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Materials and Methods
Sec. 1. Calculating Shock Degassing Age Profiles for GI Ejecta Hitting (4) Vesta
In this section, we discuss our methodology for calculating shock degassing ages.
Additional details can be found in (12).
Dynamics of giant impact ejecta. The dynamical evolution of our GI ejecta test bodies
was discussed in Fig. 1, though additional details are found Fig. S1. The interested reader
is also encouraged to see (14) for a thorough discussion of these issues; we consider our
work complementary to their work.
As discussed in Fig. 1, we started with 5 groups of 6,000 test bodies, with each group
given an initial ejection velocity “at infinity” of 1, 3, 5, 7, or 9 km/s. When calculating
collision probabilities and impact velocities between these test bodies and Vesta, or
among the bodies themselves, we used all the data in each of the five sets. Our results, in
the form of probability distributions, were then combined by weighting the contributions
according to the initial velocity distribution set by GI hydrocode simulations; 14%, 27%,
26%, 18%, and 15% of the objects were assumed to be ejected at 1, 3, 5, 7, 9 km/s,
respectively (14). Our method allows us to readily use different initial ejection velocity
distributions if they become available.
Fig. S1. The dynamical evolution
of GI ejecta from Fig. 1. The initial
conditions of the planets and test
bodies are discussed in the main
text and Fig. 1. The black and red
test bodies show the same set of
test bodies as Fig. 1 for evolution
times of (a) 0, (b) 20, and (c) 100
Myr after the GI. Red test bodies
have reached orbits that allow
them to potentially hit Vesta, our
representative main belt asteroid.
The values provided at the top of
the three top panels provide the
fraction of our sampled test
bodies left in the simulation, with
the evolution time provided at
the top of the bottom three
panels.
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By combining our results in this manner, we found most test bodies were eliminated by
striking the Earth (30%), Venus (37%), or Mars (1%). Many of the longest-lasting ones
were found to achieve high inclinations; this lowers their collision probabilities with the
planets. The rest of the test bodies were lost when they hit the Sun or were ejected out of
the inner solar system via a Jupiter encounter.
Collision probabilities and impact velocities between giant impact ejecta and Vesta.
A critical issue in testing our hypothesis was to determine whether collisions between
kilometer-sized GI ejecta fragments and main belt asteroids are plausible. As a first step
to determining this, we used our dynamical evolution runs (Figs. 1, S1) and the
formalism of (23) to calculate the intrinsic collision probabilities (Pi) and impact velocity
distributions between GI test bodies and a representative main belt asteroid, Vesta. We
assumed the primordial Vesta had the same orbital parameters as its current proper
elements: semimajor axis, eccentricity, and sine of the inclination of 2.3615 AU, 0.0994,
and 0.1106, respectively. Fig. S2 shows representative values from our results, with the
calculations shown at every 0.01 Myr timestep.
The Pi values, in units of 10-18 km-2 yr-1, were
found to increase after a few Myr of evolution
time as more GI bodies were scattered onto
Vesta-crossing orbits by planetary encounters
and resonances. Mean impact velocities, in
units of km/s, also increase as the surviving
test bodies were driven onto more eccentric
and inclined orbits by planetary perturbations
and dynamical resonances. After ~10 Myr, the
majority of impacts between GI ejecta and
asteroids occur at mean impact velocities of
~10 km/s. These events are likely to produce
high impact temperatures and an abundance of
40
Ar-39Ar shock degassing ages within their
craters’ breccia lenses and/or ejecta blankets
(12) (see below).
Using
these
values
with
several
approximations that are justified below, one
can compute the approximate number of
collisions on Vesta caused by GI ejecta
immediately after the GI event:
•

Vesta has a diameter of 530 km.

Figure S2. The intrinsic collision probability
(Pi) and mean impact velocities of GI ejecta
striking Vesta. Pi values were multiplied at
each timestep by the number of GI test
bodies that cross Vesta’s orbit over the
number left in the population (e.g., Fig. S1).
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•

The GI event produced on the order of ~1010 D > 1 km diameter projectiles (Fig. S8).

•

Collisional and dynamical evolution among the D > 1 km GI population causes it to
decrease to 5 × 107 between 0-1 Myr after the GI (Fig. S8).

