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Abstract The Moon is the only planetary body other than the Earth for which samples

have been collected in situ by humans and robotic missions and returned to Earth. Scien-

tific investigations of the first lunar samples returned by the Apollo 11 astronauts 50 years

ago transformed the way we think most planetary bodies form and evolve. Identification of

anorthositic clasts in Apollo 11 samples led to the formulation of the magma ocean concept,

and by extension the idea that the Moon experienced large-scale melting and differentiation.

This concept of magma oceans would soon be applied to other terrestrial planets and large

asteroidal bodies. Dating of basaltic fragments returned from the Moon also showed that a

relatively small planetary body could sustain volcanic activity for more than a billion years

after its formation. Finally, studies of the lunar regolith showed that in addition to contain-

ing a treasure trove of the Moon’s history, it also provided us with a rich archive of the past

4.5 billion years of evolution of the inner Solar System. Further investigations of samples

returned from the Moon over the past five decades led to many additional discoveries, but

also raised new and fundamental questions that are difficult to address with currently avail-

able samples, such as those related to the age of the Moon, duration of lunar volcanism, the
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lunar paleomagnetic field and its intensity, and the record on the Moon of the bombardment

history during the first billion years of evolution of the Solar System. In this contribution,

we review the information we currently have on some of the key science questions related

to the Moon and discuss how future sample-return missions could help address important

knowledge gaps.

Keywords Earth-Moon system · Lunar evolution · Sample-return · Solar System

1 Overview of Our Lunar Sample Collection

A total of ∼382 kg of rock and soil samples were brought back to the Earth by the Apollo

and Luna programmes between 1969 and 1976. This sample suite has advanced our scientific

understanding of the Moon in a profound manner. Over the last five decades, there are many

fundamental questions that have only been addressed through our existing lunar sample

collection. These are questions that not only have implications for our understanding of the

Earth-Moon system, but also for our understanding of the wider Solar System, such as how

planets are built and the nature of the impact flux in the inner Solar System over geological

time (e.g., National Research Council 2007). In many cases, this has been possible as a

result of the high precision and accuracy of geochemical measurements that can be made in

laboratories on Earth relative to geochemical analyses that can be achieved by rovers on the

Moon’s surface or by remote sensing instruments from lunar orbit.

Despite the many advances the lunar sample collection has enabled, the major limitation

of this collection stems from the limited areal extent of the Moon represented by the Apollo

and Luna landing sites. Remote sensing orbital spacecraft over the last two decades have

highlighted that our existing sample collections come from a compositionally anomalous

area of the Moon (Fig. 1). This was first hinted by orbital gamma-ray measurements col-

lected by the Apollo 15 and 16 service modules (Metzger et al. 1977, see also Plate 10.1 of

the Lunar Sourcebook—Heiken et al. 1991), and observed in more detail by the 1998 Lunar

Prospector and 1994 Clementine missions (Jolliff et al. 2000). This area, referred to as the

Procellarum-KREEP terrane (PKT), is enriched in incompatible elements such as potassium

(K), rare earth elements (REE), phosphorus (P), uranium (U), and thorium (Th). It also coin-

cides with the extent of the Imbrium basin continuous ejecta blanket (Fig. 1). Consequently,

without future samples from other areas such as the feldspathic highlands terrane, or the

farside South Pole-Aitken (SPA) basin, there are a number of key lunar science questions

that cannot be fully addressed (Table 1).

Attempts have been made to answer many of these questions by lunar orbiter remote

sensing missions, and lander and rovers missions. For instance, remote sensing instruments

(such as the Moon Mineralogy Mapper (Pieters et al. 2009a; Green et al. 2011)—M3—

on Chandrayaan-1 and Diviner (Paige et al. 2010a, 2010b) on the Lunar Reconnaissance

Orbiter) have geologically mapped the Moon globally in high-spatial and spectral detail.

Spectroscopic imaging has identified lithologies that are rare or absent in the Apollo or

Luna collections, such as dunites and pink spinel troctolites (e.g., Corley et al. 2018; Pieters

et al. 2011). However, M3 has a 70 m/pixel maximum resolution (Green et al. 2011) and

Diviner infrared spectrometer has an average resolution of 250 m/pixel (Paige et al. 2010a).

Therefore, each reported lithology and associated chemical features represent an average

over the entire pixel, only painting a broad-scale view of these complex geological features.

Complementary to remote-sensing datasets, rovers on the lunar surface have the po-

tential to make detailed, localised, in situ geological investigations. For instance, China’s

rover Yutu-2 (part of the Chang’E-4 mission) recently reported orthopyroxene- and olivine-
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Fig. 1 Nearside and farside of the Moon showing distribution of Th, FeO and TiO2 abundances obtained by

the Lunar Prospector Gamma Ray Spectrometer (2◦ per pixel data from Prettyman et al. 2006). Data for these

elements have been selected to µg g gw abundances of Th > 2µg g−1, FeO > 8 wt.% and TiO2 > 2 wt.%.

These data are overlain on a Clementine albedo map of the Moon in an orthographic projection. Locations of

the Apollo (A) and Luna (L) landing sites are from Wagner et al. (2017). The locations of the Imbrium basin

and South Pole-Aitken basin are also indicated

bearing lithologies within the Von Kármán crater (situated within the SPA basin; Li et al.

2019). Such a mineral assemblage, together with the geological context of this crater (i.e.

material on the Von Kármán crater floor is thought to have been excavated from 72 km

below the SPA floor; Huang et al. 2018), led Li et al. (2019) to a suggestion that these

lithologies could represent excavated mantle material. This is significant because no mantle

rocks have conclusively been identified in the Apollo or Luna collections. However, without

laboratory-based geochemical measurements of returned samples, the true provenance of

these lithologies and what they tell us about the Moon (for instance, testing predicted lunar

magma ocean crystallisation sequences) cannot be unambiguously established.
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Table 1 Major outstanding science questions that lunar sample-return missions could address. Adapted from

Pernet-Fisher et al. (2019b), based on National Research Council (2007) and Crawford and Joy (2014)

Science questions Opportunities offered by

sample-return

Sampling location

Age of the Moon Multi-system high precision

geochronology; Detailed major

and trace element geochemistry;

Noble gas geochemistry

Primary crust exposures (ideally

pure anorthosite—PAN), non

PKT

Primordial crust of the Moon:

homogeneous vs.

heterogeneous ferroan

anorthosite (FAN);

Relationship between

anorthosites and ancient

magmatic (i.e., Mg-suite) rocks

Examine petrogenesis of lunar

crustal rocks; Multi-system

geochronology; Detailed major

and trace element geochemistry

Magnesian anorthosites (MAN)

outcrops; Farside PAN

Bombardment history of the

inner Solar System

Multi-system high precision

geochronology; Detailed major

and trace element geochemistry;

Search for impactor fragments

and/or chemical signatures

Impact-melt material from major

basin-forming impacts (SPA,

Nectaris, Crisium, etc.); Key

stratigraphic marker craters

(Copernicus, Tycho); Young lava

surfaces

Lunar volcanism: timing,

nature, duration, volume,

emplacement mechanism

Examine source regions;

Multi-system geochronology;

High precision stable isotope

measurements (e.g., O); Detailed

major and trace element

geochemistry

Young lava flows; Cryptomare

lava flows (access ancient

volcanism); Mare basalt bedrock

(especially within stacked lava

flows that would be accessible in

lava pit walls); KREEP-rich basalt

flows; Pyroclastic glass bead sites

Structure and composition of

the lunar interior

Nearside vs. farside crustal

thickness dichotomy; Examine

mare basalt source regions;

Petrology; Multi-system

geochronology; Detailed major

and trace element geochemistry;

Volatile inventory of the lunar

mantle

Crustal rocks from the farside;

Deep crustal rocks and possible

mantle xenoliths from deep basins

that breached the crust

Lunar polar volatiles:

composition, physical state,

form, distribution, context

Volatile release studies; Stable

isotope measurements (H, C, N,

O, etc.); Detailed major and trace

element geochemistry

Volatile-bearing materials in

pristine condition from multiple

polar locations

Flux and composition of

ancient solar wind composition

recorded in lunar regolith

Volatile release studies; Stable

isotope measurements (H, C, N,

O, etc.); Noble gas geochemistry

Ancient paleoregolith sites;

Present day regolith; Regolith

samples from swirl regions; Core

samples

Galactic record archived in

lunar surface samples

Analysis of cosmogenic nuclides

(3He, 21Ne, 38Ar, 83Kr, 126Xe,
10Be, 36Cl); analysis of

supernova-related isotopes (e.g.,
60Fe)

Ancient paleoregolith sites;

Present day regolith at various

sites; Core samples

Lunar magnetic field and

anomalies

High-precision magnetic

measurements; Multi-system

geochronology

Ancient magmatic bedrock

(samples collected with known

orientations and from multiple

stratigraphic layers); Samples

from swirl regions
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Undoubtedly, remote sensing and rover missions have made invaluable contributions to

our understanding of the Moon by conducting a wide range of science investigations such

as identifying new lithologies, globally mapping the chemical heterogeneity of the lunar

crust, estimating gravity anomalies, and measuring surface temperature. However, there are

some important questions that can only be addressed by detailed geochemical and phys-

ical experiments on rock samples in labs on Earth. In this regard, our current best tools

for understanding the geology of the Moon outside of the nearside PKT comes from lu-

nar meteorites. Even though lunar meteorites are limited by the fact that they lack exact

geographical provenance, precise geological context, and have unknown original orienta-

tion, they have uniquely advanced our understanding of the Moon (e.g., Korotev 2005;

Joy and Arai 2013). For instance, the lunar meteorite collection contains fragments of the

youngest and oldest mare basalts reported to date (e.g., Borg et al. 2009; Snape et al. 2018a;

Curran et al. 2019). However, for this example, without known geographic and geological

context of where these samples originated on the Moon, it is hard to fully interpret how these

mare basalts fit into the wider picture of lunar volcanism.

In this chapter, we detail some of the major outstanding lunar science questions that can

only be resolved by the collection of new lunar samples from a geographically diverse set

of locations for investigation in labs on Earth (see summary in Table 1).

2 When Did the Moon Form?

2.1 Overview

The formation of the Moon is commonly linked with a catastrophic impact between the

proto-Earth and a large (potentially Mars-sized or larger) impactor (e.g., Hartmann and

Davis 1975). Given this unique relationship between the Earth and the Moon, the tim-

ing of this event represents not just a fundamental starting point for lunar evolution, but

a key stage in the early evolution of the Earth. Since the return of the first Apollo samples,

there have been numerous efforts to determine the age of the Moon (e.g., Tatsumoto 1970;

Tera and Wasserburg 1974; Tilton and Chen 1979; Carlson and Lugmair 1988), and sig-

nificant differences exist among recently published age estimates (e.g., Borg et al. 2011;

Gaffney and Borg 2014; McLeod et al. 2014; Avice and Marty 2014; Connelly and Bizzarro

2016; Barboni et al. 2017; Kruijer and Kleine 2017; Thiemens et al. 2019). These age es-

timates will often be divided into those proposing either an “old Moon” forming at around

4.5 Ga or earlier, and those advocating a “young Moon” age of <4.5 Ga.

2.2 Estimates for the Time of Lunar Formation

Because the Moon is not a primitive planetary body, and has had a complex geological

history of differentiation, impact modification and extensive volcanic activity, there is no

single rock whose age can be measured in order to obtain a direct determination for the time

of lunar formation. Nonetheless, perhaps the most straightforward approach employed for

constraining the time of the Moon’s formation has been to determine the ages of the oldest

available lunar samples. For example, Borg et al. (2011) determined an age of 4.360 ±

0.003 Ga for the FAN sample 60025, using three independent chronometers (Pb-Pb, 147Sm-
143Nd and 146Sm-142Nd). The FAN rocks are believed to represent the remnants of the ancient

lunar crust, formed as flotation cumulates in the lunar magma ocean (LMO). As such, the age

reported by Borg et al. (2011) can be interpreted as the time at which the LMO crystallised,

and by inference suggests a relatively young age for the Moon.
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An alternative approach has been to calculate model ages for the mantle sources of a

variety of lunar rock types, using different long-lived isotope systems (e.g. U-Pb, Rb-Sr,

Sm-Nd and Lu-Hf). While the rocks used in such studies (e.g., basalts formed between

∼3.1–4.0 Ga) will often have relatively young crystallisation ages compared to the FAN

sample studied by Borg et al. (2011), they will retain an initial isotopic composition from

the time at which they crystallised. If these isotopic fingerprints can be determined, it is then

possible to calculate the amount of time necessary for radiogenic ingrowth in the mantle

sources to generate the initial isotopic composition. Notably, many of these model ages for

different lunar lithologies appear to cluster around an age range similar to that of the 60025

FAN sample, as well as that of a number of other ancient lunar crustal rocks (∼4350–

4400 Ga; e.g., Lugmair and Carlson 1978; Nyquist et al. 1995; Rankenburg et al. 2006;

Brandon et al. 2009; Gaffney and Borg 2014; McLeod et al. 2014; Carlson et al. 2014;

Snape et al. 2016a). Once again, these model ages have been interpreted as marking the

final stages of LMO crystallisation, and potentially suggestive of a relatively young Moon.

By contrast, evidence for an older Moon (∼4.5 Ga) has been provided by a date of 4.417 ±

0.006 Ga obtained on a zircon grain in Apollo 17 breccia 72215 (Nemchin et al. 2009) and

by model ages calculated for zircon grains in lunar breccias based on their initial Hf isotopic

compositions and 207Pb/206Pb crystallisation ages (Taylor et al. 2009; Barboni et al. 2017).

Frustratingly, even studies looking at the same isotope system have produced different

estimates for the age of the Moon. A good example, is the 182Hf-182W system, which can

potentially provide unique insights due to the short half-life of 182Hf (ca. 9 Ma) and the

fact that Hf (lithophile) and W (siderophile) are fractioned during planetary core formation.

Therefore, if the formation of a planet’s core has occurred during the lifetime of 182Hf,

the remaining silicate fraction of the planet will develop an excess of 182W. Analyses of

lunar samples have identified a relative excess of 182W (Touboul et al. 2015; Kruijer et al.

2015) and higher Hf/W ratios (Thiemens et al. 2019) compared to terrestrial values. These

observations can be explained by radiogenic ingrowth of 182W in the bulk silicate Moon

(BSM), provided lunar differentiation occurred no later than ∼4.51 Ga (Lee et al. 1997;

Halliday and Lee 1999; Righter and Shearer 2003; Kleine et al. 2005; Thiemens et al. 2019).

Conversely, it has also been suggested that the Moon could have formed later than 4.5 Ga,

with the 182W excess in lunar samples being explained via a disproportionate accretion of

meteoritic material to the Earth-Moon system during the so-called “late veneer” (Touboul

et al. 2015; Kruijer et al. 2015; Kruijer and Kleine 2017).

A number of studies looking at terrestrial rocks have also provided constraints for the

timing of the Moon’s formation. For example, Avice and Marty (2014) used I-Pu-Xe isotope

systematics to determine an age for the Earth’s atmosphere of 40+20
−10 Ma after Solar System

formation, which they suggest might provide a lower limit for the timing of the last giant

impact event that could have formed the Moon (i.e. the giant impact occurred prior to ca. 40

Ma after Solar System formation). Meanwhile, a much younger estimate for the Moon’s age

was derived by Connelly and Bizzarro (2016). Based on the assumption that the bulk silicate

Earth (BSE) originally had a much lower 238U/204Pb ratio (µ-value) than it does today and

that the subsequent increase was the result of Pb loss during the giant impact, the authors

calculated that this event must have occurred between 4.426–4.417 Ga, in order to explain

modern day BSE Pb isotopic compositions.

2.3 How Can New Lunar Samples Help Address This Issue?

The lack of agreement with regard to the time of lunar formation is primarily due to different

assumptions that have been made in calculating various ages (e.g., the duration of different
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stages of planetary differentiation, the occurrence and effect of a late veneer), and how these

ages are interpreted (e.g., are they representative of global processes and can they be tied to

the LMO model?). It is quite possible that new samples will not completely resolve these

uncertainties. Furthermore, they will almost certainly raise new questions. However, a wider

range of lunar samples has the potential to address a number of key questions that have arisen

from previous studies.

Determining ages for the oldest fragments of the lunar crust is particularly challenging,

partly due to the age of these samples and the fact that they have been subjected to more

than 4 billion years of impact modification. Furthermore, the Apollo samples were all col-

lected from locations on the nearside of the Moon and near to, and in some cases within,

the geochemically anomalous PKT region (Fig. 1). Even the Apollo 16 landing site, which

provided many of the known FAN samples (such as 60025), is likely not representative of

“typical” lunar highlands as it has a fairly elevated KREEP component (e.g., Korotev et al.

2003). Therefore, returning samples from more representative regions of the lunar high-

lands, particularly on the lunar farside well away from the PKT, will provide a better chance

to determine ages for the most ancient crustal lithologies on the Moon.

One of the most striking features about the model ages derived from the Apollo samples

is the preponderance of ∼4.35–4.4 Ga ages. If similar model ages are derived from samples

collected from a wider range of locations (particularly on the lunar farside), it would provide

much stronger support for the age representing final crystallisation stages of a global LMO.

This would suggest either that the Moon is significantly younger than 4.5 Ga, or that the

LMO cooled more slowly than most models predict (Elkins-Tanton et al. 2011). If, on the

other hand, samples returned from the lunar farside indicate that the ∼4.35–4.4 Ga model

ages are an artefact of the lunar nearside or the PKT, it would support the suggestion that

previous model ages represent a later large-scale (but not global) resetting of isotope sys-

tems. A potential cause of this event could be a particularly large impact event, such as the

one previously suggested to have generated the hypothetical “Procellarum basin” (Cadogan

1974). Remote sensing data have failed to detect the typical gravity anomaly associated with

impact basins around the Oceanus Procellarum (Andrews-Hanna et al. 2014). Nevertheless,

such a large impact event would not only provide a way to explain observed asymmetries

between the lunar nearside and farside (Zhu et al. 2019), but could also provide explanation

for the ∼4.35–4.4 Ga model ages.

