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Introduction: Impact crater populations on planetary
surfaces can reveal a large amount of information about
the bombardment history of the planet. However, to de-
code these cratering records and extract detail of the im-
pacting population and the surface age of the planet re-
quires a method to convert the impact parameters (size,
velocity, angle, etc.) and target properties (strength, grav-
ity, density) to a crater size and shape, known as crater
scaling. While recent progress has improved our under-
standing of crater scaling for small, simple craters and the
largest (>300-km) impact basins, impactor-to-crater scal-
ing of mid-sized, so-called “complex” craters, 10-300 km
in diameter is less well constrained.

Numerical simulations of crater formation are used to
bridge the gap between observations of existing craters
and laboratory scale impact experiments. Most previous
numerical models of complex crater formation have as-
sumed a vertical incidence angle (to allow the simulations
to be run more expediently in 2D). However, the most
likely impact angle is 45◦, and 90% of all impacts occur
at angles <70◦ from the target plane. When studies have
simulated oblique impacts they have often used a reduced
impact speed to mitigate the additional computational ex-
pense of a fully 3D calculation [e.g., 1]. In this work, we
simulate complex crater formation in 3D to constrain the
effects of impact angle and velocity on crater scaling and
to provide insight into kinematic differences in crater col-
lapse following an oblique impact.

Modeling: We simulated oblique incidence impact
events using the iSALE3D shock physics code [1–4]. The
target was composed of a 33 km thick granitic crust over-
lying a dunite mantle, with Earth’s gravity. Both materi-
als used an ANEOS-derived tabular equation of state [5,
6]. The acoustic fluidization “block model” was used to
allow late-stage collapse of the transient crater [7]. Im-
pactors had diameters (L) of 6, 9 and 14 km, and impact
angles (θ) ranged from 30 to 90◦. Impact velocity (v) was
varied between 10 and 40 km s−1. The impacts produced
final craters ranging in diameter from 60 to 170 km. All
models had a resolution of 14 cppr (cells per projectile ra-
dius), resulting in cells sizes of 222.2, 320 and 500 m for
the three different impactor sizes.

Transient crater diameters at the pre-impact level were
calculated at the time of maximum crater volume. A
typical simulation is shown in Fig. 1, for L = 14 km,
v = 20 km s−1 and θ = 45◦. The crater reaches its maxi-
mum depth at t = 20 s, (Fig. 1a), its maximum volume at

t = 65 s (Fig. 1b) and by 500 s, modification has ended
and the crater has reached its final morphology (Fig. 1c).

Oblique impact crater scaling: Well-established π-
group crater scaling for large craters relates the scaled
transient crater diameter (πD = Dtr(ρ/m)1/3) to the
gravity-scaled size (π2 = gL/v2), where ρ is the target
density, m is the impactor mass, Dtr is the transient di-
ameter and g is the surface gravity. For vertical impacts
this relationship can be expressed as a power law:

πD = CDπ
−β
2 , (1)

where CD and β are constants [e.g., 8].
To extend Eq. 1 to oblique impacts, an often-used as-

sumption is to replace the impact velocity with the ver-
tical component of the impact velocity. In this case,
the gravity-scaled size becomes π2 = gL/(v sin θ)2. In
the scaling relationship often used for large-scale crater-
ing, β = 0.22 [8], and thus according to this assump-
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Figure 1: Snapshots from a simulation of a 14 km diam-
eter impactor with a velocity of 20 km s−1 and an impact
angle of 45◦. The three frames show the crater at its (a)
maximum depth (b) maximum volume and (c) final mor-
phology. The grey circle in (a) shows the size and location
of the impactor at the point of impact, and the arrow shows
its trajectory.
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tion, transient crater diameter would scale with sin0.44(θ).
However, our simulations suggest that the dependence
of crater diameter on impact angle is much weaker, and
that transient diameter instead scales approximately with
sin0.19(θ) (Fig. 2). This is similar to the dependence
found in previous models of relatively low-speed oblique
impacts [1].

Final crater scaling: The scaling of final crater di-
ameter with impactor and target parameters depends on
both the transient crater scaling relationship (Eq. 1) and
an enlargement factor ≈1.3-2 that relates final to transient
crater diameter. This factor is often determined by simple
geometric models of crater collapse constrained by com-
plex crater observations, and increases with crater diame-
ter [e.g., 9, 10].

Our simulations, which include both crater growth and
gravitational collapse, produce final crater diameters that
agree well with a recent modified complex crater scaling
relationship [10] for vertical impacts (Fig. 3), but predict
slightly larger crater diameters for oblique impacts be-
cause of the relatively weak dependence of transient crater
size on impact angle observed in our simulations com-
pared with the dependence assumed by [10]. Despite this
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Figure 2: Transient crater diameter as a function of im-
pact angle, scaled to the normal-incidence diameter.
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Figure 3: Scaled final crater diameter (Df/L) as a func-
tion of gravity, g, impactor diameter, L, simple-complex
transition diameter, DSC and velocity, v.

good agreement, our simulations tend to slightly under-
estimate transient crater size and overestimate the crater
collapse enlargement factor. This may be a consequence
of the ambiguity in defining the transient crater diame-
ter of a complex crater. In large craters, rebound of the
floor can start before the rim diameter has finished grow-
ing, halting the volume growth well before the onset of
rim collapse. In oblique impacts, the time of the cessation
of crater growth can further vary depending on azimuth
from the crater center, making the measurement of the
‘transient crater’ even less precise. In our simulations, the
ratio of final crater diameter to transient crater diameter
is between 1.9 and 2.1, which is broadly consistent with
previous complex crater collapse scaling [9], but larger
than the model favoured by [10]. This collapse factor is
not strongly correlated with impact angle, velocity or im-
pactor size.

Conclusions: We have simulated complex crater for-
mation on Earth for a range of impact angles and veloci-
ties. The final diameters of our simulated craters are con-
sistent with existing scaling relationships for vertical im-
pacts, and suggest that oblique impacts may be more ef-
ficient than commonly assumed. Our extensive dataset of
oblique impact complex crater simulations also contains
a wealth of morphometric and structural information that
can be used to better characterise the influence of impact
angle and speed on crater and ejecta asymmetry.
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