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Making the Moon from a Fast-Spinning
Earth: A Giant Impact Followed
by Resonant Despinning
Matija Cuk´ *† and Sarah T. Stewart

A common origin for the Moon and Earth is required by their identical isotopic composition.
However, simulations of the current giant impact hypothesis for Moon formation find that most
lunar material originated from the impactor, which should have had a different isotopic signature.
Previous Moon-formation studies assumed that the angular momentum after the impact was
similar to that of the present day; however, Earth-mass planets are expected to have higher spin
rates at the end of accretion. Here, we show that typical last giant impacts onto a fast-spinning
proto-Earth can produce a Moon-forming disk derived primarily from Earth’s mantle. Furthermore,
we find that a faster-spinning early Earth-Moon system can lose angular momentum and reach
the present state through an orbital resonance between the Sun and Moon.

The origin of the Moon by a giant impact
(1, 2) is the leading theory to explain
multiple features of the Earth-Moon sys-

tem (3), including the current angular momen-
tum, the Moon’s small core compared with those
of rocky planets, and the compositional similar-
ity between the Moon and Earth. In the canon-
ical scenario (4), a ~0.1 Earth-mass (ME) body
obliquely strikes the proto-Earth near the escape
velocity to generate a circumterrestrial debris disk
from which the Moon accretes. Since the for-
mulation of the giant impact hypothesis, ever-
improving analytical techniques have revealed
that the Moon and Earth are identical in their
oxygen, tungsten, chromium, and titanium iso-
topes (5–8). These isotope systems show con-
siderable variations between planetary bodies
and most meteorite groups; thus, the simplest
explanation for the isotopic similarity is that the
Moon was formed from Earth’s mantle (9). In
contrast, giant impact simulations find that the
lunar disk is predominantly [>60 weight percent
(wt %)] composed of material originating from
the impactor (4, 10, 11), which is expected to
have a different isotopic signature than Earth.

To reconcile the impact simulations with the
observations, post-impact isotopic equilibration
by mixing material between the lunar disk and
Earth has been suggested as a means to miti-
gate an initial compositional difference (12, 13).
However, based on recent isotopic data from the
deep mantle, the whole mantle was not com-
pletely mixed at the end of accretion (14, 15).
Second, recent simulations find that increasing
the impactor mass and velocity combined with a
steeper impact angle could reduce the impac-

tor mass fraction in the lunar disk to ~40 wt %
at the expense of a small excess in the final an-
gular momentum (16), but the isotopic similarity
requires more efficient mixing of impactor and
target material (9). Third, one could invoke the
special case of an impactor with identical iso-
topes as Earth, but such a body is unlikely to also
satisfy other geochemical constraints such as the
relative abundances of moderately siderophile
elements [for example, see (17)]. To date, none
of the proposed variations on the giant impact
model satisfy all of the geochemical observations.

All previous giant impact scenarios were
constrained by the present angular momentum
of the Earth-Moon system. The Moon accreted
from the disk just beyond Earth’s Roche radius
[RRoche ~ 2.9 Earth radii (RE)] (18), the distance
at which tidal forces no longer disrupt a satellite.
Subsequent tidal interactions between the two
bodies (19–21) expanded the lunar orbit to its
current 60RE. During this process, angular mo-
mentum was transferred from Earth to the Moon,
but the total angular momentum of the system
did not change. Tides raised by the Sun have a
minor effect on the Earth-Moon system, changing
the angular momentum by, at most, ~1% (10).
Thus, the present spin of Earth and the orbit
of the Moon imply that the post-impact Earth
could not have spun faster than once every
4 hours. However, simulations of the accretion
of Earth-mass planets produce final spin periods
much faster than 4 hours due to multiple giant
impacts (22–24). Starting with a fast-spinning
proto-Earth, simulations of giant impacts that re-
duced Earth’s angular momentum to the present
value did not produce disks massive enough to
form the Moon (11).

Here, we present a different model for the
origin of the Earth-Moon system. An erosive
giant impact onto a fast-spinning proto-Earth
produced a disk that was massive enough to
form the Moon and was composed primarily

of material from Earth, but the system had more
angular momentum than is the case today. Sub-
sequently, the excess angular momentum was
lost during tidal evolution of the Moon via a res-
onance between Earth’s orbital period and the
period of precession of the Moon’s perigee.