A key goal for future sample-return missions is to investigate predicted exposures of ma-

terial derived from the lunar mantle, particularly in the SPA basin (Yamamoto et al. 2010;

Melosh et al. 2017). Our current understanding of the lunar mantle and its composition is

based on inferences from samples such as the lunar mare basalts. While it is generally agreed

that these rocks have their origins in partial melts of mantle cumulates, they are not a direct

representation of the lunar mantle. Having more direct determinations of lunar mantle com-

positions, particularly regarding the isotopic systematics of mantle material, could address a

number of uncertainties associated with models discussed above, which rely on assumptions

regarding the nature of the lunar mantle and the BSM.

In case of the Sm-Nd and Lu-Hf model ages described above, an important constraint

is whether or not the mantle sources of the Apollo samples evolved from a BSM with a

chondritic composition. The 182Hf-182W studies used to constrain the Moon’s age rely on

estimates for the ratio of Hf/W in the early BSM (Kruijer and Kleine 2017; Thiemens et al.

2019). Similarly, although recent studies of lunar basalts have made it possible to construct

a multistage model of Pb isotopic evolution in the Moon (Snape et al. 2016a), using this

model to determine the age of the Moon would require a better understanding of the BSM
238U/204Pb ratio (known as the µ-value) during the Moon’s early differentiation. If lunar
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mantle material indicated that the BSM had very high µ-values (>1000), it would argue

strongly in favour of a young Moon (<4.5 Ga), while evidence for lower BSM µ-values

more typical of those determined for many mare basalt sources (<500), would imply that

the Moon is old (∼4.5 Ga) (Snape et al. 2016a).

3 Petrology and Formation History of the Lunar Anorthositic Crust

As a geologically ancient surface, the Moon can inform us about both its own early history

and more generally about the expected evolution of the terrestrial planets. The first reports of

anorthite-rich lithologies in samples returned from the Apollo missions led to a very simple

view of the evolution of the Moon crystallising from a LMO (Wood et al. 1970). In this

model, the first minerals to solidify, olivine followed by pyroxene, sank downwards to make

a mafic Mg-rich mantle. After solidification of ∼75–80% of the LMO, plagioclase began to

crystallise (e.g., Snyder et al. 1992). Being less dense than the melt, it rose to form a crust on

the lunar surface, bringing with it co-crystallising Fe-bearing mafic minerals. The relative

homogeneity of the anorthite composition (An94–98) in Apollo FAN samples supports the

LMO model (see discussion in Gross and Joy 2016, and references therein).

Evidence for formation of the different silicate layers in planetary bodies from a magma

ocean is most obvious for the Moon, but a fully molten state may be a ubiquitous stage in

the evolution of planetary sized bodies and learning about the LMO has implications for

planetary evolution more generally. The howardite, eucrite and diogenite (HED) meteorites,

thought to originate from asteroid 4-Vesta (e.g., McCord et al. 1970; McSween et al. 2013),

have genetic similarities to each other that may be explained by formation from a magma

ocean (Righter and Drake 1997). This is likely to be replicated in many large rocky asteroids

(McCoy et al. 2006). Mars may also have had a magma ocean, although the wide variety of

mineral compositions observed in martian meteorites requires a post-magma ocean period

of considerable overturn, mixing and reprocessing (Elkins-Tanton et al. 2003).

The Earth’s structure and composition is also consistent with it having a magma ocean

stage (Righter et al. 1997). A recent model suggests that the Earth may have been partially

molten when it was impacted by a large impactor to produce the Moon. Its molten state may

have enabled most of the lunar material to have originated from the Earth rather than from

the impactor (Hosono et al. 2019). Thus, magma oceans can have critical implications for

how bodies evolve and indeed, how the Moon itself formed.

The study of lunar meteorites, which originate from random locations on the lunar sur-

face, and the comparison of these meteorites to returned Apollo samples, have increased our

understanding of crustal heterogeneities and, therefore, of the evolution of the LMO. Most

lunar anorthositic meteorites have compositions clearly different from those of the majority

of returned Apollo samples in both major and trace element compositions, leading to recent

questions about the lunar magma ocean evolution. In terms of major element composition,

around 80% of lunar meteorites are significantly more magnesian (and named MAN for

magnesian anorthosites) than Apollo FAN samples (Gross et al. 2014). Gross et al. (2014)

interpreted this as an indication that much of the lunar crust cannot be the product of a pri-

mary magma ocean, in which more ferroan compositions are expected, but likely formed

from complex multiple melting events. Trace element analyses of lunar meteorite miner-

als show a similar picture of complexity. Anorthite in lunar meteorites differs from that in

Apollo samples in REE abundances that cannot be explained by crystallisation from a single

magma composition (Russell et al. 2014). More recently, FAN clasts in Apollo 15 and 16

samples have been demonstrated to exhibit wide variations in REE abundances that overlap
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Fig. 2 CI chondrite-normalised

(CI chondrite REE abundances

from Barrat et al. 2012) Eu/Sm

vs. Na abundance in lunar

plagioclase from Apollo 15 and

16 hand samples and clasts in

breccias (after Joy 2013;

Pernet-Fisher et al. 2019a),

feldspathic lunar meteorites

(from Cahill et al. 2004;

Treiman et al. 2010;

Joy et al. 2011a;

Russell et al. 2014), and Apollo

Mg-suite and high alkali-suite

samples (from Papike et al. 1996;

Shervais and McGee 1998, 1999)

those observed in lunar meteorites, and which cannot be explained by fractional crystallisa-

tion from a single source (Pernet-Fisher et al. 2019a) (Fig. 2). The Nd isotope compositions

of lunar meteorites and FAN samples likewise suggest that their parent magmas vary in REE

abundances, sometimes being enriched in HREE and sometimes in LREE, whereas accord-

ing to the LMO model the residual melt should always trend towards LREE enrichment, as

observed in KREEP samples (Nyquist et al. 2010).

All these recent results acquired on lunar meteorites and clasts within Apollo suite sam-

ples require a more complex geological history than that provided by simple LMO solidifi-

cation models. While the Moon is indeed likely to have experienced a magma ocean stage,

it seems unlikely that the majority of the lunar surface is comprised mostly of unmodified

primordial crust formed about 4.5 billion years ago. Sample-return missions at selected lo-

cations could help answer some outstanding questions about the degree of remelting of the

lunar crust post-LMO. In order to understand this very early history of the Moon, we re-

quire more samples from a variety of lunar locations. The far side of the Moon may be

more magnesium-rich than the nearside FAN lithologies (Arai et al. 2008; Ohtake et al.

2012) and, therefore, some anorthosite outcrops from these terrains (Ohtake et al. 2009;

Donaldson Hanna et al. 2014; Yamamoto et al. 2015; Lemelin et al. 2015) may be a good

focus for a sample-return landing site. Returning samples from anorthosite areas from re-

gions remote from Apollo and Luna landing sites will enable investigating these outstanding

issues related to the LMO formation, crystallisation, and the subsequent lunar igneous evo-

lution.

4 The Bombardment History of the Inner Solar System

Impact bombardment is one of the main geological processes affecting all bodies through-

out the Solar System. Because it is not affected by geological reprocessing and hydro-

spheric/atmospheric weathering, the Moon has preserved a near complete record of the in-

ner Solar System impact history since its formation (e.g., Joy et al. 2016 and references

therein) around 4.5 billion years ago (see Sect. 2: When did the Moon form?). The traces

left on the Moon by impact bombardment range in size from several thousands of kilometres
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across (e.g., ∼ 2000 × 2400 km for the SPA basin; Garrick-Bethell and Zuber 2009) down

to micron-sized crater pits observed on pyroclastic glass beads (e.g., McKay et al. 1991).

Deciphering the lunar bombardment record can provide crucial information on (i) the sec-

ular evolution of bombardment in the inner Solar System, and (ii) the source of material

involved and possible changes of impactor types through time.

4.1 Timing of Lunar Bombardment

Constraining the temporal evolution of impactor delivery to the Moon is one of the top pri-

orities of research in Solar System science (e.g., National Research Council 2007). This

is because the lunar cratering chronology anchors the cratering chronology of all other

inner Solar System bodies, and is used to derive crater count model ages for geological

units at their surface. Surface observations and gravity data enable deciphering the rel-

ative ages of the different lunar basins and craters compared to one another (e.g., Shoe-

maker and Hackman 1962; Hartmann and Wood 1971; Wilhelms 1987; Stöffler et al. 2006;

Fassett et al. 2012; Neumann et al. 2015). However, only samples can provide absolute

age constraints derived from precise analysis of parent-daughter radiometric chronome-

ters (e.g., Turner 1970a, 1970b; Tera et al. 1974; Cohen et al. 2000; Norman et al. 2006;

Fernandes et al. 2013; Snape et al. 2016a).

The temporal evolution of the flux of impactors to the Moon for its first billion years

of evolution is still highly controversial (see Bottke and Norman 2017; Morbidelli et al.

2018 for recent reviews). It is generally believed that immediately after the formation of

the Moon the impact flux was high and dominated by leftovers from the planetary accretion

epoch, a time period commonly referred to as ‘late accretion’ during which impactors may

have imprinted their chemical signatures into the crystallising LMO (e.g., Walker 2009;

Day and Walker 2015; Barnes et al. 2016). Once the crust was formed and the LMO fully

solidified, it is unlikely that any extraneous sources could have been added and efficiently

mixed into the lunar mantle. The Moon then suffered an intense period of bombardment, as

recorded by ca. 30–40 impact basins larger than 300 km in diameter scattered at its surface

(Fig. 3 and Table 2) (e.g., Fassett et al. 2012; Neumann et al. 2015). However, the formation

ages of most of these basins are not precisely known. The SPA basin is probably the oldest—

crater counting studies and 40Ar/39Ar data obtained on samples that are postulated to have

originated from SPA, based on their formation depth for example, have tentatively dated

formation of SPA at ca. 4.25–4.3 Ga (e.g., Hiesinger et al. 2012; Fernandes et al. 2013;

Garrick-Bethell and Miljković 2018). Orientale is probably the youngest basin but its age is

indirectly constrained at ca. 3.9–3.7 Ga (e.g., Stöffler et al. 2006; Whitten et al. 2011). The

Imbrium basin is one of the youngest basins, and its age has recently been proposed to be

3.926 ± 0.002 Ga based on U-Pb dating of zircon in an Apollo 12 impact melt breccia and

in lunar meteorite Sayh al Uhaymir 169, and of phosphates in four Apollo 14 impact melt

breccias (e.g., Snape et al. 2016b). About 30 impact basins larger than 300 km in diameter

are proposed to have formed over a time window of ∼350–400 million years between the

formation of SPA and Imbrium (see Table 2).

Whether impact events during this basin-forming period largely occurred as a cata-

clysmic spike at ca. 3.9 Ga ago (e.g., Tera et al. 1974; Ryder 1990; Cohen et al. 2000;

Marchi et al. 2012) or decayed monotonically after the end of planetary accretion from

∼4.3–4.2 Ga until ∼3.9–3.8 Ga ago (e.g., Hartmann 1970; Neukum et al. 2001; Morbidelli

et al. 2012; Werner 2014; Morbidelli et al. 2018), or even after (e.g., Fernandes et al. 2013;

Zellner 2017), remains highly debated. One of the explanations for the apparent concen-

tration of chronometric dates at ca. 3.9 Ga links it to a bias in largely sampling Imbrium
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Fig. 3 Bouguer anomaly map of the Moon showing the location of large mass concentrations under impact

basins (from Neumann et al. 2015). Bouguer-corrected GRAIL gravity anomaly in Mollweide equal-area

projection centred on the nearside at 7°E longitude

ejecta in the Apollo sample collection (Fig. 1) (e.g., Haskin 1998; Spudis et al. 2011;

Fernandes et al. 2013; Zellner 2017).

4.2 Sources of Impactors

The lunar record contains direct and indirect evidence that projectiles have hit the Moon

throughout its history (see Joy et al. 2016 for a recent review). During the ‘late accretion’

window, a time period of up to around 200 million years between the segregation of the lunar

core and the end of the LMO crystallisation (e.g., Elkins-Tanton et al. 2011), impactors may

have been efficiently mixed into the lunar mantle and modified its chemical composition.

We only have indirect, chemical and isotopic, evidence to estimate the flux and sources

of impactors during this early period. The highly siderophile element (HSE) abundances

and Os isotope signatures of mare basalts suggest that ca. 0.02 wt.% of the mass of the

Moon has been added by chondritic impactors during late accretion (e.g., Day et al. 2007;

Day and Walker 2015). These chondritic projectiles may have also delivered the bulk of the

indigenous lunar H and N budgets (Barnes et al. 2016).

Projectiles continued hitting the Moon after crystallisation of the LMO and formation

of a thick anorthosite crust. Volatile elements (H, C, N, S) and HSE abundances and iso-

topic compositions of lunar regolith and impact-melt samples provide indirect evidence for

the types of impactors involved. Analysis of Apollo 14, 15, 16 and 17 samples show a

broadly linear correlation between HSE/Ir and 187Os/188Os signatures (Puchtel et al. 2008;

Fischer-Gödde and Becker 2012; Sharp et al. 2014; Liu et al. 2015; Gleißner and Becker

2017), reflecting the addition of chondritic and non-chondritic components to the lunar crust,

the non-chondritic component HSE composition resembling that of iron meteorites, and con-

tributing up to ∼30 wt.% HSE in the most fractionated Apollo 16 impact-melt samples (e.g.,

Gleißner and Becker 2017). Siderophile element abundances in mature regolith samples that

have been exposed at the lunar surface for hundreds of millions of years suggest the addition

of ca. 1–3 wt.% of a CI chondrite-like micrometeorite component (e.g., Keays et al. 1970;
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Table 2 Sequence of lunar basins with diameters greater than 300 km (after Fassett et al. 2012). Basins

in brackets are those whose diameters and/or stratigraphic relationships are uncertain because of observa-

tional challenges. Main ring and Bouguer anomaly diameters are from Neumann et al. (2015); ring diameters

italicised are probable/possible

Name Period Main ring

diameter

(km)

Bouguer

anomaly

diameter (km)

Superposition

relationships

South Pole-Aitken Pre-Nectarian 2400 no basin older

Coulomb-Sarton Pre-Nectarian 672 330 ± 18 > Birkhoff

Dirichlet-Jackson Pre-Nectarian 452 220 > Korolev

Cruger-Sirsalis Pre-Nectarian 430 268

Smythii Pre-Nectarian 878 438 ± 62 > Crisium

[Schiller-Zucchius] Pre-Nectarian 361 210

[Amundsen-Ganswindt] Pre-Nectarian 378 170 > Schrödinger

Nubium Pre-Nectarian 690 416 > Humorum

[Poincaré] Pre-Nectarian 312 188

Lorentz Pre-Nectarian 351 156

[Fitzgerald-Jackson] Pre-Nectarian 600 334 > Freundlich-Sharonov

[Birkhoff] Pre-Nectarian 334 130

[Ingenii] Pre-Nectarian 342 154

[Serenitatis] Pre-Nectarian? 923 556 ± 64 > Nectaris (?)

Apollo Pre-Nectarian/Nectarian 492 264 > Korolev, Hertzsprung

Freundlich-Sharonov Pre-Nectarian/Nectarian 582 318 > Moscoviense

Nectaris Start of Nectarian 885 440 ± 61

Korolev Nectarian/Pre-Nectarian 417 202 > Hertzsprung (?)

[Mendeleev] Nectarian/Pre-Nectarian 331 156

Hertzsprung Nectarian/Pre-Nectarian 571 254 ± 38

[Grimaldi] Nectarian/Pre-Nectarian 460 220 > Mendel-Rydberg

Mendel-Rydberg Nectarian/Pre-Nectarian 650 328 ± 26

[Planck] Nectarian/Pre-Nectarian 321 128 > Schrödinger

Moscoviense Nectarian 421

Crisium Nectarian 1076 498 ± 31 > Humboldtianum

Humorum Nectarian 816 360 ± 21

Humboldtianum Nectarian 618 312 ± 27

Imbrium Start of Imbrian 1321 684 ± 45

Schrödinger Imbrian 326 154

Orientale (no buff.) Imbrian 937 436 ± 20

Morgan et al. 1972; Korotev et al. 2003; Wolf et al. 2009) often present in the form of

micrometre-sized metallic particles, with, on average, about 70% of the total metallic iron

content of lunar soils being derived from micrometeorite impactors (Morris 1980).

The lunar regolith also contains relict fragments of various types of projectiles. These

are dominated by asteroidal materials, ranging from enstatite chondrite-like to carbonaceous

chondrites and iron meteorites (see Joy et al. 2016 for a full list of recovered meteoritic de-

bris). To date no cometary fragments have been positively identified in lunar regolith sam-

ples, although there are suggestions that some lunar regolith samples have volatile element
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signatures consistent with an added cometary component (Gibson and Moore 1973). Finally,

a recent investigation of a ca. 4.0 billion year old clast from Apollo 14 breccia 14321 sug-

gests that it formed at oxygen fugacity and pressure conditions incompatible with a lunar

crustal environment, potentially representing the first positive identification of a terrestrial

meteorite in the lunar regolith (Bellucci et al. 2019).

4.3 Outstanding Questions and the Potential of Future Sample-Return

4.3.1 Determining the Magnitude and Duration of the Basin-Forming Period

To test the magnitude and duration of the postulated late heavy bombardment, we need sam-

ples to be collected and returned to Earth for analysis in our laboratories collected from

one, or ideally several, of the older, pre-Nectarian lunar basins. Accessing samples will

require careful assessment of site geology and sampling of specific targets to provide well-

understood geological context (Norman 2009; Pernet-Fisher et al. 2019b). Site selection ide-

ally needs to consider (i) accessing basins of different ages to test different key stratigraphic

markers throughout the early bombardment interval, and (ii) where possible collecting mate-

rial directly from impact melt deposits, or reworked impact melt deposits to be able to access

material formed within the basin event rather than re-processed by later superimposed im-

pact events. Key periods, with targets providing opportunities for sampling multi-ring basin

targets, include:

– Pre-Nectarian age: The SPA basin, on the lunar farside, which is the largest (>2000 km

diameter) and oldest preserved basin on the Moon (Wilhelms 1987). The formation age

of SPA is unknown from direct geological sampling. However, it is inferred from crater

size-frequency distribution (CSFD) age models to be >4 Ga, with estimates ranging from

∼4.25 Ga to ≤4.33 Ga (Hiesinger et al. 2012; Morbidelli et al. 2012; Fernandes et al.