The number of impacts on Vesta over the first 1 Myr from D > 1 km projectiles should be
on the order of 10. This value is comparable to the number of D > 1 km projectiles hitting
Vesta over a ~100 Myr interval in the present-day main belt (i.e., derived using the
methods and results of 23, 30).
Impact heating produced by high velocity projectiles. The nature of impact heating on
asteroids was explored in (12) and references therein. They found that the peak
temperatures and volumes of target material heated above a given threshold (e.g., the
closure temperature for Ar loss, causing age reset) were strongly dependent on impact
velocity V. The key point for this work is that the estimated volume of shocked material
raised above the reference temperature of 1000 K was found to be minimal for impacts at
the average main belt velocity of ~5 km/s, while it increased by many orders of
magnitude for V > 10 km/s (Fig. S3). Moreover, V > 10 km/s impacts are needed to
produce significant heating in the region between the excavation and transient crater
depths or at greater depth. In other words, if all other parameters remain the same, most
of the 40Ar-39Ar shock degassing ages in Fig. 2a were produced by high-velocity
impactors.
As the color contour plots of impact velocity
demonstrate in Fig. 1, high-velocity impacts on
Vesta are rare in the current main belt. This
probably explains the lack of impact melt found
among stony meteorites, and why little impact
melt has been identified within Vestan craters
(9-11). To reach V > 10 km/s, projectiles often
need sizable inclinations, which are rare in the
current main belt, and/or eccentricities larger
than 0.5, which takes them out of the main belt
entirely and onto planet-crossing orbits. Such
eccentric impactors, however, only have
dynamical lifetimes of a few Myr to a few tens
of Myr (e.g., 13, 17, 22). This leaves them little
time to strike small targets like main belt
asteroids.

Figure S3. Hydrocode- based computations
of impact heating for various collision
velocities (6). The y-axis is the volume of
shocked material (Volshock) reaching or
exceeding 1000 K over impactor volume
(Volproj).
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Asteroid impact heating profile. To calculate the shock degassing age profile for GI
ejecta hitting Vesta, we combined the components above with:
•

Dynamical decay curves for the GI
population. Using the test body dynamical
evolution results for GI ejecta (Figs. 1, S1),
we calculated how the population decreases
over time by bodies impacting the Sun, the
planets, or how they are thrown out of the
inner solar system by a close encounter with
Jupiter. Our results are shown in Fig. S4.
After 250 Myr, less than 1% of the
population remains in the inner solar system.

•

Collisional evolution for many possible
initial size frequency distributions (SFDs).
An example of how collisional evolution
might work for GI ejecta is shown in Fig. S8.

Figure S4. The dynamical decay of test
bodies from our GI ejecta simulations.

After numerous tests using different starting SFDs, and as a compromise across these
possibilities, we included the effects of collisions by dividing our values from Fig. S2 by
a weighting factor distribution. Representative factor values at 2, 8, 20, and 100 Myr
were 4, 2.3, 1.7, and 1, respectively.
Putting everything together yielded the profile
shown in Fig. S5. The ~8 Myr delay needed to
reach the peak is a byproduct of orbital evolution
among the GI test bodies; it takes many of them
this amount of time to reach a main belt-crossing
orbit and to achieve high enough impact
velocities with asteroids to produce 40Ar-39Ar
ages (see Figs. 1, S1, S2).

