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Introduction:  Magma oceans were common in the 

early solar system, whether produced by accretion 

energy [1,2], metal-silicate differentiation [3] or 

radiogenic heating [4,5].  As the number of small 

bodies, and so the frequency of impacts, was much 

higher than today, impacts onto bodies hosting a magma 

ocean would also have been common.  This is especially 

true for magma oceans created as a result of giant 

impacts during the assembly of the terrestrial planets, 

since the initial giant impact will release large quantities 

of debris into heliocentric orbit that then forms a 

massive reservoir of impactors.  Even under the rather 

gentle canonical scenario for the formation of the Moon 

around 1.3 Lunar masses of material is launched into 

heliocentric orbit [6].  The heavy impact bombardment 

this leads to on a post-giant impact body can mean that 

impacts are an important energy source for the magma 

ocean. 

On smaller worlds like the Moon, and possibly 

Mercury, buoyant phases that rise to the surface of the 

magma ocean can form a flotation crust [7].  

Meanwhile, asteroids that undergo internal melting due 

to radiogenic heating may retain a primitive crust that is 

never melted [8].  These surface lids are very important 

in the thermal evolution of the magma oceans, acting as 

a thick insulating blanket.  In such cases impacts have 

another important effect, as they can puncture the 

insulating lid, exposing magma to space and allowing 

enhanced cooling.  The balance between cooling due to 

magma exposure and heating from the input of impact 

kinetic energy depends on the size of the holes produced 

by impactors of a given size and impact velocity [9]. 

We examine this process of hole production in 

magma ocean flotation crusts, focusing on the case of 

bombardment of the lunar magma ocean by returning 

debris from the formation of the Moon. 

Methods: We use the well-established iSALE shock 

physics code [10,11,12] to simulate impacts into the 

flotation crust over the lunar magma ocean.  We 

examine a range of impactor sizes, impact velocities and 

crustal thicknesses.  Our Moon is constructed with a 

dunite mantle and a granite crust using the ANEOS 

equation of state [13].  These material choices satisfy 

our two primary criteria; that the solid crust is less dense 

than the liquid mantle, and that the crust has a higher 

melting temperature than the mantle.  We also note that 

[14] found that the exact equation of state used is less 

important than the relative densities.  The depth of the 

liquid magma layer is determined by the crossing point 

of the mantle adiabat and melting temperature-pressure 

curve.  This depth is matched to that in [15] for the 

appropriate crustal thickness by adjusting the 

temperature at the base of the crust.  Impacts are 

simulated in a half-space setup as shown in Fig. 1. 

 

Figure 1: iSALE simulation of 10 km diameter object impacting 10 km thick crust at 5 km/s, snapshot at 4000s.  At 

this time the simulation volume is very well settled into a post-impact equilibrium. The liquid magma ocean is 90 km 

deep. The left-hand pane shows the damage factor (the liquid magma is strengthless and so completely damaged), the 

right-hand pane shows the temperature. The black contours indicate the boundary between crust and mantle materials.  

This is an example of a partial penetration. 
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Results: We identify 4 classes of impact outcomes 

for impacts striking flotation crust: 

1) ‘Classical’ cratering, in which the impactor 

creates a classical circular crater-form at the 

surface within a hemispherical volume of 

fractured crust. 

2) Cratering with full-depth fracturing, in which 

the surface expression is still largely a classical 

circular crater, but in which the fracture volume 

extends the full depth of the crust, becoming 

largely cylindrical rather than hemispherical. 

3) Partial penetration, in which the impactor 

breaches the base of the crust, but collapse of the 

transient crater and the resultant inflow of crustal 

material re-seals the hole with a thinned layer of 

crust. 

4) Complete penetration, in which the impactor 

breaches the base of the crust and inflow of 

crustal material following the collapse of the 

transient crater is not sufficient to close the hole, 

leaving liquid magma directly exposed to the 

surface. 

In Fig. 1 we show an example of the state of the crust 

at the end of one of our simulations, here for a 10 km 

impactor at 5 km/s into crust 10 km deep (corresponding 

to a magma ocean depth of 90 km).  This is a good 

example of a partial penetration, demonstrating the key 

features of this class of outcome.  The crust profile bears 

similarities to an inverted crater.  There is a central 

region around 20 km in diameter in which the crust is 

thinned to around 6-7 km, including a ~1-2 km deep 

magma pool at the surface.  This is then surrounded by 

a broad ‘rim’ of thickened crust that reaches a maximum 

of around 12 km thick.  Beyond around 60 km from the 

impact epicentre the crust retains its initial thickness, 

but is still extensively fractured even out to distances of 

well over 100 km. 

In Fig. 2 we then show a compilation of our results 

comparing an estimate of the work required to excavate 

a crater or hole (mass of material removed multiplied by 

acceleration due to gravity and depth of cavity) to the 

kinetic energy of the impact.  Points with black outlines 

show those impacts that result in partial or complete 

penetration, while those without outlines show cratering 

outcomes.  The black line is a best fit to the penetrating 

points and has a slope very close to 1 with the 

penetrating points showing a close correlation with little 

scatter.  This indicates that there is a direction scaling 

between impact energy and hole excavation, with an 

efficiency of around 5%.  This contrasts with the 

cratering outcomes, which show a steeper slope, 

illustrating that, as expected from typical crater scaling 

relations, kinetic energy is not the sole determinant of 

material excavation volume in cratering. 
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Figure 2: A measure of the work required to 

remove crust from a hole or crater compared to the 

impact kinetic energy.  Colours indicate the 

thickness of crust being impacted, points with black 

outlines are penetrating (partial or complete) 

outcomes, points with no outline are cratering 

outcomes. 
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