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Abstract

The Moon forming giant impact marks the end of the main stage of Earth’s accretion and sets the stage for the
subsequent evolution of our planet. The giant impact theory has been the accepted model of lunar origin for 40 years,
but the parameters of the impact and the mechanisms that led to the formation of the Moon are still hotly debated.
Here we review the principal geochemical observations that constrain the timing and parameters of the impact, the
mechanisms of lunar formation, and the contemporaneous evolution of Earth. We discuss how chemical and isotopic
studies on lunar, terrestrial and meteorite samples relate to physical models and how they can be used to differentiate
between lunar origin models. In particular, we argue that the efficiency of mixing during the collision is a key test of giant
impact models. A high degree of intra-impact mixing is required to explain the isotopic similarity between the Earth
and Moon but, at the same time, the impact did not homogenize the whole terrestrial mantle, as isotopic signatures of
pre-impact heterogeneity are preserved. We summarize the outlook for the field and highlight the key advances in both
measurements and modeling needed to advance our understanding of lunar origin.
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1. Introduction

The terminal event in the main stage of Earth’s ac-
cretion is thought to be the Moon-forming giant impact
(Hartmann and Davis, 1975; Cameron and Ward, 1976).
A planetary body (often referred to as Theia) collided with
the proto-Earth, injecting material into orbit from which
the Moon formed. The giant impact melted and vaporized
much of Earth and set the initial conditions for the sub-
sequent evolution of our planet. The giant impact theory
has been the accepted model of lunar origin for 40 years,
yet the parameters of the impact and the mechanisms that
led to the formation of the Moon are intensely debated (see
reviews by Asphaug, 2014; Barr, 2016).

Lunar origin is one of the best characterized problems in
terrestrial planetary formation as we have comparatively
large quantities of samples from each body available for
geochemical analysis, and a wealth of geophysical mea-
surements and orbital observations. It is partly for these
reasons, however, that the topic of lunar origin remains so
controversial. Models that match the first order physical
observations (such as the mass of the Moon and Earth) are
potentially excluded by other lines of evidence from geo-
chemical studies. Geochemical constraints and geodynam-

∗Corresponding author: slock@caltech.edu

ical models must go hand in hand in the effort to elucidate
the details of lunar formation.

Here, we provide an overview of the various permuta-
tions of the giant impact model and how the Moon is
formed in each case. We then review the constraints on
lunar origin and how they bear on the different models,
focusing on evidence from geochemical measurements of
lunar and terrestrial samples.

2. Giant impact models for lunar origin

Early models of the Moon-forming giant impacts were
focused on reproducing physical constraints, e.g., the mass
of the Moon. Cameron and Ward (1976) proposed that the
Moon-forming giant impact set the angular momentum of
the Earth-Moon system, which placed a very strong con-
straint on the parameters of the impact (e.g., the masses of
the colliding bodies, impact velocity, impact angle). Nu-
merical simulations have found that a narrow range of im-
pacts, grazing impacts of roughly Mars-mass impactors
near the mutual escape velocity1, can possibly inject suf-

1The mutual escape velocity is the minimum velocity required to
overcome gravity and separate two bodies that are initially touching.
Alternatively, the mutual escape velocity is the impact velocity of two
bodies drawn together by gravity from infinite distance given zero
initial relative velocity.
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ficient mass and angular momentum into orbit to form an
iron-poor (see Section 4), lunar-mass Moon (Canup and
Asphaug, 2001; Canup, 2004, 2008). The energy of the
impact melts or vaporizes much of the colliding bodies
and leaves the proto-Earth spinning with a roughly 5 hour
period. This so-called canonical scenario has become the
de-facto working model for lunar formation and has been
the basis of our understanding of the outcome of giant
impacts in the solar system.

A canonical Moon-forming impact injects material into
orbit, forming a multiphase (i.e., a mixture of liquid and
vapor) disk around the proto-Earth (Figure 1a). Con-
densed material (i.e., not vapor) that is injected beyond
the Roche limit (the point beyond which large objects can
survive without being torn apart by tidal forces2) accretes
to form one or two large satellites on a timescale of or-
der weeks (Ida et al., 1997; Kokubo et al., 2000). Fur-
ther mass is then added to the proto-Moon over tens to
hundreds of years by viscous spreading of material from
the Roche-interior disk (Thompson and Stevenson, 1988;
Salmon and Canup, 2012, 2014; Charnoz and Michaut,
2015; Ward, 2017). The numerical techniques used for gi-
ant impact simulations cannot resolve the complex physics
and chemistry, or long timescales, of disk evolution (years
to hundreds of years). Separate models are required to
understand the formation of the Moon and to build scal-
ing laws that can predict the mass of the satellite that
would be formed by a disk of a given mass and angular mo-
mentum as determined by giant impact simulations. The
complex structure and dynamics of the multiscale, mul-
tiphase, and multicomponent Roche-interior disk are dif-
ficult to model numerically and the processes that could
drive viscous spreading, and their efficiency, are poorly
understood. Furthermore, how the disk interacts with the
proto-Earth has not been fully explored (Pahlevan and
Stevenson, 2007; Desch and Taylor, 2013). Understand-
ing the evolution of the Roche-interior disk is vital for
predicting the efficiency of lunar accretion and the geo-
chemistry of the Moon. For example, using scaling laws
from lunar accretion models that attempt to include some
of the complexities of the Roche-interior disk (Salmon and
Canup, 2012, 2014), very few of the published canonical
Moon-forming impacts would produce a lunar-mass Moon
(see discussion in Lock et al., 2018). Determining how the
Moon forms following an impact remains a major stum-
bling block for lunar origin studies.

Although the canonical impact has been the dominant
focus for work on lunar formation, other potential impacts
have been explored. Reufer et al. (2012) showed that a
hit-and-run collision could leave the largest remnant with
a circumplanetary disk. It has also been proposed that the
Moon was formed by not one but multiple giant impacts,
with each impact delivering a fraction of the lunar mass

2For the case of the post-impact Earth, the Roche limit is at
a distance of about 2.9REarth from the center of the body, where
REarth is the radius of the present-day Earth.

(Rufu et al., 2017). A modification of the canonical impact
where the pre-impact proto-Earth is hot enough to have
a molten upper mantle has also been suggested (Hosono
et al., 2019). In each of these cases, it is assumed that the
post-impact evolution is similar to that in the canonical
case, with varying silicate-vapor fractions.

Recently, various mechanisms have been discovered that
could transfer angular momentum from the Earth-Moon
system to the Earth-Sun system during the early period
of lunar tidal evolution (Ćuk and Stewart, 2012; Wisdom
and Tian, 2015; Ćuk et al., 2016; Tian et al., 2017). There
is significant uncertainty as to the amount of angular mo-
mentum that could have been transferred, in part due to
the difficulties in calculating the evolving tidal parameters
of the early Earth and Moon. Current models, however,
suggest that the Earth-Moon system could have started
with as much as twice its present-day angular momentum.
The possibility that the angular momentum of the Earth-
Moon system has evolved since lunar formation has dra-
matically expanded the range of potential Moon-forming
giant impacts and a number of different impact parame-
ters have been explored (Canup, 2012; Ćuk and Stewart,
2012; Lock et al., 2018). It is expected that most planets
will acquire significant angular momentum during accre-
tion as a result of single or multiple giant impacts (Agnor
et al., 1999; Kokubo and Genda, 2010; Rufu et al., 2017).
In fact, studies that have attempted to track the angu-
lar momentum of terrestrial planets indicate that terminal
impacts with angular momenta as low as the canonical im-
pact would be rare (Kokubo and Genda, 2010). It should
be noted that these models have neglected several signif-
icant processes (e.g., the formation and tidal evolution of
moons) that could affect the angular momentum of planets
during accretion and models that include these effects are
required to confirm the angular momentum distribution of
proto-planets. The canonical Moon-forming impact is also
a relatively low energy impact and the range of potential
impact parameters (e.g., the masses of the colliding bodies,
impact velocity, impact angle) is very narrow. There is a
much wider array of giant impacts that occur during accre-
tion and the vast majority of accretionary impacts between
embryo-sized bodies are of higher specific energy than the
canonical scenario (see e.g., Quintana et al., 2016), result-
ing in hotter and more vaporized post-impact bodies (Lock
and Stewart, 2017). Therefore, given the expected range of
giant impacts that occur during accretion and the poten-
tial for the angular momentum of the Earth-Moon system
to have been reduced during lunar tidal evolution, it is
reasonable to expect that the terminal giant impact for
Earth would be of higher angular momentum and energy
than the canonical impact.

High-energy, high-angular momentum impacts provide
new environments for lunar formation. In particular, it has
been found that a range of such impacts produce a new
class of planetary bodies called synestias (Lock and Stew-
art, 2017). Synestias are bodies that exceed the corotation
limit (CoRoL). As the angular momentum of a corotating
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Figure 1: Schematic of the canonical (a) and synestia (b) Moon-formation models. Post-impact structures are shown roughly to scale as
they would appear a few months after the impact with the depicted surface being the photosphere, the point at which the structure becomes
optically thin. Colors are used to differentiate between: the metal core of the bodies (grey); the silicate portion of the bodies (yellow); and
the existence and motions of condensates in the low-pressure regions of the structures (blue). Vertical dashed lines indicate the Roche limit,
the point beyond which large objects can survive without being torn apart by tidal forces (∼2.9 REarth).
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planet is increased, it rotates faster and becomes increas-
ingly oblate. At a critical angular momentum the angular
velocity at the equator is equal to that of a Keplerian or-
bit, i.e., the angular velocity at the equator is the same
as a body in orbit. This point, at which the angular mo-
mentum is high enough that the angular velocity at the
equator equals that of a circular Keplerian orbit, is the
CoRoL. More generally, the CoRoL is a surface that de-
pends on the properties of the body (e.g., thermal state,
angular momentum, total mass, and compositional lay-
ering). Post-impact synestias are thermodynamically and
dynamically continuous bodies with an inner corotating re-
gion transitioning to a significantly sub-Keplerian disk-like
region further from the rotation axis. Post-impact synes-
tias are typically many times larger than an equivalent
condensed planet and form large biconcave disk-shaped
structures. Synestias are predicted to be common during
terrestrial planet formation and most final planets would
have been transformed into a synestia at least once dur-
ing their accretion (Lock and Stewart, 2017). Note that
all previously proposed high-angular momentum impacts
(Canup, 2012; Ćuk and Stewart, 2012) produce synestias
but this was not realized at the time.

A synestia is a distinct dynamical structure from a
planet and condensate-dominated circumplanetary disk
system, and, as a result, different processes dominate the
early evolution of a synestia (Figure 1b). Recently, it was
proposed that if a giant impact produced a sufficiently ex-
tended synestia the Moon would have formed inside it,
surrounded by 10s bar of silicate vapor (Lock et al., 2018).
A lunar seed, accreted from large debris injected into orbit
during the impact, would have grown over years to tens of
years by accreting silicate droplets raining from the pho-
tosphere, where radiative cooling leads to condensation
of the vapor. The rain of droplets from the photosphere
also acts to transport mass and angular momentum in the
synestia as the droplets are dragged inwards by the gas,
leading to mixing of the outer layers. Over time, as the va-
por cools and condenses, the synestia shrinks to within the
lunar orbit terminating lunar accretion. Although promis-
ing as a model for lunar origin, the formation of the Moon
from a synestia is a very recent idea and many pieces of
the scenario need to be explored in more depth.

The range of possible high-angular momentum giant im-
pacts, and the corresponding range of post-impact states,
are only beginning to be explored. There are many possi-
ble scenarios between the end member cases of the canon-
ical disk and the highly extended synestias proposed by
Lock et al. (2018) and future work is needed to explore
this continuum of possibilities.

3. Timing of Moon formation

Various different approaches have been used to constrain
the timing of the Moon-forming giant impact, resulting in
ages that vary from 60 Myr to 250 Myr after the begin-
ning of the solar system, defined as the time of the con-

densation of the first solids (calcium aluminum inclusions)
from the cooling nebular gas of the protoplanetary disk at
4567±0.16 Ma (Connelly et al., 2012). Estimates of the
timing of the Moon-forming giant impact are determined
from dating lunar samples (Apollo samples and lunar me-
teorites), calculation of the timing of lunar magma ocean
(LMO) crystallization, and numerical simulations. Time
constraints on terrestrial events that post-date the last gi-
ant impact are derived from terrestrial samples (e.g. the
oldest zircons derived from the early crust, samples that
record the formation of different reservoirs during crys-
tallization of the terrestrial magma ocean) and provide a
limit on how late the Moon could have formed. It is im-
portant to note that none of the approaches to dating the
Moon-forming giant impact directly dates the impact it-
self. Each method dates an event that occurred on Earth
or the Moon which was tied to the impact, lunar forma-
tion, or differentiation of Earth and/or the Moon in some
way. There is therefore always an additional uncertainty,
on top of any intrinsic uncertainty in the approach, as to
what event a given technique is dating and how the timing
of that event relates to the timing of the giant impact.

