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Earth’s origins are challenging to elucidate, given the lack of surviving | Introduction
terrestrial geology from the first 500 Myr of the Solar System. In this Dust to planetesimals
Review, we discuss breakthroughs in geochemistry and theoretical
modelling that have advanced understanding of Earth accretion. Theory
holds that solar nebula dust particles stuck together to form pebbles,
concentrations of which gravitationally collapsed into ~100-km- hMeT;trfgIZ?\:E;
sized planetesimals, whichin turnaccreted to yield planets. Isotopic

variations in meteorites indicate that pebbles formed within the first
100 kyr of the Solar System, planetesimals melted and differentiated
within afew 100 kyr, and Mars accreted quickly within 5 Myr. Earth’s
growth was more protracted, with >98% of its mass being accreted
by the time of the Moon-forming Giant Impact at ~70-120 Myr. Earth
ismore enriched in s-process nuclides than chondritic meteorites,
with achemical composition affected by condensation, melting and
loss. Early volatiles acquired from the nebulalargely escaped, with
the remnant volatiles being diluted by main-stage Earth accretion,
accompanied by loss of nitrogen to the core and/or space. Areas

for furtherresearch should include assessing mixing during large
collisions and investigating the origin of very early mantle isotopic
heterogeneities, which mightindicate mass transfer from core to
mantle over time.
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Key points

o Terrestrial planet accretion commenced with disk grains and high-
temperature condensates sticking together to form pebbles, which in
turn gravitationally coalesced to form planetesimals up to hundreds
of kilometres in size. Planetesimals with metallic cores, sampled today
as iron meteorites, were present within the first million years of the
Solar System.

o Planetesimals collided to form Moon-to-Mars-sized planetary
embryos in the presence of the solar nebula. Nebular dispersal
triggered an era of giant collisions among the embryos that established
the inner Solar System'’s architecture and, for Earth, culminated in the
Giant Impact that produced the Moon.

o Although most of Earth’s nucleosynthetic makeup is closest to that

of enstatite chondrites, earlier (<50% by mass) stages of accretion had
an isotopic signature intermediate between enstatite and ordinary
chondrites. However, Earth is more enriched in those nuclides formed
by slow addition of neutrons in large stars compared with all meteorites,
and is different chemically from chondrites, particularly enstatites.

o These chemical differences partly reflect early melting and
condensation in the disk, which produced fractionated chemical

and isotopic compositions, but also result from subsequent losses and
additions, especially of volatile elements, during accretion.

e Most lunar origin models fail to provide a natural explanation for the
identical isotopic composition of the bulk silicate Earth and Moon for
non-volatile elements. This isotopic match is particularly problematic
for tungsten, which is sensitive to the nature and timing of core
formation and is unlikely to result from the Giant Impact unless there
was post-impact mixing and isotopic equilibration between the silicate
Earth and Moon.

e The discovery of mantle isotopic heterogeneities generated in

the first 100 million years of Earth's history has changed thinking on
preservation of primordial reservoirs in the deep Earth, as well as the
nature of Earth’s late veneer, which could partially reflect a long history
of compositional fluxes from Earth’s core.

Introduction

Earth’s present-day composition, including its water and other com-
pounds essential for life, is inherited from accretion and fractionation
processes that occurred during its formation and early history. By
exploring the composition of Earthand other extraterrestrial bodies,
as well studying processes occurring in other protoplanetary disks
and planetary systems hundreds to thousands of light years away,
Earth’s planetary evolution can be unravelled with increasing detail,
allthe way fromsolar nebular dust to asegregated and dynamic planet
replete with life (Fig. 1).

Most modern thinking on terrestrial planet formation followed
the Apollo11to17 missions (1969-1972). Dynamical simulations were
developed that showed that terrestrial planet formation lasted tens
of millions of years', culminating in violent planetary collisions like
the Moon-forming Giant Impact? In parallel, isotopic analyses of lunar
and meteoritic samples (Box 1) allowed scientists to date key events

in the earliest Solar System, providing a test of accretion models®
and afingerprint for the origins and provenance of materials in the
young Sun’s nebular disk**. Beginning in the 1980s, ground-based
and space-based telescopes revealed gas-rich protoplanetary disks
within which Sun-like stars form, allowing early accretion processes
to be studied. Multiple observational techniques have nowled to the
detection of thousands of exoplanets, and the surprising diversity
of exoplanetary systems implies that our Solar System structure is
not typical and probably reflects specific, stochastic events®. Under-
standing of exodisk composition and morphology, as well as the
physical properties of individual exoplanets and their atmospheres,
will be further revolutionized by data from the James Webb Space
Telescope.

This Review is motivated by the need to summarize the latest dis-
coveries and thinking pertaining to Earth’s origins. We discuss recent
theories and evidence concerning the mechanisms and timescales for
terrestrial planetaccretionin our Solar System. We review advancesin
understanding the provenance of the main components from which
Earth formed, based on isotopic compositions, and the modifica-
tions of these materials before, during and soon after accretion. We
discuss current theories for the origin of Earth’s Moon via the Giant
Impact, and touch upon debates about the accretion of Earth’s water
and other volatile elements, which contributed critically to it being
a successful harbour of life. We finish with one of the most intrigu-
ing latest discoveries — the preservation of extremely early mantle
isotopic heterogeneities and what they reveal about the first ~100 Myr
of Earth’s history.

Dust to planetesimals

Stars form from the cores of molecular clouds that collapse because
of self-gravity, insome cases triggered by supernova-produced shock
waves. As a core collapses, gas and entrained dust grains containing
too much angular momentum to fall directly onto the central proto-
star instead flow into a circumstellar disk that is rich in hydrogen and
helium gas. The early Sun was surrounded by such a gaseous nebula
for the first few to 10 Myr of its life, based on observations of young
star-disk systems’, until the gas was dissipated by stellar winds and
irradiation by the Sun and nearby stars. This section describes how
andwhen dust grainsin the solar nebula evolved to produce the parent
bodies of meteorites and the building blocks of planets.

Physical mechanisms
Collisions betweeninitially micrometre-sized grains are thought to have
led to the growth of millimetre-to-decimetre-sized pebbles, thanks to
the combined effects of energy loss ininelastic, compacting collisions
andsurfacesticking forces®’. The processes responsible for growth from
pebbles to ~100-km-sized planetesimals have been widely debated,
because across this size range, sticking forces are negligible and inter-
actions with the gaseous disk cause impact speeds during two-body
collisions to be too high to allow for gravitational aggregation.
Akeyadvance has been the identification of a planetesimal growth
mechanism known as the streaming instability'°™"2, which can occur
when nebular gas and solid particles coexist. The gas is pressure-
supported, and so it orbits the Sun at a somewhat slower azimuthal
velocity than would a solid object orbiting at the same distance from
the Sun. Orbiting particles experience ahead wind as they encounter the
slower orbiting gas, causing the particle orbits to lose energy and
drift radially inward. If as particles drift inward a local concentration
of particles forms, this concentration will accelerate the local gas
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Fig.1| Formation of the Solar System, Earth and Moon. a, The Solar System
formed from the gravitational collapse of a molecular nebula cloud, richin
hydrogen and helium gas, into a circumstellar disk with the proto-Sun at its
centre. Within the disk, dust particles accreted to eventually form the planets.
b, Collisions between initially micrometre-sized dust grains are thought to

have led to the growth of millimetre-to-decimetre-sized pebbles, whichin turn
accreted into ~100-km-sized planetesimals. Planetesimals further accreted into
~1,000-km-sized planetary embryos, some with segregated cores. As the nebula
dissipated, gravitational interactions between planetary embryos caused their

Accretion of planets Present-day Solar System

é

Theia

Proto-Earth

Moon-forming Giant Impact Late veneer and core-mantle flux

orbits to cross, leading to protoplanet collisions. In the case of Earth, it is thought
that aMars-sized protoplanet called Theia collided with Earth (often termed the
GiantImpact), and the resulting impact ejecta formed the Moon. After the Giant
Impact, asmall portion (<0.5%) of Earth’s mass has been argued to be delivered
by abombardment of much smallerimpactors, called the late veneer. However,
the evidence for the late veneer is unclear, and the isotopic evidence could be
explained partially by a flux of deep mantle and/or core componentsinto the
mantle over geological time. Parts of panel b adapted from ref.**, Springer
Nature Limited.

somewhat, lessening the strength of the head wind and the rate of the
concentration’sinward drift. The concentration can then continue to
grow by accreting outer particles that are driftinginward morerapidly,
and asthe concentrationgrows, its effects on the gas strengthen, allow-
ing its drift to slow further and its growth to continue. This positive
feedback leads to an increase in the spatial density of solid particles,
which can be sufficient to allow an entire region to rapidly collapse
gravitationally into a 100-km-scale planetesimal'>", Evidence sup-
portive of planetesimal formation via streaming instability includes
the properties of Kuiper belt binaries', and the inferred initial size
distributions of the asteroid and Kuiper belts™.

