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

a. Test the cataclysm hypothesis bytatenining the spacing in time of the creation of luna
basins

b. Anchor the early EartfMoon impact flux curve by determining the age of the oldest lun
basin (South Polditken Basin)

Establish a precise absolute chragy
d. Assess the recent impact flux.

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

INTRODUCTION

The highest science priorities in the NRC (2007) report involved the impact cratering history of the
Moon, in part because it had a dramatic effect on the Béotin system and sb because it forms the
chronological timeline for processes that affected the entire solar system.

The Apollo program provided the first glimpse of that bombardment historgvealed portions of the
Moon that were quite ancient and nearly the sageeas the solar systerithe astronauts also recovered a
large number of rocks that were involved in impact events in a narrow window of time, approximately 3.8
to 4.0 billion years ago, in an event that was described as a terminal impact cataclysm.

Thosedata indicated the Moon (and presumably the Earth and other terrestrial planets, including Mars)
suffered an early, but extended period of bombardmeéve. are, however, still working in a data poor
environment. That magnitude of that bombardment and dlbeation of potentially short interval events,
such as the suspected event 8.8 Ga, remain uncertairto evaluate models of that epoch, ages of some
of the Moonds i mmense i mpact basi n-Aitkea basin, whickid e d ,
the oldest and largest recognizable impact basin on the Moon.

The Moonprovides the best record in the solar system of the collisional evolution after the basin
forming epoch.Thus, suitable samples from a representative set of younger impact cratidsn areeded
to resolve several outstanding scientific questidhglone well, those ages can provide a calibrated impact
cratering chronology that can be applied to the other terrestrial planets.

In the following pages, each of the Scienceald within ScienceConcept 1 will be explored in
additional detail. After that foundation has been established, a series of landing site criteria will be
explored so that suitable locations for future missions can be identified.
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SCIENCE GOAL 1A: TEST THE CATACLY SM HYPOTHESIS BY DETERMINING THE
SPACING IN TIME OF THE CREATION OF LUNAR BASINS

Introduction

To test tle cataclysm hypothesis, the tempaphcing ad ages of the large impact basins on the Moon
must be determinedThe essential questiots be addresskare:

1 What is the age dheoldest and youngest impact basim the Moon?

91 How are the absolute ages of the old impact basins distributed in early lunar history
(continuous posaccretion decay of impact rate vs. sharp late heavy bombardment event)?

Crater counting dating methaavidely used on the Moon camly be used taletermine the relative age
of the surface only anid subject tdarge uncertainty.To determine the precise ageaobasinlaboratory
radioisotope dating afock samplegproduced bythe impact i(e. impact melt or impact melt breccia) must
be performed.

Thus far 43 large impact basins on the Moon have been identified (Spudls 1994; Spudis, 1993;
Wilhelms, 1987 Fig. 1.1 and Table 11). Debatecontinues(Bryne 2008) regardinghe existence of an
ancient near side megabasifihe returned lunar samples (by Apollo and Luna programs) were subject to
radioisotope dating, but are not representative for the whole lunar sul¥tr®y of them might be part of
perturbated megaregoliformed byejectaof large impact basins (Petro and Pieters, 2008; Haskin, 1998;
Haskinet al, 1998; Headet al,1993, Howardet al, 1974; Mooreet al, 1974)and canot be reliably
attributed to a specific impact event (Koro&hal, 2002).

Basin Age: pre-Nectarian Imbrian

FIGURE 11 Forty threelarge impact basins identified on tidoon by Wilhelmset al, 1987. The
numbers correspond to the basin numbers listed in Table 1.1.

TABLE 1.1 Forty thredarge impact basins identifiezh the Moon by Wilhelmst al.(1987)

Number Basin Age Lat. (°) | Long (°) rl}/ln?lcrjli:ﬁgtgerrag(rr:\(; T(;%nrileetgtr ism;y

0 South PoleAitken | pre-Nec -56 180 2600 2099
1 Tsiolkovsky-Stark | preNec -15 128 700 409
2 Insularum preNec 9 -18 600 330
3 Marginis preNec 20 84 580 315
4 Flamsted Billy preNec -7 -45 570 307
5 Balmer pre-Nec -15 70 500 252
6 WernerAiry pre-Nec -24 12 500 252
7 PingreHausen | pre-Nec -56 -82 300 95

