
IMPACT CRATER SIZES AND MORPHOLOGIES ON ASTEROID (16) PSYCHE - INSIGHT FROM NUMERICAL
MODELLING S. D. Raducan1, T. M. Davison1, G. S. Collins1. 1Impacts and Astromaterials Research Centre,
Department of Earth Science and Engineering, Imperial College London, London, SW7 2AZ, United Kingdom
(E-mail: s.raducan16@imperial.ac.uk).

Introduction: Asteroid (16) Psyche is one of the most
intriguing Main-belt asteroids. Classified as an M-type
asteroid [1], Psyche was long believed to be the mas-
sive exposed core of a differentiated planetesimal. A
metal-rich composition is supported by radar observations
[2] and the asteroid’s high thermal inertia measurements
[3]. However, more recent density estimates [2, 4–6] and
ground-based visible and near-infrared spectroscopic ob-
servations have challenged the interpretation that Psyche
is an intact iron core remnant.

There are several proposed formation mechanisms, and
therefore possible asteroid structures, that could explain
Psyche’s metallic surface composition and relatively low
bulk density. If Psyche is the product of a series of hit-
and-run collisions and impacts that also stripped away the
silicate mantle, the asteroid could have a predominantly
Fe-Ni composition [7]. Alternatively, Davis et al.[8] ar-
gued that the proto-asteroid could have been shattered
by impacts, with material from both core and mantle re-
accumulating into a rubble pile body. One of the most in-
teresting formation scenarios attributes the elevated metal
content to iron volcanism [9, 10], which would have
brought metal-rich material to the surface.

The asteroid will be visited by NASA’s Discovery-class
mission, ‘Psyche’, in 2026 [11]. The spacecraft will map
the impact craters on Psyche, which will allow us to de-
termine the structure and possible surface composition, as
well as estimate the age of the asteriod’s surface. How-
ever, due to the possibly unusual history of Psyche, the
spacecraft may find a much more complex asteroid topog-
raphy than expected, with impact crater morphologies that
are different from the ones seen on other visited asteroids.

Here we present numerical simulations of impacts on
asteroid Psyche analogues with several possible target
structures. For each impact-target scenario we determined
the resulting crater size and morphology, and used the re-

sults to derive scaling laws and possible isochrons as well
as to provide a roadmap for using crater morphology as a
probe of Psyche’s subsurface structure.

Numerical Methods: We used the iSALE 2D shock
physics code [12, 13] to simulate impacts into several
different target scenarios, based on different formation
mechanisms for Psyche.

1. Impacts into a homogeneous dunite half-space. This
scenario considers impacts on Psyche before its sil-
icate mantle was stripped off or in localised regions
residual thick mantle.

2. Impacts into a nonporous intact iron half-space. This
scenario considers impacts on an exposed dense and
intact core, after a long series of hit-and-run colli-
sions [14] and subsequent impacts removed the en-
tirety of the silicate mantle.

3. Impacts into a shattered, porous iron half-space. This
scenario assumes that the entirety of the mantle was
removed by collisions, which also shattered the core,
leaving behind a highly porous iron aggregate.

4. Impacts into a porous and nonporous iron core cov-
ered by a layer of silicate regolith. Spectroscopic
studies and radar observations of Psyche found ev-
idence of fine grained silicate regolith overlaying a
metallic bedrock. These measurements suggest that
Psyche might have retained some of its mantle. We
model this scenario by considering a thin dunite layer
(5-10 km thick), overlaying an iron substrate.

5. Impacts into a dunite mantle covered by a thin iron
layer. One hypothesis that may explain the observed
elevated metal content on Psyche’s surface is the
presence of a thin iron layer covering the mantle as
a result of ferrovolcanism [9, 10]. In our simula-
tions, we assumed that the impacts occurred after the
iron melt cooled down and formed a 50-m thick layer
covering the mantle.

Figure 1: Crater morphologies for into different Psyche target scenarios: a) intact iron half space (left) and porous,
damaged iron half-space (right); b) intact iron core with a 5 km dunite layer and a porous iron substrate with a 5 km
dunite layer; c) intact iron core with a 10 km dunite layer and a porous iron substrate with a 10 km dunite layer.
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Figure 2: Crater profiles from impacts of dunite projectiles with radii between a = 10 and a = 100 m, into a 50 m
ferrovolcanic layer (blue) covering a dunite mantle (orange).

Crater size and morphology: Our numerical simu-
lations show that depending on the surface material and
asteroid structure, the craters on Psyche can exhibit a va-
riety of morphologies. Fig. 1 shows the crater morpholo-
gies produced by a 5 km spherical dunite projectile im-
pacting a homogeneous iron, a porous iron half-space,
layered targets with 5 and 10 km dunite layers overlying
solid iron and porous iron substrates. If Psyche’s structure
is homogeneous, then the craters on Psyche are expected
to be simple, circular depressions. For iron targets, the
craters exhibit tall curled rims, characteristic of impacts
into ductile materials, and large depth-to-diameter ratios
compared with craters in rocky targets. On the other hand,
if Psyche has a layered structure, the craters could be con-
centric (Fig. 1b) or have flat floors (Fig. 1c).

Small craters, which are more susceptible to small-
scale variations in the target structure, can exhibit even
more exotic morphologies. If ferrovolcanism was present
on Psyche, then a crater less than 2 km in diameter might
contain submerged iron deposits. Fig. 2 shows the crater
morphologies resulted from small impacts (10-100 m)
into a 50 m iron layer overlying a dunite mantle. Our sim-
ulations show that ferrovolcanism and subsequent small
impacts could have mixed iron core and mantle material
at the bottom of small craters. However, large craters,
more than a few km in diameter, would have an iron free
interior.

Implications for the ‘Psyche’ mission: Several large,
50-100 km in diameter, crater like depressions have been
identified on Psyche [2, 6]. We used the CHESS (Colli-
sional Histories in the Early Solar System) Monte Carlo
code [15], coupled with π-group scaling relationships [16]
and constants derived from our numerical simulations for
dunite, iron and porous iron, to determine how the size of
the craters produced by the impacting population varies
with target material.

Our modelled impact size-frequency distributions sug-
gest that for a bombardment period of 3 Gyrs the largest
crater expected on Psyche is about 100 km for a silicate
(dunite) target, about 50 km for a porous iron surface and
about 35 km for a dense nonporous iron surface. A com-

parison between our modelled impact size-frequency dis-
tributions and the preliminary observations of crater-like
depressions [2, 6] suggests that the Psyche spacecraft will
most likely find an old asteroid surface. If the surface is
rocky, then Psyche would most likely be about 3 Gyrs. A
younger asteroid surface would have a lower impact prob-
ability, while an older surface would have a more numer-
ous large crater population than currently observed. In a
porous iron surface scenario, our size-frequency distribu-
tions suggests that Psyche would be about 4 Gyrs, while in
a non-porous iron scenario, Psyche could be as old as 4.5
Gyrs. Therefore none of the scenarios simulated here can
be excluded on the basis of the current observed craters.

More accurate measurements of the large craters on
Psyche will better estimate the surface age or the surface
material, however such measurements might not be avail-
able until the arrival of ‘Psyche’ at Psyche. The numeri-
cal simulations and the results presented here represent a
first step towards understanding asteroids like Psyche and
provide insight into the diversity of possible crater popu-
lations that might be observed when the spacecraft arrives
at its destination.
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