Meteoritic and observational constraints

Meteorites (Box 1) provide an archive of conditions within the circum-
stellar disk and carry isotopic variations that constrain the timing of
planetary accretion (Box 2). The best representatives of the nebular
disk’s composition (without its hydrogen and helium components) are
chondrites, the commonest meteoritesto fall on Earth. Inclusions rich
inhighly refractory elements (Ca-and Al-rich inclusions, CAls) foundin
chondrites are the oldest macroscopic objects yet dated in the Solar
System, setting its age to 4.56730 + 0.00016 Ga (ref.”) (Fig. 2, Box 2).
CAls are thought to represent condensates, solidified partial melts
and/or agglomerates that began forming within the first 10 kyr and

that continued to form or bereprocessed over afew hundred thousand
years'®"”. Chondrules — small spherules in chondrites — have ages that
span >3 Myrand so largely formed after CAls. However, some chondrule
ages overlap with those of CAls, indicating that both classes of particles
began formingin the very early disk™'®. CAls and/or chondrules could
represent pebbles (or constituents of pebbles) described above.

Observations of young stellar objects and their disks also provide
insights into early accretion. Estimates of the total mass in subcen-
timetre-sized particles in 1- to 3-Myr-old disks'’ appear too low to
explain observed exoplanet system masses, suggesting that most solids
havealready accretedintolarger, observationally hidden sizes by this
time?®. Some observational evidence suggests the earlier growth of
millimetre-sized pebbles in the collapsing envelopes of 100-kyr-old
protostars®?,

Theages of thefirstlarge bodies inthe Solar System withinteriors
differentiated into metallic cores overlain by lower-density silicate rock
canbe deduced using 2Hf-W chronometry (Box 2). This chronom-
eter has been applied to iron meteorites to obtain precise timescales
for accretion of their differentiated parent bodies whose sizes, while
uncertain, could be similar to the planetesimals discussed above* >,
With increasingly accurate methods of correcting for cosmogenic
nuclides, itisapparent that accretion of some planetesimals occurred
between 0.1and 0.3 Myr after the formation of CAls*** (Fig. 2).
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Box 1

Chondrites and the disk from which Earth formed

Meteorites provide crucial information on the
mechanisms by which Earth formed, allowing its net 6

Main-stage accretion Late veneer

accreted chemical composition, the precise timings
of disk processes and planetary accretion, and the
provenance in the disk of Earth’s constituents to be 47
determined.

With the exception of those from Mars and the Moon,
meteorites come from asteroidal objects typically
<100km in size. Chondrites are from objects that never
fully melted and have a composition similar to the Sun,
ignoring highly volatile elements such as He. They
include a fine-grained matrix that hosts presolar dust
grains formed in earlier stars. Chondrites can be divided

s-enrichment
CcC 2
Pre-veneer Earth _

Earth

CC

into carbonaceous — enriched in carbon, hydrogen

and volatile compounds, and thought to come from

further out in the Asteroid Belt and beyond; ordinary —

the commonest to fall on Earth, lacking carbonaceous

phases and with metallic components; and enstatite — similar
but rare and highly reduced, with chemical affinities with the
planet Mercury.

Refractory element (Ca, Al)-rich inclusions, or CAls, are the
oldest yet identified materials that formed within the Solar System
(Fig. 2, Box 2). Also common are silicate-rich 0.1- to 1-mm spherules
(chondrules), which, along with CAls, could represent examples of
early-formed small pebbles discussed in the text. However, some
might be a by-product of planet formation.

Oxygen isotope heterogeneities across meteoritic classes
are thought to reflect ultraviolet irradiation and photochemistry
phenomena in the early nebular disk. Reconstruction of Earth’s
oxygen isotope composition from chondrites yields a mixture
chemically unlike Earth. The same is true of nucleosynthetic
heterogeneities. For the purposes of understanding Earth's
accretionary makeup, the key isotopes of elements heavier than Fe
(such as Ru) are those associated with the s (or slow) versus the r
(or rapid) neutron-enriching nucleosynthetic process (see figure).

Planetesimals to planet Earth

Once planetesimals formed, pairwise collisions between them — or
between planetesimals and pebbles” — led to growth of 1,000-km-
scale planetary embryos. After the solar nebula dispersed, giant impacts
and mergers among the embryos continued until afew well-spaced and
dynamically stable inner planets remained. Analyses of Earth’s elemen-
tal and isotopic composition, in particular in comparison to those of
the Sun and meteorites, provide crucial constraints on the nature and
timing of these main phases of Earth’s accretion, which established the
planet’sinitial state and chemical inventories.

A multitude of planetary embryos

For planetesimal and larger-sized bodies, impact speeds during two-
body collisions could be only modestly larger than the escape velocity, so
thatinelastic collisions canresultin mergers. Onceabodyinanannular

Each isotope is the product of a mix of these pathways, and each

is shown as a deviation from a ratio. So, for example, £'°°Ru is the
deviation in parts per 10,000 in the ratio °Ru/™'Ru relative to some
standard value for Earth. Both neutron-enriching pathways can only
be formed in massive stars. Carbonaceous chondrites (CC; green
fields on figure), probably from colder, more distal parts of the
nebular disk, are slightly enriched in r-process nuclides. The silicate
Earth (dark blue circle) is richer in s-process components than any
chondrites, the closest match being with the enstatite chondrites
(EC; red circle) and ordinary chondrites (OC; grey circle), which are
thought to have a provenance closer to Earth (based on figures in
refs.°*1%%), The inferred pre-veneer Earth (light blue circle, right plot)
had Ru-isotope compositions distinctly more enriched in s-process
components than any chondrites'®. Therefore, although the closest
meteorite analogues to Earth in nucleosynthetic terms are enstatite
chondrites, it is clear that some of the material accreted was more
enriched in s-process components than anything in our meteorite
collections.

region of the disk becomes more massive than its local neighbours,
it grows much more quickly and becomes the dominant body in that
region. The dominant bodies that form in adjacent regions tend to be
similarin mass, a pattern knownas oligarchic growth. Inthe inner Solar
System, oligarchic growthis predicted toyield a distribution of Moon-
to-Mars-sized planetary embryos, having nearly circular and coplanar
orbits, within ~1 Myr (refs.”’"°). The system of many mini-planets would
have been dynamically stable so long as the nebula was present, owing
to interactions with the gas that keep orbital eccentricities low*°.

The predicted formation time for embryo-class objects gener-
ally agrees with meteoritic constraints. Isotopic analyses of the Stein-
bach iron meteorite suggest that its ~1,000-km-diameter parent body
accreted and differentiated between about 1.3 and 1.8 Myr after CAIs®".
For mostsilicate-richigneous meteorites (achondrites), mainly derived
from the crust and shallow mantle of differentiated bodies, the timing
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of primary accretionis harder to define because the parent to daughter
ratios fractionated in subsequent silicate melting. Nonetheless, time-
scalesofupto5 Myrforaccretionand core formation of some achondritic
parent bodies have been inferred®>**. Mars — whose mass is about 10%
of that of Earth and which could itself be a leftover planetary embryo —
accreted in <5 Myr, based on "®2Hf-¥2W chronometry** (Fig. 2). Embryos
thusformedintheinner Solar Systemin the presence of the gasnebula,
which persisted forafewto 5 Myr (Fig.2). Earth accretion almost certainly
started early too, but, as will be explained, took longer to complete.
The existence of the giant planets, which contain substantial H
and He gas, implies that massive ice-rock cores capable of accreting
gas had formed in the outer Solar System before the solar nebula dis-
sipated. Formation timescales for Jupiter and Saturn of afew to 6 Myr
have also been proposed, based on 2 Hf-'2W chronometry of early
iron meteorites and the Solar System’s nucleosynthetic variations®,
and constraints on gas giant satellite melting associated with early

Box 2

Early Solar System chronometry

Isotope chronometers use naturally occurring radioactive decay
to determine early Solar System timescales. They divide into:

e Those with a half-life >0.1Gyr, such that the primordial
radioactive parent is still measurable. For example, *°U decays
to ?°’Pb with a half-life of 704 Myr. The Solar System and nearly
all rocks are most reliably and precisely dated with the U-Pb
system, providing an absolute determination of geological time.

e Short-lived chronometers with a half-life <01Gyr, such that the
parent is extinct. In this case, the former parent isotope abundance
is determined from the relationship between parent and daughter
element ratios and daughter element isotopic abundances among
objects of the same age. Short-lived chronometers permit precise
time resolution of early accretion processes.

