8 Nectarian 

Levi-Civita S 21.5 -24.28 138.41 1992.7 Nectarian 

Lodygin 31 -17.73 -146.65 2191.4 Nectarian 

Lyman V 18.5 -62.83 152.38 823.8 Nectarian 

Mariotte R 16.5 -30.57 -141.99 1802.1 Nectarian 

Mariotte U 17 -28.49 -143.17 1865.3 Nectarian 

McKellar 25.5 -16.04 -170.98 2242.8 Nectarian 

McKellar T 22.5 -15.10 -173.00 2271.2 Nectarian 

McKellar U 18.5 -14.05 -174.89 2303.0 Nectarian 

Mendel 69 -49.06 -109.63 1241.6 Nectarian 

Mendel V 33 -46.98 -116.63 1304.5 Nectarian 

Milne M 27 -35.98 112.15 1638.1 Nectarian 

Mohorovicic 25.5 -19.14 -164.92 2148.7 Nectarian 

Moulton 24.5 -60.81 97.11 885.2 Nectarian 

Moulton H 22 -61.03 100.25 878.5 Nectarian 

Nassau 38 -25.23 177.13 1963.9 Nectarian 

Neujmin 50.5 -27.00 125.00 1910.4 Nectarian 

Neujmin P 19 -28.60 123.87 1861.7 Nectarian 

Neumayer 38 -71.13 70.19 572.2 Nectarian 

Neumayer A 15.5 -74.96 73.71 455.9 Nectarian 

Newton 39 -76.47 -17.54 410.4 Nectarian 

Numerov 56.5 -70.58 -162.90 588.8 Nectarian 

Obruchev 35.5 -38.90 162.10 1549.5 Nectarian 

Oppenheimer 104 -35.95 -166.03 1639.1 Nectarian 

Oppenheimer F 17.5 -35.35 -160.63 1657.3 Nectarian 

Oppenheimer H 16.5 -37.10 -163.42 1604.0 Nectarian 

Orlov 40.5 -26.13 -175.37 1936.8 Nectarian 

Pavlov 74 -28.80 142.50 1855.8 Nectarian 

Petzval 45 -62.99 -110.81 818.9 Nectarian 

Pikel'ner K 18 -51.06 125.00 1180.8 Nectarian 

Pingre S 35 -60.53 -82.10 893.8 Nectarian 

Pirquet 32.5 -20.23 139.36 2115.8 Nectarian 

Pizzetti 22 -35.21 118.91 1661.5 Nectarian 

Planck B 23 -55.54 136.89 1044.9 Nectarian 

Plummer 36.5 -24.97 -154.85 1971.9 Nectarian 

Plummer N 21 -27.62 -155.94 1891.7 Nectarian 

Pogson 25 -42.45 110.66 1441.9 Nectarian 

Poincare R 26 -60.20 155.00 903.6 Nectarian 

Poincare Z 17.5 -54.06 163.98 1090.0 Nectarian 

Prandtl 45.5 -59.77 140.97 916.7 Nectarian 

Priestley 26 -56.77 107.93 1007.7 Nectarian 

Priestley K 17.5 -58.94 109.86 941.9 Nectarian 

Racah 31.5 -13.86 -179.99 2309.0 Nectarian 

Ramsay 40.5 -40.16 144.72 1511.3 Nectarian 
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Riedel 23.5 -49.23 -140.06 1236.2 Nectarian 

