Science Concept 7The Moon is a Natural Laboratory for Regolith
Processes and Weathering on Anhydrous Airless Bodies

Science Concept 7The Moon is a natural laboratory for regolith processes and weathering on
anhydrous airless bodies

Science Goals:
a. Seach for and characterize ancient regalith

b. Determine thephysical properties of the regolith at diverse locations of expected hun
activity.

c. Understand regolith modification processes (including space weathering), particul
deposition of volatile matals.

d. Separate and study rare materials in the lunar regolith

INTRODUCTION

The Moon is unmodified by processes that have changed other terygstniets, including Mars, and
thus offers a pristine history of evolution of the terrestrial planets. ugthdvars demonstrates the
evolution of a war m, wet planet, water iis an erosive
The Moon, on the other hand, is anhydrous. It has never had liquid water on its surface. The Moon is also
airless, as pposed to the Venus, the Earth, and Mars. An atmosphere, too, is a weathering component that
can distort a planetés geologic history. Thus, t he
terrestrial planets that can increase our understanditigedformation 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 polesamemtty
shadowed regions (PSR®)ozetteet 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 Solaystem(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-®axih system.

The resources on the Moon are most easily accessible from the regolith. The lunar regolith is the top
unconsolidated layer of fragmented, figmined, cohesive, clastic material. Regolith is composed of
crystalline rock fragments, minerabfyments, breccias, aggregates held together with impact glass called
agglutinates, and glassédeiken et al, 199]). Because of the lunar environment, namely that it is
anhydrous and airless, lunar regolith is very unique from the terrestrial soiks B&tth, Venus, Mars, and
perhaps Mercury. Al so, b e ¢ and batioroih the Jolar Syd@mo,thés f or ma
Moonés regolith differs from that of asteroids, parti.i

Figure 7.1 showa schematiaross sectin of the upper lunar crust. The regolith composes roughly the
top 10m, though it varies froni 8 m in the maria and @5 m in the highhnds Regolith is formed from
the constant bombardment of the lunar surface by space weathering processes, imdatprgminently
meteoroid impacts. Such impacts (ranging from micrometer to kilometer size) pulverize and mix any
exposed rock on the surface. This process octursagée of about 1mm of regolith production per million
years, though it is likely thaiegolith production was faster in the past due to an increased impactor flux.
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FIGURE 7.1 A schematic cross section of the top portion of the lunar(eteikenet al, 1991 that shows
the results of widespread impact cratering. Depths are inferred §eassmic measuremts and sound
speed

Impacts are also responsible for gardening of the regolith. Gardening is the mrbchssning the
regolith byimpact bombardmer{folliff and Ryder, 2006 Thetop ~0.5 mm of the surface is turned over
about 10Gimes in one million years, but it takes billions of years to turn ovesmi@ 1m of the surface
(Gaultet al, 1974)

The top few centimeters of the regolith are relatively loose, particularly due to the gardening process,
but the regolith becomes qeidense in just the first 3In (with a relative density of 92%lHeikenet al,
199). In the top few millimeters of the regolith, three processes dominate regolith production:
comminution, agglutination, and vapor depositidfigure 7.2is a visual rpresentation of these processes.
Comminution is the process of breaking up rock into smaller pieces and eventually to the vegrgifiad
regolith. Agglutination is the process of forming aggregates of the lunar soil. When a micrometeorite hits
the suface, 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 evenorgges 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 producesuaipibdieature
in the lunar regolith: minute droplets of iron metal, herein referred to as nandpiras@pFe’).
Hydrogen reacts with FeO in the soil to reduce the FeO to metalli¢Hrameret al, 2011; Pieterst al,
1993) This npFe® has impotant spectral properties, potentially causing misinterpretation of remotely
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obtained spectral datdron and glass are also potentially useful for building future infrastructure, perhaps
through sinteringHintze et al,, 2008)

100 pim

Micrometeorites

Con.ﬁminutinn, Ag;glut{nétinn, & Vapér depoéitioﬁ

FIGURE 7.2 The processdbat affect the top few millimeters of the lunar regolith: comminutic
agglutination, and vapor deposition. Micrometeorites impact the soil, breaking particles and n
silicate material that splash to form agglutinates. Some melt vaporizes oeseledatiles which can
condense on other particleBigure 3.6 from NRC (2007)

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, nedrock 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, padtém It is the source of
virtually all the information that is known about the Moon, and it is our most accessible reghlliffe
and Ryder, 2006 Thus, understanding and learning more about this interface is of primary importance for
future exploation of the Moon.