All ages defined by lunar samples are interpreted based
on the same assumed evolution after lunar formation.
Mafic silicates crystallized from an initially extensively
molten Moon and subsequently sank into the mantle to
form the source regions of much later mare basalt magma-
tism (Warren, 1985). After some 70-80% crystallization,
plagioclase began to crystallize from what was by then
a dense iron-rich differentiated magma, causing the pla-
gioclase to float to form the ferroan anorthosite (FAN)
suite (FAS) of the lunar highlands rocks (Dowty et al.,
1974). The FAS, therefore, likely contains the oldest lunar
rocks. Further crystallization resulted in a residual liquid
strongly enriched in incompatible elements. This reser-
voir is the source of KREEP basalts. They were given
the name KREEP based on their marked enrichment in
potassium (K), rare earth elements (REE) and phosphorus
(P), among other incompatible elements (see e.g., Snyder
et al., 1995). Studies of short- and long-lived systematics
have helped refine the lunar chronology from the forma-
tion of the different source reservoirs to lunar magmatism.
No method can directly provide the age of the Moon’s
formation but different systems can date events that are
closely linked to the LMO stage. For example, the oldest
ages measured for the lunar anorthosite crust are assumed
to date the magma ocean crystallization if this process is
relatively short. In general, this is a good assumption as
models of the LMO agree that a stable plagioclase flota-
tion crust formed in less than a million years. However,
it should be noted that several processes could extend the
cooling timescale for the LMO (tidal heating, formation of
a thick lid, presence of an optically-thick atmosphere: Tian
et al., 2017; Elkins-Tanton et al., 2011; Saxena et al., 2017)
potentially resulting in the persistence of partially molten
regions of the lunar mantle for several million years.

Below we summarize the different methods that have
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Figure 2: Age estimates for the crystallization of the lunar magma ocean compared to the oldest terrestrial records. References: 146Sm-142Nd
planetary isochron (Nyquist et al., 1995; Boyet and Carlson, 2007; McLeod et al., 2014; Borg et al., 2019), 147Sm-143Nd and Lu-Hf model age
on bulk-rocks (Lugmair and Carlson, 1978; Sprung et al., 2013; Gaffney and Borg, 2014), FAN absolute datations (Borg et al., 2011; Nyquist
et al., 2010), zircon Hf model age (Taylor et al., 2009; Barboni et al., 2017). The dashed line represents the most concordant estimate for the
age of a lunar sample and so our preferred estimate for the timing of the giant impact that formed the Moon. Interpreting these ages (crust
crystallization, differentiation of the lunar interior) as those of the formation of the Moon requires a rapid crystallization of the lunar magma
ocean (see Section 3 for more details). Radioactive parent isotopes for short-lived systematics are alive during five half lives (lifetimes shown
on the left).
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been used to determine the age of the Moon and their
results (Figure 2):

1. Absolute ages for FAS rocks: 100-200 Myr after
the beginning of the solar system. Only two sam-
ples have produced concordant ages from multiple
isotope dating techniques: sample 60025 dated at
4360±3 Ma (Borg et al., 2011) and sample 67075
dated at 4470±70 Ma (Nyquist et al., 2010). Con-
cordant ages (4304±12 Ma) from the 147Sm-143Nd,
146Sm-142Nd, Rb-Sr, and Ar-Ar isotopic systems
were obtained on a lithic breccia from the noritic
anorthosite 60016 (Marks et al., 2019). However, for
this specific sample this age is not an age of crys-
tallization because all these isotope systematics have
different closure temperatures; rather it reflects the
time of excavation of this sample from the crust by a
large impact event (Marks et al., 2019). In contrast,
Ar-Ar ages on FAN 60025 and 67075 are significantly
younger and around 4.1 Ga (see Borg et al., 2011)
showing later disturbances. The troctolite anorthosite
62237 recently measured by Sio et al. (2020) plot on
the same internal Sm-Nd isochron as 60025 suggesting
they formed contemporaneously.

2. U-Pb ages of lunar zircons: the oldest lunar zircon
is estimated to have formed 151±6 Myr after the
beginning of the solar system. This zircon was lo-
cated in the matrix of a clast-rich impact melt breccia
(Nemchin et al., 2009). Nemchin et al. (2009) inter-
preted this age as the age of formation of the KREEP
source as experiments show that zircon saturation is
achieved only at the very end of LMO crystallization
(Dickinson and Hess, 1982). The significance of zircon
ages remains debated and could represent magmatic
and/or impact activity on the Moon (Grange et al.,
2013).

3. Model ages for the LMO crystallization (KREEP,
mare basalts, Mg-suite crustal rocks): 130-200 Myr
after the beginning of the solar system (Lugmair and
Carlson, 1978; Sprung et al., 2013; Gaffney and Borg,
2014). Model ages determined using both Sm-Nd
and Lu-Hf long-lived systematics give similar results.
Here age refers to the formation of the different source
reservoirs (i.e., the time at which fractionation of par-
ent/daughter ratios occurred).

4. Planetary isochron age using short-lived 146Sm-142Nd
systematics: 180-230 Myr after the beginning of the
solar system (Nyquist et al., 1995; Boyet and Carlson,
2007; Brandon et al., 2009; McLeod et al., 2014; Borg
et al., 2019). Ages are calculated from the slope of
the fossil isochron where the 142Nd/144Nd ratio of dif-
ferent samples is plotted against the parent/daughter
ratio of their sources. Here assumptions are made
for calculating the source parent/daughter ratio (e.g.,
one or several stage evolution, initial composition of
the bulk Moon) which explains at least part of the
dispersion in ages.

5. The absence of variation in 182W/184W recorded in
the lunar samples measured to date precludes global
differentiation of the Moon prior to 60-70 Myr af-
ter the beginning of the solar system (Touboul et al.,
2015; Kruijer and Kleine, 2017) (c.f., Thiemens et al.,
2019).

6. Hafnium isotopic analyses were performed on the
same volumes of lunar zircon dated by high-precision
U-Pb geochronology and a model Lu-Hf differentia-
tion age of 60 Myr after the beginning of the solar
system was obtained (Barboni et al., 2017). Several
samples have elevated 178Hf/177Hf ratios showing that
the Hf isotopic compositions (and hence the inferred
ages) are strongly affected by capture of secondary
neutrons produced during cosmic ray exposure. Al-
though the robustness of the correction was raised, a
sample not affected by this secondary effect gives an
age of 60 Myr. Previous Lu-Hf data on lunar zircons
dated the crystallization of the lunar magma ocean at
100 Ma with an upper limit of 200 Ma (Taylor et al.,
2009).

7. Numerical simulations of planet formation that at-
tempt to match the highly siderophile element (HSE3)
abundances in the terrestrial mantle: 95±32 Myr af-
ter the beginning of the solar system (Jacobson et al.,
2014).

Recent isotope studies support a young Moon. Borg
et al. (2019) showed that mare basalt sources and fer-
roan anorthosite suite cumulates define a linear array on
a 146Sm/144Nd versus 142Nd/144Nd isochron plot demon-
strating these materials were derived from a common reser-
voir at 4336+31

−32 Ma. This age is similar to the age obtained
on the FAN 60025 (4360±3 Ma, Borg et al., 2011). The
age derived for sample 60025 is the most robust age deter-
mined for lunar samples because three different chronome-
ters (146Sm-142Nd, 147Sm-143Nd, 207Pb-206Pb) produce
the same age within uncertainty. Isotope studies on high-
lands rocks enriched in magnesium, known as the Mg-suite
and interpreted to be partial melts of cumulates in the
lunar interior, also produce similar ages (Carlson et al.,
2014). A lunar crust formed contemporaneously with dif-
ferent terrestrial mantle reservoirs suggests a rapid crystal-
lization of the LMO, in agreement with numerical models
(< 1 Myr, e.g., Elkins-Tanton et al., 2011). It has been
proposed that the young ages of the lunar crust could
be due to solidification of the LMO being prolonged by
tidal heating (Elkins-Tanton et al., 2011), but if the Moon
formed late, then a mechanism to prolong the solidification
of the LMO is not required.

3HSEs are those elements that have a strong propensity to be
in metals over silicates and so are overwhelmingly incorporated into
Earth’s core during accretion. Typically, HSEs are defined as ele-
ments that have metal–silicate partition coefficients (D values, con-
centration ratio of an element in liquid metal to liquid silicate)
>10,000.
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The age of sample 60025 is also in agreement with ages
proposed for the last magma ocean event on Earth esti-
mated to be around 150-200 Myr after the beginning of the
solar system from 146,147Sm-142,143Nd systematics mea-
surements on Eoarchean samples (e.g., Rizo et al., 2011;
Caro et al., 2017). A major melting event on Earth at
this time is consistent with the presence of zircon formed
in a terrestrial crust at 4.4 Ga (Wilde et al., 2001; Val-
ley et al., 2014) and the age of 4.3 Ga estimated from the
146Sm-142Nd systematics for samples from the Nuvvuagit-
tuq greenstone belt (northern Quebec, Canada) represent-
ing the oldest preserved crustal section on Earth (O’Neil
et al., 2008). However, it may be challenging to recon-
cile outgassing of a late magma ocean with 129I-129Xe sys-
tematics in mid-ocean ridge basalts, which exhibit large
excesses in 129Xe that are intrinsic to the upper mantle
and not derived from a deeper-seated mantle source (e.g.,
Mukhopadhyay and Parai, 2019; Parai et al., 2019). Man-
tle excesses in 129Xe indicate that retention of Xe began
within the lifetime of 129I (<100 Myr after CAIs: Por-
celli et al., 2001; Mukhopadhyay and Parai, 2019). If the
Moon-forming giant impact generated a terrestrial magma
ocean after 129I was extinct, this implies that magma ocean
outgassing after the Moon-forming giant impact was inef-
ficient. The efficiency by which noble gases are degassed
from a magma ocean is uncertain, and depends on the
style of magma ocean solidification (fractional or batch
crystallization) and the fraction of melt that is trapped as
the mantle freezes which are both poorly understood (see
e.g., Solomatov and Stevenson, 1993a,b,c; Miyazaki and
Korenaga, 2019).

Geochronology on the Moon remains a challenging task
due to the nature and limited number of samples avail-
able. Most lunar samples were collected during the Apollo
missions, which landed predominantly in the mare basin
areas where basalts are relatively young (< 3.9 Ga) in
comparison to the average lunar crust, thereby potentially
biasing the sample suite. FANs have been mostly sampled
during the Apollo 16 mission and some samples are also
available in the lunar meteorite collection. The question of
whether samples taken from a small area of the lunar sur-
face constrain the age of the crust persists since lunar high-
land meteorites and Luna mission anorthosites are more
magnesium-rich than Apollo ferroan anorthosites (Gross
et al., 2014). Lunar crustal rocks were not all formed
during the crystallization of the LMO; some were likely
generated via complex crustal processes later in time. Im-
pacts on the lunar surface have also extensively shocked
crustal rocks, which can disturb radiogenic isotope signa-
tures. For example, Rb-Sr systematics in FANs are vulner-
able to shock resetting that may yield young apparent ages
(Norman et al., 2003). The large deficit in 142Nd measured
in FAN 62255 may indicate direct crystallization from the
LMO 60-125 Myr after the beginning of the solar system
(Boyce et al., 2015), but such measurements of 142Nd in
FANs with extremely low rare earth element abundances
are challenging. Additional samples and further analyses

are needed to better understand lunar chronology from the
radiogenic isotope record.

