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 primizldspathic crust, KREEP layer, and
other products of differentiation.

Inventory the variety, age, distribution, and origin of lunar rock types.
Determine the composition of the lower crust and bulk Moon.

Quantify the local and regional complexity o&tburrent lunar crust.

®© 2 o o

Determine the vertical extent and structure of the megaregolith.

INTRODUCTION
Formation and Evolution of the Moon

The Moon is a unique environmemtesering crucialinformation about the early histoand later
evolution of the slar system. The lack ofmajor surficial tectonicprocesses within the past feillion
years or so, as well as the laok significant quantities of surface water, have allowed for excellent
preservation of the lithologies and geomorphological featuras formed during the major planetary
formation events.

Fundamentatliscoveriesduring the Apollo program showed that the Moon is made up of a variety of
volcanic and impact rock types thathibit a particular range of cheoal andmineralogcal composibns.
The key planetary processesnveyedby this diversity include planetary differentiatiomolcanism, and
impact cratering. Analysis of Apollo, Lung andlunar meteoritic samples, as well as orbital data from a
series of lunar exploration missigrenerated geophysical models thatwarto tell he story of the Moon.
However,such models are restricteth the sense that they are basedimformation gathered fronthe
samplesthat have so far been acquiredrigure 3.1 shows that previous sampletusn missions only
covered a very limitedraa of the Moon (less than 4%).o significantlyenhance our knowledge of the
Moon andplanetary evolution in generale mustexpandthis previously limited dataset and gather a
comprehensive sample collectios, \sell asconductdetailed insitu geological and geophysical studies

Each Science ®al within this Science Concepargets a particular aspect of lunar crustal diversity.
Science Goals 3a and 3Belate to the vertical stratificath of the lunar crustral product of planetary
differentiation. The aim of Science Goal Bhto catalogue the surface productplafnetary processes by
inventorying and classifing different rock type present on the lunar surfacén Science Goal 3dthe
focus is primarily on local and regional crustal complexity, rather than global divertitys yielding
information about the variety andteral and vertical distribution of crustal materials on a smaller.scale
The information thus obtained could be used to constrairent geopysical and geochemical models.
Science Goal 3mvestigats the properties of thenegaregolith layerthought to have formed as a result of
the Late Heavy Bombardment.
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FIGURE 3.1Direct samplig of the Moon has been limited to a small region the central nearside
roughly delimited by the polygon which has foreapsthe Apollo and Luna landing sitesThe area
covered by that region is less than 4% of the total surface of the MBbough some meteorites ma
originate from the farside higands, there is no exact way to determine their precise orifimage

modified from Warren and Kallemeyn, (1991World cylindrical equalrea projection, background i
LOLA elevation map).

Lunar rock types

The mineralogy of lunar samples (includihgar meteorites) is somewhat limited whennggared to
terrestrial samplesThis isdue to the limited range of chemicalngpositions on the lunar surfaeaad to
the lack of significant amount of water and of weathering processes (Mason and Melson, Th&7@ajor
lunar rock types are composed of a combamabf four major minerals: plagioclase, pyroxene, oliyirel
ilmenite (in lunar basalts)Not all these minerals are necessarily present padicularrock type, but they
can all be considered as major rdokming minerals on the Moonkigure 3.2shows the classification for
igneous rocks composed of the first three minerals (note that most lunar surface igneous rocks have been

plagioclase
1 anorthosite
1 2 noritic or gabbroic anorthosite
0 3 troctolitic anorthosite
4 anorthositic norite or gabbro
213 5 anorthositic troctolite
7-, 5 6 norite or gabbro
7 olivine norite or gabbro
8 troctolite
5 pyroxenite
10 perldome
pyroxene ollvme

FIGURE 3.2 Left: Ternary diagram showingrar rocks classification based on the relative content
plagioclase, pyroxene and olive.he values on the left side of the diagram are ipl&gioclase. Most of
the rock types in this diagmaare discussed in this repoRight: Photo of lunar samp&2237, a troctolitic
anorthosite (region 3 in ternary diagram].he pale, white crystals are plagioclase (anorthite) and
greenish crystals are olivine.

partly thermally and shocked metamorphosed due to impact cratering but thatlthetast their igneous

name). A rock with an important component of ilmenite (\p20%  wi | | b er idcahppbiafch A Ti
basalt).
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Plagioclaseis a solid solution of the easiembers albite (NaAlgDg) and anorthite (Gl ,Si,Og). The
anorthite component is dominant and the averagar Iplagioclase is made up of 90% anorthitegghAnA
rock with 90% or more anorthite is called an anorthosteorthosite is thought to be the major component
of the lunar upper crust.