Impacts onto a fast-spinning proto-Earth. We
define successful Moon-forming impact scenar-
ios by the following observational constraints:
(i) the isotopic similarity between the Moon and
Earth, (ii) the mass of the Moon (MM = 0.012ME),
and (iii) the mass of the lunar core. First, the
isotopic data limit the difference in the projectile
mass fraction between the silicate Earth and the
silicate portion of the lunar disk, but the max-
imum difference depends on the projectile com-
position. If the impactor had the same isotopic
composition as Mars, the difference in projectile
mass fraction (∆proj) is limited to only a few to
several weight percent (6, 8, 9). Because the
projectile may have been more similar to Earth
than Mars, impact scenarios in which ∆proj ≤ 15
wt % are considered successful, although a wider
range may be permitted. Second, the mass of
the satellite that accretes from the disk must be
greater than or equal to one lunar mass (MM =
0.012ME). We did not model the accretion of the
Moon from the disk. Instead, we used the results
from previous simulations of lunar accretion
(18, 25), which found that the satellite mass is
approximated by

MS ≃ 1:9Ldisk=
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
GMERRoche

p
−

1:1Mdisk − 1:9Mesc ð1Þ

where Ldisk and Mdisk are the angular momen-
tum and mass of the disk, and G is the gravita-
tional constant. As in (11), we neglected the mass
that escapes during disk evolution,Mesc. We also
estimated the satellite mass by angular momen-
tum conservation (MS,AM) and found values with-
in ~10% of Eq. 1 (26). Third, the mass of the
lunar core was estimated to be only a few weight
percent (27, 28). Following (10, 11), we required
≤10 wt % of the disk be composed of material
originating from the iron cores of the impactor
and target.

We used a smooth particle hydrodynamics
(SPH) code (29, 30) to model high-velocity col-
lisions between differentiated planets [2/3 sili-
cate mantle and 1/3 iron core (26)]. We assumed
that Earth was nearly fully formed at the time of
the Moon-forming impact, or subsequent accre-
tion would increase any compositional differ-
ence between the planet and satellite. Hence,
we modeled impacts onto a ~1ME target. At the
end of accretion, the average angular momen-
tum of Earth-mass planets is estimated to be ~2.7
times the present value (LEM), with possible spin
periods up to the instability limit of ~2 hours (24).
The minimum stable spin period achieved for
the SPH model Earth-mass planets was ~2.3 hours.
Our model proto-Earths began with initial spin

RESEARCHARTICLE

Department of Earth and Planetary Sciences, Harvard Uni-
versity, 20 Oxford Street, Cambridge, MA 02138, USA.

*To whom correspondence should be addressed. E-mail:
cuk@eps.harvard.edu
†Present address: Carl Sagan Center, SETI Institute, 189 North
Bernardo Avenue, Mountain View, CA 94043, USA.

www.sciencemag.org SCIENCE VOL 338 23 NOVEMBER 2012 1047

 o
n 

N
ov

em
be

r 
24

, 2
01

2
w

w
w

.s
ci

en
ce

m
ag

.o
rg

D
ow

nl
oa

de
d 

fr
om

 

http://www.sciencemag.org/


periods from 2.3 to 2.7 hours, corresponding to
angular momenta from 1.9 to 3.1LEM. The char-
acteristics of the projectiles were constrained by
terrestrial planet-formation simulations, where the
typical last giant impactor onto Earth-mass bodies
had a mass ≤ 0.10ME and an impact velocity of
one to three times the mutual escape velocity
(Vesc) (31). We calculated the properties of a
circumterrestrial disk 1 to 2 days after impact
(Table 1).

An example of a successful impact scenario
is shown in Fig. 1. The post-impact planet has a
hot, massive atmosphere that grades into a ro-
tationally supported vapor-dominated disk. The
disk is defined by SPH particles that have suf-
ficient angular momentum such that the equiv-
alent circular Keplerian orbital radius is outside
the equatorial radius of the planet. The disk is
compact with 85% of its mass within the Roche
radius. The planet’s post-impact equatorial and
polar radii are estimated by a density contour of
1 g cm−3. The post-impact silicate atmosphere,
approximated by lower-density material lacking
the angular momentum to remain in orbit, has a
mass of several weight percent of the planet
(Table 1). In this example, the iron core material
in the disk is <1 wt %, and the predicted satellite
mass is 1.0MM. The mass fraction of projectile
in the disk (dprojdisk) is only 8 wt %, and the projectile
mass fraction in the silicate Earth is 2 wt %.
Hence, the compositional difference between
the silicate portions of the disk and Earth is only
6 wt % and is within the range allowed by the
isotopic data.