4. Bulk lunar elemental composition

Estimates of the Moon’s bulk composition (inclusive of
the core, mantle, and crust) suggest that it is very sim-
ilar to Earth’s with two principal exceptions: the Moon
has a much smaller metal core (Williams et al., 2014; We-
ber et al., 2011; Garcia et al., 2011); and the Moon is
more depleted in volatile and moderately volatile elements
(MVE; e.g., K, Na, Zn, and Cl: Ringwood and Kesson,
1977; Wanke et al., 1977; Morgan et al., 1978; Longhi,
2006; Albarède et al., 2015; Taylor, 2014; Hauri et al., 2015;
Taylor and Wieczorek, 2014; Ni et al., 2019, see Figure 3).
The similarity of the Earth and Moon in the major el-
ements (excepting some siderophile elements, those that
have a propensity to partition into metals, such as iron)
suggests that the two bodies formed from material from
a similar reservoir, consistent with the observed similarity
in non-mass dependent isotopic composition (Section 6).
The similarities and differences in composition between
the two bodies can give us insight into the mechanisms of
lunar formation.

It is estimated that the Moon has a metallic iron core
that is only∼2% of its mass (compared to∼30% for Earth)
which places a significant constraint on lunar origin mod-
els (Williams et al., 2014; Weber et al., 2011; Garcia et al.,
2011). This constraint is met in the canonical giant impact
model as, in a subset of collisions, only a small quantity
of core material from the impactor is injected into orbit,
creating an iron-depleted proto-lunar disk. The major-
ity of the impactor’s core material merges with the core
of the target. The generation of iron-depleted disks has
been used as a constraint in other lunar origin scenarios
(Reufer et al., 2012; Rufu et al., 2017; Hosono et al., 2019).
Lock et al. (2018) proposed an alternative explanation for
the small lunar core in the context of the synestia model
which may also be relevant in other lunar formation sce-
narios. They argued that since the bulk composition of
Earth was set by the impact and that the Moon-forming
region had a composition similar to that of the rest of the
silicate portion of the post-impact body (as required by the
isotopic constraints, see Section 6), the vapor in the outer
regions of the synestia would have had close to bulk sili-
cate Earth (BSE) composition. Using physical chemistry
models, the authors showed that ∼2 wt% metal could be
precipitated from a cooling BSE liquid at low to modest
pressures (10−6-102 bar). The metal that now constitutes
the core of the Moon could have been partially, or com-
pletely, sourced from metal that precipitated directly from
silicate liquid in moonlets or the Moon itself, and injection
of free metal into the disk may not be required. Note that
some amount of metal from condensed material injected
into orbit during the impact may also contribute to the
mass of the lunar core in the synestia model. Further
work on the combined thermal and chemical evolution of
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Figure 3: The lunar composition is depleted in moderately volatile
elements (MVEs) relative to the bulk silicate Earth (BSE). The gray
band is the range of published estimates for the bulk lunar composi-
tion, doubly normalized to the mole fraction of Al and the abundance
of each element in the BSE (McDonough and Sun, 1995). The range
shown is based on estimates and discussions provided by Ringwood
and Kesson (1977); Wänke et al. (1977); Morgan et al. (1978); Ring-
wood (1979); Taylor (1982); Wänke and Dreibus (1982); Ringwood
et al. (1987); Warren (2005); Longhi (2006); Taylor and McLennan
(2009); Taylor (2014), and Hauri et al. (2015) (see discussion in Sec-
tion S5.1 of Lock et al., 2018).

the lunar disk and the Moon is required to explore the
relative contributions to the lunar core from different po-
tential mechanisms.

The MVE depletion of the Moon is a key chemical con-
straint on lunar origin models. In a series of studies (Ring-
wood and Kesson, 1977; Ringwood, 1986), Ringwood and
colleagues argued that the lunar composition could be ex-
plained if the Moon was a partial condensate of vapor de-
rived from Earth’s mantle. Few studies have attempted
to combine the dynamics, thermodynamics and chemistry
of lunar origin, which is necessary to test the proposed
models. Recently, Canup et al. (2015) used the canoni-
cal lunar disk models of Salmon and Canup (2012) and
physical chemistry calculations to link the dynamics and
thermodynamics of accretion from a canonical disk. They
also suggested that the lunar volatile element depletion
could be explained if the material that formed the ob-
servable Moon was a partial condensate of disk material.
However, the model presented by Canup et al. (2015) does
not quantitatively explain the magnitude, nor the pattern,
of moderately volatile element depletion observed for the
Moon.

Lock et al. (2018) combined physical and geochemical
models to estimate the composition of the Moon formed
from a terrestrial synestia and showed that such a sce-
nario can reproduce both the pattern and magnitude of
MVE depletion in the Moon. By simulating the evolution
of a terrestrial synestia using a modified hydrodynamic
code, they demonstrated that the pressure of silicate va-
por surrounding the growing Moon could be on the or-
der of 10s bar. They then argued that the Moon would
equilibrate with the gas around it in the structure at the
pressure of the gas and a temperature set by the onset of
vaporization of the major elements (particularly Si). Using
physical chemistry calculations, they showed that equili-
bration of a BSE chemical system at those pressures and
temperatures could reproduce the bulk lunar composition.
MVEs that were not incorporated into the Moon would
remain in the vapor of the synestia. Over time, radiative
cooling of the synestia would cause it to contract. Eventu-
ally the synestia contracted within the orbit of the Moon,
cutting off exchange between the vapor of the synestia and
the Moon, and leaving the Moon with its distinctive MVE
depleted composition. The MVEs that remained in the
vapor of the synestia would have been incorporated into
the BSE. The result that the lunar composition can be
explained by partial condensation of BSE material at 10s
bar and at temperatures tied to the onset of vaporization
of the major elements may also place a constraint on the
equilibration conditions of lunar material in other lunar
origin models. However, the thermodynamic properties of
MVEs at the high temperatures of post-impact bodies are
not well known, and more experimental studies of silicate
vaporization are needed to confirm this result.

Alternatively, it has been proposed that the MVE de-
pletion of the Moon could be explained by evaporative
loss from the Moon during the early stages of the LMO
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(Charnoz et al., 2019; Young and Tang, 2019). We will
discuss this suggestion in the next section in connection
with MVE isotopic fractionation.

Determining the bulk chemical (and isotopic) composi-
tion of the Moon is challenging due to the limited spatial
coverage of samples and limited constraints on the compo-
sition of the core (Steenstra et al., 2016, 2017, 2020; Jing
et al., 2014; Antonangeli et al., 2015). Furthermore, de-
termining the composition of the lunar mantle from only
crustal samples requires the use of petrological melting
models and there are intrinsic degeneracies in the inferred
source compositions. As a result, there is still signifi-
cant variation in different estimates of lunar composition.
Future missions that sample new locations and different
lithologies, particularly sample return missions, are vital
to further constrain the lunar composition.

5. Moderately volatile element isotopic fractiona-
tion

Further insight on the mechanism of MVE depletion of
the Moon relative to Earth is provided by isotopic stud-
ies. It has been found that lunar samples exhibit mass-
dependent isotopic fractionation relative to Earth for vari-
ous MVEs (K, Rb, Zn, Cl, Sn, Cr, Ga; Herzog et al., 2009;
Sharp et al., 2010; Paniello et al., 2012; Boyce et al., 2015,
2018; Kato et al., 2015; Wang and Jacobsen, 2016; Day
et al., 2017; Kato and Moynier, 2017; Pringle and Moynier,
2017; Dhaliwal et al., 2018; Sossi et al., 2018; Wang et al.,
2019a,b; Stephant et al., 2019; Nie and Dauphas, 2019;
Wimpenny et al., 2019, see Figure 4). Different elements
show different directions and magnitudes of fractionation
and there is considerable variability in the fractionation of
different lunar samples for some elements. MVE isotopic
fractionation has the potential to be a powerful tool to
constrain the formation and later evolution of the Moon,
but interpreting the observed fractionations is difficult as
numerous processes can cause mass-dependent fractiona-
tion. Here we will restrict ourselves to the discussion of po-
tential mechanisms for MVE isotopic fractionation during
lunar formation or on the newly formed Moon. We will not
discuss fractionation due to other processes, such as post-
emplacement alteration (e.g., Potts et al., 2018; Barnes
et al., 2019), and those acting after the lunar magma ocean
had largely solidified (e.g., Barnes et al., 2016), or dur-
ing the ascent, eruption or emplacement of the melts that
formed lunar rocks (e.g., Sharp et al., 2010).

MVE isotopic fractionation could arise during the for-
mation of the Moon due to processes in the lunar disk or
synestia. Wang and Jacobsen (2016) proposed that the
observed isotopic fractionation in K could be produced by
equilibrium exchange between liquid and vapor at mod-
erate pressures (10s bar) consistent with the conditions
expected for the formation of the Moon from a terres-
trial synestia (Lock et al., 2018). However, at the high
temperatures of liquid-vapor exchange in synestias and
in the midplane of the canonical disk at the Roche-limit

(>∼3500 K; Lock et al., 2018; Canup et al., 2015) the ex-
pected equilibrium isotopic fractionation is too small to ex-
plain the observations (Dauphas et al., 2018). To amplify
the effect from equilibrium fractionation, it has been sug-
gested, on the basis of the observed light isotopic compo-
sition of Sn, that the lunar material experienced repeated
stages of equilibration and phase separation at somewhat
lower temperatures (∼2500 K; Wang et al., 2019a). Alter-
natively, a small degree of non-equilibrium fractionation
during partial evaporation of MVEs could explain the ob-
served heavy isotopic signature of many MVEs (Nie and
Dauphas, 2019), but may be in disagreement with light
isotopic signatures such as those observed for Sn (Wang
et al., 2019a). Assessing the feasibility of each of these
arguments and understanding the implications of MVE
isotopic fractionations for lunar origin is challenging. Dif-
ferent parcels of lunar material follow varying pressure-
temperature-composition-time paths before (and after) be-
ing incorporated into the Moon and likely go through mul-
tiple steps of vaporization and condensation. Thus, the
lunar MVE isotopic composition may reflect the weighted
average of the varying signatures from material that ex-
perienced different histories. Current models of Moon for-
mation do not track the thermodynamic paths of lunar
material to the level of detail needed to access the result-
ing isotopic fractionation.

The newly-formed Moon would be substantially molten
and it has been suggested that the loss of silicate vapor
from the surface of the LMO could fractionate MVEs both
elementally and isotopically (Paniello et al., 2012; Boyce
et al., 2015; Kato et al., 2015; Day et al., 2017; Kato and
Moynier, 2017; Sossi et al., 2018; Stephant et al., 2019;
Charnoz et al., 2019; Young and Tang, 2019). Recently,
Charnoz et al. (2019) and Young and Tang (2019) have
attempted to model this process and found that it is possi-
ble to lose significant amounts of MVEs from the Moon by
evaporative loss, producing mass-dependent isotopic frac-
tionations. However, these models assume that the loss
from the Moon is in steady state, which is not necessarily
the case given the surface of the Moon is far out of equi-
librium with its surroundings. Processes that may prove
important, such as radiative transfer and condensation of
the expanding vapor, have also been neglected.

