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Introduction: In addition to dramatically sculpting 

the planets, moons, and small bodies of the Solar Sys-

tem, the projectiles that create craters can change the 

composition of their target objects. This consequence 

occurs when portions of the projectile survive impact 

and remain on the target. Many terrestrial impact cra-

ters (e.g., East Clearwater [1]), some meteorites (e.g., 

Almahata Sitta [2]) and certain small bodies (e.g., Ves-

ta e.g., [3]) clearly show that parts of the projectile can 

survive planetary-scale impacts, be delivered to the 

target, and change the composition of the target.  

Projectile survival and delivery have been studied 

using both lab experiments (e.g., [4–6]) and shock 

physics codes (e.g., [7–9]). These two approaches use 

different methods to determine the physical state of the 

projectile and the mass fraction of the projectile that 

remains on the target object. Each has unique strengths 

and limitations. Experiments, for example, are restrict-

ed to small scales. Nevertheless, experiments can be 

done with complex geological materials and capture 

detailed, fine-scale impact processes. Shock physics 

codes, in contrast, can simulate large-scale collisions 

but are limited by the accuracy of the equations of state 

and constitutive models for material behavior (e.g., 

dilatancy, shear, etc.). Hence, numerical models and 

impact experiments may yield divergent results, even 

for identical impact conditions.  

In this contribution, we compare results for projec-

tile delivery and retention derived from both numerical 

models and hypervelocity impact experiments. The 

two approaches provide complementary information 

on the fate of the projectile. 

Methods:  

Impact experiments: Hypervelocity impact experi-

ments were performed at the NASA Ames Vertical 

Gun Range (AVGR). The AVGR launches projectiles 

over a range of incidence angles [10]. This capability 

is critical because impact angle has a profound effect 

on projectile delivery in experiments [5,6] and numeri-

cal models [8,9]. In this study, 6.35 mm diameter bas-

alt and aluminum projectiles were fired at speeds be-

tween 4.5 and 5 km s
-1

. Targets included sieved airfall 

pumice (ρpumice = 1.3 g cm
-3

; porosity = 43%) as an ana-

log for silicate regoliths and snow (grains of ice sieved 

passed through a 2 mm sieve; ρsnow = 0.55 g cm
-3

; po-

rosity = 40%) as an analog for ice-rich regoliths. Im-

pacts were done at 30°, 45°, 60°, and 90° wrt. horizon-

tal. After each experiment, projectile relics and projec-

tile-contaminated breccias were recovered from the 

crater rim, wall, floor, sub-floor, and near-rim zones.  

For experiments into pumice targets, the total mass 

of recovered projectile-contaminated melt matrix brec-

cias was measured. However, projectile-contaminated 

pieces are mixtures of two compositional endmembers: 

the pumice target and the projectile. Hence, we used a 

two-component chemical mixing model [11] based on 

the compositions of the target, projectile, and breccias 

to calculate the mass fraction of the projectile itself 

that was in the breccias. The mass of the retained pro-

jectile is the mass of recovered breccias multiplied by 

the mass fraction of the projectile in the breccias. 

For experiments into snow, the portion of the target 

that interacted with the projectile was melted through a 

series of sieves to isolate projectile relics. The relics 

were sorted a second time to remove any stray contam-

inants. The mass of the projectile retained in these ex-

periments was determined by weighing all relics larger 

than 250 μm and estimating the total mass of frag-

ments <250 μm [5,12]. The physical state of projectile 

relics and projectile-contaminated pieces was assessed 

using optical microscopy, electron microscopy, thin 

sections, and electron microprobe work. 

Code calculations: Numerical models were run us-

ing the Sandia National Laboratories CTH shock phys-

ics code [13]. The impact speed in all model runs was 

5 km s
-1

 and models were run at 30°, 45°, 60°, and 90° 

to enable direct comparison with impact experiments. 

Targets were comprised of porous water ice and po-

rous SiO2. Porosity, included using a P-alpha model, 

adjusted the initial target densities to match the AVGR 

experiments. The initial ice temperature was 260 K; all 

other targets started at room temperature. Basalt and 

aluminum were used as projectiles. The CTH library 

definitions for ANEOS equations of state were used 

for all materials. Initial calculations did not include 

material strength, other than the crush strengths of the 

porous materials. Constitutive model effects on calcu-

lated retention will be investigated in future calcula-

tions. 

In order to compute projectile retention, the total 

impactor mass remaining below a specified speed 

(here, the escape speeds of Ceres and Vesta) was out-

put every 0.25 μs using a data filter [9]. The physical 
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state of the projectile (melted vs. unmelted) was also 

tracked throughout the simulations. 

Results: Impact experiments can measure how 

much of the projectile is retained in and near the crater. 

In contrast, the numerical models were used to meas-

ure how much of the projectile remains at less than the 

escape speed of a given target object of interest. 

Impact experiments. Figure 1 shows the projectile 

retention efficiency measured from hypervelocity im-

pact experiments. Aluminum impactors are more effi-

ciently retained by snow targets than they are by pum-

ice targets. In contrast, the opposite appears true for 

basalt projectiles, but this discrepancy is likely an ar-

tifcat that reflects the difficulty in accurately measur-

ing the mass of extremely fine-grained basalt relics 

produced during experiments into snow targets [12]. 

Code calculations. Figure 2 shows the fraction of 

the projectile that remains below the escape speeds of 

Ceres and Vesta. Computer codes and lab experiments 

consistently show that projectile retention is higher at 

steep incidence. Retention efficiency drops off more 

quickly with decreasing impact angle in experiments 

than in code calculations. 

Comparison: Code calculations indicate higher 

projectile delivery efficiencies than lab experiments for 

identical impact conditions. This is because experi-

ments measure how much of the projectile is retained 

locally, whereas the numerical models tracked the frac-

tion of projectile is delivered globally. This difference 

may also explain why experimentally-derived projec-

tile retention efficiencies are more sensitive to impact 

angle than the efficiencies calculated by shock physics 

codes. 

A subtle point is that the delivered fraction calcu-

lated by numerical models explicitly depends on the 

target’s escape velocity. The retention efficiencies de-

rived from lab experiments, however, may be relative-

ly insensitive to the target’s escape speed. This is be-

cause for gravity-controlled cratering, most of the ejec-

ta lands within two crater radii, which is the region 

within which projectile relics were recovered during 

lab experiments. This provides a physical basis for 

scaling the projectile retention efficiencies measured in 

lab experiments to planetary-scale events. It also em-

phasizes that projectile retentions derived from codes 

and experiments provide different information. 

Conclusion: Experiments and numerical models 

provide complementary information about projectile 

survival and delivery because of the different spatial 

scales over which projectile retention is assessed (local 

vs. global). While impact experiments reveal how 

near-field projectile delivery varies under different 

conditions, computational work strengthens the argu-

ment for applying these results to small bodies such as 

Ceres and Vesta.  
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Figure 1. Projectile retention efficiencies measured in 

lab experiments. This graph shows only the mass frac-

tion of the projectile retained in and near the crater. 

Black = Al into snow; purple = Al into pumice; blue = 

basalt into snow; green = basalt into pumice. 

 

 
Figure 2. The fraction of the projectile that remains 

below the escape speed of Vesta (dark green) or Ceres 

(light green) throughout the model run (basalt projec-

tile into a pumice target).  
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