Regions of the Moon
For the purpose of thisection we have divided the Moon into a set of regions. These regions differ by
location, as well as mineralogical/chemical makéLgble 7.1)

TABLE 7.1 Regions of the Moon Defined

Region Definition Sampled?
Polar Regions Regions of *70° latitude NO
Permanentl_;Shadowed Regions of constant shadow from the sun NO
Region
llluminated Region Regions that remain illuminated for >50% of the lunar da| NO
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Highland Regions Oldest regions on the dbn, light albedo regions NO
Nearside Highland regions concentrated fre80° to 90° longitude YES
Far Side Highland regions concentrated from 90*%0° longitude NO
Mare Regions Dark albedo regions, composed dfGwt% Fe NO
Nearside Mare regions cacentrated from90° to 90° longitude YES
Far Side Mare regions concentrated from 90°*-88° longitude NO
Cryptomare Regions where there is access to normally buried mare NO
nghlandéMa.re Boundary Regions with access to both highland and megéons NO
egions
Nearside nghlanC}mare boundary regions concentrated fr@®° to YES
90° longitude
Far Side ng(])hlanc.tmare boundary regions concentrated from 90° t NO
90° longitude
. Areas geochemically different from the surrounding oagj
Geochemical Terranes (Jolliff et al, 2000 NO
, - , - 5
South PoleAitken Terrane Esgmn surroundinthe South Polditken Basin, 610 wt% NO
Feldspathic Highlands Region of ¥0km crustal thickness NO
Terrane

Procellarum KREEP . .

Terrane Region defined by Th3:5 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 d&étam samples, landers, and Eabthised observations. We used a
number of these datasets in our assessment of landing regions and sBegefficeConcept 7. The
datasets we collected are showTable 7.2 along with information about the mission andtrument, the
spatial resolution of the data, and the source from which we obtained the data. Most data processing and
map projection were performed in A&IS 10. Some prprocessing was done using ISIS and IDL 7.1.

TABLE 7.2 Table of Datasets Used

Data set Mission/ Resolution Source
Instrument
Topography LRO LOLA 256ppda 120 1 USGS
o PDS, Rosenburgt
Slope LRO LOLA 16 ppd a al., 2011
o PDS, Rosenburgt
Roughness LRO LOLA 16 ppd a al., 2011
Polar lllumination 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, Luceyet al,
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2000b

FeO Abundance (Between-#0

Clementine UVVIS

100 m/pix

USGS, Luceet al,

latitude) 2000a
TiO2 Abundance (Between-¥0 . . USGS, Luceet al,
latitude) Clementine UVVIS 100 m/pix 50002
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 o . o PDS, Bandfieldet
latitude) LRO Diviner 32 pix/deg e e a al., 2010
Soil Temperature (Between-60 o . PDS, Bandfieldet
latitude) LRO Diviner 32 pix/ldegr al.. 2010
WAC Mosaic LRO WAC 100 m/pix USGS
NAC Images LRO NAC 0.5 m/pix PDS
Lunar Orbiter Mosaic Lunar Orbite ~60 m/pix USGS
USGS Geologic Maps USGS
Lunar Impact Crater Database LPI

The majority of maps shown in thegctionare projected using an orthographic projection, datum Moon
2000, and centered at 0 degrees latitude and either 0 or 180 deggitesdéon 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 or90 degrees longitude. Maps will be labeled as necessary when they deviate from this standard

layout. Figure 7.3shows the typical map layout with latitude and longitude ticks lab&lesiibsequent
maps latitude and longitude will not be labeled unless the layout of the maps differs fronHilga? &
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FIGURE 7.3 LROC WAC mosaic displayed in the tydi projection for maps in this report. Maps a
orthographically projected, datum Moon 2000.

