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Key Points:

e Study of the Moon’s origin is a potentially powerful way to constrain the end stages of
terrestrial accretion.

e In the past decade, several Moon-forming impact scenarios have been proposed and
continued investigation is needed to assess the feasibility of these scenarios.

e Samples from large lunar impact basins and advancements in modeling key processes are
needed to further constrain lunar origin scenarios.

e Lunar seismic arrays would provide fundamental constraints on the interior structure,
volatile content and formation history of the Moon.

1. Introduction

The leading theory for lunar origin is formation via a giant impact with the early Earth. Giant
impacts are thought to be a ubiquitous feature of the later stages of terrestrial planet formation.
Hence, understanding the Moon’s origin is a potentially powerful way to constrain the end
stages of terrestrial accretion, due to abundant lunar samples and the detailed compositional
constraints they provide. However, the nature of this event remains highly debated. In the past
decade, various Moon-forming impact scenarios have been proposed that invoke very different
impact conditions. Assessing the feasibility of these scenarios and ultimately distinguishing
between them is crucial to unraveling what our Moon can tell us about our planet’s origin and
earliest evolution, and the types of impacts typical during late stage terrestrial accretion.

The “isotopic crisis” and the still open question of Moon formation

The giant impact theory, first proposed in the mid-1970s [1-2], envisions that the Moon formed
from a disk of ejecta produced by a collision with the Earth. Origin via impact became the
leading hypothesis subsequent to the 1984 “Origin of the Moon™ conference, based primarily
on its perceived strength in accounting for Earth’s rapid early spin, the Moon’s lack of iron,
and the initial lunar magma ocean [3], and the weaknesses of alternative formation theories.
The first generation of 3D hydrodynamic impact simulations established that many giant
impacts produced iron-poor, Earth-orbiting disks [4-7]. Later works showed that the current
Earth-Moon angular momentum (Lgy), as well as the Moon’s mass and bulk density, could be
explained by a low-velocity, oblique impact by a Mars-sized body [8-10], in what has become
known as the canonical Moon-forming impact.

In the past decade, the nature of a Moon-forming impact has become highly debated, due to
the difficulty in explaining isotopic similarities between the Moon and Earth’s mantle. A disk
produced by a canonical impact originates mostly (> 80%) from the outer layers of the
impactor, rather than from the proto-Earth’s mantle. A Moon accreted from such a disk would
then have a composition similar to that of the impactor (Fig.1-a). Isotopic variations across
meteorites from Mars and the asteroid belt, in combination with radial-mixing expected during
terrestrial accretion, imply that the impactor would have been isotopically different than the
Earth [11,12]. Yet, high-precision measurements show that the silicate Earth and Moon are
isotopically indistinguishable across many elements [13,14]. Thus, while a canonical impact
accounts for the angular momentum (AM) in the Earth-Moon system, it appears inconsistent
with Earth-Moon compositional similarities.

2. Alternative Moon-forming scenarios

These results have motivated over the past decade a diverse array of impact scenarios (Table
1) that strive to better account for Earth-Moon isotopic similarities.



Table 1: Current impact scenarios (References in superscript)

Model Name Impactor Mass [Mg] | Impact velocity [Ves]

1) Canonical®1? + Earth-like Theia!:16 0.13-02 1-12

2) Canonical®1? + equilibration!? 0.13-02 1-12

3) High-AM: Fast-spinning Earth!7-18 0.03-0.1 1.5-3

4) High-AM: Half-Earth!819 04-0.5 1-15

5) High-AM/-Energy + equilibration!® 0.03-0.5 1-3

6) Hit-and-run?’ 02-03 1.2-14

7) Multiple-impact?! 0.01-0.1 1-3

Scenarios 1-2: Modified canonical impacts. Recent work [15] implies a substantial likelihood
that Theia had an Earth-like isotopic composition in most elements (Fig.1-b). Initially it was
argued that this might have been likely if Theia grew near 1 AU from the same building
material as the Earth itself [13, 22]. This notion seemed plausible because canonical impacts
required Theia to have a low relative velocity at infinity, consistent with an Earth-like impactor
orbit [8-9]. However, Pahlevan & Stevenson [12] used impact statistics from an N-body planet
accretion model and assumed that A'7O is linearly correlated with the distance from the Sun,
to estimate that the probability of Theia being appropriately Earth-like in O was only of order
a percent. Additionally, new data indicated that the Earth and Moon had equal initial tungsten
isotopic compositions [23-25], compounding the isotopic crisis. Theia’s core and mantle W
isotopic compositions would have been sensitive to the timing and conditions of its core’s
formation. Thus, even if Theia were Earth-like in elements like O, by virtue of having formed
near Earth, an additional coincidence would be needed for Theia’s W composition to be
consistent with an Earth-Moon W match.