Two short-lived chronometers are especially relevant to Earth’s
accretion:

o BAldecays to Mg (half-life=0.72Myr), which is ideal for deter-
mining how quickly very early objects such as CAls, chondrules
and millimetre- to decimetre-sized pebbles formed. Its decay
energy also provided a source of heat to achieve early melting.

o B2Hf decays to "®2W (half-life=8.9 Myr), whose characterization
was aided by the development of new mass spectrometry
techniques to measure isotopic abundances in trace amounts of
tungsten. The Hf-W system provides a way to measure the rates
of formation and early differentiation of planets. In principle,
an entire planetary object and its first differentiation can be
dated. Both Hf and W are refractory elements, such that a total
planet’s Hf/W ratio can be well established as solar (chondritic).
Unlike the parent element (Hf), the daughter (W) is moderately
siderophile (metal-loving) so the majority would be sequestered
into the core during its formation. Such planetary fractionation
of Hf from W provides insight into the timing of accretion and
core formation because the short half-life generates W isotopic
variations in proportion to Hf/W in the first 70 Myr, of the same
order as the timescale of terrestrial accretion.

radiogenic heating, mainly by 2AI’>* (Box 2, Fig. 2). Thus, at the end
of the solar nebula’s lifetime, the outer giant planets were present,
whereas terrestrial planet assembly was stillincomplete.

The era of giantimpacts

Asthe nebuladissipated, gravitational interactions amongterrestrial
embryos caused their orbits to become eccentric, leading to crossing
orbits and giant embryo-embryo collisions***, Since the late 1990s,
N-body simulations that track this evolution®***” have shown that afinal
systemof afewinner terrestrial planets typically results after ~100 Myr.
The overall process is chaotic: simulations with only slightly different
initial conditions yield different final planet positions, spacings and
masses. Yet by performing many such simulations, a statistical range
of possible outcomes is revealed that can be used to infer conditions
best able to replicate the inner planets.

Animportant openissue is how the early orbital evolution of the
giant planets might have affected inner planet accretion. The orbits
of Pluto and other Kuiper Belt objects, as well as theoretical models of
gravitational interactions between the outer planets and a remnant
planetesimal disk, provide strong evidence that the giant planet orbits
migrated over large distances (up to many astronomical units (au))
after the solar nebula dissipated, with the orbits of Saturn, Uranus and
Neptune expanding while that of Jupiter contracted* *. Earth accre-
tion simulations have explored the effects of this type of migration
(considered by so-called Nice models), whose timing is uncertain**~*°.
Itis possible that the giant planet orbits also underwent earlier migra-
tionbefore the nebuladissipated, driven by gravitational interactions
between the planets and the gaseous nebula®*~2,

Although results vary across simulations that adopt different
treatments and envisioned conditions, the models generally all predict
afinal phase of giant collisions. The Moon-forming Giant Impact, by an
embryo oftenreferred to as Theia, isthought to be the last of what were
probably several giantimpacts experienced by Earth during this phase®,
with a predicted occurrence time between 10 and 150 Myr (refs.*").

Such theoretically predicted timescales must be reconciled with
those determined fromanalysis of physical samples. The Hf/W ratioin
the bulk silicate Earth (BSE) is about 20 times the average Solar System
or chondritic value®, soit should have a high relative abundance of *W
from decay of 2Hf if formed within the first 50 Myr of the Solar Sys-
tem (Box 2). Instead, the BSE’s W isotopic composition is only slightly
(about 200 ppm) more radiogenic than chondritic***. Therefore,
much of the radiogenic'®*W formed by ®?Hf decay in the silicate Earth
was removed by core formation, with the residue being diluted by
protracted accretion over tens of millions of years®. The Moon also
has a high Hf/W ratio®®, and the Moon and BSE have nearly identical W
isotopic compositions. These isotopic compositionsindicate that the
Moon also formed late, >50 Myr after CAls. Exactly how lateis debated,
as discussed below. Thus, there is broad agreement between isotopic
constraints on the timing of Earth’s formation and theoretical models.

Relating the Wisotopic compositions of Earthand Moonto a more
specific timescale for Earth’s accretion is challenging. One approach
istoadoptanidealized planetary growth model, such as an exponen-
tially decreasing rate of accretion’, to yield amean age**">°. However,
there might instead have been a long hiatus between a stage of early
growth (10 Myr) and a late giant impact (>50 Myr)*>*“!, This hiatus is
underconstrained, however, because the mean age of Earth calculated
fromall Wisotope modelsis strongly dependent on the degree of equi-
libration of impactor metal with the silicate Earth, which is unknown,

as discussed below’>¢062764,
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9 Magmatic iron meteorite planetesimals form metallic cores

 Magmatic iron meteorite planetesimals accrete

small pebbles, but also later ones, impact-related

§ Chondrules, many early (<3 Myr), and possible
(up to5 Myr) (Z()AI_ZGMQ and Z35/Z38U_207/206Pb)

Calcium/aluminium refractory inclusions, viable as small pebbles,
spanning <200 kyr (%/28U-20/205Ph age 4.56730 = 0.00016 Ga)

Time after start of Solar System (millions of years)

Fig.2| Chronology of the earliest Solar System, as determined from various
isotopic systems. The oldest Solar System solids are the calcium-aluminium
refractory inclusions (CAls) forming at <200 kyr after the start of the Solar
System. These were followed shortly after by the formation of chondrules

that persisted for several million years. The timing of planetesimal accretion
(-300-500 kyr) and differentiation (-800 kyr to 1.5 Myr) is inferred from

the age of iron meteorites. Mars’s accretion occurred early, probably within

the first 4 million years. Jupiter’s accretion occurred even faster in the presence
ofthe gas-rich nebula, with its core growing to 20 Earth masses in the first million
years. Data compiled from refs.*!>15263436231 Therefore, accretion of planetary
objects, from dust to gas giants, was completed within less than 10 million years.
In contrast to these early events, Earth’s accretion was completed much later,
around 70 to 120 Myr after the formation of CAls. Diagram of planetesimal with
metallic core adapted from ref.”*?, Springer Nature Limited.

Although terrestrial accretion simulations are successful in
accounting for Earth’s mass and protracted accretion, the models
tend to yield final planet orbits that are too eccentric compared with
the actual terrestrial planets, a discrepancy revealed in the earliest
N-body models**° that still persists on average in modern works®.
Essentially, the mutual embryo perturbations needed toyield crossing
orbits and four final inner planets also tend to produce orbits that are
too dynamically excited. Further, most simulations fail to reproduce
Mars’s small mass relative to the masses of Earth and Venus. Multiple
potential solutions to this issue have been proposed™*®*~%, including
historiesinwhich either anearly inward Grand Tack migration of Jupiter
to about 1.5 au in the presence of the solar nebula®, or a giant planet
orbital instability during final assembly of the terrestrial planets®,
removed much of the mass in Mars’s accretional zone. Distinguishing
between these potential solutions remains challenging, in part owing
to computational difficulty inresolving Mars’s growth due toits small
mass. It alsoremains unclear why the Solar System lacks planetsinterior
to Mercury, whereas compact exoplanetary systems are common.
Resolution of these issues requires more realistic models, and/or reco-
gnition that the terrestrial planets in the Solar System might reflect
early events not typical of most planetary systems.

Although open questions remain, there nowis areasonably com-
plete conceptual framework for how the initial circumstellar disk of
gasand dust evolved toyield planetary building blocks and ultimately
planets. This framework has been developed through acombination of
theoretical modelling and increasingly high-fidelity analyses of physi-
cal samples from Earth, Moon, Mars and the asteroid belt. It is clear

that Earth mainly formed late, after the nebula dissipated, and that
its particular properties would have been affected by the stochastic
nature of its final large accretionary impacts, as well as perhaps by the
orbital migration of the outer giant planets. In the following sections,
we explain how this protracted evolution led to Earth’s composition.

Earth's composition

Earth’selemental and isotopic composition reflects where in the Solar
Systemits various building blocks originated, as well as the processes
involvedinits construction. Meteorites, especially chondrites, provide
fingerprints that help toidentify the provenance of Earth’s constituents
(Box 1). These constraints, in combination with predictions of theo-
retical accretion models, can reveal how Earth acquired its chemical
inventories and how they were modified. A challenge in unravelling this
historyis that current meteorite collections might not fully represent
the range of compositions present when the inner planets accreted.
Further, although samples from Earth, Mars and the Moon are avail-
able for detailed study, the bulk elemental and isotopic compositions
of Venus and Mercury — reflecting the innermost disk accretionary
conditions — remain unknown.