2013; Marchi et al. 2013; Garrick-Bethell and Miljković 2018). Anchoring the age of

SPA will constrain the onset of bombardment (Jolliff et al. 2017) after the lunar crust

formed and had the material strength to be able to retain a large basin structure (Conrad

et al. 2018).

– Pre-Nectarian or Nectarian age: The Serenitatis basin (∼900 km diameter), for which

there is significant debate whether it is an older Pre-Nectarian basin, or a Nectarian basin

younger than Nectaris and only just older than Imbrium at ca. 3.93 Ga (Spudis et al. 2011;

Fassett et al. 2012). This debate is important as the lunar sample community is currently

challenged about how to interpret the ages of samples collected from the North and South

Massif at the Apollo 17 landing site, and notably if these samples represent Imbrium,

Nectaris or Serenitatis ejecta (e.g., Hurwitz and Kring 2016; Thiessen et al. 2017).

– Nectarian age: The Nectaris basin (∼900 km diameter) is a key stratigraphic marker

that gives its name to the Nectarian period (Stuart-Alexander and Wilhelms 1975). It

has been postulated that Nectarian ejecta was sampled at the Apollo 16 landing site

at North Ray Crater, with basin age estimates ranging from 3.9 Ga to 4.2 Ga (e.g.,

Fischer-Gödde and Becker 2011, 2012). Collecting various impact melt samples from

this nearside highlands site (e.g., Norman 2009; Cohen et al. 2016) is of key inter-

est for potentially determining the timing of formation of about ten basins formed

between Nectaris and Imbrium (Table 2). This would provide crucial constraints on

whether the putative late heavy bombardment was a true cataclysm (Ryder 1990), fol-

lowed a longer duration, less intense, ‘sawtooth’ model (e.g., Turner 1979; Morbidelli

et al. 2012), or consisted in a monotonic decline over time (e.g., Hartmann 1970;

Neukum et al. 2001; Morbidelli et al. 2018).
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Fig. 4 Examples of different lunar crater chronology calibration curves and the Apollo sample age calibra-

tion points used (redrawn after Le Feuvre and Wieczorek 2011). Note that (4) Copernicus and (3) Tycho are

from indirect sampling at the Apollo 12 and Apollo 17 landing sites, respectively

4.3.2 Anchoring the Lunar Cratering Chronology

Samples collected from known locations on the Moon, and in particular the mare basalts,

have made it possible with CSFDs to quantify the relationship between the age of a geologic

unit on a planetary surface and the density of impact craters on that surface (Fig. 4) (Neukum

et al. 2001; Stöffler and Ryder 2001; Robbins 2014; Fassett 2016). Returning and dating any

new samples that can be confidently linked with particular locations and geologic units on

the Moon would provide valuable new data-points for future cratering chronology studies.

The importance of this development extends beyond just understanding the impact history of

the Moon, since the lunar cratering chronology model is commonly extrapolated to studies

of other terrestrial planets (Neukum et al. 2001; Marchi et al. 2009).

The current plans for the China National Space Administration (CNSA) Chang’E-5 mis-

sion, planned for late 2019—early 2020, involve returning samples from the Mons Rümker

region in northern Oceanus Procellarum (Qian et al. 2018; Zhao et al. 2017), with poten-

tial target landing sites close to the young (∼1.2–1.5 Ga) basalt flows identified in previous

remote sensing studies (Hiesinger et al. 2003; Stadermann et al. 2018). Likewise there are

NASA mission proposals to sample ca. 1 Ga-old lava flows adjacent to the Aristarchus re-

gion of the nearside of the Moon (Draper et al. 2019). Given that current lunar crater chronol-

ogy studies still rely predominantly on samples with ages between 3.0–4.0 Ga (Fig. 4), sam-

ples from these young basalt flows would be immensely valuable, helping to calibrate parts

of the lunar cratering curve more relevant to Mars and Venus surface geological processes.

Similarly, as meteorite bombardment is thought to have been so much more intense during

the first billion years of solar system history, returning samples from any exposed basaltic

flows older than 4.0 Ga would place better constraints at the other end of the timescale.

4.3.3 Secular Evolution of Types of Projectiles Hitting the Moon

A thorough investigation of potential changes in the origin(s) of projectiles hitting the Moon

requires precise age constraints on (i) impact-melt lithologies in which chemical and iso-

topic signatures of impactors are measured, and of (ii) regolith and soil samples from which
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projectile fragments are recovered. Projectiles in regolith samples >3.5 Ga-old could, for

example, contain ancient terrestrial and martian crustal fragments that would be key for

tackling questions linked with habitability of terrestrial planets and the origin of life on

Earth (Armstrong et al. 2002; Crawford et al. 2008; Armstrong 2010; Bellucci et al. 2019).

There are different proxies for determining the duration of exposure of regolith samples

to the space environment (see Joy et al. 2016), including (i) the ferromagnetic resonance

maturity index (Is/FeO—this corresponds to the intensity of the ferromagnetic resonance

caused by non-interacting fine-grained metal particles ratioed to the FeO abundance, since

the amount of fine-grained metal is proportional to both the duration of surface exposure

and the amount of FeO available for reduction; Morris 1976, 1978) used to classify surface

exposure of regolith samples into immature (Is/FeO ≤ 29), submature (Is/FeO = 30–59)

and mature (Is/FeO ≥ 60) (Morris 1976, 1978), (ii) the amount of ‘trapped’ solar wind-

derived 36Ar (e.g., Wieler and Heber 2003), or (iii) the agglutinate content (McKay et al.

1972). Quantitative exposure ages can be derived from measurement of the abundance of

cosmogenic noble gases (3He, 21Ne, 38Ar, 81Kr, 126Xe) produced during regolith interaction

with cosmic rays in the top few meters of regolith (e.g., Eugster et al. 2001). However, none

of these proxies allow estimating when the samples were exposed at the lunar surface, and

exposure ages could even be influence by several discrete episodes of exposure due to the

constant gardening of the lunar regolith. A semi-quantitative method of estimating regolith

closure ages can be found using the 40Ar/36Ar antiquity indicator, which relates the amount

of solar wind-derived 36Ar to the amount of ‘parentless’ 40Ar derived from the lunar ex-

osphere (e.g., McKay et al. 1986; Eugster et al. 2001; Joy et al. 2011b; Fagan et al. 2014;

Wieler 2016). The model closure ages for 74 Apollo, Luna and lunar meteorite regolith brec-

cias range from ca. 0.1 Ga for some Apollo 15 samples up to ca. 3.8–3.9 Ga for some Apollo

14 samples, displaying a rough bimodal distribution with broad peaks between ∼3.4–3.8 Ga

and 1–2 Ga (Fig. 5), indicating that most regolith breccia samples in our collections formed

around 1–2 Ga ago and 3.5–3.8 Ga ago, and that none is older than ca. 4 Ga.

Sample-return missions targeting regolith breccias with lithification ages older than ca.

3.8–3.9 Ga would greatly complement the record present in our collections, potentially pro-

viding crucial information on the types of projectiles hitting the Earth-Moon system during

the basin-forming epoch before 3.9 Ga ago. The most scientifically important sample sites

would be ‘palaeoregolith’ horizons, which are ancient regolith layers or lenses trapped be-

tween datable geological units, such as lava flows or impact melt flows (Crawford et al.

2007, 2010; Fagents et al. 2010; Crawford and Joy 2014). Whilst deep drilling might be

necessary to access deeply seated palaeoregolith horizons, some natural access might be

provided through layers exposed in the walls of lava tube skylights or in layered boulders

in which palaeoregolith horizons may be preserved between volcanic layers (Fig. 6). For

instance, Lunar Reconnaissance Orbiter Camera (LROC) Narrow Angle Camera (NAC) im-

ages of a Mare Tranquillitatis pit show that several tens of meters of layered units are present

below the surface (Robinson et al. 2012a). The basaltic units at the surface where the pit is

located are ∼3.6 Ga old (Hiesinger et al. 2000), so the deepest palaeoregolith layers in the

Mare Tranquillitatis pit may well be over 4 Ga old, considering typical regolith formation

rates on the order of 1–2 mm/Ma (Hörz et al. 1991).

5 Nature, Timing, and Duration of Lunar Mare Volcanism

5.1 Overview

The most obvious expressions of volcanic activity on the Moon are the mare basalt in-

fillings of impact basins, particularly on the lunar nearside. The majority of these maria



54 Page 16 of 50 R. Tartèse et al.

Fig. 5 Histogram of regolith

breccias model closure ages (data

and sources can be found in

Fagan et al. 2014)

Fig. 6 Oblique LROC NAC view of layered boulders found on the lunar surface within Aristarchus crater

(left), and of layered pits in Mare Ingenii (centre) and Mare Tranquillitatis (right). Scale bars in all cases have

been estimated from the pixel resolution of NAC images (images: NASA/GSFC/Arizona State University,

modified by K.H. Joy)

appear to have been emplaced between approximately 3.8–3.1 Ga (Nyquist and Shih

1992; Hiesinger et al. 2003, 2010). Older rocks identified in both the Apollo collection

and in lunar meteorites, indicate that some form of basaltic volcanism was occurring on

the Moon as early as approximately 4.35 Ga (Terada et al. 2007a; Snape et al. 2018a;

Curran et al. 2019). It is not clear to what extent this early volcanism resembled the large

scale eruptions of the younger mare basalts, or if these samples resulted from more lo-

calised volcanic activity. Meanwhile, the presence of less heavily cratered mare basalt flows
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indicates that mare volcanism continued until approximately 1.0 Ga in restricted geograph-

ical locations (Hiesinger et al. 2003, 2011; Stadermann et al. 2018), but examples of such

young lunar basalts have yet to be identified in the sample collection. In this section, we

review the current understanding of the Moon’s volcanic history based on the Apollo, Luna

and meteoritic samples, and highlight outstanding issues that could be addressed by future

sample-return missions.

5.2 The Nature and Origin of Lunar Volcanism

Discussions of volcanism on the Moon have typically divided samples into those formed

as a result of mare and non-mare (or pre-mare) volcanism (Nyquist and Shih 1992). The

focus of this paper is primarily on the geochemical nature of samples generated by volcanic

processes. The readers interested in recent studies on magma ascent from the lunar mantle

and on the possible eruption mechanisms that produced these samples and associated vol-

canic structures are referred to Head and Wilson (2017) and Wilson and Head (2017, 2018).

In addition to basaltic rocks, the mare volcanic samples also include glass beads, pro-

duced during pyroclastic “fire fountain” eruptions (Rutherford et al. 2017). Moving beyond

these top-level classifications, petrologic and geochemical analyses of samples returned

by the Apollo and Luna missions have revealed a compositional diversity in the Moon’s

basaltic rocks that necessitates more specific classification schemes (Papike et al. 1976;

Neal and Taylor 1992). Using the classification proposed by (Neal and Taylor 1992), the

lunar basalts are defined first by their bulk TiO2 content (where: >6 wt% = high-Ti; 1–

6 wt% = low-Ti; <1 wt% = very low-Ti [VLT]), then by Al2O3 content (>11 wt% =

high-Al; <11 wt% = low-Al) and finally by K content (>2000 ppm = high-K; <2000 ppm

= low-K). At a more detailed level, even within the mare basalt samples collected from indi-

vidual landing sites, it is possible to define multiple different basaltic suites based on petro-

logic texture, relative abundance of minerals, chemical composition and isotope systematics

(Rhodes et al. 1976, 1977; Beaty and Albee 1978; Warner et al. 1979; Paces et al. 1991;

Jerde et al. 1994; Neal et al. 1994; Snyder et al. 1994). One notable group of samples that

are not described by the above classification scheme are the KREEP-rich basalts, which are

best represented by samples collected during the Apollo 15 mission (Nyquist et al. 1975;

Carlson and Lugmair 1979; Nyquist and Shih 1992), and are characterised by elevated trace

element compositions similar to the KREEP signature identified in other Apollo samples

(Warren and Wasson 1979).

All of these volcanic samples are generally accepted to have been derived from 5–10%

partial melting in the Moon’s interior (e.g. Shearer et al. 2006 and references therein), with a

common starting point for most petrogenetic models being mafic cumulates formed during

the LMO crystallisation. Simply varying the proportions of these different cumulates cannot

adequately explain the variability observed in lunar basalts, and so a variety of mechanisms

have been proposed to address this issue. This includes the presence of more evolved resid-

ual LMO melt enriched in incompatible trace elements (ITE) in the lunar mantle (Snyder

et al. 1997; Borg et al. 2004; Hallis et al. 2014), the introduction of ilmenite-bearing material

during density-driven overturn of the lunar mantle (Snyder et al. 1997), and the assimilation

of KREEP and more evolved plutonic rocks (e.g. granite) by the magmas (Neal and Kramer

2006). Additionally, it is not clear what the heat source for the melting of this material

would have been. Trapped ITE-rich material in the lunar mantle provides one potential heat

source, but external heat sources, such as meteoritic bombardment and tidal heating, have

also been proposed (Borg et al. 2004; Elkins-Tanton et al. 2004; Garrick-Bethell et al. 2006;

Shearer et al. 2006).
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Fig. 7 Compilation of crystallisation ages determined for lunar basaltic samples. The boxes are coloured to
correspond to different groups of basaltic samples. The widths of the boxes represent 2 standard deviation

uncertainties of either individual sample ages (in the case of the four lunar meteorites; Borg et al. 2004,

2009; Terada et al. 2007a; Sokol et al. 2008; Snape et al. 2018a), or weighted averages of multiple age

determinations (including data from: Turner 1970a, 1970b; Papanastassiou and Wasserburg 1971a, 1971b;

Compston et al. 1972; Stettler et al. 1973; Turner et al. 1973; Nyquist et al. 1975, 1976; Murthy and Coscio

1976; Guggisberg et al. 1979; Carlson and Lugmair 1979; Paces et al. 1991; Snyder et al. 1994, 1997; Cohen

et al. 2001; Fernandes and Burgess 2005; Snape et al. 2016a, 2018b, 2019)

5.3 Timing of Lunar Volcanism

Currently, evidence for the oldest basaltic volcanism on the Moon comes from two lunar

meteorites: the basaltic breccia Kalahari (Kal) 009 (4.369 ± 0.007 Ga; Terada et al. 2007a;

Sokol et al. 2008; Snape et al. 2018a) and the basalt-bearing regolith breccia, Miller Range

(MIL) 13317 (4.332 ± 0.002 Ga; Snape et al. 2018a) (Fig. 7). Prior to the discovery of

these meteorites, the oldest samples of lunar basalt were the high-Al basalts collected during

the Apollo 14 mission. Early studies of the volcanic rocks returned from the Apollo 14

landing site yielded ages of approximately 3.9–4.1 Ga, based on internal Rb-Sr isochrons

(Compston et al. 1971; Papanastassiou and Wasserburg 1971a; Compston et al. 1972), but

further investigations of basaltic clasts in several Apollo 14 breccias determined ages of up

to 4.3 Ga (Taylor et al. 1983; Dasch et al. 1987) (Fig. 7). The KREEP basalts collected

during the Apollo 15 and 17 missions appear to have formed soon after (and potentially

overlapping with) the eruption of the last high-Al basalts, with the largest of these samples

(15382 and 15386) having crystallised at ca. 3.9 Ga (Stettler et al. 1973; Turner et al. 1973;

Nyquist et al. 1975; Carlson and Lugmair 1979; Snape et al. 2016a) (Fig. 7).

The formation of the high-Al and KREEP basalts was followed by the emplacement

of the mare basalts. Based on the samples currently available, this period of lunar volcan-

ism appears to have begun with the eruption of high-Ti basalts. Samples collected at the

Apollo 11 landing site have ages varying from ∼3.6–3.85 Ga (Turner 1970a, 1970b; Pa-

panastassiou and Wasserburg 1971b; Guggisberg et al. 1979; Snyder et al. 1994; Snape

et al. 2016a, 2019), while those sampled by the Apollo 17 mission have a more narrow

range of ages, between ∼3.75–3.8 Ga (Murthy and Coscio 1976; Nyquist et al. 1976;

Paces et al. 1991; Snape et al. 2019) (Fig. 7). The oldest low-Ti mare basalts (∼3.28–

3.35 Ga; Snape et al. 2019) collected during the Apollo missions were returned from

the Hadley-Appennine province by Apollo 15 (Papanastassiou and Wasserburg 1973;

Husain 1974; Snape et al. 2019) (Fig. 7). By comparison, the low-Ti basalts collected

during the Apollo 12 mission have ages between ∼3.24–3.13 Ga (Snyder et al. 1997;

Snape et al. 2018b), making them the youngest lunar basalts to have been returned by human

sampling (Fig. 7).

Sample-based evidence for more recent magmatic activity on the Moon has been identi-

fied in the meteorites Northwest Africa (NWA) 773 (Borg et al. 2004) and NWA 032 (Borg

et al. 2009). Both of these samples have ages of ∼2.9 Ga (determined by internal Sm-Nd and
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Rb-Sr isochrons) (Fig. 7). In the case of NWA 773, it is notable that the sample appears to

be strongly enriched in ITEs, and exhibits a KREEP-rich geochemical signature, despite it

being significantly younger than any of the KREEP-rich samples returned by Apollo, while

NWA 032, by contrast, has relatively low ITE concentrations. While these are currently the

youngest identified volcanic samples from the Moon, crater size-frequency distribution stud-

ies have identified basaltic flows that appear to have been emplaced at ∼1.0 Ga (Hiesinger

et al. 2003; Stadermann et al. 2018), and potentially some even younger “irregular mare

patches” for which ages of <0.1 Ga have been proposed (Braden et al. 2014).

