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Collisions have been invoked to create planetary rings around solid planets (1, 2) and the 
gaseous giants (3) early in their history. As summarized in (4), orbital insertion of debris from gas 
expansion above a vertical impact requires impactors exceeding Mo (for a terrestrial impact). 
Laboratory experiments (5), however, are revealing new information on the partitioning of energy 
and basic phenomena associated with oblique impacts that may significantly lessen requisite large 
masses. Here we explore the implications of these observations for major oblique impacts on Mars. 
Oblique Impact Phenomena: Impact vaporization is observed to increase with decreasing impact 
angles for volatile-rich targets (water, carbonates) with the vapor-cloud energy increasing as 
1/2cos2e for impact angles (referenced to the horizontal) from 45O to 15O (5). This increase is at- 
tributed to energy partitioned into shear heating along the projectileltarget interface, a process 
separate from jetting created by converging oblique shocks. Energy partitioned to internal energy of 
the projectile, however, decreases as sin28 as revealed by decreased fragmentation (size and num- 
ber) and increased kinetic energy retained in ricochet debris. Even impacts into non-volatile solid 
aluminum targets exhibit the same decrease in projectile internal energy and perhaps an increased 
role of heating by mechanical shear. High frame-photography reveals that the impact-generated 
vapor cloud in volatile-rich targets is not stationary, as in vertical impacts, but moves downrange 
while expanding and rising. Additionally, trajectories of spalled projectile fragments entrained in this 
cloud are deflected by gas drag (6). These observations can be used to parameterize the first-order 
effects of impact angle on orbital insertion of material. 
Numerical Model: From the laboratory results, we model the impact-generated vapor as a 
hemispherically expanding cloud with a center of mass moving downrange at an angle 112 the initial 
impact angle and with a velocity equal to the ricochet velocity, i.e., Vcm = 0 . 1 2 ~ 1  /tan0 for 8 > 7.5O 
( 0 . 9 ~ 1  for 0 < 7.5O). The maximum energy partitioned to the vapor cloud is assumed to be 50% of the 
impactor energy, increasing as cos20 down to 7.5O with the vaporized mass fraction (projectile 
masses) approximated by 11cos20 (VI /7.5)2 for VI in kmls. As assumed in (4) the vapor cloud of 
mass Mv expands with a velocity of (5/3 . 2Ec /Mv)1/2 over a time equal to a radius Rc defined by 
(314n . Mv/p) ' I 3  where p is the density when gravitational forces begin dominating over hydrodynamic 
effects (assumed to be about 0.1 gIcm3). 

The probability of achieving orbit depends on the height (h) achieved by the cloud above the 
surface when gravitational forces control expansion. For vertical impacts, conditions leading to orbital 
injection depend on h/Rp, where Rp is the radius of the planet (4). For oblique impacts, however, this 
height is controlled by Rc + Hcrn where Hcrn is now defined as the height of the center of mass when 
gravitational forces begin to dominate hydrodynamic forces. Keplerian trajectories of elements in this 
downrange-moving cloud were then traced numerically in spherical coordinates with conditions for 
orbital insertion identical to those assumed in (4). 

Because of the excessive number of oblique impacts on Mars (7) and the possible impact signa- 
ture of Mars orbiting debris on Phobos (8), calculations were made for 20, 50, and 100 km diameter 
bodies colliding Mars with velocities at 7.5, 10, and 15 kmls. Figure 1 illustrates the effect of impact 
angle on projectile masses achieving orbit for different size projectiles at 15 kmls, whereas Figure 2 
shows the effect of impact velocity for 20 km and 100 km-diameter impactors. In contrast with verti- 
cal impacts, we find that relatively small oblique impacts can potentially inject significant material into 
orbit. This greater probability of achieving orbit principally reflects the combination of the tangential 
velocity of elements in the cloud subtracted from (sharp maximum at 15O in Fig. 1) or added to 
(lesser maximum at 30°) the velocity of the center of mass. 
Discussion and Implications: Figures 1 and 2 reveal that significant quantities of orbiting debris may 
be generated by oblique basin-forming collisions on Mars. Such collisions are not hypothetical. Orcus 
Patera is an oblong crater (150 km x 450 km) with all the signatures of a very low angle impact (6). 
For an isotropic flux, we should expect about one third of the martian basin-forming impactors 
(100-500 km) to contribute orbiting debris during the first 0.5 billion year history. The ubiquitous 
occurrence of smaller grazing impacts (7) may be a signature of this debris, rather than an incom- 
plete assemblage of an early satellite. Laboratory experiments (5) reveal that shock disruption of the 
projectile decreases with decreasing impact angle. For low-velocity collisions ( 4 5  kmls), it is 
predicted and observed in both the laboratory and on Mars that the projectile decapitates well before 
it penetrates the target surface (5), thereby ricocheting large fragments with starting positions 
(periapsis) well above the surface. This process augmented by gas expansion further raises the 
likelihood for orbital injection of debris perhaps producing Phobos or Phobos-like satellites and even 
episodic formation of rings. 

O Lunar and Planetary Institute Provided by the NASA Astrophysics Data System 



ORBITING DEBRIS 
P.H. Schultz et a/ .  

IMPACT ANGLE 

References: (1) Cameron, A.G.W. and Ward, W.R. (1976) Lunarand Planet. Sci. VII, LPI, Houston, 
120-122. (2) Cameron, A.G. W. (1985) lcarus 62, 319-327. (3) Cameron, A.G. W. (1975) lcarus 24, 
280-284. (4) Stevenson, D. J. et al. (1986) In Satellites (J.A. Burns and M.S. Matthews, eds.), 
39-88. (5) Schultz, P.H. and Gault, D.E. (1990) In Proc. of Catastrophes in Earth History, Geol. Soc. 
Amer. Sp. Paper (In press). (6) Schultz, P.H. (1988) In Lunar and Planet. Sci. XIX, LPI, Houston, 
1039-1040. (7) Schultz, P.H. and Lutz-Garihan, A. (1982) J. Geophys. Res. 8 7 ,  A84-A96. ( 8 )  
Schultz, P.H. and Crawford, D.A. (1989) Am.Astron. Soc. Bull. 21, p. 932.. 

Figure 1.  Effect of impact angle on mass 
achieving orbit (in projectile masses) for dif- 
ferent diameter impactors on Mars at 15 kmls. 
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Figure 2. Effect of impact angle on mass achieving orbit (In proiectlle masses) for a 20 km-diameter (Fig. 2 a )  and 100 km- 
diameter impactor (Fig. 2b)  on Mars at different impact veioclties. Figures 1 and 2 show that relatively small impactors can inject 
signlflcant quantities of debris into orbit. The narrow range of favored impact angles, however, Indicate that such events would be 
episodic through time but Increase in likelihood for early Mars due to the greater likelihood for large impactors. 
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