Limitations of the Datasets

Any remote sensing method has unique limitations. Spatial resolution is an important limiting factor on
how much information any remte sensing instrument can provide. For example, Lunar Prospector gamma
ray spectrometer FeO measurements have 0.5 dpgr@ixel resolution. This correspds to square
pixels of 15x15%m. A feature smaller than the pixel size of any measurementtcharmsbudied 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, surfaffecés dominate the information gathered from
these techniques. Other techniques like gasragespectroscopy collect information from approximately
the top 30cm of the regolith. While this is still largely surficial, there is potential for these teghiqu
incorporate heterogeneity not sensed by multispectral imaging into their re3altde 7.3summarizes
measurement parameters for a variety of remote sensing techniques.
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TABLE 7.3 Summary of observational measurement parameters for differenteresmnsing techniques
(Jolliff and Ryder, 2006

Technique Spatial resolution Depth of signal Data set
Multispectral imaging ~100 m ~J1um Clementine UVVIS
Gammaray spectroscopy 50-200 km 30 cm LP GRS
Thermal neutrons 50-200 km 100 cm LP NS
Epithermalneutrons 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 surfacecorded the initial geological evolution of thlwon 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 SystenfWieleret al, 1996) Regolih forms when the lunar surface, exposed for millions of years, is
continuously struck by meteorites ranging in size from giant Hasming impactors to micrometeorites,
and charged atoim particles from the @& and the stargHeiken et al, 1991; Lucey et al., 2006)
Subsequently, goticles of asteroids, interplanetary dust, comets, terrestrial planet debris, solar wind
particles, and galactic cosmiays are implanted in surface regolfthucey, et al. 2006) Surface regolith
impacted by different pddes may then be buried byarious mechanism (McKay et al, 2009) The
implantation and burial cycle repeats itself on the upper surface regdliths, we expect to find buried
regolith between different layers of lunar materiicKay et al, 2009; Fagentset al, 2010)
Micrometeorite impact and gardening damaties present lunar surfacecordof more ancienparticles
implanted in the regolittfiCrawford et al, 2010) Conversely, regolith preserved in the deep layers has
been undisturbed sincts iformation and therefoqgreserves a recomf implanted materiabver billions of
years(McKay et al, 2009)

Particles Implanted in the Lunar Regolith
Solar wind and noble gases

The Sun releases streams of hegtergy particles, and the Moon, lacking appreciable atmosphere
andglobal magnetic field, has been trapping these patrticles for thd pdsbn years(Wieler et al, 1996)
Initial samples from the Apollo missions established the fact that lunar regolith contains a large amount of
trappedsolar wind material. Consequently, preserved regolith could contain records of the composition
and evolution of the solar atmospheneer time(Wieler et al, 1996; Levineet al, 2007) The solar wind
consists of plasm@omposed of ionized atoms thattogi nat e i n osphere. This plésa at m
represents a particle influx of 8 1% protons cnf s*, and is the main source of volatiles in the lunar
regolith (Haskin and Warren1991; Vanimaret al, 1996) The plasma of ionized atoms is composed of
~95%H, 4% He, and less than 0.5 N, O, Ne, Mg, Si, Fe, Ar, Kr, and X&laskin and Warrenl991;
Vaniman et al, 1996; McKay et al, 1991) Solar wind particles penetrate to depths of microns to
millimeters in the lunar regolith, and progressively agethemselves in the outer layers of exposed grains
(Dranet al, 1970; McKayet 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 lsigtary (Wieler and Hever2003) The major
noble gas components consist of five categoridsirst are gases in the weak lunar atmosphere, which
could potentially limit the present degassing of the Moon, suérl@s®“°Ar, and?*Rn. Secondly°Ar,
129, and ***'3°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
samplewas exposed to the solar wind hirdly, all solar wind isotopes implanted into the regolith provide
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a precious archive of solar histaryFourthly, radiogenic isotopes liK8Ar that are produceih situ can be
used for age dating. Finally, cosamay-produced isotopes lik€'Ne and®**Ar can be used to study the
exposue history of the lunar regolith

