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Science Concept 1: The Bombardment History of the Inner Solar 

System is Uniquely Revealed on the Moon 

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

the Moon 

 

Science Goals: 

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

basins. 

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

basin (South Pole-Aitken Basin). 

c. Establish a precise absolute chronology. 

d. Assess the recent impact flux. 

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

 

INTRODUCTION  

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

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

chronological timeline for processes that affected the entire solar system.   

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

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

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

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

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

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

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

such as the suspected event 3.8ï4.0 Ga, remain uncertain.  To evaluate models of that epoch, ages of some 

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

the oldest and largest recognizable impact basin on the Moon. 

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

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

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

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

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

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

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

SPACING IN TIME OF THE CREATION OF LUNAR BASINS  

Introduction  

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

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

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

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

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

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

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

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

be performed. 

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

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

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

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

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

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

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

 

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

numbers correspond to the basin numbers listed in Table 1.1. 

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

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

rim diameter (km)  

Transient cavity 

diameter (km) 

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

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

2 Insularum pre-Nec 9 -18 600 330 

3 Marginis pre-Nec 20 84 580 315 

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

5 Balmer pre-Nec -15 70 500 252 

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

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

8 
Al -Khwarizmi-

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

10 Australe pre-Nec -51.5 94.5 880 550 

11 Tranquillitatis pre-Nec 7 30 700 409 

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

13 Nubium pre-Nec -21 -15 690 401 

14 
Lomonosov-

Fleming 
pre-Nec 19 105 620 346 

15 Ingenii pre-Nec -34 163 315 107 

16 Poincare pre-Nec -57.5 162 325 115 

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

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

19 Smythii pre-Nec -2 87 740 443 

20 Lorentz pre-Nec 34 -97 365 146 

21 
Amundsen-

Ganswindt 
pre-Nec -81 120 335 122 

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

23 Planck pre-Nec -57.5 135.5 325 115 

24 Birkhoff pre-Nec 59 -147 325 115 

25 
Freundlich-

Sharonov 
pre-Nec 18.5 175 600 330 

26 Grimaldi pre-Nec -5 -68 440 198 

27 Apollo pre-Nec -36 -151 480 236 

28 Nectaris Nec -16 34 860 414 

29 Mendel-Rydberg Nec -50 -94 420 281 

30 Moscoviense Nec 26 147 420 189 

31 Korolev Nec -4.5 -157 440 205 

32 Mendeleev Nec 6 141 365 146 

33 Humboldtianum Nec 61 84 650 331 

34 Humorum Nec -24 -39.5 425 358 

35 Crisium Nec 17.5 58.5 740 487 

36 Serenitatis Nec 27 19 920 657 

37 Hertzsprung Nec 1.5 -128.5 570 307 

38 
Sikorsky-

Rittenhouse 
Nec -68 111 310 103 

39 Bailly Nec -67 -68 300 95 

40 Imbrium Imb 33 -18 1160 744 

41 Schrodinger Imb -75 134 320 111 

42 Orientale Imb -20 -95 930 397 

 

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

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

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

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

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

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

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

putative cataclysmic bombardment period. 

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

following criteria: 

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

specific impact basin 

2. The samples have to be exposed and easily accessible 

3. The samples have to be easily identifiable 

Three terrains of impact basins potentially fulfill those criteria: 

1. Proximal ejecta blanket containing impact melt breccia fragments 

2. Impact melt sheet filling the interior of the basin 

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

walls 

Terrain selection 

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

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

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

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

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

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

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

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

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

terrain evaluation is outlined in Table 1.2. 

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

Basin name Age Appearance Perspective terrains 

Mendel-Rydberg pre-Nectarian, 

estimated to be 

formed just 

after SPA 

Topographic 

features highly 

eroded and buried 

by younger ejecta 

depositions. 

Central melt sheet might be still preserved. 

However the thickness of megaregolith 

and mare fill has to be precisely evaluated 

in order to estimate the depth of melt sheet. 

Young small craters penetrating to desired 

depth excavate melt sheet material for 

sampling. 

Schrödinger Lower Imbrian After Orientale the 

youngest impact 

basin with well 

exposed rim 

structures and 

ejecta. 

Basin floor, melt breccia and melt ponds 

on rim structures, or alternatively the 

proximate ejecta. 

 

Proximate ejecta blanket containing impact melt breccia fragments 

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

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

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

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

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

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

1000 meters on the near side and 100ï500 meters on the far side. 

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

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

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

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

100 m (Figs. 1.3 and 1.4). 

 

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

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

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

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

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

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

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

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

 

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

Basin Age 

Thickness (km) from flooded crater 

morphology (Williams and Zuber, 

1998) 

Thickness (km) from Apollo 17 

radar sounding 

Smythii Pre-Nec 1.3  

Grimaldi Pre-Nec 3.5  

Nectaris Nec 0.8  

Humorum Nec 3.6  

Crisium Nec 2.9 1.4 

Serenitatis Nec 4.3 0.9ï1.6 

Imbrium Imb 5.2  

Orientale Imb 0.6  

Proccelarium Pre-Nec 1 0.6ï1 

 

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

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

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

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

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

areas. 

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

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

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

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

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

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

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

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

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

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

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

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

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

challenge. 

Conclusions 

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

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

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

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

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

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

 

 

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

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

Introduction  

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

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

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

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

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

Background  

 

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

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

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

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

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

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

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

mountain range stands 8ï9 km high, and is called the Leibniz Mountains (Hartman and Kuiper 1962).  

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

that the existence of a large basin was confirmed.  

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

altimetry data.  Each of the rings is marked by a 2ï4 km drop in elevation, and they are best identified in 

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

topographic ring of the SPA basin. 

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

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

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

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

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

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

age. 

 

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

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

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

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

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

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

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

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

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

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

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

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

processes. 

Impact Melt  

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

Impact Ejecta 

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

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

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

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

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

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

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

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

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

 

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

center of SPA. 


