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Abstract The Moon is an archive of impact cratering in the Solar System throughout the

past 4.5 billion years. It preserves this record better than larger, more complex planets like

the Earth, Mars and Venus, which have largely lost their ancient crusts through geological

reprocessing and hydrospheric/atmospheric weathering. Identifying the parent bodies of

impactors (i.e. asteroid bodies, comets from the Kuiper belt or the Oort Cloud) provides

geochemical and chronological constraints for models of Solar System dynamics, helping

to better inform our wider understanding of the evolution of the Solar System and the

transfer of small bodies between planets. In this review article, we discuss the evidence for

populations of impactors delivered to the Moon at different times in the past. We also

propose approaches to the identification and characterisation of meteoritic material on the

Moon in the context of future lunar exploration efforts.
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1 Background

Impact bombardment is a fundamental and ubiquitous Solar System process, involving the

collision of planetary bodies such as asteroids, icy bodies, and other interplanetary debris.

Scars of past impacts can be found on all planetary bodies and at all scales—from huge

basins hundreds of km in diameter (e.g. the *2400 km South Pole-Aitken basin on the

Moon; Neumann et al. 2005) to those on a microscopic scale (e.g. micron scale craters

found on individual lunar glass beads: see Fig. 7.8 of McKay et al. 1991). The number,

size, shape and products of these scars provide us with information about ages of planetary

surfaces, the structure and stability of planetary crusts (e.g. their thickness, thermal history,

and brittle/ductile nature) and the nature of the impactors that created them.

Constraining the temporal flux of impactor delivery helps to address key questions

about the timing of impact bombardment in the inner Solar System (e.g. Hartmann et al.

2000; NRC 2007; Norman 2009; Morbidelli et al. 2012). Knowledge of the lunar impact

record comes from both (1) surface morphology and geophysical information derived from

remote sensing missions (e.g. the number, size, and superposition relationships of basins

and craters; Wilhelms et al. 1987; Stöffler et al. 2006; Frey 2011; Fassett et al. 2012;

Neumann et al. 2015); and (2) the lunar sample collection, which provides evidence of (1)

timing of impact events from the isotopic isotopic resetting of rocks and impact melt

crystallisation events (e.g. Turner et al. 1973; Tera et al. 1974; Turner 1979; Dalrymple and

Ryder 1993, 1996; Cohen et al. 2000; Norman et al. 2006; Fernandes et al. 2013; Fischer-

Gödde and Becker 2012; Norman and Nemchin 2014), and (2) the type of bodies impacting

the lunar surface (e.g. Joy et al. 2012; Walker et al. 2015 and references cited therein).

The lunar impact record itself is often controversial with several different models of

past impact bombardment (Hartman et al. 2000; NRC 2007; Norman 2009). It is generally

agreed that after the Moon’s formation at*4.5 Ga, collision rates were immediately high,

in an interval when leftover protoplanetary disc material and planetary embryos were being

depleted through collision and inwards migration towards the Sun. This early period of

bombardment is often referred to as late accretion, where several large bodies may have

collided with the Moon (Day and Walker 2015; Barnes et al. 2016), adding their chemical

constituents to the still hot ductile lunar magma ocean.

After crust formation was complete (see Pernet-Fisher and Joy 2015 for a recent

overview) it produced a lid that likely inhibited the addition of further material to the lunar

mantle. Impact events post-crust formation were lithostatically supported, leaving scars of

impact basins (defined on the basis of geophysical measurements as impact craters that are

[200 km in diameter; Neumann et al. 2015) and smaller impact craters across the lunar

surface. The duration and magnitude of basin-formation is not well known, although must

have ceased by*3.8 Ga when the most recent lunar basin, Orientale, was formed (Stöffler

et al. 2006). Impact flux hypotheses vary from a continual decline in a primordial impactor

rate (Hartmann 1970; Neukum et al. 2001), to an enhanced late bombardment. In the latter

scenario, ideas range from a sudden spike that occurred between *3.9 and 3.8 Ga (often

known as the lunar cataclysm; Turner et al. 1973; Tera et al. 1974; Ryder 1990; Cohen

et al. 2000), to a longer period of less intense bombardment lasting from *4.2 to 3.8 Ga

(Turner 1979; Morbidelli et al. 2012). The timing and scale of these events is being tested

with renewed sample analysis using a wide range of isotopic techniques, and will greatly

benefit from future sample return mission opportunities to key stratigraphic marker basin

sites (NRC 2007).
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Petrological, geochemical, isotopic, and geologic data provides evidence for the parent-

bodies of such basin-forming impactors (e.g. Kring and Cohen 2002 and references therein;

Strom et al. 2005; Puchtel et al. 2008; Joy et al. 2012; Marchi et al. 2012; Sharp et al. 2014;

Liu et al. 2015; Walker et al. 2015), and provides critical constraints to models of the Solar

System’s dynamical environment. A wide variety of these theoretical models have

emerged since the early proposals of Wetherill (1975), and these are constantly being

developed and refined as new lunar samples and geological data becomes available. Some

ideas invoke galactic scale processes such as disruption of the Oort Cloud or Kuiper belt by

a wandering star (e.g. Mamajek et al. 2015), supernova events (e.g. Trieloff 2015; Binns

et al. 2016; Breitschwerdt et al. 2016; Wallner et al. 2016), and gravitational perturbations

associated with the Solar System crossing the galactic plane (e.g. Rampino 2015). Alter-

natively, Solar System-specific causes may have been responsible, such as the catastrophic

disruption of a large asteroid or early planetary body (Ćuk et al. 2010; Ćuk 2012). A recent

set of theories (collectively known as the ‘Nice Model’) invokes the disruption of the main

asteroid belt (Minton and Malhotra 2009, 2010) or the Kuiper belt (Koeberl 2003 and

references therein; Jørgensen et al. 2009), or some combination of the two regions (Tsi-

ganis et al. 2005), when outer Solar System gas giant planets entered mean resonance

orbits causing them to migrate (Tsiganis et al. 2005; Morbidelli et al. 2005, 2012; Gomes

et al. 2005; Bottke et al. 2007; Levison et al. 2009).

