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Introduction:  Impact gardening by continual me-

teoroid bombardment mixes local planetary regolith 
vertically and provides foreign material laterally, 
which informs provenance analysis. Analysis of Apol-
lo soil samples indicates that vertical re-arrangement of 
regolith is commonplace.  Both cosmic ray tracks and 
Ar-36 abundance are in lower abundances than pre-
dicted if a fresh regolith sample simply sat atop the 
regolith and was exposed to space [1]. Apollo cores 
show that layering is preserved, albeit not over long 
distances horizontally [2], probably because of mixing 
caused by meteoroid impacts and distal ejecta em-
placement processes excavated from larger meteoroid 
impacts. Experiments [3, 4], and spectral observations 
[5] indicate that during ejecta emplacement, regolith 
mixing is most efficient for distal ejecta deposits (>3 
crater radii), especially in crater rays, where it is most-
ly (up to 80%) re-worked local (or secondary) material 
rather than foreign (or primary) crater material exca-
vated from the source crater. For the bulk of ejecta 
excavated within 3 crater radii, it is clear that the 
amount if mixing between primary and secondary cra-
tering is less well understood [e.g., 4], and could con-
tribute to the more extensive lateral sources of material 
observed spectrally in the lunar regolith [6,7,8]. 
Though small hypervelocity impact experiments (e.g. 
[4]) are important for understanding crater formation, 
the small amounts of ejecta produced make these ex-
periments ill-suited for understanding how ejecta em-
placement scours and exposes material from depth. To 
begin to address this knowledge gap, the recently con-
structed JHUAPL Ejecta Emplacement Catapult 
(henceforth, “the catapult”) allows for the first time 
detailed physical modeling of near-rim crater ejecta 
emplacement and subsequent surface flow dynamics. 
With it, we report on a series of preliminary experi-
ments designed to assess the mixing of ejecta and local 
substrate as a function of radial distance, paying par-
ticular attention to heterogeneities in the mixing. 

Methods:  As described elsewhere [9], the catapult 
(Figure 1) is a ~ 1 m2 steel plate shaped to resemble a 
portion of ejecta curtain. The lower tapered end is 
mounted to a stiff spring-loaded pivot. Fins mounted 
radially on the catapult plate help provide a radial 
spread to the ejecta, which we initially load on the 
cocked catapult. The radial geometry is critical for 
minimizing hoop stress during ejecta emplacement in 
much the same way the radial geometry of an impact 
crater ensures [10]. In these experiments, we used ~4.8 

kg of gravel as an ejecta simulant. This ejecta was 
placed with nearly uniform thickness on the catapult, 
and was limited to ~30 cm height. The gravel was fired 
onto a quartz sand substrate found in a box with clear 
walls so that the emplacement could be observed (Fig-
ure 2). The final deposited gravel layer was up to a few 
grain diameters (~0.5 cm) thick.  

 
Figure 1. Experimental setup showing the cocked and 
gravel-loaded catapult about to fire into the sand target 
box. Clear sides to the sand box allowed for measuring 
the vertical profile of the gardened surface. 
 

 
Figure 2 High-speed video still of the gravel ejecta 
curtain impacting the sand surface. The fine grid lines 
in the background are 1 cm apart.  
 

The purpose of using uniformly thick ejecta on the 
catapult is to simulate a portion of an impact ejecta 
curtain—not its entirety. In the future, we can simulate 
different portions of the ejecta curtain excavated at 
different distances from the impact point by varying 
the amount of gravel loaded on the catapult, the cata-
pult speed, and the distance of the sand box from the 
catapult. 
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Figure 3. Velocity profile for the catapult ejecta simu-
lant (left) and real near-rim ejecta from a 2-m diameter 
crater (right). 

 
Several cameras (still and high-speed [1200 f/s]), 

and a laser topographic profiler were used to observe 
and measure the emplacement, flow, and final distribu-
tion of ejecta and substrate. We mapped the ratio of 
gravel coverage/search area downrange along a tran-
sect in 4 cm2 overlapping patches. 

Figure 3 shows how well the catapult’s velocity 
and deposition angle match those of a natural impact. 
In general, both the velocity and angle were found to 
be well-represented, with the small exception that the 
catapult ejecta has a steeper increase in velocity with 
distance along the curtain. This small difference is 
thought to be minor for understanding ejecta emplace-
ment and especially subsequent surface granular flow 
behind the curtain because our experiments only con-
sider slices of naturally occurring impact ejecta. 

Results & Discussion:  In plan view (Figures 4 & 
5) there is a general decrease in primary ejecta cover-

age downrange as is usually observed 
for impact ejecta. High-speed side-
views of each experiment (e.g., Figure 
2) show that as the inclined ejecta cur-
tain sweeps across the target, both pri-
mary (gravel) and secondary (sand) 
material mix together and follow the 
curtain. The combined forward momen-
tum of the gravel and sand mixture 
crater, gouge, and erode the surface, 
ultimately emplacing an ejecta deposit 
that is several cm below the original 
sand surface, which indicates a net ero-
sion of surface material. 

In profile, the gravel ejecta gouged 
out an undulating profile in the sand. 
The depth of gouging increased to a 

maximum of ~20 mm at 79 cm downrange. The degree 
of gouging increases uniformly with distance; the ob-
served gouging might be greater than for natural im-
pact ejecta because of the uniform thickness of the 
ejecta launched used in our catapult experiments. This 
will result in a slightly greater kinetic energy gradient 
in our experiments relative to natural impact ejecta. 
Nevertheless, the resulting observed undulating pattern 
is very reminiscent of hummocky surface morphology 
seen at many craters on the Moon [e.g., 2]. 

 

 
Figure 5. Percent ejecta coverage vs. distance showing 
a general decrease of primary ejecta downrange.  

 
Conclusion & Future Work:  We have begun a 

series of experiments to explore the efficiency of rego-
lith gardening during ejecta emplacement. Using an 
ejecta catapult to launch a relatively small and uni-
formly thick curtain, we show that depositing ejecta is 
capable of significantly eroding the pre-existing sur-
face. The deposition of ejecta also creates an undulat-
ing pattern of depressions in the pre-existing sand that 
increases with wavelength and depth downrange. Fur-
ther, primary ejecta becomes less prevalent down-
range.  

We will conduct further experiments on the ejecta 
deposition processes that will assess how to scale and 
correlate the catapult speed, size, and ejecta distribu-
tion to the emplacement of ejecta at planetary scales. 
This will require tracking changes in detail in the ob-
served deposited ejecta mass distributions resulting 
from changes in the launched ejecta masses, ejecta 
impact and subsequent surface velocity, and ejecta 
rheology. These can be achieved by changing the cata-
pult velocity, loaded mass, and mass distribution.  
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Figure 4. Plan view of a representative 
section of emplaced ejecta, where the 
ejecta first came from the top. Small 
increments on right hand side of ruler 
equal 1 cm. 
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