40

39

Figure S5. The Ar- Ar shock degassing
age profile produced when GI ejecta hits
our representative asteroid Vesta.
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Sec. 2. The initial size distribution and collisional evolution of giant impact ejecta
Small bodies populations in the terrestrial planet region that are massive, numerous, and
dynamically excited undergo rapid collisional evolution (e.g., 7, 30-31). Accordingly, our
choice of a starting GI ejecta SFD and how it collisionally and dynamical evolves will
play a critical role in our results. Here we discuss these issues in more detail.
Choosing a giant impact scenario. Many GI simulations show that several percent of an
Earth mass is ejected completely out of the Earth-Moon system (3-5). Its physical state,
however, is a mixture of solid material and vapor, with the ratio dependent on the GI
event in question.
In the canonical GI that uses a Mars-sized impactor to make the Moon, most ejecta is in
the form of solid debris (3). In two new higher energy GI simulations, vapor production
is much larger, though a substantial fraction of solids can still be produced (4-5).
The appropriate GI simulation to use here is unknown, with all known GI events having
problematic issues (32-33). For example, the canonical GI can readily match the angular
momentum constraints of the Earth-Moon system, but most of the Moon comes from the
projectile (3). This is surprising when one considers that the Earth and Moon have nearly
identical oxygen isotopes, as well as close similarities in many other isotopes (e.g., 34). It
is possible that the proto-Earth and projectile had similar isotopic compositions, as
discussed in (34), but at present this constraint presents a challenge for planet formation
models.
Additional flavors of GI events have been proposed to deal with Earth-Moon isotopic
constraints. For example, in one scenario, a proto-Earth spinning once per two hours gets
hit by a sub-Mars-mass body, with the impact trajectory appropriate to create a protolunar
disk (and Moon) from material primarily derived from Earth’s mantle (4). In another, two
half-Earths collide with one another, with the subsequent Earth and protolunar disk made
from a thorough mixture of the two compositions (5). Both models initially violate
angular momentum constraints of the Earth-Moon system, such that they need the Moon
to become trapped in the evection resonance to drain away excess angular momentum
from the Earth-Moon system (4).
A potential problem with these high energy GI models is that it is yet unclear whether the
formulation of the evection resonance discussed in (4) will work in similar ways if
different protolunar disk and tidal evolution models are invoked. Careful modeling of the
Moon’s formation and evolution from a protolunar disk as well as the evection resonance
trapping process itself is on-going (e.g., 33, 35-36).
A second potential problem is that the high energy GIs discussed above are thought to be
low probability events in terms of planet formation models (32-33). For example, in the
6

first scenario above (4), getting the proto-Earth to reach a spin period of two hours
requires a near-GI event, but one that cannot create even a small moon. If a moon is
formed, it will readily remove rotational angular momentum from the proto-Earth via
tidal interactions, thereby preventing the initial rotation conditions for the Earth that
would produce our Moon in the proposed GI. Accordingly, the near-GI must spin the
proto-Earth right up to the brink of substantial mass shedding without going over the
threshold; this is challenging from a input parameter standpoint. In the second scenario
above (5), the probability that two half-Earths hit and mix in the planet formation process
is only on the order of 10%.
Finally, a third potential problem for the high energy GIs is that they may have
experienced more mixing in the near-GI or GI itself than the geochemical constraints can
tolerate (e.g., 37-38). Interestingly, the canonical impact does not experience substantial
mixing, and therefore could pass tests that call for a heterogeneous Earth after the GI.
The bottom line is that while our Moon could certainly be a statistical anomaly, with
several low probability events taking place, it is also possible that the potential issues
above are an indication that something crucial is missing in our understanding of planet
formation, lunar/terrestrial constraints, and/or the GI. Accordingly, we believe some
latitude exists at this time in choosing GI outcomes, and we favor those that produce an
abundance of solid ejecta. In fact, this work may represent an intriguing constraint on the
nature of the GI that did take place.
GI ejecta striking the Moon. To glean insights into the kinds of GI ejecta SFDs that are
plausible, we take advantage of the fact that GI ejecta came back to the strike the Moon
almost immediately after the Moon-forming event took place (e.g., 14). Here we quantify
this scenario in order to use the Moon’s ancient but well preserved basin record to
constrain the nature of the initial GI ejecta SFD.
The GI ejecta runs used here are discussed in Figs. 1 and S1. As shown in Fig. S4, 50%,
90%, and 99% of the population was dynamically eliminated after 12, 76, and 248 Myr.
Unlike typical asteroid evolution simulations, however, the majority are removed by
hitting Venus or Earth (Sec. 1). Over 30% of the test bodies returned to hit the Earth, with
50%, 90% and 99% of them hitting within 3, 50, and 220 Myr.
The fraction of GI test bodies that hit the Moon was estimated using the formalism of
(39). Their method requires us to input two sets of variables. The first set, the relative
velocity of the GI impactors when they enter Earth’s Hill sphere, was provided by the
results of our dynamical runs (Figs. 1 and S1). The second set was the Moon’s distance
from Earth at a given time after the GI. This was computed using the Earth-Moon tidal
evolution model results of (40), though we caution that the Moon’s recession rate
depends on unknown early dissipation within the primordial Earth. Because there are
7