A wide range of probable terminal giant im-
pacts onto an Earth-mass planet with a 2.3-hour
rotation period produces potential Moon-forming
disks that are composed primarily of material
derived from Earth (Fig. 2 and Table 1). We find
that these giant impacts typically result in partial
accretion of the impactor and net erosion from
the proto-Earth (a small final mass deficit is
neglected in the Moon-formation criteria, as a
larger initial planet mass can compensate for the
difference). Head-on and slightly retrograde im-
pacts with impact velocities of ~1.5 to ~2.5Vesc
generated the most successful Moon-forming
disks. In these cases, the impactor mantle is dis-
tributed between Earth and disk, and less ma-
terial escapes compared with prograde impacts,
which tend to deposit more impactor mantle in
the disk and put more Earth mantle material on
escaping trajectories. A wide range of impact an-
gles and velocities produced potential Moon-
forming disks with properties very close to the
desired traits (Table 1, also bold numbers in Fig.
2). For the impact velocities and projectile masses
considered here, oblique impacts at angles of
45° and greater were hit-and-run events (32) that
did not create disks massive enough to form the
Moon. Head-on impacts with velocities above
3Vesc begin to substantially decrease the final
mass of the planet (32).

Giant impacts onto planets with spin pe-
riods of 2.5 and 2.7 hours produced smaller disk

masses compared with the 2.3-hour cases. In ad-
dition, prograde impacts onto the slower-spinning
planets have larger iron core mass fractions in the
disk (table S1). The results imply a more narrow
range for potential Moon-formation events for
impact scenarios with less angular momentum.
Increasing the total angular momentum by add-
ing spin to the impactors generated successful
disks from the slower-spinning planets. Because
angular momentum is carried away with debris
from these erosive giant impacts, the spin period
of the planet decreases. Thus, the spin state of
Earth is not required to be near fission before or
after the Moon-forming impact in our scenario
(for example, last entry in Table 1). However,

our simulations suggest that the impact-driven
formation of a sufficiently massive disk derived
primarily from Earth’s mantle is easiest when
the total angular momentum of the event (from
the spin of each body and the impact geometry)
is near the stability limit.

Our candidate Moon-forming events have
more than double the kinetic energy of previous
scenarios, and the impact velocities were suf-
ficient to substantially vaporize silicates (33). As
a result, the silicate atmosphere and vapor-rich
disk are more massive and hotter than found
in previous work (34). At the resolution of the
simulations, the projectile-to-target mass ratio is
uniform from the atmosphere to the Roche radius.

Fig. 1. Formation of the
lunar disk from Earth’s
mantle. Example impact
of a 0.05ME impactor at
20 km s−1 and b = −0.3
onto a 1.05ME Earth spin-
ning with a period of 2.3
hours (‡ in Table 1). Gray
circles denote the Roche
radius. (A to F) View of
SPH particles in the lower
hemisphere looking down
the counterclockwise spin
axis, where colors denote
the silicate mantles and
iron cores of the Earth
and the impactor. The disk
is dominated by material
originating from Earth’s
mantle near the impact
site (fig. S1 and movie S1).
(G) Lower hemisphere view
with particle colors de-
noting the planet (blue),
atmosphere (yellow), and
disk (green). (H) Density
in the equatorial plane of
the disk and planet, which
is stably stratified.
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The disk contains both volatile and refrac-
tory components from the mantles of the colliding
bodies, and the observed depletion of volatile
elements in the Moon is a result of the separa-
tion of volatile and refractory material during
lunar accretion from the disk (35, 36). Detailed
comparisons between our Moon-formation sce-
nario with the isotopic data require modeling
lunar accretion coupled to the chemical evolution
of a disk with our calculated initial conditions.

Tidal evolution and angular momentum loss.
The successful Moon-forming impacts onto a
fast-spinning proto-Earth leave the Earth-Moon
system with excess angular momentum (Table 1).
To test if our lunar origin scenario can be rec-
onciled with the present angular momentum,
we simulated the early tidal evolution of the Earth-
Moon system using a custom-made orbital in-
tegrator based on a symplectic mapping method
commonly used in solar system dynamics (21, 37),
which includes mutual precession, both Earth
and Moon tides, and solar perturbations (26).