Pyroxene((Ca,Mg,Fe)Si,Og) is a silicate mineral generally comman meteorite and lunar basalts.

The pyroxene crystals found on the Moon have a wide range of composifioeg.are normallglassified

based on their Ggwollastonite), Mg (enstatite) or Feontent (érrosilite). Pyroxenes are further separated
into two main groups: orthopyroxenes (low calcium) and clinopyroxenes (medium to high calcium).
Different pyroxenerich rocks can also be classified based on the presence of minor compangnts (
titanium, aluminum, etc.)The proportion of pyroxene in thleust tends to increase with depth.

Olivine is a magnesium iron silicatéMg,Fe)SiO,) solid solution. The Fe mole % in the lunar sample
olivine ranges from 20%0t50% (with an average of 30%Plivine is one of the main constituents of the
Eart htlsemamd is thought to

llmenite (FeTiO;) 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 terrestrialvbbhsaldom have

be

a major component

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 érhal structure of the rockThree main rock classes are found on the Moon:
pristine crustal rocks, volcanic rogkand impact breccia rocksThe pristine crustal rocks form the upper
to lower part of the crustThey are thought to have formed duringth f i r st 2 Gy of

The volcanic rocks were formed through surface volcani$ime most commomnock of this class are the

t he

darkcolored marebasals visible from Earth. Impact brecciahave been reworked by billions of years of

impacts ad are composed of broken fragments of all rock types found on the lunar surfeeeery top
layer of the lunar surface, called the rednlits composed of fineto veryfine-grained rock particles
created by the constant bombardment of meteoritesrécrdmeteorites of the surfacd.able 3.1presents

an overview of the current classification of lunar rock types, algtigcharacteristic mineralogy.

TABLE 3.1 Classificationof lunar iocks (adapted from Hiesinger and He2006), with nineralogy
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 anathosite pl (90%) + px low FeO, high AJOs, low trace
Anorthosite (FAN) (+ ol) elements (Th), high AD;
norite opx + pl rich in incompatible elements
Lower Crust ) . .
UrKREEP troctolite ol + pl rich in incompatible elements
Mantle 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
norite opx + pl rich in incompatible elements
) troctolite ol + pl rich in incompatible elments
Mg-suite . o .
dunite ol rich in incompatible elements
gabbro / gabbronorite cpx + pl rich in incompatible elements
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Na-anorthosite to high Na (instead of Ca) anorthosite

Alkali-suite norite, granites al (90%) + px norite, enriched in incompatible
(felsites) and quartz (+ol) elements. Possible relation to
monzogabbro KREEP?
0,
é'oﬁi,? /ﬁ)mog): low siderophiles, high Mg, high silice
KREEP basalt basalt and ,K-ric'h and high incompatible elements, hig
glass h
Basaltic lavas / . . .
flows (mare High-Ti pl, px, ilm high FeO, low AJOs, high Ti, and
basalts) high or low K
high FeO, low AJOs, low Ti, higher
Low-Ti pl, px concentration in light REE than
heavier REE
Very-low-Ti pl, px high FeO, low AJOs, very low Ti
Pyroclastic lass
deposits 9
Rock class: Impact Rocks
Rock type Rock type subdivision

fragmental breccia
glassy melt breccia
impact melt breccia

Breccia clastpoor impact melt
granulitic breccia and granulite
dimictic breccias
regolith breccia

Melt Impact melt

Lunar chronology and stratigraphy

Craters aresome ofthe most usefufeatures on the lunar surfacelhey can be useful not onkp
determing he structure and c¢ omp o she tensitynof coafers onhnea paticuwdan 6 s s ur f
surface carbe used to calculate the relative age of that regiime density of impact craters on the lunar
surface generally increases as the surface ages increAltbsugh the impact ratds thought to have
decreased steadily since thenfation of the Moort.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, referretb asLate Heavy Bombardmerft HB, also referred to as tHenar
cataclysn), a large number of impact craters are believed to have completely edstiegpsurface of the
Moon. The occurrace and extent of thiemtense bombardment period can be tested by asse3sieigce
Goal 3e