Constraining this record on the Moon is vital to understanding Earth’s early history, as

the Earth and Moon will have been subjected to bombardment by the same population of

impactors. However, the Earth has largely erased evidence of its early impact history. It is

recognised that Earth probably experienced a heavier and longer bombardment than the

Moon as a consequence of its greater size and gravitational focusing effects (Bottke et al.

2012), but the lunar record still remains central to constraining models of Earth’s impact

history (NRC 2007).

Impact bombardment after 3.5 Ga declined considerably, although smaller impact

craters pockmark geological units throughout the Eratosthenian and Copernican eras. Such

records are also preserved on Earth through the Archean, Protoerozoic and Phanerozoic

eras witnessed by the occurrence of impact spherule beds (Johnson and Melosh 2012) and

large impact structures, such as Vredefort, Sudbury, and Chicxulub. Such impact spikes

may have had considerable effects on the biologic evolution and development of our planet

(e.g. Walker et al. 1983; Ryder et al. 2000; Kring 2003; Ryder 2003).

Bombardment of the Earth-Moon system continues to the present day. For example,

evidence for recent crater forming events on Earth include the 1 km diameter Barringer

Crater *50,000 years ago, the multiple small (10 s to 183 m) impact craters at Henbury

formed*4200 years ago (Storzer and Wagner 1977), and the 45 m diameter Kamil Crater

at\5000 years ago (Folco et al. 2011): all these were formed by iron asteroid impactors. In

the last two centuries significant meteor airblast (fireball) events on Earth like Tunguska in

1908 and Chelyabinsk in 2013 have been reported, and impact cratering events have also

been witnessed on the Moon. These lunar events were recorded by the Apollo seismic

stations (Oberst and Nakamura 1991; Gudkova et al. 2011), observations of impact flashes

from Earth-based monitoring programmes (Oberst et al. 2012; Suggs et al. 2014) and

identification of newly formed impact craters in high-resolution lunar images (Suggs et al.

2014; Robinson et al. 2015). These studies have suggested that all very recent impactors to

the Earth-Moon system are associated with small (i.e., a few meters wide) 100 s of g to

10 s of kg mass impactors that produce craters in the 10 s of m diameter size range (Oberst

et al. 2012; Suggs et al. 2014).
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2 Evidence of Small Body Impactors

To fully understand the causes of impact spikes in the Earth-Moon system it is clearly

important to determine the source of projectiles. Here we distinguish between impacts that

occurred during the final stages of lunar accretion, and those that occurred after accretion

was substantially complete.

2.1 Late Accretion

After the Moon’s formation, in a time window often referred to as the late accretion, or

sometimes as the late veneer, the ‘primitive’ lunar mantle was modified by the addition of

projectiles (Day et al. 2012). The time interval has traditionally been defined as between

lunar core segregation (determined by highly siderophile elements (HSE) partitioning into

the lunar core; Dale et al. 2012; Day et al. 2016; Day and Walker 2015; Kruijer et al. 2015)

and the end of magma ocean solidification (which marks the point when the crust inhibited

the addition of significant quantities of further exogenous material to the mantle). The time

interval was dependent on the cooling rate of the Moon and is thought, on the basis of lunar

sample ages, to have lasted until *200 Myr after lunar formation (Elkins-Tanton et al.

2011).

This late accretion interval marks a period of chemical modification of the Moon’s

interior when impactors were chemically mixed into an initially hot and convecting, and

later cooling, lunar magma ocean. The amount of material accreted was dependent on the

size and number of projectiles derived from leftover planetesimal populations, and may

represent just a few very large mass impact events (Bottke et al. 2010). Such impactors

cannot have altered the Moon’s oxygen isotope budget extensively enough for it to be

different from the Earth-Moon starting composition (Young et al. 2016). The quantity and

types of impactors (e.g., Brandon et al. 2005; Walker et al. 2015), and the effectiveness of

chemical mixing in the magma ocean and possible prolonged core elemental sequestration

(e.g., Rubie et al. 2016) is under debate. However, osmium isotopes and HSE signatures of

mantle partial melts (i.e., mare basalt samples) suggest that *0.02 wt% of the Moon’s

mass could have been added in this interval from primitive (i.e. chondritic) asteroid

sourced impactors (Day and Walker 2015). These impactors could also have contributed to

the Moon’s volatile and moderately volatile element budget and isotopic signature

(McCubbin et al. 2015; Tartèse 2016) (although degassing of the magma ocean may have

contributed to some later depletion of volatile species Boyce et al. 2015; Kato et al. 2015).

Examination of the lunar rock hydrogen and nitrogen isotope records indicate that the

sources of impactors that delivered such volatiles to the lunar magma ocean were domi-

nated by water or ice-rich carbonaceous chondrite-like asteroid projectiles (Barnes et al.

2016).

2.2 Post-late Accretion Impactors

Impactors striking the lunar surface after crust formation, and the closure of the lunar

magma ocean, represent a continuous crustal accretion phase of bombardment. This time

window includes the period of a high impact flux before 3.8 Ga (the window of basin

formation), and a post-basin-formation declining rate of projectile delivery and crater

formation. Locating and analysing such impactors in order to chemically and isotopically
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identify their parent bodies should be a high priority science activity for future lunar

regolith research and exploration efforts.

2.2.1 Indirect Evidence

Chemical signatures of material accreting to the lunar crust have been identified from

budgets of HSEs and volatile elements in lunar impact rocks and soils.

HSE analyses of individual lunar basin and crater impact melt breccias of known age

imply that projectile compositions in the basin-forming epoch were similar to both

primitive asteroids (i.e. ordinary and carbonaceous chondrites) and also differentiated

asteroids (i.e. iron meteorites derived from planetary embryo cores (Kring and Cohen

2002; Norman et al. 2006; Fischer-Gödde and Becker 2012; Walker et al. 2015). Although

HSE contents and relative isotope abundances have not yet been determined for comets,

importantly, the lunar impactor types inferred by these HSE methods are compositionally

distinct from the types of primitive carbonaceous chondrites thought to be most akin to

cometary materials (i.e., the CM or CI or Tagish Lake meteorite types: Brandon et al.

2005; Liu et al. 2015). This implies that asteroid sources rather than comets or Kuiper belt

objects were the dominant source of the basin-forming projectiles (Kring and Cohen 2002;

Norman et al. 2006; Walker et al. 2015).

