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Introduction:  Observations are necessary to vali-

date experiments and modeling of cratering  and ejecta 
physics. We have mapped six secondary crater fields 
on the Moon, two on Ganymede, and one on Europa.  
We applied crater scaling laws to estimate the size and 
velocity of the ejecta fragments that formed each sec-
ondary. We characterize two main aspects of the data: 
1) the secondary size fall-off as a function of distance 
from the primary crater (discussed elsewhere [1]), and 
2) the size-velocity distribution (SVD) of ejected 
fragments (the focus of this abstract). These data can 
be compared for craters across the Solar System—on 
the Moon [1-3], terrestrial planets [2,3], icy satellites 
[4], and small bodies—to examine trends and assess 
the role of material and dynamical parameters in frag-
ment formation and ejection.   

We find an unexpected scale-dependent trend in 
ejecta fragment SVDs and empirically estimate the 
maximum fragment sizes reaching escape velocity. 

Mapping:  With the Lunar Reconnaissance Orbiter 
(LRO) dataset we can explore a range of primary crater 
sizes.  The LRO Wide Angle Camera (WAC) 100 m 
px-1 global mosaic served as the base for all mapping. 
We also examined Narrow Angle Camera (NAC) im-
ages (~0.5–1.5 m px-1) for confirmation of secondary 
crater morphologies.  Both Galileo and Voyager 2 im-
ages were used in the mapping of Europa and Gany-

mede [details in 4].  Only the craters with the highest 
likelihood of being secondaries (in obvious radial 
chains or clusters), and whose diameters were clear, 
are used in the subsequent analysis.  A summary of 
mapped locations is given in Table 1. 

Ejecta Fragment Size-velocity Distributions 
(SVDs): We estimated the velocity (υej) and size (dfrag) 
of the ejecta fragment that formed each secondary 
crater from the range equation for a ballistic trajectory 
on a sphere [7] and Schmidt-Holsapple scaling rela-
tions (methods as in [5]). Size scaling was carried out 
with the full equations spanning the gravity and 
strength regime and for both non-porous and porous 
endmember target material properties [e.g., refs. 8,9]. 
Primary crater transient cavity diameters were estimat-
ed according to [10,11]. 

A power law function was fit to the upper envelope 
(99th quantile) of the SVDs using quantile regression 
[12]: dfrag,max = αυej 

– β (shown in Fig. 1 for Copernicus).  
The upper envelope provides the maximum secondary 
crater size, assuming all smaller sizes are possible 
down to the resolution limit (confirmed by inspection). 

Results and Discussion: As expected, the frag-
ment magnitude factor, α, generally scales with prima-
ry crater size.  Icy satellite secondary crater magni-
tudes (a) follow a similar trend to, but are lower values 
than the lunar examples.  Current spallation theory 

Table 1 – Primary crater and secondary field characteristics. 
Primary Crater 
 
 
 

Final 
Primary 
Diameter 
(km)a 

Primary 
Transient 
Diameter 
(km)b 

Primary 
Impactor 
Diameter 
(km) 

Number of 
Secondaries 
Mapped  

Largest 
Observed 
Secondary 
(km) b 

Average of 
Largest 5 
Secondaries 
(km) b 

Estimated Max 
Fragment Size 
at Escape Ve-
locity (m)c 

Orientale 660 360 85 245 26 (4%) 23 (4%) 860 (4700) 
Copernicus 93 63 9.3 4,565 5.5 (6%) 4.9 (5%) 50 (380) 
Kepler 31 24 2.7 1,200 1.4 (5%) 1.3 (4%) 40 (300) 
Unnamed in 

SPA 3.0 2.5 0.16 2,000 0.18 (5%) 0.16 (5%) 3 (30) 

Unnamed near 
Orientale 2.2 1.8 0.11 2,645 0.10 (5%) 0.08 (4%) 5 (50) 

