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Introduction:  Although nearly every meteorite impact 

occurs at an oblique angle of incidence [1], most of our 

knowledge of impact cratering is inferred from vertical labora-

tory experiments and two-dimensional (2D) axis-symmetric 

numerical modeling only.  

Laboratory impact experiments are inevitable for under-

standing impact cratering. However, only very few of them 

have been carried out under an oblique angle of incidence [e.g. 

2-5]. Such experiments are limited by the range of material 

properties of the target (yield strength, friction, porosity) but 

most importantly by the small scale in comparison to the di-

mensions of natural impact craters. Therefore the effect of 

gravity on crater growth and subsequent collapse is difficult to 

investigate experimentally. A number of three-dimensional 

(3D) computer simulations have been carried out to study how 

the impact angle affects crater efficiency [6-8], the propagation 

of shock waves [9], the generation and distribution of impact 

melt [10], the expansion of the ejecta plume [11], and the cra-

ter collapse [12,13]. However, due to the high computational 

costs no large parameter study has been performed. 

It is still a matter of debate whether asymmetries found in 

impact structures are due to an oblique angle of incidence or 

caused by target heterogeneities [14]. So far, the effect of to-

pography has neither been studied in an experimental nor in an 

numerical framework. Here we present results of a comprehen-

sive study comprising more than 1000 3D hydrocode simula-

tions. The study gives insight into the effect of the impact an-

gle and target topography on the morphometry and morphol-

ogy of impact structures as well as their formation processes. 

The calculations have been carried out with the multi-rheology 

hydrocode iSALE-3D [6,15] which considers a strength-model 

for rock [16] and acoustic fluidization [17].  

 

Crater shape and distribution of ejecta:  Fig. 1 illus-

trates that the overall shape of the resulting crater for impacts 

at angles between 90° (vertical) and 30° remains circular in 

plane. Our models show that for constant impact energy and 

decreasing impact angle (1) the height of the central peak de-

creases, (2) the position of the central peak is slightly offset 

downrange, and (3) the time of central peak formation de-

creases in a sinusoidal manner. Generally our results agree 

with [12], but our study covers a much broader parameter 

range and a larger number of simulations and, thus, allows for 

a more precise interpretation of central peak formation.  

The ejecta blanket shows a characteristic pattern (e.g. an 

emerging ‘forbidden zone’ in uprange-direction) that can be 

easily linked to the direction of impact. However, the ejecta-

blanket is often not well preserved and, hence, not available as 

an indicator for the impact angle. 

 
Figure 1 Influence of the impact angle on crater shape and stratigra-

phy. Left: Topview into the final crater; Right: Post-Impact stratigra-

phy below the crater rim downrange (left) and uprange (right). 

Structural deformation and central peak formation: 

Most terrestrial impact structures have undergone major ero-

sion. This raises the question whether an oblique impact pro-

duces diagnostic structural features underneath the surface that 

may be exposed if a crater is eroded. Our models show that at 

impact angles α lower than a threshold angle (30°<αc<60°) no 

overturning of the uppermost layer in uprange direction occurs 

(Fig. 1, right). 
 

 

 

 

 
Figure 2 Peak formation by an oblique (30°) impact. Arrows indicate 

main material fluxes. Notice the symmetric uplift in the deeper strata. 

Peak formation starts when the transient crater collapses. 

A strong, upward-directed material flow originates from the 

deepest point of the transient cavity which is located offset in 

uprange direction with respect to the symmetric centre of the 

final crater. The rise of the crater floor results in a symmetric 

stratigraphic uplift in the deeper region, causes sagging of the 

upper stratigraphic units and inward slumping of material from 

the oversteepend sides of the crater. The latter two processes 

are directed towards the crater centre, they are highly asym-

metric depending on the impact angle, and they cause a slight 

uprange shift of the peak with respect to the geometric centre 

of the final crater (Fig. 2). In case of large impact craters, col-

lapse of the central peak is more pronounced in the downrange 

direction. 
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Effect of the impact angle on crater size:  Crater size de-

creases proportional to the sinus of the impact angle α. This 

decrease is more pronounced for stronger materials. The often 

reported assumption that only the vertical component of the 

impact velocity contributes to the cratering (e.g. [18])  does 

not hold for impacts into materials with properties signifi-

cantly different to those of sand, e.g. competent rock [6].  

 

From circular to elliptic craters:  The transition from 

circular to elliptic craters is smooth and can be characterized 

by three different regimes: (i) the transition regime, (ii) the 

ricochet regime, and (iii) the grazing regime [22]. The impact 

crater is the result of both a moving point source [23] in the 

initial stage and a static point source from onset of the excava-

tion stage. Depending on which of both processes dominates 

the other, the resulting crater is either circular or elliptic. As 

Fig. 3 shows, the threshold-angle for the evolution of elliptical 

craters is a function of cratering efficiency, regardless of the 

target material or cratering regime. 

 

Figure 3 Threshold angle for elliptic craters vs. cratering efficiency 

(here: ratio between crater diameter of the vertical impact and the 

projectile size). This graph shows also results derived from other 

simulations (Col10=[19]) and laboratory experiments (GW78=[3], 

BM98=[20], C93=[21]) and spans both the gravity and strength-

dominated regime. 

 

Effect of topography:  Our models of impacts on tilted 

targets with different slopes (0-90°) show that topography 

causes patterns in the ejecta distribution (Fig. 4) and often an 

asymmetric crater shape that might be diagnostic for the im-

pact direction. Ejection angle and ejection speed increase for 

larger slopes. Hence, how much of the ejected material ap-

proaches the escape velocity and might leave a planet is sig-

nificantly influenced by topography.  

 

Summary and conclusion:  This study revealed that both 

an oblique angle of incidence and pre-impact target topogra-

phy affect crater morphometry and cause asymmetric structural 

features at and beneath impact craters. The large parameter 

study of 3D hydrocode simulations enables quantification of 

the processes and gives insight how to distinguish between 

structural features that are diagnostic for the impact angle and 

those primary caused by topography. 
 

 
 

 
Figure 4 Snapshots of crater formation for an oblique (45°) impact in 

a planar target (left) and a small slope (45°, right). 
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