5.4 Outstanding Questions and the Potential of Future Sample-Return

5.4.1 Duration and Flux of Lunar Volcanism

Identifying and sampling the youngest lunar basalts would provide new insight into how

long small terrestrial planetary bodies can sustain volcanic activity. This issue is con-

nected to a more general issue of the changing flux of lunar volcanism with time (e.g.,

Hiesinger et al. 2011; Robinson et al. 2012b). Based on the ages of the Apollo, Luna

and meteorite basaltic samples, together with crater size-density frequency studies of ex-

posed mare basalt units, the majority of the lunar maria appear to have been emplaced

between 3.8–3.1 Ga (Nyquist and Shih 1992; Hiesinger et al. 2003, 2010). Upcom-

ing missions such as the CNSA Chang’E-5 or the Inner SOlar System CHRONology

(ISOCHRON) missions could constitute a first step in this direction, since it may involve

returning samples from very young basalt flows (∼1.2–1.5 Ga) identified in previous re-

mote sensing studies (Hiesinger et al. 2003; Qian et al. 2018; Stadermann et al. 2018;

Draper et al. 2019).

Assessing the amount of recent volcanic activity should be a relatively simple issue of

identifying and mapping exposed volcanic units. By contrast, determining how common an-

cient (>4.0 Ga) lunar volcanism was, is likely to be more challenging due to the potential

for older units to have been obscured by subsequent eruptions and impact processes. In ad-

dition to the ancient volcanic lunar samples discussed previously, remote sensing studies

have identified evidence for ancient (>4.0 Ga) mare volcanism in the form of “dark-haloed”

craters. These were interpreted as instances where basaltic flows had been buried by the

ejecta deposits from large impact craters and basins, and then subsequently re-exposed by

smaller impacts (Schultz and Spudis 1979, 1983). Buried basaltic flows of this kind have

since been designated by the name “cryptomare” (Head and Wilson 1992; Whitten and Head

2015a, 2015b). Terada et al. (2007a) proposed that the Kal 009 meteorite represented a frag-

ment from such a deposit, and it is true that the bulk-rock composition and mineral chemistry

data from the sample are consistent with mare basalts collected during the Apollo and Luna

missions (Sokol et al. 2008). Nonetheless, it remains unclear just how much basaltic material

could have been buried by impact ejecta.

Sample-return missions to identified dark-haloed craters would provide a valuable first

step in testing the cryptomare theory. By performing detailed petrologic, geochemical and

isotopic studies of potential cryptomare basalts it would be possible to determine how sim-

ilar they are to previously studied lunar basalts, as well as when they crystallised. However,

individual sample-return missions will almost certainly struggle to provide a definitive an-

swer to the larger question of how common such deposits are. This will likely require a

more prolonged human presence on the Moon, enabling protracted and focused geologic

sorties with the potential to obtain core samples and map the extent of cryptomare de-

posits.
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5.4.2 Petrogenesis of Lunar Basalts

Returning samples of young and old lunar basalts, together with an increased knowledge

of the locations and extent of cryptomare deposits, will be vital to gaining a more complete

understanding of mantle sources for lunar volcanism, and addressing questions related to the

petrogenesis of lunar basalts. One of the most striking aspects about the lunar mare basalts

is their assymetric distribution between the lunar nearside and farside, as well as the spatial

correlation between the exposed mare units, the nearside lunar basins and the PKT (Jolliff

et al. 2000) (see Fig. 1). Determining the significance of these correlations appears to be

fundamental to understanding the sources of lunar basalts and the mechanism(s) that led to

partial melting in the lunar mantle.

One suggested explanation for the asymmetric distribution of mare basalts is a propencity

for more extrusive volcanism on the thinner nearside crust compared with the thicker crust

of the lunar farside (Head and Wilson 2017). Given the location of so many mare basalt

flows within large impact basins, there is also a temptation to try and link the period of

apparently more intense volcanic activity on the Moon (from ∼3.8–3.1 Ga) with the end

of the basin-forming period of lunar history and the proposed cataclysm (at ∼3.9 Ga). One

suggestion is that the formation of the large impact basins on the nearside of the Moon

could have led to adiabatic melting in the lunar mantle (e.g., Solomon and Head 1980;

Elkins-Tanton et al. 2004). For example, in the model proposed by Elkins-Tanton et al.

(2004), partial melting occurs in two stages: (i) in situ melting first occurs in response to

the decompression associated with basin excavation; (ii) a second stage of adiabatic melting

then occurs in response to convection at the lithosphere-astenosphere boundary, triggered

by the isostatic rebound of the lithosphere after basin formation. In the case of the Orientale

basin, a significant (60–100 Ma) time gap has been estimated between the formation of

the basin (∼3.68 Ga) and the subsequent eruption of the Mare Orientale units (∼3.58 Ga),

which has been cited as evidence against such impact-induced melting (Whitten et al. 2011).

However, melts produced during the second stage of adiabatic melting of the Elkins-Tanton

et al. (2004) model could form as late as ca. 350 million years after the impact event (Elkins-

Tanton et al. 2004). Identifying the distribution of ancient (>4.0 Ga) volcanic units, and

determining the times at which they were emplaced by dating returned samples, would be a

significant step towards testing the link between lunar volcanism and impact events.

The connection between impact basins and basalts does not, in itself, explain the corre-

lation between the mare basalts and the PKT or the extent to which lunar volcanism is con-

nected with KREEP. Returning basaltic samples further away from the PKT than the Apollo

basalts, would help address this issue, and a hint of what might be expected from such sam-

ples may be seen in several basaltic lunar meteorites (Yamato-793169, Asuka-881757, Me-

teorite Hills 01210 and MIL 05035). These samples have lower concentrations of ITEs than

most Apollo mare basalts and appear to have been derived from mantle sources with low

ratios of U/Pb and Rb/Sr, and high Sm/Nd ratios (Misawa et al. 1993; Terada et al. 2007b;

Joy et al. 2008; Liu et al. 2009; Arai et al. 2010). These features have been interpreted as

evidence that these rocks may be derived from partial melts of more primitive lunar mantle

cumulates than those from which the majority of Apollo basalts originated (Joy et al. 2008;

Liu et al. 2009; Arai et al. 2010). The low-ITE concentrations and lack of a KREEP signa-

ture in these samples also indicate that their parental magmas did not assimilate significant

amounts of KREEP-rich material. Furthermore, while the presence of ITE-rich material in

the lunar mantle may have triggered the partial melting that eventually produced many of

the Apollo basalts, these samples indicate that the same mechanism may not be sufficient to

explain the petrogenesis of all lunar basalts. If these characteristics were found to be com-

mon in basalt samples collected away from the PKT, it could provide important insights into
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the petrogenesis of lunar basalts, the distribution of the proposed urKREEP layer, and the

early magmatic evolution and differentiation of the Moon.

6 Structure and Composition of the Lunar Interior

6.1 Geophysical Insights

The Apollo Lunar Surface Experiments Packages (ALSEP) deployed across the Moon’s

surface by astronauts on the Apollo 12, 14, 15, 16 and 17 missions are one of the key

legacies of the Apollo programme. These included active and passive seismic experi-

ments, gravimeters, magnetometers, and heat flow probes at the Apollo 15, 16 and 17

landing sites, for example (e.g., Eichelman and Lauderdale 1974; Wieczorek et al. 2006;

Jaumann et al. 2012; Weber 2014). This lunar network of seismometers recorded ca. 13000

catalogued events between 1969 and 1977 (e.g., Nakamura et al. 2008), including non-

natural events related to impacts of booster rockets and lunar modules from Apollo space-

craft. Natural seismic sources on the Moon have been divided into three categories: me-

teoroid impacts, shallow moonquakes and deep moonquakes. Deep moonquakes are more

frequent than shallow moonquakes. About 7,000 deep moonquakes have been recorded,

originating from distinct source regions ca. 700–1200 km deep (e.g., Jaumann et al. 2012;

Weber 2014). The precise location and periodicity of deep moonquakes are not well under-

stood, but it seems that most deep moonquakes occur at monthly intervals, suggesting that

they could be triggered with tidal stress (e.g., Latham et al. 1971). Shallow moonquakes

are less frequent than deep moonquakes—28 events have been recorded between 1969 and

1977 (Nakamura 1980)—and more powerful, with magnitudes of ca. 1.5 to 5 on a Richter-

equivalent scale (e.g., Lammlein 1977; Nakamura 1980). Estimates for the depth of their

epicentres range from ∼10 km down to ∼100 km deep (e.g., Gillet et al. 2017), the shallow-

est ones being potentially linked with recent thrusting activity on fault scarps suggesting that

the Moon is still tectonically active (Watters et al. 2019). Seismic data also point to possible

compositional stratification within the lunar mantle—modelling results suggest that there

may be a seismic discontinuity ca. 500–600 km deep, below which P- and S-wave velocity

seems to increase with depth (Nakamura et al. 1982; Khan et al. 2000). The presence of a

zone of mineralogical phase transition and change in mantle composition toward more mag-

nesian and aluminous compositions below ∼500 km may be interpreted as indicating (i) the

base of the LMO, if the whole Moon was not fully melted, (ii) the limit between olivine-

dominated early cumulates and orthopyroxene-rich later cumulates in a whole Moon melted

scenario, or (iii) the maximum depth of partial melting of the basaltic melt source regions

(see Wieczorek et al. 2006 for further discussion).

One of the key findings that arose from interpretation of lunar seismic data is that the

Moon is a differentiated body, consisting of a crust, a mantle and a ca. 400–500 km radius

metallic core comprising a solid inner core and a fluid outer core (e.g., Weber et al. 2011).

Gravity data also provide valuable constraints on the Moon’s internal structure. The gravity

field of the Moon has been mapped with increasing levels of details by successive orbiting

spacecraft (NASA Lunar Prospector in the 1990s, JAXA SELENE in the 2000s and NASA

GRAIL in the 2010s), the latest maps produced by the GRAIL mission being actually the

highest resolution gravity maps for any Solar System body including the Earth (e.g., Zuber

et al. 2013). Combined with constraints from Apollo seismic experiments, GRAIL data sug-

gest that the lunar crust has an average thickness of 34–43 km, with the farside crust being

ca. 10–15 km thicker compared to that of the nearside (Wieczorek et al. 2013). The other
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main feature revealed by gravity data is the presence of anomalous mass concentrations,

known as ‘mascons’ (Fig. 3). These are associated with large impact basins and thought to

originate from the excavation and collapse of impact basins, followed by isostatic adjust-

ment and cooling and contraction of voluminous melt pools (e.g., Melosh et al. 2013).

6.2 Sample-Based Insights

Samples of the lunar mantle have yet to be found in our Apollo, Luna and lunar mete-

orite collections. Our knowledge of the composition of the lunar mantle thus mostly re-

lies on petrological and geochemical studies of mare basalts and pyroclastic glasses pro-

duced via mantle partial melting. Importantly, their compositions only reflect that of their

mantle source regions at the time of their extraction from the mantle ca. 4.3 to 3 bil-

lion years ago (see Sect. 5: Nature, timing, and duration of lunar mare volcanism). Nu-

merous primitive lunar basaltic melts, sampled by pyroclastic glasses, are rich in FeO

and TiO2 (e.g., Delano 1986). Experimental work suggests that most of these primi-

tive melts formed at pressures of ca. 1.5 to 3 GPa, roughly corresponding to depths of

∼300–600 km (e.g., Delano and Livi 1981; Longhi 1992; Grove and Krawczynski 2009;

Brown and Grove 2015), while crystalline mare basalts seem to originate from partial melt-

ing at depth shallower than ∼350 km (e.g., Wieczorek et al. 2006). This thus provides ev-

idence for the presence of Fe- and Ti-rich sources deep in the lunar mantle, which is not

predicted by LMO crystallisation models (e.g., Snyder et al. 1992; Charlier et al. 2018;

Rapp and Draper 2018). To account for this observation, it has been proposed that Rayleigh-

Taylor instability causes dense ilmenite-rich cumulates and underlying Fe-rich upper man-

tle layers formed at the end of the LMO crystallisation to sink and mix in with earlier-

formed Mg-rich lower mantle (e.g., Hess and Parmentier 1995). This mantle overturn mech-

anism also provides a way to bring radioactive incompatible elements such as K, U and

Th, enriched in late stage LMO liquids, deep into the mantle. However, it remains un-

clear whether heating via radioactive decay of these ITEs is a viable mechanism for sus-

taining mantle partial melting during the main period of mare basalt volcanism ∼3.8 to

3.0 Ga ago or if the influx of hotter deep mantle material was required to trigger partial

melting in cold mare basalt and pyroclastic glasses source regions (e.g., Spohn et al. 2001;

Grove and Krawczynski 2009).

Compositionally, the mare basalt source regions are characterised by (i) low alkali and

siderophile element abundances, (ii) Sm-Nd and Lu-Hf isotope compositions fractionated

compared to chondritic compositions, and (iii) very low oxygen fugacities, as indicated by

the presence of Fe metal and reduced valence state of Fe, Ti and Cr in mare basalts (see

Wieczorek et al. 2006 et references therein). For decades after the return of Apollo samples,

it has been assumed that the lunar mantle was extremely dry, with estimates of lunar mantle

water content lower than 1 part per billion (Taylor et al. 2006). However, with technolog-

ical advances in lab instrumentation detection limits for species such as water, carbon or

halogens such as fluorine and chlorine greatly improved, which permitted the successful de-

tection in 2008 of indigenous water in lunar pyroclastic glasses (Saal et al. 2008). This was

followed by a wealth of studies reporting the abundance of water and other volatile species

(e.g., C, N, F, S, and Cl) in trapped melt inclusions and mineral phases such as apatite in

basaltic lava products (see recent reviews by Anand et al. 2014; McCubbin et al. 2015;

Hauri et al. 2017). Reconstructing mantle volatile abundances from those measured in vol-

canic products is not trivial, notably because volatile elements can be modified by numerous

processes such as magmatic degassing, assimilation of solar wind-enriched soils, spallo-

genic reactions at the surface, or contamination during sample preparation on Earth. There-

fore, current estimates for the water abundance in the mantle source regions of mare basalts
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and pyroclastic glasses range between ca. 1 and 100 parts per million (e.g., McCubbin et al.

2015; Hauri et al. 2017). It remains unclear whether this fairly large range of estimates

reflects uncertainties in back-calculating water contents for mare basalt source regions, het-

erogeneous distribution of water in the lunar mantle, or a combination of both.

6.3 Outstanding Questions and the Potential of Future Sample-Return

The location of Apollo landing sites within or just around the anomalous PKT area (Fig. 1)

suggests that Apollo samples provide us with a biased view of the Moon (see Sect. 5: Na-

ture, timing, and duration of lunar mare volcanism). This is also where ALSEP packages

were deployed by Apollo astronauts, suggesting that inferences about the stratification of

the lunar interior based on seismic data might also be biased. A global geophysical net-

work (e.g., Neal 2011; Smith et al. 2012; Neal et al. 2019) with stations distributed all over

the lunar surface would provide invaluable information for better constraining the struc-

ture of the Moon’s interior, including the possible discontinuity at ∼500 km depth, the

presence of partially molten layers deep in the lower mantle, and the size and structure

of the core. Global geophysical data such as the gravity data obtained by GRAIL support

the crustal thickness dichotomy, the farside crust being ca. 10–15 km thicker compared to

the nearside crust (Wieczorek et al. 2013). Several scenarios have been proposed to ex-

plain such dichotomy, including (i) asymmetric convection during LMO crystallisation and

crustal growth (Loper and Werner 2002; Ohtake et al. 2012), (ii) asymmetric impact crater-

ing (Wood 1973), (iii) ejecta deposition from SPA (Zuber et al. 1994), (iv) inhomogeneous

early tidal heating (Garrick-Bethell et al. 2010), (v) accretion of a companion moon (Jutzi

and Asphaug 2011), or (vi) giant impact of a ∼500–800 km diameter impactor onto the lu-

nar nearside soon after the Moon’s formation (e.g., Zhu et al. 2019). Returning samples from

the farside crust would certainly help in disentangling between these different scenarios, in

addition to providing opportunities to evaluate the possible chemical differences between

farside magnesian anorthosites and nearside ferroan anorthosites (see Sect. 3: Petrology and

formation history of the lunar anorthitic crust).

Sampling pieces of the lunar mantle would prove crucial to our understanding of its

mineralogical and chemical nature. In particular, this would allow direct measurement of

its volatile and water inventory, which has key implications for investigations of how the

Moon formed (e.g., Hauri et al. 2017), and of LMO crystallisation and thermal evolution of

the Moon’s interior (e.g., Evans et al. 2014; Khan et al. 2014). Impact cratering processes

may have breached the crust periodically and could have brought up the pieces of lunar

mantle at the surface; SELENE/Kaguya spectral data indeed suggest that numerous olivine-

rich (mantle) exposures are found around large impact basins characterised by thin crustal

thickness, including Mare Moscoviense, Crisium, Imbrium, Humorum, Nectaris, Serenitatis

and basins within SPA such as Schrödinger (Yamamoto et al. 2010; see location of basins

on Fig. 3). The Yutu-2 rover, which landed successfully in Von Kármán crater within the

SPA basin on the lunar farside (bottom right corner on Fig. 3) on-board the CNSA Chang’e

4 lander, may indeed have identified, remotely through near infrared spectroscopy, samples

excavated from the lunar mantle (Li et al. 2019). Such impact basins with very thin crust

thus represent key targets for sample-return missions of pieces of the Moon’s mantle.

