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Introduction: Current understanding of impact 

cratering is based, in large part, on numerical models 

and experiments where the impactor strikes perpen-

dicular to the target surface. In reality, such events are 

extremely unlikely to occur; the most common impact 

angle is 45° to the target plane and over 90% of all 

impacts are oblique (<70°) [1]. It is therefore vital to 

understand how oblique impacts differ from vertical 

impacts. Here we investigate the influence of impact 

angle on crater shape in targets of different strengths. 

Background: The effect of impact angle on crater 

ellipticity (and other measures of crater asymmetry) 

has been investigated directly by experiments [e.g., 

2,3,4] and indirectly by remote sensing [e.g., 5,6]. Im-

pacts at low angles (measured with respect to the target 

plane) produce elliptical craters elongated in the direc-

tion of the projectile’s horizontal movement. Above a 

certain threshold angle, however, all impacts produce a 

near-circular crater.   

Bottke et al [6] define an elliptical crater as a crater 

with an ellipticity (length divided by width) of 1.1 or 

more. Applying this definition, they examined the 

cratering record of Mars, Venus and the Moon, and 

found that 5% of craters on these bodies were ellipti-

cal.  As 5% of impacts occur at <12° to the horizontal, 

this proportion of elliptical craters is consistent with an 

elliptical crater transition angle of 12° [6]. In other 

words, 5% of all craters should be elliptical if impacts 

at an angle of 12° (or less) produce craters with an 

ellipticity of 1.1 (or more). However, an elliptical cra-

ter transition angle of 12° is not entirely consistent 

with experimental observation (as noted by [5] & [6]). 

The seminal experimental work of Gault and 

Wedekind [2] demonstrated that the relationship be-

tween impact angle and crater ellipticity depends on 

the target material. Results from their impact experi-

ments into sand suggest that the transition from circu-

lar to elongated craters occurs at an impact angle of 

less than 5° to the target plane. Specifically, an impact 

at 4.75° produced a crater with an ellipticity (length 

divided by width) of 1.1. However, for impacts at simi-

lar velocities into granite targets [2] found that circu-

larity is only maintained for angles steeper than 30°. 

The impact velocities for these experiments ranged 

from 2-7 km s
1
. 

More recent laboratory impact experiments, using 

ductile metal targets, demonstrate that in these materi-

als elliptical craters are produced at impact angles up 

to 30-40°. Christiansen et al. [3] found that the 

threshold angle between circular and elliptical craters 

is approximately 25° from the horizontal for impacts 

into an aluminum target at between 5.5 and 6.2 km s
1
. 

Burchell and Mackay [4] also present results of labora-

tory oblique impact experiments for several different 

metallic projectile and target material combinations. 

These data show complex, nonlinear relationships be-

tween impact angle and crater ellipticity, with thresh-

old angles for elliptical crater production as high as 40-

50°. In this case, the threshold angle for elliptical cra-

ters in aluminum-aluminum impacts was 35-40°. 

The threshold angle below which an elliptical cra-

ter is produced on a planetary surface (12°) is interme-

diate to the threshold angle in sand (5°) and that in 

high-strength targets such as metal and rock (~30-40°). 

Bottke et al. [6] suggested that this trend might be ex-

plained by the different cratering efficiency (the ratio 

of crater size to impactor size) in each case. The im-

pact experiments in sand had a high cratering effi-

ciency, producing craters up to ~60 times larger than 

the impactor [2]. The impacts in aluminum targets, on 

the other hand, had a very low cratering efficiency, 

typically producing craters only 3-5 times larger than 

the impactor [3,4]. Cratering efficiency in planetary-

scale impacts is not fully understood; however, Pi-

group crater scaling laws [e.g., 7] suggest that km-

scale impacts on planetary surfaces typically produce 

craters that are 10-20 times larger than the impactor, 

which is intermediate to the cratering efficiency in 

sand and metal/rock observed in experiments. Hence, 

according to the hypothesis of [6], the larger the crater-

ing efficiency, the better the approximation of an im-

pact as a point source of energy and momentum, and 

the smaller the influence of impactor properties such as 

shape and trajectory on crater formation.  