Lunar regolith, at the interface between the Moon and surrounding space environment

(Hörz et al. 1991; McKay et al. 1991; Lucey et al. 2006; Spray, 2016; Wieler, 2016), was

sampled by every Apollo mission (Morris et al. 1983). Immature regoliths, exposed to

space for only a few thousand to few million years, include those collected from shadowed

and permanently-shaded environments under or adjacent to boulders (for example, sample

63320 from Apollo 16 and samples 72320 and 76240 from Apollo 17). Mature lunar

regoliths exposed to space for hundreds of millions of years have had *1.6–3.4 % side-

rophile-rich material added with average CI/CM-like chondritic meteorite compositions

(Papike et al. 1991; Korotev et al. 2003; Wolf et al. 2009). This component is rarely in the

form of intact meteorite fragments (see below), but typically originates from microscale

iron particles bound up in impact melt breccias and glassy agglutinate structures, loose

metal and sulphide fragments reworked from these components, and metal-sulphide

spherules (see examples in Fig. 1). Nitrogen isotope analysis of such lunar soils and

agglutinates also supports an exogenously contributed micrometeorite (sometimes referred

to in the literature as ‘planetary’) chemical component in the lunar regolith (Hashizume

et al. 2000, 2002; Füri et al. 2012; Füri and Marty 2015). Furthermore, a cometary or

carbonaceous chondrite addition to Apollo 16 soil 61221 has been postulated by Gibson

and Moore (1973) using evidence from bulk carbon and other volatile element signatures.

Morgan et al. (1978) also used soil HSE and volatile element contents to infer that

Copernicus (0.8 Ga) was possibly formed by a primitive cometary impactor. Graphitic

carbon identified in Apollo 17 impact melt breccia 72255 has been interpreted as being

sourced from a carbonaceous-rich primitive meteorite or comet (Steele et al. 2010), and

carbon-rich coatings on the surfaces of lunar volcanic glasses have also been attributed to

exogenous implantation by a cometary or carbonaceous chondrite impactor (Thomas-

Keprta et al. 2014).

2.2.2 Direct Evidence

Fragments of exogenous contributions to the lunar regolith provide direct evidence of the

types of small bodies striking the Moon at different times through the last 3.8 billion years
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(e.g., see discussion in NRC 2007; Armstrong et al. 2002; Chapman 2002; Fries 2010; Joy

et al. 2012 and references therein).

2.2.3 Asteroids

At the present day, where the Moon is a distance of 60 Earth radii away from the Earth,

Earth-Moon crossing asteroid impactors strike the Moon with mean (model dependent)

impact velocities of between 17.4 and 19.7 km/s (Le Feuvre and Wieczorek 2011; Yue

et al. 2013). The highest probability impact velocity is of 12 km/s (Le Feuvre and

Wieczorek 2011), and 25 % of all impactors strike at velocities of\12 km/s (Yue et al.

2013). At the latter end of basin formation (*3.9–3.6 Ga) models suggest that Moon was

closer to the Earth (21–51 Earth radii away: Zharkov 2000; Suavet et al. 2013). A closer

proximity to the Earth may have enhanced lunar impactor speeds due to Earth’s gravita-

tional focusing effect (e.g. Marchi et al. 2012).

Survivability of such projectile fragments to the Moon’s surface may be possible at

these collisional velocities and associated peak shock pressure regimes. However,

preservation of impactor material will be facilitated further by relatively low (\4 km/s)

impact velocities (Crawford et al. 2008; Armstrong 2011), by oblique (\10 degrees)

impact angles where material can be spalled off the projectile during impact (Pierazzo and

Melosh 2000; Bland et al. 2008; Svetsov and Shuvalov 2015; Schultz and Crawford 2016),

and by incorporation of impactor material into central peaks formed during the crater

formation process (Yue et al. 2013). Recent laboratory experiments have also shown that

the material properties, specifically porosity, of the impactor target material further helps to

Fig. 1 Back scatter electron images of Fe-metal and sulphide components in Apollo regolith breccia

samples. a Small FeNi metal blebs bound up in a vesicular agglutinate in Apollo 16 regolith breccia 65475.

b Large FeNi metal assemblages found in a crystalline (plagioclase, pyroxene) impact melt breccia clast

extracted from regolith breccia 60016. These metal particles are often reworked from their parent melt

impact rocks, and are found as Fe–Ni fragments in the regolith sample, for example as shown in c, which is a

FeNi particle found in the matrix of regolith breccia 60255. d–e Metal-rich melt spherule bound in the

feldspathic glassy splash coat of regolith breccia 60275. The contrast has been stretched in e and f showing

structural variation with a troilite (FeS) rim and with rounded blebs of Fe (85–88 wt%) Ni (12–16 wt%)

metal (Fe) that contains P at *1 wt% level, troilite (Tr) and a P-rich schreibersitic (Sc) interstitial

groundmass (speckled phase). Images taken by K. Joy
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promote survivability of the silicate and metal impactors (Nagaoka et al. 2014; Daly and

Schultz 2016; Avdellidou et al. 2016), suggesting that regions of the lunar crust with

thicker and more porous regolith/megaregolith may better preserve surviving fragments of

projectiles.

Examples of surviving asteroidal material found in lunar regolith samples (see Fig. 2 for

images) are listed in Table 1 along with evidence for timing of their delivery.

The following debris has been recovered from lunar soils: the Apollo 12 carbonaceous

chondrite Bench Crater meteorite (Wood et al. 1971; McSween 1976; Fitzgerald and Jones

1977; Zolensky et al. 1996; Zolensky 1997; Joy et al. 2013); the Hadley Rille enstatite

chondrite meteorite (Haggerty 1972; Rubin 1997); iron meteorites found in Apollo 11

regolith samples 10084 (McKay et al. 1970) and 10085 (Quaide and Bunch 1970; Gold-

stein et al. 1970); an Ir-rich iron micrometeorite from Apollo 16 core 60014 (Jolliff et al.

1993); and a possible mesosiderite meteorite located in soil 10084 (Wood et al. 1970).

The following fragments have been found within the matrix of regolith breccia samples:

a chondritic fragment found within lunar meteorite Pecora Escarpment 02007 (Day et al.