8 A"Kmagim preNec | 1 112 590 322




9 Fecunditatis preNec -4 52 690 401
10 Australe preNec | -51.5 94.5 880 550
11 Tranquillitatis pre-Nec 7 30 700 409
12 Mutus-Vlacq pre-Nec -51 21 690 401
13 Nubium pre-Nec -21 -15 690 401
14 Lolfl‘eor:?nsg" preNec | 19 105 620 346
15 Ingenii pre-Nec -34 163 315 107
16 Poincare preNec | -57.5 162 325 115
17 KeelerHeaviside | preNec -10 162 500 252
18 CoulombSarton | preNec 52 -123 440 205
19 Smythii preNec -2 87 740 443
20 Lorentz pre-Nec 34 -97 365 146
21 AGQ:J];‘\?WSF?; preNec | -81 120 335 122
22 SchillerZucchius | pre-Nec -56 -44.5 335 122
23 Planck preNec | -57.5 135.5 325 115
24 Birkhoff pre-Nec 59 -147 325 115
25 ng‘;?g::gc preNec | 185 | 175 600 330
26 Grimaldi preNec -5 -68 440 198
27 Apollo pre-Nec -36 -151 480 236
28 Nectaris Nec -16 34 860 414
29 MendelRydberg Nec -50 -94 420 281
30 Moscoviense Nec 26 147 420 189
31 Korolev Nec -4.5 -157 440 205
32 Mendeleev Nec 6 141 365 146
33 Humboldtianum Nec 61 84 650 331
34 Humorum Nec -24 -39.5 425 358
35 Crisium Nec 17.5 58.5 740 487
36 Serenitatis Nec 27 19 920 657
37 Hertzsprung Nec 15 -128.5 570 307
38 Rsit't‘;?]rﬁ'gﬁse Nec | -68 | 111 310 103
39 Bailly Nec -67 -68 300 95
40 Imbrium Imb 33 -18 1160 744
41 Schrodinger Imb -75 134 320 111
42 Orientale Imb -20 -95 930 397

In the Apollo era,landing site selection was restrictedth® near side and low latitude€One of the
goals of the Constellation pragm was to enable Moowvide landing withousuchrestrictionsand it can be
expected that future architectures will advocate a similar goal. Thus, thevepportunity to seldca
globally-distributed set ofanding sitedased orscientific priorities.



Methodology and Requirements

Current technology does not enabtdbotic insitu dating oflunar samples witlthe precision required
Samples from selected sites must be ctdleand returned to Earih order to date precisely the beginning
and development of early lunar impact basin formation and to reveal whether these were formed during
putativecataclysmic bombardment period.

In order to maximize the probability of susséul samfing, the selected sites shoufdlfill the
following criteria:

1. The locality has to provide solid confidence that the samples collectedrecttydiinked to a
specificimpact basin

2. The samples have to be exposed and easily accessible

3. The sampls have to be easily identifiable

Three terrains afnpact basins potentially fulfill those criteria:

1. Proximalejecta blanket containing impact melt breccia fragments
2. Impact melt sheet filling the interior of the basin

3. Madification zones of dasin with depsits of the impact melt or melt ponds splashed on the
walls

Terrain selection

Terrain selection igeterminedorimarily by the relative age of the basin and distance to other basins of

younger age In generalyoung basins have well exposed rims, inegs;, and proximate ejecta composed

of melt breccia enabling relativeBasy sampling.In contrastrim structures and ejecta ofd basinsare
eroded ad covered by superposed ejesfayounger basins (forming magaregolith layer).In thesecass

the central melt sheet may providiee most reliable source of sampling materighe central melt sheet is
often buried underegolith as well and in most cases it is additionally coverednaye basaltic flows
However, as will be outlined belowpung impat events ofsufficientsize may penetrate thegolith and
mare basalt layers and expose the underlying melt sheet for sampling.

As an exampletwo impact basins (Mendé&ydberg and Schrddinger) arbe corresponding best
terrain evaluation is outlined iTable1.2.

TABLE 1.2 Terrain evaluation for Mendé€ydberg(old) and Schrodinger (youhgnpactbasins.

Basin name Age Appearance Perspective terrains

MendelRydberg

pre-Nectarian,

estimated to be

formed just
after SPA

Topographic
features highly
eroded ad buried
by younger ejecta
depositions.

Central melt sheet might be still preservg
However the thickness of megaregolith
and mare fill has to be precisely evaluatg
in order to estimate the depth of melt sh
Young small craters penetrating to desir
depth excavate melt sheet material for
sampling.

Schrédinger

Lower Imbrian

After Orientale the
youngest impact
basin with well
exposed rim
structures and
ejecta.

Basin floor, nelt breccia and melt ponds
on rim structuresor alternatively the
proximate gcta.