reasons to think Earth’s dissipation was far lower than at present, and that the Moon had
a slow outward evolution, we tested two evolutionary pathways for the Moon: a more
conservative one where it went from ~10 to ~30 Earth radii over 400 Myr and a slower
one where it traveled from 6 to ~20 Earth radii over 400 Myr (41).
Both lunar evolution pathways were found to yield similar results, with the Moon
accreting 0.8-0.9% of our GI test bodies. These values will be used below.
Initial size distribution for giant impact ejecta. To select a reasonable GI ejecta size
frequency distribution (SFD), we would ideally select results directly from numerical
hydrocode experiments of the GI that reproduce Earth-Moon system constraints.
Unfortunately, the smallest particles in these simulations are often on the order of
hundreds of km in diameter (3-5, 42). For this reason, we turn to the lunar impact record
itself to winnow our possible initial SFD.
Working from the largest bodies to the smallest, we start with the results of (12), who
argue that the largest fragments in their GI simulations were on the order of D ~ 600 km.
We adopt this size as a reasonable top end for our GI ejecta SFD.
Next, we consider the constraint provided by South-Pole Aitken (SPA) basin, the largest
undisputed lunar impact structure with a diameter of 2,400 by 2,100 km. Hydrocode
impact simulations show it was made from a D ~ 170 km impactor striking the Moon at
~10 km/s (43). Given that GI test body accretion with the Moon is 0.8-0.9%, and D > 170
km bodies are relatively difficult to collisionally disrupt (Fig. S8), we predict the initial
GI ejecta SFD had -- at most -- a few hundred of these bodies (i.e., a single SPA basin
divided by the lunar impact probability of ~1%; if more D > 170 km bodies were present,
the Moon would have more SPA-like basins). For reference, this is comparable to the
number of D > 170 km bodies in the present-day main belt (30).
For D < 170 km, we note that the oldest lunar surfaces (i.e., Pre-Nectarian surfaces) do
not have many Imbrium- or Orientale-sized basins (900-1,200 km in diameter) (16, 4445). This observation is surprising given the work of (45), who found that projectiles
striking the high heat flux nearside regions of the Moon (i.e., the Procellarum KREEP
terrain) make basins twice as large as those made on the cooler and thicker farside of the
Moon. Presumably, just after the Moon formed, large impactors would have had little
difficulty making enormous basins by hitting a thin warm crust with a high heat flux. The
absence of such mega-basins suggests that there was a relative paucity of middle-sized
projectiles in GI ejecta. Accordingly, we assume the power-law slope of the GI ejecta
SFD was very shallow between D ~ 170 km and a few tens of km (though it could also be
that no GI ejecta fragments ever existed in this size range).
The Moon has ~25 pre-Nectarian basins (D > 300 km craters) (16; see also 44-45). If we
assume they were made by D > 20 km projectiles (e.g., 46), it would imply that the
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number of initial GI fragments with D > 20 were limited to –at best -- a few thousand at
best (i.e., the order of 25 basin-producing projectiles divided by the lunar impact
probability of ~1%). As above, this number is comparable to that in the current main belt
population (30). We will show below that relatively few D > 20 km bodies are expected
to disrupt via collisional evolution.
Taking these values together as upper limits, we find the GI population for D > 20 km
bodies was comparable to or, more likely, much less than the mass of the current main
asteroid belt (~0.05% that of the Earth) (Fig. S8). Accordingly, if GI ejecta once
contained several percent of an Earth mass, a considerable fraction would have been in
the form of D < 20 km fragments. To this end, for D < 20 km bodies, we tested SFDs
with steep cumulative power law slopes between -4.5 and -6 (Fig. S8).
Supporting evidence for steep fragment size frequency distribution for giant impact
ejecta. While the inferred steep SFD presented here appears to be somewhat radical, it
actually fits well within a pattern of behavior derived from impacts on large stony bodies.
As an example, consider the results from (6, 47), who simulated impacts into 100-km
diameter asteroids using a 3-D smooth-particle hydrodynamics (SPH) code combined
with an N-body code. They found that impacts too small to produce catastrophic
disruption events, defined as a collision that sends 50% of the ejecta away at escape
velocity, will produce steep ejecta SFDs. The steepest SFDs made in their runs were
created by cratering events, specifically when the parent body was left largely intact and
when fSFD, the ratio of the diameter of the remnant parent body to the largest fragment,
was large (see ref. 9 for a complementary discussion of this issue). Given their numerical
resolution limitations, the steepest SFD derived in their simulations was for fSFD ~20.
They also found ejecta SFDs with fSFD ~10-20 that matched those of several known
asteroid families (e.g., the Eunomia family).
Interestingly, families associated with very
large asteroids can have fSFD > 20. Perhaps
the best example in nature comes from the
Vesta asteroid family, most which was
produced in the same collision that created
the ~500 km diameter Rheasilvia basin (e.g.,
18). We find Vesta’s family fragment SFD
not only has fSFD ~ 70, but it has remarkably
steep slopes, with cumulative power law
exponents of -3.7 and -8 for diameter D > 3
km and D > 5 km bodies, respectively (Fig.
S6). These values are similar to those
deduced for our GI ejecta SFD.

