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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 ñTi-richò (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 (Ca2Al 2Si2O8).  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 

Earthôs mantle and is thought to be a major component of the Moonôs 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 wil l 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 Moonôs 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 Moonôs 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 (2.9ï4.6 Ga), but it also shows that each 

rock type comes from a particular period of the Moonôs 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 Moonôs geological history (Image from 

Nyquist et al., 2001).  The variations in ages reflect different mechanism and locales of origin. 



138 

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 3.5ï4.5 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 1.3ï1.6 (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 ófalse colorô 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 ~16ï20 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 targetôs 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 16ï20 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). 