Roche 80 -42.51 136.16 1439.9 Nectarian 

Scobee 20 -31.57 -149.61 1771.7 Nectarian 

Sierpinski 34.5 -27.02 154.56 1909.7 Nectarian 

Sikorsky 49 -65.78 103.50 734.3 Nectarian 

Sikorsky-Rittenhouse 155 -69.22 112.06 630.2 Nectarian 

Sniadecki 21.5 -22.76 -168.94 2039.1 Nectarian 

Stark 24.5 -25.36 134.33 1960.0 Nectarian 

Stromgren 30.5 -22.13 -132.38 2058.1 Nectarian 

Subbotin 33.5 -29.37 135.27 1838.7 Nectarian 

Tseraskiy 28 -48.84 142.09 1248.2 Nectarian 

Tseraskiy K 22.5 -52.56 143.54 1135.3 Nectarian 

Tseraskiy P 16.5 -51.08 139.00 1180.1 Nectarian 

Van de Graaff 116.5 -27.40 172.20 1898.2 Nectarian 

Vertregt L 19 -21.17 171.23 2087.2 Nectarian 

von der Pahlen 28 -25.14 -132.77 1966.9 Nectarian 

Waterman 38 -25.90 128.00 1943.7 Nectarian 

Wiechert 20.5 -83.93 163.00 183.9 Nectarian 

Wiechert P 18.5 -85.15 149.70 146.9 Nectarian 

Wilsing W 18 -18.59 -159.54 2165.3 Nectarian 

Wilsing Z 15 -20.89 -155.07 2095.5 Nectarian 

Zeeman 95 -75.50 -135.99 439.7 Nectarian 

Alder 38.5 -48.75 -178.32 1250.8 Lower Imbrian 

Boguslawsky F 15 -75.27 52.67 446.5 Lower Imbrian 

Bolyai D 17 -32.68 128.07 1738.2 Lower Imbrian 

Borman 25 -39.44 -148.30 1533.3 Lower Imbrian 

Crocco G 21 -47.61 152.11 1285.5 Lower Imbrian 

Dawson 22.5 -67.29 -135.46 688.8 Lower Imbrian 

Doppler 55 -13.01 -159.97 2334.5 Lower Imbrian 

Fenyi (Fanyi) 19 -45.31 -104.74 1355.2 Lower Imbrian 

Grissom M 19 -49.31 -148.42 1233.8 Lower Imbrian 

Keeler 80 -9.97 161.52 2426.7 Lower Imbrian 

Mendel J 29 -51.78 -107.07 1159.0 Lower Imbrian 

Oppenheimer U 19 -34.86 -168.19 1671.9 Lower Imbrian 

Pauli 42 -44.90 136.96 1367.6 Lower Imbrian 

Pavlov G 21.5 -29.33 145.56 1839.8 Lower Imbrian 

Racah N 17.5 -17.35 178.81 2203.1 Lower Imbrian 

Rumford 30.5 -29.18 -169.90 1844.2 Lower Imbrian 

Schrödinger 156 -74.64 132.16 465.7 Lower Imbrian 

van der Waals W 23 -41.71 117.49 1464.5 Lower Imbrian 

Walker W 22 -24.94 -164.09 1973.0 Lower Imbrian 

Watson G 17 -63.49 -120.14 803.8 Lower Imbrian 

Wexler 25.5 -68.72 89.79 645.3 Lower Imbrian 

Zeeman Y 16.5 -72.67 -138.13 525.5 Lower Imbrian 

Aitken 67.5 -16.61 172.87 2225.3 Upper Imbrian 

Aitken Z 16.5 -15.21 173.06 2267.8 Upper Imbrian 

Antoniadi 71.5 -69.53 -173.16 620.6 Upper Imbrian 

Bjerknes 24 -38.57 113.33 1559.6 Upper Imbrian 
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Carver L 16.5 -45.88 128.39 1337.8 Upper Imbrian 

