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Among the wide diversity of isotopic 
signatures found in our samples 
of planetary bodies and meteorite 

families, those of the Moon and Earth 
are nearly identical1–3. This unique shared 
identity is difficult to reconcile with 
the hypothesis of Moon formation by a 
single giant impact. In most numerical 
giant-impact simulations the Moon is 
derived primarily from the impacting 
planetesimal, not Earth, and it is likely 
that the moon-forming impactor and 
proto-Earth were isotopically distinct. In 
this issue, Rufu et al.4 offer a resolution 
to this isotopic identity crisis: they show 
how a Moon that is formed largely out 
of Earth-derived material may be a 
more natural consequence of building 
the Moon from a number of moonlets, 
formed by a series of large impacts, rather 
than in one go (Fig. 1).

Since it was proposed in the mid-1970s, 
the giant-impact hypothesis5 has become 
the favoured explanation for how the Moon 
was born. Numerical simulations showed 
how a grazing, low-speed collision of a 
Mars-sized planetary embryo with the 
proto-Earth would produce a hot, massive, 
rapidly rotating disk around the Earth from 
which the Moon could have condensed 
and accreted. The model was simple and 
elegant: simple, because it formed a Moon 
that matched almost all of the available 
observational constraints — such as high 
angular momentum, low iron content, 
large mass and a lack of volatiles — in a 
single process6; elegant, because a giant 
impact is perfectly plausible given Earth’s 
violent adolescence.

According to the favoured giant-impact 
scenario6, the material ejected by the 
impact to form the Moon was comprised 
of about four parts impactor mantle to 
one part Earth mantle. If the impactor 
and proto-Earth were isotopically distinct, 
so too should be the Moon and Earth. 
Yet for a diverse suite of isotopic systems 
that are sensitive to different planetary 
formation processes, the Moon and Earth 
appear to be a near-perfect match1–3. 

One solution to this problem is that the 
impacting planetesimal had an Earth-
like composition7. Although simulations 
of solar-system formation suggest such 
a scenario may occur quite often8, such 
similarity is at odds with the isotopic 
diversity of known planetary materials. The 
prevailing view therefore remains that the 
progenitors were isotopically distinct.

Alternatively, more of the Moon-
forming disk could have been derived 
from Earth’s mantle and less from the 
impactor. However, whereas the large 
mass of the proto-Earth provides an 
abundant source of building material, 
liberating enough of it from Earth’s clutches 
requires a more energetic and exotic 
impact scenario, as well as subsequent 
de-spinning of the Earth–Moon system9,10. 
To match both compositional and 
angular-momentum constraints, the single 
giant-impact hypothesis requires such a 

specific type of collision that the Moon’s 
formation becomes an uncomfortably 
improbable coincidence.

It was suggested in the 1980s that, 
instead of a single giant impact, the Moon 
was built by many large impacts. In this 
hypothesis11, impacts of planetesimals 
much smaller than Mars (large, but not 
giant) would eject smaller debris disks 
capable of forming dwarf moons with a 
higher proportion of Earth’s mantle. But it 
was not clear whether such impacts could 
produce sufficiently large moonlets to build 
the Moon or an Earth–Moon system with 
sufficiently high angular momentum.

Rufu et al.4 breathe new life into this 
idea with the results of nearly one thousand 
simulations of planetesimals colliding 
with the proto-Earth. They show that 
moonlets are a common outcome of such 
collisions, and that in many scenarios — 
in particular near head-on collisions — a 

MOON FORMATION

Punch combo or knock-out blow?
The twin isotopic signatures of the Moon and Earth are difficult to explain by a single giant impact. Impact 
simulations suggest that making the Moon by a combination of multiple, smaller moonlet-forming impacts may 
work better.

Gareth S. Collins

Figure 1 | Moon formation. The Moon was born at a time of intense bombardment. Rufu and colleagues4 
suggest that not one giant impact — but a series of smaller ones — may have expelled material from 
proto-Earth that accreted into moonlets and eventually merged to form the Moon.
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high proportion of the disk is derived from 
Earth’s mantle. By relaxing the constraint 
that the mass and angular momentum 
of the Moon must come from the same 
single event, they show how to build the 
Moon by a sequence of low-obliquity 
collisions that eject disks made mostly 
from Earth’s mantle combined with a few 
glancing blows to provide the requisite 
angular momentum.

Making the Moon in a series of impacts 
helps resolve the isotopic conundrum in 
another way: the Moon becomes a blend of 
multiple compositional signatures, rather 
than two, and so the effect of each impactor 
on bulk composition is reduced. It is rather 
like mixing colours: the more distinct 
colours you add, the less change each new 
one makes until the result is dark brown.

The multi-impact hypothesis is appealing 
from an isotopic composition perspective, 
but it also faces several challenges. 
Rufu et al.4 envision a scenario where 
following each impact, a new moonlet 
forms from the disk, migrates outwards and 
merges with the growing Moon. Although 
they do not model the Moon’s accretion, 
their analysis suggests about 20 impacts are 

required to build the Moon — assuming 
perfect merging of every moonlet. If, as 
seems  likely, merging is imperfect or some 
moonlets are lost, many more impacts may 
be required, thus making the necessary 
sequence of events far less probable than any 
of the more exotic single-impact scenarios. 
To test the multi-impact hypothesis, a 
better understanding is needed of moonlet 
accretion and merging efficiency, as well 
as an assessment of the availability of 
planetesimals large enough to produce 
moonlets in the early inner Solar System.

Piecemeal growth of the Moon would 
probably have significant geophysical and 
geochemical implications. Building the 
Moon in this way takes many millions of 
years, implying that the Moon’s formation 
overlapped with a considerable portion of 
Earth’s growth. Lower-energy moonlet-
forming impacts would leave parts of 
Earth unscathed. Distinct, terrestrial 
geochemical reservoirs may therefore have 
survived Moon formation. Similarly, if 
mixing between moonlet and proto-Moon 
during their merger was inefficient, the 
Moon may have retained a record of its 
accretionary history.

Rufu et al.4 have revived the hitherto 
largely discarded scenario that a series of 
smaller and more common impacts, rather 
than a single giant punch, formed the Moon. 
For final adjudication, we must now look for 
firmer evidence on each side. ❐
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