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Models of impact ejecta emplacement have been largely based 
on the fundamental data and phenomena provided by laboratory-scale 
impacts (1,2). However, these models generally are based on the 
record of impacts into relatively homogeneous quartz sand targets. 
Such experiments reveal important features of crater growth, ejecta 
curtain development, and ejecta emplacement but may be inappropriate 
for drawing direct analogies to large-size impacts on planetary 
surfaces exhibiting complex geologic histories. Complex targets 
have been impacted in the laboratory (3) and reveal marked differ- 
ences in ejecta curtain configuration from the classical conical 
curtain normally cited for lunar analogies (see Fig. 1). Although 
target characteristics become less important with increasing crater 
size during a large fraction of the excavation stage (3), material 
strengths and structural patterns will become significant as the 
shock pressures (and subsequently, the ejecta velocities) decrease. 
It is during the last stages of growth (x/R=scaled distance from 
the impact ~oint30.8) that most of the crater volume is ejected 
and strikes the surface within a few crater radii. That inhomogen- 
ieties can affect ejecta trajectories at sizes larger than labor- 
atory-scale impacts is demonstrated by secondary crater loops of 
Copernicus ( 4 )  and highly irregular, pristine craters on the Moon 
(5). Thus, strength contrasts may affect the ejection sequence, 
velocities, and angles. 

Relatively small dispersions in ejection velocity can drastic- 
ally change the thickness of the ejecta curtain. This thickness 
can be expressed in terms of the delay time between the leading 
and trailing edge of the curtain and is dependent on both the crater 
growth rate and velocity (and ejection angle) dispersion. In addi- 
tion, there should be a crater size-dependent delay time associated 
with the physical requirement of ejecting at nearly the same veloc- 
ity and position an appreciable e'ecta mass (6). If it is assumed 
that velocities decrease as (~1x13 and scale as R% nd that the 
crater growth time varies as (x/R)$ and scales as Rz, then the delay 
time for different dispersions can be readily calculated (Fig.2). 
A velocity dispersion of only 10% becomes increasingly important for 
larger craters: at one crater radius from the crater rim the delay 
time approaches 7 seconds for a 1 km crater and 20 seconds for a 
10 km crater. Such long delay times approach the formation time 
of appreciable size craters (see Fig.2). A 10% velocity dispersion 
is a conservative estimate based on trends from computer-code cal- 
culations of explosions in media with variable strengths (7). In 
contrast, the thin ejecta curtains exhibited by laboratory-scale 
impacts in homogeneous sand targets can be shown to exhibit less. 
than 1% velocity dispersions. 

Ejecta size distributions for relatively deeply buried ter- 
restrial explosion craters fallow a power-law decay wherein a sig- 
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nificant fraction (50%) of the ejecta is 1% to 10% the size of 
the maximum block size (8). Although deeply buried explosions are 
poor analogs for impact cratering (9), they represent one of the 
few existing data bases. The degree of comminution may increase 
with crater size (10) and theoretical calculations suggest that 
this process (combined with plastic flow) may be more significant 
than previously appreciated (11). A thick ejecta curtain of exten- 
sively comminuted debris -- whether by the impact process or in 
the original target -- could alter the current view of ejecta em- 
placement. Near the crater rim (within 2R) considerable interac- 
tions should occur as first arriving impacts produce tertiary ejecta 
that are met by later arriving secondary ejecta. Moreover, any sec- 
ondary material retained at or beneath a secondary crater floor will 
be re-excavated and incorporated into the eventual deposit, thereby 
possibly altering previously proposed mixing ratios. The propor- 
tion of local material will dominate deposits around distant second- 
ary craters but near the primary crater rim, secondary/tertiary 
mixing should be most important near the eroded base of the final 
ejecta deposit, exceptions being the comparatively infrequent 
impacts by large, solid projectiles. A significant fraction of 
secondary impacts will be by systems of small-size or weakly bonded 
ejecta that form relatively shallow, complex craters at low impact 
velocities. 

The preceding descriptions are supported by several observa- 
tions. First, numerous dark-haloed craters occur where dark mare 
units have been excavated from beneath an overlying deposit (e.g., 
ejecta). Consequently, local/primary mixing is not significant 
enough within 2R of the crater rim to mask excavated material. 
This is illustrated by Copernicus H (5 km) on the ejecta facies 
of Copernicus and similar size craters on the ejecta facies of 
Maunder. Larger craters also exhibit excavated debris preserved 
as surficial deposits: dark rays of Dionysius, dark patches of 
Aristillus, and dark ejecta facies of Proclus (5). Second, spectral 
data (12) confirm the preservation of excavated debris deposited 
as far as 3R from the rim. Third, night-time infrared temperatures 
indicate that the inner ejecta blanket, large secondary craters, 
and crater rays are thermally bland or cool (9). This anomalous 
behavior can be understood if extensively comminuted secondary 
debris (rather than large projectiles) have taken part in the 
cratering process. Fourth, myriads of small (L50m) subdued craters 
(not blocky) were formed in association with the Aristarchus impact 
at 4R from the rim (5) and can be understood if they represent 
impacts by low-density, incompetent projectiles forming compaction 
craters. 

In summary, it is proposed that the complex patterns associated 
with craters larger than 1 km in diameter develop primarily by 
turbulent, extensively comminuted secondary ejecta impacting as a 
thick interacting curtain rather than by tertiary ejecta trailing 
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behind a thin ejecta curtain. At greater distances from the 
primary crater, the extensively comminuted fraction of secondary 
ejecta produce shallow, complex craters with small-size tertiary 
ejecta. 
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Figure 1. Effects of inhomogen- Figure 2. Delay time between 
ieties on ejecta curtain. Impact impacts of leading and trailing 
into inhomogeneous quartz sand edge of ejecta curtain at dif- 
with a checkerboard grid results ferent distances (crater radii 
in highly distorted ejecta cur- from rim) produced by disper- 
tain. Frames are 39ms and 58.9ms sions in velocity (5% and 10%) 
after impact. After (3) . and angles (10%) . 
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