2006; Liu et al. 2009; Joy et al. 2012) and young Apollo 16 regolith breccias (Joy et al.

2012); ultra-magnesian chondritic-silicate particles found in Apollo 16 ancient regolith

breccias (Warren and Wasson 1979; Joy et al. 2012); and a potential achondritic meteorite

fragment in lunar meteorite MacAlpine Hills 88105 (Joy et al. 2014).

Other meteorite candidate fragments with mineral chemistries dissimilar to lunar rocks

are discussed by Gross and Treiman (2010), Gross (2014), and Fagan et al. (2014). All

these fragments are very small, ranging from only a few microns to a few mm in size and

have textures that are distinct from interplanetary dust particles (Fig. 2). Larger hand

specimen-sized meteorites, such as those found on Earth (Meteoritical Bulletin database

2016) and Mars (Ashley 2015 and references therein), have not yet been located in the

Apollo, Luna or lunar meteorite sample collections.

2.2.4 Cometary Impactors

Recognition of cometary debris in the lunar regolith would require evidence of miner-

alogical, composition and isotopic similarity to previously analysed cometary particles,

such as those returned by the NASA Stardust mission to comet 81P/Wild-2 and the ter-

restrial interplanetary dust particle (IDP) collection (e.g., Rietmeijer 1998; McKeegan et al.

2006; Zolensky et al. 2006; Ishii et al. 2008; Busemann et al. 2009; Frank et al. 2014). To

date, given these constraints, no cometary silicate debris has been directly identified in

lunar regolith samples.

However, recent hydrocode modelling work by Svetsov and Shuvalov (2015) suggests

that whilst 99 % of all water is vaporised in cometary impacts, a small portion of hydrated

minerals can survive the impact event and *1.5 % of all lunar craters could potentially

contain this hydrated mineral debris. A larger fraction of comet impactors are lost from the

Moon than asteroids, because they hit at higher velocities. For example, hydrocode sim-

ulations suggest for impact angles of 45 degrees, 86 % of cometary debris escapes in an

expanding high-velocity ejecta plume, while only 42 % of asteroid debris escapes (Arte-

mieva and Shuvalov 2008). When integrated over reasonable impact velocities, 93.5 % of

comet and 83.5 % of asteroid debris entrained in the plume may have been lost (Ong et al.

2010). However, overall there is a retention factor on the order of 9 *2–4 that favours

survivability of asteroid material over cometary (Joy et al. 2012).
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Fig. 2 Reflected light and back-scatter electron images of different meteoritic fragments located in

different lunar samples. a Postulated mesosiderite fragment found in Apollo 11 soil 10084 (image after

Wood et al. 1970); b Mini-Moon: a 4 mm size melted Fe-metal meteorite fragment found in Apollo 11 soil

10085 (image after Goldstein et al. 1970); c Hadley Rille enstatite chondrite fragment coated in an

agglutinated rim, recovered from Apollo 15 soil 15602 (image after Rubin 1997). d Bench Crater meteorite

found in Apollo 12 soil 12037 (Zolensky 1997, image K. Joy). e Ultra-magnesian mafic fragment (UMMF)

located in ancient regolith breccia 60016 (image after Joy et al. 2012). f Olivine-phyric meteorite found in

young regolith breccia 60255 (image after Joy et al. 2012). g Fragment found in lunar meteorite regolith

breccia Pecora Escarpment 02007 (Day et al. 2006; image after Joy et al. 2012). h Mg-rich K-rich fragment

found in lunar meteorite regolith breccia MAC 88105 (image after Joy et al. 2014). i Ultra-magnesian mafic

fragment (UMMF) located in ancient regolith breccia 60016 (image after Joy et al. 2012). Images modified

from original sources
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2.2.5 Impactors Derived from Other Planets

To-date no meteorites derived from other planets have been definitively identified in lunar

regolith samples (Table 1). Identification and preservation of ejected planetary material

(e.g., from the early Earth during the Hadean or Archean, or Noachian Mars) could answer

outstanding questions related to the early geological, and possibly biological, evolution of

the terrestrial planets (e.g. Armstrong et al. 2002; Crawford et al. 2008; Matthewman et al.

2015).

3 Locating Projectile Debris in Lunar Samples

Locating, classifying and characterising planetary, asteroidal or cometary projectile rem-

nants in lunar regolith samples should be considered during future collection of samples

from the Moon by robotic or human explorers, by preliminary examination teams, and

during routine scientific analysis of lunar regolith samples (Fries 2010). We recommend

the following approaches for the initial identification of such exogenous material in lunar

samples:

3.1 Iron-Bearing Meteorites from Protoplanetary Cores and Primitive

Asteroid Bodies

Meteoritic metal particles are common in lunar soil samples and regolith breccias (Fig. 1)

(e.g. Goldstein and Yakowitz 1971; Wittmann and Korotev 2013), however, most have

been impact-modified from their parent bodies; for example, impactor metal (Fig. 1c–f)

has often been melted during the impact event, and then precipitated out of the melt sheets

or ejecta clouds (e.g. Blau and Goldstein 1975 and references therein; Goldstein et al.

1975; Wänke et al. 1978). Locating metal-bearing asteroid debris in bulk lunar soils could

be performed using magnetic separation techniques (e.g. Housley et al. 1972), or chemi-

cally fingerprinting large quantities of soil particles using non-destructive analytical

methods (Jolliff et al. 1993). Petrographic examination of separated metal fractions will

need to be conducted to distinguish unmodified metal-bearing impactors (Wood et al.

1970; Jolliff et al. 1993). It has been postulated that large amounts of unmodified iron-rich

metallic meteorites may survive basin-forming events, accounting for some observed

magnetic anomalies on the lunar surface (Wieczorek et al. 2012), although this is still

under debate (Cahill et al. 2014).

Identification of different iron oxidation states using Mössbauer spectroscopy of bulk

soils could be employed to locate soils bearing oxidised phases such as hematite and

magnetite (e.g. Housley et al. 1972; Morris et al. 1998). Such Fe-oxide phases are extremely

rare in lunar samples (Joy et al. 2015), but are common phases in aqueously altered (i.e.

oxidised) primitive meteorites like Bench Crater (Zolensky 1997), and may indicate that the

host regolith contains primitive asteroid or cometary (Stodolna et al. 2012) derived debris.

