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Projectile remnants in central peaks of lunar
impact craters

Z. Yue1,2, B. C. Johnson3, D. A. Minton2, H. J. Melosh2,3*, K. Di1, W. Hu1 and Y. Liu1

The projectiles responsible for the formation of large impact
craters are often assumed to melt or vaporize during the
impact, so that only geochemical traces1,2 or small fragments3,4

remain in the final crater. In high-speed oblique impacts,
some projectile material may survive5–7, but this material
is scattered far down-range from the impact site. Unusual
minerals, such as magnesium-rich spinel8,9 and olivine10,11,
observed in the central peaks of many lunar craters are
therefore attributed to the excavation of layers below the lunar
surface. Yet these minerals are abundant in many asteroids,
meteorites and chondrules12–15. Here we use a numerical model
to simulate the formation of impact craters and to trace
the fate of the projectile material. We find that for vertical
impact velocities below about 12 km s−1, the projectile may
both survive the impact and be swept back into the central
peak of the final crater as it collapses, although it would be
fragmented and strongly deformed. We conclude that some
unusual minerals observed in the central peaks of many lunar
impact craters could be exogenic in origin and may not be
indigenous to the Moon.

Weused the hydrocode iSALE to perform two-dimensional (2D)
impact simulations at a variety of impact velocities, most at lower
velocities than expected for Earth-impacting asteroids. We focused
on a simulation of the 93-km-diameter Copernicus crater because
of the reports of olivine10 and Mg-spinel16 in its central peaks, but
our simulation also applies to the similar-size Theophilus crater in
which exotic Mg-rich spinels have also been reported17 as well as
to the smaller Tycho crater18. We assumed a 7-km-diameter dunite
projectile impacting a two-layer target intended to simulate the
nearside crust of the Moon. We approximate the lunar mantle as
dunite and the lunar crust as granite. In our models we use a lunar
crustal thickness of 30 km corresponding to the minimum lunar
crustal thickness at the Apollo 12 and 14 landing sites, the nearest
to Copernicus crater19. Figure 1 and 2 show that even with this
minimum crustal thickness mantle material is not excavated. We
varied the impact velocities from 6 to 16 km s−1. Our results show
that the maximum excavation depth in all cases is no more than
7 km, too shallow to reach the lunar mantle. This result agrees well
with previous estimates of the maximum amount of stratigraphic
uplift observed in terrestrial complex craters20 as well as model
estimates of themaximumdepth of excavation21.

These computations show that, whereas most of the dunite
projectile is vaporized and little remains in the crater at impact
velocities above 14 km s−1 (Fig. 2), much of it survives the impact
at velocities less than 12 km s−1 (Fig. 1a–c). This material is highly
fractured and may be partly melted, but it is not vaporized and
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so much of it remains in the crater. In small, simple craters this
material is dispersed in the ejecta and over the transient crater floor,
as seen in the pre-collapse phases of our computer simulations
(Fig. 1a). It eventually mixes into the breccia lens filling the final
crater. However, during the formation of central peaks in complex
craters, the initially dispersed projectile material is swept back to-
gether during the collapse so that most (but not all) of any surviving
projectile material accumulates in the central peak region; some
projectile material is also ejected and mixed with target material in
the crater rim and proximal ejecta blanket. Underlying crustal ma-
terial, which is inherently less refractory than the olivine in the pro-
jectile, is also fractured andmelted within the crater, consistent with
the inference that impact melt mantles the floor of Copernicus and
forms ponds among the slump terraces and on the proximal ejecta
blanket. However, none of the simulations indicated excavation of
the underlying mantle. The results of our computations lead to the
possibility that the olivine observed in the central peaks of Coper-
nicus and other lunar craters may be a remnant of the projectile
and thus does not indicate deep excavation of the lunar mantle or
lower crust. In contrast to craters on the Earth or other large bodies,
central peaks in lunar craters may exhibit exotic compositions that
reflect the impactor, not target rocks excavated frombelow.

The results presented in Fig. 1a–c are from an axially symmetric
2D computation in which the impact angle is vertical. However,
real impacts occur at a wide variety of angles22, the most probable
of which is 45◦, and one can ask whether the same projectile
concentration will occur for such oblique impacts. Study of the size
and position of central peaks in Venusian impact craters demon-
strates that the form and position of central peaks in large craters
bears no relation to the impact angle or direction, even for highly
oblique impact craters23. These results imply that the crater collapse
process is not strongly affected by the angle of impact and that the
same concentration mechanism delineated by 2D computations is
applicable to oblique impacts. Although more of the projectile is
expected to survive in highly oblique impacts6, most of this material
ricochets out of the crater at high velocity, so that low impact angle
itself does not enhance projectile contribution to the central peak:
We do not expect to observe large amounts of projectile material
in the central peaks of craters formed by fast, highly oblique (and
therefore rare) impacts. On the other hand, moderately oblique
impacts at low speed retain up to 50% of the projectile7. When
a complex crater can form, our results show that this material
becomes concentrated in the central peak area by the collapse flow.