Proximate ejecta blanket containing impact melt breccia fragments

During a basiaforming impactpart of the genetad melt is excavated and launched frtiva crater
with other ejecta The ejectedmaterialforms a continuous proximatjecta blankenear the basimanda
discontinuous distant ejecta blanket at larger distantesge impact events may produce global ejecta



reaching even the antipoderming antipodal enriched depositklere, the ejecta meets and foranical
maximum in its thickess (Mooreet al, 1974).

The cumulative ejecta thickness of 42 largest lunar impasinb has been modeléy Petro and
Pieters, 2008Fig. 1.2). The results indicate the cumulative ejecta thickness to be on averaige 500
1000meterson the near side andQ0i 500 meterson thefar side.
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FIGURE 1.2 Lunarwide cumulative amount of ejecta from 42 lunar basisdisted in Bble1.1 (South
PoleAitken basin is not included in this figure) estimated utilizing eéfexta equations of (a) Pike (1974
and (b) Howsenet al. (1983) The area inside of the main topographic ring for each of the 42 basi
filled in black. Adapted from Petro and Pieters, 2008.

Distant ejecta impasthe surface atigh speedsatsing significant erosion andixing with the surface
material during its depositiorDue to this fact it is not reliable to search for melt fragmantistant ejecta
because the melt mixed with regolith or older ejectdeposited by precedirigipact events. According to
calculations by Petro and Piete2008, most of thelunar surface might be mixed ttepths of order 10
100m (Hgs.1.3 and1.4).
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FIGURE 1.3 Depth mixed by each of the 42 basin evdisted in Table1.1 (South Poléitken basin is
not included in this figure) ahe Apollo 16 landig site. The depth mixed by 5 evenis marked with a
dashed line. The five deepest mixing eventge, from deepest to shalloweSerenitatis, Imbrium,
Tranquillitatis, Nubium, and CrisiumAdapted from Petro and Pieters, 2008.
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FIGURE 1.4 Depth of negaregolith mixed by at least five basin events as estimated utilizing the Hc
et al. (1983) ejectanodel and & / 2 mi x i Tingarer mdide the main topographic ring for the
basins is filled in black Adapted from Petro and Pieters, 2008.

Only well-exposed proximal ejectaf young impact basins (likenbrium, Orientaleand Schrédinger)
can provide exposed and easily accessible representative material containing melt fragments suitable for
sanpling. Hecta distribution modeling and surfacestdibution and thickness measurements of Imbrium
and Orientale ejectare summarized in Haskiet al. (1998; Imbrium), Ghentt al. (2008 Orientale),
Mooreet al.(1974; Orientale), andeadet al. (1993;both basins).



Impact melt sheet filling the inter of the basin

Samples obtained direcyl from animpact melt sheet haveeveral advantagesThe location ofthe
impact melt sheet within basin provides strong confidentteat a sampleis related to the desired impact
event. The slowcooling rates ofmassive melt sheets provide sufficient time for melt degassing important
for reliable radioisotope dating. mpact melt within large basins should contain no or little brecciated
fragments of the target rbeesulting in the highest metib-bulk sample gau.

However, several difficulties exist and have todv@rcome in order to obtain a desired melt sheet
sample. Melt sheets may be covered with impact melt breccias which may or may not provide an equally
reliable sample suitable for radiometric datinglost of the large impact basins experienced subsequent
basaltic mareléoding,covering the central melt sheeddditionally, the surface afmpact basins might be
covered ad disturbed by impact ejecta from younger impact events. The thickness of rayénhyiact
ejectaincreases with the age of the impact basin and most of the clgotarian and Nectarian basins
seemto be completely buried and revkked by subsequent depositiohyounger ejecta layers.

The thickness of mare fiind overlying ejectés poorlyknown. Precise knowledge of #efactors is
essetial in determining the depth difie melt sheet layerin the pastestimats of crater fills was based on
partially flooded crater morphology studies. Additionaligdar sounding measuremedtgingthe Apollo
17 mission successfully determining the vertical structurgewéral impact basins and mari@he results
indicate the thickness of mare fill (includitige regolith layer) to be typicalla few tenths of meters ta
few kilometers Jdliff et al, 2006) and are summarized iabtilel.3.

TABLE 1.3 Basalt thickness estimates in large impact basins (compiledJidiffi et al, 2006.