We find that the evection resonance between
the Moon and the Sun (38, 39), which occurs
when the period of precession of lunar perigee
equals the period of Earth’s orbit, can substan-
tially reduce the angular momentum of the Earth-
Moon system. After capture into this resonance,

the long axis of lunar orbit librates around 90°
from the Earth-Sun line, and the lunar perigee
precession period is fixed at 1 year. The evection
resonance is encountered soon after lunar for-
mation, and the efficiency of capture is a strong
function of the lunar semimajor axis at which
the resonance happens, which increases with in-
creased flattening of Earth. At larger distances
from Earth, solar gravitational perturbations are
stronger, and more importantly, lunar tidal reces-
sion is slower, enabling more efficient capture. It
has been found that capture is possible even for
an Earth spinning once every 5 hours (39), as
long as tidal evolution is very slow (implying a
large tidal quality factor Q of ~104 for Earth; Q
is an inverse measure of the dissipation of tidal
energy as heat within a body).

In our simulations (Fig. 3), robust capture
into the evection resonance happened at ~7RE,
for a standard tidal quality factor of Q ≃ 100,
2.5-hour rotation and a simplified flattening mod-
el for Earth. After the Moon was captured in
the resonance, the lunar orbit continued to evolve
outward while keeping a constant precession pe-
riod, which led to a rapid increase of eccentricity
(39). The eccentricity increased until a balance
between Earth and lunar tides was reached, but
the exact eccentricity at which this happened is

model-dependent because the mechanical proper-
ties of both Earth and the Moon are uncertain.
We used a standard satellite tidal parameter for
the Moon in Fig. 3, but other values for Q give
us similar outcomes (Fig. 4).

There was always a substantial period of
balance between Earth and Moon tides, where
the Moon stayed in the evection resonance with
a roughly constant eccentricity. During this pe-
riod, Earth tides were transferring angular mo-
mentum to the Moon, and Earth’s rotation was
slowing down (movies S2 and S3). Satellite
tides cannot remove angular momentum from
lunar orbit, but the Sun can absorb angular mo-
mentum through the evection resonance. Be-
cause the resonance couples lunar perigee and
eccentricity with Earth’s orbital period, angular
momentum of the lunar orbit can be transferred
to the angular momentum of Earth’s orbit around
the Sun. Earth tides pass angular momentum to
lunar orbit, and the resonance-locked lunar orbit
transfers angular momentum to the heliocentric
orbit of Earth. Our integrator keeps Earth’s orbit
stationary, but in reality, this process makes the
Earth-Sun distance slightly larger.

As Earth lost its spin, Earth’s flattening de-
creased, and the position of the evection reso-
nance for the equilibrium eccentricity slowly

Table 1. PotentialMoon-forminggiant impacts onto a fast-spinning proto-Earth.
Mproj, projectile mass; Vi, impact velocity in kilometers per second; b, impact
parameter (negative value indicates retrograde impact; all impacts in the
equatorial plane); Mplanet, mass of post-impact planet including atmosphere; Req,

estimated equatorial radius of post-impact planet in kilometers; f, flattening of
post-impact planet (Req − Rpole)/Req (where Rpole is the polar radius); T, spin period
of post-impact planet in hours; LZ, z-component of angular momentum of planet
and disk;Matm,mass of the atmosphere;Miron/Mdisk, iron coremass fraction in disk.