3.2 Silicate Fragments from Primitive and Differentiated Asteroid Bodies

and Comets

Locating silicate fragments and mineral debris is often a more labour intensive task,

involving careful high resolution in situ chemical sample mapping (Joy et al. 2011b,
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2012, 2014; Fagan et al. 2015, 2016), or more serendipitous discoveries during routine

optical microscopy (Wood et al. 1971; Haggerty 1972), spectroscopic analysis (e.g.

RAMAN or Fourier transform infrared (FTIR)), or electron microprobe chemical analysis

(Warren and Wasson 1979; Day et al. 2006) of minerals in polished petrographic sections.

Challenges remain as to being able to distinguish primitive carbonaceous chondritic

mineral debris (i.e. chondrule fragments, amoeboid olivine aggregates, matrix minerals,

amorphous silicates, carbonates) from that of surviving cometary material. Therefore,

careful electron microprobe or TEM chemical analysis (e.g. Zolensky et al. 2008; Frank

et al. 2014) and oxygen isotopic fingerprinting (e.g. Nakashima et al. 2012) on recovered

fragments is required to compare with the existing planetary materials databases (i.e.

samples returned by the NASA Stardust mission to comet 81P/Wild-2 and the IDP and

meteorite collections).

3.3 Volatile-Rich Material from Primitive Asteroids, and Comets

Locating and characterising volatile-rich or organic-phase debris sourced from comets or

primitive asteroids (Svetsov and Shuvalov 2015) will require using non-destructive

methods like RAMAN or FTIR spectroscopy that fingerprint organic molecules or phyl-

losilicates (Fries and Steele 2007) or thermally-altered remnants of such material, which

have a characteristic texture and mineralogy (Zolensky et al. 2008; Burchell et al. 2014a).

3.4 Material Derived from the Earth and Other Planets

It is hypothesised that the lunar surface may harbour material ejected from the Earth in

impact events (Gutiérrez 2002; Armstrong et al. 2002; Crawford et al. 2008; Armstrong

2011; Burchell et al. 2014b). For example, it is estimated that on average there is

*1–2 ppm of terrestrial material at the lunar surface today, however, some areas of the

surface may have higher concentrations (Armstrong 2011). As impact collision speeds

from terrestrial material are relatively low (peaking at *3 km/s; Armstrong 2011), it has

been demonstrated that terrestrial material may well survive peak shock pressures

remaining intact after impact (Crawford et al. 2008; Burchell et al. 2014b). Such con-

siderations imply the possibility that the lunar surface preserves material delivered from

the Hadean or early Archean Earth, preserving key chemical and isotopic information

about the early history of our planet and potentially even preserving remnants of fossil life

(Burchell et al. 2014b) and early biological processes (Matthewman et al. 2015). Remnants

of such early Earth geological materials might challenging to identify in regolith materials,

but could be identified from the presence of mineral or rock debris from komatiite lavas

(that were dominant in the early Earth’s crust), hydrated or oxidised minerals, sedimentary

rocks (e.g. mudstones, limestone, sandstone), and examples of continental crust (e.g.

granites bearing hydrated micaceous minerals) and their metamorphosed equivalents (e.g.

garnet schists, gneisses etc.). Isotopic or chemical fingerprinting of such material may help

to distinguish it from lunar rocks: for example, although oxygen isotope compositions of

Earth and Moon igneous rocks are very similar (Young et al. 2016 and references therein),

there are well established compositional differences between terrestrial and lunar igneous

rock-forming minerals (e.g., Fe/Mn ratios and differences in minor elements in olivine and

pyroxene phases: Papike et al. 2003; Karner et al. 2003, 2006, and alkali-elements in

plagioclase: Karner et al. 2004), which can be used to determine planetary heritage (see

discussion in Joy et al. 2014).
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As we find meteorite samples from Mars here on Earth (Gladman et al. 1996; Mete-

oritical Bulletin database 2016), impact ejecta from the martian surface could also be

plausibly found in the lunar regolith (Armstrong et al. 2002). Such samples could be

identified by key chemical, isotopic or noble gas signatures (Papike et al. 2003; Karner

et al. 2003, 2004, 2006), and/or by radiometric ages similar to the young (by lunar stan-

dards) lava flows sampled by the SNC (Shergottite-Nakhla-Chassigny) martian meteorite

groups. Moreover, as Earth’s thick atmosphere selectively inhibits more porous sedi-

mentary rock and soil-like samples from surviving entry (Brack et al. 2002), it may be that

the lunar surface preserves a better archive of martian regolith breccias and sediments.

Impact ejecta from the surface of planet Mercury are predicted to encounter the Earth-

Moon system at about half the likelihood than martian sample encounters (Gladman and

Coffey 2009). Recognition of such mercurian meteorite debris may be challenging as to

date we have no direct samples of Mercury for which to compare with (Love and Keil

1995; Vaughan and Head 2014; Weber et al. 2016). However, recent mapping efforts by

the MESSENGER spacecraft provide mineralogical and compositional constraints of the

nature of Mercury’s regolith for which to use as a basis of comparison (e.g. Nittler et al.

2011; Peplowski et al. 2015; Weider et al. 2012, 2014; Stockstill-Cahill et al. 2012;

Vaughan and Head 2014).

Meteoritic material originating from Venus is considered to be much more unlikely

given the challenges of successfully surviving the ejection event through the dense

venusian atmosphere (Gladman et al. 1996; Armstrong et al. 2002), however, it may be

possible that in the past, if Venus’s atmosphere was thinner, impact ejecta may have

escaped to be thrown onto a Earth–Moon crossing orbit resulting in delivery to the lunar

surface (see discussion in Armstrong et al. 2002; Chapman 2002).

4 Constraining Timing of Delivery

The temporal record of projectile delivery to the Moon is key for understanding the link to

causes of small body migration throughout the Solar System.

Discoveries of fragments of projectiles in ancient regoliths (formed[3.5 Ga) provide

evidence of the types of Earth-Moon-crossing impactors during the latter stages of the

basin-forming epoch, addressing key questions about early Solar System dynamics (see

Sect. 1). The archive may potentially also include terrestrial sourced meteorites, origi-

nating from the Earth during the Eoarchean and Palaeoarchean eras, coincident with the

timing of the emergence and proliferation of life on Earth (e.g. Walker et al. 1983).

