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Introduction:  Kinetic impact deflection of an as-

teroid on a collision course with Earth was described in 

a 2007 NASA Report to Congress as “the most mature 

approach and could be used in some deflec-

tion/mitigation scenarios, especially for NEOs that 

consist of a single small, solid body.” The two most 

critical factors are the amount of momentum transfer 

by the crater ejecta, which, together with the momen-

tum of the impactor, determines the amount of deflec-

tion, and the minimum impactor kinetic energy that 

would shatter the asteroid, since disruption, which ge-

nerates multiple fragments, some of which might re-

main on a collision course with the Earth, must be 

avoided. For any given impactor speed (vi) the maxi-

mum impactor mass (mi) that can be employed for def-

lection is limited by the requirement that: 

                   ½ mi vi
2
 <  Mast Q   (Eq. 1) 

where Mast is the asteroid mass and Q is the energy/unit 

mass that shatters the asteroid rather than cratering it. 

This mass limits the maximum momentum transfer: 

                   Mast ∆Vast  =  β mi vi    (Eq. 2) 

where ∆Vast is the change in velocity of the asteroid 

and β is the ratio of the change in momentum of the 

asteroid to the momentum of the impactor. 

    The physical properties of asteroids are important to 

the understanding of deflection by kinetic impactors 

and cratering or disruption resulting from natural or 

human-induced collisions. Both porosity and hydration 

influence the response of asteroids to hypervelocity 

impacts. Porosities inferred for almost two dozen aste-

roids range from near zero to >50%, with a mean of 

~30% [1]. Porous targets react differently than non-

porous targets: Love et al. [2] determined that in-

creased target porosity leads to deeper crater penetra-

tion, lower spall speeds, and greater localization of the 

impact damage. Michikami et al. [3] reported the aver-

age speed of crater ejecta decreases with decreasing 

strength or increasing target porosity. Flynn and Durda 

[4] reported the mean energy for disruption of ordinary 

chondrites was about twice that of terrestrial basalts. 

This result was confirmed by Cintala and Hörz [5], 

who compared successive disruptions of an L6 chon-

drite to that of a terrestrial gabbro. Hydrous targets are 

also expected to respond differently to impacts than 

anhydrous targets. Tedeschi et al. [6] impacted a 66.5 g 

compacted snow target (bulk density 0.56 g/cm
3
), with 

an Al projectile with a mass of 0.0192 g at a speed of 

7.69 km/s. They reported a β of 9.70, and concluded 

“hypervelocity impacts into volatile materials, like wa-

ter, result in very energetic, momentum-enhancing, 

ejecta pulses due primarily to the large volumetric 

phase changes involved.” 

Slyuta et al. noted [7] “there are no analogues 

among terrestrial igneous and sedimentary rocks and 

ores [for the] physical and mechanical properties of the 

meteorites.” To address effects of porosity and hydra-

tion on the maximum change in velocity that can be 

imparted by a single kinetic impact we have begun a 

series of cratering and disruption experiments on mete-

orites, and for the rare meteorite types unavailable for 

destructive measurements appropriate analog materials.  

Procedure:  Each target was hung at the end of a 2 

m nylon string and suspended from the ceiling in the 

target chamber of the two-stage light gas gun at the 

NASA Ames Vertical Gun Range (AVGR), which is 

about 2.5 m in diameter and height as described by 

Karcz et al. [8]. The AVGR chamber was pumped to a 

vacuum of ~0.5 Torr to minimize atmospheric interfe-

rence with the projectiles. The gun was used to launch 

a nylon sabot containing a projectile. In this work the 

projectiles ranged from 1/16
th 

to 1/4
th

 inch diameter Al-

spheres, selected to roughly match the density of stone 

asteroids. The sabot was stripped from the projectile 

after acceleration in the gun, and the projectile pro-

ceeded towards each target. The speed of each projec-

tile was measured using a laser-interrupt system, and 

the projectile was imaged to verify its structural integri-

ty during launch. Projectile speeds ranged from about 4 

km/s to about 6 km/s, comparable to the mean collision 

speed in the main-belt [9]. The horizontal gun-port of 

the AVGR is used for electronics feedthroughs, so the 

Al-spheres were fired from 15
o
 above the horizontal, 

aimed towards the center-of-mass of each target. High-

speed video cameras, triggered by the projectile pass-

ing through the laser, were located in viewing ports of 

the AVGR sample chamber to document the behavior 

of each target. For each target type we measure β in a 

series of cratering impacts and the fragment size distri-

bution in a series of disruptive impacts. 

Cratering Measurements:  Each target was irregu-

lar in shape. Since the direction of the crater ejecta is 

affected by the local topography, we attempted to 
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orient each target so the impact was directly onto a flat 

area perpendicular to the incident projectile. The recoil 

speed was determined from sequential video images. 