The relative agesf various regins of the Moon can also lbalculatedfrom observed crater densities.
Apollo and Lunasamplesallowed forradiometricdating d specific regions of the Moon, thus providiag
calibration for lunar ages.Relative ages (and approximate absolute ages)har aegions were then
established by studying relative densities of impact gadeerlapping ejecta and lava flows, the presence
of crater rays (considered youngeaters), andrater degradation statBig. 1.11). Using the calibration
relationshipdeveloped from radiometrically datedmples, one can inferred absolute ages for these areas,
and for the whole surface of the Moon.

The most generally accepted lunar geologic chronologhdasone established by Wilhelms (1987)
This chronology dividesunar history into five mia epochs: the prblectarian (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 G &uapernican (8
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Ga) Fig. 1.9. Only the lower Imbrian time boundary, andrier ones, are known with any accuracy,
because of the Aglo and Luna samplesThe later periods are based w@tative stratigraphy of surface
features and the boundaries are approximatgure3.3 is an interesting summary of radiometric dating of
existing lunar sampleslt shows the linted range of sampled ages (4% Ga), but it also shows that each
rock type comes from a particular period of the

Mare Basalts Lunar Highlands Rocks
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FIGURE 3.3 Histogramof radiometric ages for lunar mare blis and lunar lghlands rocks.These ages
were derived with various dating methods and compiled by Nygqtigt, 2001. These data suggéisat
each Il unar rock type correl at es logeal historygdimgge from
Nyquistet al, 2001). The variations in ages reflect different mechanism and locales of origin.

DATASETS AND METHODS
Available Datasets and Aproach

To achieve theobjective of determiningthe global coveragef all possible locations whergcience
Concept 3Science Goalsanbe addressed, eithindividually or collectively, we needdd:

1. Review the lunar literature, alongith databases of Apollo, Luna and lunar meteorite
samples to gather information on the lunar crust composition andatisral and vertical
diversity;

2. Define requirementfor landing site targetspecific to each of the five goals

3. Gather, process and geeference all available datasets from previousidwrbital missions
(Tables 3.2 and 3)3nto ArcGIS, which is a widely used Geographic Information 8yst
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 3.2lists the different datasets useereand classifies them depending on the type of observations
they can be used for. Table 3@8ports the mission of origin, resolution and source for each of those
datasets.
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TABLE 3.2 Lunardatasets publicly ailable for different types of observations.

Observations Datasets available*

Clementine UVVIS, LROC, Lunar Orbiter Photographic Mosa

Morphologies and individual photographs, USGS geological maps

Mineralogical composition Clementine UVVIS (multispecat imagery)

Clementine UVVIS, Lunar Prospector Neutron spectrometer, L
Elemental abundances

Prospector GRS

Topographic data

LOLA

Other physical properties (gravit
crustal thickness)

Clementine

*Doesnot include recent Chandrayaan, Change'l, Snutasets, 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 resolutionand source. Abbreviations are defined at the bottom of the Table.

Data Mission Resolution Source
Clementine UVVIS global map
(5 bands) and derived product Clementine 200 m/px USGS
(RBG)
Clementine UVVIS 750nm filtel Clementine 100 m/px USGS
albedo map
. . Lunar
Lunar Orbiter global mosaic Orbiter ~60 m/px USGS
Clementine 100 m/px USGS, Luceyet al, 1998
FeO global distribution map
Lunar _
Prospector 0.5 deg = 15 km/px PDS
Clementine 100 m/px USGS, Luceyet al, 2000
TiO global distribution map
Lunar _
Prospector 2 deg = 60 km/px PDS
Th and H global distribution Lunar 0.5 deg = 15 km/px PDS
maps Prospector
K and Sm global distribution Lunar 2 deg = 60 km/px PDS
maps Prospector
Al, Ca, Mg, Si, O global Lunar _
distribution maps Prospector 5 deg = 150 kifpx PDS
Lunar Impact Crater Databas LPI
Crustal thickness maps Clementine | 1 deg = 30 km/px Wieczoreket al, 2006
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Horizontal: 4.9
Clementine | km/pixel, Vertical: USGS
~140 m/pixel
topographic maps Selene
pograp P (Kaguya | 16 ppd= 1.8 km/px JAXA
LALT)
LRO _
(LOLA) 64 ppd = 470 m/px MIT
List of abbreviations: USGS (United States Geological Survey, www.usgs.go
PDS (Planetary Data System, NASA, pds.nasa.gov)
JAXA (Japan Aerospace Exploration Agency, www.jaxa
LPI (Lunar and Planetary Institute, USRA,
www.Ipi.usra.edu)