Discoveries of Pre-Noachian and Noachian martian meteorites in ancient lunar regolith

(Armstrong et al. 2002) may unlock critical information about Mars’s ancient hydrosphere,

atmosphere and geological activity, leading to a greater understanding of habitability (e.g.

Beard et al. 2013; Blamey et al. 2015; Usui et al. 2015).

Younger regoliths formed\3.5 Ga provide a window to understanding the sources of

Earth-Moon-crossing impactor populations during a window of declining bombardment

rates (Joy et al. 2011a, b, 2012; Fagan et al. 2014). These younger samples potentially

provide an archive of the types of Near Earth Objects that played a role in episodic mass

extinction events here on Earth (Fagan et al. 2014, 2015, 2016) and help to better

understand the causes of such spikes (for example, the breakup of an asteroid like the

L-chondrite parent body at 500 Ma: Haack et al. 1996).
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Constraining regolith ‘ages’, and thereby shedding light on when projectiles were

delivered to the Moon, can be challenging. The different types of geological settings that

preserve temporal regolith records are discussed below, and are depicted in Fig. 3.

4.1 Soils

The types and duration of regolith space exposure can be determined by different indi-

cators. This includes the ferromagnetic resonance (FMR) maturity index (Is/FeO), which

has shown to be proportional to exposure in the top 1 mm of regolith (Morris 1976, 1978).

Is/FeO is the ratio of the intensity of the FMR resonance from submicroscopic iron (Is) to

the bulk rock FeO abundance. The maturity index is used to divide lunar samples into three

levels of increasing surface exposure: immature (Is/FeO = 0–29), submature (Is/

FeO = 30–59), and mature (Is/FeO C 60) (Morris 1976, 1978). This upper surface

exposure index correlates well with other surface exposure indicators such as the trapped
36Ar component derived from the solar wind (Fig. 4), agglutinate content and grain size.

Quantitative measures of exposure age include measuring cosmogenic nuclides pro-

duced from the interaction with target elements (e.g. O, Mg, Ca, K, Si) in the top few

meters of lunar regolith (Eugster et al. 2001 and references therein; Lorenzetti et al. 2005).

Cosmogenic noble gas isotope abundances (3He, 21Ne, 38Ar, 81Kr, 126Xe) can provide

information regarding the history of the sample during residence in the regolith, surface

maturity, and the sample’s depth of burial (i.e. shielding from cosmic rays) (Eberhardt

et al. 1976; Eugster et al. 2001; Lorenzetti et al. 2005), as concentrations of these gases in

indigenous lunar samples before cosmic ray exposure are deemed negligible.

Fig. 3 Examples of different types of Apollo regolith records. a Section of the Apollo 17 deep drill core

70002 (NASA photo S77-20158). b Apollo 16 trench soil 61222 after sieving from parent soil 61220 (NASA

photo S80-40445). c Post collection of trench soil sample 61220 from Plum crater at the Apollo 16 landing

site (NASA photo AS16-114-18410). d Regolith breccia sample 60016, which is thought to have been fused

from a soil to a rock *3.7 billion years ago (NASA photo S78-34417). e Regolith breccia sample 60275,

which is thought to have been fused from a soil to a rock*2.35 billion years ago, and covered with a dark

glassy splash coat (NASA photo S72-43223). Scale bar ticks in a, b, d and e are 1 cm. f Scoop sample

collection of shadowed Apollo 16 soil 69440 from Station 9 of the Apollo 16 landing site (NASA photo

AS16-107-17561). Adapted from Fig. 9 of Crawford et al. (2014)
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Sampling of subsurface regoliths by trenching (Fig. 3b, c, f), drive core extraction

(down to *80 cm), or drilling (Luna and Apollo mission drill cores extended down to

*2–3 m respectively; Fig. 3a) provides access to lower stratigraphic horizons. However,

as discussed by Fagan et al. (2014) the collection depth of a core/tube sample is not

necessarily correlated with regolith formation ages, due to heterogeneous vertical and

lateral mixing histories.

In summary, deciphering the surface exposure and exposure age provides an under-

standing of the history of a sample during the residence time in the upper or near surface

regolith environment. However, neither of these methods tells us when in the past the

exposure event(s) occurred. As the majority of lunar rocks have experienced complex

histories in the regolith, due to the changing influx of projectile material, this age may

Fig. 4 A comparison of noble gas and maturity literature data for Apollo soils, breccias and drill cores

showing the relationship between surface exposure (i.e. top millimeter of the lunar regolith) and cosmic ray

exposure age (i.e. top meter of the lunar regolith). a Trapped 36Ar versus Is/FeO: Trapped
36Ar (910-6

cc.STP/g) refers to the solar wind implanted 36Ar and Is/FeO is the ratio of the intensity of the FMR

resonance from submicroscopic iron (Is) to the bulk rock FeO abundance. ‘‘Drill cores’’ data represents the

[75 lm grain size fraction. ‘‘Soils Cal’’ data are calculated from noble gas values in the literature based on

a trapped-cosmogenic decomposition mixing line assuming 36Ar/38Arcos = 0.65 and 36Ar/38Artr = 5.32.