7 Icy Deposits at the Lunar Poles

7.1 Evidence for the Presence of Volatiles at the Moon’s Poles

The occurrence of water ice at the lunar poles has been postulated for decades (e.g., Wat-

son et al. 1961; Arnold 1979) because of the presence of deep topographic lows at the
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Fig. 8 Locations of anomalous UV albedo consistent with water ice (figure from Hayne et al. 2015). Colours

indicate points with off/on-band albedo ratio values >1.2 and Lyman-α albedo <0.03, increasing from deep

blue (1.2) to white (>3.2). The average Moon outside of cold traps has a ratio of 0.9. Ratio values in the

range 1.2–4.0 are consistent with water ice concentrations of 0.1–2.0 wt.%. If patchy exposures of pure water

ice are mixed with dry regolith, the abundance could be up to 10 wt.%

poles and the low obliquity of the Moon. In the 1990s, possible detection of water ice in

polar regions of Mercury using Earth-based radar observations (Harmon and Slade 1992)

refuelled the speculation that the lunar poles might also act as a trap for water ice and

other volatiles. At the same time, data returned by instruments on board the two NASA

lunar orbiters Clementine and Lunar Prospector supported the presence of water ice in

permanently shadowed regions (PSR) at the lunar poles (Nozette et al. 1996, 1997; Feld-

man et al. 1998, 2000), although subsequent Earth-based radar investigations challenged

the existence of lunar polar water ice, which became a topic of strong scientific contro-

versy (see Campbell et al. 2006, and references therein). Further remote observations car-

ried out by a broad range of instruments on-board India’s Chandrayaan-1 and NASA’s

Deep Impact, Cassini, and Lunar Reconnaissance Orbiter (LRO) missions, coupled with

the direct detection of ca. 5 wt.% water and other volatile species in the plume formed

by the LCROSS impact-experiment in the Cabeus crater, strongly suggested that there

is indeed OH/H2O molecules and water ice at the surface or sub-surface of lunar polar

regions (Clark 2009; Pieters et al. 2009b; Sunshine et al. 2009; Colaprete et al. 2010;

Gladstone et al. 2010; Hayne et al. 2010, 2015; Mitrofanov et al. 2010; Paige et al. 2010b;

Schultz et al. 2010; Spudis et al. 2013; Fisher et al. 2017; Li and Milliken 2017; Li et al.

2018) (Fig. 8). However, we have little insights on how ice occurs (i.e. solid lumps of ice vs.
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ice mixed in with lunar soils), on its vertical and lateral distributions, and on its origin(s).

For example, the production of OH/H2O species at the surface could result from interaction

of solar-wind protons with the regolith (e.g., Farrell et al. 2015). Cometary and volatile-rich

asteroidal objects that have impacted the Moon for billions of years are obvious sources for

accumulation of ice at the lunar poles. The migration of water molecules from lower lati-

tudes to polar cold traps in permanently shadowed craters is also possible (e.g., Schorghofer

and Taylor 2007), implying that magmatic water degassed onto the lunar surface during

volcanic eruptions could have made its way to polar traps.

7.2 Prospecting Missions to the Poles

At this stage only future prospecting missions to the lunar surface can provide firmer con-

straints on the abundance, form, distribution, and origin(s) of water ice and other lunar polar

volatiles. Landers with drilling capabilities should be able to provide crucial information on

the composition, abundance and vertical distribution of polar volatiles at a given location.

In addition to providing important scientific constraints on the source and processing of

these polar volatiles, each single point measurement will represent ground truth for orbital

measurements. PROSPECT (Package for Resource Observation and in-Situ Prospecting for

Exploration Commercial Exploitation and Transportation) is a payload currently developed

by the European Space Agency (ESA) to carry out these types of activities (Carpenter et al.

2016). Broadly, PROSPECT can be deployed on a mobile platform or a fixed lander, and its

technical capabilities can be tailored to different objectives. Currently, the first deployment

of PROSPECT on the lunar surface is planned on the Russian Luna-27 mission that should

land in a lunar south polar region. PROSPECT is comprised of a drill (ProSEED) that will

extract regolith samples from up to ca. 1.2 m depth. The samples will be delivered to a

miniature chemical laboratory (ProSPA) where volatile species (e.g., H2, H2O, CO, CO2,

N2, noble gases) will be degassed in order to measure their abundances and stable isotope

compositions (Barber et al. 2017). Thanks to their mobility, rovers could provide comple-

mentary information on the composition, abundance and lateral distribution of subsurface

polar volatiles across traverses up to a few kilometres long, which would also reveal key

scientific information and ground truth for orbital measurements. One such example is the

NASA Volatiles Investigating Polar Exploration Rover (VIPER) mission concept (Colaprete

et al. 2019). To characterise the budget of polar volatiles, VIPER would rove across the lu-

nar surface and locate areas of high hydrogen concentration using its neutron spectrometer.

Once the presence of subsurface volatiles is confirmed, regolith samples would be drilled

and delivered to a miniature chemical laboratory in which volatile species (e.g., H2, H2O,

CO, CO2, N2, noble gases) would be degassed and their abundances quantified (Colaprete

et al. 2019).

If the presence of polar volatiles at the lunar subsurface is confirmed by prospecting

missions, the next logical step would then be to collect and return samples to the Earth for

further characterisation of polar volatiles. Only sample-return missions allow fully compre-

hensive scientific investigations using present day state-of-the-art analytical equipment. In

the future, technological improvements should allow addressing new questions provided the

returned samples are curated properly. The paradigm shift seen over the last decade on the

issue of indigenous lunar water, through re-investigation of Apollo samples using 21st cen-

tury lab equipment, perfectly illustrates the scientific importance of collection and curation

of samples (e.g., Anand et al. 2014; McCubbin et al. 2015). In addition to providing ground

truth for orbital measurements, a sample-return mission from a polar site where cold trapped

volatiles occur would establish a comprehensive inventory of what species are present. Anal-

ysis of the isotopic composition of species such as H, C, N, O, S, and noble gases would
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Fig. 9 Astronaut Buzz Aldrin deploying the Solar-Wind Experiment about 5 meters north-northwest of the

Apollo 11 lunar module. Credit NASA photograph AS11-40-5872

provide key constraints on the source(s) of these volatiles and the processes that may have

helped to concentrate them. To this end great care would be needed during sample collection

and handling on the lunar surface, in the returned capsule to Earth, and on Earth. Temper-

ature increase during sample collection through drilling for example could lead to ice and

gas loss through sublimation. Therefore, the thermal and mechanical history of the samples

collected will need to be precisely recorded.

8 The Lunar Regolith as a Recorder of the Sun’s Composition, Activity
and Galactic Environment

For half a century, the lunar regolith record has been used to decipher the elemental and

isotopic composition of the solar wind (SW). In fact the first experiment deployed on the

Moon by Apollo astronauts was designed to directly collect SW (Fig. 9). A 30 cm × 140 cm,

15-micron thick, aluminium foil sheet was exposed to solar rays at the lunar surface for 77
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minutes in order to determine the SW He, Ne and Ar abundances and isotopic compositions

(Geiss et al. 1969).

The SW is dominated by H (∼95%) and He (∼4%), with heavier elements such

as C, N, O, Ne, Mg, Si and Fe comprising <1% (e.g., Anders and Grevesse 1989;

Ogilvie and Coplan 1995). If the outermost layers of recently irradiated (i.e. in the last

100 Ma or so) lunar soil grains preserve an accurate record of the present-day composition

of the SW, it has been proposed that systematic variations of isotopic ratios of some elements

such as He, Ne, Ar, N or C, in soils irradiated billions of years ago could reflect changes

of the SW composition through time (e.g., Becker and Clayton 1975; Kerridge 1975;

Becker 1980; Clayton and Thiemens 1980; Becker and Pepin 1989; Geiss and Bochsler

1982, 1991; Kerridge et al. 1991; Benkert et al. 1993). Several hypotheses have been pro-

posed to account for such changes, including (i) variations in acceleration conditions in the

solar corona for light species such as He, (ii) contamination of the composition of the solar

convective zone by interstellar material with exotic compositions, or (iii) change of spalla-

tion reaction rates and/or depth of occurrence in the photosphere with time (e.g., Kerridge

1980). However, coordinated analyses of multiple species in ilmenite from Apollo 12, 14

and 17 soil and regolith breccia samples via progressive etching (e.g., Heber et al. 2003),

combined with high precision measurement of the noble gas and nitrogen isotope composi-

tions of the SW directly collected in ultrapure targets at the L1 Lagrangian point for more

than 2 years by the NASA Genesis spacecraft, seem to indicate that no such secular vari-

ations of the SW isotopic composition are recorded in lunar regolith samples (see Wieler

2016 for an extensive discussion on this topic).

8.1 Solar Wind Isotope Compositions Estimated from Lunar Sample Analysis

Estimates of the solar wind isotope compositions for the noble gases He, Ne and Ar, and for

H, C, N, and O, obtained through analysis of lunar samples are summarised in Table 3.

8.1.1 Hydrogen, Carbon, Nitrogen and Oxygen

Both bulk and secondary ion mass spectrometry (SIMS) analysis of H isotope ratios in lu-

nar soils, regolith breccia samples, soil minerals, and glassy agglutinates show that SW is

an important source of H in the lunar regolith, as indicated by very low δDVSMOW signa-

tures1 down to ca. −850‰ to −970‰ (e.g., Epstein and Taylor 1970; Friedman et al. 1970;

Hashizume et al. 2000; Liu et al. 2012). The lowest δDVSMOW values measured in lunar

samples are slightly higher than the SW δDVSMOW value of ca. −999‰ estimated for a Gen-

esis Si collector (Huss et al. 2012a), indicating that lunar surface soils may contain some

non-solar deuterium that may have formed via spallation reactions for example. The SW

D/H ratio does not seem to have evolved much, if any, over time since sample 79035,

which has a 40Ar/36Ar-derived antiquity age of around 2 Ga (e.g., Wieler et al. 1996;

Heber et al. 2003), yielded (δDVSMOW)SW < −950‰ (Hashizume et al. 2000).

Depth profile analyses in grains from soil 79035, which contains surface H dominated by

SW sources (Hashizume et al. 2000), have yielded very low δ13CVPDB values2 of ca. −105±

1This δD notation corresponds to the per mil deviation of a measured D/H ratio from that of the Vienna

Standard Mean Ocean Water (VSMOW −D/H = 1.5576×10−4), given by [(D/H)sample/(D/H)VSMOW −

1] × 1000.

2This δ13C notation corresponds to the per mil deviation of a measured 13C/12C ratio from that of the Vienna

Pee Dee Belemnite (VPDB− 13C/12C = 0.0112), given by [(13C/12C)sample/(
13C/12C)VPDB − 1]× 1000.



54 Page 28 of 50 R. Tartèse et al.

Table 3 Summary of some lunar sample-based estimates for solar wind isotope compositions and composi-

tions measured on Genesis samples or estimated from absorption lines in the solar photosphere

Ratio Value ± Analysed target References

3He/4He
(×104)

4.64 0.18 Genesis DoS 1

4.26 0.22 Apollo SWE 2

4.57 0.16 Ilmenite in “young” soil 71501 3

4.47 0.26 Average of ilmenite from soils and breccias 4

20Ne/22Ne 13.78 0.06 Genesis DoS 1

13.97 0.05 Genesis AloS 5

14.00 0.04 Genesis Au foil, AuoS and Al collectors 6

13.70 0.30 Apollo SWE 2

13.80 0.20 Ilmenite in “young” soil 71501 3

36Ar/38Ar 5.47 0.02 Genesis DoS 1

5.50 0.02 Genesis Si collectors 7

5.50 0.01 Genesis AloS 5

5.50 0.01 Genesis Au foil, AuoS and Al collectors 6

5.40 0.30 Apollo SWE 2

5.48 0.10 Ilmenite in “young” soil 71501 3

5.53 0.06 From surface-correlated Ar from Apollo 15 soil

feldspar

8

δDVSMOW
(‰)

< −999 Genesis Si collector 9

< −970 Bulk Apollo 11 breccia samples 10

< −950 Depth profile in soil grains in sample 79035 11

< −840 Lowest δD in Apollo 11 and 17 agglutinates 12

δ13CVPDB

(‰)
? Genesis collectors –

−105 40 Depth profile in soil grains in sample 79035 13

−85 25 SW estimates from solar photosphere δ13C value

obtained by analysing CO absorption lines

14

δ15NAIR
(‰)

−390 180 Genesis Au cross arms 15

−407 7 Genesis concentrator 16

−417 100 Genesis DoS 17

< −240 Depth profile in soil grains in sample 79035 11

δ18OVSMOW
(‰)

< −40 15 Depth profile in metal grains in sample 79035 18, 19

−102.3 6.6 Genesis SiC collector 20

Abbreviations: DoS—diamond-like carbon on silicate substrate; AloS—aluminium deposited on sapphire;

AuoS—gold deposited on sapphire. References: 1—Heber et al. (2009); 2—Geiss et al. (2004); 3—Benkert

et al. (1993); 4—Heber et al. (2003); 5—Meshik et al. (2007); 6—Pepin et al. (2012); 7—Vogel et al. (2011);

8—Frick et al. (1975); 9—Huss et al. (2012a); 10—Friedman et al. (1970); 11—Hashizume et al. (2000);

12—Liu et al. (2012); 13—Hashizume et al. (2004); 14—Lyons et al. (2018); 15—Marty et al. (2010); 16—

Marty et al. (2011); 17—Huss et al. (2012b); 18—Hashizume and Chaussidon (2005); 19—Hashizume and

Chaussidon (2009); 20—McKeegan et al. (2011)

40‰ at a depth of 15–30 nm (Hashizume et al. 2004). Such values cannot be compared to

Genesis data since the (13C/12C)SW has not yet been determined. However, it matches fairly

well with recent estimates for (δ13CVPDB)SW of ca. −75 ± 15 to −90 ± 15‰ derived from a
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new estimate for the δ13CVPDB of the Sun’s photosphere of −48 ± 15‰ and modelling of C

isotope fractionation during transport from the photosphere to the corona via Coulomb drag

(Lyons et al. 2018). Overall this suggests that the SW is depleted in 13C compared to most

planetary and asteroidal materials that are characterised by δ13CVPDB ratios around 0 ± 30‰

(e.g., Lyons et al. 2018 and references therein).

Analyses of nitrogen isotopes in Apollo and Luna regolith samples have yielded δ15NAIR
3

values ranging from ca. −200‰ up to around +100‰ (e.g., Becker and Clayton 1975; Ker-

ridge 1975, 1993; Thiemens and Clayton 1980; Frick et al. 1988; Füri et al. 2012; Mor-

timer et al. 2016). Based on the apparent correlation of increasing δ15NAIR with decreasing
40Ar/36Ar antiquity ratios, it has been suggested that the SW nitrogen isotope composition

evolved through time to present-day values around +100‰ (e.g., Becker and Clayton 1975;

Kerridge 1975; Thiemens and Clayton 1980). However, based on depth profile analyses of

individual mineral grains from soil and regolith samples by SIMS, Hashizume et al. (2000)

proposed that the present-day SW is depleted in 15N, with δ15NAIR values ≤ −240‰. A 15N-

depleted solar nitrogen was eventually confirmed by analysis of Genesis targets that yielded

a best δ15NAIR estimate of −407 ± 7‰ for SW nitrogen (Marty et al. 2011). Recent high-

resolution step-heating analyses of Apollo 12, 14, 15, 16 and 17 surface soil samples and

Luna 24 drill core samples are consistent with such a 15N-depleted SW nitrogen (Füri et al.

2012; Mortimer et al. 2016).

Based on depth profile O isotope analyses in metal grains isolated from lunar soils,

Hashizume and Chaussidon (2005, 2009) have argued that solar gas is characterised by

δ18OVSMOW
4 < ca. −40 ± 15‰. This is consistent with analysis of Genesis SiC collectors

that yielded a (δ18OVSMOW ) value of −102 ± 7‰ (McKeegan et al. 2011). However, the fact

that such 16O-rich values have not yet been found in lunar samples suggests that either some

processes have fractionated the SW oxygen isotope composition during or after its implan-

tation in lunar materials, or that samples with unfractionated SW have not been analysed so

far.

8.1.2 The Noble Gases He, Ne and Ar

Heber et al. (2003) carried out high resolution acid etching experiments on ilmenite sepa-

rates from soil and regolith breccia samples with a wide range of antiquity ages from ca.

0.1 to 3.7 Ga (see Sect. 4.3.3 for a discussion of how antiquity ages are estimated). The

(3He/4He)SW ratios they measured are well correlated with antiquity ages of the samples,

suggesting an apparent increase of (3He/4He)SW by ∼6% per billion years. Similarly, the

(20Ne/22Ne)SW ratios measured by Heber et al. (2003) on the samples were also correlated

with antiquity ages, with (20Ne/22Ne)SW apparently increasing with time by ∼2% per bil-

lion years. However, Heber et al. (2003) observed that the apparent temporal changes of

(3He/4He)SW and (20Ne/22Ne)SW ratios were correlated with each other, mimicking the cor-

relation displayed by single etch steps and indicating progressive etching of deeper sited

isotopically heavier solar energetic particles. This led Heber et al. (2003) to conclude that

the apparent temporal variations of the (3He/4He)SW and (20Ne/22Ne)SW ratios resulted from

secondary processes on the lunar surface causing partial removal of surface-correlated SW.

3This δ15N notation corresponds to the per mil deviation of a measured 15N/14N ratio from that of the

terrestrial air (AIR − 15N/14N = 0.003676), given by [(15N/14N)sample/(
15N/14N)AIR − 1] × 1000.

4This δ18O notation corresponds to the per mil deviation of a measured 18O/16O ratio from that of the

Vienna Standard Mean Ocean Water (VSMOW − 18O/16O = 2.005 × 10−3), given by [(18O/16O)sample/

(18O/16O)VSMOW − 1] × 1000.
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The average corrected (3He/4He)SW ratio of 4.47 (±0.26) × 10−4 obtained on ilmenite from

six samples with antiquity ages from ca. 0.1 up to ∼3.7 Ga by Heber et al. (2003) is indeed

identical to the (3He/4He)SW ratio of 4.57 (±0.16)×10−4 estimated for recent SW implanted

in the last 100 Ma on ilmenite grains in lunar soil 71501 (Benkert et al. 1993). The He iso-

tope composition estimated for SW from lunar regolith samples matches very well with the

average (3He/4He)SW ratio of 4.64 (±0.18)×10−4 obtained for SW collected for ∼2.5 years

by the Genesis spacecraft (Heber et al. 2009). The (3He/4He)SW ratio derived from lunar soil

and Genesis analyses appear to be slightly higher than the average (3He/4He)SW ratio of 4.26

(±0.22)× 10−4 for SW collected by the Apollo 11, 12, 14, 15 and 16 collectors (Geiss et al.