Thickness (km) from flooded crats .
Basin Age morpholog(y (V)\/illiams and Zuber Thlckners;d(aljn&]:gg?ngpllo 7
1998)
Smythii PreNec 1.3
Grimaldi PreNec 35
Nectaris Nec 0.8
Humorum Nec 3.6
Crisium Nec 2.9 1.4
Serenitatis Nec 4.3 0916
Imbrium Imb 5.2
Orientale Imb 0.6
Proccelarium PreNec 1 0.61

There is, lowever, consideble spatial variability inmare thicknesslue to the uneven nature of the
basin floorand the possibility of multiple mare flowsSeveral methods arer could beavailable to
improve knowledge of the basin subsurface structure and deterthe thickness ofmare flows and
overlying megaregolith, includingrbital radar/radio sounding¢e.g, the LRS [Lunar Radio Sounding]
instrumentaboard Kaguygand robotic or humanperated Isallow refraction seismic surveys in selected
areas.

The tickness of the impact riesheet itselfis also an important measurement to makestintates
based on melt volume calculations usually predidewkm-thick layer in the central area of th@sin
thinning towards the rimMethodologies would béhe same as outlined above.

Knowledge of impact basin subsurface structure is essential for melt sheet sa@plaggthe location,
depth and thickness of the melt sheee determinedthe most promisingampling sites can be searched.
Young impact craters supenposed on the basin theheet can excavatibsurface layersThe Lunar
ImpactCraterDatabase (Losiakt al, 2009; Ohman 2031is avaluableresource in seardhg for suitably
largecraters excavating the central melt sheet of large impact basins.

Fragments of the impact ther melt ponds splashed on the walls of basin rims



During the impact process the melt is not only deposited in the form of central melt sheet, but also
trapped in the form of melt ponds or impact melt breccia on the iwalls of the basininner rings or
central peak structuréfig. 1.5). In such places the melt islatively exposedeadily accessible, although
the rim/ring and central peak structures represent areapeoihtiallydifficult topography €.g, steep and
possibly unstable slopeskm elevation differencesetc.), thus increasing safety risk and engineering
challenge.

FIGURE 1.5 Btential melt pond on thdW rim of Schrddinger basin

Conclusions

While theproximal ejecta blanket containing impact melt breccia fragmantidepositsof the impact
melt or melt ponds splashed on the walls suitable collectiorites forrelatively young, well preserved
and well exposed impact basissmplingimpact melt shestfilling basininteriors, despite being the most
challengingmethod is probablythe only option to collecand date the melt afld significantly eroded and
buried basins.Even if the central melt sheet is covered by younger units, fresh smaller impact craters may
excavate the surface to specific depth where the central lmeeilt is buried and expose it for sampling.

SCIENCE GOAL 1B: ANCHOR THE EARLY EARTH -MOON IMPACT FLUX CURVE BY
DETERMINING THE AGE OF THE OLDEST LUNAR BASIN (SOUTH POLE -AITKEN BASIN)

Introduction

In order to determine the age of the South Hdtken basin(SPA), material created or affected by the
SPA event needs to be located, sampled, and returiigatttofor radiometric datingThis material maye
in the form of impact melt or melt breccia, and may be mikevith regolith. Such materials neta be
identified and in some casdsgher resolutiororbital imagery will be needetb do so Examples of type
localities forSPA impactrelated material are presented here, but this list is by no means encompassing.

Background



The SPA basin extendsughly from the Sout Pole to Aitken crateon thelunar far side Cenered
upon 56 S, 180, with a diameter of about 2600 km (Spuetsal.1994), and on average 12 km deep (~1.5
times taller than Mt. Everest), it is the largest knowrirbas the Moon (Figl.6). The formation of large
basins is still largely not well umrdstood (as the SPA basin has no representative analog on Earth), and
better understanding of such processes will come with missions to liesiS®A

Kilometers

FIGURE 1.6Clementinetopogrghic image centeredn thecenter ofSPAbasin Dashed line indicates
interpreted main rim of the basirGray areas indicate no data. Image courtesy of NASA.

Hartman and Kuiper first speculated the presence of a large basin on the far side of the Moon in
1962 when a large mountain range was observed on the near side of the moon near the Sodthidole
mountain range stands 8 km high, and is called the Leibniz Mountaifi¢artman and Kuiper 1962).
Apollo era instruments also detected an anomaly on theider but it was not until Clementine imagery
that the existence of a large basin was confirmed.

Hiesinger and Head (2003) identified three SPA rings (and possibly four) based on Clementine
altimetry data. Each of the rings is marked byid Zm drop inelevation, andhey are best identified in
the northeastern parts of thadin (Hiesinger and Head 2003T.he Leibniz Mountains lie on the main
topographic ring of the SPA basin.