Understanding MVE fractionation between Earth and
the Moon is a new and rapidly developing frontier in lu-
nar formation studies, but more work, particularly studies
measuring multiple different elements in the same samples,
is required to untangle the contributions of different pro-
cesses to the isotopic fractionation (e.g., Nie and Dauphas,
2019). In order to use these observations to place con-
straints on the origin and evolution of the Moon, coupled
chemical, thermal and dynamical models will be required
to quantify the isotopic fractionation due to different pro-
cesses. Models that can couple the elemental depletion
and isotopic fractionation of MVEs could prove particu-
larly powerful determinants of lunar origin and evolution.
For such models, there is a need for improved experimen-
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Figure 4: Lunar samples exhibit mass-dependent isotopic fractionation relative to Earth for various volatile elements (MVEs). Shown are
estimates for the isotopic composition of the bulk silicate Earth (BSE, dark blue squares) and Moon (yellow squares) for a selection of MVEs
(K, Cr, Zn, Rb, Sn and Cl). Isotopic compositions are expressed as δ41K, δ53Cr, δ66Zn, δ87Rb, δ124Sn, and δ37Cl, parts per thousand
deviation of the isotope ratio of interest in the sample/body from a standard. The relevant isotope ratios for each element plotted here
are 41K/39K, 53Cr/52Cr, 66Zn/64Zn, 87Rb/85Rb, 124Sn/116Sn, and 37Cl/35Cl. K: Average of lunar (yellow) and terrestrial (blue) samples
measured by Wang and Jacobsen (2016). Error bars are two standard deviations of sample measurements. Cr: Estimates for lunar isotopic
composition from Bonnand et al. (2016) and estimates for the lunar and terrestrial isotopic composition from Sossi et al. (2018). Also plotted
is the estimate for BSE from Schoenberg et al. (2008) which was used for comparison in the Bonnand et al. (2016) study. Black errors bars are
two standard deviations of sample measurements. For Sossi et al. (2018) the standard error of all measurements of samples from each body
(17 and 36 for lunar and terrestrial samples respectively) is also shown in red. Sossi et al. (2018) argued that their measurements, combined
with literature values, for each individual body were consistent with being drawn from a single normal distribution and thus the standard
error of all measurements of samples from each body was a more suitable estimate of the uncertainty in the terrestrial and lunar composition.
Note that the Cr isotopic fractionations shown here are mass-dependent unlike the mass-independent variation shown in Figures 5 and 6. Zn:
Estimate of the bulk Moon from Kato et al. (2015) and estimate of the BSE from Chen et al. (2013). Error bars are two standard deviations
of sample measurements. Rb: Estimates for lunar and terrestrial isotopic composition from Pringle and Moynier (2017) and Nie and Dauphas
(2019). Error bars are two standard deviations of sample measurements and 95% confidence intervals, respectively. Sn: Estimates for lunar
and terrestrial isotopic composition from Wang et al. (2019a) and Wang et al. (2018), respectively. Error bars are two standard deviations of
sample measurements. Cl: The Cl isotopic compositions of lunar samples are highly variable and the yellow arrows in the third panel show the
range of reported values for appetites and melt inclusions in different lunar lithologies from: Sharp et al. (2010); Wang et al. (2019b); Barnes
et al. (2016); Tartèse et al. (2014); Treiman et al. (2014); Boyce et al. (2015); Potts et al. (2018); Barnes et al. (2019), and Stephant et al.
(2019). Colored circles show estimates of the Cl isotopic composition of the Mare and urKREEP sources based on mixing models constrained
by sample measurements (Boyce et al., 2018). Also plotted is the estimate for the composition of the terrestrial mantle from (Sharp et al.,
2013).

tal constraints on the behavior of MVEs at the very high
temperatures expected during lunar formation and magma
ocean evolution, a regime that is exceedingly difficult to
reach in a lab setting (Sossi et al., 2019).

6. Similarity in lunar and terrestrial non-mass de-
pendent isotope ratios

Increasingly precise isotopic measurements of terrestrial
and lunar samples have shown that Earth and the Moon
share very similar non-mass dependent stable isotope ra-
tios for a range of elements including Cr, O, Si, and Ti
(e.g., Lugmair and Shukolyukov, 1998; Wiechert et al.,
2001; Armytage et al., 2012; Zhang et al., 2012; Young
et al., 2016; Greenwood et al., 2018, see Figures 5 and 6).
Significant non-mass dependent variation in the isotope
ratios of these elements are observed among other plane-
tary bodies (Clayton and Mayeda, 1996; Yin et al., 2002;
Trinquier et al., 2007; Zhang et al., 2012). Such isotopic
signatures are thought to reflect the provenance of material
that formed different bodies (i.e., the region in the proto-
planetary disk from which material was derived). Given
the non-mass dependent variation of stable isotope ratios
observed among planetary materials, the impactor Theia is
generally expected to have had non-mass dependent stable
isotopic signatures distinct from the proto-Earth.

Refractory radiogenic isotope variations (e.g., 182W)
are also a type of non-mass dependent isotope variation
and 182W isotope signatures were likely substantially dif-
ferent on Theia and the proto-Earth. Radioactive de-
cay of lithophile 182Hf generates radiogenic moderately
siderophile 182W (half-life of 8.9 Myr, Vockenhuber et al.,
2004), such that 182W isotopic ratios are sensitive to the
conditions and timing of metal-silicate partitioning associ-
ated with core formation on each of the colliding bodies. A
difference in 182W isotopic composition in Theia and the

proto-Earth is therefore anticipated, as it is improbable
that the two bodies had independent differentiation his-
tories that produced identical 182W isotope compositions
through the stochastic process of planet formation (Kleine
et al., 2009; Kruijer et al., 2015; Touboul et al., 2015; Krui-
jer and Kleine, 2017). However, as for the stable isotopes,
the Earth and Moon likely had similar 182W isotope com-
positions immediately following Moon formation (Kruijer
et al., 2015; Touboul et al., 2015). Recent W isotopic stud-
ies measured a small 182W excess of ∼25 ppm (parts per
million) in lunar rocks relative to modern terrestrial sam-
ples (Touboul et al., 2015; Kruijer et al., 2015; Kruijer and
Kleine, 2017). Earth and the Moon have accreted differ-
ent amounts of material since the Moon-forming impact
which has slightly changed their respective 182W isotopic
compositions and the observed 182W excess in lunar rocks
is consistent with estimates of the disproportionate late
accretion to the Earth and Moon. Although alternatives
have been proposed (e.g., Thiemens et al., 2019), the most
parsimonious conclusion is therefore that Earth and the
Moon started with similar 182W isotope compositions.

Numerical simulations of giant impacts predict that the
canonical lunar disk is derived primarily from the im-
pactor, and in this case the Moon would be expected
to acquire the distinct isotopic signature of the impactor
(Canup and Asphaug, 2001; Canup, 2004, 2008). Such a
scenario would likely result in measurable refractory nu-
cleosynthetic and radiogenic isotopic differences between
Earth and the Moon (Pahlevan and Stevenson, 2007;
Melosh, 2014; Young et al., 2016; Kruijer and Kleine,
2017), which have not been observed. Note that if the im-
pactor and target had significantly different bulk mantle
compositions, an elemental compositional difference be-
tween Earth and the Moon would also be expected. In
particular, if the impactor and target had substantially dif-
ferent core formation histories (as would likely be the case
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Figure 5: The Earth and the Moon are very similar in a range of isotopes that trace the origin of planetary materials (non-mass dependent
stable isotope ratios that vary due to nucleosynthetic anomalies). Shown are the ∆17O, ε50Ti, and ε54Cr for a range of planetary materials
from both undifferentiated (chondrites; circles) and differentiated (squares) bodies: carbonaceous chondrites (CI, CM, CO, CV, CK, CH,
CB); ordinary chondrites (H, L, LL); Rumuruti type chondrites (R); enstatite chondrites (EH, EL); stony-iron meteorites (Mesosiderites, main
group Pallasities, and Eagle-Station group Pallasites); iron meteorites (IAB, IIAB, IIE, IIIAB, IIICD, IVA), rocky achondrites (Acapulcoites,
Lodranites, Brachinites, Winonaites, NWA5363/5400, Angrites, Aubrites, Vesta (as characterized by the Howardites, Eucrites and Diogenites
meteorite groups), Urelites); Mars (as characterized by the Shergottite, Nakhlite, and Chassigny meteorite groups); and the Moon. Earth is
at 0 by definition (black horizontal lines). ∆17O is the mass-independent offset in O isotopes relative to Earth, the offset in 17O/16O relative
to a given 18O/16O from a reference mass-dependent isotope fractionation line reported in units of parts per thousand (per mil, ‰). ε50Ti
and ε54Cr are the parts per ten thousand deviations of the isotope ratio of interest in the sample/body from a terrestrial standard. The
relevant isotope ratios are 50Ti/47Ti, and 54Cr/52Cr. All error bars are two standard deviations of sample measurements or 95% confidence
intervals. In some cases the error is smaller than the symbols. Data were taken from a compilation by Dauphas (2017), with the exception
that the lunar value for ε54Cr was taken from Mougel et al. (2018). Original data sources are given in Appendix A1.

in most proposed scenarios, not just the canonical model)
then their mantles would have had different abundances of
moderately siderophile elements (MSEs, e.g., V, Cr, Mn).
However, the BSE and the Moon have very similar MSE
concentrations and it has been argued that it would be
hard to reconcile this fact with a scenario in which lunar
material was largely sourced from the impactor (Seifert
and Ringwood, 1988; Drake et al., 1989), although the
strength of this argument is dependent on the core for-
mation histories of the impacting bodies, the mass and
nature of late veneer etc. The contradiction between the
geochemical observations of similarity and dynamical ex-
pectations of difference is often referred to as the ‘lunar
isotopic crisis.’

Three classes of solutions to the crisis of unexpected iso-
topic similarity have been proposed. First, the impactor
and proto-Earth could have formed from the same source
material (i.e., they formed from material derived from the
same region in the disk) and thus shared nearly identical
nucleosynthetic isotopic signatures (Jacobsen et al., 2013;
Dauphas et al., 2014; Dauphas, 2017). This suggestion
has a basis in the observation that some meteorite groups
(e.g., enstatite chondrites) have non-mass dependent sta-
ble isotope compositions not dissimilar to that of Earth
(e.g., Dauphas et al., 2014; Dauphas, 2017; Boyet et al.,
2018). If the impactor and target accreted the major-
ity of their mass from a common reservoir with a specific
mix of nucleosynthetic components, the Earth and Moon
would inherit similar non-mass dependent stable isotopic
signatures. This explanation for the isotopic similarity
between Earth and the Moon, however, relies upon coinci-
dence to explain the inferred similarity of the 182W isotopic
compositions of the Earth and Moon before late accretion
(Dauphas et al., 2014; Touboul et al., 2015; Kruijer and
Kleine, 2017) and could be difficult to reconcile with the
similar MSE concentrations in the BSE and the Moon (see
discussion in Sossi and Moynier, 2017). Nevertheless, the
possibility of a more homogeneous inner solar system re-
laxes the isotopic constraint on models of Moon-formation,
as a given scenario need only produce similar 182W com-
positions in the Earth and Moon.

Alternatively, the Moon may have been constructed
from material injected into orbit by many smaller impacts
(Rufu et al., 2017). Such a process would be a natural

outcome of the many impacts Earth experienced during
its formation and the Moon would then be a mixture of
the compositions of each impactor. However, to reproduce
the isotopic similarity between Earth and the Moon it is
likely that 10s of such impacts are required, and the satel-
lite from each previous impact must survive and merge
with the newly formed moon (Rufu et al., 2017; Rufu and
Aharonson, 2019; Citron et al., 2018). The likelihood of
such a combination of events being able to form our Moon
is still being worked out but is potentially quite low.

In the third class of solution, extensive mixing of im-
pactor and target material during the impact or post-
impact mixing between different reservoirs could mitigate
initial isotopic heterogeneities. The requirement is that
there ends up being a similar mass fraction of impactor ma-
terial in the region of the post-impact body from which the
Moon forms (i.e., the disk) as there is in the post-impact
body as a whole. Due to the large shearing flows dur-
ing giant impacts, there is potential for substantial mixing
(Nakajima and Stevenson, 2015). However, the shear is
highly heterogeneous in the colliding bodies and mixing is
inhibited by thermal buoyancy of highly shocked compared
to weakly shocked material (Carter et al., 2020). The de-
gree of mixing is likely underestimated in current giant
impact models due to the lack of thermal equilibration be-
tween parcels of mass in Lagrangian methods and the fact
the resolution is too low to capture small-scale instabili-
ties (c.f. Deng et al., 2019). Nevertheless, as the canonical
impact is a grazing impact, opportunity for mixing of im-
pactor and target material is limited and the lunar disk
will mostly be derived from Theia. Pahlevan and Steven-
son (2007) suggested that exchange of material between
the planet and the disk could erase isotopic heterogeneity
between the two reservoirs. However, the extent of mixing
required to explain the observations, especially the isotopic
similarity for the most refractory elements, is likely to be
unfeasible due to the large dynamical and thermodynamic
boundary between the planet and the disk (Melosh, 2014;
Lock and Stewart, 2017).