Mproj
ME

Vi b
Mplanet
ME

Req f T LZ
LEM

Matm
MM

Mdisk
MM

MS
MM

MS,AM
MM

ddisk
proj

∆proj Miron
Mdisk

Result

0.99ME target with 2.3 hours spin and 3.0LEM
0.026 20.0 –0.30 0.96 7700 0.39 2.6 2.43 4.0 1.54 0.82 0.85 0.064 0.052 0.003 *
0.026 25.0 –0.30 0.94 7500 0.37 2.6 2.32 5.6 2.07 0.87 0.96 0.049 0.039 0.010 *
0.026 30.0 –0.30 0.91 7300 0.36 2.7 2.22 6.8 2.33 0.90 1.01 0.046 0.038 0.049 *
0.026 20.0 0.30 0.96 8100 0.45 2.4 2.76 2.9 1.59 0.88 0.79 0.167 0.157 0.037 *
0.050 15.0 –0.30 0.98 7800 0.42 2.5 2.56 4.5 1.81 0.91 0.93 0.113 0.087 0.002 *
0.050 20.0 –0.30 0.94 7500 0.38 2.6 2.40 6.6 2.45 0.96 1.09 0.086 0.064 0.008 *
0.050 25.0 –0.30 0.90 7300 0.38 2.7 2.22 8.0 2.54 0.91 1.06 0.077 0.059 0.034 *
0.050 15.0 –0.15 0.98 7900 0.43 2.5 2.67 4.5 1.84 0.93 0.90 0.122 0.093 0.007 *
0.050 20.0 –0.15 0.94 7600 0.40 2.6 2.52 6.4 2.62 1.14 1.22 0.090 0.067 0.024 †
0.050 15.0 0.00 0.98 8100 0.46 2.5 2.84 4.2 1.97 1.02 0.95 0.176 0.147 0.015 †
0.050 20.0 0.00 0.94 7800 0.42 2.5 2.68 6.0 2.85 1.33 1.36 0.115 0.091 0.054 †
0.100 15.0 –0.30 0.98 7400 0.38 2.8 2.30 8.1 2.16 0.89 0.90 0.121 0.069 0.021 *
0.100 20.0 –0.30 0.93 7100 0.35 2.9 2.07 10.4 2.22 0.81 0.86 0.103 0.056 0.078 *
0.100 10.0 0.00 1.04 8100 0.43 2.5 2.90 4.5 1.60 0.91 0.74 0.255 0.187 0.014 *
0.100 15.0 0.00 0.99 7800 0.43 2.6 2.79 7.4 2.81 1.32 1.23 0.168 0.111 0.083 †

1.05ME target with 2.3 hours spin and 3.1LEM
0.050 20.0 –0.30 1.01 7500 0.37 2.7 2.47 7.0 2.20 1.02 1.02 0.081 0.059 0.005 †‡
0.050 22.5 –0.30 0.99 7400 0.36 2.8 2.40 7.9 2.32 0.90 0.97 0.070 0.050 0.007 *
0.050 25.0 –0.30 0.97 7300 0.35 2.8 2.31 8.7 2.37 0.93 0.95 0.066 0.048 0.019 *

1.05ME target with 2.5 hours spin and 2.5LEM
0.050 25.0 0.00 0.98 7200 0.30 3.1 2.15 8.7 2.14 1.29 1.09 0.084 0.061 0.092 †
0.050 20.0 0.15 1.03 7500 0.35 2.8 2.42 6.3 1.67 1.01 0.81 0.187 0.161 0.076 *

1.05ME target with 2.7 hours spin and 2.1LEM
0.050 20.0 0.30 1.03 7400 0.35 2.8 2.25 5.1 1.26 0.91 0.70 0.196 0.174 0.098 *
0.05§ 25.0 0.00 1.00 7100 0.29 3.4 1.94 9.9 1.77 1.24 0.82 0.101 0.076 0.084 †

*Potential Moon-forming simulations with more relaxed criteria of 0.8 ≤ MS/MM ≤ 1.5, ∆proj ≤ 0.20, and Miron/Mdisk ≤ 0.1. †Successful Moon-forming simulations with MS ≥ 1.0MM, ∆proj ≤ 0.15,
and Miron/Mdisk ≤ 0.1. ‡Example in Fig. 1. §Projectile with a 2.9-hour prograde spin; other projectiles have no spin. Targets have 1 to 2 × 105 SPH particles [additional simulation results and
methods in (26)].
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shifted inward. Eventually, the lunar semimajor
axis evolved within 5RE, whereas the Moon main-
tained substantial eccentricity, and Earth’s spin
slowed down to ~6 hours. This was typically
the point at which the resonance broke in our
simulations. The reason for the end of resonance
is simple: Tidal acceleration of the Moon at peri-
gee weakened once the rates of Earth’s rotation
and the Moon’s orbital motion became compara-
ble. In other words, the Moon at perigee started
catching up with the bulge it raised on Earth,
reducing the efficiency of Earth tides. Then, lunar
tides dominated and (unlike Earth tides) pushed
the Moon away from the center of the resonance,
leading to larger and larger amplitude of resonant
libration. Once librations exceeded the width of
the resonance, the lunar orbit exited the resonance
in the direction of lower eccentricities. After break-
ing the resonance, lunar tides damped the eccen-
tricity, whereas Earth tides restarted the outward
tidal evolution. As the Moon moved away from
synchronous orbit, its eccentricity stabilized, and
the standard tidal evolution continued.

