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Introduction:  There is an upturn (in an R-plot) or 

steepening of the cumulative slope in the crater size-
frequency distribution (SFD) for small craters on the 
lunar maria, martian volcanic plains, and most of Mer-
cury.  That upturn begins near 1 km diameter on the 
Moon and Mars [1] but begins near 10 km on Mercury 
[2]. Some workers have interpreted this upturn on 
Moon/Mars as due to secondary craters while others 
argued this is the primary crater distribution [reviewed 
in 3].  Recent measurements of present-day impact 
rates support the upturn in the primary flux [4-5] but 
this does not exclude abundant small secondaries as 
well. In contrast to the Moon and Mars, for which the 
upturn may be due to a combination of primary and 
secondary craters, the origin of the SFD upturn of 
Mercury seems clearly to be due to secondary craters 
[6-11].  Why do secondaries dominate the cratering at 
an order of magnitude or larger size on Mercury than 
on the Moon and Mars?  

Secondaries in the 1-20 km diameter range are pre-
dominantly the result of primary craters or basins larg-
er than ~200 km diameter [3].  Although a 100 km 
crater may produce a largest secondary crater of ~5 km 
diameter, the number of secondaries >1 km is small 
(625 with a -4 cumulative slope) and has little effect on 
large-areas SFDs.  In contrast, a 200 km primary will 
produce 104 secondaries >1 km with the same cumula-
tive slope.   

 
Three Hypotheses:  The first hypothesis, common 

among previous studies (e.g. [2]) is that greater sec-
ondary production is caused by higher impact veloci-
ties.  Mean impact velocities are 38.1 km/s on Mercu-
ry, 18.9 km/s on the Moon, and 12.4 km/s on Mars 
[12]. A second hypothesis is that a shallower primary-
crater SFD contributes to seeing the secondary distri-
bution at larger sizes [11].  The third, very different 
hypothesis that we present here is that the unique geo-
logic history of Mercury keeps large secondaries well 
preserved and easy to recognize, whereas the Moon 
and Mars had different histories that served to erase the 
large secondary craters or hide their effect on the SFD.   

 
1. Impact Mechanics: Scaling laws based on im-

pact crater experiments estimate crater ejecta mass and 
velocity [13]. Bierhaus et al. [14] used these scaling 
laws to explore the variation of secondary-crater pro-
duction as the conditions of an impact change.  The 

mass available to make secondary craters depends on 
the primary crater population and the inherent varia-
tions of just a few parameters: surface gravitational 
acceleration, impact velocity, and escape velocity 
(with assumed 45º impact angle).  Because these pa-
rameters are different between worlds, the resulting 
high-velocity ejecta mass can be different even if the 
impacting population is the same.  They estimated the 
mass ejected at a velocity sufficient to create second-
ary craters on each world, with the assumption that 
secondary production is proportional to this mass.   

Extending this analysis to the Moon, Mars, and 
Mercury [11] gives the following ratios of mass avail-
able to create secondaries divided by mass of the im-
pactor: Mercury: 10.0, Moon: 4.1, and Mars: 1.2.  In 
other words, given the same impact flux, it is primarily 
the higher impact velocities that result in slightly more 
than 2 times as much mass availble to create secondar-
ies on Mercury than on the Moon, and 8 times as much 
on Mercury than Mars.  Has the problem been solved? 

There are two potential issues with this model for 
explaining the question posed by this abstract.  First, a 
factor of two decrease in secondary cratering is not 
sufficient to make the SFD of Mercury resemble that 
of the lunar maria.  A factor of two is difficult to see at 
all on the exponential distributions.  