Extensive Mapping of Interesting Features

We mappedlifferent surface units on the ddn and digitized them in the form of shapefileBhese
mapped surface units include: mare areas, cryptomare areas, highland areas, highland gghem (bas
Chevrelet al, 2002), basin areas, pyroclastic and other volcanic deposits, massifs, plateaus, sinuous rilles
and fresh craters (Copernican and brgiyed, list provided by S. Werner, of the DLR Berlin)We
derived a slope map from LOLA high réstion topograpk data to help identify scarps.OLA data were
also used to create topographic profiles of regions of interd&t. generated contour maps using both
Lunar Prospector and Clementine elemental abundance maps, to help locate the mainiggddehames,
and possible regional anomalieI.hese maps are useful in understanding theabtesterogeneity of the
crust. To assess the vertical structure, we calculated a number of important morphological parameters
related to impact cratering likihe 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 combineddaoverlaid to assist in evaluatimgrdidatelunar landing
sites.

Analysis of elemental and mineralogical remote sensing data

Thorium Analysis of Lunar Prospector gamma rayedpometer data providesstimates of thorium
abundanceaoss the surface of the crudiraces of thorim are foundn abundances up teearly 13 ppm,
such as in the Fra Mauro regionGenerally, regions containing abundances greater than 2.2 ppm are
consideredd be enriched in Thorium. dgions containing over 3.8.5 ppm are almost entirely located in
the mare region of the nearside (this regiondenerally labeled the ProcellarllREEP Terrane [PKT]
[Haskinet al, 2000; Jolliffet al, 200Q). According to Lawrencet al, (2000) regions containing thorium
abundances of over 7 ppm are likely small area regibat rhay also be of particular concenmnen
discusgng local or regional peits of interest. Figure 3.4showsthe areas of the lunar crust that are
enriched (>2.2 ppm) in thorium.These particular areas are understood to contain elevated levels of
KREEP naterial, 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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Legend

Th > 3.5 ppm
Th > 2.2 ppm
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0.4 ppm
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FIGURE 3.4Lunar Prospetor gamma ray spectrometdrorium abundanc
map. The thorium abundances range fr@® ppm to 13 ppm in this ma
Outlined in pink contour is the area on the lunar surface containing ow
ppm thorium. Also depicted in cross hatch is thoriufuadaice greater tha
3.5 ppm. Note that the majority of high thorium abundance lies within
nearside mare, with a few exceptions located in the SouthAkn Basin.

Rare Earth Elements (REB)teutron spectrometer data returned from the Lunar Prospector mission is a
good indicator of th rare earth elements samarium (Sm) and gadolinium (Glthough these REEs only
occur as trace elements, the combined thermal neutron absorption is verypladiginga strong
signature in neutron spectroscopRespective abundances of Sm and Gdtbam 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 = Edt8nare basalts, the Gd/Sm
range is slightly brader, wih ratios between 1i3.6 (Wieczorelet al, 2006). Generally, Sm abundances
of 20 ppm and higher are indicative of KREEPY terrane (Wieczetrek, 2006),athoughacrosshe whole
lunar surface the abundance ranges from nearly O ppm to as high as 5t |gwalized areas on the
nearside (Elphiet al, 2000). On the farside highlands, the Sm abundance rafiges zero to highs of
about 2ppm. For the purpose of demonstrating enriched Sm regions, we will highlight values (somewhat
arbitrarily) that arenore than doublent highland vales (Fig.3.5).
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Legend FIGURE 3.5Global map of lunar surface samarium abundance, adaptec