In most high energy and/or high angular momentum
impacts there is greater opportunity for mixing between
impactor and target during the impact. The higher en-
ergy of the impact causes the colliding bodies to be more
substantially disrupted than in the canonical impact and

13



S. J. Lock et al., Space Science Reviews, 216, 109, doi: 10.1007/s11214-020-00729-z, 2020

C
I

C
M

C
O

C
V

C
K

C
R

C
H

C
B

H L L
L

R E
H

E
L

M
e
s
o
s
id

e
ri

te

M
G

 P
a
ll
a
s
it

e

E
S
 P

a
ll
a
s
it

e

IA
B

II
A

B

II
E

II
IA

B

II
IC

D

IV
A

A
c
a
p
u
lc

o
it

e

L
o
d
ra

n
it

e

B
ra

c
h
in

it
e

W
in

o
n
a
it

e

N
W

A
5

3
6

3
/5

4
0

0

A
n
g
ri

te

A
u
b
ri

te

V
e
s
ta

 (
H

E
D

)

U
re

il
it

e

M
a
rs

 (
S
N

C
)

M
o
o
n

0.3

0.2

0.1

0.0

0.1

0.2

0.3

1
7
O

0.35

0.30

0.25

0.20

0.15

0.10

0.05

0.00

0.05

5
0
T
i

0.5

0.4

0.3

0.2

0.1

0.0

0.1

0.2

0.3

5
4
C

r
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the greater torques lead to increased shear. The ratio of
impactor to target material in the Moon-forming regions of
the post-impact structure (synestia or otherwise) is, there-
fore, typically more similar to the bulk planet than in the
canonical model (Canup, 2012; Ćuk and Stewart, 2012;
Lock et al., 2018). It has been found that in a limited
range of scenarios the mixing is thorough enough in cur-
rent giant impact simulations to produce an isotopic sim-
ilarity between Earth and the Moon by impact processes
alone (Canup, 2012; Ćuk and Stewart, 2012), but the prob-
ability of such specific impact parameters is thought to be
low. Lock et al. (2018) argued that silicate rain and ther-
mal convection in post-impact synestias could mix a large
mass fraction (10%) of the post-impact structure, diluting
any isotopic heterogeneity after the impact and increasing
the range of impacts that could produce an isotopically
similar Earth and Moon.

However, there are considerable barriers to mixing
within all post-impact bodies. Firstly, post-impact bodies
are highly thermally stratified. Figure 7 shows the ther-
mal structure of post-impact bodies formed by a canon-
ical impact (Figure 7c) and a high-energy, high-angular
momentum impact that resulted in a synestia (Figure 7f).
Specific entropy is a useful variable with which to access
the thermal stratification of a structure made of a single
material, as it gives an indication of the thermal state of a
parcel of material without a dependency on pressure (un-
like temperature). A parcel of higher entropy will always
be more buoyant than one of lower entropy if they are of
the same composition. The outer regions of post-impact
bodies (beyond ∼ 10×106 m in the examples in Figure 7),
from where most lunar material is sourced, are typically
near-isentropic and there is only a weak thermal barrier
to mixing in the outer regions (Nakajima and Stevenson,
2014; Lock and Stewart, 2017; Lock et al., 2018). How-
ever, the strong increase in entropy with radius (and pres-
sure) in both post-impact bodies between ∼ 5 × 106 m
and ∼ 10 × 106 m suppresses any mixing between the
outer regions and the cooler interior of the post-impact
body. Mixing of material from the lower mantle to the
outer regions is unfeasible without significant cooling of
the outer regions or large-scale instability. Secondly, post-
impact bodies are rapidly rotating (Figure 7a, d) and there
is a significant angular momentum gradient with radius
(Figure 7b,e). For a parcel of mass to move outwards
in the structure it must gain angular momentum either
from shear in the vapor or from drag by infalling conden-
sates. The rapid rotation and angular momentum gradi-
ent create a significant barrier to radial mixing and mass
exchange perpendicular to the rotation axis in the post-
impact body (Pahlevan and Stevenson, 2007). Convection
parallel to the rotation axis is less inhibited by rapid ro-
tation, and in the isentropic outer regions vertical mixing
is rapid (on timescales of order weeks), driven by cooling
of the vapor at the photosphere (Pahlevan and Stevenson,
2007; Lock et al., 2018). The effect of rapid rotation on
limiting radial mass transport has been demonstrated in

simulations of convection in giant planets (Kaspi et al.,
2009), rapidly-rotating magma oceans (Maas and Hansen,
2019), and protoplanetary disks (Shariff, 2009). As a result
of the substantial barriers to mixing, post-impact mixing
is likely only able to homogenize a fraction of the post-
impact body. Lock et al. (2018) argued that, in the case
of a synestia, radial transport of silicate rain droplets due
to gas drag would be able to overcome the angular mo-
mentum barrier and mix regions of the body with specific
entropies above the critical point (up to 50% of the body,
but typically less). However, even if such large fractions
of the post-impact body mixed, a considerable amount of
intra-impact mixing is still required if the impactor and
target had substantially different isotopic compositions.

To demonstrate the difficulty in producing an Earth and
Moon with similar stable isotope compositions, even with
significant post-impact mixing, we can use a simple calcu-
lation (see Appendix A2 for full details). For our model,
we will use the similarity between Earth and the Moon in
O isotopes as our principle constraint (Young et al., 2016;
Greenwood et al., 2018). There is a large amount of non-
mass dependent O isotope variability between solar system
bodies (Figures 5 and 6), and it is typically assumed that
the bodies that collided to form the Moon would have had
somewhat different O isotope compositions. Non-mass de-
pendent variation in O isotopes is typically quantified in
terms of ∆17O, the offset in 17O/16O relative to a given
18O/16O ratio from the mass-dependent isotope fractiona-
tion line defined by terrestrial rocks (commonly known as
the terrestrial fractionation line, TFL), and are reported in
units of parts per million (ppm) or parts per thousand (per
mil, ‰). Oxygen is a primary constituent of mantle rocks
and only thought to be in relatively low concentrations in
planetary cores, making it a good tracer of the bulk sili-
cate material from the impactor and target. Also, as the
concentrations of O in impactor and target mantles would
have been very similar, mixing between the impactor and
the target is linear in isotope space. Using O as a primary
constraint avoids the complications that affect modeling
of minor elements (e.g., W), such as extreme concentra-
tion contrasts between different chemical reservoirs and a
strong dependence on the previous accretion histories of
the impacting bodies.

In our model, we divide the post-impact body into two
regions: an outer region from which the Moon inherits its
composition (e.g., the lunar disk or outer synestia) and
an inner region which remains isolated from the outer re-
gion during the formation of the Moon (Figure 8). Both
regions are made up of a mixture of impactor and target
material. After the Moon forms, either the lunar disk col-
lapses back to Earth or the synestia cools and contracts,
and the remnants of the outer Moon-forming region and
the inner region are combined. The material from the rem-
nant outer and inner regions is then assumed to mix to
produce the present-day observable mantle. Note that the
Moon-forming region in this model is not descriptive of the
physical position of the region, or the role it plays in form-
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ing the Moon – it is simply the fraction of the body from
which the Moon inherits its composition. We can calculate
the fraction of the body that must participate in mixing
after the impact (i.e., the mass of the outer, Moon-forming
region from which the Moon inherits its composition) to
explain the isotopic similarity of the Earth and Moon for a
given isotopic difference between the impactor and target
and a given degree of intra-impact mixing. We parame-
terized the degree of intra-impact mixing by the difference
in the mass fraction of the two regions that derives from
the impactor, i.e., how well impactor material is dispersed
through the body during the impact.

Figure 9 shows the results of our mixing calculation.
The lines mark the silicate mass fraction of the post-
impact body that must be mixed to reproduce an Earth
and Moon with similar O isotope compositions given an
initial difference in the mass fraction of impactor in the
Moon-forming and isolated reservoirs. These two variables
are indicators of the degree of intra-impact (x-axis) and
post-impact mixing (y-axis). The lower the efficiency of
mixing during the impact (higher values on the x-axis) the
larger the mass fraction of the post-impact body that must
be mixed after the impact (y-axis) to explain the isotopic
similarity between Earth and the Moon. Different colored
lines indicate the results for different ∆17O offsets between
the impactor and target for an Earth-Moon difference of
-1 ppm (solid lines, as determined by Young et al., 2016)
and -6 ppm (dashed lines, the most extreme value within 2
standard error from Young et al., 2016). For reference, the
difference between Earth and Mars today is 0.3‰ (Franchi
et al., 1999), and the average difference between Earth
and enstatite chondrites calculated by Dauphas (2017) is
0.01‰ (Figures 5 and 6). Note that the most recent mea-
surements of oxygen isotopes are in the same range as that
of the Young et al. (2016) determination, with a reported
difference of −3 ± 3 ppm between terrestrial and lunar
samples, and hence a maximum offset within 2 standard
error of −6 ppm (Greenwood et al., 2018). Greenwood
et al. (2018) attributed the inferred difference between the
Earth and Moon to differential accretion of water from the
late veneer, requiring the post-impact difference between
the two bodies to be even smaller. To explain the given off-
set between Earth and the Moon, the combined degree of
intra- and post-impact mixing must be such that it lies on
the colored line in each case. The greater the ∆17O offsets
between the impactor and target, or the smaller the iso-
topic difference between the present-day Earth and Moon,
the more intra- or post-impact mixing that is required.

The red crosses in Figure 9 show the results of canoni-
cal impacts reported by Canup (2004, 2008) assuming the
Moon is sourced from a perfect mixture of the material im-
planted in the disk (which is sourced largely from the im-
pactor) with no-post impact exchange between the planet
and disk (c.f., Pahlevan and Stevenson, 2007). Black and
grey points show synestias from the simulations of Lock
et al. (2018) and Lock and Stewart (2019). We followed the
arguments of Lock et al. (2018) to determine the fraction

of the outer regions of the synestia that could be mixed
by silicate rain (y-axis) and determined the corresponding
difference in impactor fraction between the mixed outer re-
gions and the unmixed inner regions (x-axis). All of these
impacts are high-angular momentum and so experience
significantly more mixing than in the canonical case, but
the gray dots are those simulations in the styles of Ćuk and
Stewart (2012) and Canup (2012) that are explicitly de-
signed to maximize mixing. Note, again, that intra-impact
mixing is likely underestimated in current numerical sim-
ulations and so the x-axis values for impact simulations
should be viewed as a weak upper limit.

If the impactor and target were isotopically dissimilar
(e.g., the ∆17O difference was similar to that between
Earth and Mars today, 0.3‰; Franchi et al., 1999), the
only way to produce isotopic similarity is to extremely ef-
ficiently mix impactor and target material during the im-
pact or to mix almost the entire body afterwards. Even
if the isotopic difference between the impactor and target
are small (e.g., similar to the average for enstatite chon-
drites calculated by Dauphas, 2017, 0.01‰) a significant
amount of intra- or post-impact mixing is required unless
the true isotope difference between the Earth and Moon
today is at the extremes allowed by the uncertainties in
observations. Nevertheless, post-impact mixing may still
be important for homogenizing smaller-scale isotopic het-
erogeneities in the Moon-forming region. Given the dif-
ficulties in mixing the majority of the post-impact body
(see discussion above), it is inescapable that either the im-
pactor and target were nearly identical in O isotopes or
extensive intra-impact mixing is required.

Compared to that provided by O isotopes, the constraint
offered by 182W is harder to quantify. Predicting the 182W
isotopic composition of the Earth and Moon from a given
model is difficult due to the uncertainties in the dispro-
portionate late accretion onto the two bodies, the effects
of core formation on both the Earth and Moon, and the
dependence of the pre-impact history of the colliding bod-
ies on the concentrations of W and isotopic differences.
Tungsten is also a trace element for which concentrations
can vary significantly between different reservoirs, leading
to highly non-linear mixing. Note that the range in likely
impactor 182W compositions is larger than for O (Krui-
jer et al., 2015; Touboul et al., 2015; Kruijer and Kleine,
2017; Kleine and Walker, 2017; Young et al., 2016). The
similarity of the Earth and Moon in 182W isotopic compo-
sitions before the addition of late veneer therefore places
a weaker constraint on mixing than O, but likely still re-
quires a significant degree of intra-impact mixing or a coin-
cidentally similar composition impactor. Hence, although
post-impact mixing can aid in producing an Earth and
Moon with similar stable isotopic compositions, a signif-
icant degree of intra-impact mixing and/or a somewhat
isotopically similar impactor and target is probably also
required.