Arefractory-enriched, volatile-depleted Earth

Although Earth was derived from material that formed in the circum-
stellar disk, its compositionis distinctly non-solar. This compositional
differencereflects a variety of factors, including melting, evaporation
and condensation processes in the disk, loss of volatiles during and
after accretion, and accretion of rocky components after the solar

Nature Reviews Earth & Environment



Review article

nebula dissipated. The most primitive (solar-like) chondrites are the
Clcarbonaceous chondrites (Box 1). The elemental concentrationsin
the BSE normalized to those in Cl chondrites as a function of the 50%
condensation temperature of each element in nebular conditions®
(Fig.3) provide evidence of the elements that have been lost to the core
or to space, and which might have been enriched. Earth is relatively
enrichedinveryrefractory, lithophile elements (Hf, Taand Ti); depleted
in core-forming moderately siderophile refractory elements (Fe, Ni,
Mo, W and Co); depleted in moderately volatile lithophile elements
(K,Rband Cs); moregreatly and variably depleted in moderately volatile,
moderately siderophile elements (Pb, Sb, Cd, Ag); extremely depleted
in highly siderophile elements (Pt, Ir, Ru, Au, S and Te); and variably
depleted in volatile, atmophile elements (C, N, H and noble gases).

Therefore, the BSE is enriched in the most refractory elements,
as concentrated in CAls (Box 1), and is depleted in highly and mod-
erately volatile elements relative to Cl chondrites, which themselves
aredepleted in the most volatile atmophile elements relative to solar.
Temperaturesinthe early inner disk wereinitially high, so that dispro-
portionately more refractory elements (condensed preferentially as
CAls for example) were ultimately incorporated into Earth through
accretion of inner-disk embryos. These same conditions led to fewer
volatiles being incorporated into inner embryos because of volatile
loss when the gas disk dispersed’*”.

Atgreater heliocentric distances, lower disk temperatures would
haveled to planetesimals and planetary embryosricherin volatiles. In
general, material in the inner disk would have shorter collision times
with Earth and thus have been accreted earlier than material sourced
from more distant orbits’> ", Thus there has long been a view that the
later stages of Earth accretion were more enriched involatiles”, which
issupported by silverisotopes’. The BSE’s high Pd/Ag ratio should have
led to excess radiogenic'”’Ag from former decay of '’Pd (T, = 6.5 Myr).

Instead, the Ag composition is that expected from late-accreted, less
volatile-depleted objects with low Pd/Ag ratio, such as are represented
by chondrites.

Certain elements could have been lost from accreting embryos by
collisional erosion of their outer portions®>’””°, For example, Earth’s
low total Mg/Fe ratio, relative to chondritic, is possibly explained
by impact erosion of silicate after core formation’’, although loss
of basaltic magma droplets and vapour to space during protoplan-
etary eruptions is an alternative explanation®. The experimentally
determined volatilities of anumber of elements within silicate liquids
show that the patterns of depletion in Earth are more consistent with
magma degassing and loss, rather than with the standard interpreta-
tion of incomplete condensation from the solar nebula®'. Moderately
volatile elements (Fig. 3) would have been particularly susceptible to
suchlosses during early protoplanetary accretion when gravitational
forces were smaller””®?,

Earth’s non-chondritic H, C and N ratios (Fig. 3) provide addi-
tional constraints on its accretion and losses of major highly volatile
elements. With the advent of Moon-forming Giant Impact models
(discussed below), it became common to presume that Earth’s original
water, carbon and nitrogen was lost and then redelivered as part of a
subsequent chondritic veneer. The late delivery of water from comets
orwatery asteroidal objects® is dynamically plausible, as more distant
material would impact Earth at later times™. However, late delivery of
water isno longer considered likely, as theoretical work has since dem-
onstrated that volatile loss was limited even during the Moon-forming
impact®. This theoretical work, together with the non-chondriticH, C
and Nratios (Fig. 3) and the particularly large depletion in nitrogen®,
provides evidence that these highly volatile budgets are not late addi-
tions but are largely residual to earlier accretion modified by differ-
ential loss, especially of nitrogen. Some have argued that the bulk of

Volatile element depletion (losses to space)
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Fig.3| Concentrations of elements in bulk silicate Earth (BSE) relative to the
most primitive carbonaceous chondriticabundances. Plotting normalized
concentrations against revised half-mass condensation temperature®

provides a picture of the fractionation behaviour of elements and groups of
elements®#"%233234 From left to right, the behaviour of elements goes from
refractory to volatile. From top to bottom, the behaviour of elements goes

from lithophile to siderophile and chalcophile. The silicate Earth is strongly

depleted in moderately volatile and volatile elements but with striking variability
innoble gases and major volatiles, including major depletionin Xe and N.
Conversely, itis enriched in refractory elements, and the halogens seem far

less depleted than previously thought?*. The highly siderophile and chalcophile
elements, which might be dominated by alate veneer or a flux from the core,
define a pattern thatis less depleted in moderately volatile elements than the
lithophiles.
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Glossary

Achondrite

Silicate-rich meteorites thought

to be derived mainly from the outer
portions (crust), rarely mantle, of
other planetary objects, including
Mars.

Astronomical units

(au). A distance of 150 million
kilometres, the approximate distance
from Earth to the Sun.

Atmophile

Elements preferentially concentrated in
the atmosphere and hydrosphere, such
asH, C, Nand noble gases.

Bulk silicate Earth

(BSE). The integrated composition

of the atmosphere, hydrosphere,

crust and mantle, or simply Earth minus
itscore.

Chalcophile

Elements preferentially incorporated

Evection

A gravitational resonance involving
Earth, Moon and Sun that occurs
when the period of precession

of the lunar perigee matches
Earth's orbital period around

the Sun.

Highly siderophile

Elements preferentially (>99%)
incorporated into metal and expected
to be concentrated in the core, such as
Ru, Pd, Re, Os, Ptand Ir.

Late veneer

The last material accreted to

Earth post-Giant Impact, originally
identified by the near-chondritic BSE
abundances of the platinum group
elements.

Lithophile

Elements preferentially (>50%)
incorporated into silicate and
expected to be concentrated in

Magmatic iron meteorites
Those iron meteorites with compositional
trends and (in some cases) cooling
textures indicative of core crystallization
in a planetesimal or planetary embryo.

Moderately siderophile
Elements preferentially (50-99%)
incorporated into metal and expected
to be concentrated in the core, such as
Ni, Co and Mo.

Moderately volatile
Elements that condense from a hot
(solar) nebular gas at temperatures
between 1,230K and 640K.

Moon-forming Giant Impact
The collision between the proto-Earth
and another planet, often called Theia,
that led to the formation of Earth's Moon.

Planetary embryo

Planetary objects of order 10°km in
size formed by runaway growth from
accreting planetesimals.

Planetesimals

Early 100-km-scale planetary

objects that probably formed
through the gravitational collapse

of regions of dense concentrations of
pebbles in the presence of the solar
nebula.

Refractory elements
Elements that condense from a hot
(solar) nebular gas at temperatures
more than 1,400K.

Solar nebula
The disk of gas and dust surrounding
the newly forming Sun.

Pebbles
Very early millimetre-to-decimetre-
sized objects that formed in the earliest

Volatile elements
Elements that condense from a hot
(solar) nebular gas at temperatures less

the mantle and crust, such as Si, Al
Ca, K, Mg.

into sulfide and expected to be
concentrated in the core, including S,
Seand Te.

stages of the nebular disk by sticking than 640K.
together of dust grains and perhaps

molten droplets.

Earth’s H, C and N was accreted by the Moon-forming impactor®®¥,
with Earth’s high C/N ratio providing evidence of preferential N loss
to the core® or to space®®. D/H ratios for Earth and Moon are broadly
consistent with carbonaceous chondritic sources consistent with the
outer Solar System®. However, there is evidence that material of similar
provenance to the enstatite chondrites, considered more proximal to
Earth, could be the source of its water®®. There also is evidence of an
early Hcomponentinthe deep Earth, acquired from the solar nebula®.

Testing these hypotheses for the origins of Earth’s volatiles is best
achieved with the noble gases, which are powerful tracers of accretion-
ary processes and sources. From their abundances and isotopic com-
positions, noble gases clearly represent amixture of solar-composition
gases derived from the nebula, as well chondritic and cometary compo-
nents®°%. The *He/*Neratio of Earth’s mantleis greater thansolar, pro-
viding evidence that nebular components could have been dissolved in
amagma oceaninequilibriumwith a hot vapour atmosphere®. Earth’s
core could also have added *He-enriched noble gases to the mantle
overtime’ %, Theisotopic composition of Earth’s interior and/or pri-
mordial Ne is consistent with a 75% solar and 25% chondritic mixture,
whereas atmospheric Ne, although a vastly bigger reservoir, is only
20% solar®. This profoundly important heterogeneity’®*’ indicates a
dominant, non-solar component acquired during main- and late-stage
accretion.