Chant 16.5 -40.43 -109.22 1503.1 Upper Imbrian 

De Forest 28.5 -77.15 -164.01 389.8 Upper Imbrian 

De Roy X 15 -52.70 -101.30 1131.1 Upper Imbrian 

de Vries 29.5 -20.08 -177.08 2120.1 Upper Imbrian 

Doerfel 34 -69.29 -108.83 628.1 Upper Imbrian 

Doerfel S 16 -70.03 -120.64 605.4 Upper Imbrian 

Dryden 25.5 -33.55 -156.20 1711.9 Upper Imbrian 

Drygalski P 15 -81.13 -99.38 268.9 Upper Imbrian 

Fizeau 55.5 -58.35 -134.31 959.9 Upper Imbrian 

Geiger 17 -14.61 158.24 2286.1 Upper Imbrian 

Hale 41.5 -74.16 90.83 480.4 Upper Imbrian 

Holetschek 19 -27.79 150.87 1886.4 Upper Imbrian 

le Gentil 64 -74.05 -74.94 483.8 Upper Imbrian 

le Gentil A 16.5 -74.67 -52.08 465.0 Upper Imbrian 

Leibnitz S 14 -40.10 171.76 1513.2 Upper Imbrian 

Lundmark G 17.5 -40.41 155.47 1503.9 Upper Imbrian 

Lyman 42 -65.09 161.88 755.3 Upper Imbrian 

Maksutov 41.5 -41.09 -168.66 1483.1 Upper Imbrian 

Mariotte 32.5 -28.89 -139.10 1853.2 Upper Imbrian 

Neumayer M 15.5 -71.54 79.91 559.8 Upper Imbrian 

Oresme V 25.5 -40.95 165.08 1487.3 Upper Imbrian 

Pikel'ner 23.5 -48.44 123.86 1260.2 Upper Imbrian 

Plummer M 20.5 -26.80 -154.64 1916.5 Upper Imbrian 

Schomberger 42.5 -76.70 24.90 403.3 Upper Imbrian 

Stetson E 19 -39.91 -117.16 1518.8 Upper Imbrian 

White 19.5 -45.17 -159.07 1359.5 Upper Imbrian 

Zelinskiy 26.5 -28.96 166.62 1851.1 Upper Imbrian 

Amici T 21.5 -10.11 -174.17 2422.6 Eratosthenian 

Birkeland 41 -30.42 173.84 1806.8 Eratosthenian 

Bok 22.5 -20.66 -171.73 2102.5 Eratosthenian 

Chebyshev U 18 -33.89 -133.89 1701.4 Eratosthenian 

Doppler B 18.5 -11.80 -159.40 2371.3 Eratosthenian 

Finsen 36 -42.56 -177.99 1438.7 Eratosthenian 

Grotrian 18.5 -66.19 127.65 722.1 Eratosthenian 

Hausen 83.5 -65.46 -88.17 744.1 Eratosthenian 

Holetschek Z 15 -26.49 150.85 1926.0 Eratosthenian 

Jules Verne G 21 -35.36 149.73 1656.9 Eratosthenian 

Keeler S 15 -11.31 157.73 2386.1 Eratosthenian 

Lovell 17 -37.16 -142.53 1602.2 Eratosthenian 

Oppenheimer V 16 -32.56 -172.97 1741.8 Eratosthenian 

Plante 18.5 -10.32 163.01 2416.2 Eratosthenian 

Pogson F 17.5 -42.31 115.03 1446.0 Eratosthenian 

von der Pahlen H 17.5 -27.46 -127.89 1896.4 Eratosthenian 

Wiechert J 17 -85.25 -178.83 144.1 Eratosthenian 

Wilsing C 16.5 -18.85 -152.91 2157.4 Eratosthenian 

Crookes 24.5 -10.648 -165.204 2406.2 Copernican 

Das 19 -26.84 -137.01 1915.3 Copernican 



681 

 

O’Day 35.5 -30.63 157.07 1800.4 Copernican 

Schomberger A 15.5 -78.47 23.45 349.7 Copernican 
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TABLE A9.3 Locations and ages of complex craters within SPA, whose central peaks may be used to 

determine if the SPA melt sheet differentiated.  The depth of origin values for the crater central peaks (CP) 

were extrapolated from Fig. 24 in Cintala and Grieve (1998a).  An asterisk indicates craters with probable 

central peaks that are barely visible in high-resolution (~100 m/pix) Clementine data.   

ID # Name Latitude Longitude 
Diameter 

(km) 

Estimated Age                                   

(Wilhelms and Byrne, 2009) 

CP min. depth of 

origin (km) 