Note that satisfying the constraint of isotopic similarity
by intra-impact mixing of impactor and target material
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Figure 8: Schematic of mixing model. For details see Section 6 and Appendix A2.

does not strictly require homogenization of a significant
fraction of the mantle. As long as the Moon-forming re-
gion was made up of a similar mass-fraction of impactor
and target material as the rest of the body (assuming that
the material injected into the Moon-forming region was
representative of the bulk silicate composition of both bod-
ies), the material outside the Moon-forming region could
have remained poorly mixed with significant heterogene-
ity. This is in contrast to the case where the constraint
of isotopic similarity was satisfied by post-impact mixing,
in which a large fraction of the post-impact Earth must
have been homogenized to produce a Moon-forming re-
gion representative of the composition of the whole body.
However, the distribution of impactor and target material
produced by an impact is not independent of the degree of
internal homogenization of the post-impact structure. Im-
pacts that lead to similar impactor mass fractions in the
outer and inner regions of the post-impact body are typi-
cally high-energy and high-angular momentum. Such im-
pacts have the potential to homogenize large regions of the
body due to the significant shear during the impact (Naka-
jima and Stevenson, 2015), although the efficiency is un-
certain (see above). Also, if the impacting bodies had sig-
nificant internal isotopic heterogeneity, then it is unlikely
that a representative sample of the silicate of each impact-
ing body would have been injected into the Moon-forming
region without homogenization of a significant fraction of
the post-impact body. Regardless, it is important to bear
in mind the important distinction between mixing of im-
pactor and target material between the Moon-forming and
interior regions of the post-impact body, and the internal
homogenization of each region.

Current giant impact simulations suggest that there are

a range of high angular momentum giant impacts that
could produce synestias that are sufficiently well mixed
to meet the constraint of isotopic similarity (Lock et al.,
2018). These include the originally proposed scenarios of
Canup (2012) and Ćuk and Stewart (2012) but also a num-
ber of intermediate scenarios (e.g., 0.3 and 0.75, or 0.4 and
0.65 Earth-mass bodies colliding). Extensive intra-impact
mixing is more likely in many high-angular momentum
impacts than in the canonical grazing impact (whether of
note they produce synestias), making them better candi-
dates for lunar origin. However, accurately quantifying
mixing, and therefore the range of possible Moon-forming
giant impacts, remains a significant challenge. Significant
developments in the codes used for giant impact studies are
required to accurately capture the mixing processes dur-
ing impacts. It may be the case that the required methods
and resolution to accurately quantify mixing are compu-
tationally unfeasible, in which case more innovative solu-
tions must be found to quantify the degree of mixing. In
any case, the isotopic similarity of Earth and the Moon
remains a significant constraint that must be satisfied by
models of lunar origin.

7. Preservation of ancient heterogeneities in Earth

Early terrestrial evolution was intrinsically tied to lunar
formation. The giant impact melted and vaporized large
fractions of Earth, at least partially mixed the mantle and
core, and set the initial conditions for Earth’s subsequent
evolution (Nakajima and Stevenson, 2015; Lock and Stew-
art, 2017, 2019; Lock et al., 2020). The processes that oc-
curred during the formation and early evolution of Earth
are recorded in ancient and modern terrestrial samples as
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Figure 9: Producing an isotopically similar Earth and Moon requires
substantial intra-impact mixing. Lines show the silicate mass frac-
tion of the post-impact body that must be mixed (y-axis) to repro-
duce the O isotope similarity between the Earth and Moon given
an initial post-impact difference in the mass fraction of impactor in
the Moon-forming and isolated reservoirs (x-axis). The x-axis is a
measure of the efficiency of mixing during the impact and the y-
axis is a measure of the efficiency of post-impact mixing. The more
mixing that occurs during the impact (lower values on the x-axis)
the less post-impact mixing is required to satisfy the O isotope con-
straint. Colored lines indicate the results for different ∆17O offsets
between the impactor and target for an Earth-Moon difference of
-1 ppm (solid lines, as determined by Young et al., 2016) and -6 ppm
(dashed lines, the most extreme value within 2 standard error from
Young et al., 2016). The greater the ∆17O offsets between the im-
pactor and target, or the smaller the isotopic difference between the
present-day Earth and Moon, the more intra- or post-impact mixing
that is required. For reference, the difference in ∆17O between Earth
and Mars today is 0.3‰ (Franchi et al., 1999) and the average for
enstatite chondrites calculated by Dauphas (2017) is 0.01‰. Points
show the mass fraction of synestias from the simulations of Lock
et al. (2018) and Lock and Stewart (2019) that could be mixed by
silicate rain and the corresponding difference in impactor fraction.
The gray dots are those simulations in the styles of Ćuk and Stewart
(2012) and Canup (2012) that are designed to maximize mixing. The
red crosses show the results of successful canonical impacts (Canup,
2004, 2008) assuming the Moon is sourced from a perfect mixture
of the material implanted in the disk with no-post impact exchange
between the planet and disk (c.f., Pahlevan and Stevenson, 2007).

variations in isotopic ratios that are affected by short-lived
radioactive decay. These variations are interpreted to re-
flect parent-daughter element ratio variations that existed
during the lifetime of the radioactive parent isotope, i.e.,
a period of ∼ 5-6 half-lives. Radioactive isotopes with rel-
atively short half-lives (e.g., 129I, 244Pu, 146Sm, 182Hf; see
Table 1) trace processes that generated radiogenic isotope
variations early in Earth’s history. Examination of short-
lived radiogenic isotope signatures in terrestrial samples
can thus provide insights into the timing and mechanism
of lunar formation and the Earth’s subsequent evolution.

7.1. I-Pu-Xe systematics

Present-day mantle xenon (Xe) isotopic signatures in
mid-ocean ridge basalts, plume-derived samples, and well-
gases are consistent with extensive degassing of volatiles
within the first 100 Myr of Earth’s history (Allègre
et al., 1983; Yokochi and Marty, 2005; Mukhopadhyay,
2012). This is interpreted to reflect strong degassing ei-
ther throughout accretion or during discrete loss events
(e.g., only during giant impacts; Porcelli et al., 2001). A
model age for the cessation of terrestrial magma ocean
outgassing can be determined using I-Pu-Xe systematics
in mantle-derived rocks (a mantle ‘closure age’; Wetherill,
1975). However, uncertainties in initial I budgets, the par-
titioning behavior of I during accretion (Armytage et al.,
2013; Jackson et al., 2018), and the extent of degassing be-
fore, during and after a giant impact all contribute to un-
certainty in determining the timing of this last outgassing
event (Mukhopadhyay and Parai, 2019). To preserve 129Xe
excesses from 129I decay, retention of Xe in the mantle
must have begun within the lifetime of 129I.

Recent studies have noted heterogeneity in radiogenic
129Xe signatures between the mantle source of mid-ocean
ridge basalts (MORBs) and the portion of the man-
tle tapped by plume-related volcanism (Mukhopadhyay,
2012). While both MORB and plume Xe isotopic signa-
tures indicate extensive early degassing, 129I-129Xe signa-
tures are distinct among MORB and plume-derived sam-
ples and cannot be related to one another by recent pro-
cesses. Rather, the plume source must have differenti-
ated from the upper mantle within the lifetime of 129I,
and the chemical signature of this separation was not
erased by 4.45 Gyr of mantle convection (Mukhopadhyay,
2012; Tucker et al., 2012; Parai et al., 2012; Pető et al.,
2013; Parai and Mukhopadhyay, 2015; Mukhopadhyay and
Parai, 2019; Parai et al., 2019). The preservation of early-
formed I-Xe heterogeneity means that Earth’s mantle was
never mixed to the point of homogenization after 129I be-
came extinct at ∼100 Myr after the start of the Solar Sys-
tem.

7.2. Sm-Nd systematics

Early-formed chemical heterogeneities in the terrestrial
silicate reservoir are evident in the short-lived 146Sm-142Nd
system (t1/2 = 103 Myr). Variations in 142Nd/144Nd are
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Table 1: The most frequently utilized short-lived radioactive isotope systems for constraining the early evolution of the Earth-Moon system
in order of half-life.

Short-lived radioactive parent
nuclides and daughter nuclides

Half-life (t1/2)

182Hf → 182W 8.9 Myr (Vockenhuber et al., 2004)

129I → 129Xe 15.7 Myr (Eckerman et al., 1993)

244Pu → 131−136Xe 80 Myr (Akovali, 2003)

146Sm → 142Nd 103 Myr (Friedman et al., 1966; Meissner et al., 1987)

commonly expressed as µ142Nd, which refers to devia-
tions in parts per million from a terrestrial standard. The
first anomalies in µ142Nd were measured in 3.8 Gyr old
Archean samples coming from the Isua Supracrustal Belt
in SW Greenland (Harper and Jacobsen, 1992; Boyet et al.,
2003; Caro et al., 2003). These samples showed 142Nd ex-
cesses that reflect a Sm/Nd fractionation produced dur-
ing the first 500 Ma of Earth’s history while 146Sm was
alive. Both parent and daughter elements are refractory
and lithophile, but are fractionated by partial melting and
crystallization (e.g., during magma ocean crystallization
and crust formation) as Nd is more incompatible than Sm.
Reservoirs characterized by high Sm/Nd ratios (i.e., those
that preferentially derive from the residue of partial melts)
over time evolve excesses in 142Nd, whereas those char-
acterized by low Sm/Nd ratios (i.e., those that preferen-
tially derive from melt) develop deficits in 142Nd relative to
an unfractionated reservoir. The timing of this fractiona-
tion can be constrained by combining short-lived and long-
lived Sm-Nd systematics (146Sm-142Nd and 147Sm-143Nd,
respectively). Models predict that chemical fractionation
associated with the crystallization of the magma ocean
would have occurred around 100-150 Myr after the begin-
ning of solar system accretion to explain observed short-
and long-lived Sm-Nd signatures (e.g., Caro et al., 2003;
Rizo et al., 2011).

Both excesses and deficits in 142Nd relative to the av-
erage modern mantle have now been measured in sam-
ples coming from the oldest known terranes on Earth:
the Kaapvaal craton in South Africa, Canada (Superior
Province, Labrador, Northwest Territories), the Yilgarn
craton in Western Australia and in the Napier complex in
East Antarctica (see the recent reviews in Carlson et al.,
2019; Guitreau et al., 2019). Very small variations of
142Nd were also reported in modern samples from the
Réunion hotspot, and these variations may correlate with
helium isotope ratios (Peters et al., 2018). Samples from
the Samoa and Hawaii hotspots which have anomalies in
182W/184W have been measured for 146Sm-142Nd system-
atics Horan et al. (2018). Measured deviations are very
small and remain poorly resolved with respect to ana-

lytical precisions (µ142Nd<3 ppm) even if these samples
have high 3He/4He ratios (R/Ra up to 34). Thus, 142Nd
variations in terrestrial samples indicate that early-formed
chemical reservoirs may have been preserved in the deep
mantle despite 4.5 Gyr of mantle convection.

7.3. 182Hf-182W systematics

Parts per million scale heterogeneity is also observed in
182W/184W signatures among terrestrial rocks ranging in
age from ∼4 Ga to modern day (for recent reviews, see
Rizo et al., 2019; Carlson et al., 2019). In terrestrial stud-
ies, because variations in 182W/184W are small they are
commonly expressed as µ182W, which refers to deviation
in parts per million of the 182W/184W ratio from a high
purity W standard. The composition of the W standard
is commonly taken to be the composition of the BSE. For
reference, chondrites have µ182W ∼-190±10 (Kleine et al.,
2009) and mid-ocean ridge basalts have µ182W∼0 (e.g.,
Rizo et al., 2016b). The different geochemical behavior of
the parent (182Hf; lithophile) and daughter (182W; moder-
ately siderophile) nuclides coupled with the short half-life
of 182Hf (t1/2 = 8.9 Ma, Vockenhuber et al., 2004) makes
the 182Hf-182W system an effective tracer of metal-silicate
differentiation events (e.g., core formation) that occurred
during the first ∼60 Myr of solar system history (Touboul
et al., 2012). Early differentiation events can also be traced
using the Hf-W system because W is more incompatible
than Hf which leads to fractionation in the Hf/W ratio
during silicate differentiation (Shearer and Righter, 2003).
If any parent-daughter (Hf/W) fractionation occurs during
the lifetime of 182Hf, excesses or depletions in 182W/184W
can develop in mantle or crustal reservoirs (Touboul et al.,
2012).