Cometary contributions seem to have beenimportant for the heav-
ier noble gases. Earth’s strikingly selective depletionin Xe (Fig. 3), and
toalesser extentKr, could be explained by adsorption onto planetary

ices or clathrates'*’. This ice adsorption has been confirmed with Xe

abundance and isotopic data for cometary ices in 67P/Churyumov-
Gerasimenko'®. Xenon also has a sufficiently low first ionization
potential that it could have been selectively removed and isotopi-
cally fractionated by extreme ultraviolet irradiation of the Archaean
atmosphere'??, consistent with a change in atmospheric Xe isotopic
composition over time'®,

Provenance of Earth’s accreted components

The provenance of Earth’s materials can be ascertained from the
nucleosynthetic makeup of key elements (Box 1). The details of how
the disk’s nucleosynthetic architecture developed are becoming
clearer with highly precise isotopic analyses™'°*'* and elemental
models'®®. That the provenance and nature of material accreting to
Earth changed as the planet grew (Box 1) has been long appreciated
in relation to chemical changes and bulk compositions”. However,
more precise meaning has been brought to such arguments based on
isotopic compositions'”’. Elements that are highly siderophile (Ru)
are lost to the core throughout most of accretion (Fig. 3). Therefore,
the isotopic composition of the residual element in the BSE reflects
that of the last accreted material (Box 1). In contrast, elements that
are lithophile (Ti) reflect Earth’s full accretion history. Moderately
siderophile elements (Ni) provide something in between. Isotopi-
cally speaking (excluding Si), Earth accreted from equal proportions
of enstatite and ordinary chondrite-like material for the first half of
its growth, with subsequent growth almost exclusively by material
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isotopically like enstatite chondrites'”’. Carbonaceous-chondrite-like

materials are minor contributors (Box 1).

Despite the elegance of this solution, other interpretations of
nucleosynthetic datahave been proposed, and no meteorites, or com-
bination thereof, exactly match Earth. For example, Mo isotopes have
beenusedtoindicate that carbonaceous chondrite material was deliv-
ered late to Earth, perhaps by Theia itself during the Giant Impact®®.
Further, it has been proposed that some of Earth’s precursors were
carbonaceous-chondrite-like materials that were severely fraction-
ated isotopically and chemically by losses during early planetesimal
formation, melting and evaporation'®®, Yet these proposals are hard to
reconcile with multielement nucleosynthetic modelling that greatly
limits involvement of carbonaceous chondrites (Box 1). Indeed, Ni
isotope data provide evidence that materials accreted to Earth during
the Giant Impact were enstatite-chondrite-like, leading to a proposal
that Theia was a Mercury-like planet'®.

Even enstatite chondrites do not provide an exact match (Box 1).
RecentRudata'®” provide evidence (Box1) of anunknown, mores-process-
enriched endmember than carbonaceous, ordinary or enstatites in
pre-veneer Earth formation. Because Ru is highly siderophile, these
Ru dataalmost certainly constrain the source of Theia. Combined Mo
and Nd data also show more generally that Earth’s makeup requires a
more extreme (but unknown) s-process-enriched component than is
found inany chondrites™.

Enstatite chondrites may be closest to Earth in their oxygen and
some nucleosynthetic isotopic compositions (Box 1), but they are
highly reduced and chemically unlike today’s upper mantle. If Earth has
such acomposition', then the lower mantle must be compositionally
distinct from the upper mantle. Such large-scale mantle heterogeneity
is hard toreconcile with along history of subducted slab penetration'”
but could relate to new evidence of Si-enriched domains in the lower
mantle™.

Enstatite chondrites also have Si thatis isotopically fractionated
relative to other objects™*', apparently limiting how much could be
incorporated into Earth"*"”, Some work, however, found that Si iso-
topic differences within EH chondrites arose from fractionation with
metalinthesolarnebula, and argued that afractionated version might
provide a viable component for Earth™®,

Earth is distinct from enstatite chondrites in terms of its bulk
chemistry, and also is non-chondritic more broadly in Mg/Si and Al/Si
ratios'. Although these could be affected by Si transfer to the core'®,
it has been argued' that many of these differences represent chemi-
cal variations across the disk. Some think that this variation reflects
disk-processing. It has been proposed'* that the first planetesimals
accreted from high-temperature condensate-rich (CAl-like) material
withenhanced Al/Siand Mg/Si, and that these dominated the feedstock
for Earth’saccretion. Certain parts of this model are debated based on
chondrite compositions'°®but it is consistent with Earth’s enrichment
inrefractory elements (Fig. 3).

Various works!®'¢1237125 propose that chondrules could better
represent the stock fromwhich terrestrial planetesimals first accreted.
Indeed, Mg isotope data provide a hint that Earth, Mars and Vesta
are isotopically heavy, probably reflecting selective accretion from
chondrulitic components that were melted in the circumstellar
disk'**. Advances have allowed Mg data of unparalleled precision to
be obtained and combined with N-body simulation results to estimate
melting and vaporization produced during accretionary collisions,
indicating theresulting vapour-liquid isotopic fractionations expected
above magma ponds'®. For accretion histories involvinga Grand Tack®,

predicted fractionations in Mg (and in similarly volatile Fe and Si) are
consistent with those observed. Althoughiitis uncertain that a Grand
Tack occurred, the general mechanism is compelling, and thus Si and
Fe mass fractionation could partly reflect early collisional heating'*
rather than solely core formation'®.

Heating and core formation

The ages of magmatic iron meteorites (Fig. 2; Boxes 1 and 2) indicate
that melting and core formation occurred in early protoplanetary
objects <10> kmin size, which would have been fuelled by heating from
decay of Al (T,,= 0.72 Myr) and ®°Fe (T,, = 2.6 Myr). As accretion pro-
gressed, collisional heatingbecame dominant, leading to melting and
core formation in larger, later-formed bodies'”, and silicate magma
oceans after particularly energeticimpacts'?. In adeep magma ocean,
disproportionation of FeO into core-forming Fe metal and residual
mantle Fe,0; would have caused the silicate Earth to become more
oxidized?”"°, Changes in magma ocean oxidation state, temperature
and pressure during Earth’s growth would affect elemental partition-
ing into core-forming metal, with an evolution from reduced to more
oxidized consistent with observed depletion in slightly siderophile
elements such as Si, Nb and Cr (Fig. 2)"*'. However, Cr and V have been
used to imply an evolution to less oxidizing conditions'?, consistent
with isotope models'”.

As described above, Earth’s main growth involved accretion of
large planetary embryos, which would themselves have been differen-
tiated with metallic cores. How impactor core material mixed within
the BSE and affected its composition depends on the nature of each
large collision, because collision geometry and energy affect the por-
tion of impactor metal that fragments into small droplets within the
BSE (via Rayleigh-Taylor instabilities) versus that which plummets as
major inverted diapirs through the mantle as it descends towards the
core®**13* The assumption of metal-silicate equilibrium during core
formation' is only valid for impacting metallic material dispersed in
smalldropletsin the magma ocean. If a substantial amount of impact-
ing metal merged directly with Earth’s core, it would change siderophile
element concentrations and their isotopic compositions®*6>13413¢,
Certainfeatures of the siderophile element geochemistry of Earth can
best be explained in this fashion®*.

Thelate veneer
Dynamical models predict that after the last Giant Impact on Earth, a
small portion of Earth’s mass was delivered by much smaller impac-
tors™*>'¥ It has long been argued thatalate veneer® of approximately
0.5% Earthmasses was accreted after core formation, based primarily
onthe near-chondritic relative proportions of highly siderophile ele-
mentssuch asRu, Pd, Re, Os, Ptand Irin the BSE (Fig. 3), in contrast to
the non-chondritic proportions expected if these elements had been
incorporated into the core with their varied partitioning efficiencies.
However, high pressures and temperatures associated with late core
formationgenerally reduce differences in partitioning across the highly
siderophile elements™'*, Further, with improved abundance data
for the BSE it has become clear that some highly siderophile elements
are not exactly chondritic in their relative proportions™*. This non-
chondritic highly siderophile element pattern has been explained in
part by partial removal of some of the veneer in S-rich metallic liquids**
associated with the final dregs of core formation™*',

Evidence suggests a proportionally much smaller late veneer
on the Moon, which is challenging to understand. The proportion of
late objects striking the Moon versus Earth is a function of encounter
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Giant Moon-forming impact (~10%), potentially of
enstatite chondrite provenance and including volatiles

a
Proportion
of Earth
mass
0-1% Early dust heated, melted and chemically fractionated into
non-chondritic planetesimals and planetary embryos
0-20% Nebular H, He and Ne incorporated in Earth-forming protoplanets
- 0-50% Accretion of ordinary and enstatite-chondrite-like material, similar in composition to Earth and Mars
j Accretion of enstatite-chondrite-like material from closer to Sun; plus watery,
50-90% carbonaceous and cometary material from outer Solar System — possible
source of some major volatiles on Earth (H, C, N, noble gases)
90-99.5%
99.5-100% Addition of possibly one or two bodies (final 0.5-0.8%),
not rich in volatiles
Earliest continental crust formation (Jack Hills zircons)
b
Earth’s
neighbours J

v
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Fig. 4| Best estimates for the chronology of Earth accretion. a, The stages
of Earth accretion by percentage of Earth’s mass. b, Comparison with stages of
formation and differentiation of Mars and the Moon. Data shown are based
onava ri ety Of sou rceslS,lS,26,34,56,60,76,104,107,147,154,155,163,1057171,22‘),231,235 Ea rth a I most
certainly started accreting early and fast, like the other planetary objects.