R sm = 20 ppm Lunar Prospeor neutron spectrometer datdhe Sm abundance ranges fr
Sm > 4 ppm 1 to about 29 ppm, although some sourcmg,(Elphic et al., 2000) may
29.0 pprn locate small regions of up to 51 ppr@reen areas indicate elevated levels
Sm over 4 ppm, while the crosshatched arepsesent KREEPy terrane
. 0 ppm over 20 ppm Sm.
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Legend FIGURE 3.6 Global map of lunar potassium abundance from Lt

BRZZ K> 2000 ppm Prospector. Map ranges from 0 to 4000 ppm, while blue areas indicate r

K> 1000 ppm with greater than 1000 ppm, and crosshatch areas are greater thgopQ!
N Note that due to the low resolution, the data are less reliable.

. 0 ppm

Potassium Potassium is yet another indicator of KREE&Eh material (Fig. 3.6). Using similar
methods as the thorium and samarium analyses, we lgdllassess global potassiumaps. Gillis et al,
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2004 have used Lunar Prospector data combined with Apollo samples as-fytdhrid deterrime global
potassium abundanc&hese maps suggest an average value of approxima@lypf, and a mode of 240
ppm (Gillis et al, 2004). For the purpose of awstudy, we will label any K abundance greater than 1000
ppm as being enriched, while emphasizing areas of grelader 2000 ppmin crosshatch. These
distinctions are somewhat more arbitrary than thearos for thorium and samariunHowever, sources
sich as Snydeet al. (1995) do use this designation of 1000 ppm to distinguish aikalirocks, whose
formation is thought to be tied with KREEP materi&h addition, the lunar prospector potassium data is
less reliable due to the lower spatial resolutdf 5 degrees per pixel.

Clementine RGB or 0:fWel als@ anatypel RGBS images mgsed son-liigedo n
UVVIS data from the Clementine multispectral data set, covering wavelengths from 415 to 1086 am.
standard, these RGB images ar@den using the following ratios to control the spectral channels:
red=750/415 nm, green=750/950 nm, blue=415/750 nm (Heather and Dunkin, Z0B&)color ratio
image product serves to cancel out the dominant brightness variations of the scene (contrbedd
variations and topographic shading) and enhances color differences relatéidrineralogy and maturity.

The lunar highlands, mostly old (~4.5 billion years) gabbroic anorthosite rocks, are dominated by shades of
red (old) and blue (younger)he lunar maria (~3.9 to ~1 billion years), mostly wich basaltic materials

of variable titanium contents, are portrayed in shades of yellow/orangeiihpdower titanium) and blue
(iron-rich, higher titanium). Superimposed on and intermingledttwthese 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 cratems., McEwenet al, 1994; Pietergt al, 1994). Figure 3.7shows the R8®
Clementine mineral ratio map for the whole lunar surface.

FIGURE 3.7A multispectral mosaic of the lunar surface. In this image, the red channel is controlled |
Clementine 750/415 nm ratio, green by the 750/950 nm ratéh,bare by the 415/750 nmatio. Color
differences are related to soil mineralogy and matuiiiye lunar highlands, mostly old (~4.5 billion year:
gabbroic anorthosite rocks, are dominated by shades of red (old) and blue (yoUihgdgnar maria (~3.9
to ~1 billion years),mostly ironrich basaltic materials of variable titanium contents, are portrayec
shades of yellow/orange (iraicth, lower titanium) and blue (irerich, higher titanium).Superimposed on
and intermingled with these basic units are materials from $asid craters of various ages, ranging frc
the dark reds and blues of ancient basins to the bright blue crater rays of youngeremtéisEwenet
al., 1994; Pieterst al, 1994).

Limitations and sources of error in using remote sensing spectrasdata

While remote sensing and especially spectroscopic data is an invaluable resource for lunar studies, the
analysis is subject to strgnlimitations and assumptionsResolution may vary from instrument to

142



instrument. For example, the Lunar Prospectborium maps cover anrea of half a degree per pixel.