AComparing the quantity of solar wind noble gases i
the last four billion years of regolith existence could help planetary scemtiderstand the average solar
wind longt e r m (Wikler ar@ Hever2003) Geiss and Bochsler (1991) and Kerridgteal. (1991)
reported a possible intensity and composition variation of solar wind dugrggtory of the Solar System.
Explicitly, sdar wind Xe is believed to have been two to three times greater in th€Geist 1973)
Moreover, the™N/*N ratio could have increased by 15% per Gyr, which implies an increase in solar
activity (Kerridge 1975) Wieleret al. (1996) also propose@mnporal 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 themglreat
of life on Earth(Fagentset al, 2010) The accepted solar model predicts th
about 70% of its current value 4 Ga. This notion cannot explain the geomorphological evidence for liquid
water on the early Earth and MarEhe apparent higher temperatures on the early Earth and Madsbeou
explained by a young Sum few percent more massive, and consequently more lumitiars estimates
based on models that assume its present (idisigmire et al, 1995;Sackmann and Bootoyd 2003) A
number of astronomical studies., Wood et al, 2002) support this hypothesis by predicting a very
intense solar wind early in the Sunés evolution. | f
wind should be preservéadn t he Moonds regolith. However, a |l ack
hypothesis of a more massive young Sun. Finding evidence to either support or chrabheledg of the
Sunds e wadadvarceonr understanding of the evolution of altifkenstars(Woodet al, 2002)

Terrestrial atmospheric gases

Variousvolatile elements are implged into the regolith, includinyl, H, C, and the noble gasesome
have likely been implantedirectly by solar wind ionsHowever, the great abundancknitrogen and a
variation of 30% in thé°N/*N isotopic &tio suggest that some other volatiles could have come from the
Earthds at mosphere at a ti me wbametalu2005)p Evaleneet had no
recorded in samples afhcieil unar regol i th could hel p emsnagedtidc i mat e t h
field first appeareand coul d hel p us understand the origin and
field. We may use ancient regolith as a tracer of magnetic field e@woliitwe know the time when
terrestrial atmospheric compamts 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 possibleThe active gelogy of the Earth, however, restricts theeservation of these
materials (Armstron@t al, 2002) On the Moon, lack of atmospheric or hydrologic processes, as well as
lack of crustal recyclingcould 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 therhistf 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 lvery small, buit is possible that microfossils could have suedwand
might be embedded in ancient regoljirmstronget al, 2002; Crawforcet al, 2008) A more complete
meteorite record could help constrain models of lithopanspefifii@ikowsky et al, 2000; Burchell
2004) Armstronget al. (2010) suggest thaome regions on the Moanay have as much asiliiB ppm,
or 300 510 kg kn¥ of terrestrial material.

Galactic particles

Since the formation of the Solar System our Sunrhadeabout 20circuits around the Milky Way,
exposing the lunar surfate differentgalactic environmentsThree different environments have implanted
a variety of particles on the lunar surfgdalbot and Newman 197%Gies and Helsel 20Q0%rawford et
al., 2010Q. First, during spiral arm passages, the Sun encountezaeded interst&r environments,
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implying the deposition oibout 1 kg/mof interstellar duson exposed planetary surfaceSecondly, the

flux of galactic ionizing radiation could al$@ve left records on the Moon. variety of galactic processes
influence the galdiz cosmic ray flux in the inner Solar systewer different timescals, from greater than

1 Gyr to of order of 100 Myr, including aanhanced supernova rate associated pétksagehrough

galactic spiral arm&nd variations due to the oscillation of tiselar orbit abouthe plane of the galaxy.
Finally, the vertical oscillatiomabove and below thgalactic planeand passages thugh spiral arms cause
variations in the gravitational potentidiat may perturb the orbits of comets in the Oort cloud. hSuc
perturbations could periodically increase the impactor flux in the inner Solar System, and thereby increase
the cratering rate the @ orbett 1986; Clube and Napiet986; Mateset al, 1995; Stothersl998;Leitch

and Vasisht1998; Crawforcet al, 2010).