However, it continued for longer, culminating in the Moon-forming Giant Impact.
Whether there was a substantial late veneer is now less clear with evidence that
the fingerprint of highly siderophile elements in the silicate Earth could, in part,
originate froma flux from the core.

velocity — for fast encounters, this proportion is dominated by the
relative target cross-sections rather than by gravitational focusing by
either object. The surface area of the Moonis about 7.4% that of Earth,
whereas its mass is 1.2%. A pervasive late veneer would be expected
to deliver a proportionally larger fraction of the Moon’s mass than
Earth’siftheir cross-sectional areas controlled the impact probability,
whereas the fractional contributions would be more similar if gravity
played the mainrole.

Neither of theseis found: the Moon’s late veneer (defined by highly
siderophile abundances inbasalts) is only 0.02-0.035% of its mass™* ™,
amuch smaller proportion than the 0.5-0.8% for Earth'**. One idea is
that Earth’s late veneer was provided by the core of Theia, rather than
by post-GiantImpact bombardment™'. Others argue instead™** that the
Moon actually had amore massive late veneer thatisno longer detect-
able, because some highly siderophile elements were sequestered into
FeS (ref.'*) and a lunar core. Alternatively, most or all of Earth’s late
veneer was delivered by only one or two large, lunar-sized bodies, rather
thanvia aflux of smaller objects, so that it was statistically probable for
the Moon to have avoided its proportionate share'>>'**,

Lateimpactors of such size would introduce major perturbations
to Earth’s melting™™*, as well as admixing materials that would affect
isotopic compositions of the silicate Earth™*. It has been argued that
Earth’s late veneer was added prior to the oldest surviving crustal
zircons dated at 4.35 Ga (ref.”**) and possibly as early as 4.45 Ga (ref."**)
(Fig. 4). However, W and Pt isotope data for Isua and other ancient
rocks"”* ™ imply that the late veneer was not yet fully present, or not
efficiently admixed, into the early Archaean mantle. That the veneer
was not fully admixed by 4 Ga is surprising given a hotter, more rap-
idly convecting interior, not to mention melting expected from large
collisions. However, modelling suggests that a major Hadean flux of
impactors is less likely than previously thought™*. If late additions
were actually quite minor, maybe the veneer recorded in HSEs actually
reflects gradual core contributions to the mantle over time.

Insummary, Earth’s chemical and isotopic compositionsreflecta
combination of the provenance of accreted disk components and their
derivative planetary objects, which were diverse and changed over
time. Representative materials are only partially represented by mete-
orite collections, but the latestisotopicresearchisleading to amapping
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across the former disk. Modifications of protoplanetary materialsled to
compositions that are non-chondritic. The degree to which the mantle’s
chemical andisotopic compositions reflect these components further
modified by equilibrium core formation, or disequilibrium resulting
from merging of accreting planetary cores, is unclear. Finally, it has
beendifficult to find astraightforward explanation for the late veneer
and how it was added to Earth’s mantle over time, a subject we return
to after discussing the origin of the Moon.

The origin of the Moon

Any viable model of Earth’s assembly must account for the notably
large Moon. Modern theories couple Moon formation to the last Giant
Impact (or perhapsimpacts) experienced by Earth as it completed its
primary accretion. However, explaining the dynamical and detailed
compositional features of the Earth-Moon system is challenging, and
the nature of the Giant Impact best able to successfully account for
these remains highly debated, as is its timing.

Late Moon formation

Asdiscussed above, both Earth’s and the Moon’s W isotopic composi-
tions imply that they completed their formation >50 Myr after CAls.
This was long after the accretion of Mars and the outer gas planets,
which occurred within ~10 Myr after CAls. These relative ages provide
strong supporting evidence for the Giant Impact theory of Moon forma-
tion. After cosmogenic corrections, only a20 to 30 ppm difference is
resolvable between the W isotopic composition of the silicate Moon
and the BSE'**'*', This small W isotopic difference has been attributed to
the preferential addition of the late veneer to Earth’s mantle after Moon
formation'. That the pre-veneer silicate Earth and Moon are inferred
to have had essentially equal W isotopic compositions, together with
the fact that there are no internal variations in W isotopic composi-
tion in the Moon, despite diverse source differences in Hf/W ratios,
constrains the Moon’s age to later than 70 Myr (ref.’"). However, there
is disagreement about this, and both earlier and much later ages have
also been proposed.

An earlier Moon formation has been proposed® by authors who
remodelled the Hf/W of the lunar mantle and concluded that it is sig-
nificantly higher (30 to 50) than that of the BSE (25.5). They accounted
for the small current difference in **2W abundance between the BSE
and bulk silicate Moon not in terms of a veneer'* but purely as aresult
of lunar core formation while ®?Hf was extant, leading to excess radio-
genic®?W relative to the BSE, defining an age of <55 Myr. This reinter-
pretation has been questioned'*”based on the nature of the terrestrial
late veneer'®®, which in turn led to a compromise proposal that the
BSE-Moon isotopic difference reflects acombination of a chondritic
terrestrial late veneer and lunar core formation, leading to a revised
age of <75 Myr (ref.'*).

An early Giant Impact might appear more consistent with the
I-Pu-Xe closure age of Earth’s atmosphere of 30-60 Myr, inferred
to date the Moon'®. This closure age assumes, however, that the ter-
restrialatmosphere only reflects Earth’s degassing history, whereas it
actually integrates many different accreted components®. An age for
the Moon of 60 + 10 Myr based on Lu-Hf model ages of lunar zircons
has also been proposed'®. However, other work'®* points out that
these Hf data exhibit aspread of values, with some initial compositions
being less radiogenic than the Solar System initial, possibly reflecting
cosmogenic effects. Therefore, there is no strong supporting evidence
for an age earlier than 70 Myr'®'. However, there are arguments for a
younger age.

Anearly Moon formationis hard to reconcile with ages of ferroan
anorthosites, long thought to represent flotation cumulates from a
lunar magma ocean resulting from the Giant Impact. Very precise ages
close to 4.40 Ga (refs.”*'*") have been obtained, consistent with U-Pb
ages of lunar zircons of 4.417 + 0.006 Ga (ref."®) (Fig. 4). These and
similar results suggest amuch later Moon formation'**'’, perhaps as
late as 4.425 + 0.025 Ga, or 115-165 Myr after CAls'®’. A later age is also
consistent with the Srmodel age of 90 + 20 Myr (ref.*), but thisin turn
is difficult to explain if the Moonis later than about 120 Myr.

Recognizing the conflicting arguments, it appears probable that
the Moon formed between 70 and 120 Myr after the start of the Solar
System, an age that is still consistent with W isotopic constraints of
Earth’s accretion. If the Giant Impact was in the earlier part of this
range, the lunar magma ocean must have lasted longer than mod-
elled'®, or lunar anorthosites might not have been formed in this way.
There remains a preponderance of ages for lunar differentiation that
are even younger, at around 4.34-4.37 Ga, or about 200 Myr after the
start of the Solar System”"" (Fig. 4). These ages are younger than
lunar zircon ages, but similar to the more reliable ages of Earth’s old-
est Hadean zircons™ (Fig. 4). The 200 Myr lunar differentiation ages
could be explained by a late major episode of melting and overturnin
the Moon%"" and perhaps Earth®®""2 Such late overturning could be
associated with tidal effects'”” and/or alate major bolide striking Earth

and contributing the late veneer™*.