Since the SPA impact event, the basin has been subjected to billiong®bfémpact degradation,
thus making the identification of peak rings, melt sheets, and impact ejecta difficult to impossible to
identify. Although SPA is old, it has had surprisindittle modification due to volcanism, unlike the
Marefilled Procelleum terrain. Volcanic deposits occur mostly within craters and basins, and are upper
Imbrian to Eratosthenian in age (Wilhelms, 1979). SPA is home to multiple large basins, including Apollo,
MendelRydberg, Planck, Poincare, and Schrddinger, ranging fl@mmPreNectarian to Erathoseinan in
age.



The topography surrounding SPA basin is not uniform, and some authors have attributed this to a low
angle oblique impact (Schulz, 1997). This amiformity may also be due to pexisting topography
created fromargescale impacts (Hiesinger and Head 2003). Whatever the reason, the surrounding plains
are on average 6 km higher in the northeast quarter. Hiesinger and Head (2003) also outlined a possible
pre-SPA basin ring that occurs within the main ring of SPAhese structures are incredibly hard to
identify with any accuracy, but higher resolution imagery will make this an easier task.

Based on the number of ring structures and the extent to which they are slumped, it is believed that the
SPA impact event tdoplace ina sufficiently noraviscous mediadg., Heisinger and Head 2003, Spudis
al. 2008),i.e., after tre crust and mantle had cooledsome extent.

Establishing an absolute age for SR#M set a critical point on therpact Flux Curve, allow uot
better understand the bombardment history of the Moon, and understand large scale basin formation
processes.

Impact Melt

In general, impact melt can be found in a number of locations both sithéisirandexteriorto it. The
highest concentration ofripact melt will be found within the innenost ring of SPA as a melt sheet,
however the central melt sheet of SPA has been covered and reworked for billions of years. Identifying
what is SPA melt versus what is melt from subsequent impacts maysbiblpwith better imaging.There
is the possibility that SPA melt does not occur at the surface of the basin, but rather as outcrops within the
walls of deep basingverlaying SPA SPA melt may also outcrop as the cenpeédk ring of multi ring
basins, likeSchrodinger Basin The central melt sheet will be differentiated to an unknown extent, and
positive SPA identification may not occur until the sample is returned to the Earth.

Impact melt will also occur as a coating on the inner rings of the basin ftloeignature and extent of
this coating is not well described for large basins. Impact melt can also be found on the walls and rim of
the basin, but due to the age of the basin, it is unlikely that an exact lofmtisnch sampling can be
specified Urike smaller cratersind basins, which hawe veneetike coating on the rim and walls, SPA
will likely have both veneer and large massifs of pure melt occurring on the rim and walls. Identification
of veneer is possible in young craters, and may podsibBPA with higher resolution imagery.

Identification of impact melt has some level of uncertainty, but Pieteed. (2001) have identified
areas of high Fe concentration near the center of the basin, termed Olivine Hill, which they take to be SPA
melt material. Olivine Hill may also be uplifted upper mantle material, foreign deposits from a nearby
basin or crater, or an olivirgch cryptomare deposit (Pietezsal.2001).

Impact melt may alste concentrated inrg-Nectarian age areas. Wilhelms 879 identified Pre
Nectarian outcropsas seerfin Fig. 1.7. PreNectarian agareas will have a higher concentration of SPA
melt because they have not been covered with the ejecta of subsequent large basins and craters. Small,
young craters in these aseaill provide a fresh surface upon which to sample.
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FIGURE 1.7PreNectarian aged outcrops, as identified by Wiie 1979. Image is centerexh the
center of SPA.

Impact Breccia

SPA impact breccia occurs as a layer within the basin, overlying thakmelt sheet, but the depth of
this breccia is not known. This impact breccia has also been subsequently dwedeioris from other
basins, but like impact melt, it may possibly have a unique geochemical signature. It is not known if all of
the inpact breccia created by the SPA event would be melted enough to reset the age of the rock.
However, the rock would still provide valuable insight into the processes that form impact breccias.

Impact Ejecta

Because the SPA impact penetrated so deep ietartinst, it excavated rocks that are significantly
different than those that occur on the surface SB®\ ejecta presumably have a unique geochemical
signature. Petro and Peiters modeled the ejecta blanket of SPA, and determined thicknesses to be on the
100006s of mel8e Becauseaof SPAs(laFge gjze, impact ejecta can occur not only as massifs,
but also as entire mountain ranges. One such range is the Leibniz Mountains, and occurs on the rim of
SPA. Young, deep craters in the Leibniz mapase SPA affected materialyoung cratersare needed
because they will not have begled with thick ejecta from other impacts, and dempters are desired
because they would have the greatest possibility of excavating SPA melt material. Onetsuthatrfits
these criteria is Boussingualt. Although this crater has a small diameter, it is deep because a second
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