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Introduction: Nearly all asteroids impact a planet 

at oblique incident angles. Impact probability on a 
planet indicates that the most probable angle of impact 
is 45° from the surface plane, and ~ 50% of all impacts 
occur between 30° to 60° [1, 2]. Laboratory experi-
ments of oblique impacts show that the ejecta pattern 
varies significantly with incident angles [3, 4]. For 
example, the ejecta blanket changes from symmetric to 
asymmetric shape with more ejecta depositing in the 
downrange as the impact angle decreases. At certain 
impact angle, a V-shaped zone of avoidance (ZoA) 
emerges in the uprange due to the absence of ejecta 
deposits. For extremely low angle “grazing” cases, 
impacts even lead to a lack of ejecta in both the down-
range and the uprange, forming a “butterfly” ejecta 
pattern.  

Similar ejecta patterns between tens-to-hundreds 
kilometer-scale craters (or basins) on the Moon and 
centimeter-scale craters in laboratory experiments have 
been observed [5]. As a consequence, the results of 
laboratory experiments have been extrapolated to infer 
the corresponding impact angles from remote-sensing 
observations for impact craters (or basins) on the 
Moon. However, the ejecta patterns of large-scale cra-
ters (or basins) and laboratory craters with similar im-
pact angles may be different owing to their difference 
in scales. It was suggested that the asymmetry level of 
the ejecta pattern is controlled by cratering efficiency, 
which is related to impact angles [6-8] and the scaling 
parameter π2 = 1.61gd/U2 for gravity-dominated craters 
[9], where g is the gravity of target, and d, U are diam-
eter and velocity of the impactor. In the gravi-
ty-dominated crater-forming regime, the size of aster-
oids hitting the Moon varies from several hundred me-
ters to tens of kilometers, and the impact velocity var-
ies from about 10 to 30 km/s [e.g., 10]. Therefore, 
kilometer-scale crater-forming impacts on the Moon 
have much larger π2 than those from laboratory ex-
periments, which may produce different ejecta patterns 
from the laboratory experiments for impacts with sim-
ilar angles. Here, we use three-dimensional shock 
physics simulation to bridge the gap between labora-
tory experiments and large-scale natural impacts oc-
curred on the Moon, and focus on the combined effect 
of impact angles and impactor diameters on the ejecta 
patterns. 

Numerical Modeling: We use the iSALE-3D 
shock physics code [7] to simulate the cratering pro-
cess of oblique impacts. We vary the impactor diame-

ter (from 1 km to 120 km) and angles (20o, 30o, 45o, 
and 60o) for a typical impact velocity of 15 km/s, as-
suming the impactor and target materials are both dun-
ite in our simulations. For each model, we simulate the 
entire excavation stage and track the launch velocities 
and positions when materials move above the 
pre-impact surface. We then calculate the ejecta depo-
sition on a flat surface assuming parabolic trajectories. 
The ejecta thickness at any evenly spaced grid point 
over the deposition surface is calculated by dividing 
the total volume of tracers landing on each grid by the 
grid area. We consider the effect of the ejecta flow on 
the final deposition pattern is limited without signifi-
cant sliding after ejecta hit the surface, and we do not 
take into account the effects of secondary cratering and 
local topographies. 

Results and Discussion: Our modeled ejecta pat-
terns for 6- and 60-km-diameter impactors are shown, 
for comparison, in Figs. 1 and 2. A contour level at 
ejecta thickness equal to 0.001 impactor radius is rep-
resentative of the ejecta blanket (ejecta pattern) outline 
in our simulations. For the 6-km impactor (Fig. 1), the 
ejecta patterns with relatively low impact angles of 20° 
and 30° are characterized by a notable V-shaped ZoA 
lacking ejecta deposits in the uprange. No uprange 
ZoA can be found at greater impact angles of 45° and 
60°, although the ejecta patterns are still asymmetric, 
with the entire ejecta blanket offset towards the down-
range.  

 
Figure 1. Ejecta patterns of oblique impacts at varied impact 
angles produced by a 6-km-diameter impactor. The impact 
direction is from right to left. Distances from the impact 
center are normalized by the transient crater radius, Rtr. 
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For the 60-km-diameter impactor (Fig. 2), an up-
range ZoA can be recognized at all four impact angles. 
Especially, an ejecta pattern of “butterfly” shape can 
be clearly seen at an impact angle of 20°, strikingly 
different from the 6-km-diameter impact case. Our 
results show that a larger π2 (due to larger impactor) 
produces uprange ZoA at higher impact angles.  

 

 
Figure 2. Similar to Fig. 1 but for a 60-km-diameter im-
pactor. 
 

We then define a single metric ΔZoA, which is the 
distance between the vertex of uprange ZoA and the 
crater center (Fig. 3a), to quantify the asymmetry level 
of the ejecta pattern. A smaller ΔZoA is associated 
with a more “butterfly”-like ejecta pattern (see the 
ejecta patterns in Fig. 1 and Fig. 2), while a larger 
ΔZoA indicates more symmetric patterns.  

Using this ΔZoA, we further quantify the effects of 
impactor sizes and impact angles. Fig 3a clearly shows 
that the normalized ΔZoA decreases with increasing 
impactor-to-crater-diameter ratio d/Dtr, where d and Dtr 
are diameters of the impactor and the transient crater. 
This normalization is helpful to reduce data scattering, 
as data points in Fig. 3a now roughly lie on the same 
curve for all simulations. Fig. 3b shows the value of 
ΔZoA decreases with impact angles for the same im-
pactor diameter. Note that for the 1-km- and 
6-km-diameter impactors, no uprange ZoA is recog-
nizable (within 10 times crater radii) at impact angles 
larger than 20° and 45°, respectively. The ZoA vertex 
could be closer to the crater rim for real craters on 
planets due to enlargement of crater diameter under 
gravitational collapse [e.g., 11].  

Figure 3. The normalized ΔZoA as a function of (a) im-
pactor-to-crater-diameter ratio and (b) impact angle. The 
schematic diagram in (a) demonstrates our definition of 
ΔZoA. The arrow indicates impact direction. 

We also ran a suite of simulations (results not 
shown here) at impact velocities of 10–30 km/s. The 
effects of impact velocity on the ejecta pattern, espe-
cially for larger craters, are limited comparing with the 
impactor size and angle. We note that as ejecta patterns 
also depend on gravity, the ejecta pattern is expected to 
be different for similar impacts on planets with differ-
ent gravitational acceleration.  

Conclusions: We numerically simulate the for-
mation process of tens-to-hundreds kilometer-scale 
craters on the Moon and investigate their ejecta pat-
terns as a function of impactor diameter and impact 
angle. Our results show that larger impactors produce 
more asymmetric ejecta patterns at the same impact 
angle, as predicted by [9]. Therefore, the prediction of 
impact angle for kilometer-scale craters on the Moon 
cannot be precisely derived from the comparative 
ejecta pattern in small-scale laboratory experiments.  
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