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Introduction: Collisions between planetesimals were
common events in the early Solar System. Recent work
has suggested that impacts may provide a significant heat
source as a complement to heating from short-lived ra-
dionuclide decay, especially in collisions between porous
planetesimals [1]. Almost all impacts occur with oblique
incidence. The most common impact angle is 45◦ from
the horizontal, and the probability of an impact occurring
at an angle < 70◦ from the horizontal is ∼ 90%. How-
ever, to date the effect of impact obliquity has not been
accounted for in studies of collisional heating.

The effect of impact angle on crater shape is well doc-
umented: the crater size has been shown to scale with a
dependence on sin(θ) for impacts in the gravity regime,
and with sin2(θ) in the strength regime [2]. However,
Pierazzo (2000) [3] showed that the volume of material
heated in an impact depends on the transient crater vol-
ume (which has a dependence on ∼ sin1.3(θ) for plane-
tary impacts [2,4]). In that pioneering study, the effects
of porosity were not accounted for, and the results apply
only for the case of an impact onto a planar target surface.
The influence of target curvature on heating in oblique
collisions has not previously been investigated.

Modeling: Here, we use the iSALE3D shock physics
model [5,6] to investigate the effects of impact angle on
heating in collisions between planetesimals, for a range
of target curvatures and initial porosities. iSALE3D has
previously been used to simulate oblique impacts into
high strength materials [7] and for a range of gravity and
strength dominated craters [6]. For this work, we have
implemented the ε–α porous compaction model [8,9] in
iSALE3D. We use Lagrangian tracer particles to record
the peak shock pressure experienced by the material, and
use the same method used in [1] to determine the mass of
material heated during the impact.

Simulations were performed over a large parameter
space. Parameters studied include the initial porosity
(φ = 0 – 50%), the impact angle (θ = 90◦ – 15◦ mea-
sured from the horizontal tangent to the target surface)
and target curvature (ratio of impactor-to-target radius,
Ri/Rt = 0 – 0.2, where 0 is a planar target). The ini-
tial temperature of the material was 300 K, and the impact
velocity was 4 km s−1.

Results: The sum of the mass of all tracer particles
that experienced a peak-shock pressure required to yield
a range of post-shock temperatures was recorded for each
simulation. In Figure 1, the results for three different tar-
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Figure 1: The influence of impact angle and target curva-
ture on impact heating, for collisions between planetesi-
mals with an initial porosity of 50%. The ordinate axis
shows the mass of material heated to 400 K, normalized
by the mass heated to 400 K in the impact with a nor-
mal incidence angle. Impact angle is measured from the
horizontal tangent to the target surface.

get curvatures from a suite of simulations with an initial
porosity of 50% are presented, showing the mass heated
to 400 K, normalized by the heated mass in the normal
incidence impact. At more oblique impact angles, the
mass heated to a given temperature depends on the tar-
get curvature: the larger the impactor with respect to the
target, the smaller the heated mass of material (relative
to the heated mass in the normal incidence impact). This
result is repeated in simulations with initial porosities of
0% and 20%. The amount of mass heated in the target
is more dependent on the impact angle than the amount
of mass heated in the projectile is — in all but the most
oblique angles (θ > 30◦), the majority of the projectile is
processed by the shock wave.

Figure 2 plots each tracer particle that originated in
the plane of impact (i.e. the plane that is is perpendic-
ular to the target plane and includes the impact trajec-
tory). Each particle is colored by its post-shock temper-
ature, and plotted in its initial, pre-impact position (fol-
lowing the scheme of [3]). The top row of figures shows
the heat distribution for impacts into a flat target plane
(Ri/Rt = 0.0), and the bottom row shows impacts with
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Ri/Rt = 0.2. Impact angles shown in Figure 2 are 90, 60
and 30◦. For θ = 90◦, there is little difference between
the two impacts. However, for θ = 60◦, a significant por-
tion of the heated target is downrange of the impact point.
In the collision into a curved surface, it is evident that
the mass of material that is ‘missing’ between the hori-
zontal tangent to the target plane at the impact point and
the target surface is responsible for the differences in the
amount of heating between the two collisions, as shown
in Figure 1. This is also shown, to a greater extent, in the
impacts with θ = 30◦.

Discussion: The target curvature has an influence on
the amount of material heated to a given post-shock tem-
perature. This effect is more pronounced for more oblique
impact angles. Therefore, to determine the heated mass,
one cannot simply use a scaling relation based on the im-
pact angle alone. Recent work [10] used a measure of the
mass of the projectile that would ‘interact’ with the target
body (Minteract) to determine the effect of impact angle
on the disruption criteria. However, for determining the
heated mass of material, a more important factor is the
available mass of the target, and how the shock wave in-
teracts with and processes that mass. So, while it is im-
portant to account for Minteract when calculating heated
mass, that approach does not resolve the ‘missing’ mass

between the target and curved surface. We will derive an-
alytic relationships between the heated mass and the influ-
ential impact parameters (target curvature and impact an-
gle) to account for both Minteract and the available mass
from the target. This will allow a quantitative comparison
of oblique collisional heating with the major heat source
for planetesimals, radionuclide decay.
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Figure 2: Heat distribution in the plane of impact for a range of impact angles. Tracer particles are plotted at their
initial, pre-impact position. Top row shows impacts into a flat target plane, bottom row shows impacts into a spherical
target, with Ri/Rt = 0.2.
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