Isotopic crisis for the Giant Impact model

Alow-velocity, oblique collision by aMars-sized protoplanet with the
early Earth — a‘canonical’ Giant Impact — can account for the Earth-
Moon system angular momentum, as well as the Moon’s mass and its
bulk iron deficiency*7°. Most of Theia is absorbed by Earth, but a
small portion achieves bound Earth-orbit, producing a disk that is
derived predominantly from Theia, which later accretesinto the Moon.
However, the Moon and the BSE have essentially identical isotopic
compositions for all non-volatile elements. If Theia was as isotopi-
cally different from Earth as meteorites from Mars (and most of those
from parent bodies in the asteroid belt as well), one would expect a
disk derived from Theia to yield a Moon with a measurably different
isotopic composition than Earth, whichis not seen, aquandary that has
been referred to as an isotopic crisis for the Giant Impact theory'”’.

The Moon and Earth do differ in their volatile element abun-
dances, and likely in volatile isotopic compositions as well. The Moon’s
greater depletion in moderately volatile elements such as K and Rb
could be explained by loss associated with a Giant Impact'®, and/or
because volatiles initially in the prelunar disk were preferentially
accreted by Earth rather than by the Moon'**°, The elements CI, K,
Zn, Rb and Ga are isotopically variable among lunar samples, with
many being heavy relative to terrestrial™®'*¢, Detailed comparisons
between S, Cl and Zn with a common sample suite allow correction
for effects associated with eruption and provide evidence that the
Moon’s moderately volatile elements are indeed slightly heavy iso-
topically', possibly caused by the Giant Impact or degassing from
the magma ocean.

The Earth-Moonisotopic similarity in oxygen was apparent even
inthe Apollo data™® and has received the most attention'®. A possible
explanation is that Theia was Earth-like in isotopes like O due to for-
mation from acommon region in the circumstellar disk. However, an
additional explanationis needed to account for Earth-Moon Siand W
isotopic similarities, which reflect other, more individually varying,
accretional processes.
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Theisotopic composition of silicon is unusually heavy in the BSE
relative to chondrites and most other meteorites™*. Nebular fractiona-
tions are likely to generate considerable Siisotope heterogeneity in the
innermost Solar System"®, Enstatite chondrites, in particular, are iso-
topically light""*"”, The heavy BSE signature is distinctive and could,
atleastin part, reflectisotopic fractionation during high-pressure core
formation"*2%1°7%2 Yet the identical isotopic signature is found for
the Moon', within which high pressures would not have occurred. An
isotopically heavy Si feature has also been found in angrites, which
would not have experienced high pressures, but in this case it could
reflect extreme volatile depletion of the parent body'*.

The W isotopic composition reflects the time-integrated Hf/W
ratio, which also is a function of core formation conditions as well as
timing®. Indeed, the W isotopic compositions of basaltic achondrites,
formed by melting of parent body mantles, are all different. Yet the
initial Earthand Moonareinferred to have beenidentical, with the now
resolvable very small Earth-Moon difference reflecting the late veneer
and/or a small lunar radiogenic component®*>%1621%* Accounting for
equal Earth-Moon Wisotopic compositions is particularly challenging
for Giant Impact models. Not only would the silicate mantles of Theia
and the proto-Earth be expected to have differing W compositions,
but during the impact the metal from Theia’s core becomes highly
disrupted. Some probably plummets toward Earth’s core without
equilibrating with the mantle®>**, However, a substantial amount
remains dispersed in the mantle, and some is lofted into the prelunar
disk. Even a small amount of this W-rich material, relatively unradio-
genicin terms of "W, would markedly alter the isotopic composition
of Earthor its resultant moon.

Giant Impact models

Avariety of explanations have been offered to reconcile Moon forma-
tionviaa Giant Impact with Earth-Moonisotopicsimilarities (ref.'* and
references therein; Table 1). Afirst class of models involve modifications
to a canonical impact by requiring an isotopically Earth-like Theia'”,
or efficient mixing and compositional equilibration of disk and Earth

mantle material after the impact but before the Moon accreted’®*'”,

Table 1| Comparing Moon-forming Giant Impact scenarios

Example Giant Impact scenarios M;i./ M? Velocity (v..)°
Canonical impact'*"7® and equilibration'®® 0.13t0 0.2 1t01.2
Canonical impact'“""° and Earth-like 0.13t0 0.2 1t01.2
Theia107,198

Canonical impact'*"7® and Earth magma 01310 0.2 1t01.2
ocea n196,203

Hit-and-run impact”"*” 0.2t0 0.3 1.2to1.4
High-angular-momentum impact with 0.03t0 0.1 1.5t03
fast-spinning proto-Earth'>?*

High-angular-momentum impact between 0.4t0 0.5 1to1.5
two half-Earths'®>?%

High-angular-momentum impact and 0.03t0 0.5 1to3
equilibration®®®

Multiple impacts®™® 0.01to 0.1 1t03

Predicted Theia mass and impact speed across various Giant Impact scenarios. A wide range
of impactor masses and Giant Impact energies are proposed by different theoretical and
numerical models, with varied implications for the post-Giant Impact initial states of Earth
and Moon. *Mass of Theia (M) relative to present-day Earth’s mass (My). "Velocity in units
of mutual escape velocity (V).

or that Earth’s mantle at the time of the impact was molten causing a
proportionally larger fraction of Earth material to be ejected into the
prelunar disk™®. For each idea, open issues remain. An isotopically
Earth-like Theia for many elements is plausible!®”*”*?, but this does
not predict the Si similarity, and it appears wholly improbable as an
explanation for W (refs.'”?°), Equilibration is appealing because it
could account for a wide range of Earth—-Moon isotopic similarities,
including W (ref.?”"), but whether it would operate sufficiently before
the Moon forms is uncertain. The cited effects of a molten mantle'®
could depend sensitively on details of the numerical method*** and
have not been replicated in other works®®.

A second class of models considers impacts with much higher
angularmomentum, with larger impactors and/or afast-spinning-Earth
beforethe giantimpact. It was previously thought that the Earth-Moon
system’s angular momentum would have remained nearly constant
since the Moon formed, changing by only a few per cent due to later
impacts and tides raised by the Sun on Earth™>'”, A discovery in 2012
was that dynamical interactions with the Sun through a well-known
resonance (evection) could have greatly slowed the spin of the early
Earth, transferring angular momentum from the Earth-Moon pair to
Earth’s heliocentric orbit?**. The Earth—-Moon angular momentum just
after the Moon-formingimpact could then havebeenupto2to3times
the currentvalue. Various high-angular momentum and/or high-energy
impacts have been considered, including those that candirectly produce
adiskand planet with nearly equal isotopic compositionsin O and other
lithophile elements®**?%, aswell as intermediate cases that require some
equilibration'. Such impacts produce a highly vaporized planet whose
angular momentumisso large that the planet expands until its equato-
rial velocity matches the local orbital velocity, so that there is then no
difference in velocity between the planet’s outer edge and the inner
edge of the circumplanetary disk, a structure that has been termed a
synestia'*?°, Whether and how the needed angular momentum removal
would occur remains an actively debated issue?”’ ',

Other models consider hit-and-run impacts, in which much of
Theia escapes after a higher-velocity giant impact, which ultimately
leads to amore Earth-like disk via the initial impact* or after asecond-
ary collision?? Such cases might still require modest equilibration or
arelatively isotopically Earth-like Theia.

Perhaps the most distinctidea holds that the Moonis the product
of tens of collisions involving sub-Mars impactors®>. Eachimpact cre-
atesamoonlet thattidally migrates outward, merging with other moon-
lets produced by earlier impacts. The Moon is then built up through
many such events, with the final Earth-Moon compositions approach-
ing that of the mean planetesimal neighbourhood. However, the
merger efficiency between consecutive moonlets is low**, with most
moonlets lost to collision with Earth, so that creation of a lunar-sized
Moon via this mechanism appears improbable.

Both the timing and nature of the Moon-forming Giant Impact
thus remain uncertain. Various different models have been proposed
to account for the close isotopic similarity between the BSE and the
Moon, which invoke very different impact conditions (Table 1). Dis-
tinguishing among such varied ideas on Moon formation is crucial to
understanding the conditions of Earth’s final assembly.

Mantle isotopic heterogeneities

Anexciting developmentin understanding Earth’s accretion has been
the discovery of mantle isotopic heterogeneities that can only have
formed in the first ~100 Myr of Earth history. These findings and their
implications are summarized here.
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The convecting terrestrial mantle carriesisotopic heterogeneities
only uptoabout 2 Gainage generated by decay of long-lived radionu-
clides (Box2).It had long been assumed therefore that primordial het-
erogeneities resulting from decay of short-lived (<100 Myr) nuclides
would have been completely homogenized by mantle mixing. Instead,
it was demonstrated in 1999 that there was an isotopic difference
between the Xe in well gases and that from mid-ocean-ridge basalt
(MORB) sources®”. Later work*¢ showed that this isotopic difference
extended to Xe differences between MORB and ocean island basalts.
The parent I half-life of 16 Myr means that these heterogeneities
were established within the first 100 Myr of Solar System history —
roughly the most commonly accepted time of the Moon-forming
Giant Impact.

