
COMPLEX CRATER FORMATION DRIVEN BY OBLIQUE METEORITE IMPACTS 

D. Elbeshausen and K. Wünnemann, Museum for Natural History Berlin, Department of Research, Invalidenstr. 43, D-

10099 Berlin, Germany (dirk.elbeshausen@museum.hu-berlin.de) 

 

 
Introduction:  Although nearly all impacts occur at an oblique 

angle of incidence [1] the vast majority of impact structures that 

can be observed on planetary surfaces are more or less circular in 

shape. However, the asymmetric distribution of proximal (and 

distal) ejecta (e.g. [2]) if preserved, provides evidence for and 

oblique impact angle and information about the direction of im-

pact.  

It is well known that the angle of impact affects crater efficiency 

[3,4,5], the propagation of shock waves [6] the generation and 

distribution of impact melt [7] and may also influence the expan-

sion of the ejecta plume. Crater shape, however, seems to be 

unaffected by the angle of impact. This may be unintuitive, but is 

conform with the assumption that an impact can be considered as 

a point-source [8]) analogous to an explosion. Nevertheless, de-

tailed morphological and morphometric data from field studies 

and remote sensing revealed that minor deviations exist. There 

have been several (e.g. [9-15]) attempts to link structural crater 

asymmetry to the impact angle or direction. However, in particu-

lar at terrestrial craters this linkage is ambiguous since deviations 

from circular symmetry may be also due to asymmetric and het-

erogeneous target conditions [16, 17].  

In this study we investigate the different stages of crater forma-

tion for oblique impacts by numerical modeling. We aim to quan-

tify the relationship and origin of structural asymmetries due to 

impact angle. We focus on the temporal evolution of crater shape 

with respect to deviations from circular shape and the formation 

of the central peak. We expect the central part of the crater the 

most likely location for potential asymmetries. 

 

Methods and model setup: We performed several 3D simula-

tions of crater formation for oblique impacts with our newly de-

veloped hydrocode iSALE-3D [3]. For simplicity we used granite 

for both projectile and target material and computed the thermo-

dynamic material response to shock compression by the Tillotson 

equation of state [18]. In our models the dynamic material 

strength Y is proportional to pressure P, according to the Mohr-

Coulomb strength model: Y =Ycoh+f·P with the cohesion Ycoh=0. 

and a friction coefficient f. We varied the friction coefficient f 

between 0.0 and 0.7, the projectile radius between 125m and 

1500m and the impact angle from 30° to 90° in steps of 15°. All 

other parameters were kept constant (impact velocity U=6.5 

km/s, gravity g=9.81m/s2). 

 

Results:  Fig. 2 shows a series of snapshots of crater formation 

for the impact of a 1km-sized projectile at 6.5km/s and an impact 

angle of 30° (measured from target surface).  

Very early crater excavation: Fig. 2a shows a very early 

stage of crater formation immediately after the end of the so-

called contact and compression stage (e.g. [19]). The kinetic 

energy of the projectile is completely transferred into the target 

and shock waves propagate away from the point of impact [7]. In 

the beginning of the sequence of crater formation a cavity is 

formed by the penetration of the projectile pushing material out 

of its way. A momentum parallel to the direction of impact is 

transferred to the target material. Therefore, an oblique angle of 

impact results in an elliptical crater shape, initially (Fig. 2a, 

right). 

Excavation stage: In the course of time crater formation is 

due to shockwave-induced excavation. The generated shock-

waves propagate in all directions away from point of impact. 

After release from shock pressure some energy in terms of parti-

cle velocity remains to the material and sets a material flow in 

motion resulting in the excavation of the crater. The excavation 

flow becomes more symmetric further away from point of impact 

causing an increasingly more circular cavity shape when looking 

at crater evolution in plane view (Fig1a-c, right column). 

The excavation stage is finished when the shockwave-

induced upward and outward directed material flow ceases. The 

resulting crater is well-known as the transient crater. However, 

the exact moment in time when excavation process halts is diffi-

cult to determine since the end of excavation is reached at differ-

ent times at different locations in the crater. Therefore, the tran-

sient crater has to be looked at a virtual construct as it never 

really exists in the course of crater formation. This is especially 

true in case of oblique impacts where crater growth in up- and 

downrange direction distinctly differs. For this study we use the 

time when material starts fluxing back towards the crater centre 

to determine the end of excavation. For vertical impacts this cor-

responds approximately to the time when the cavity has reached 

its maximum extent. In case of small craters, where lithostatic 

pressures are small compared to material strength the final crater 

is similar to the transient cavity. At larger impacts, on the other 

hand, gravitational forces exceed material strength and the whole 

cavity becomes instable.  

Modification stage: The crater floor first collapses where ex-

cavation has stopped and the gravity forces exceed material 

strength. This is usually the deepest point of the transient cavity. 

Where strength is exceeded the crater floor starts to rise forming 

a central peak structure. Initially the material flow is directed 

upwards (Fig. 2b). However, short time later an inward directed 

flow of matter from uprange towards the crater centre superim-

poses (Fig. 2c). This leads to a downrange movement of the cen-

tral peak, since at this time material flux at the opposite site is 

still directed outwards. Fig. 2d shows a snapshot of the moment, 

when the inward directed material flow from downrange is al-

ready in progress. This causes some sort of distortion of the cen-

tral peak, since this flow interferes with fluxes from other direc-

tions. Depending on the differences in the time when the inward 

directed fluxes occur the subsequent collapse of the central peak 

(Fig. 2 e, f) may even lead to an overturning of the strata in the 

central peak structure for very weak material. 

Even though these asymmetries may not be obvious in the topog-

raphy of the resulting crater the underlying structure should show 

clear indications according to our model example. Moreover, 

there occurs a characteristic low density zone, asymmetric in 

shape (see density plot in Fig. 2e,f), in all our models that may 

also indicate structural asymmetries buried beneath the crater 

centre due to an oblique angle of impact. 
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Quantification of observations: The degree of asymmetries in 

the crater shape and structure below the central peak depend on 

(i) the angle and velocity of impact, (ii) the time shift between the 

beginning of the inward-directed material flux from downrange 

and uprange, (iii) the amount, (iv) the velocity and direction, and 

(v) the duration of the material flux. Note that (ii)-(v) also depend 

on material properties such as friction. 

Fig. 1 shows our first attempt in quantifying the observations 

discussed above. We found that with a decreasing impact angle 

the formation time of the transient crater in downrange direction 

increases, while it is decreasing for uprange direction. The lower 

the impact angle, the larger is the difference in the formation time 

between downrange and uprange and, thus, more complex and 

asymmetric structures are expected. 
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Fig. 1 Formation time of the transient crater, depending on the 

impact angle and projectile size. Solid symbols mark the forma-

tion time in downrange, open symbols in uprange. Impact veloc-

ity and gravity were kept constant at g=9.81m/s2, U=6.5km/s. 

 

 

Fig. 2 Snapshots of central peak formation. Impact of a 1km-

sized granitic projectile with an impact velocity of 6.5km/s. Im-

pact angle is 30°. Left column: Cross section through the symme-

try plane depicts material density, material flux is indicated by 

arrows which are scaled with absolute velocity and coloured by 

the radial velocity component (blue: flux downrange, red: flux 

uprange). Impact direction is from right to left. Right column: 

Plane view of the crater. Topography is colored by height. Impact 

direction from bottom to top.  
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