Since the surface dhe moon covers an area of approximatkirty kilometers per degreeachthorium

map pixel covers an area of about ¥515 kilometers square on the lunar surface, settingrammim
resolution of at least features of 15 kremaller features will not be resolved, and therefore cannot be
accurately analyzedSpectral or elemental composition for a given pixel will only be an average of the
composition on the 1% 15 km area.As technology and imagery progresses, regaubecomes less of an

issue. Rcent remote sensing data from the Lunar Reconnaissance Orbiter Camera has provided data
imagery with a resolution of 0.5 meters per pixéligure 3.8compares a lowesolution (20m/pixel)
Clementine true color image of Copernicus cratirfieterd3 km) with a highresolution imaggetaken by

the wide-angle camera (WAJonboard the Lunar Reconnaissance Orbiter.

FIGURE 3.8This figure demonstrates the significance of obtaininghékgesdution datasets.The left
imageshows a low resolution (200m/px) Clementine true color image of Copernicus crater, while the
image is a higher resolution (67m/px) LROC Whfage (M119985095ME) of the same terrain

Another important limitatio of remote serisg data is the probing deptiDepending on the instrument
used, the returned data will sample only to a specific depth dfitiae surface.Clementine UVVIS data
represents reflected sunlight at specific wavelengths, therefore onglingvehe characteristics of the top
few microns of the lunar surface (Ostrach and Robinson, 20M@ugh we may infer that in any region
the regolith will be composed mainly of underlying material, such assumptietigedy 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 (Feldmaal, 1999). While this may still be a surficial
signature, the deeper probing depth offers more valuable insightrimstal composition belovalthough
the possibility of vertical heterogeneities cannot be ignotetlas been speculated that such differences in
data gathering technique may account for discrepanciemeasured titanium values between the
ClementineUVVIS analysis and results from the Lunar Prospector neutron spectrometer (Ostrach and
Robinson, 2010; Gilligt al, 2004).

Some remote sensing techniques ascounter geographic limitatiomghen maping the polar regions
of the Moon, as well as the faside of the Mon. Spatial esolution at the poles becomes iasuefor
Clemertine spectral reflectance datamiting the accurag of data greater than abouf@degrees (Chevrel
et al, 2002). In addition, due to a lack afartographiacontrol on thdunar farside, some Clementine data
may be inaccurate or offset by as much as 2 km (@bak, 2002), thereby introducing error in our crustal
thickness and image analysis modeling.

Using impact craters as natural drills to sample material from deeperdyers

Large impact craters and impact basins have the capacity to excavate or uplift material from the lower
crust and upper mantlerigures 3.9 and 3.1llustrate different stages of an impact event, for simple and
complex craters, as well as for basismall craters arsimple, bowishapediepressions. @nplex craters
(with diameters 16/ 20 km on the Moonjisplay broad flat shallow floors, terraced walls, and central
peaks Larger craters or basins (generally >200km) can have multiple centrg) rafgrred as peak rings,
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instead of a central peal.he transition between a central peak to peak rings and their precise origin is still
unclear.
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FIGURE 3.9Differencein the formation mechanism of a simple (a) and a complex (b) crater.

Calculationsof relevant morphological parameters

Excavation depthDepth 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 ddvibemaath the crater
floor anddoesn ot emer ge in the ejecta t dcStraadelodvehp depth of e d
excavation are thus pushed downward (Melosh, 1989).

As a rule of thumb, depth of excavation I generally equal to one third of the transient crater depth
(D), or one tenth of the transient crater diametey) (Melosh, 1989, page 78; Croft, 1980):

De = (Dw)/3 = (Dy)/10; 3.1)
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For simple craters, the transient crater diametgy) (€n be calculated using equation 3\@here D
represents the final diameter of the cratéor comple craters, we utilize equatid@3 to find the transient
diameter (also the same as Equation 6 on page@Bgintala and Grieve, 1998Here, Q. is the transition
diameter from simple to complex craters (apjpmaately 16 20 km for the Moon)

Dy = 0.84D for simje cratersall parameters in km (3.2)

D=Dy**® D8 for complex cratersill parameters inm (3.3)

FIGURE 3.10Diagramcomparing the relative sizes of melt zone, transient cavity depth, and exca:
depth to final cratediameter and depth for different crater morphologidste that the comparative size
of morphologies are not to scalén addition, subsurface structure for basins is approximate, as the «
formation process is still unknownmages based on Figk2, 14, 15 of Cintala and Grieve (1998).
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