Figure S6. Size-frequency distribution
asteroid Vesta and its inferred family (15).

for
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Vesta is large enough that it is almost impossible to catastrophically disrupt unless the
projectile size is nearly the same size or larger than Vesta (30, 48-49). This “gravitational
prevention of disruption” trend is even more pronounced for protoplanets and planetary
embryos, and it suggests that even the largest GI impact events are technically cratering
events in terms of the nature of the ejecta SFDs produced.
Accordingly, if we assume GI ejecta did not make SPA basin, and the steep branch of our
initial SFD in Fig. S8 was a power law that extended down to a single large fragment, its
size would be D ~ 70-100 km (Fig. S8). This would make the value of fSFD comparable to
the diameter of the Earth (12,700 km) divided by 70-100 km, or ~130-180. This value is
only 1.8-2.6 times that derived for the Vesta family. When combined with our work
above, we argue that the GI ejecta SFD was steep at small sizes. These SFDs also imply
that considerable mass was in the form of D > 0.1 km bodies rather than being dominated
by boulders and dust.
Collisional evolution of giant impact ejecta. Our next task is to determine how the
fragments in our GI ejecta SFD undergo collisional evolution with themselves. This
meant calculating the collision probabilities and impact velocities taking place between
representative GI ejecta fragments hitting themselves. Using the dynamical evolution
runs described in Fig. 1, we calculated the Pi and
mean impact velocity (V) distributions between the
semimajor axes, eccentricities, and inclinations of
our GI test bodies every 0.01 Myr, once again
using the formalism described in (23). Our results
are shown in Fig. S7.
The Pi values show a steep decline within the first
few Myr, while V undergoes a sharp increase. This
takes place for two reasons: the test bodies most
likely to strike one another tend to be those on
very Earth- or Venus-like orbits, which are quickly
removed from the system, and scattering events
among objects likely to encounter the terrestrial
planets, along with dynamical resonances, quickly
excite the surviving population to higher
eccentricities and inclinations (Figs. 1 and S1).
Overall, the (Pi, V) values were found to be (190 ×
10-18 km-2 yr-1, 7 km/s) after ejection, though test
body excitation via planetary encounters and

Figure S7. The intrinsic collision
probabilities and impact velocities for test
bodies ejected in the GI event striking one
another.
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resonances, combined with the removal of low eccentricity and inclination test bodies via
planetary collisions, modified these values to (25 × 10-18 km-2 yr-1, 19 km/s) at 30 Myr
and (15 × 10-18 km-2 yr-1, 22 km/s) at 100 Myr, respectively.
All of these components (i.e., the collision probability and impact velocity distributions
from Fig. S7, the population decay rate from Fig. S4, and a variety of initial SFDs) were
input into the collisional and dynamical depletion evolution model Boulder (19). This
allowed us to track how the GI population changed in a physically realistic manner over
hundreds of Myr. The disruption scaling relationships for GI ejecta striking one another
were assumed to follow those developed for stony asteroids (30; 49). Objects with D <
0.1 km were placed into a “trash bin”; most were assumed to have been ground down to
sizes small enough to be removed by radiation pressure or Poynting-Robertson drag (14,
20).