To test this hypothesis, and to further investigate 

the influence of impact angle on crater shape in targets 

of different strengths, we used the newly-developed 

iSALE-3D impact code [8] to simulate oblique impacts 

in low and high strength targets. In the process, we 

also validated iSALE-3D against experimental data 

from lab-scale oblique impacts in aluminum [4]. 

Numerical Simulations: iSALE-3D [8] is a multi-

material, finite-difference shock physics code for simu-

lating impact processes and follows a similar approach 

1620.pdf40th Lunar and Planetary Science Conference (2009)



to the 2D code iSALE (see [9] for a description of the 

history of iSALE’s development). Like iSALE, 

iSALE-3D inherits some of its underlying structure 

from the SALE/SALE3D hydrocodes [10,11], and 

from extensions to SALE/SALE3D for impact applica-

tions by Boris Ivanov and Jay Melosh [e.g., 12,13,14].  

To test the ability of iSALE-3D to reproduce          

laboratory-scale cratering, we performed a suite of 

simulations with conditions identical to the aluminum-

aluminum impact experiments of [4]. The impact ve-

locity in each model was kept constant (5 km/s), as 

was the impactor diameter (1mm). The Tillotson equa-

tion of state for aluminum [15] was used for the target 

and projectile material. A Von Mises yield criterion, 

with a shear strength of 200 MPa, together with a sim-

ple thermal softening model, was used to model the 

strength of the aluminum. Impacts were simulated at a 

range of impact angles between 90° (vertical) and 10° 

to the target surface. 

In addition to these validation simulations, we also 

simulated oblique impacts into aluminum targets with 

reduced shear strengths of 20 & 2 MPa to examine the 

effect of target strength on oblique impact cratering. 

Figure 1 Surface maps of lab experiment (left) and simulated 

(right) craters formed by impact at 20° to the horizontal. 

Laboratory experiment data from [4]. Distances normalized 

by impactor diameter. 

Figure 2 Crater ellipticity as a function of impact angle for 

Al-Al impacts at 5 km/s.  Shown are data from the laboratory 

experiments of [4] and data from iSALE-3D simulations 

using two different target strengths. 

Validation of iSALE3D: Using a shear strength of 

200 MPa, our numerical simulations of Al-Al impacts 

produce craters with dimensions that are in good 

agreement with the corresponding experiments (Fig. 

1). In particular, the relationship between impact angle 

and crater ellipticity from our simulation results is con-

sistent with data from the experimental results (Fig. 2). 

The effect of target strength on crater shape: 

The threshold impact angle for elliptical crater forma-

tion is 30-40° for our simulated impacts into aluminum 

with a shear strength of 200 MPa. This compares well 

to the 35-40° angle for the corresponding experimental 

data. Cratering efficiency (here defined as the ratio of 

crater diameter to impactor diameter) in these high-

strength targets was ~3. Our simulations that used a 

lower strength of 20 MPa for the aluminum target give 

a threshold impact angle for elliptical craters of 15-20° 

(Fig. 2), comparable to the value for impact experi-

ments into Lead targets [4]. In this case, cratering effi-

ciency was ~6. The shear strength of Pb is about an 

order of magnitude smaller than that of Al. Thus, im-

pact experiments [4] and our numerical simulations 

suggest that the threshold impact angle for elliptical 

craters decreases with decreasing target strength (and 

cratering efficiency). This supports the hypothesis that 

the larger the cratering efficiency, the smaller the in-

fluence of impactor properties such as shape and tra-

jectory on crater formation. Further simulations in the 

gravity regime will differentiate between the effect of 

strength and cratering efficiency. 
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