Unnamed in 
Procellarum 0.83 0.68 0.038 1,730 0.04 (5%) 0.04 (5%) 5 (50) 

Icy Satellites:        
Gilgamesh (G) 585 271 49 445 21 (4%) - 220 (1600) 
Tyre (E) 38 23 1.8 1,165 2.8 (7%) - 120 (900) 
Achelous (G) 35 21 1.9 630 2.7 (8%) - 36 (400) 
aFinal diameter for Orientale is estimated at the Outer Rook Mountains, and for Gilgamesh and Tyre based scaling from ejecta de-
posits to rim locations for other large craters on icy bodies [5,6].  bPercentage of primary crater size given in parentheses.  cHill 
sphere escape velocity used: 2.34, 2.63, and 1.91 km s-1 for the Moon, Ganymede, and Europa, respectively.  Sesquinary crater size 
for re-impact on the same body is given in parentheses - for typical re-impact speeds [4,17,18], for the Moon, re-impact speeds vary 
depending on dynamical fate [20], above given for 3 km s-1 for reference.  Note these fragments would not necessarily stay intact. 
 

9034.pdfWorkshop on Issues in Crater Studies and the Dating of Planetary Surfaces (2015)



[7,13] predicts β  = 1, and β is limited to the interval 
{1,4/3} by coupling parameter scaling in the gravity 
regime for the specific case when dfrag,max does not de-
pend on the target sounds speed (see [4], App. C).  The 
β parameter is observed, however, to vary between 0.2 
and 3 on both icy and rocky bodies [3,14,15].   

This large range of β could mean a more compli-
cated scaling applies than derived in Singer et al. [4].  
Otherwise, this range of β indicates the material re-
sponse to the passage of the shock wave is scale de-
pendent.  The shallow βs found for the smaller prima-
ries imply a weaker dependence on material strength 
(nominally, tensile strength for spallation) than is ex-
hibited by the larger craters with steeper β values [ref. 
4, Eqn A.20].  For the smaller primary craters, we may 
be seeing the influence of a fundamental block size 
(pre-existing fractures/layering in the target), however, 
the block sizes still scale with primary size even for the 
smallest primaries.  This scale dependence may be 
related to the velocity dependence seen in recent nu-
merical simulations [16]. 

Largest Fragments at Escape Velocity:  Extrapo-
lating the power-law fits for largest fragment size to 
the Hill-sphere escape velocity for each body yields 
escape fragment sizes for the Moon of a few meters for 
the smaller primary craters (D < 3 km), a few 10s of 
meters for mid-sized primary craters (D = 30–100 km), 
and up to ~900 m for the Orientale basin (Table 1).  At 
these high velocities, however, and given the fractured 
nature of the lunar regolith or mega-regolith, the mate-
rial would likely break up in flight.   

Escaped fragments would go into orbit, and may 
eventually re-impact the parent body, or impact a near-
by moon or planet, potentially forming a so-called 
sesquinary crater.  A particular ejecta fragment’s dy-
namical evolution would depend on its launch position 
(latitude and longitude), ejection angle, and ejection 
velocity [17-21].  A small percentage of the lunar 
fragments may end up in the meteorite collection. 
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Figure 2. Quantile regression parameters α and -β for the upper envelope (99th quantile) of each ejecta fragment 
size-velocity distribution (example in Fig. 1).  The velocity exponent predicted by spallation theory [7,13], -β = -
1, is highlighted for reference in b.  
 

Figure 1. Estimated fragment sizes for forming Coperni-
cus’ secondary craters, quantile regression fit to upper 
envelope, and estimated mean spall diameter for a prima-
ry projectile impacting the Moon at 15 km s-1 [7,13]. 
 

dfrag,max = αυej 
– β 

9034.pdfWorkshop on Issues in Crater Studies and the Dating of Planetary Surfaces (2015)

http://keith.aa.washington.edu/crater-data/scaling/theory.pdf
http://keith.aa.washington.edu/crater-data/scaling/theory.pdf