(a)

(b)

Figure S8. The collision and dynamical evolution of giant impact ejecta in the Boulder code (19). While
undergoing comminution, the populations dynamically lose material according to Fig. S4.
a) The initial cumulative SFD of GI ejecta was given power law exponents of -4.3, -4.9, -5.5, -0.8, and
-3.5 at inflection points of D = 1.25, 10, 20, 170, and 600 km, respectively. The net mass of D >
0.1 km bodies was set to 0.5% of an Earth mass. The inflection point at D = 1.25 km helps keep
the mass in the SFD fairly limited, while the point at D = 10 km can be used to modify precisely
how many km-sized impactors return to strike the Moon. The inflection points near D = 20 km
and 170 km were set so the lunar impacting population could plausibly make ~25 Pre-Necarian
lunar basins as well as South-Pole Aitken basin. The evolution time is labeled for each curve.
b) A simpler initial cumulative SFD with a power law exponent of -4.9. The net mass of D > 0.1 km
bodies was set to ~3% of an Earth mass, higher than before because we removed the inflection
point at D = 1.25 km. This population would make fewer large lunar basins. We find both SFDs
evolve in similar ways. The differences seen are mainly a byproduct of stochastic disruption
events.
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Two representative examples of our model results are shown in Fig. S8. Using initial
SFDs similar to those discussed above, we find that the D < 1 km population is quickly
decimated, losing two orders of magnitude in mass within 0.01-0.1 Myr of the GI. From
there, the GI ejecta SFDs enter into a quasi-steady state shape that decays from
collisional and dynamical evolution. Our D > 20 km bodies are found to undergo little
collisional evolution, as seen by the similarity between their loss rate and those for D >
170 km bodies. These bodies appear to have little effect on the evolution of the D < 20
km ejecta fragments.
Inferences from these results. Our work above suggests the following:
•

Early collisional evolution of GI ejecta is extremely intense. Our test results,
including many not shown, suggest nearly any steep slopes chosen for D < 20 km
would produce broadly similar results. Thus, our model results are only modestly
dependent on the slope of the D < 20 km SFD.

•

If an inflection point at smaller sizes like the one shown in Fig. S8a is reasonable, and
we believe this likely, the amount of solid debris in GI ejecta could been considerably
less than 1% of an Earth mass. This would potentially allow high energy GI events
(4-5), with much of their ejecta mass in the form of vapor, to produce numerous D >
10 km craters on main belt asteroids.

•

The precise nature of the D < 1 km ejecta SFD may be of lesser importance for this
problem because collisional evolution eliminates most of these bodies over very short
time scales. This suggests the shock heating profiles shown in Fig. S5 are reasonably
robust.
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Sec. 3. Impact Ages for Chondritic Meteorites and Lunar Samples
Chondrite impact age data. The 40Ar-39Ar shock degassing age probability distribution
for 34 ordinary and enstatite chondrites, with mean ages between ~4.35-4.56 Ga, are
shown in Fig. S9a (9-11). These data were used to construct the probability distributions
shown in Fig. 2a, and they describe impact ages for at least six different undifferentiated
parent bodies: EH, EL, enstatite melt clasts and aubrites, H, L, and LL. All of these
parent bodies were presumably smaller than Vesta.

(a)

(b)

Figure S9. A more detailed look at the compilations of impact ages shown in Fig. 2.
40
39
a) The Ar- Ar shock degassing age-probability distribution for 34 ordinary and enstatite
chondrites with mean ages between ~4.32-4.567 Ga. They represent sample ages for at least 5-6
parent bodies (EL, EH, E-melt/Aubrites, LL, L, and H chondrites). For each meteorite class, we
computed the sum probability of ages as discussed in Fig. 2. The normalized profiles are shown
by the colored curves, with their sum the black curve.
b) The U-Pb age-probability distributions for 24 ordinary chondrites representing three parent
bodies (LL, L, H chondrites). The ages > 60 Myr after CAIs are thought to be from impact, while
the ages < 60 Myr after CAI ages are a mix of crystallization, metamorphic, and impact ages.