Disruption Measurements: The “threshold colli-

sional specific energy” or Q*D, the energy required to 

disrupt the target such that the largest fragment has 

50% of the target mass, is frequently used in modeling 

the effects of impacts on asteroids. In each disruption 

we recovered the fragments from the chamber.  

Samples:  We conducted a series of hypervelocity 

impact experiments comparing the recoil or fragmenta-

tion of targets of CI meteorite simulant material, the 

Northwest Africa 869 (NWA 869) ordinary chondrite, 

an L3-6 ordinary chondrite with shock state S3 and 

weathering state W1, and the CV3 carbonaceous chon-

drite Northwest Africa 4502 (NWA 4502), with a 

shock state S2 and weathering state W1. Some NWA 

4502 targets we impacted were crosscut by cracks  

filled by weathering products. Since CI meteorites are 

rare and were unavailable in the size needed for our 

impacts, we prepared CI simulant by crushing frag-

ments of NWA 4502 and NWA 869 and laboratory 

hydrating the powder in slightly alkaline water at high 

temperature in a pressure bomb for several months, a 

procedure developed by Jones and Brearley [10] in-

tended to mimic, on a shorter time scale, the hydration 

occurring on asteroids. The resulting hydrous material 

was dried to produce cylindrical targets.  

Results:  We measured mean values of β for the 

two anhydrous meteorites, NWA 4502 (mean porosity 

2.1%, mean unconfined compressive strength 32.9 

MPa) with β = 3.55, and β = 2.69 for NWA 869 (po-

rosity 6.4%, strength 87.4 MPa) targets, as well as β = 

2.99 for the lab hydrated NWA 4502 (porosity ~26 to 

30%) targets [11]. A plot of the specific kinetic energy 

of the impactor, Q, vs the ratio of the mass of the larg-

est fragment (ML) to the target mass (MT) was used to 

determine Q*D, the Q value where the best-fit line 

crosses ML/MT = 0.5 in Figure 1. For 10 disruptions of 

NWA 869 Q*D = 1795 J/kg, while the value for 7 dis-

ruptions of NWA 4502 is 224 J/kg, and for 6 disrup-

tions of the CI simulant Q*D = 280 J/kg.  

Conclusions:  Combining Eqs. 1 and 2 shows that 

for any given impactor velocity the maximum ∆Vast 

that can be delivered by a kinetic impactor is propor-

tional to βQ, where Q is the energy/unit mass that pro-

duces the desired fragmentation. If fragmentation giv-

ing ML/MT = 0.5 is acceptable, then Q is Q*D. For that 

case, the maximum ∆V transferred by a single kinetic 

impact at 5 km/s to an ordinary chondrite type asteroid 

is almost six times that which can be delivered to an 

NWA 4502 or CI-like asteroid of the same mass. More 

realistically, a Q that gives ML/MT >0.9 insures minim-

al fragmentation. The lines diverge for larger ML/MT, 

so  the difference in ∆Vmax increases if the goal is to 

produce only cratering. Thus, carbonaceous asteroids 

are much more difficult to deflect without disruption 

than ordinary chondrite asteroids. Our NWA 4502 

targets have compressive strength similar to Allende, 

but some were crosscut by cracks, so they may be more 

susceptible to disruption than typical CV3s. However 

two NWA 4502 targets with no visible cracks and po-

rosity <1%, circled in Figure 1, plot on the same line. 

Most CM2 and CV3 carbonaceous meteorites have 

strengths and porosities intermediate between the 

NWA 869 ordinary chondrite and the CI stimulant that 

we measured. We also disrupted three hydrous CM2 

meteorites and the anhydrous Allende CV3 meteorite. 

Typical CM2 meteorites have porosities of ~25% and 

the Allende CV3 meteorite has a porosity of ~22% 

[12]. The CM2 and CV3 meteorites we disrupted were 

all strong enough to be suspended on the nylon string, 

and literature measurements of their strengths, while 

weaker than most ordinary chondrites, have strengths 

of  tens of MPa. These targets were all impacted with 

at high Q values, giving ML/MT values consistent with 

either ordinary or carbonaceous targets. Further impact 

disruption measurements on Allende would resolve the 

question of whether the low Q*D we measured for the 

NWA 4502 CV3 meteorite is typical of CV3s like Al-

lende or if it resulted from the numerous crosscutting 

cracks in most of our NWA 4502 targets. 

These results indicate multiple successive impacts 

may be required to deflect rather than disrupt astero-

ids, particularly hydrous carbonaceous asteroids. 
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Figure 1: ML/MT vs Q for meteorites and analogs. 
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