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Overview:  This analysis examines the relative 

populations of secondary craters in the inner solar sys-
tem.  Using a combination of “first principles” for cra-
tering, in conjunction with modern scaling laws, we 
find that Mercury should have a significant population 
of secondary craters, perhaps more than any other 
body in the Solar System.  The Moon and Mars should 
have similar populations of secondary craters, though 
the Moon should have more than Mars.  And while 
their contribution is small, a non-zero population of 
secondaries will exist on the largest asteroids, such as 
Ceres and Vesta – those with escape velocities greater 
than perhaps  250 m/s. 

Introduction:  Primary craters – caused by the di-
rect impact of asteroids or comets onto a solid surface 
– eject chunks of that surface, often at sizes and speeds 
sufficient to make additional craters.  Craters made by 
these ejecta are known as secondary craters.  Because 
cataloguing the size-frequency distribution of primary 
craters is the most common means to evaluate the 
age(s) of surfaces for which we do not have samples of 
known provenance (everywhere except the Moon), it is 
imperative to understand the contribution of the sec-
ondary population.  The number and distribution of 
secondary craters has been in debate since analysis of 
the lunar surface in the 1960s. This topic has received 
significant attention in the last ten years because of the 
new wealth of high-resolution imagery from a variety 
of planetary surfaces.  Definitively identifying all sec-
ondary craters is not yet feasible because distant se-
condaries can resemble small primaries, and because 
global crater measurements at scales relevant to sec-
ondary cratering are impossible either due to lack of 
sufficient image data for some objects, or the amount 
of labor involved for other objects. For these reasons 
(and others), most studies have examined specific sec-
ondary crater fields and extrapolated those effects to 
the global scale. 

The purpose of this discussion is to bound the ef-
fect of secondary cratering by a combination of a “first 
principles” approach, in conjunction with a modern 
understanding of cratering physics.  The debate regard-
ing the extent of secondaries exists for all cratered 
surfaces, but has received the most attention for the 
Moon and Mars, mostly due to the vast amount of im-
age data available for those two bodies.  Our analysis 
here includes the Moon and Mars, as well as Mercury 
and Vesta, due to ongoing missions and the present 

and near-future availability of imaging data to test 
these calculations. 

First Principles:  For a given-sized primary im-
pactor, there are a few key physical parameters that 
largely dictate the role of ejecta in adding to the crater 
population.  These include: the primary impactor speed 
(vi) and target surface gravity (g), which determine the 
size of the crater; and target escape velocity (vesc), 
which sets how much of the fast moving ejecta escapes 
the target body.  See Table 1 for the bodies we consid-
er.  We include the tidal effects of the Sun to calculate 
vesc, but the difference between the value used here and 
the classical escape velocity is generally only ~1%. 

A new parameter, introduced by [1] in application 
to icy satellites in the outer solar system, is the mini-
mum velocity required to make a secondary crater 
(vmin).  The idea is simple: at low velocities, an ejectum 
can land intact, or largely intact, as a boulder.  At fast-
er impact speeds, the ejectum disaggregates at impact 
but may not form a crater.  At yet faster impact speeds, 
the ejectum will hit with sufficient energy to make a 
secondary crater.  Analysis of boulders around lunar 
craters [2,3] indicates that the maximum ejection ve-
locity for which a boulder survives intact is around 
200 m/s.  Secondary craters may form at speeds of 250 
m/s, the value used for vmin here. 

In reality, vmin likely spans a small range of values 
depending on the compactness of the ejecta cluster and 
the specifics of the mechanical strength of the target 
surface.  However, using a single value for simplicity 
will not change the fundamental conclusions. 

 
Table 1.  Object Parameters 

Object vi [km/s] g [m/s] vesc [km/s] 
Moon 19.7 1.6 2.3 
Mars  7.0 3.7 4.2 
Mercury 40 3.7 5.0 
Vesta 5 0.2 0.3 

 
Crater Scaling Laws:  A recent update to the cra-

ter scaling laws [4] includes a comprehensive analysis 
of laboratory test results, synthesizing them with the 
extensive historical record of analytical efforts to de-
scribe crater formation.  We use those scaling laws to 
estimate transient crater diameter, total mass ejected 
(mtot), and mass available to make secondary craters 
(msec), for a 1-km diameter asteroid impactor.  We use 
a 1-km asteroid because: (i) it is large enough to gen-
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erate enough ejecta to make an observable population 
of secondary craters, and (ii) impacts of such bodies 
are frequent on geologic time scales. 

Discussion:  Figures 1 and 2 show msec (the mass 
available to make secondary craters) and fsec (the frac-
tional mass available to make secondaries, msec/mtot), 
respectively.  The calculations utilize gravity-scaled 
cratering from [4], assume a 1-km asteroid, and the 
parameters given in Table 1.  Table 2 lists the transient 
crater diameter (Dt) on each body, as well as msec in 
terms of the impactor mass (msec/mi). 

Mercury.  A clear conclusion from the analysis is 
that Mercury will express the most significant second-
ary population of the inner Solar System.  And it ex-
ceeds those in the Jovian system, see [1], suggesting 
Mercury likely has the most significant secondary 
population in the Solar System.  This is due to the very 
high primary impact speed(s), which generate signifi-
cant amounts of fast moving ejecta, and the high es-
cape velocity, meaning much of the ejecta are retained 
to make secondary craters.  This prediction is borne 
out by observations of crater populations seen in 
MESSENGER image data [5,6]. 

Moon.  Although the Moon is less efficient at hold-
ing on to fast moving ejecta than Mars (due to the 
lower escape velocity), the faster mean impact speed 
(and the lower surface gravity) means that a given im-
pact will generate a larger crater.  This does two 
things: (i) generates more ejecta per impact, and (ii) a 
larger fraction of the ejecta will move fast enough to 
make secondary craters. 

Mars.  The amount of mass available to make se-
condaries on Mars is less than that available for either 
Mercury or the Moon.  Table 2 shows that, for the 
conditions considered here, an impact generates only a 
little more than a quarter of the mass for secondary 
cratering on Mars than on the Moon.  Nevertheless, 
every impact on Mars generates at least one impactor 
mass worth of secondary craters. 

Vesta.  On the other end of the spectrum is Vesta, 
which has the smallest resulting secondary population 
– but note that the value is non-zero.  Given that vmin is 
indeed less than vesc on Vesta, secondaries form on that 
body.  The same will be true for any of the large aste-
roids for which vmin < vesc. 
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Figure 1.  The amount of mass available to make 
secondaries for a 1 km asteroid impact.  Mercury 
has much more mass available to make secondaries 
than the Moon and Mars, and may have more se-
condaries than any other body in the Solar System.  
This is due to the combination of (1) very high im-
pact speeds, which creates significant amounts of 
fast moving ejecta, and (2) a large escape speed, 
which means much of that fast moving ejecta is 
retained to make secondary craters. 
 
 

 
Figure 2.  The fractional mass (fsec = msec/mtot) 
available to make secondaries for a 1 km asteroid 
impact.  Even though Mars is more efficient at 
holding on to fast moving ejecta, the higher mean 
impact speed on the Moon creates more fast mov-
ing ejecta to make secondaries (Figure 1). 
 
 
Table 2.  Dt, and msec available to make secondaries 
in terms of impactor mass for a 1 km asteroid. 

Object Dt [km] msec/mi 
Moon 7.7 4.1 
Mars 4.7 1.2 
Mercury 8.5 10.0 
Vesta 6.8 0.3 
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