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Introduction: M-type asteroids are widely believed to
be the exposed cores of differentiated planetesimals [1].
Observations of asteroid (16) Psyche, the most massive
M-type asteroid in the main belt [1], revealed an unusually
high radar albedo which is consistent with iron-nickel me-
teorites observed in the laboratory [2] and a much larger
thermal inertia than that observed in other asteroids [3].
In addition to the high density estimates, in the 3.8–4.6
g/cm3 range [2, 4, 5], these observations represent com-
pelling evidence for a metal-rich surface.

The asteroid will be visited by the Discovery-class mis-
sion ‘Psyche’ [6, 7], which will be launched in 2022 and
arrive at Psyche in 2026, after 21 months in orbit. The
mission will determine: whether Psyche is comprised of
highly reduced material that never melted [6] or whether it
is an exposed metal core of a protoplanet; the relative ages
of surface materials; and the topography of the asteroid.

One hypothesis to explain Psyche’s metal composition
supposes that most of the primitive crust and mantle of the
differentiated progenitor asteroid was stripped off by hit-
and-run collisions, leaving behind a bare core [8]. How-
ever, according to recent modelling, hit-and-run collisions
are not able to strip off the entirety of the mantle, with-
out disrupting the core. It has been proposed that the re-
maining silicate fragments were removed by subsequent
smaller collisions and micrometeorite impacts [9], pro-
ducing a regolith layer of metal intermixed with a small
fraction of silicates.

Here we present simulations of impacts on Psyche after
hit-and-run collisions stripped the bulk of its mantle. We
explore the size and morphology of craters resulting from
different impact scenarios, and quantify the efficiency of
small impacts in eroding residual silicate mantles of dif-
ferent thicknesses on a post hit-and-run Psyche.

Numerical Methods: We used the iSALE 2D shock
physics code [10, 11] to simulate impacts into post hit-
and-run Psyche. We considered three different scenarios:

a) Impacts into an intact iron core covered by a thin
layer of silicate regolith. This was the main impact sce-
nario modelled and it assumed that Psyche started as a
Vesta-like body [12, 13], that then experienced several hit-
and-run collisions, which stripped off most of the mantle
material. Our impact simulations of subsequent impacts
were performed into a two-layer target, where the mantle
was only several tens of km. The upper layer, the man-
tle, was modelled using the ANEOS [14] EOS for dunite

[15] and a strength model typical for rock materials, in
which strength is reduced with strain as damage accumu-
lates [10]. The lower layer, the iron core, was modelled
using the ANEOS EOS for iron and the Johnson-Cook
strength model [16]. The thickness of the mantle to the
impactor radius ratio, h/a, was varied between 0.5 and 8.

b) Impacts into non-porous intact iron targets. To un-
derstand the morphology and size of a crater formed into
an exposed core, this impact scenario considered that the
entirety of the silicate mantle was removed by hit-and-run
collisions and subsequent impacts. Therefore, the impact
simulations were performed into a non-porous iron target.

c) Impacts into a shattered iron target, with 40% poros-
ity. This impact scenario follows the same rationale as in
b), but in this case the hit-and-run collisions shattered the
core, leaving behind a rubble pile. The target was mod-
elled using the Johnson-Cook strength and damage mod-
els for Armco iron [17].

In all simulations, the impactor was modelled as a 10
km diameter dunite sphere, at 5 and 10 km/s. Tracer par-
ticles were placed across the high-resolution domain and
their mass and velocity were recorded if they crossed a
fixed altitude, equal to one impactor diameter. Tracers
that crossed this line were identified as ejecta in post-
processing if their maximum speed exceeded the escape
velocity of the target.

Crater size: In scenario a), the impactor’s kinetic en-
ergy is dissipated into the dunite mantle layer, causing a
shallower crater to be formed in the core (Fig. 1a), com-
pared to the non-layered scenario b), where the 10 km
dunite sphere at 5 km/s produced a simple bowl shaped
crater, with a diameter of ≈ 40 km (Fig. 1b). For the same
impact conditions, an impact into a damaged, porous iron
core (Fig. 1c) results in a slightly wider, ≈ 50 km diame-
ter, but much deeper crater.

Ejected mass: We investigated the ejected mass from
a 10 km dunite sphere impacting a two-layer Psyche tar-
get, at 5 and 10 km/s (scenario a)). Figure 2 shows ejected
mantle mass and total ejected mass, as a function of the
upper layer thickness, normalised by the impactor radius,
h/a. The ejected mass for each simulation is normalised
by the amount of ejected mass from an equivalent impact
into a half-space mantle target, with no lower layer.

For very thin mantle layers, the ejected material origi-
nated from both the mantle and the core, and its total mass
was lower than in the homogeneous mantle case. On the
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Figure 1: Crater morphologies for impacts into three dif-
ferent Psyche target scenarios: a) intact iron core with a
dunite mantle, b) intact iron core, and c) porous (40%)
damaged iron core.

other hand, impacts into mantle layers with 1 < h/a < 3
ejected up to 60% more mantle mass than in the homoge-
neous mantle case. Due to the difference in the mechan-
ical impedance (the product of density and wave speed)
between the upper and lower layers, the shock wave re-
flects at the boundary, being only partially transmitted into
the substrate. As a result, more energy is retained in the
shallow subsurface, which amplifies ejection speeds in the
upper layer. For impacts into mantle layers with h/a > 5,
the influence of the core on the excavation flow is no
longer significant and the total ejected mass converges to
the mass ejected in the homogeneous mantle case.

We found that there is clearly an amplification in the
amount of ejected mantle mass in thin-mantle impact sce-
narios, compared to impacts into thick mantles, caused by
the proximity of the iron core to the surface. However, de-
spite this amplification, ejection of mantle material from
inside the crater does not appear to be sufficient to erode
a residual mantle with a thickness of several km or more.
Based on models of Pysche’s expected impact flux, the
best-case scenario predicts that only a few km of mantle
could have eroded been by small impacts (<20 km diame-
ter). This suggests that either hit-and-run collisions were

0 2 4 6 8
Mantle thickness, h/a

0.0

0.5

1.0

1.5

2.0

To
ta

l e
je

ct
ed

 m
as

s, 
M

h/M U = 5 km/s
U = 10 km/s

Figure 2: Total ejected target mass (dashed line) and total
ejected mantle mass (solid line) from scenario a) impacts,
normalised by the amount of mass ejected in a dunite half-
space impact simulation, as a function of normalised man-
tle thickness.

more efficient at eroding the mantle than anticipated, or
that other mechanisms are responsible for removing the
residual mantle. One potential mechanism currently un-
der investigation is impact-induced spallation of mantle
on the opposite side of Psyche to the impact, in high-
energy sub-catastrophic disruption collisions.

Conclusions: Numerical simulations of impacts into
analogue Psyche targets suggest that in a two-layer
mantle-core scenario, close proximity of the core to the
surface would enable impacts to be up to 60% more effi-
cient at removing silicate mantle covering the core. How-
ever, mantle stripping by impacts via crater ejecta is only
capable of eroding a few km of mantle on Psyche.
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