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Introduction:
Planetary collisions play an
important role in the compositional and thermal
evolution of the planetary system. The final stage of
planet formation is characterized by collisions of large
bodies. The Moon-forming impact event is thought to
be Earth’s last giant collision event, marking the end of
the main accretion phase of the Earth. This large event
(re)set the conditions for the subsequent
thermochemical evolution of both bodies, Earth and
Moon. Large parts of proto-Earth are thought to melt as
a consequence of the impact [e.g. 1] and the extent of
melting affects the evolution of the Earth’s interior and
atmosphere. It is critical to address the initial conditions
of the proto-Earth and the volume and shape of a
possible magma ocean after the impact to understand
the Earth’s subsequent evolution.
To investigate the subsequent thermochemical
evolution after the impact of a Mars-size object, and to
quantify the volume of melt production, we carried out
numerical simulations of the Moon-forming impact
event considering different impact scenarios. Different
impact conditions affect the amount of melting leading
to either a global or partial magma ocean.
Methods: Previously, the Moon-forming giant
impact was modeled with mesh-free so-called smoothed
particle hydrodynamics (SPH [1, 2, 3]). In contrast, our
new models are based on an ALE (ArbitraryLangrangian-Eulerian) code with a fixed grid in space
which tend to be more accurate in the description of
thermodynamics and shock waves. The threedimensional (3D) iSALE code [4, 5] is used to model
Moon-forming impact scenarios. iSALE accounts for
multi-material and strength. We also compare
simulation results from our iSALE code with SPH
models for benchmarking ([1]). SPH uses self-gravity,
whereas iSALE uses central gravity.
For the Moon-forming models, the core of protoEarth is represented by the Analytical Equation of State
(ANEOS, [6]) for iron and the mantle by ANEOS for
dunite. We take into account two different initial
thermal profiles [7] (cold and warm) for proto-Earth
(Fig.1). The impactor has a dunitic material without an
iron core. In all our simulations the impactor
corresponds to a Mars-size object impacting onto protoEarth. We vary the impact angle (15° to 90°) and impact
velocities (12 to 20 km/s), systematically.

Figure 1: Thermal profile for a cold and warm Earth
including a solidus function.

In order to quantify the volume of impact-induced
melt, we use the so-called peak-shock pressure
approach (‘Tracer method’) that has been used in
several modeling studies [8,9] and is described in more
detail by [10]. It is based on the assumption that the
shock wave-induced increase in temperature is
proportional to the maximum shock pressure the
material experiences.

Fig. 2: Comparison of pressure evolution for a canonical
Moon-forming impact event using two different numerical
approaches: a mesh-free smooth particle hydrodynamics
code (left), a grid-based Eulerian shock physics code
iSALE (right).

Results: The benchmark study shows a good
agreement of the two different numerical approaches
with respect to pressure evolution as seen in Fig. 2. Here
we consider a canonical impact scenario with a
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moderate impact angle of 41° and an impact velocity of
Earth’s escape velocity. Previous SPH simulations
suggest that the majority of mantle material experiences
melting (between 68 and 80% mantle melting [1])
pointing to the existence of a global magma ocean with
a base close to the core-mantle boundary in both impact
scenarios [1]. The melt production obtained by the
iSALE simulation is at least for the standard impact
scenario smaller and only partial melting occurs in the
canonical impact model.
Looking at the melt production in iSALE models for
different Moon-forming impact scenarios the amount of
melt decreases with decreasing impact angle (Fig. 3).
For all impact angles a global magma ocean is observed.
The depth of the magma ocean increases with increasing
impact angle. Melting reaches the core-mantleboundary for impacts at angles >45°.

Fig. 3: Melt production and distribution for a Moonforming impact event of impact velocity 15km/s and a
warm initial profile, considering different impact angles
ranging from very shallow to the most likely case of a 45°
impact angle.

Figure 4 illustrates the melt efficiency for the
different scenarios as a function of impact angle. The
melt efficiency is given by the melt volume normalized
by the projectile volume. The presented results show
that not only with increasing impact angle but also with
increasing impact velocity and warmer thermal
conditions, melt production increases. The effect of the
pre-impact temperature is more pronounced for impacts
at steeper angles. The volume of melt decreases by
about 60% for impacts from 45° down to 15°, which is
consistent with data from [11]. For a 45° impact angle,
in all scenarios, 20% of mantle material is molten and
about 50% of mantle melting occurs for the warm and
fastest impact scenario.
Our models suggest that in impact scenarios with
impact angles >15° at 12km/s (~ escape velocity) a
global magma ocean is formed although complete
melting of the mantle is unlikely.
The presence of the Earth’s core has a limiting effect
on the melt production as simulations without a core
have shown (not shown here).
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Fig. 4: Melt efficiency (Melt volume per projectile volume)
as a function of impact angle for the impact scenarios
varying the initial thermal profile of Earth and the impact
velocity ranging from 12 to 20 km/s.

Conclusion/Discussion: Numerical simulations of
Moon-forming impact scenarios allow for quantifying
the melt production as a function of impact angle,
velocity and initial thermal state. In all our simulations
the Moon-forming impact scenarios produce a global
magma ocean. A warm proto-Earth, larger impact
angles and larger impact velocities, produce a larger
amount of melt and melt distribution can reach the core
of proto-Earth. As iSALE neglects the presence of an
impactor core, this will underestimate melt production
assuming differentiated impactors would increase
melting.
In future work we will consider the additional
heating by plastic work and include self-gravity in our
simulations. We will also take into account
differentiated impactors and track the fate of the
impactor’s core in the course of crater formation. Of
particular interest is how the impactor core is dispersed
in Earth’s mantle and how much impactor and target
material is ejected and may even escape the Earth-Moon
system.
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