Alternatively, an initially non-Earth-like disk may have become Earth-like as it diffusively
mixed with vaporized portions of Earth’s mantle [16]. Such an “equilibration” process is
appealing because it could account for a wide range of Earth-Moon isotopic similarities,
including W [16]. But whether the mixing processes would operate sufficiently in the
immediate post-impact conditions before the Moon forms remains unclear [87].

Scenarios 3-5: High-AM impacts. Historically, the AM of the Earth-Moon system was
assumed to have remained essentially constant over the age of the solar system, hence impacts
focused on impact regimes that left the Earth-Moon system with an AM comparable to Lgy.
The “isotopic crisis” inspired exploration of other impact regimes, primarily by relaxing the
AM constraint. High AM impacts produce a planet and protolunar disk with = identical
compositions for most elements even if the impactor was isotopically non-Earth like [17, 19].
Lock et al. [18] further argued that mixing may yield similar disk-planet compositions across
a broad range of high-AM impacts that produce vaporized, co-rotating “synestias” (Fig.1-
c). However, these impacts introduce a new challenge: excess AM delivered by the impact
must somehow then be removed. Dynamical interactions with the Sun could have transferred
substantial AM from the Earth-Moon system to Earth’s heliocentric orbit after the Moon
formed [17, 26-31]. Successful cases consistent with a final AM near Lgy were found but
appeared to require a narrow range of tidal parameters.
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Fig. 1- Schematics of different Moon-forming models. Credit: Lucy
Reading-Ikkanda /Quanta Magazine

Scenario 6. Hit-and-run impact. A higher-velocity, less oblique impact produces a disk and
planet that are more compositionally similar than in a canonical impact [20], requiring modest
equilibration or a relatively Earth-like Theia. However it appears difficult for a single such
collision to yield a massive enough disk.

Scenario 7: Multiple impacts. Rufu et al. modeled Moon formation via ~20 sub-Mars impactors
[21]. Each impact creates a moonlet that tidally migrates outward. A later impact produces
another moonlet, whose orbital expansion can cause it to merge with the prior outer moon
(Fig.1-d). The Moon can then be built up by many impacts, with the final Earth-Moon
compositions approaching that of the mean planetesimal neighborhood. However the merger
efficiency between consecutive moonlets is low [32].

While these are many promising new ideas, the current scenarios face important challenges:

o Earth and Moon now appear to have had nearly equal W isotopic compositions, which
argues for equilibration [16, 23-25]. But, current work finds only 0 to ~50% of the Moon
comes from the inner disk where Earth-disk mixing seems most likely [18, 33]. The extent
of post-impact mixing remains an open question, especially for the refractory isotopes such
as titanium [14].

e Recent works argue that volatile escape to infinity is unlikely in scenarios (1) - (6) [34].
However, the lunar abundance and/or isotopic composition of some volatiles (e.g., Zn and



perhaps K; [35-38, 57]) now appears to require some loss, at least from the lunar gravity
well [39].

e Scenarios (3) - (5) produce synestias from which the Moon is predicted to form in ~1 yr
[18], implying a fully molten Moon [40]. But, GRAIL data implies an only partially molten
initial Moon [41,42].

o The likelihood of scenarios (3) and (7) depends on how multiple impacts affect planet
rotation and moon retention, but this is uncertain, and current works reach contradictory
conclusions [21, 32, 43, 89].

In summary, the Moon’s origin is coupled to that of the Earth. Because of the Moon’s
accessibility, our knowledge of its detailed composition and physical properties will likely
always exceed that of the other planets in the inner Solar System. Thus unraveling how the
Moon formed holds the promise of providing a cornerstone for understanding how our
terrestrial planets originated. However, realizing that promise has proved
challenging. Current theoretical models provide an array of possible solutions, but great
uncertainty remains in which is the most compelling explanation for our particular Earth-Moon
system. The more than a half-dozen variants on the giant impact model described above span
a wide range of impactor masses, and thus have very different implications for the final major
event of Earth’s accretion. In order to ultimately distinguish among this array of interesting
theories, more data and physical constraints are needed.