For a range of initial spin periods and tidal
evolution paths (Fig. 4), the final angular mo-
mentum is close to the observed value. Touma
and Wisdom (39) started the evolution of the

Earth-Moon system with its current momentum
and found that capture in the evection resonance
is possible, but in their case, the resonance was
broken soon after capture with no long high-
eccentricity phase and no large angular momen-
tum loss. The observed state is actually close
to the lowest angular momentum reachable by
resonance, and this result only weakly depends
on the model of tides used when close to syn-
chronous rotation. An analytic calculation (26)
shows how the parameters of the system nat-
urally lead to evection resonance breaking when
the Moon has a semimajor axis of ~5RE and
Earth has a spin period of ~6 hours (assuming
that the resonance persists close to the synchro-
nous orbit). Therefore, Earth could have had a
range of fast spin periods before capture into
evection, and the present angular momentum
of the system does not carry information about
Earth’s primordial spin.

Our model predictions of capture into the
evection resonance and exiting near the present
angular momentum depend on a number of pa-
rameters, some of which are poorly constrained.
Awide range of tidal evolution rates could have
delivered the system to its present state, as long
as the ratio of tidal dissipation rates within Earth

and the Moon is within ~50% of the value op-
timal for their balance (26). This balance of tides
requires similar dissipation factors Q for the two
bodies (assuming modern-day response to de-
formation) or Earth being about an order of mag-
nitude more dissipative than the Moon (assuming
fluid bodies).

Discussion. Our tidal evolution simulations
are consistent with the two prevailing models
for generating the Moon’s high inclination and,
similarly, require a low post-impact obliquity for
Earth [<10°, (26)]. Interaction with the evection
resonance does not excite lunar inclination, and
any primordial lunar inclination would decrease
somewhat during evolution through the reso-
nance. As the Moon does not interact with the
evection resonance until 7RE or more, our model
is compatible with the disk-interaction hypothesis
for the origin of lunar inclination (40). Because
the evection resonance in our model breaks at
about the same configuration as in Touma and
Wisdom (39), our model is also consistent with
subsequent generation of lunar inclination through
temporary inward migration and capture into a
mixed resonance (39).

A high spin rate during the giant impact
phase of planet formation would affect all major

Fig. 2. Summary of the range of outcomes for expected terminal giant
impacts onto the proto-Earth: Mproj ≤ 0.1ME and 1 to 3Vesc (Vesc ~ 10 km s−1).
The target was a 0.99ME body with a 2.3-hour spin. Projectiles had no spin
and masses of 0.026, 0.05, or 0.10ME. The radius of each filled colored circle
is proportional to the satellite mass; the black circle indicates MS = 1.0MM.
Color indicates the difference in projectile composition between the silicate

disk and silicate Earth. Within a colored circle, a gray dot denotes too much
iron core mass fraction in the disk. The number above each symbol gives the
final mass of the planet; bold numbers indicate cases that satisfy the relaxed
Moon-formation criteria in Table 1. Collisions in the middle region of the
figure, head-on and slightly retrograde impacts from 10 to 30 km s−1, are the
best fit to the observational constraints for Moon-forming impacts.
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processes on the growing Earth, including man-
tle convection patterns and overturn rates. With-
in 100 million years of solar system formation,
major chemical reservoirs were established in
Earth’s lower mantle that were not destroyed by
a Moon-forming impact (14, 15). The isotopic
constraints require the Moon’s formation to oc-
cur at the end of Earth’s accretion, but the exact
timing remains uncertain (41). Although the SPH
technique generally underestimates the mixing
of materials, our simulations show that the rela-
tively cooler and denser material from the lower
mantle in the hemisphere opposite the impact is

not well mixed with material from the impacted
hemisphere and upper mantle during gravita-
tional reequilibration (fig. S1). The post-impact
planet is stably stratified with the entropy of the
upper mantle higher than the entropy of the lower
mantle, which would inhibit deep convective mix-
ing. Hence, our Moon-formation scenario need
not destroy preexisting chemical differentiation
within the proto-Earth.