Ancient Regolith Deposits

The current lunar surface regolittas been subject to overturning by meteoninpacts for the last 4
Gyr. The recordof past Solar System processt¢ghe surfacés thusaveragd over most of Solar System
history, fristrating attempts to understaadcientplanetary solar, andgalaxy processes and events. To
study thesave must obtain welpreserved samples of regolith dating back to, @neprior to, the lunar
cataclysm Ancient regolith or preserved regolith mhg encapsulated between basalt flows, beneath
impact ejecta, or beneath pyroclastic depdsitsKay et al, 2009)and can be accessed through drilling or
by examining the walls of craters threpose such laye(sVeideret al, 2010)(Fig. 7.4).

Basalt Flows in Mare Imbrium

ol Pyroclastic Deposit in Mare Frigoris

- i

. . . - L —— : *" " Layering exposed in
High-K, High-Ti basalt . SR A - DR~ the walls of Tycho

Low-K, High-Ti basalt

Imbrium Basin ejecta

Pre-Imbrium megaregolith

LRO NAC, M144708853LE

FIGURE 7.4 Locations of encapsulated ancient regolith.

Ancient Regolith Trapping M echanisms
Basalt flows

Most exposed mare surfaces date frammout 3.8 and 3.1 Gyr, and geographically constrained
volcanism may have continued as recently as 1 Gyi(tldgsingeretal., 2003) Ancient volcanism likely
also occurred prior to 3.8 GyrAncient regolith layerdecame trapped wheroung lava flovs covered
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olderflows, preservindayers of regolith between thm. The preservedegolith layer may be dad using

the agesf the underlying anaverlying basatt as upper and lower limits Only regolith particles that
survive he thermal effects of the moltewverlying lava flow can provide significant information abthg
ancient cosmic environmentagentst al. (2010)estimated that implanted solar wind particles should be
preserved in ancient regth at depths between 3.38 cm beneath overlying lava flawith thickness
between 110 m, respectively The rate of regolith accumulation changes as a function of exgostte
age, as well as with absolute agEarly regolith formatio rates ranged from 3 to 5 mnwyk while the
present regolitfiormation rate is<1 mm/Myr (Horz et al, 1991) A single lava flow would hae to remain
exposed for-20i 200 Ma in order to aumulateenoughregolithto shieldimplanted 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 Hea®006) scatteing melt as fine droplets. Hse groclastic deposits can be
distinguished from lava flows using multispectral remote sensing techniques that can detect glass beads or
large quantitie®f titaniumrich black spheresLunar pyroclastic deposits extenger more than 2500
km?and carbe found widely dispersed on the Higids adjacent to young marié variety of pyroclastic
glass beads and fragments were found at different Apollo landing@itege and black vitrophyric beads
that formed during lava fountains of gas rich, eiscosity, FeTi-rich basaltic magmaat the Apollo 17
site, and green glasses of volcanic origin at the Apollgites Delanq [1984). Like basalt flow layers
covering ancient regolithayers of pyroclastic deposits could have encapsulated ancienthegolit

Continuous crater ejecta blankset

Impact craters are surrounded by debris ejected from the crater intgjesta depos#t are thickest at
the crater rim and thimith increasing distancgom the crater The continuous ejecta blanketar the
craier expands approximately one crater radius of the crater rim, regardless of the cratresepdsting
regolith within the ejecta blankas mixed and buriedtlfrough the procesof ballistic sedimentation), but
some buried regolith magscape additiml modification and scattering

