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Using a finite difference computer model to solve the material response field equations (Thompson, 1979) we 
addressed the issues of: 1) What is the maximum depth that the impactor penetrates a planetary surface?, and 2) 
What is the maximum depth that  is excavated by the cratering flow? We calculated the flow fields from the impact 
of a projectile having a dimensionless radius of g a / v ,  where the impact velocity, U= 12 km/s and the gravita- 
tional acceleration, g, ranged from 1 to loe times the Earth's. This allowed us to study the effects of varying either 
the radius of the impactor, a ,  a t  a fixed gravity or the gravitational acceleration a t  a fixed impactor radius. As an 
example, for the Earth's gravitational acceleration, the projectile radius, a, varied from 5 m to 5 x 10' m. The 
planetary strength was varied from nominal values to  zero for hydrodynamic flows. The deformations in the plane 
tary surface and the trajectories of the material in the planet were delineated by the use of massless tracer parti- 
cles. 

For dimensionless times Ut/a) < 5, the crater depth increased linearly with time (Fig. 1). The exceptions were 
for values of pa/@ > loR [eg .  a > 50 km for Earth impacts) For (Ut/a) > 5, but less than the rebound time, 
the craters grew a t  a slower rate. This rate is consistent with that predicted by Holsapple and Schmidt (1987) from 
dimensional considerations and the introduction of the concept of a coupling coefficient. At large values of ga/U? 
(> and relative strength, Y/U2p> the gravitational or deformation work are significant during initial 
penetration and the conditions for the validity of the coupling coefficient are violated 

We determined the maximum depth of penetration and excavation as a function of crater radius for impacts on 
the Earth, Mars, and the Moon a t  12 km/sec (Fig. 2). The depth of excavation increases relative to the crater 
radius, r, because the crater radius decreases relative to  impacting body radius with the increasing size. For exam- 
ple, these curves predict that  a 100 km diameter crater on the Earth would have ejected material from a depth of 
only - 23 km 

Massless tracer particles were placed in planes below the point of impact and were used to determine the defor- 
mations and trajectories of particles relative to their initial positions in the planet. The deformations and particle 
trajectories were essentially identical for: 1 times up to the point of maximum depth of penetration, 2) a given 
value of strength, and 3) for ga U? < loS. l e g .  radii i 2 50 km for g = 980 cm/s2). An example of the particle tra- 
jectories and the velocity field or a case that  corresponds to  a 50 km radius impactor on the Earth is shown in 
figure 3. Referring to the trajectories, note that  for the positions under the point of impact, and for a range of 
angles < l o ' ,  that the flow is nearly radially outward. At  angles greater than this, the flow field is no longer 
purely radial, i t  has the downward and then upward motion as assumed in the Zmodel (Maxwell, 1977). At  late 
times, because of the influence of gravity, the velocity field has a toroidal geometry that gives rise to the rebound- 
ing of the crater floor. The turning around and hooking of the trajectories chronicles that behavior The rebound- 
ing occurs a t  a dimensionless time of - 20 , (for ga/U2 < The deformational histories of annular columns of 
material beneath the planetary surface are also shown in figure 4. Note that the columnar structure near the 
impact centerline is nearly a reconstruction of the structure a t  an earlier time. This behavior has been a source of 
debate In the ~nterpretation of experiments a t  high accelerations in centrifuge experiments (Schmidt and Holsapple, 
1981). We now conclude that  a t  high accelerations, or a t  large scales, that a deep transient bowl-shaped crater is 
~ I w a v ~  produced. However, subsequent rebounding motions produce the observed shallow final crater. The relative 
depth of excavation de/r of Fig. 1 for earth gravity and impact a t  12 km/sec yields in (cgs, units) de/r = 0.02roN. 
Thus the maximum depth of penetration and excavation increase slowly with crater radius. 
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Fig. 2. Maximum depth of excavation 
normalized by crater radius, versus 
crater radius for Earth, Moon, and Mars 
for 12 km/sec impact of silicate projec- 
tile impacting silicate half-space 

Fig. 3. Velocity field resulting from 50 
km silicate projectile impacting at  12 
km/sec, onto a silicate half-space at  the 
dimensionless time, t = 50.6 and the 
massless tracer particle histories up to 
that  time. 

Fig. 4. Vertical columnar markers show- 
ing the planetary surface deformations 
a t  the time of maximum penetration ( t  
= 22.8) and dudng the rebounding of 
the crater floor ( t  = 50.8). The impact 
conditions are the same as in fig. 3. 
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