3. Key outstanding data needed to resolve lunar origin debate

Over the past several decades, the efforts in modeling and analysis, combined with exploration
missions, has greatly increased our understanding of lunar origin. But it has also opened a large
variety of new questions and uncertainties. We here identify some of the important data needed
to pierce the mystery of the Moon’s origin.

e The Moon’s initial thermal state. An apparent conflict exists between lunar
formation models, which favor a hot start for the Moon, and geophysical constraints
that imply an initial cool/solid lunar interior and a shallow magma ocean (MO; e.g.,
[44]). These constraints include the history of tectonics and strain [41, 45-47], observed
crustal thickness compared to MO model predictions [42,48], and a seismic transition
that may represent the MO base [49,50]. Alternative explanations for each observation
exist [51], but it is unclear whether collectively these observations support a
partially/fully molten initial Moon. A long-term seismic network and heat flow sensors
could reveal new constraints on the depth of the initial lunar magma ocean. If, indeed
the Moon cannot have been initially fully molten [42], this would provide a stringent
constraint on lunar origin models [44], potentially ruling out those in which the Moon
forms in << 100 yr [40].

e The lunar endogenic volatile content and its interpretation The Moon is depleted
in volatile and moderately-volatile elements compared with Earth [52], but the cause of
this remains poorly understood. Small enrichments in the heavy isotopes of some lunar
volatile elements (e.g., Zn, K) have also been reported [35,36]. Unraveling how the
Moon’s volatile abundances originated could discriminate between different lunar
origin models via differing predictions for relative volatile abundances or isotopic
composition [39]. This could be achieved by additional analyses of lunar samples,
gamma-ray and neutron spectrometer measurements (e.g., K/Th ratios) and acquisition
of future samples that are more representative of the Moon’s composition at depth (e.g.,



samples of the Moon’s mantle potentially exposed at large impact basins such as South
Pole Aitken, [53]). Current models for this depletion either invoke a viscous disk
atmosphere [54,55], which would not permit efficient mixing with the Earth [56, 87] or
a viscous melt layer [57], whose consequences for isotopic fractionation remain
unexplored. The Moon’s volatile content relative to Earth is a fundamental constraint.
Further investigation is needed for a self-consistent explanation of the lunar volatile
element depletion and heavy isotope enrichment, and its bearing on the relative roles
of chemical processes during formation and early evolution.

Additional high-precision measurements of the isotopic composition of lunar vs.
terrestrial materials for highly refractory elements. A key uncertainty is whether
vaporized portions of the protolunar disk could have mixed and compositionally
equilibrated with the Earth. Given the complexity of the physics of equilibration,
independent markers of its importance in establishing the Moon’s bulk composition
have been sought. Differences between the Earth and Moon isotopic compositions for
highly refractory elements would seem to provide evidence for equilibration, because
(at least) in vertically stratified disks [58-60], mixing would be restricted to elements
in the vapor phase. Instead, the Earth and Moon have indistinguishable Ti
compositions [14]. This does not, however, rule out equilibration, because Ti may have
been partially vaporized [14], or refractory-rich droplets could have equilibrated with
surrounding vapor, if the disk was vertically unstratified [61]. Recent high precision
calcium data nominally imply a difference between the Earth and Moon Ca isotopic
compositions, but it is small (< 10 ppm; [62]). Additional high-precision measurements
of refractory element isotopic compositions of lunar and terrestrial samples (including
higher precision Ca data) would provide valuable new constraints on the likelihood and
mechanism of equilibration.

Determining the Moon’s bulk composition. We currently lack direct samples of the
Moon’s mantle. Lunar material and the bulk silicate Earth (BSE) have similar major
element abundances and nearly-identical isotopic compositions for, e.g., O, Si, and Ti,
but the Moon is more depleted in volatiles as described above. Detailed Earth-Moon
chemical relationships may ultimately provide a way to distinguish among lunar origin
scenarios (Table 1), because those models will have varied pressure vs. temperature
conditions of accreting lunar material that will affect the Moon’s chemistry and isotopic
abundances. Further, Pahlevan et al. [61] predicted that equilibration between the disk
and the full terrestrial mantle would lead to a relationship between the resulting Earth-
Moon differences in FeO/MgO and in silicon isotopic composition (with larger Earth-
Moon differences in FeO/MgO implying larger differences in §3°Si). Because the
Earth and Moon are now known to have essentially identical Si compositions [63],
equilibration thus implies that they should have similar FeO/MgO as well, i.e., that the
lunar Fe/(Fe + Mg) ratio must be between 1 to 1.3 times that of the BSE [63]. Some
prior estimates fell in this range (~1.2, [64,65]), but more recent work including GRAIL
results estimate this ratio is 1.4 [66-68], nominally inconsistent with equilibration.
However, there are still substantial uncertainties that also permit a more BSE-like value.
These issues could be better constrained by improved knowledge of the Moon’s bulk
composition (i.e., samples from diverse regions of the surface).

