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Introduction: Observations are necessary to vali-

date experiments and modeling of cratering  and ejecta 
physics. Here we map lunar secondary craters and es-
timate the size and velocity of the ejecta fragments that 
formed them. We characterize two main aspects of the 
data: 1) the secondary size fall-off as a function of dis-
tance from the primary crater, and 2) the size-velocity 
distribution (SVD) of ejected fragments. These data 
can be compared for craters across the Solar System—
on the Moon [1-3], terrestrial planets [2,3], icy satel-
lites [4], and small bodies—to examine trends and as-
sess the role of material and dynamical parameters in 
fragment formation and ejection. 

Mapping: With the modern Lunar Reconnaissance 
Orbiter (LRO) dataset we can explore a range of pri-
mary crater sizes and target materials. The LRO Wide 
Angle Camera (WAC) 100 m/pixel global mosaic 
served as the base for all mapping. We also examined 
Narrow Angle Camera (NAC) images (~0.5–1.5 m px-

1) for confirmation of secondary crater morphologies. 
High sun mosaics were useful for following crater 
rays. 

Secondary fields around three primary craters have 
been mapped to date: Kepler (31 km diameter), Coper-
nicus (93 km) and Orientale (660 km to Outer Rook). 
Only the craters with the highest likelihood of being 
secondaries (in obvious radial chains or clusters), and 
whose diameters were clear, are utilized in the subse-
quent analysis. 

Fragmentation Theory: Near surface material in-
side the transient cavity is predicted to break up and be 
ejected directly by stress-wave interference forming 
spall plates [5,6]. Typical spall plate thickness (lspall) is 
estimated from the following: 
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where ai is the primary impactor radius (estimated by 
scaling from the crater size [7]) and δ the impactor 
density. T, CL, and ρ are the tensile strength, P-wave 
speed, and density of the target material, respectively 
(values of 100 MPa [5], 5.3 km s-1 [5], and 2500 kg m-3 
[8] are used). The function predicts spall size is in-
versely related to the speed at which a given spall plate 
is ejected (υej). For simplicity, in this abstract we as-
sume ρ=δ for asteroidal impactors on the Moon. Spall 
plates may be up to 10·lspall in their other two dimen-
sions, thus a mean spall diameter is estimated as 
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Figure 1.  (a) Quantile regression fits to the secondary meas-
urements for the 99th quantile (a typical large secondary) and 
the 99.9th quantile (absolute max. secondary size). (b) Map of 
expected secondary sizes at a given distance. Apollo 12, 14, 
and 15 sites marked with red squares. (c) Size-velocity dis-
tribution of estimated ejecta fragments and quantile regres-
sion fit to upper envelope (99th quantile, red curve and equa-
tion). Also shown are two curves for predicted spall sizes 
(primary impact speeds of 10 and 20 km s-1).   
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1001/3·lspall. Spall plates are ejected at relatively high 
velocities, though, and may break up during flight. 

Grady-Kipp theory predicts a mean or preferred 
fragment size for material ejected during the main ex-
cavation flow that is smaller than spall for the same 
conditions (the sizes are proportional to υej

-2/3).  
Ejecta Fragment Size-velocity Distributions 

(SVDs): We estimated the velocity and size (dfmax) of 
the ejecta fragment that formed each secondary crater 
from the range equation for a ballistic trajectory on a 
sphere and Schmidt-Holsapple scaling relations (meth-
ods as in [4]). Size scaling was carried out in the gravi-
ty regime for both non-porous and porous endmember 
target material properties [9]. Primary transient cavity 
diameters were estimated according to [10]. 

Results: A power law function was fit to the upper 
envelope of the SVDs (Fig. 1c) using quantile regres-
sion: dfmax = Aυej 

– β. The pre-exponential factor, A, 
generally scales with primary crater size. The velocity 
exponent, -β, is predicted by spallation theory to be -1, 
and limited to the interval [1,4/3] by coupling parame-
ter scaling (for the specific case when dfmax does not 
depend on CL [4]). It is observed, however, to vary 
between -1 and -3 on both icy and rocky bodies (Fig. 
2). Craters less than 40 km in diameter come closest to 
having a -β of -1. Larger craters generally have steeper 
exponents, but this trend is not consistent. 

The Copernicus dataset is the most robust—it has 
the greatest number of measurements (n =  5,440 cer-
tain secondaries) and least contamination from other 
secondary fields or primary cratering (it is a large, 
young crater on a largely mare surface). A quantile 
regression fit to the upper envelope of the derived 
fragment data (Fig. 1c), yields a pre-exponential factor, 
A, that is comparable in magnitude to that predicted by 
spallation theory (Eq. 1).  The comparison is better for 
slower assumed primary impact speeds (10 km s-1). 
The velocity exponent of -2.2 is similar to that found 
by [2,3] but shows a steeper fall-off in sizes than pre-
dicted by current spallation theory.  

Largest Fragments at Escape Velocity. Extrapolat-
ing the power-law fits for largest fragment size to the 
Hill-sphere escape velocity (2.34 km/s) gives fragment 
sizes of 30, 40 and 860 m for Kepler, Copernicus and 
Orientale, respectively. These fragments would go into 
orbit, and may eventually re-impact the Moon, or im-
pact the Earth as meteorites. 

Size and location of secondary craters. Secondaries 
are abundant and quite large even at a substantial dis-
tance from Copernicus (Fig. 1a,b). This fact has impli-
cations for age dating, as secondaries from various 
impacts are heterogeneously distributed around the 
Moon.   

 

Discussion and Conclusions: 
• New measurements of secondary craters using 

LROC images allow characteristics of ejecta distri-
butions as a function of crater size. 

• Current spallation theory better predicts the magni-
tude of fragment sizes for the rocky lunar data than 
for icy satellite examples [4]. However, there is still 
a range of velocity exponents that are generally 
steeper than predicted. Future updates to spallation 
theory may address this issue. 

• Fragmentation and meteorite ejection influence the 
exchange of material between planets, ejecta 
transport of material across a planet’s surface, and 
the origin of small craters, which affects our under-
standing of age determination through crater size-
frequency distributions. The size and location of 
secondaries can be roughly estimated, and potential-
ly factored into any interpretations based on crater 
counting. 

• Fragments as large as ~1 km could be ejected in the 
largest lunar impacts.  More typical sizes are in the 
10s of meters for mid-sized impacts. 
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Figure 2. Comparison of velocity exponents (-β) for primary cra-
ters on the Moon and icy satellites [4].  This exponent describes 
how quickly ejecta fragment sizes decrease with increasing ejec-
tion velocity. 
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