The second potential issue with the model of Bier-
haus et al. [11, 14] is that the effect of impact melt is 
not modeled.  Impact melt varies with impact velocity 
as does mass predicted to be ejected at high velocity, 
but much of the kinetic energy of the impact goes to 
melting rather than ejecting.  The quantity of melt pro-
duced becomes significant (>20% of displaced volume 
on Mercury) for transient craters larger than 100 km 
[15] (based on target properties of gabbro), the size 
range of interest for the production of large secondar-
ies.  This melt production must reduce the predicted 
advantage of high impact velocity for producing sec-
ondaries.  For a transient crater >500 km diameter on 
Mercury, melt production could exceed 50% of the 
displaced ejecta, concentrated in the most highly 
shocked materials that might otherwise be ejected at 
high velocities.  There will remain a surface spallation 
layer that can create secondary craters, but this could 
be similar on the Moon, Mars, and Mercury.  Pending 
further research, we cannot conclude that higher im-
pact velocities will produce significantly greater num-
bers of large (>1 km) secondaries.   
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2. Primary SFD:  The mass available to make sec-

ondary craters is proportional to crater's diameter-
cubed, ignoring impact melt [14].  Thus, if the primary 
crater SFD has a “flatter” slope, more large craters are 
produced, leading to many more secondaries in propor-
tion to primaries [11].  This is one key to the domi-
nance of secondaries among small craters on Europa, 
where the short-period comet SFD is flatter than that of 
asteroids [16].  Cratering in the inner Solar System is 
dominated by asteroids, with the hypothesis of Type 1 
and 2 populations [17]. Population 2, dominating since 
about 3.8–3.7 Gyr, produced a SFD characterized by a 
differential –3 single-slope power law. Population 1, 
dominating at early times, had a complex but generally 
“flatter” SFD.  The widespread intercrater plains of 
Mercury were emplaced during the late heavy bom-
bardment (population 1), whereas volcanic plains on 
the Moon and Mars were emplaced much later (popu-
lation 2) [17].  This difference in the primary SFD, if 
correct, would enhance the apparent abundance of sec-
ondaries on Mercury and is due to its geologic history, 
so hypothesis 2 may be considered a subset of hypoth-
esis 3.   

A related factor may be an underabundant small-
body impacting population at Mercury, relative to the 
Moon and Mars, due to the disruption of low-albedo 
objects near the Sun [18]. Thus there are fewer small 
(<10 km) primary craters forming, which partially hide 
the secondary effect on the SFD. 

 
3. Geologic History: As stated above, most inter-

crater plains on Mercury date to ~4 Gyr.  Many large 
(>200 km) impact craters and basins were still being 
produced [2, 17], leading to the abundant large (>1 
km) secondaries, and not much happened since then to 
erase these secondaries, and the cratering at 1-10 km 
diameter did not reach saturation so we clearly see the 
secondary crater effect on the SFD. A comparable 
population of large secondaries could have been pro-
duced on the Moon and Mars during this time period, 
but they have been erased or are difficult to recognize 
today.  The Moon contains two main terrains: highland 
and maria.  The ancient highlands are saturated with 
craters smaller than ~10 km, so the SFD matches that 
of saturation equilibrium [19].  Secondaries from the 
youngest lunar impact basins have been recognized 
and mapped [20], revealing the “steep” SFD expected 
for secondaries.  The lunar maria is less than 3.5 Gyr 
old, and there are no post-mare primary craters on the 
Moon larger than Hausen (167 km diameter), i.e. there 
is an absence of primaries capable of producing abun-
dant secondaries >1 km over the maria.  On the young 
volcanic plains of Mars, the largest primary available 

to contribute secondaries is ~100 km diameter [17].  In 
addition, extensive erosion at the Noachian/Hesperian 
boundary (≈3.6–3.7 Ga [21]) has erased craters smaller 
than tens of km diameter on Noachian-aged terrains, 
including the basin secondaries.  The only impact ba-
sins on Mars that post-date this period of erosion are 
Lyot and Lowell, which do exhibit a significant popu-
lation of large secondary craters [22].  

 
Conclusions:  The greater abundance of large sec-

ondary craters on Mercury compared with the Moon 
and Mars is easily explained by the fact that extensive 
plains ~4 Gyr are preserved, so the large secondaries 
from large impact events are preserved.  The higher 
impact velocities on Mercury, generally assumed to 
explain this difference, may also contribute if the 
greater quantity of melt production does not largely 
counteract this increase (future work may address this 
issue).  There is no reason to assume that abundant 
large secondaries were not produced on the early 
Moon and Mars, affecting regolith production on both 
worlds and climate change on Mars [23].  
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