Most mantle-derived rocks from ∼4 to ∼2.7 Ga are
characterized by excesses in µ182W (+5 to +20, with
the majority between +10 and +15). Samples defining
this compositional range include ∼4 Ga supracrustal rocks
from Acasta (Willbold et al., 2015; Reimink et al., 2018),
≥3.8 Ga supracrustal rocks from Nuvvuagittuq (Touboul
et al., 2014), ∼3.8 Ga supracrustal rocks from Saglek (Liu
et al., 2016), 3.8-3.3 Ga supracrustal rocks from Isua (Will-
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bold et al., 2011; Rizo et al., 2016a; Dale et al., 2017),
3.5 Ga basalts from the Pilbara Craton (Rizo et al., 2019),
and 2.8-2.7 Ga komatiites from Kostomuksha (Touboul
et al., 2012) and Boston Creek (Puchtel et al., 2018). Ex-
ceptions to the general enrichment in µ182W in ancient ma-
terials are 3.5 Ga Komati komatiites (µ182W 0 to +5, unre-
solved from the W standard composition; Touboul et al.,
2012), 3.55 Ga komatiites from Schapenburg (µ182W -6
to -12; Puchtel et al., 2016), and >2.3 Ga South African
glacial diamictites (µ182W 0 to -15; Mundl et al., 2018).

In modern samples, heterogeneity in µ182W is also ob-
served. Phanerozoic flood basalts that record positive
µ182W (+10 to +48 ppm) compositions were reported by
Rizo et al. (2016b). Kruijer and Kleine (2018), however,
proposed a revision to some of these data suggesting that
there were no 182W isotope excesses in Phanerozoic rocks
from the Ontong Java Plateau. Further investigation is
required to resolve this debate. Non-anomalous µ182W
compositions and depletions in µ182W are also manifest in
the modern rock record (+5 to -20; Willbold et al., 2011;
Touboul et al., 2012; Liu et al., 2016; Rizo et al., 2016a;
Mundl et al., 2017; Rizo et al., 2019). Samples defining the
depleted 182W signature are primarily ocean island basalts
(OIBs), some of which display a relationship with deple-
tions in 182W being associated with high 3He/4He (Mundl
et al., 2017). Samples with high 3He/4He are commonly
interpreted to represent tapping of a region of the man-
tle that is less degassed relative to regions of the modern
mantle (e.g., mid ocean ridge basalts; Kurz et al., 1982).
The general relationship between µ182W and 3He/4He in
some OIBs suggests that high 3He/4He plumes either sam-
ple reservoirs in the deep mantle that were formed prior
to ∼60 Ma or sample reservoirs that record core-mantle
interaction (Mundl et al., 2017; Rizo et al., 2019; Mundl-
Petermeier et al., 2020).

From the current rock record, it is clear that the terres-
trial mantle is defined by µ182W heterogeneity that per-
sisted from the Hadean-Archean to the present day. How
the magnitude and variability in 182W developed and why
modern samples tend to exhibit normal or depleted 182W
signatures compared to Hadean and Archean-derived sam-
ples remain a matter of debate. Processes proposed to
explain 182W heterogeneity can be divided into three gen-
eral scenarios: (1) disproportional late accretion, (2) early
metal-silicate or silicate-silicate fractionation, or (3) core-
mantle interaction, each of which are discussed below.

Disproportional late accretion requires that mantle-
derived samples showing excesses in µ182W be derived
from mantle domains which did not receive the full com-
plement of late-accreted material (Willbold et al., 2011;
Touboul et al., 2014; Rizo et al., 2016a; Puchtel et al.,
2018). Late-accreted material refers to the final ∼0.5 to
2 wt% added to Earth after final core segregation (Kimura
et al., 1974; Chou, 1978; Walker, 2009; Morbidelli and
Wood, 2014; Marchi et al., 2018). This material is consid-
ered to be chondritic in composition and, as such, would
have been depleted in µ182W relative to the present-day

mantle (chondritic µ182W = −190±10; Kleine et al., 2009)
and relatively enriched in W and HSEs compared to the
pre-late veneer mantle (Morgan, 1985; Becker et al., 2006;
Walker, 2009). Addition of late-accreted material into the
mantle would have led to a decrease in µ182W coupled
with an enrichment in HSE abundance (Willbold et al.,
2011). Consequently, regions isolated from the addition
of late accreted material would be comparatively enriched
in µ182W and depleted in HSE. Coupled µ182W-HSE con-
centration estimates of primordial source regions, however,
do not consistently exhibit the predicted relationship be-
tween µ182W and HSE abundance. This may be due to the
difficulties in accurately determining the HSE source com-
position (e.g., supracrustal materials are the product of
multi-phase magmatic and metamorphic processes; Will-
bold et al., 2011). HSE abundances in the mantle can
only be confidently determined using mantle peridotites
and komatiites and there are few examples of Archean
mantle peridotites. The complex µ182W-HSE relationship
may also indicate that disproportional late accretion is not
the sole mechanism producing µ182W heterogeneity in the
mantle (see Carlson et al., 2019, and references therein).

Early silicate differentiation following crystallization of
a magma ocean or partial melting during the lifetime
of 182Hf would result in µ182W heterogeneity (Touboul
et al., 2012). Alternatively, early metal-silicate fraction-
ation followed by the removal of metal from an isolated
mantle domain (e.g., a basal magma ocean), may have
produced variable µ182W (Touboul et al., 2012) (see sum-
mary by Puchtel et al., 2018). These scenarios can be as-
sessed by combining Hf-W systematics with the short-lived
146Sm-142Nd system. The 146Sm-142Nd system comprises
lithophile elements, where the daughter is more incompati-
ble than the parent in mantle melting (see Section 7.2). As
such, this radiometric system is sensitive to silicate-liquid
fractionation, and insensitive to metal-silicate fractiona-
tion. If silicate differentiation processes were responsible
for producing variations in µ182W, these anomalies would
be coupled with variations in 142Nd so long as the frac-
tionation event occurred within the lifetimes of both par-
ent species (e.g., Rizo et al., 2019; Carlson et al., 2019).
There are, however, limited datasets that report 142Nd-
182W data obtained from the same sample (Touboul et al.,
2014; Puchtel et al., 2016; Rizo et al., 2016a; Horan et al.,
2018). From these coupled datasets, correlated behav-
ior between 142Nd-182W is generally not observed, except
in Schapenburg komatiites which are linked to silicate-
silicate differentiation (Puchtel et al., 2016; Rizo et al.,
2019; Carlson et al., 2019). This general lack of correlation
indicates that early silicate differentiation was likely not
solely responsible for production of anomalies in µ182W
and µ142Nd (e.g., Touboul et al., 2014; Rizo et al., 2016a;
Horan et al., 2018; Carlson et al., 2019). Given the very
limited number of coupled µ142Nd-µ182W data obtained
from the same samples, however, future work combining
these systems on the same samples is required to assess
the robustness of this interpretation. A few martian mete-
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orites were measured for 182Hf and 142Nd isotopes and even
if the martian mantle differentiated during the lifetime of
these systematics, no correlation has been identified (Foley
et al., 2005).

Core-mantle interaction has recently been reemphasized
as a viable process through which µ182W heterogeneity
may have formed (Mundl et al., 2017; Rizo et al., 2019;
Mundl-Petermeier et al., 2020). Rizo et al. (2019) pro-
posed that the change in µ182W mantle signatures (from
excess to normal or depleted) after 2.7 Ga was due to a
change in mantle dynamics occurring after the Archean
or the onset of inner core crystallization. This model
is based on new OIB data interpreted in the context of
a compilation of the past near-decade of high precession
182W analysis. Either mechanism proposed by Rizo et al.
(2019) could produce deep mantle reservoirs characterized
by µ182W depletions that could subsequently be entrained
in mantle plumes. Notably, as the core is predicted to
be highly enriched in HSEs, the deep mantle reservoirs
housing µ182W depletions are expected to be enriched in
HSEs. There is, however, no correlation between depleted
µ182W and enriched HSE concentrations in studied OIBs,
suggesting that there was insignificant siderophile element
exchange between the core and the deep mantle reservoir
despite pervasive diffusive isotope exchange (Rizo et al.,
2019; Mundl-Petermeier et al., 2020). Following Puch-
tel and Humayun (2000) and Humayun (2011), Mundl-
Petermeier et al. (2020) suggested core-mantle interaction
via isotopic equilibration as a process by which modifi-
cation of 182W isotope compositions could occur without
modification of HSE abundances in the lowermost man-
tle. Alternatively, the HSE concentration in deep mantle
source regions may not faithfully be recorded in the HSE
complement of OIBs due to the complexities in estimating
HSE concentrations from the basaltic rock record. It has
also been suggested that HSE abundances may become
decoupled from W during the low degrees of partial melt-
ing involved in the formation of OIBs (Jones et al., 2019).
Future work further developing the accuracy of HSE con-
centration estimates in source regions and experimentally
determining the mechanism and efficiency of chemical and
isotopic exchange across the core-mantle boundary will aid
in determining the role that core-mantle interaction plays
in establishing µ182W mantle heterogeneity (e.g., Yoshino
et al., 2020).

Because Sm and Nd are lithophile elements, processes
associated with core-segregation are not anticipated to
significantly affect Sm/Nd ratios or Nd isotope composi-
tions. This may account for the absence of coupled µ182W
and µ142Nd compositions in some samples (Rizo et al.,
2019). Carlson et al. (2019) extended these authors’ in-
terpretation by proposing µ182W variations in the mantle
record a predominantly core-mantle segregation process
while µ142Nd variations record crust-mantle differentia-
tion events that occurred after 182Hf was extinct. Carlson
et al. (2019) proposed that Nd model ages calculated using
Archean samples reflect the time of the giant impact, with

the requirement that the impact did not homogenize W
isotopic signatures imparted during early core segregation.
Consequently, they suggest that the µ142Nd variations re-
flect differentiation of the mantle after the Moon-forming
impact which were effectively homogenized by the end of
the Archean. Future studies combining µ182W-µ142Nd-
HSE concentration datasets, experimentally derived con-
straints on chemical and isotopic exchange under core-
mantle boundary conditions, and numerical models tracing
mantle dynamics during different stages of Earth’s history
will enable these theories to be further vetted.

7.4. Using terrestrial geochemical characteristics to con-
strain the Moon forming event

In summary, very early formed isotopic heterogeneities
have been preserved in the terrestrial mantle to the present
day. Generation of these heterogeneities did not nec-
essarily post-date the Moon-forming giant impact; they
could have formed earlier and survived, or could have
been generated by giant impacts themselves. For exam-
ple, high 3He/22Ne ratios observed in Earth’s mantle com-
pared to precursor compositions (e.g., solar, chondritic)
are attributed to ingassing of solar nebular gas into a
terrestrial magma ocean early in Earth’s history, due to
the higher solubility of He relative to Ne in silicate melts
(e.g., Graham, 2002). The 3He/22Ne ratio of the MORB
mantle (∼10) is significantly higher than that observed in
plume sources (∼2.5). Tucker and Mukhopadhyay (2014)
argued that at least three magma ocean events occurred to
raise 3He/22Ne in the upper mantle to ∼10, and that the
later events did not affect the whole mantle gas budget.
Therefore, there is simultaneously geochemical evidence
for widespread mantle melting, outgassing, and differen-
tiation, and evidence for inefficient mixing of the early
Earth’s interior during and after giant impacts. Here we
will discuss the constraints the preservation of primordial
reservoirs places on the formation of the Moon, and the
recovery of Earth immediately after the impact.

The interpretation of the constraints imposed by each
radioactive system on Moon formation is critically depen-
dent on the lifetime of the system relative to the timing
of the Moon-forming impact (Section 3). If the Moon-
forming giant impact occurred after a radioactive system
went extinct, then variations in radiogenic isotopes pro-
duced by that system must either have been produced be-
fore the impact and preserved, record heterogeneous late
addition of material to the mantle from extraplanetary
bodies (such as late accretion), or record exchange between
the mantle and core. If the Moon formed at ∼4.36 Ga
(∼200 Myr after the start of the solar system) as argued
in Section 3, this requirement would apply to both 182W
and 129Xe isotopic anomalies as well as 3He/22Ne ratios.
If some of the observed anomalies (such as 182W, 129Xe)
were formed in the proto-Earth’s mantle before the Moon
forming impact (as seems likely based on the arguments
above) the Moon-forming impact could not have homoge-
nized the whole mantle. As W and noble gases are trace
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elements (unlike e.g., O), the concentration of these ele-
ments could vary significantly between different reservoirs
and pre-Moon forming impact signatures may have been
preserved in relatively small volumes of the mantle. The
requirement for incomplete homogenization of Earth dur-
ing the impact is a powerful constraint on lunar formation,
particularly given the inference that efficient intra-impact
mixing of impactor and target material is required to ex-
plain the isotopic similarity between the Earth and Moon
(Section 6). A successful Moon forming impact must mix
the majority of the mantle but leave distinct domains, of
uncertain volume, that are not homogenized with the rest
of the mantle. The balance between these two require-
ments could dramatically reduce the number of plausible
Moon-forming giant impacts. However, in order to lever-
age this constraint, significant improvements in giant im-
pact models are required to accurately capture mixing and
thermal equilibration (see Section 6).