Grey dashed lines indicate the Is/FeO soil classification for an immature (0–29 units), sub-mature (30–59

units) and mature ([60 units) soil (Morris 1978). b Trapped 36Ar versus Antiquity age: antiquity age can be

determined using the 40Ar/36Artr ratio which is empirically related to the time gas became closed off from

further exposure i.e. breccia formation age. c CRE age versus Is/FeO: CRE—cosmic ray exposure age (Ma)

is the duration of space exposure, ‘‘21Ne’’ and ‘‘38Ar’’ are the CRE age as calculated from the cosmogenic
21Ne and 38Ar respectively. Grey dashed lines indicate the Is/FeO soil classification for an immature (0–29

units), sub-mature (30–59 units) and mature ([ 60 units) soil (Morris 1978). d CRE age versus Antiquity

age. Data are taken from a range of literature sources (CRE ages: Kirsten et al. 1972; Hintenberger and

Weber 1973; Bogard et al. 1974; Hintenberger et al. 1975; Eberhardt et al. 1976; Weber and Schultz 1978;

Trapped Ar data: Pepin et al. 1970, 1974; Hintenberger et al. 1970, 1974, 1975; Hintenberger and Weber

1973; Bogard et al. 1973, 1974; Bogard and Nyquist 1972, 1973; Kirsten et al. 1972; Walton et al. 1973;

Eberhardt et al. 1976; Bogard and Hirsch 1975; McKay et al. 1986, 1989; Sample Antiquity ages: Fagan

et al. 2014; Is/FeO data: Morris 1978; Morris et al. 1979; Morris and Gose 1977; Bogard et al. 1982; McKay

et al. 1986, 1989; Basu et al. 2000)
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represent several episodes of near-surface residence. Fragments of meteorites found in both

present day lunar soils and extracted from core samples potentially have been reworked

from underlying stratigraphic horizons, so determining an upper age limit of meteorite

delivery can be approximated using knowledge of the underlying geological unit age (i.e.

lava flow age, crater ejecta blanket or impact melt sheet age).

4.1.1 Regolith Breccias

Better constrained temporal records are preserved in regolith breccias collected at the

present day lunar surface. Regolith breccias are lithified samples of the regolith that have

been fused together by impact shock and thermal metamorphism (Fig. 3d, e). In effect,

they are time capsules (McKay et al. 1986, 1989; Korotev 1996; Spudis and Taylor 2009;

Crawford et al. 2007, 2009, 2010; Joy et al. 2011a, b, 2012, 2014; Fagan et al. 2014): once

they have been turned from a soil into a coherent rock they are closed to solar wind

exposure and can no longer acquire a meteoritic component. The timing of this closure

event (i.e. a lower regolith age limit) can be estimated by measuring bulk argon isotopes to

derive an argon antiquity age (McKay et al. 1986; Eugster et al. 2001; Joy et al. 2011a, b;

Fagan et al. 2014), although this approach requires further calibration using additional

samples (Wieler 2016).

In general regolith breccias, such as those collected at the Apollo 16 site, fall into two

categories: ancient ([3.5 Ga) and young (\3.5 Ga) ages determined by this antiquity

indicator (Fagan et al. 2014). Ancient regolith breccias are typically immature in regards to

surficial space exposure (McKay et al. 1986; Korotev 1996), and younger soils and

breccias display a range of maturities (McKay et al. 1989; Joy et al. 2011a, b; Fagan et al.

2014). This is linked to the changing impact flux on the Moon from large-scale megare-

golith formation during the basin-forming epoch, to the more recent periods of the less

energetic ‘‘gardening’’ process (McKay et al. 1986).

Alternatively, breccia lithification event ages can be constrained by determining the

timing of formation of splash glassy impact coats (known as splash coats) that often drape

breccias samples at the Apollo landing sites (Fig. 3e: e.g. See et al. 1986; Morris et al.

1986; Borchardt et al. 1986; Joy et al. 2015), sealing them from further regolith processes.

Like present day soils, upper age estimates on regolith age are more challenging to

constrain.

4.1.2 Palaeoregoliths

The best temporally constrained records are likely to be preserved in trapped ancient

‘palaeoregolith’ horizons found sandwiched between layers of radiometrically datable ge-

ological units. Possible examples include regolith layers trapped between discrete lava

flows (e.g. Fig. 5), between a lava flow and an overlying pyroclastic deposit, and regolith

buried by crater ejecta blankets and/or impact melt flows (Crawford et al. 2007, 2010;

McKay 2009; Fagents et al. 2010; Rumpf et al. 2013; Crawford and Joy 2014).

Some of these trapped regoliths could have been affected by thermal or physical dis-

ruption due to the emplacement of the capping layer (be it a lava flow, or hot impact ejecta

blanket). The thermal heating issue has been explored in detail by Fagents et al. (2010),

Rumpf et al. (2013) and Matthewman et al. (2015), who demonstrate conditions for sur-

vivability of volatile and organic rich material delivered from exogenous sources.

Locating and sampling palaeoregolith deposits will likely be an important objective of

future lunar exploration activities (Crawford et al. 2014; Crawford and Joy 2014).
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Fig. 5 Schematic representation of the formation of a palaeoregolith layer trapped between distinct lava

flow units that could be dated to bracket the window of regolith development and, thus, constrain the

delivery interval of any preserved projectile debris: 1 A new lava flow is emplaced and cools. 2 Impactors

immediately begin to develop a surficial regolith, where the post-basin epoch rate of gardening is estimated

to have ranged from*3 to 5 mm of new regolith per million years at*3.8 Ga to be about 1 mm/Myr from

*3.5 Ga to the present day (Hörz et al. 1991). Impactor debris, solar wind particles, galactic cosmic rays

and ‘‘exotic’’ material derived from elsewhere on the Moon (and perhaps elsewhere) are implanted. 3 The

regolith layer, with its embedded historical record, is buried by a more recent lava flow, forming a

palaeoregolith. The new lava flow may bake out some of the trapped volatiles and implanted solar wind

from the palaeoregolith layer, though degassing and associated oxidization effects (similar to those

processes described in Shearer et al. 2014; Joy et al. 2015; Treiman et al. 2016) will vary depending on the

temperature of the new lava flow and thickness of the trapped regolith horizon (Fagents et al. 2010; Rumpf

et al. 2013; Crawford et al. 2009). 4 The process begins again on the upper surface generating a younger

surficial regolith. Modified from Crawford et al. (2007). This model could also be applicable for regolith

units that are sandwiched between, or buried under, pyroclastic picritic glass bead deposits (McKay 2009) or

buried under impact ejecta blankets (with the caveat that such ejecta emplacement may also contribute to a

debris of ballistic sedimentation and mixing of the buried regolith layer) (McKay 2009)
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Identifying trapped palaeoregoliths will require using a variety of techniques to identify

suitable stratigraphic horizons (Crawford et al. 2007). Such methods include: (1) ground

penetrating radar techniques either from orbit (such as those made by the Kaguya space-

craft, e.g. Ono et al. 2009; Oshigami et al. 2009) or on rover deployed devices (such as that

on the Change’3 rover; Xiao et al. 2015; Fa et al. 2015); (2) high resolution images of

layered bedrock exposure such as those available from the Apollo missions (Swann et al.