2004). However, this average value may be slightly uncertain considering that Apollo 11

and 12 experiments yielded 5.38 (±0.40) × 10−4 and 4.08 (±0.17) × 10−4, respectively,

with (3He/4He)SW ratios for Apollo 14 (4.48 ± 0.28 × 10−4), 15 (4.33 ± 0.22 × 10−4) and

16 (4.42 ± 0.20 × 10−4) being consistent with the (3He/4He)SW ratio derived from lunar soil

and Genesis analyses (Benkert et al. 1993; Heber et al. 2003, 2009; Geiss et al. 2004).

As discussed above the apparent increase of (20Ne/22Ne)SW with antiquity measured in

Apollo samples by Heber et al. (2009) has been interpreted as an artefact related to secondary

processes while samples resided on the lunar surface. The (20Ne/22Ne)SW of 13.80 ± 0.20

measured in ilmenite in sample 71051 (Benkert et al. 1993) is consistent with the 20Ne/22Ne

isotope ratio of 13.70 ± 0.30 measured on Apollo collectors (Geiss et al. 2004), both mea-

surements being consistent within error with the (20Ne/22Ne)SW ratios of 13.78±0.06 (Heber

et al. 2009), 13.97 ± 0.05 (Meshik et al. 2007) and 14.00 ± 0.04 (Pepin et al. 2012) mea-

sured in different types of Genesis collectors. Note that the (20Ne/22Ne)SW ratio calculated

by Heber et al. (2009) is not consistent with those obtained by Meshik et al. (2007) and

Pepin et al. (2012) thought, a discrepancy that is still not yet understood (see Pepin et al.

2012 for further discussion on this). At present, our best estimate for the (20Ne/22Ne)SW ratio

is thus ca. 13.9 ± 0.1.

Lunar sample studies yielded estimates for the (36Ar/38Ar)SW ratio of ca. 5.50 (e.g.,

Frick et al. 1975; Benkert et al. 1993), which are consistent with both the relatively

imprecise (36Ar/38Ar)SW ratio of 5.40 ± 0.30 determined on Apollo collectors (Geiss

et al. 2004) and with the much more precise (36Ar/38Ar)SW ratios of 5.50 ± 0.05 ob-

tained on Genesis collectors (Meshik et al. 2007; Heber et al. 2009; Vogel et al. 2011;

Pepin et al. 2012). Isotopic analyses of young lunar regolith materials also provided very

good estimates for the SW Kr and Xe isotope compositions (Pepin et al. 1995), with Kr and

Xe isotope ratios within 1% of current best estimates for SW compositions measured on

Genesis samples (e.g., Crowther and Gilmour 2013; Meshik et al. 2014).

8.2 Investigating Past Solar Activity and Changes of Galactic Environments

Characterising the evolution of the Sun’s activity over the past 4.6 billion years is key to

investigating the evolution of inner Solar System planetary surfaces and atmospheres, and

by extension the habitability of terrestrial planetary bodies (e.g., Airapetian et al. 2016).

Investigation of the meteorite record suggests enhanced solar activity during the early Solar

System history (e.g., McKeegan et al. 2000; Aléon et al. 2005; Sossi et al. 2017; Kööp et al.

2018), which is consistent with greater flare activity associated with a shorter rotational

period for the young Sun (e.g., Güdel 2007). The lunar regolith can also help characterise

the rotational rate of the Sun during its first billion years of evolution since solar flares

and associated coronal mass ejection (CME) directly affect the surface of airless bodies

and could have driven loss of volatile species such as Na and K from the Moon’s surface

(e.g., Killen et al. 2012; Saxena et al. 2019). Based on the abundance of Na and K in the
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lunar crust, and on modelling of the effect of CME on Na and K loss, Saxena et al. (2019)

argued that the Sun likely rotated relatively slowly during its first billion years of evolution

compared to other young stars.

The lunar regolith also preserves a record of changes of the Solar System galactic en-

vironment as a whole (Spudis 1996). Over the past 4.5 billion years the Solar System has

orbited the centre of the Milky Way approximately 20 times (e.g., Gies and Helsel 2005)

and passed through spiral arms 2 to 6 times (Gillman et al. 2019). While moving around

the Galaxy, the lunar regolith could have recorded changes in the flux and types of im-

pactors delivered to the inner Solar System (see Sect. 4: The bombardment history of the

inner Solar System). Over this period of time, the Solar System would have also been ex-

posed to changing galactic environment conditions—passing through the Milky Way spiral

arms would have enhanced the probability of passing close to supernovae, which could be

recorded in the lunar regolith via supernova ejecta implanted in regolith materials and/or as

an enhanced galactic cosmic ray (GCR) flux (e.g., Crawford 2017 and references therein).

When GCRs interact with geological materials, a wide array of cosmogenic nuclides are

produced in response to neutron capture and spallation reactions, including noble gases

such as 3He, 21Ne, 38Ar, 83Kr and 126Xe and other isotopes such as 10Be and 36Cl. However,

our current Apollo and Luna collections are not ideally suited for investigating possible

variations of the GCR flux through time. All these samples were collected at the surface

or within the top few meters of the lunar regolith and have undergone constant regolith

gardening over the past 3–4 billion years. As a result their exposure history records an inte-

grated GCR flux since they were first exposed, which is generally complicated and poorly

constrained (e.g., Levine et al. 2007; Füri et al. 2018). In addition to an increased GCR

flux, passing by a supernova could also be recorded by deposition of ejecta enriched in

radioactive isotopes such as 60Fe, for which spikes have been identified in ∼2–3 and 6–

9 Ma-old terrestrial ocean sediments and linked to a supernova origin (see Wallner et al.

2016 and references therein). Spikes of 60Fe have also been measured in Apollo samples

and have been linked with deposition of supernova ejecta ∼2 Ma ago (Cook et al. 2009;

Fimiani et al. 2016). This bears promise for investigating galactic changes through time;

however, similarly to examining variations of the GCR flux, detecting older supernova

events in the Apollo and Luna collections is complicated by regolith gardening, which would

average supernova-related spikes over the period of exposure of studied samples (e.g., Craw-

ford 2017).

8.3 Opportunities Offered by Future Sample-Return Missions

Study of soil and regolith samples have provided us with solid estimates for the noble gas

isotopic compositions of the SW that were later confirmed by samples returned by the Gen-

esis mission. The composition of the SW for other important elements such as Si, Mg, Fe,

S, Cl has not yet been measured in Genesis samples (Burnett et al. 2019), and could be

estimated based on targeted analyses on constituents of lunar soil and regolith samples al-

ready present in our collections. However, thoroughly tackling questions related to possible

changes in solar activity, solar wind composition, and galactic environment through time

will require accessing regolith samples that have been exposed to the space environment at

a known point in time and for a well constrained duration. Such samples could be returned

from palaeoregolith horizons (see Sect. 4.3.3: Secular evolution of types of projectiles hit-

ting the Moon) trapped between datable lava flows or impact melt flows, some of them being

potentially accessible to robotic or human explorers through layers exposed in the walls of

lava skylights or in layered boulders (Fig. 6) (Crawford et al. 2007, 2010; Fagents et al. 2010;

Crawford and Joy 2014).
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9 The Lunar Magnetic Field

9.1 State of the Art

The search for evidence of past or present lunar magnetism was one of the objectives of

the very first missions to the Moon. The second robotic mission to the Moon, Luna 2 in

1959, carried a magnetometer that found no sign of a detectable global magnetic field (Dol-

ginov et al. 1962). After this was confirmed by Explorer 35 (Sonett et al. 1967), the Moon

was generally thought to be magnetically uninteresting, in agreement with the preconcep-

tion that the Moon was too small to have sustained a dynamo field. However, one of the

bigger surprises of the early Apollo missions was the discovery of past lunar magnetism.

Examination of Apollo 11 samples revealed strong natural remanent magnetizations (Doell

and Grommé 1970) indicative of ancient surface fields with intensities comparable to that

of the present-day Earth. Subsequent measurements with the Apollo 12 and subsequent

surface magnetometers revealed significant present-day remanent magnetic fields (tens to

hundreds of nanotesla—nT) on the surface of the Moon indicating near-surface sources of

crustal remanent magnetization (Dyal et al. 1970). Paleomagnetic measurements of lunar

samples started right after the return of Apollo 11 and were very active over the whole

Apollo sample-return period with about 70 samples studied (see Fuller and Cisowski 1987

for a review). After a period of relative disinterest for more than 20 years, this field of re-

search was reactivated with a series of detailed studies on key samples that benefited from

improved analytical techniques and methods for paleomagnetism, as well as better geo-

and thermochronology, and an overall more comprehensive understanding of the geolog-

ical evolution of the Moon (see Weiss and Tikoo 2014 for a review; Tikoo et al. 2017;

Lepaulard et al. 2019).

It is now established that the Moon generated a magnetic field through advection in

its liquid core for a large portion of its history (Fig. 10). This magnetic field was highest

between about 4.25 Ga and 3.5 Ga (during the so called “high-field epoch”), with an average

paleointensity of 55 µT, much higher than the maximum value of a few tenths of a µT

estimated from dynamo scaling laws (e.g., Laneuville et al. 2014, Evans et al. 2014, 2018).

The field then decayed but a dynamo was still operating with surface fields in the several

µT range around 1.5–2.0 Ga (Tikoo et al. 2017). Today, lunar surface magnetic fields are

mostly below 10 nT, with localised higher values (and a maximum measured surface field

of 327 nT at the Apollo 12 landing site; Dyal and Daily 1978). This spatial variability of

the lunar surface field reflects lithological heterogeneities and/or different magnetisation

histories of the underlying crustal rocks.

9.2 Outstanding Questions Requiring Sample-Return Missions (See Summary

in Table 4)

9.2.1 Intensity of the Dynamo Field with Time

The paleomagnetic data (Fig. 10) have notable temporal gaps. In particular, the absence of

paleomagnetic data between about 3.0 Ga and 1.5 Ga prevents the understanding of the

transition between the high and low field epochs. The apparent sharp transition at the pre-

cipitous collapse of the dynamo around 3.5 Ga (Tikoo et al. 2014) has been recently re-

evaluated with suggestions for paleointensities in the 10–50 µT range between 3.5 Ga and

3.0 Ga (Lepaulard et al. 2019). The extent of the weak field period and the behaviour of

the magnetic field during this period are also largely unconstrained with only one published
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Fig. 10 Intensity of lunar surface field versus time. Note the lack of data between 3.0 and 2.0 Ga and the

scarcity of data between 2.0 and 1.0 Ga. Bars and dots above the diagram represent the time intervals over

which the various dynamo generation mechanisms listed may have operated. References: 1—Garrick-Bethell

et al. (2017), 2—Cournède et al. (2012), 3—Shea et al. (2012), 4—Suavet et al. (2013), 5—Tikoo et al.

(2017), 6—Tikoo et al. (2012), 7—Tikoo et al. (2014)

Table 4 Science questions and sample requirements for lunar paleomagnetic studies

Sample requirements Science questions

Regolith breccias younger than 3 Ga Constrain weak field epoch intensity and duration

Regolith breccias with age between

3 Ga and 2 Ga

Transition between high and low field epochs

Regolith breccias older than 3 Ga Confirm the high paleointensity during the high-field epoch using

thermal paleointensity experiments

One oriented sample from one

location

Testing the dipole geometry (if location of the paleopole is

assumed), locating the paleopole if a dipolar geometry is assumed

Several oriented samples from one

location

Testing the occurrence of reversals, constraining the field geometry,

determining the paleopole with implications for true polar wander

Oriented samples from several

locations

Testing the dipole geometry and defining the paleopole with

implications for true polar wander

paleointensity estimate over the last 2 Ga of the Moon history (Tikoo et al. 2017). Clearly

more paleomagnetic studies of samples with magnetisation ages younger than 3.0 Ga are

required. Regolith breccias are excellent material for lunar paleomagnetism because their

glassy matrices contain very fine metal grains that are favourable for recording and main-

taining a record of the paleomagnetic field. However, the age at which a regolith breccia was

assembled and, therefore, the age of its magnetisation is not easy to determine notably be-
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cause materials it contains may have been affected by multiple impact events (e.g., Mercer

et al. 2015). Basalt samples younger than 3.0 Ga would be a prime target for lunar paleo-

magnetism. Providing that their formation ages can be accurately determined through high

resolution in situ geochronological analyses, regolith breccias with formation ages in the

interval 3.0–2.0 Ga, and older than 3 Ga, if they exist, are other important targets.

9.2.2 Geometry of the Lunar Surface Field

All lunar paleomagnetic studies were performed on samples collected in the regolith. There-

fore, only the paleointensity of the lunar field can be retrieved, but no paleodirectional infor-

mation. As with terrestrial paleomagnetism, such directional information would be invalu-

able. It would allow testing the hypothesis that the lunar field was dipolar. Such a geometry

is expected by analogy with the dynamo observed today on Earth, Mercury and other bod-

ies. Substantial non-dipolar geometry would imply rapid decay of the field away from the

core such that the high surface paleointensities inferred from Apollo samples would indicate

even more unrealistic core fields in view of the small size of the lunar core relative to the size

of the Moon. Ideally, testing the dipolar hypothesis would require oriented sampling of in-

place bedrock samples at different locations on the Moon, preferably at different latitudes.

A few outcrops offer the opportunity to sample rocks that have never been transported by

impact processes (i.e. they are at the same place than where they formed) at the surface of

the Moon. For example, lava pits may offer the possibility to sample such samples through

sequences of basaltic lava flows that still have their original orientations (Fig. 6).

A single oriented sample from one location can only test the dipole hypothesis if one as-

sumes the location of the paleo spin pole. However, a sequence of oriented samples collected

at a single location would enable testing whether the field reversed. This occurrence, with

evidence for two antipodal sets of paleopoles would strengthen the dipole hypothesis and

help indentify the location of the paleopole. If a paleopole is found away from the location

of the present-day rotation axis of the Moon, this may indicate that the Moon experienced

true polar wander, i.e. large differential rotation of the mantle with respect to the core (e.g.,

Takahashi et al. 2014)

9.2.3 Mechanisms Behind Dynamo Generation

Generating a lunar dynamo requires advection in its liquid core. A number of mechanisms

have been proposed that can sustain convection in the Moon: thermal convection, thermo-

chemical convection, and mechanical stirring by mantle precession or impacts. It is note-

worthy that these mechanisms are expected to have been restricted to specific, although

sometimes overlapping, periods in lunar history (Weiss and Tikoo 2014). For instance,

pure thermal convection with a dry mantle is very unlikely to have operated after 4 Ga,

impact-generated mechanical stirring is limited to before 3.7 Ga (age of Orientale basin, the

youngest impact basin on the Moon) (Suavet et al. 2013), whereas thermochemical and pre-

cession generated mechanical stirring could operate almost up to the present-day. Therefore,

a better knowledge of the evolution of the field intensity with time will also shed light on

which mechanisms lie behind the lunar core convection, with implications for the dynamo

theory and modelling community.

9.3 Limitation of Current Lunar Rocks

No basalts younger than ca. 3.0 Ga are available in the Apollo collection, and regolith brec-

cia samples older than 3.0–3.5 Ga are rare or absent (e.g., Fagan et al. 2014) because these

rocks are being modified continuously at the surface of the Moon.
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Although the orientation of some samples in the regolith was documented in situ or can

be determined a posteriori, the original orientation of these rocks on the Moon is unknown.

The paleohorizontal of some rocks may be assessed using for instance the crystal preferred

orientation (e.g., Cournède et al. 2012), or vesicles orientation. Even so, the up and down

remain unresolvable, and the constraints on the field geometry remain poor.

Meteorites are another prime source of lunar rocks and, with 378 lunar meteorites for

408.6 kg of material as of August 2019, based on samples classified in the Meteoritical

Bulletin Database, they now outweigh the total mass of samples collected by Apollo and

Luna missions. Moreover, meteorites sample the lunar surface in a more global way than

sample-return missions, and, therefore, are likely to provide more representative sampling

of the lunar surface, both spatially and temporally. However, meteorites pose challenges

for paleomagnetism. All lunar meteorites are “finds”, meteorites found at the Earth surface

long after their fall, typically several kyr and up to several hundred kyr for Antarctic me-

teorites. The magnetic carriers of lunar rocks are Ni-poor iron-nickel alloys that are prone

to weathering on Earth. Weathering of magnetic carriers leads to the loss of the primary

magnetization, and, worse, possible acquisition of magnetization (chemical remanent mag-

netisation) in the Earth field. The long stay of these meteorites on Earth also means that

they have been in the geomagnetic field for long periods, leading to the acquisition of vis-

cous remanent magnetisation. Although these overprints can be identified and partly erased

in some cases, the existence of viscous and chemical remanent magnetisations add to the

complexity of lunar paleomagnetism studies. Moreover, 90% of lunar meteorites come from

hot deserts, in particular from the Sahara, where they are systematically tested with mag-

nets by private collectors and dealers. Exposure to strong magnets usually totally obliterates

the primary magnetisation of the meteorites, which renders them useless for paleomagnetic

studies. Among these three magnetic contaminations (viscous by long term exposure to the

geomagnetic field, isothermal by exposure to strong fields, and chemical by crystallisation of

weathering phases), it is noteworthy that the first two can also affect return samples. Apollo

samples are curated in the ambient geomagnetic field and have all been contaminated by

viscous remanent magnetisations. Storage in a weak magnetic field would be a simple and

efficient solution to implement for future returned samples. Exposure to strong magnetic

field can also occur during sampling on the Moon, during return from the Moon, and dur-

ing sample curation and preparation. The use of non-magnetic tools during curation and the

absence of strongly magnetic parts in the sampling and return material are therefore highly

recommended for future sample-return missions.