There is also a difference in **Nd abundance between early
Archaean sedimentary rocks and those from Earth’s mantle?’2%,
thought to reflect decay of formerly live #°Sm (half-life 68 + 7 Myr)**%.
Ithasbeenargued”*that this Nd isotopic difference might also reflect
early heterogeneity residual from the Moon-forming Giant Impact,
assuming that the Giant Impact did not occur until 4.45to0 4.35 Ga.

Excesses of W have also been found in Precambrian rocks, which
taken in isolation could be explained by incomplete mixing after the
GiantImpact subsequently fully homogenizedin today’s mantle follow-
ingbillions of years of convection. However, deficits in®?W abundance
have also been found inmodern-day plume basalts and kimberlites*?,
interpreted asresidual heterogeneities fromaccretion and core forma-
tion?**?*, or even core-derived components?***? that have persisted
until today. Those W isotope variations that are well defined exhibit
relationships with otherisotopic parametersincluding anegative cor-
relation with *He/*He (ref.?”’). That is, the "W deficiency is associated
with domainsthat have beenthought of asless depleted in primordial
noble gases and thus more likely to reflect the earliest Earth.

The association between *He excesses and W deficits raises
expectations of other correlations with siderophile and chalcophile
elements®® and possibly radiogenic Xe anomalies, mandating aninten-
sity of profoundly important new research over the coming years.
It has been proposed that mantle Xe isotopic anomalies are, as with
more and less radiogenic Wisotope anomalies, related to episodes of
core formationinwhichiodine becomes siderophile under high pres-
sures””. This siderophile behaviour of  and Xe would be most readily
associated with the inevitable high-pressure core formation following
the Giant Impact.

Any relationship with the Giant Impact is problematic, however,
since the ®2Hf half-life requires that, depending on the Hf/W ratio, such
heterogeneity was generated within the first 50 Myr. However, this early
age of the Giant Impact would be hard to reconcile with latest estimates
of Moon’s age (Fig. 4). Furthermore, itis surprising that Earth’s mantle
was not fully mixed and homogenized by the Moon-forming impact.
Ifit were not fully mixed, this would provide a powerful constraint on
Giant Impact models*°.

An alternative is that the heterogeneity was introduced by a
large, differentiated projectile or two, contributing the late veneer™*.
However, the mantle today is heterogeneous in '?W/*W, but not
in “?Nd/**Nd, from decay of formerly live **Sm. The variability in
2Nd/"*Nd seen in Archaeanrocks was homogenized by the Proterozoic
Eon, making it unlikely that tungsten could have avoided such mixing,
so that slow mixing of a late veneer is an unlikely explanation for the
range in "*W/"®*W seen in modern ocean island basalts.

Athirdinterpretationisthataplume component derived fromthe
core carries both primordial *He and unradiogenic W (refs.*"7%22¢227)

aslowfluxofwhichwould decouple W from Nd. It would also generate, at
least partially, Earth’s apparent late veneer of highly siderophile and/or
chalcophile elements. However, a plume component would imply
that the present-day Ru isotopic composition of the silicate Earth
reflects that of the outer core, which makes the differing early and late
compositions harder to understand (Box 1).

Therefore, after decades of research developed within the para-
digm of a well-mixed mantle, following the addition of a late veneer,
ancient mantle W isotopic anomalies are providing exciting evidence
that is causing a major rethink. The evidence of plume-derived *He-
enriched components with unradiogenic W implies that a long-term
flux of deep mantle and/or core components could have led to some
ifnotall of the ‘late veneer’. This deep mantle and/or core flux into the
mantle over geological time would explain the difference between
the silicate Earth and Moon in W isotopes but also in the abundances
of highly siderophile elements. It would also be consistent with the
differing longevity of early heterogeneity between W and Nd.

Summary and future directions

The post-Apollo era has witnessed an epoch of explosive growth in
understanding Earth’s formation, fuelled by three main factors: the
acquisition of lunar samples and increasing successin the collection of
meteorites worldwide; ground-breaking developments in mass spec-
trometry, providing extraordinary precisionin characterizingisotopic
compositions; and asubstantial increase in computational power. Itis
now possible to model planet assembly in anear-experimental sense,
using large-scale computer simulations to produce a statistically sig-
nificant number of predicted outcomes that canbe directly compared
against the growing wealth of physical constraints, with discrepancies
revealed through such comparisons then feeding backinto the creation
of ever more realistic theoretical and numerical models.

A major open question involving how small grains that initially
orbited in the Sun’s preplanetary disk were able to accumulate into
large building blocks of planets — afirst essential step in Earth’s origin —
appears to have been solved theoretically, through increased under-
standing of the collective behaviour of self-gravitating particles as
they interact with the primordial gaseous nebula. However, reconciling
such predictions with meteoritic evidence remainsincomplete. Earth’s
bulk chemical composition seems to better reflect processed materials
suchaschondrules, rather than bulk chondrites. Yet, most (but not all)
chondrules appearlate (-3 Ma), possibly formed by flash melting from
shocksinthe disk, so that the role of chondrules as protoliths for early
accretion remains unclear. More evidence is needed on the nature of
very early chondrule- or pebble-forming events and the way in which
thenebularsilicate liquid and gas separated. Continued observations
of protoplanetary disks will also be essential, allowing for the study of
large numbers of young disks at varied stages of accretion, as well as
comparison with statistics of exoplanetary systems.

Earth’s assembly was protracted, lasting from 70 to 120 Ma, and
itis known that accretionary processes would have been affected by
dynamical interactions with the earlier-formed outer giant planets,
whose orbits evolved greatly during or soon after terrestrial accre-
tion. There is broad agreement that the Moon originated as a result
ofagiant collision (or perhaps more than one) with Earth at the end of
its primary growth, reflective of a phase of impacts between proto-
planets as the inner Solar System settled into a dynamically stable
final state. However, there exists a remarkable range of Giant Impact
models, and distinguishing among them will require both modelling
advances and new lunar data. Theoretical models that link impact
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conditions to observable chemical properties of the Moon will be
important, although such predictions might not prove unique. Two
other questions regarding the early Moon — whether it formed in a
fully or only partially molten state, and how its orbital inclination was
acquired and maintained — appear more challenging to address, and
could ultimately better distinguish between theoretical concepts.
New lunar samples originating from the deep crust and/or mantle that
better reveal the Moon’s bulk composition, as well as new geochemical
and/or geophysical constraints on the depth of the initial lunar magma
ocean, are key new data needed for progress. Prospects for acquiring
such dataare promising, givenrecommended lunar missions for NASA
by the Decadal Survey in Planetary Science and Astrobiology®*', as well
asinternational plans for lunar exploration.

Throughout terrestrial planet assembly, settling of denser metallic
phases to planetary cores left compositional signatures in the remnant
planetary mantles, which today provide constraints on the timing and
nature of planetary growth. However, both require a more sophisti-
cated understanding of the complexities of mixing and equilibration of
silicate and metal solids and liquids during the range of extreme pres-
sures and temperatures associated with planetary collisions, requiring
advances in simulation techniques and experimental constraints.

Remarkably — despite Earth’s molten initial state and tectoni-
cally active interior — some preserved heterogeneities in its interior
date back to its formation at >4.5 Ga. These need to be explained to
identify whether the core is a substantial source of noble gases and
responsible for mantle He, Ne, Xe and Wisotopic heterogeneity, and to
find to what extent the late veneer, defined by highly siderophile ele-
ment abundances, could instead be a product of core-mantle fluxes
over geological time. Further, relative to chondrites, nitrogen is the
most depleted element in the silicate Earth. It is unclear how and why
nitrogenwas lost, but better experimental and theoretical constraints
from theoretical models of losses to the core or space are needed.

Finally, the multielement approach to understanding Earth’s
nucleosynthetic makeup has provided a powerful framing of accretion.
However, giventhat meteorites do not reproduce Earth’sisotopic com-
position exactly (and that meteorites might only representasurviving
subset of original nebular compositions), the provenance of Earth’s
s-process component remains unclear (Box 1). There also is a major
mismatch between the nucleosynthetic and chemical compositions
of Earth. Sample return missions and/or in situ isotopic analyses from
Venus and Mercury —which together comprise nearly half of the total
mass in the inner Solar System, but whose detailed bulk and isotopic
compositions remain amystery —wouldyield transformative advances
inunderstanding.

Published online: 29 November 2022
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