1972) or imaged remotely via high resolution images such as those collected by the Lunar

Reconnaissance Orbiter Narrow Angle Camera (Crawford et al. 2009).

In some cases it may be possible to access palaeoregolith deposits in locations where

nature has exposed the underlying stratigraphy (e.g. Crawford et al. 2009). For example,

several layered sequences have been identified in the walls of impact craters (Fig. 6a, b:

Ashley et al. 2012; Enns and Robinson 2013; Needham et al. 2013), and volcanic lava tube

skylights (Fig. 6c, d: Ashley et al. 2012; Robinson et al. 2012) as potential targets for

further study and exploration. However, these deposits tend to occur on steep angle slopes

and would be challenging for future exploration efforts, and more accessible targets

include large blocks of layered deposits that have been dislodged from high angle slopes

collecting at the base of impact craters (Fig. 6e, f: Zanetti et al. 2011; Kickapoo Lunar

Research Team and Kramer 2013). If suitable outcrops cannot be located, accessing these

archives will then require deep drilling through overlying rock units (Crawford et al. 2007).

Although challenging technologically, drilling would result in recovery of more pristine

palaeoregolith samples than is likely to be possible from sampling outcrops at the surface.

Fig. 6 Lunar Reconnaissance Orbiter high resolution (NAC) images of sites where palaeoregoliths may be

accessible for exploration efforts at the lunar surface. a Exposed wall of Marias A impact crater located in

Oceanus Procellarum, revealing layered basalts partially covered by debris flows. b Wall of Euler impact

crater located in Mare Imbrium revealing layered basalts partially covered by debris flows. c Oblique LROC

NAC view of lunar pits with layered walls found in Mare Tranquillitatis and d Mare Ingenii. e, f Boulders

with layers (possibly discrete lava flows) found on the lunar surface within the crater Aristarchus. Scale bars

in all cases have been estimated from pixel resolution of NAC image. Adapted from Fig. 19 of Crawford

et al. (2014)
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5 Summary

The bombardment history of the inner Solar System is uniquely revealed on the Moon and

this record is critical to aid our understanding of the evolution of the terrestrial planets,

including the Earth (e.g. NRC 2007).

We have outlined here how the Moon potentially preserves an archive of the types of

small bodies that have been migrating through the Solar System through time. Identifi-

cation and characterisation of such bodies at different points in lunar history will help to

reveal the nature of planetary migration and transfer of volatiles across the Solar System.

Such information is critical for providing constraints for models of Solar System

dynamical evolution, and relationship to exo-planetary systems.

A range of different samples are available to study different temporal archives. For

example, partial melts of the lunar interior such as mare basalts provide insights to the

amount and isotopic composition of impactors delivered during the earliest part of the

Moon’s history in a period of late accretion (Day and Walker 2015; Barnes et al. 2016).

Samples of radiometrically dated impact melt breccias, which are linked to known crater or

basin forming events, provide evidence of the highly siderophile element budget of ancient

impactor species (e.g. Walker et al. 2015). Lunar regolith samples such as soils, drill cores

and regolith breccias potentially host fragments of surviving projectile debris and char-

acterisation of such material directly enables identification of parent body impactor type

(e.g. Joy et al. 2012 and references therein). Future exploration efforts that sample and

return to Earth lunar regolith samples will enable a global sampling of such extra-lunar

material.
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E. Füri, B. Marty, S.S. Assonov, Icarus 218, 220–229 (2012)

K.E. Gibson, G.W. Moore, Science 179, 69–71 (1973)

B. J. Gladman, J. Coffey, Meteorit. Planet. Sci. 44, 285–291. doi:10.1111/j.1945-5100.2009.tb00734.x

(2009)

B.J. Gladman, J.A. Burns, M. Duncan, P. Lee, H.F. Levison, Science 271(5254), 1387–1392 (1996)

J. I. Goldstein, H. Yakowitz, Abstracts of the 2nd Lunar Science Conference (1971), p. 177

J. I. Goldstein, E. P. Henderson, H. Yakowitz, in Proceedings of the Apollo 11 Lunar Science Conference

(1970), p. 499

J. I. Goldstein, H. J. Axon, S. O. Agrell, Earth Planet. Sci. Lett. 28, 217–224. doi:10.1016/0012-

821X(75)90231-9 (1975)

R.S. Gomes, H.F. Levison, A. Morbidelli, K. Tsiganis, Nature 435, 466–469 (2005)

J. Gross, 77th annual meeting of the meteoritical society, Abstract #5381 (2014)

J. Gross, A. H. Treiman, Lunar and planetary science XLI, Abstract #2180 (2010)
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F. M. McCubbin, K. E. Vander Kaaden, R. Tartèse, R. L. Klima, Y. Liu, J. Mortimer, J. J. Barnes, C.

K. Shearer, A. H. Treiman, D. J. Lawrence, S. M. Elardo, D. M. Hurley, J. W. Boyce, M. Anand, Am.

Mineral. 100, 1668–1707. doi:10.2138/am-2015-4934 (2015)

D.S. McKay, Lunar Reconnaissance Orbiter Science Targeting Meeting, Abstract #6014 (2009)

D.S. McKay, J.L. Carter, W.R. Greenwood, Science 171, 479–480 (1970)

D.S. McKay, D. D. Bogard, R. V. Morris, R. L. Korotev, P. Johnson, S. J. Wentworth, in Proceedings of the

16th Lunar and Planetary Science Conference. J. Geophys. Res. 91, D277–D303 (1986)

D.S. McKay, D. D. Bogard, R. V. Morris, R. L. Korotev, P. Johnson, S. J. Wentworth, P. Johnson, in

Proceedings of the 19th Lunar and Planetary Science Conference (1989), p. 19–41

D.S. McKay, G.Heiken, A. Basu G. Blanford, S. Simon, R. Reedy, B. M. French, J. J. Papike, The Lunar

Regolith. in Lunar sourcebook, ed. by G. Heiken, D. Vaniman, B.M. French (Cambridge University

Press, Cambridge, 1991), p. 286–356
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