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Abstract 

Target heterogeneities, such as cracks, faults, joints, and blocks, are known to influence impact crater morphology on planetary 
surfaces. We perform a preliminary investigation into how the relationship of target heterogeneity size to projectile size affects 
the cratering process and final crater morphology for a fixed impact velocity. We use the CTH hydrocode to numerically simulate 
these impacts into a strong target with idealized heterogeneities where the ratio of the projectile size and heterogeneity size is 
varied. When the projectile is significantly smaller than the size of the heterogeneities, the pressure field decay is similar to that 
for a half-space impact into a homogenous target.  In contrast, when the projectile size is comparable to or larger than the 
heterogeneities, we observe more efficient attenuation of the shockwave, resulting in decreased cratering efficiency. The 
attenuation of the shockwave is caused by rarefaction waves reflecting off of the free surfaces of the heterogeneities and internal 
energy losses resulting from void space collapse when the target strength is overcome by the impact energy.  
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1. Introduction 

Pre-existing heterogeneities in a target are known to affect the crater-formation process and the final crater shape 
[e.g., 1, 2, 3, 4]. Sources of target heterogeneities include pre-existing tectonics (such as joints and fractures), large 
blocks, megaregolith, heterogeneities in the bedrock composition or variations in the composition of a single rock. 
Pre-existing fractures might have contributed to the square shape of Meteor Crater, Arizona [5] and several craters 
on 433 Eros [6]. Some studies have suggested that target heterogeneities could also influence cratering efficiency 
(the ratio of the mass displaced by the formation of the crater to the mass of the projectile) especially on asteroids [7, 
8], because many asteroids are thought to be fractured monoliths [6] or rubble piles [9]. 
 

Figure 1. Schematic illustarting how the thickness of the high-stress region may interact with targets of heterogeneties of 
different length scales. 

 
Nomenclature 

w thickness of high stress region  
a diameter of projectile 
l length scale of target heterogeneity 
U projectile velocity 
d depth of crater 
D diameter of crater 
πv cratering efficiency 

 
Heterogeneities on the surface of, and within the subsurface of, an asteroid may affect the formation of small 

craters. The presence of widespread surface clasts, as well as interior voids on an asteroid, could lead to a process 
called self-armouring, especially when the heterogeneity is in the form of pre-existing boulders on the surface with 
about the same size as an impacting projectile. Such an impact scenario would result in considerable energy being 
expended on crushing or fracturing the boulders, with the result that no recognizable impact crater would be formed. 
An experimental study of impact cratering at impact velocities below the sound speed in the target [3] varied the 
ratio between the projectile diameter and the length scale of the target heterogeneity (represented by uniform sized 
spheres). Results of this study found that projectile was smaller than the target heterogeneity, the resulting crater 
diameters were smaller relative to when the projectile was larger than the target heterogeneity. They also discovered 
that substantial impact energy went into fragmentation at this scale. In the previous study no numerically modelling 
was done to explore how the shock and pressure field were related to the resulting craters.  

In this study, we use a numerical investigation to explore the effects of target heterogeneities on crater formation 
and efficiency. Our numerical simulations use a projectile velocity of ~5 km s-1, which exceeds the bulk sound speed 
of the target. Such impacts differ from the subsonic impacts investigated experimentally in [3].  Our numerical 
models explore three scenarios (Figure 1) for how the thickness of the high-stress region, w (a function of projectile 
size, a, and velocity, U), interacts with heterogeneities whose characteristic dimension, l, is much larger than w, 
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(Case 1), similar in scale to w (Case 2), and much smaller than w (Case 3). In this study we keep the velocity 
constant so that the ratio of w to l is solely a function of the ratio of a to l. These sets of numerical experiments are 
idealized in that we do not vary target strength and impact geometry, but the results provide insight on how the 
relationship of a to l (or w to l) might affect the cratering process.  

In the following section, we discuss our numerical model and crater measurement methodology. We next present 
results on the pressure field evolution for each scenario considered, as well as differences in cratering efficiency and 
crater morphology for each one of the cases. Preliminary results are discussed with regard to how the cratering 
process in heterogeneous targets might affect observed impact craters on planetary surfaces. We finish with an 
overview of planned future studies, which will assist us in gaining a deeper understanding of the role of target 
heterogeneities in the impact cratering process. 

2. Methodology 

 
Figure 2. (a)The initial set-up for a Case 2 simulation, the lines denote the changes in resolution for Adaptive Mesh Refinement. 
(b) A schematic or how the crater depth, d, and diameter, D, were measured from the 2-Dimensional material output (shown for 
the Case 2 simulation). 

 

2.1. CTH model description 

Numerical simulations were performed with the CTH hydrocode from Sandia National Laboratories [10]. This 
hydrocode solves the equations of momentum while conserving mass, energy, and momentum, using a second-
order, multi-material Eulerian methodology. Adaptive Mesh Refinement (AMR) was used to obtain high resolution 
of important areas while remaining computationally efficient [11]. 

The simulations presented here were performed in a 2-Dimensional axisymmetric geometry. For all simulations, 
the projectile was a sphere with a diameter of 1 cm. Because of the axisymmetric setup, here the heterogeneities are 
represented by a central sphere surrounded by toroids (which appears as circles in a 2D slice). The diameters of 
these target “spheres” were varied in size for the different impact cases considered. The “spheres” were hexagonally 
close packed and in all cases the projectile hit the central target sphere (Fig 2a is the starting configuration for Case 
2). We used an elastic-plastic strength model and a SESAME equation of state for quartz for both the projectile and 
the heterogeneities. The material in the target had a yield strength of 100 MPa. The projectile hit the heterogeneities 
with a velocity of 4.52 km s-1. Given this velocity and projectile size, all the investigated craters occur in a regime 
where the strength of the target dominates the cratering process. A convergence study of the relationship between 
the mesh resolution used and the measured crater depth/diameter ratio (d/D) and the shock pressure field generated 
found that 20 grid points across either the projectile or heterogeneity (whichever is the smaller of the two) provided 
good numerical convergence. A simulation into a quartz half-space was also performed (labeled the ‘half-space’ 
scenario) for comparison with the heterogeneous targets. The calculations were run until the crater stopped 
evolving..  
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