Few 40Ar-39Ar shock degassing ages are found between ~4.1-4.4 Ga, though there are
many between 3.5-4.1 Ga (9-12) (e.g., Fig. S10). The younger age set is thought to be
associated with the so-called late heavy bombardment of our Solar System, as discussed
and modeled in (12).
The U-Pb age probability distribution for 24 chondritic samples are shown in Figs. 2b
and S9b. The ages of the samples are provided in Table S1. Many of the ages between 060 Myr after CAIs most likely came from simple parent body cooling (i.e., the parent
bodies heat up after their formation, possibly by the decay of the radioactive isotope 26Al,
but they eventually cool below the phosphate (apatite) closure temperature of 800 K). In
terms of U-Pb ages, chondrite parent body cooling is thought to be complete for most
near-surface materials by 60 Myr after CAIs (e.g., 32). This implies that younger U-Pb
ages are solely derived from impact.
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Table S1. U-Pb ages for ordinary chondrites as shown in Figs. 2b and S9b.
Number
Meteorite
Type Age (Ma)
Reference
1
Ste. Marguerite H4
4563
(Göpel et al., 1994)
2
Nadiabondi
H5 4556-4566
(Göpel et al., 1994)
3
Forest Vale
H4
4561
(Göpel et al., 1994)
4
Allegan
H5 4550-4556
(Göpel et al., 1994)
5
St. Séverin
LL6 4554-4557
(Göpel et al., 1994)
6
Richardton
H5 4551-4553
(Göpel et al., 1994)
7
Tuxtuac
LL5 4544-4545
(Göpel et al., 1994)
8
Knyahinya
L5 4540-4543
(Göpel et al., 1994)
9
Barwell
L6
4538
(Göpel et al., 1994)
10
Elenovka
L5
4535 ± 1
(Amelin 2000)
11
Guidder
LL5 4535-4536
(Göpel et al., 1994)
12
Saratov
L4
4530 ± 7
(Sprung et al. 2011)
13
Ausson
L5 4527-4528
(Göpel et al., 1994)
14
Kernouvé
H6 4521-4524
(Göpel et al., 1994)
15
Brudderheim
L6
4515 ± 1
(Sprung et al. 2010)
16
Homestead
L5 4514-4515
(Göpel et al., 1994)
17
Marion (Iowa)
L6
4511
(Göpel et al., 1994)
18
Guareña
H6 4504-4506
(Göpel et al., 1994)
19
Estacado
H6
4492 ± 15
(Blinova et al. 2007)
20
Mezo-Madaras
L3
4480±11 (Hanan and Tilton, 1985)
21
Sharps
H3
4472±5
(Hanan and Tilton, 1985)
22
Novato
L6
4472±31
(Yin et al., 2014)
23
Sahara 98222
L6
4467±22
(Ozawa et al., 2009)
24
Chelyabinsk
LL5
4452±21
(Popova et al., 2013)
Not
Chelyabinsk
LL5
4456±18
(Lapen et al., 2014)
Plotted

Reference #
(50)
(50)
(50)
(50)
(50)
(50)
(50)
(50)
(50)
(51)
(50)
(52)
(50)
(50)
(53)
(50)
(50)
(50)
(54)
(55)
(55)
(56)
(57)
(58)
(59)

We combined the chondrite data in our age-probability distributions because impact
cratering is stochastic. We would expect that an age distribution from multiple parent
bodies would be more likely to be representative of the dynamics of the main belt as a
whole than would be the ages from a single asteroid.
Eucrite and howardite ages. The 40Ar-39Ar ages of eucrites and howardites are shown in
Fig. S10, with the details and references discussed in (12). Each dated sample is reported
with a gaussian profile with center and width corresponding to the most probable age and
1-σ error. Profiles are color coded according to the class of the parent meteorites
(retrieved from the on-line Meteoritical Bulletin database, Oct. 2011): unbrecciated
eucrite (E-unbr), cumulate eucrite (E-cm), polymict (E-pmict) and monomict eucrites (E-
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mmict), brecciated eucrite (E-br) and howardites
(How). The black curve is the sum probability
distribution obtained by the sum of all gaussians
divided by 5.
Most eucrites that show few signs of impact
alteration (unbrecciated, cumulate, monomict)
have ages of ~4.48 Gyr ago. They are arguably
consistent with being derived as quench ages as
discussed in the main text. We argue this age spike
is related to the features seen and ~95 and 106 Myr
after CAIs from Figs. 2 and S9.
40

39

Figure S10. The Ar- Ar ages of eucrites
and howardites as compiled by (12).