Our model for the origin of the Moon blends
aspects of the original impact hypothesis, in
which material was ejected from Earth by a late
large impact (1), and the fission hypothesis first
proposed by Darwin (19), in which Earth lost
material via spin instability. We show that an ero-
sive giant impact onto a fast-spinning proto-Earth
followed by despinning during passage through
the evection resonance can reproduce the isotopic
homogeneity and present angular momentum of
the Earth-Moon system.
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Forming a Moon with an Earth-like
Composition via a Giant Impact
Robin M. Canup*

In the giant impact theory, the Moon formed from debris ejected into an Earth-orbiting disk
by the collision of a large planet with the early Earth. Prior impact simulations predict that
much of the disk material originates from the colliding planet. However, Earth and the Moon
have essentially identical oxygen isotope compositions. This has been a challenge for the
impact theory, because the impactor’s composition would have likely differed from that of
Earth. We simulated impacts involving larger impactors than previously considered. We show
that these can produce a disk with the same composition as the planet’s mantle, consistent
with Earth-Moon compositional similarities. Such impacts require subsequent removal of
angular momentum from the Earth-Moon system through a resonance with the Sun as
recently proposed.

The oblique, low-velocity impact of a rough-
ly Mars-mass planet with Earth can produce
an iron-depleted disk with sufficient mass

and angular momentum to later produce our iron-
poor Moon while also leaving the Earth-Moon
system with roughly its current angular momen-
tum (1–3). A common result of simulations of
such impacts is that the disk forms primarily from
material originating from the impactor’s mantle.
The silicate Earth and the Moon share compo-
sitional similarities, including in the isotopes of
oxygen (4), chromium (5), and titanium (6). These
would be consistent with prior simulations if the
composition of the impactor’s mantle was com-
parable with that of Earth’s mantle. It had been
suggested that this similarity would be expected
for a low-velocity impactor with an orbit similar
to that of Earth (4, 7, 8). However, recent work
(9) finds that this is improbable given the degree

of radial mixing expected during the final stages
of terrestrial planet formation (10). Explaining
the Earth-Moon compositional similarities would
then require post-impact mixing between the va-
porized components of Earth and the disk before
the Moon forms (9), which is a potentially re-
strictive requirement (11).

A recent development is the work of Ćuk
and Stewart (12, 13), who find that the angular
momentum of the Earth-Moon system could have
been decreased by about a factor of 2 after the
Moon-forming impact because of the evection
resonance with the Sun. This would allow for
a broader range of Moon-forming impacts than
previously considered, including those involving
larger impactors.

Prior works (1–3, 14) focus primarily on im-
pactors that contain substantially less mass than
that of the target, with impactor masses Mimp ~
0.1 to 0.2MT, where MT ≈ M⊕ is the total col-
liding mass and M⊕ is Earth’s mass. If the
target and impactor have different isotopic com-
positions, creating a final disk and planet with
similar compositions then requires that the disk

be formed overwhelmingly from material derived
from the target’s mantle. However, gravitational
torques that produce massive disks tend to place
substantial quantities of impactor material into
orbit (2, 3).

We considered a larger impactor that is com-
parable in mass with that of the target itself. A
final disk and planet with the same composi-
tion are then produced if the impactor contrib-
utes equally to both, which for large impactors
is possible even if the disk contains substantial
impactor-derived material because the impactor
also adds substantial mass to the planet. For ex-
ample, in the limiting case of an impactor whose
mass equals that of the target and in the absence
of any pre-impact rotation, the collision is com-
pletely symmetric, and the final planet and any
disk that is produced will be composed of equal
parts impactor and target-derived material and
can thus have the same silicate compositions even
if the original impactor and target did not.

We describe the impactor and target as dif-
ferentiated objects with iron cores and overlying
silicate mantles (15). We simulated impacts using
smooth particle hydrodynamics (SPH) (Fig. 1)
as in (1–3, 15, 16), representing the impactor
and target with 300,000 SPH particles. Each
particle was assigned a composition (either iron
for core particles or dunite for mantle particles)
and a corresponding equation of state (17, 18),
and its evolution was tracked with time as it
evolved owing to gravity, pressure forces, and
shock dissipation.

We simulated a given impact for approx-
imately 1 day of simulated time. We used an it-
erative procedure (1–3, 15) to determine whether
each particle at the end of the simulation is in
the planet, in bound orbit around the planet (in
the disk), or escaping. Given the calculated disk
mass MD and angular momentum LD, we esti-
mated the mass of the moon that would later
form from the disk,MM, using a conservation of
mass and angular momentum argument (19, 20).
Assuming that the disk would later accumulate
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