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Introduction: Planetary-scale impacts, where the
resulting crater cavity diameter is a significant fraction
of the planet’s circumference, are commonly observed
in the Solar System: Caloris Basin on Mercury, South
Pole-Aitken Basin on the Moon, Hellas Basin and pos-
sibly the Northern Lowlands on Mars, Herschel Crater
on Mimas, and others. This size regime has not been
extensively studied, yet the sphericity of the target and
geometry of the gravity field are expected to signifi-
cantly affect material redistribution, and thus also melt
distribution. The change in crater properties with im-
pact angle may be more prominent. For specificity,
here we explore a large parameter space for planetary-
scale impacts on early Mars, focusing on the resulting
melt production and distribution, crustal excavation
boundary size and ellipticity, crustal redistribution,
depth of impactor penetration, antipodal disruption,
escaping and orbiting material, and angular momentum
transfer. Subsequent work will focus on impacts into
other planetary bodies.

Modeling: We use a 3 dimensional Smoothed Par-
ticle Hydrodynamics (SPH) model to simulate the im-
pacts (fig. 1). SPH is a Lagrangian method in which
matter is represented by point masses smoothed over a
particle radius. Pressure gradients and self-gravitating
forces accelerate the particles; there is no material
strength. SPH has been extensively used for simulating
the Moon-forming impact [1]. In our simulations we
nominally use 200,000 particles, giving a resolution
(particle diameter) of ~118 km; resolution effect stu-
dies show this to be sufficient to resolve the features of
interest. The semi-empirical Tillotson Equation of
State (EOS) is employed [2].

Figure 1. Simulation timestp (t = 0.58 hrs) for a
1.45x10% J, 10 km/s, 45° impact. Color represents
internal energy

We simulate impacts with velocities of 6 to 50
km/s (5 km/s is Mars escape velocity, 50 km/s is twice

Mars orbital velocity), impact angles of 0° (perpendi-
cular to planet surface), 15°, 30°, 45°, 60°, and 75°,
and impact energies of 0.02 — 5.9x10% J (nominal
2,300 to 12,000 km craters; [3]).

To allow the accurate evaluation of melt produc-
tion, a realistic planetary initial internal energy profile
was developed. Surface and core-mantle boundary
temperatures were set to those of parameterized con-
vection models [4], and an adiabatic compression heat-
ing profile with depth was imposed to calculate mantle
and core internal energies. The resulting pressure pro-
file and core size are within the expected range [6, 7].
The bulk materials for the mantle and core are taken to
be olivine and iron, respectively. An olivine (Foss)
EOS in the Tillotson formulation was developed [5]. A
pressure-dependent forsterite melting criterion is used
[8].

Results: The simulation results underscore the dif-
ferences between small (well approximated by explo-
sions in a half-space) and planetary-scale impact
processes (where surface curvature and radial gravity
are important).
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Figure 2. Melt production in terms of Global Equiva-

lent Layer (GEL) depths; velocity averaged for each

energy. 1 GEL km = 5.1x10* kg.

We find that melt production chiefly scales with
impact energy (approximately linearly) and impact
angle (inversely), but is also affected by impact veloci-
ty. Despite the large representative melt GEL depths
that result from the most energetic impacts (fig. 2), the
distribution of melt on the surface is highly heteroge-
neous, with only ~30% of the melt distributed on the
surface outside of the crustal excavation boundary.
Only for the highest energy, slow and low angle im-
pacts, is more than half of the surface covered by melt,
thus possibly resetting the surface and removing all
evidence of the impact event.
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The impacts are sufficiently energetic to penetrate
into the mantle and excavate the overlying crust. The
resulting crustal excavation boundary for a given im-
pact energy is generally smaller than is predicted by
small (half-space) crater scaling laws. For a given im-
pact energy, increasing both impact velocity and angle
significantly reduces the crustal excavation boundary.
With increasing impact energy, the elongation result-
ing by an off-axis impact becomes apparent at smaller
angles. For small craters, ellipticity is significant only
for highly oblique impacts [9], highlighting the differ-
ences in the expression of small, half-space craters and
planetary-scale impacts.

Planetary-scale impacts result in ejection distances
comparable to the planetary circumference. This, to-
gether with the effect of surface curvature, results in
the distribution of material over a larger surface area.
We find that for impact energies > 10%° J and angles <
45°, the ejecta does not lead to annular thickening
around the excavation boundary. For highly oblique
impacts (> 45°) as well as for lower impact energies,
annular crustal thickening is present (fig. 3).
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Figure 3. Crustal redistribution for low (5.4x10% J,
top) and high (3.1x10% J, bottom) energy impacts. In
both cases impact velocity is 10 km/s and angle is 0°.
Antipodal disruption is present at the higher energy.

Penetration depth scales approximately linearly
with momentum, as expected, and is modulated by
impact angle. The highest momentum impacts reach
the bottom of the mantle, however, no mixing with
core material occurs. High amplitude planetary surface
oscillations result from these energetic impacts, and
may encourage volcanism due to a weakened lithos-
phere [10].

Antipodal disruption, including crustal removal
and surface melting, is present for all energetic (> 10%
J), faster (> 6 km/s), and less oblique impacts (< 45°).

In the parameter range investigated, the size of the
antipodal disruption seen is up to 70° in diameter. For
oblique impacts, the center of the disrupted zone is not
antipodally aligned with the center of the crustal exca-
vation boundary, with a maximum deviation of 25°.

All impact simulations result in orbiting material,
down to the mass (particle) resolution. The highest
ejected mass, for a given energy, is by slow (large),
highly oblique impacts, yet the amount is only a frac-
tion of the impactor’s mass. However, impacts with
velocities above ~20 km/s are erosive, a result with
relevance to accretion simulations.

The simulations show that planetary-scale impacts
can contribute sufficient angular momentum to give a
Mars-like planet a rotational period of order a day. The
fastest rotation rates result from slow, ~45° impacts .
The size of impactors and impact velocities expected at
the end of planetary accretion [11], as well as the most
likely impact angle [12], are similar to the impact con-
ditions shown by our simulations to produce an about
1 day rotational period on an initially stationary Mars.

The characterization of planetary-scale impacts is
especially interesting with respect to understanding the
impactors responsible for known impact structures,
such as Hellas Basin (2000 km diameter). We have
also applied our results to assess whether Mars’ North-
ern Lowlands may be the result of a single large im-
pact [3]. Our simulations show that a ~3x10% T (no-
minal 10,000 km crater) impact at 6 km/s and at a 45°
angle produces features which are consistent with the
Northern Lowlands characteristics [5].

The effects of differentiated impactors, as well as
impacts into planets with smaller and larger relative
core sizes than Mars are currently being investigated.
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