Discussion of chondrite impact ages. For the data in Figs. 2 and S9, we have tried to
separate out metamorphic ages from impact ages where possible. For the U-Pb data, this
was done by pointing out that the data with ages > 60 Myr after CAIs have been
interpreted by experts as being solely produced by impact (32). For the 40Ar-39Ar reset
ages in chondrites, there are several meteorites with clear indications of shock that have
ages in the older range, so those ages are likely to be from impact as well. We cannot rule
out the possibility that there are chondrites that lack strong indicators of shock whose
ages are nonetheless impact ages because a collision removed material overlying them
and initiated rapid cooling, as we have suggested for the eucrite meteorites. The lower
closer temperature of the K-Ar system, however, means that 40Ar-39Ar metamorphic ages
extend to significantly later times than U-Pb ages, so there is more overlap in time
between metamorphism and the potential GI bombardment. For example, 40Ar-39Ar ages
of feldspar from unshocked H6 chondrites, presumed to be metamorphic ages, cluster at
~4450 Ma, while the Pb-Pb ages of phosphates from the same meteorites are ~4500-4520
Ma (60).
Decay constants for 40Ar-39Ar data. All 40Ar-39Ar data comes from laboratories using
the value for the 40K decay constant defined by (61). Comparisons over the years with
other geochronometers suggest that this value may not be correct (60, 62-65). Using
values favored by some recent authors would lead to a systematic shift of all ages to
values that are 10-30 Myr closer to the formation of the Solar System (i.e., 30 Myr for
(60); 10-20 Myr for (62), and 15-20 Myr for (63-65)). This would shift the timing of the
GI to younger values, but it would not affect the structure of the distribution of ages that
suggest an event took place.
Interestingly, the peak in the 40Ar-39Ar age probability distribution in Figs. 2a and S9a is
at 106 Myr after CAIs, while the equivalent peak for U-Pb in Figs. 2b and S9b is at ~95
15

Myr after CAIs. This shift to younger ages by ~11 Myr may suggest that using a different
40
K decay constant could lead to better agreement between the 40Ar-39Ar and U-Pb data
sets. Nevertheless, we have not made any correction in our results, partly because there
is not yet a consensus about the value of the 40K decay constant but also because the shift
to younger ages would not change our basic results.
Comparisons between predictions for the giant impact and ancient lunar samples.
Here we show several predicted times for the GI against the ages of the oldest lunar
samples compiled by (66) (Fig. S11).
•

The black line is our predicted GI age,
which comes from (i) our analysis of
40
Ar-39Ar shock degassing data (Figs.
2a, 3b, S9a), (ii) data from the
chondritic U-Pb ages (Fig. 2b, S9b) and
(iii) the 40Ar-39Ar ages of the eucrites
and howardites (Fig. S10).

•

Our model predictions for the chondrite
40
Ar-39Ar shock degassing ages from
the main text are shown in red at the
top of Fig. S11.

•

The remaining GI ages are derived
from a wide variety of methods and
samples (67-70). We caution that this
list is not comprehensive; the interested
reader can find many more predictions
in the literature.

Figure S11. Comparison between derived ages for
lunar samples, Moon-formation ages derived from
sample data, and our best-fit Moon-formation
age.

Here we assume the plotted lunar sample ages are a reasonably accurate representation of
their formation age, which some contest (66). None are found to exceed the predicted GI
age within errors. The plotted samples with the smallest error bars are also younger than
our predicted GI age.
Overall, this correspondence suggests it is reasonable to assume there was a minimal time
interval between the formation of the Moon and the most ancient lunar samples.
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