1 O'Day -30.626 157.073 71 Copernican (Eratosthenian?) 11.385 

2 Birkeland -30.416 173.836 82 Eratosthenian 13.342 

3 Finsen -42.555 -177.99 72 Eratosthenian 11.561 

4 Hausen -65.461 -88.165 167 Eratosthenian 29.207 

5 Antoniadi -69.534 -173.155 143 Upper Imbrian 24.618 

6 De Forest -77.146 -164.011 57 Upper Imbrian 8.938 

7 Dryden -33.546 -156.199 51 Upper Imbrian 7.908 

8 Hale -74.159 90.829 83 Upper Imbrian 13.521 

9 Lyman -65.093 161.88 84 Upper Imbrian 13.701 

10 Maksutov* -41.089 -168.664 83 Upper Imbrian 13.521 

11 Mariotte -28.886 -139.1 65 Upper Imbrian 10.330 

12 Oresme V -40.951 165.081 51 Upper Imbrian 7.908 

13 White -45.166 -159.071 39 Upper Imbrian 5.885 

14 Doerfel S -70.034 -120.64 32 
Upper Imbrian (Lower 

Imbrian?) 
4.732 

15 Fizeau -58.345 -134.314 111 
Upper Imbrian (Lower 

Imbrian?) 
18.624 

16 Plummer M* -26.798 -154.643 41 
Upper Imbrian (Lower 

Imbrian?) 
6.218 

17 Alder -48.751 -178.315 77 Lower Imbrian 12.449 

18 Grissom M -49.311 -148.422 38 Lower Imbrian 5.719 

19 Oppenheimer U -34.864 -168.186 38 Lower Imbrian 5.719 

20 Pauli -44.9 136.964 84 Lower Imbrian 13.701 

21 Rumford -29.182 -169.898 61 Lower Imbrian 9.632 

22 Wexler -68.719 89.789 51 Lower Imbrian 7.908 

23 Carver -43.49 127.119 59 Nectarian (Lower Imbrian?) 9.284 

24 Langmuir -36.197 -128.726 91 Nectarian (Lower Imbrian?) 14.964 

25 Leavitt -45.196 -140.013 66 Nectarian (possibly younger) 10.505 

26 Leavitt Z -42.964 -139.619 65 
Nectarian (dual impact with 

Leavitt?) 
10.330 

27 Amundsen -84.327 83.935 101 Nectarian 16.785 

28 Barringer -28.641 -150.44 68 Nectarian 10.856 

29 Bhabha -55.732 -165.291 64 Nectarian 10.155 

30 Bose -54.166 -169.648 91 Nectarian 14.964 

31 Boyle -53.494 177.566 57 Nectarian 8.938 

32 Buffon -40.995 -133.576 106 Nectarian 17.702 

33 Demonax -78.293 59.551 128 Nectarian 21.790 

34 Eijkman -63.441 -142.839 54 Nectarian 8.422 

35 Hopmann* -51.108 158.825 88 Nectarian 14.421 

36 Numerov -70.584 -162.9 113 Nectarian 18.994 

37 Orlov -26.128 -175.373 81 Nectarian 13.163 

38 Prandtl* -59.769 140.971 91 Nectarian 14.964 

39 Sniadecki -22.756 -168.94 43 Nectarian 6.553 

40 Zeeman -75.498 -135.99 190 Nectarian 33.667 

41 Drygalski -79.699 -85.729 149 Pre-Nectarian 25.759 

42 Von Karman* -44.8 175.9 180 Pre-Nectarian 31.721 

43 Davisson -38.147 -175.077 87 ~~~~~~~ 14.241 
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44 Oresme Q -44.553 166.972 23 ~~~~~~~ 3.289 

45 Stoney -55.812 -156.506 45 ~~~~~~~ 6.889 
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TABLE A9.4 Complex craters within SPA, whose central peaks may be used to determine if the SPA melt 

sheet differentiated that fall within various estimates for the transient crater (TC) diameter as well as the 

500 km and 1000 km traverse limits. 

ID # Name 

Lower TC 

estimate 

calculated from 

Spudis, 1993 

(1160km) 

Upper TC 

estimate 

calculated from 

Spudis, 1993 

(1470km) 

 Petro and 

Pieters 

(2002) TC 

estimate 

TC defined by 

LROC Tier 2 site 

& SPA center 

 1000km 

traverse 

limit 

 500km 

traverse 

limit 

1 O'Day             

2 Birkeland             

3 Finsen X X X       

4 Hausen         X   

5 Antoniadi X X X   X   

6 De Forest   X     X X 

7 Dryden             

8 Hale         X X 

9 Lyman X X X   X   

10 Maksutov* X X (partial)       

11 Mariotte             

12 Oresme V X X X       

13 White X X         

14 Doerfel S         X   

15 Fizeau   (partial)     X   

16 Plummer M*             

17 Alder X X X       

18 Grissom M   X         

19 
Oppenheimer 

U 
  X         

20 Pauli             

21 Rumford             

22 Wexler         X   

23 Carver             

24 Langmuir             

25 Leavitt             

26 Leavitt Z             

27 Amundsen         X X 

28 Barringer             

29 Bhabha X X X       

30 Bose X X X X     

31 Boyle X X X X     

32 Buffon             

33 Demonax         X X 

34 Eijkman   X     X   

35 Hopmann* X X X       

36 Numerov X X X   X   

37 Orlov             

38 Prandtl*   X X   X   

39 Sniadecki             

40 Zeeman   (partial)     X X 

41 Drygalski         X X 

42 Von Karman* X X X       

43 Davisson X X (partial)       

44 Oresme Q X X X       
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45 Stoney X X X       
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TABLE A9.5 Smaller basins (and craters within those basins) in SPA where the size limits of melt sheet 

differentiation can be tested.  Basins are listed in bold while their interior craters are listed in plain text.  