10 Summary

Despite a large body of research over the past five decades, many new discoveries are being

made through continued laboratory investigations of lunar meteorites and samples returned

by Apollo and Luna missions. Insights from recent orbital and landed lunar missions have

allowed integration of laboratory data acquired on returned samples to address some of the

outstanding questions related to the Moon’s origin and evolution. At the same time, new

fundamental questions have arisen, which can only be addressed by future sample-return

missions from areas of the Moon identified as being more representative than was the case

for Apollo and Luna missions. As we enter into a new era of sample-return missions from

various Solar System bodies, and with an increasing interest in lunar exploration among the

worldwide community, new samples returned from the Moon will have immense potential

to address key science questions not just related to the Moon but also to the inner Solar

System.
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I. Garrick-Bethell, K. Miljković, Age of the lunar South pole-Aitken basin, in Lunar Planet. Sci. Conf. (2018),
p. abstract 2633

I. Garrick-Bethell, M.T. Zuber, Elliptical structure of the lunar South pole-Aitken basin. Icarus 204, 399–408
(2009)

I. Garrick-Bethell, J. Wisdom, M.T. Zuber, Evidence for a past high-eccentricity lunar orbit. Science 313,
652–655 (2006)

I. Garrick-Bethell, F. Nimmo, M.A. Wieczorek, Structure and formation of the lunar farside highlands. Sci-
ence 330, 949–951 (2010)

I. Garrick-Bethell, B.P. Weiss, D.L. Shuster, S.M. Tikoo, M.M. Tremblay, Further evidence for early lunar
magnetism from troctolite 76535. J. Geophys. Res., Planets 122, 76–93 (2017)

J. Geiss, P. Bochsler, Nitrogen isotopes in the Solar System. Geochim. Cosmochim. Acta 46, 529–548 (1982)
J. Geiss, P. Bochsler, Long time variations in solar wind properties: possible causes versus observations, in

The Sun in Time, ed. by C.P. Sonett, M.S. Giampapa, M.S. Matthews (University of Arizona Press,
Tucson, 1991), pp. 98–117

J. Geiss, F. Bühler, H. Cerutti, P. Eberhardt, C.H. Filleux, J. Meister, P. Signer, The Apollo SWC experiment:
results, conclusions, consequences. Space Sci. Rev. 110, 307–335 (2004)

J. Geiss, P. Eberhardt, P. Signer, F. Buehler, J. Meister, The Solar-Wind Composition experiment, in Apollo

11 Preliminary Science Report (NASA SP-214, Washington, DC, 1969), pp. 183–186
E.K. Gibson, G.W. Moore, Volatile-rich lunar soil: evidence of possible cometary impact. Science 179, 69–71

(1973)
D.R. Gies, J.W. Helsel, Ice age epochs and the Sun’s path through the Galaxy. Astrophys. J. 626, 844–848

(2005)
K. Gillet, L. Margerin, M. Calvet, M. Monnereau, Scattering attenuation profile of the Moon: implications

for shallow moonquakes and the structure of the megaregolith. Phys. Earth Planet. Inter. 262, 28–40
(2017)

M.P. Gillman, H.E. Erenler, P.J. Sutton, Mapping the location of terrestrial impacts and extinctions onto the
spiral arm structure of the Milky Way. Int. J. Astrobiol. 18, 323–328 (2019)

G.R. Gladstone, D.M. Hurley, K.D. Retherford, P.D. Feldman, W.R. Pryor, J.Y. Chaufray, M. Versteeg, T.K.
Greathouse, A.J. Steffl, H. Throop, J.W. Parker, D.E. Kaufmann, A.F. Egan, M.W. Davis, D.C. Slater, J.
Mukherjee, P.F. Miles, A.R. Hendrix, A. Colaprete, A. Stern, LRO-LAMP observations of the LCROSS
impact plume. Science 330, 472–476 (2010)

P. Gleißner, H. Becker, Formation of Apollo 16 impactites and the composition of late accreted material:
constraints from Os isotopes, highly siderophile elements and sulfur abundances. Geochim. Cosmochim.
Acta 200, 1–24 (2017)

R.O. Green, C. Pieters, P. Mouroulis, M. Eastwood, J. Boardman, T. Glavich, P. Isaacson, M. Annadurai, S.
Besse, D. Barr, B. Buratti, D. Cate, A. Chatterjee, R. Clark, L. Cheek, J. Combe, D. Dhingra, V. Es-
sandoh, S. Geier, J.N. Goswami, R. Green, V. Haemmerle, J. Head, L. Hovland, S. Hyman, R. Klima,
T. Koch, G. Kramer, A.S.K. Kumar, K. Lee, S. Lundeen, E. Malaret, T. McCord, S. McLaughlin, J.
Mustard, J. Nettles, N. Petro, K. Plourde, C. Racho, J. Rodriquez, C. Runyon, G. Sellar, C. Smith, H.
Sobel, M. Staid, J. Sunshine, L. Taylor, K. Thaisen, S. Tompkins, H. Tseng, G. Vane, P. Varanasi, M.

White, D. Wilson, The Moon Mineralogy Mapper (M3) imaging spectrometer for lunar science: instru-
ment description, calibration, on-orbit measurements, science data calibration and on-orbit validation.
J. Geophys. Res., Planets 116, E00G19 (2011). https://doi.org/10.1029/2011JE003797

J. Gross, K.H. Joy, Evolution, lunar: from magma ocean to crust formation, in Encyclopedia of Lunar Science,
ed. by B. Cudnik (Springer, Berlin, 2016). https://doi.org/10.1007/978-3-319-05546-6_39-1

J. Gross, A.H. Treiman, C.N. Mercer, Lunar feldspathic meteorites: constraints on the geology of the lunar
highlands, and the origin of the lunar crust. Earth Planet. Sci. Lett. 388, 318–328 (2014)

T.L. Grove, M.J. Krawczynski, Lunar mare volcanism: where did the magmas come from? Elements 5, 29–34
(2009)

M. Güdel, The Sun in time: activity and environment. Living Rev. Sol. Phys. 4, 3 (2007). https://doi.org/
10.12942/lrsp-2007-3

S. Guggisberg, P. Eberhardt, J. Geiss, N. Groegler, A. Stettler, G.M. Brown, A. Peckett, Classification of the

Apollo-11 mare basalts according to Ar39-Ar40 ages and petrological properties, in Lunar Planet. Sci.

Conf. Proc., ed. by N.W. Hinners (1979), pp. 1–39
A.N. Halliday, D.-C. Lee, Tungsten isotopes and the early development of the Earth and Moon. Geochim.

Cosmochim. Acta 63, 4157–4179 (1999)
L.J. Hallis, M. Anand, S. Strekopytov, Trace-element modelling of mare basalt parental melts: implications

for a heterogeneous lunar mantle. Geochim. Cosmochim. Acta 134, 289–316 (2014)
J.K. Harmon, M.A. Slade, Radar mapping of Mercury: full-disk images and polar anomalies. Science 258,

640–643 (1992)
W.K. Hartmann, Lunar cratering chronology. Icarus 13, 299–301 (1970)

https://doi.org/10.1029/2011JE003797
https://doi.org/10.1007/978-3-319-05546-6_39-1
https://doi.org/10.12942/lrsp-2007-3
https://doi.org/10.12942/lrsp-2007-3


Constraining the Evolutionary History of the Moon. . . Page 41 of 50 54

W.K. Hartmann, D.R. Davis, Satellite-sized planetesimals and lunar origin. Icarus 24, 504–515 (1975)

W.K. Hartmann, C.A. Wood, Moon: origin and evolution of multi-ring basins. Moon 3, 3–78 (1971)

K. Hashizume, M. Chaussidon, A non-terrestrial 16O-rich isotopic composition for the protosolar nebula.

Nature 434, 619–622 (2005)

K. Hashizume, M. Chaussidon, Two oxygen isotopic components with extra-selenial origins observed among

lunar metallic grains—In search for the solar wind component. Geochim. Cosmochim. Acta 73, 3038–

3054 (2009)

K. Hashizume, M. Chaussidon, B. Marty, F. Robert, Solar wind record on the Moon: deciphering presolar

from planetary nitrogen. Science 290, 1142–1145 (2000)

K. Hashizume, M. Chaussidon, B. Marty, K. Terada, Protosolar carbon isotopic composition: implications

for the origin of meteoritic organics. Astrophys. J. 600, 480–484 (2004)

L.A. Haskin, The Imbrium impact event and the thorium distribution at the lunar highlands surface. J. Geo-

phys. Res., Planets 103, 1679–1689 (1998)

E.H. Hauri, A.E. Saal, M. Nakajima, M. Anand, M.J. Rutherford, J.A. Van Orman, M. Le Voyer, Origin and

evolution of water in the Moon’s interior. Annu. Rev. Earth Planet. Sci. 45, 89–111 (2017)

P.O. Hayne, B.T. Greenhagen, M.C. Foote, M.A. Siegler, A.R. Vasavada, D.A. Paige, Diviner lunar radiome-

ter observations of the LCROSS impact. Science 330, 477–479 (2010)

P.O. Hayne, A. Hendrix, E. Sefton-Nash, M.A. Siegler, P.G. Lucey, K.D. Retherford, J.P. Williams, B.T.

Greenhagen, D.A. Paige, Evidence for exposed water ice in the Moon’s south polar regions from Lunar

Reconnaissance Orbiter ultraviolet albedo and temperature measurements. Icarus 255, 58–69 (2015)

J.W. Head III, L. Wilson, Generation, ascent and eruption of magma on the Moon: new insights into source

depths, magma supply, intrusions and effusive/explosive eruptions (part 2: observations). Icarus 283,

176–223 (2017)

J.W. Head, L. Wilson, Lunar mare volcanism: stratigraphy, eruption conditions, and the evolution of sec-

ondary crusts. Geochim. Cosmochim. Acta 56, 2155–2175 (1992)

V.S. Heber, H. Baur, R. Wieler, Helium in lunar samples analyzed by high-resolution stepwise etching: im-

plications for the temporal constancy of solar wind isotopic composition. Astrophys. J. 597, 602–614

(2003)

V.S. Heber, R. Wieler, H. Baur, C. Olinger, T.A. Friedmann, D.S. Burnett, Noble gas composition of the solar

wind as collected by the Genesis mission. Geochim. Cosmochim. Acta 73, 7414–7432 (2009)

G.H. Heiken, D.T. Vaniman, B.M. French, Lunar Sourcebook (Cambridge University Press, Cambridge,

1991)

P.C. Hess, E.M. Parmentier, A model for the thermal and chemical evolution of the Moon’s interior: implica-

tions for the onset of mare volcanism. Earth Planet. Sci. Lett. 134, 501–514 (1995)

H. Hiesinger, R. Jaumann, G. Neukum, J.W. Head, Ages of mare basalts on the lunar nearside. J. Geophys.

Res. 105, 29239–29275 (2000)

H. Hiesinger, J.W. Head, U. Wolf, R. Jaumann, G. Neukum, Ages and stratigraphy of mare basalts in Oceanus

Procellarum, Mare Nubium, Mare Cognitum, and Mare Insularum. J. Geophys. Res., Planets 108, 5065

(2003). https://doi.org/10.1029/2002JE001985

H. Hiesinger, J.W. Head, U. Wolf, R. Jaumann, G. Neukum, Ages and stratigraphy of lunar mare basalts in

Mare Frigoris and other nearside maria based on crater size-frequency distribution measurements. J.

Geophys. Res., Planets 115, E03003 (2010). https://doi.org/10.1029/2009JE003380

H. Hiesinger, J.W. Head, U. Wolf, R. Jaumann, G. Neukum, Ages and stratigraphy of lunar mare basalts: a

synthesis, in Recent Advances and Current Research Issues in Lunar Stratigraphy, ed. by W.A. Am-

brose, D.A. Williams. Geol. Soc. of America Special Paper, vol. 477 (2011), pp. 1–51. https://doi.org/

10.1130/2011.2477(01)

H. Hiesinger, C.H. van der Bogert, J.H. Pasckert, N. Schmedemann, M.S. Robinson, B. Jolliff, N. Petro, New

crater size-frequency distribution measurements of the South pole-Aitken basin, in Lunar Planet. Sci.

Conf. (2012), p. abstract 2863

F. Hörz, R. Grieve, G. Heiken, P. Spudis, A. Binder, Lunar surface processes, in Lunar Sourcebook, ed. by G.

Heiken, D. Vaniman, B.M. French (Cambridge University Press, Cambridge, 1991), pp. 61–120

N. Hosono, S. Karato, J. Makino, T.R. Saitoh, Terrestrial magma ocean origin of the Moon. Nat. Geosci. 12,

418–423 (2019)

J. Huang, Z. Xiao, J. Flahaut, M. Martinot, J. Head, X. Xiao, M. Xie, L. Xiao, Geological characteristics of

Von Kármán crater, northwestern South pole-Aitken basin: Chang’E-4 landing site region. J. Geophys.

Res., Planets 123, 1684–1700 (2018)

D. Hurwitz, D.A. Kring, Identifying the geologic context of Apollo 17 impact melt breccias. Earth Planet.

Sci. Lett. 436, 64–70 (2016)

L. Husain, 40Ar-39Ar chronology and cosmic ray exposure ages of the Apollo 15 samples. J. Geophys. Res.

79, 2588–2606 (1974)

https://doi.org/10.1029/2002JE001985
https://doi.org/10.1029/2009JE003380
https://doi.org/10.1130/2011.2477(01)
https://doi.org/10.1130/2011.2477(01)


54 Page 42 of 50 R. Tartèse et al.

G.R. Huss, K. Nagashima, D.S. Burnett, A.J.G. Jurewicz, C.T. Olinger, A new upper limit on the D/H ratio
in the solar wind, in Lunar Planet. Sci. Conf. Proc. (2012a), abstract 1709

G.R. Huss, K. Nagashima, A.J.G. Jurewicz, D.S. Burnett, C.T. Olinger, The isotopic composition and fluence
of solar-wind nitrogen in a Genesis B/C array collector. Meteorit. Planet. Sci. 47, 1436–1448 (2012b)

R. Jaumann, H. Hiesinger, M. Anand, I.A. Crawford, R. Wagner, F. Sohl, B.L. Jolliff, F. Scholten, M. Knap-

meyer, H. Hoffmann, H. Hussmann, M. Grott, S. Hempel, U. Köhler, K. Krohn, N. Schmitz, J. Carpen-
ter, M. Wieczorek, T. Spohn, M.S. Robinson, J. Oberst, Geology, geochemistry, and geophysics of the
Moon: status of current understanding. Planet. Space Sci. 74, 15–41 (2012)

E.A. Jerde, G.A. Snyder, L.A. Taylor, Y.G. Liu, R.A. Schmitt, The origin and evolution of lunar high-Ti
basalts: periodic melting of a single source at Mare Tranquillitatis. Geochim. Cosmochim. Acta 58,

515–527 (1994)
B.L. Jolliff, J.J. Gillis, L.A. Haskin, R.L. Korotev, M.A. Wieczorek, Major lunar crustal terranes: surface

expressions and crust-mantle origins. J. Geophys. Res. 105, 4197–4216 (2000)
B.L. Jolliff, R.C. Watkins, N.E. Petro, D.P. Moriarty, S.J. Lawrence, J.W. Head, C.M. Pieters, J.J. Hagerty,

R.L. Fergason, T.M. Hare, L.R. Gaddis, P.O. Hayne, Selecting and certifying a landing site for moonrise
in South pole-Aitken basin, in Lunar Planet. Sci. Conf. (2017), p. abstract 1326

K.H. Joy, Trace elements in lunar plagioclase as indicators of source lithology, in Lunar Planet. Sci. Conf.

(2013), p. abstract 1033
K.H. Joy, T. Arai, Lunar meteorites: new insights into the geological history of the Moon. Astron. Geophys.

54, 4.28–4.32 (2013). https://doi.org/10.1093/astrogeo/att121
K.H. Joy, I.A. Crawford, M. Anand, R.C. Greenwood, I.A. Franchi, S.S. Russell, The petrology and geochem-

istry of Miller range 05035: a new lunar gabbroic meteorite. Geochim. Cosmochim. Acta 72, 3822–3844
(2008)

K.H. Joy, R. Burgess, R. Hinton, V.A. Fernandes, I.A. Crawford, A.T. Kearsley, A.J. Irving, EIMF, Petroge-

nesis and chronology of lunar meteorite Northwest Africa 4472: a KREEPy regolith breccia from the
Moon. Geochim. Cosmochim. Acta 75, 2420–2452 (2011a)

K.H. Joy, D.A. Kring, D.D. Bogard, D.S. McKay, M.E. Zolensky, Re-examination of the formation ages of
the Apollo 16 regolith breccias. Geochim. Cosmochim. Acta 75, 7208–7225 (2011b)

K.H. Joy, I.A. Crawford, N.M. Curran, M. Zolensky, A.F. Fagan, D.A. Kring, The Moon: an archive of small

body migration in the Solar System. Earth Moon Planets 118, 133–158 (2016)
M. Jutzi, E. Asphaug, Forming the lunar farside highlands by accretion of a companion Moon. Nature 476,

69–72 (2011)
R.R. Keays, R. Ganapathy, J.C. Laul, E. Anders, G.F. Herzog, P.M. Jeffery, Trace elements and radioactivity

in lunar rocks: implications for meteorite infall, solar-wind flux, and formation conditions of Moon.

Science 167, 490–493 (1970)
J.F. Kerridge, Solar nitrogen: evidence for a secular increase in the ratio of nitrogen-15 to nitrogen-14. Science

188, 162–164 (1975)
J.F. Kerridge, Secular variations in composition of the solar wind: evidence and causes, in Proc. Conf. Ancient

Sun (1980), pp. 475–489
J.F. Kerridge, Long-term compositional variation in solar corpuscular radiation: Evidence from nitrogen iso-

topes in the lunar regolith. Rev. Geophys. 31, 423–437 (1993)
J.F. Kerridge, P. Signer, R. Wieler, R.H. Becker, R.O. Pepin, Long-term changes in composition of solar

particles implanted in extraterrestrial materials, in The Sun in Time, ed. by C.P. Sonett, M.S. Giampapa,
M.S. Matthews (University of Arizona Press, Tucson, 1991), pp. 389–412

A. Khan, K. Mosegaard, K.L. Rasmussen, A new seismic velocity model for the Moon from a Monte Carlo

inversion of the Apollo lunar seismic data. Geophys. Res. Lett. 27, 1591–1594 (2000)
A. Khan, J.A.D. Connolly, A. Pommier, J. Noir, Geophysical evidence for melt in the deep lunar interior and

implications for lunar evolution. J. Geophys. Res., Planets 119, 2197–2221 (2014)
R.M. Killen, D.M. Hurley, W.M. Farrell, The effect on the lunar exosphere of a coronal mass ejection passage.