The need to preserve anomalies generated before the
Moon-forming giant impact would also place constraints
on the recovery of Earth after the Moon-forming impact.
After the impact, Earth cooled rapidly by radiation, driv-
ing condensation of the outer regions and subsequent freez-
ing of the mantle. In order to preserve pre-impact mantle
heterogeneity these processes must not have homogenized
the mantle. Preservation of 182W and noble gas anomalies
is particularly challenging as these elements are incompat-
ible in solid silicates (at least at upper mantle pressures)
and thus are concentrated in the liquid during fractional
crystallization. The post-impact evolution is dependent on
the parameters of the Moon-forming impact as they deter-
mine the initial thermal and rotational state of the planet
(Nakajima and Stevenson, 2015; Lock and Stewart, 2017,
2019; Lock et al., 2020). Lock and Stewart (2019) also
showed that internal pressures in the post-impact body
are dependent on the parameters of the impact and could
have been much lower than in present-day Earth (10s of
GPa lower at the core-mantle boundary) with the low-
est pressures after high-angular momentum impacts. The
pressures would have subsequently increased during cool-
ing and lunar tidal recession as the body condensed and its
rotation was slowed. Varying internal pressures in the af-
termath of different giant impacts would change the stabil-
ity of different phases and so how the mantle freezes (Lock
and Stewart, 2019; Lock et al., 2020). The rate of rota-
tion of the post-impact body also dictates the efficiency of
mixing in the magma ocean, with high rotation rates sup-
pressing mixing (Maas and Hansen, 2019) and aiding in
the preservation of primordial reservoirs. The generation
of anomalies from radioactive systems that were still alive
at the time of the Moon-forming impact (such as 146Sm-
142Nd) also depends on the evolution of the post-impact
body and hence the parameters of the Moon-forming im-
pact. Studying the geochemical consequences of different
pathways of recovery (condensation, magma ocean freez-
ing and tidal evolution) could offer new and important
constraints on the initial conditions of the early Earth and

hence the parameters of the Moon-forming giant impact.

8. Conclusions and future directions

Compositional and isotopic measurements of both lu-
nar, terrestrial, and meteoritic samples have given valu-
able insights into the formation of the Moon and the early
evolution of Earth. Constraints from various radioactive
systems suggest that the Moon formed between about 50
and 200 Myrs after the start of the solar system, with sev-
eral systems favoring younger ages. Comparison between
the bulk composition of the Earth and Moon has revealed
that the Moon likely formed in a high temperature, modest
pressure environment from an iron-depleted disk or synes-
tia. We also argue that the isotopic similarity between the
Earth and Moon requires that either the proto-Earth and
impactor had very similar isotopic compositions, or that
the efficiency of mixing during the collision had to have
been high. However, simultaneously the impact could not
have homogenized the whole mantle as isotopic signatures
of pre-impact heterogeneity are preserved. Mantle hetero-
geneities must also be preserved during the recovery of
Earth after the impact and survived 4.5 Gyr of mantle
convection, providing an important test of mantle evolu-
tion models. Together, these observations provide strong
constraints with which to test different models of the for-
mation of the Moon and early evolution of Earth.

Our understanding of planet formation and the early
Earth is rapidly developing with increasingly sophisticated
measurements of lunar, meteoritic and terrestrial sam-
ples. Particularly important for elucidating this critical
time in Earth’s history are studies that combine measure-
ments of the abundances and isotopic ratios for multiple
elements from the same samples. For example, to test
mechanisms for producing the MVE depletion and iso-
topic fractionation in the Moon relative to Earth it is im-
portant to observe if and how the different elements are
coupled. Combining µ182W-µ142Nd-noble gas-HSE con-
centration measurements of terrestrial samples would also
help distinguish the relationship between these different
systems, would allow for identification of later-stage alter-
ation, and would provide tests of different models for the
origins of chemical and isotopic heterogeneities.

In order to be able to interpret the plethora of geochem-
ical constraints, there is a need for models that couple the
physical and geochemical processes that occurred during
lunar formation and the early evolution of Earth. In this
paper, we have highlighted the importance of developing
new techniques to capture mixing and thermal equilibra-
tion in giant impact simulations to be able to use the effi-
ciency of mixing to both explain the isotopic similarity be-
tween the Earth and Moon and the survival of primordial
reservoirs as constraints on lunar origin. In addition, to
fully utilize the survival of primordial reservoirs as a con-
straint on Earth’s history, coupled dynamic and chemical
models that track the recovery and long-term evolution of

23



S. J. Lock et al., Space Science Reviews, 216, 109, doi: 10.1007/s11214-020-00729-z, 2020

Earth are required. To make the connection between pro-
cesses in the lunar disk or terrestrial synestia and obser-
vations, we must also develop more sophisticated models
that account for the small-scale multiphase and multicom-
ponent dynamics of these substantially vaporized struc-
tures.

Producing accurate models requires laboratory exper-
iments to constrain the properties of materials and be-
havior of different elements at the extreme conditions of
lunar formation and mantle evolution. Developing ad-
vanced equations of state for silicates and metals, in par-
ticular EOS that include phase transitions, at very high
pressures and temperatures are fundamental to improving
the accuracy of giant impact and mantle evolution mod-
els. Thermodynamic data on how materials behave at high
temperatures and modest pressures in the lunar disk and
terrestrial synestia are also required to accurately predict
the MVE depletion and isotopic fractionation produced by
different lunar formation models.

We are in a new age of lunar exploration. Several na-
tions and private companies are planning missions to the
Moon, including crewed missions. Most imminently, the
China National Space Administration is planning sample
return missions from the near (Chang’e 5) and potentially
also the far (Chang’e 6) sides of the Moon. Acquisition
of high precision measurements from different regions of
the lunar surface would allow for more accurate determi-
nations of the Moon’s age, composition, and thermal his-
tory. In addition, the lunar far side may host samples from
the lunar mantle (Li et al., 2019) providing a more com-
plete view of lunar chemistry. These new data, and further
studies of existing samples, will continue to elucidate the
coupled early history of Earth and its Moon.

A1. Data sources for Figures 5 and 6

Data for Figures 5 and 6 were taken from a compilation
by Dauphas (2017) with the exception that the lunar value
for ε54Cr was taken from Mougel et al. (2018). Below, we
give the original data sources for this compilation.

A1.1. ∆17O

∆17O data was compiled by Dauphas (2017) with the
aid of MetBase (Meteorite Information Database, http://
www.metbase.org/). ∆17O data were taken from Bischoff
et al. (1991, 1993, 1998); Bischoff (1994); Bridges et al.
(1997, 1999); Brearley et al. (1989); Burkhardt et al.
(2017); Buchanan et al. (1993); Clayton and Mayeda
(1978, 1981, 1984, 1985, 1989, 1990, 1996); Clayton et al.
(1976, 1977, 1983, 1984a,b, 1991, 1997a,b); Connolly et al.
(2007); Franchi et al. (1992, 1999); Grossman and Zipfel
(2001); Grossman et al. (1987); Grossman (1999); Grady
et al. (1987); Gooding et al. (1983); Goodrich et al. (1987);
Halbout et al. (1984, 1986); Ivanov et al. (1987); Jabeen
et al. (1998); Jackel et al. (1996); Kallemeyn et al. (1996);
Keller et al. (1994); McCoy et al. (1995, 1996, 1997);

Mayeda and Clayton (1980, 1983, 1989a,b); Mayeda et al.
(1987, 1995); Moroz et al. (1988); Nehru et al. (1996);
Olsen et al. (1987, 1994); Onuma et al. (1978, 1983);
Petaev et al. (1988); Prinz et al. (1991); Pun et al. (1991);
Romanek et al. (1998); Rowe et al. (1994); Russell et al.
(1998, 2005); Ruzicka et al. (1995); Recca et al. (1986);
Sears et al. (1990); Simon et al. (1995); Schulze et al.
(1994); Stepniewski et al. (1998); Weber et al. (1996, 1997);
Weisberg et al. (1991, 1993, 1995, 1996, 1997); Zolensky
et al. (1989, 1997); and Young et al. (2016).

A1.2. ε50Ti

ε50Ti data were taken from Zhang et al. (2011, 2012);
Trinquier et al. (2009); and Burkhardt et al. (2017).

A1.3. ε54Cr

ε54Cr data were taken from Trinquier et al. (2007);
Qin et al. (2010a,b); Shukolyukov and Lugmair (2006a,b);
Shukolyukov et al. (2009); Schiller et al. (2014); Yamashita
et al. (2005, 2010); Yamakawa et al. (2010); Larsen et al.
(2011); Göpel and Birck (2010); Burkhardt et al. (2017);
and Mougel et al. (2018).

A2. Details of mixing model

In Section 6 we present the results of a mixing model to
investigate the requirements for mixing during and after
the Moon-forming giant impact imposed by the isotopic
similarity between the Earth and Moon. Here we provide
the details of that model.

We divide the post-impact body into two regions: the
Moon-forming region and an isolate region that does not
communicate with the Moon forming region during the
period of Moon formation. The mass of these two regions
are M1 and M2 respectively, where 1 denotes the Moon-
forming region and 2 the isolated region (Figure 8). The
masses of the two regions are such that

M1 +M2 = MEarth +MMoon , (1)

where MMoon and MEarth are the mass of the present-day
Moon and Earth respectively.

The two regions are made up of a different mass fraction
of impactor material, f iimp, and so have different average

∆17O isotopic compositions, ci. Note that both these re-
gions can be internally heterogeneous and the only require-
ment is that the Moon inherits the average composition of
the Moon-forming region. For simplicity, we assume that
the majority of Earth mixes after the impact and that the
present-day observable mantle is a mixture of the isolated
region and the fraction of the Moon-forming region that
was not incorporated into the Moon such that

(M1 −MMoon)c1 +M2c2 = MEarthcEarth = 0 , (2)

where cEarth is the composition of the present-day Earth’s
mantle which is zero by definition. The composition of
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each region is related to the composition of the target and
impactor by

ci = f iimpcimp + (1− f iimp)ctar , (3)

where cimp and ctar are the ∆17O isotopic composition of
the impactor and target respectively.

We can determine an expression for the mass fraction
of the post-impact structure that must be mixed in to
the Moon-forming region (Fmix = M1/(M1 + M2) =
M1/(MEarth + MMoon)) given a present-day difference in
∆17O between the Moon and Earth (∆cM−E = c1 by defi-
nition), a specified ∆17O offset between the impactor and
target (∆cimp−tar = cimp − ctar), and a difference in the
mass fraction of impactor in the two regions (∆fimp =
f1imp − f2imp). By substituting for M2 in equation 2 using
equation 1 we can find an expression for M1 as a function
of the composition of the two regions:

M1 =
MMoonc1 − (MEarth +MMoon)c2

(c1 − c2)
. (4)

Independently we can re-express equation 2 for the isolated
region (i = 2) to give an expression for c2 in terms of the
composition of the impactor and target:

c2 = cimp − (1− f2imp)∆cimp−tar . (5)

Similarly, rearranging equation 2 for the Moon-forming
region (i = 1) we obtain an expression for cimp:

cimp = ∆cM−E + (1− f1imp)∆cimp−tar . (6)

Substituting for cimp in equation 5 using equation 6 we
obtain

c2 = ∆cM−E −∆fimp∆cimp−tar . (7)

Substituting for c2 in equation 4 using equation 7 and
rearranging we find that

Fmix =

∆fimp∆cimp−tar(MEarth −MMoon)−∆cM−EMEarth

∆fimp∆cimp−tar(MEarth +MMoon)
,

(8)

or alternatively:

Fmix = 1− ∆cM−EMEarth

∆fimp∆cimp−tar(MEarth +MMoon)
. (9)

The expression given in equation 9 is significant as it
relates the degree of post-impact mixing that is required
to explain the Earth-Moon isotopic similarity for a given
degree of intra-impact mixing and compositional difference
between impactor and target. We can therefore use it to
understand the trade offs between mixing during and after
the impact (Section 6).
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