Isotopic composition of Venus. Current knowledge of the isotopic composition of
Mars heavily influences our thinking about the initial heterogeneity in the inner solar
nebula. However, Mars’s accretion was fast and its material locally sourced [69].



Knowledge of the isotopic composition of Venus, would provide a much stronger
constraint for Earth, and provide a better understanding of the inner solar system mixing
during accretion of the terrestrial planets. If the isotopic ratios (e.g., oxygen) of Venus
proved similar to those in the Earth, the likelihood of an Earth-like impactor would be
increased and the isotopic crises eased.

Dating of the largest lunar basins. Progress regarding the isotopic diversity of Earth-
impactors can also be made by observations that provide new constraints on early outer
planet migration. Early migration during planet accretion [70, 71] would have tended
to radially mix the inner Solar System, but if migration occurred later after planet
accretion had ended [72, 73], the planets may have accreted in a compositionally more
radially segregated disk. The timing of giant planet migration may be constrained by
better knowledge of when the lunar basins formed. A broad dispersion of basin ages
would suggest a decaying background population of impactors leftover from planet
formation, consistent with early planet migration, while a clustering of late basin ages
would more naturally support a later epoch of giant planet migration.

Data that constrains the timing of magma ocean solidification. Explaining the
Moon’s current 5° tilt relative to the ecliptic has been a longstanding issue for a giant
impact origin, which would nominally produce a low-inclination Moon (< 1°).
Proposed solutions to the “lunar inclination problem” invoke one or more subsequent
excitation processes, including the evection and eviction resonances [74], Moon-
protolunar disk resonant interactions [75], planetesimal scattering [76], or a Laplace
plane instability [27]. Recently it has been recognized that inclination damping, as well
as excitation, may have been important during the Moon’s tidal evolution. In particular,
large-scale inclination damping may have occurred at an Earth-Moon separation of 30
to 35 Earth radii when the lunar obliquity is expected to have experienced a large
excursion [77, 27], particularly if the Moon’s magma ocean had not solidified by this
time. Improved constraints on when the magma ocean solidified would help constrain
lunar orbital histories that in turn constrain origin models.

Knowledge of lunar internal structure. Geochemical studies of lunar materials have
suggested the existence of multiple mantle reservoirs [80,81], and geophysical studies
have provided modest constraints on the size of the core [82,83]. Geophysical studies
of the lunar interior can provide much needed constraints on the size and composition
of the core, and possible deep mantle domains [84,85]. For example, the S content of
the lunar core is not well constrained but is linked to the size and thermal state of the
inner and outer core and will control the distribution of volatile and siderophile
elements between core and mantle [39,86]. Linking geophysical and geochemical
measurements will provide new constraints on the lunar thermal, magnetic, isotopic,
and volatile evolution. Future seismic arrays on the lunar surface would place excellent
constraints on the lunar internal structure.

Modeling advancements. Modeling of giant-impact scenarios relies heavily on the
equations of state of the materials involved in the impact, whose accurate description
is necessary for calculating impact outcomes [78, 79]. Models of the evolution of the
post-impact planet-disk system are also substantially under-constrained. In particular,
direct links between the parameters that govern proto-lunar disk evolution and the
chemical/isotopic composition of the resulting Moon are scarce. The development of
new models that can constrain proto-lunar disk evolution via links with
chemical/isotopic observables is needed to better understand the lunar origin process.



Additionally, more realistic post-accretion lunar dynamical models are needed in order
to distinguish between forming scenarios (e.g., the feasibility of AM removal
mechanism that is required in some scenarios, or the evolution of the lunar inclination).

e We recommend that the decadal survey considers the critical role of team
dynamics, equity, diversity, inclusion, and accessibility in planetary science.
Studies of scientific teams have repeatedly demonstrated the importance of an
integrated approach, where team members with diverse expertise and backgrounds
develop synergies between their specialties and resources that result in an end product
that adds up to more than the sum of its parts [88].
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