Melt thickness values are extrapolated from Fig. 3 in Warren et al. (1996).  Minimum depth of origin 

values for central peaks (CP) are extrapolated from Fig. 24 in Cintala and Grieve (1998a).  Depth of crater 

excavations values are extrapolated from Fig. 22 in Cintala and Grieve (1998b). 

Name 

Estimated 

Age 

(Wilhelms 

and Byrne, 

2009) 

Diam. 

(km) 
Lat Long 

Melt 

Thickness 

(km)  

Central 

Peak 

Depth 

of 

Origin 

(km) 

Transient 

Crater 

Diameter 

(km) 

Depth of 

Excavation 

(km) into 

Pre-existing 

Melt Sheet 

 

1000km 

traverse 

limit 

Antoniadi Upper Imbrian 143 -69.534 -173.155 1.18 24.62 101.38   X 

un-named crater ~~~~~ 12.2 -70.422 -172.563   N/A 12.59 1.79 X 

Apollo Pre-Nectarian 537 -36.296 -152.001 8.88   311.13     

Borman 
Lower 

Imbrian 
50 -39.436 -148.299     41.61 6.08   

Chaffee Nectarian 49 -39.479 -154.624     40.90 5.97   

Dryden Upper Imbrian 51 -33.546 -156.199   7.91 42.32 6.18   

Buffon Nectarian 106 -40.995 -133.576 0.74   78.66     

Buffon D ~~~~~ 20 -40.594 -132.198     19.14 2.75   

Leibnitz Pre-Nectarian 245 -38.681 178.968 2.68   160.00     

Leibnitz R ~~~~~ 19 -39.761 175.997     18.33 2.63   

Leibnitz X ~~~~~ 19 -36.945 177.069     18.33 2.63   

Lippmann Pre-Nectarian 160 -55.801 -114.565 1.40   111.51   (partial) 

Lippmann P Nectarian 29 -56.302 -115.242     26.23 3.79   

Oppenheimer Nectarian 208 -35.946 -166.033 2.08   139.27     

Oppenheimer U 
Lower 

Imbrian 
38 -34.864 -168.186   5.72 32.98 4.79   

Planck Pre-Nectarian 314 -58.058 135.87 3.91   197.44   (partial) 

Planck Z Pre-Nectarian 72 -55.894 134.745     56.68 8.35   

Prandtl Nectarian 91 -59.769 140.971   14.96 69.12 10.24 X 
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Figure A9.1 Crustal thickness profile of SPA (b), averaged over the northeast and southwest quarters of the 

basin (a).  Solid line indicates topography; dashed line indicates moho depth.  The Moho depth model used 

in this study [Wieczorek et al., 2006] attempts to account for suspected vertical compositional stratification 

in the lunar crust, by assuming a dual-layered crust.  The model calculates the depth of the interface 

between the crust and mantle (the Moho) from the global average height for the lunar crust. This value was 

then combined with topographic data obtained by Kaguya in order to obtain a map of crustal thickness.  

This data was projected using the USGS program ISIS (Version 3.1.20), and then imported into ArcGIS 

(Version 9.3) for further analysis.  Using this data, profiles were obtained of both the Moho depth and 

topography.  These were taken at 5° intervals, from the approximate center of the basin (-56° latitude; 180° 

longitude), to a distance of 1500 km.  The resulting values were then exported to a spreadsheet, where they 

could first be combined into a single list of x (distance from the center of the basin in km) and y (elevation 

or Moho depth in km) values.  These values were then sorted by x values, and averaged at 50 km intervals 

to generate a radially averaged profile generated (Fig. 8.18).  In order to gain a better appreciation of the 

variation in crustal thickness at different points around the basin a second set of averaged profiles were 

generated for specific regions of the basin.  The largest variations in topography and crustal thickness are 

observed in the north east quadrant of the basin which includes the large (538 km) multi-ring impact basin 

Apollo, and borders the farside highlands where the highest topographic values on the Moon can be found.  

The south west quadrant of the basin, by comparison, has less exaggerated variations in topography and 

crustal thickness on average.  For this reason, these two areas were chosen to produce complimentary 

radially averaged profiles of the basin (Figure 70).  The topography and Moho depth values were processed 

in the same way as is described above, however this time including only the values for the quadrant in 

question. 
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ARCGIS DATABASE 

http://www.lpi.usra.edu/CLSE/Lunar-Landing-Site-Study/ 

ArcGIS database compiled by members of the LPI-JSC Lunar Exploration Summer Intern Program, edited 

by Daniel D. Durda. 

 