Accessing Ancient Rgolith

Ancient regolith encapsulated between basalt flows, under pyroclastisitfemr under ejecta blankets
may be accessed byiling. Examination of the lunar cores and drive tubes from Apalionet show any
stratigraphic horizon that could provide information about the stratigraphy of the lunar relgolitbyer,
and a single core may neglect some layers, or show local stratigraphic layerg\befpatively, a trench
could provide a twalimensionalview of regolith, and access fragments of continuous layessil
mechanics suggest that the sidewall of a trencldamunain standing and intagp to 3 meters, and deeper
trenches can be produced by offsetting the wall in {tdp&ay, 2009) Impact craters excavating through
basalt flows of different ages could expose-sulface boundaries (Weidet al, 2010) Young lunar
surfaces have been less exposed to spae¢hering effectdresh craters characterized by bright rays and
rough mateal (Copernican aged craters) may better preserve the stratigragmgiehtregolith in their
walls than older crars.

Methods and Requirements

We suggest the followingarget site requirement® maximize the potentidior finding preserved
ancient egolith:

1 Near mare basalt flows of varying ages

1 Nearpyroclastic deposits

1 Near continuous ejecta blankets of craters

1 Near or in Copernicaage craters that penetrate older terrains

In order to pinpoint locations that fulfill the target site requirements/@bwe developed the following
procedure:

1. Compile surface maps of the modeled ages of mare basalts

2. Map and determinthe locationand ages of cryptomare deposits

3. Mapthe locations of pyroclastic deposits

4. Map of the locations of Copernicage craters antthe geologic units in which they reside
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5. Calculate the theoretical deptbf crater continuous ejectdlanketsto determine how deep
ancient regolith is buried
6. Correlate the empiled maps taletermine landig sites that best meet Science Goal 7a

Discussionand 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 reloléls 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 canrm determined remotely; however, ages have been modeled for
most of the surface mare basalt flows on the Moon and are preseftigd4rb. These mare basalt flows
represent regions on the Moon where regolith of a certain age may be preserved. Fla, exeagplith 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 mar€r beesddiest
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 &xis theexistingsample 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 (fatemakt 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 locatioek@sain Fig. 7.6.

Nearside Farside
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FIGURE 7.5Estimated surface ages of maesalts based on crater counting.

Nearside Farside

FIGURE 7.6Locations ofcryptomare deposits. Base map: LROC WAC mosaic

Mare basalt flow layers are a particularly appealireghad br preserving regolith becaugeboth the
underlaying and overlayinigwva flows can be sampled algrwith the regolith in betweenhe age of the
regolith and all products within will be bracketed between tladsolute ages for the lava flows.
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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 shownkig. 7.7.

Nearside Farside

FIGURE 7.7 Locations of pyroclastic deposits identified Hye Lunar Pyoclastic Volcanism Project
(http://astrogeology.usgs.gov/Projects/LunarPyroclasticVolcgni&asemap: LROC WAC mosaic.

Sites near continuous ejecta blankets of craters

Evely crater will deposit a continuous ejecta blanket of a size proportiotta size of the crater itself.
In general, the continuous ejecta blanket of a crater extends to 1 or 2 crater radii beyond(ikggim
1995; McGetchiret al, 1973) The regdth 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 theyingleelgolith 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 witist likelybe near or on a continuous ejecta blanket.
Smaller craters on poof 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 hlaiket ejecta blanket is thickest at the crater
rim and decreases withsiénce according to Equation 7.1:

[] =0. 14?(;0.74 ) (r/RC)—3.OiO.5 , (7 1)

whereliis the thickness of the ejedtéanket,R; is the radius of the complex crater, anid the distance in
meters from the point of impact.

Sites mar or in Copernicarage 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 regblican 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 ancieatrtend 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 diffieesnt
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 shownHig. 7.8.
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FIGURE 7.8Locations of Copernican age craters on the Moon. Base map: LROC WAC mosaic.

Science Goal 7a Landing Site ommendations

Figure 7.9 is a compositeap showing the modeled ages of mare basalts, the locations of cryptomaria,
and lacaions of pyroclastic depositsLanding sites in any of these locations or at Copernican age craters
penetrating more ancient terrain, as showrrign 7.10 have the potential to sample ancient preserved
regolith and satisfy Science Go#a.
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