The distribution of impact velocities on theMoon was evaluated
from a numerical simulation of asteroid orbital evolution and the
resulting impact velocities on the Moon24,25. These simulations
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Figure 1 | Formation of Copernicus crater by a low-speed impact.
Copernicus crater following the impact of a 7-km-diameter dunite asteroid
at 10 km s−1. a, 60 s after initial impact, a thin layer of impactor material
(red) lines the transient crater. b, 700 s after impact, the impactor material
(red) is concentrated in the central peak of the crater. The maximum depth
of excavation is 6–7 km. c, The final crater (solid black line) is 4.5 km deep,
the central peak height is 0.5 km and the rim-to-rim diameter is∼89 km.
The grey dashed line is from LOLA topography30. Grey colour indicates
crust and brown indicates mantle material.

show that about 25% of lunar impacts occur at speeds below
12 km s−1, so that a significant fraction of lunar impactor material
may remain largely intact in the central peaks of large lunar craters.
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Figure 2 | Formation of Copernicus crater by a high-speed projectile.
Shown at 700 s after a 7-km-diameter dunite asteroid impacted at
14 km s−1. Projectile material (red) has been almost completely vaporized
leaving very little projectile material in the crater. The maximum depth of
excavation is 6–7 km, shown by the originally horizontal black lines. This
crater has a rim-to-rim diameter of 94 km, a rim-to-floor depth of 5.2 km,
and a peak ring height of 0.95 km at a radius of 6 km.

To validate the results, we used a previously published
simulation of the orbital evolution of the asteroids in the main
belt25 and derived the lunar impact velocity distribution as shown in
Fig. 3. In this simulation the cumulative effects of weak resonances
and perturbations from the major planets were the main cause
of orbital drift and the diffusion of test bodies from the main
belt region into the near-Earth asteroid (NEA) region. We cloned
objects that were found to be on NEA-like orbits and integrated
themas test particles using theMERCURY integratorwith its hybrid
symplectic algorithm capable of following particles through close
encounters with planets26. Particles that had a closest-approach
distance within the Hill sphere of the Moon were considered to be
potential projectiles. The impact velocity for a potential projectile
was calculated from the projectile velocity relative to the Moon
at closest approach, plus a contribution arising from the potential
energy difference between the closest approach distance and the
lunar surface that was calculated using the vis-viva equation. In
our simulation there were 14,331 asteroid encounters and the
percentage of impact velocities no higher than 12 km s−1 was about
25.1%, shown by the hatched area in Fig. 3. These numbers agree
closely with those of another study27, which were derived directly
from a different dynamical model of the NEA population. We
compare both distributions in the Supplementary Information.

The planetary geology community has not previously considered
the possibility that large quantities of projectile material might
remain intact in a large impact crater. Experience with terrestrial
impact craters supports this view: except for small craters, in which
the projectile is substantially slowed by atmospheric drag, traces of
the projectile are difficult to find. At typical Earth impact velocities
the projectile is largely vaporized or melted and thus mixes with a
much larger volume of targetmaterial. Even on theMoon, themean
impact velocity is so high that, in most cases, the projectile melts
or vaporizes. However, the minimum impact velocity on the Moon
is its escape velocity, only 2.4 km s−1 and (owing to the vagaries of
orbital encounters) a substantial fraction of impacts occur at much
less than the mean velocity.

Even at lower impact velocities, the projectile is crushed and its
fragments dispersed by the excavation flow. A recent paper28 reports
the discovery of small projectile fragments in lunar regolith samples,
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Figure 3 | Impact velocity distribution on the Moon. Based on 14,331
simulated asteroid impacts, the cross-hatched area represents events with
impact velocity less than 12 km s−1. The distribution is highly skewed, with
mean and median values of 17.4 km s−1 and 15.9 km s−1, respectively, and
an r.m.s. value of 18.8 km s−1.

consistent with dispersal in a low-velocity impact. However, as we
have shown, the collapse of a crater to form a central peak reverses
the excavation flow and tends to reassemble the dispersed projectile
into a more coherent mass (although mixed with some amount
of target material). It is thus, surprisingly, reasonable to expect to
find a signature of the projectile in the central peak complex of
craters on bodies whose gravitational acceleration is large enough
to produce this type of crater.

The list of bodies that are neither too small nor too large to
show a projectile signature is relatively short: the Moon, as we have
argued here, as well as (marginally) Mars, with an escape velocity of
5.2 km s−1 and a large number of central peak craters. In addition,
central peak craters occur on the icy satellites of the outer solar
system. Although even low-velocity impacts may melt or vaporize
ices in cometary impactors, some silicate signature may survive.
Asteroids are generally too small to initiate crater collapse, with the
notable exception of Rheasilvia crater on 4 Vesta. It is thus intrigu-
ing that the Dawn spectrometer has singled out the central peak
of Rheasilvia as a unique feature on its surface29. The Dawn team
attributes this signature to deeper horizons excavated by the crater,
but in view of the low impact velocities prevailing in the asteroid
belt, the possibility of an impactor signature should not be ruled out.
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