J. Geophys. Res. 117, E00K02 (2012). https://doi.org/10.1029/2011JE00401
T. Kleine, H. Palme, K. Mezger, A.N. Halliday, Hf-W chronometry of lunar metals and the age and early

differentiation of the Moon. Science 310, 1671–1674 (2005)
L. Kööp, P.R. Heck, H. Busemann, A.M. Davis, J. Greer, C. Maden, M.M.M. Meier, R. Wieler, High early

solar activity inferred from helium and neon excesses in the oldest meteorite inclusions. Nat. Astron. 2,
709–713 (2018)

R.L. Korotev, Lunar geochemistry as told by lunar meteorites. Chem. Erde Geochem. 65, 297–346 (2005)
R.L. Korotev, B.L. Jolliff, R.A. Zeigler, J.J. Gillis, L.A. Haskin, Feldspathic lunar meteorites and their im-

plications for compositional remote sensing of the lunar surface and the composition of the lunar crust.

Geochim. Cosmochim. Acta 67, 4895–4923 (2003)
T.S. Kruijer, T. Kleine, Tungsten isotopes and the origin of the Moon. Earth Planet. Sci. Lett. 475, 15–24

(2017)

https://doi.org/10.1093/astrogeo/att121
https://doi.org/10.1029/2011JE00401


Constraining the Evolutionary History of the Moon. . . Page 43 of 50 54

T.S. Kruijer, T. Kleine, M. Fischer-Godde, P. Sprung, Lunar tungsten isotopic evidence for the late veneer.
Nature 520, 534–537 (2015)

D.R. Lammlein, Lunar seismicity, structure, and tectonic. Philos. Trans. R. Soc. Lond. A 285, 451–461
(1977)

M. Laneuville, M.A. Wieczorek, D. Breuer, J. Albert, G. Morard, T. Rückriemen, A long-lived lunar dynamo

powered by core crystallization. Earth Planet. Sci. Lett. 40, 251–260 (2014)
G. Latham, M. Ewing, J. Dorman, D. Lammlein, F. Press, N. Toksoz, G. Sutton, F. Duennebier, Y. Nakamura,

Moonquakes. Science 174, 687–692 (1971)
M. Le Feuvre, M.A. Wieczorek, Nonuniform cratering of the Moon and a revised crater chronology of the

inner Solar System. Icarus 214, 1–20 (2011)
D.C. Lee, A.N. Halliday, G.A. Snyder, L.A. Taylor, Age and origin of the Moon. Science 278, 1098–1103

(1997)
M. Lemelin, P.G. Lucey, E. Song, G.J. Taylor, Lunar central peak mineralogy and iron content using the

Kaguya Multiband Imager: reassessment of the compositional structure of the lunar crust. J. Geophys.
Res., Planets 120, 869–887 (2015)

C. Lepaulard, J. Gattacceca, M. Uehara, P. Rochette, Y. Quesnel, R.J. Macke, S.J.W. Kiefer, A survey of the
natural remanent magnetization and magnetic susceptibility of Apollo whole rocks. Phys. Earth Planet.

Inter. 290, 36–43 (2019)
J. Levine, P.R. Renne, R.A. Muller, Solar and cosmogenic argon in dated lunar impact spherules. Geochim.

Cosmochim. Acta 71, 1624–1635 (2007)
S. Li, R.E. Milliken, Water on the surface of the Moon as seen by the Moon Mineralogy Mapper: distribution,

abundance, and origins. Sci. Adv. 3, e1701471 (2017). https://doi.org/10.1126/sciadv.1701471
S. Li, P.G. Lucey, R.E. Milliken, P.O. Hayne, E. Fisher, J.P. Williams, D.M. Hurley, R.C. Elphic, Direct

evidence of surface exposed water ice in the lunar polar regions. Proc. Natl. Acad. Sci. USA 115, 8907–
8912 (2018)

C. Li, D. Liu, B. Liu, X. Ren, J. Liu, Z. He, W. Zuo, X. Zeng, R. Xu, X. Tan, X. Zhang, W. Chen, R. Shu,
W. Wen, Y. Su, H. Zhang, Z. Ouyang, Chang’E-4 initial spectroscopic identification of lunar far-side
mantle-derived materials. Nature 569, 378–382 (2019)

Y. Liu, C. Floss, J.M.D. Day, E. Hill, L.A. Taylor, Petrogenesis of lunar mare basalt meteorite Miller Range
05035. Meteorit. Planet. Sci. 44, 261–284 (2009)

Y. Liu, Y. Guan, Y. Zhang, G.R. Rossman, J.M. Eiler, L.A. Taylor, Direct measurement of hydroxyl in the
lunar regolith and the origin of lunar surface water. Nat. Geosci. 5, 779–782 (2012)

J. Liu, M. Sharp, R.D. Ash, D.A. Kring, R.J. Walker, Diverse impactors in Apollo 15 and 16 impact rocks:
evidence from osmium isotopes and highly siderophile elements. Geochim. Cosmochim. Acta 155,
122–153 (2015)

J. Longhi, Experimental petrology and petrogenesis of mare volcanics. Geochim. Cosmochim. Acta 56,
2235–2251 (1992)

D.E. Loper, C.L. Werner, On lunar asymmetries 1. Tilted convection and crustal asymmetry. J. Geophys. Res.
107, 5046 (2002)

G.W. Lugmair, R.W. Carlson, The Sm-Nd history of KREEP, in Lunar Planet. Sci. Conf. Proc. (1978), pp.
689–704

J.R. Lyons, E. Gharib-Nezhad, T.R. Ayres, A light carbon isotope composition for the Sun. Nat. Commun. 9,
908 (2018). https://doi.org/10.1038/s41467-018-03093-3

S. Marchi, S. Mottola, G. Cremonese, M. Massironi, E. Martellato, A new chronology for the Moon and
Mercury. Astron. J. 137, 4936–4948 (2009)

S. Marchi, W.F. Bottke, D.A. Kring, A. Morbidelli, The onset of the lunar cataclysm as recorded in its ancient
crater populations. Earth Planet. Sci. Lett. 325, 27–38 (2012)

S. Marchi, W.F. Bottke, B.A. Cohen, K. Wünnemann, D.A. Kring, H.Y. McSween, M.C. De Sanctis, D.P.
O’Brien, P. Schenk, C.A. Raymond, C.T. Russell, High-velocity collisions from the lunar cataclysm
recorded in asteroidal meteorites. Nat. Geosci. 6, 303–307 (2013)

B. Marty, L. Zimmermann, P.G. Burnard, R. Wieler, V.S. Heber, D.L. Burnett, R.C. Wiens, P. Bochsler,
Nitrogen isotopes in the recent solar wind from the analysis of Genesis targets: evidence for large scale
isotope heterogeneity in the early Solar System. Geochim. Cosmochim. Acta 74, 340–355 (2010)

B. Marty, M. Chaussidon, R.C. Wiens, A.J.G. Jurewicz, D.S. Burnett, A 15N-poor isotopic composition for
the Solar System as shown by Genesis solar wind samples. Science 332, 1533–1536 (2011)

T.B. McCord, J.B. Adams, T.V. Johnson, Asteroid Vesta: spectral reflectivity and compositional implications.
Science 168, 1445–1447 (1970)

T.J. McCoy, D.W. Middlefehldt, L. Wilson, Asteroid differentiation, in Meteorites and the Early Solar System

II, ed. by D.S. Lauretta, H.Y. McSween Jr. (University of Arizona Press, Tucson, 2006), pp. 733–745
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, Magmatic volatiles

https://doi.org/10.1126/sciadv.1701471
https://doi.org/10.1038/s41467-018-03093-3


54 Page 44 of 50 R. Tartèse et al.

(H, C, N, F, S, Cl) in the lunar mantle, crust, and regolith: abundances, distributions, processes, and
reservoirs. Am. Mineral. 100, 1668–1707 (2015)

D.S. McKay, G.A. Heiken, G.M. Taylor, U.S. Clanton, D.A. Morrison, G.H. Ladle, Apollo 14 soils: size
distribution and particle types, in Lunar Sci. Conf. Proc. (1972), pp. 983–994

D.S. McKay, D.D. Bogard, R.V. Morris, R.L. Korotev, P. Johnson, S.J. Wentworth, Apollo 16 regolith brec-
cias: characterization and evidence for early formation in the mega-regolith. J. Geophys. Res. 91, D277–
D303 (1986)

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), pp. 286–356

K.D. McKeegan, M. Chaussidon, F. Robert, Incorporation of short-lived 10Be in a calcium–aluminum-rich
inclusion from the Allende meteorite. Science 289, 1334–1337 (2000)

K.D. McKeegan, A.P.A. Kallio, V.S. Heber, G. Jarzebinski, P.H. Mao, C.D. Coath, T. Kunihiro, R.C. Wiens,
J.E. Nordholt, R.W. Moses Jr., D.B. Reisenfeld, A.J.G. Jurewicz, D.S. Burnett, The oxygen isotopic
composition of the Sun inferred from captured solar wind. Science 332, 1528–1532 (2011)

C.L. McLeod, A.D. Brandon, R.M.G. Armytage, Constraints on the formation age and evolution of the Moon

from 142Nd-143Nd systematics of Apollo 12 basalts. Earth Planet. Sci. Lett. 396, 179–189 (2014)
H.Y. McSween Jr., R.P. Binzel, M.C. De Sanctis, E. Ammannito, T.H. Prettyman, A.W. Beck, V. Reddy, L.

Le Corre, M. Gaffey, T.B. McCord, C.A. Raymond, C.T. Russell, Dawn, the Vesta–HED connection,
and the geologic context for eucrites, diogenites, and howardites. Meteorit. Planet. Sci. 48, 2090–2104
(2013)

H.J. Melosh, A.M. Freed, B.C. Johnson, D.M. Blair, J.C. Andrews-Hanna, G.A. Neumann, R.J. Phillips, D.E.
Smith, S.C. Solomon, M.A. Wieczorek, M.T. Zuber, The origin of lunar Mascon basins. Science 340,
1552–1555 (2013)

H.J. Melosh, J. Kendall, B. Horgan, B.C. Johnson, T. Bowling, P.G. Lucey, G.J. Taylor, South pole-Aitken
basin ejecta reveal the Moon’s upper mantle. Geology 45, 1063–1066 (2017)

C.M. Mercer, K.E. Young, J.R. Weirich, K.V. Hodges, B.L. Jolliff, J.A. Wartho, M.C. van Soest, Refining

lunar impact chronology through high spatial resolution 40Ar/39Ar dating of impact melts. Sci. Adv. 1,
e1400050 (2015). https://doi.org/10.1126/sciadv.1400050

A. Meshik, J. Mabry, C. Hohenberg, Y. Marrocchi, O. Pravdivtseva, D. Burnett, C. Olinger, R. Wiens, D.
Reisenfeld, J. Allton, K. McNamara, E. Stansbery, A.J.G. Jurewicz, Constraints on neon and argon
isotopic fractionation in solar wind. Science 318, 433–435 (2007)

A. Meshik, C. Hohenberg, O. Pravdivtseva, D. Burnett, Heavy noble gases in solar wind delivered by Genesis
mission. Geochim. Cosmochim. Acta 127, 326–347 (2014)

A.E. Metzger, E.L. Haines, R.E. Parker, R.G. Radocinski, Thorium concentrations in the lunar surface. I—
Regional values and crustal content, in Lunar Planet. Sci. Conf. Proc. (1977), pp. 949–999

K. Misawa, M. Tatsumoto, G.B. Dalrymple, K. Yanai, An extremely low U/Pb source in the Moon: U-Th-Pb,

Sm-Nd, Rb-Sr, and 40Ar/39Ar isotopic systematics and age of lunar meteorite Asuka 881757. Geochim.
Cosmochim. Acta 57, 4687–4702 (1993)

I.G. Mitrofanov, A.B. Sanin, W.V. Boynton, G. Chin, J.B. Garvin, D. Golovin, L.G. Evans, K. Harshman,
A.S. Kozyrev, M.L. Litvak, A. Malakhov, E. Mazarico, T. McClanahan, G. Milikh, M. Mokrousov, G.
Nandikotkur, G.A. Neumann, I. Nuzhdin, R. Sagdeev, V. Shevchenko, V. Shvetsov, D.E. Smith, R. Starr,
V.I. Tretyakov, J. Trombka, D. Usikov, A. Varenikov, A. Vostrukhin, M.T. Zuber, Hydrogen mapping of
the Lunar South Pole using the LRO neutron detector experiment LEND. Science 330, 483–486 (2010)

A. Morbidelli, S. Marchi, W.F. Bottke, D.A. Kring, A sawtooth-like timeline for the first billion years of lunar
bombardment. Earth Planet. Sci. Lett. 355–356, 144–151 (2012)

A. Morbidelli, D. Nesvorny, V. Laurenz, S. Marchi, D.C. Rubie, L. Elkins-Tanton, M. Wieczorek, S. Jacob-
son, The timeline of the lunar bombardment: revisited. Icarus 305, 262–276 (2018)

J.W. Morgan, U. Krähenbühl, R. Ganapathy, E. Anders, Trace elements in Apollo 15 samples: implications
for meteorite influx and volatile depletion on the Moon, in Lunar Sci. Conf. Proc. (1972), pp. 1361–
1376

R.V. Morris, Surface exposure indices of lunar soils—A comparative FMR study, in Lunar Planet. Sci. Conf.

Proc. (1976), pp. 315–335
R.V. Morris, The surface exposure (maturity) of lunar soils—Some concepts and Is/FeO compilation, in

Lunar Planet. Sci. Conf. Proc. (1978), pp. 2287–2297
R.V. Morris, Origins and size distribution of metallic iron particles in the lunar regolith, in Lunar Planet. Sci.

Conf. Proc. (1980), pp. 1697–1712
J. Mortimer, A.B. Verchovsky, M. Anand, Predominantly non-solar origin of nitrogen in lunar soils. Geochim.

Cosmochim. Acta 193, 36–53 (2016)
V.R. Murthy, M.R. Coscio Jr., Rb-Sr ages and isotopic systematics of some Serenitatis mare basalts, in Lunar

Planet. Sci. Conf. Proc., ed. by R.B. Merrill (1976), pp. 1529–1544

https://doi.org/10.1126/sciadv.1400050


Constraining the Evolutionary History of the Moon. . . Page 45 of 50 54

Y. Nakamura, Shallow moonquakes: how they compare with earthquakes, in Lunar Planet. Sci. Conf. Proc.

(1980), pp. 1847–1853
Y. Nakamura, G.V. Latham, H.J. Dorman, Apollo lunar seismic experiment final summary, in Lunar Planet.

Sci. Conf. Proc. (1982), pp. A117–A123
Y. Nakamura, G.V. Latham, H.J. Dorman, J.E. Harris, Passive Seismic Experiment, Long Period Event Cat-

alog, Final Version (1969 Day 202–1977 Day 273, ALSEP Stations 11, 12, 13, 14, 15, and 16). Univ.
Texas Institute Geophys. Tech. Report No. 18 (originally published 19 June 1981, revised 2 October
2008) (2008)

National Research Council, The Scientific Context for the Exploration of the Moon (The National Academies
Press, Washington, DC, 2007). https://www.nap.edu/catalog/11954/the-scientific-context-for-
exploration-of-the-Moon. Accessed 12 June 2019

C.R. Neal, Establishing a lunar geophysical network for exploration and Solar System science, in Annual

Meeting Lunar Exploration Analysis Group (2011), abstract 2052
C.R. Neal, G.Y. Kramer, The petrogenesis of the Apollo 14 high-Al mare basalts. Am. Mineral. 91, 1521–

1535 (2006)
C.R. Neal, L.A. Taylor, Petrogenesis of mare basalts: a record of lunar volcanism. Geochim. Cosmochim.

Acta 56, 2177–2212 (1992)
C.R. Neal, M.D. Hacker, G.A. Snyder, L.A. Taylor, Y.G. Liu, R.A. Schmitt, Basalt generation at the Apollo

12 site, part 1: new data, classification, and re-evaluation. Meteoritics 29, 334–348 (1994)
C.R. Neal, W.B. Banerdt, C. Beghein, P. Chi, D. Currie, S. Del’Agnello, I. Garrick-Bethell, R. Grimm, M.

Grott, H. Haviland, S. Kedar, S. Nagihara, M. Panning, N. Petro, N. Schmerr, M. Siegler, R. Weber,
M. Wieczorek, K. Zacny, The lunar geophysical network mission, in Lunar Planet. Sci. Conf. (2019),
abstract 2455

A. Nemchin, N. Timms, R. Pidgeon, T. Geisler, S. Reddy, C. Meyer, Timing of crystallization of the lunar
magma ocean constrained by the oldest zircon. Nat. Geosci. 2, 133–136 (2009)

G. Neukum, B. Ivanov, W.K. Hartmann, Cratering records in the inner Solar System in relation to the lunar
reference system. Space Sci. Rev. 96, 55–86 (2001)

G.A. Neumann, M.T. Zuber, M.A. Wieczorek, J.W. Head, D.M.H. Baker, S.C. Solomon, D.E. Smith, F.G.
Lemoine, E. Mazarico, T.J. Sabaka, S.J. Goossens, H.J. Melosh, R.J. Phillips, S.W. Asmar, A.S. Kono-
pliv, J.G. Williams, M.M. Sori, J.M. Soderblom, K. Miljković, J.C. Andrews-Hanna, F.W.S. Nimmo,
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