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Introduction: Sesquinary (“1.5-ary”) impact cra-

ters [1,2] on the Moon are created by projectiles previ-
ously ejected from the Moon into geocentric orbits by 
larger impacts. In a sense, they are transitional between 
primary and secondary craters. Here I extend the clas-
sic analysis [3] of lunar impact ejecta dynamics to as-
sess sesquinary crater significance, show that the 
sesquinaries can form clusters and present examples of 
possible clusters of sesquinaries on the Moon. 

Global sesquinary impact inventory:  I per-
formed massive calculations of trajectories of projec-
tiles launched from different places on the Moon in 
different directions using MERCURY code [4]. The 
calculations traced massless projectiles in the gravita-
tional field of the Earth, the Moon, and the Sun on their 
present-day orbits until the projectiles hit the Earth or 
escape from the Earth-Moon system or hit the Moon to 
produce sesquinaries. The projectiles were launched 
from 1212 points uniformly distributed over the entire 
Moon. For each launch point, 24192 projectiles were 
launched at: {7 zenith angles form 30° to 60°}  {72 
azimuths in all directions}  {48 initial velocities from 
2.40 km/s (just above the escape velocity of 
vesc = 2.38 km/s) to 4.75 km/s (above which no sesqu-
inary impacts can occur)}. The launch date was the 
same for all projectiles and chosen arbitrary. Limited 
test runs showed that the fate of many individual pro-
jectiles depended on the launch date, while the global 
statistics of sesquinary impacts do not.  

The effect of the launch zenith angle on launch-
azimuth-integrated number of sesquinary impacts is 
minor. Sesquinary production depends strongly on lo-
cation of the primary impact (=launch point), as dis-
cussed in detail in [3]. Primaries within ~60° around 
the lunar apex (the center part of the western hemi-
sphere) produced almost no sesquinaries, in particular, 
large young craters Jackson, Ohm, and Glushko. The 
highest sesquinary production efficiency is for impacts 
in a wide band at ~40°-80° distance from the antapex. 
In particular, Giordano Bruno, the youngest crater of 
its size, has a high sesquinary production potential. 

The majority of sesquinaries are produced soon af-
ter the primary impact; more than a half of them are 
produced during the first year with prominent produc-
tion peaks at about 1, 2, 3, 4, 5, and 6 lunar orbital 
periods; over a third of all sesquinaries are produced 
within these peaks (see discussion in the next section). 
Only ~11% of all sesquinaries are formed more than a 
year after the primary impact; in my calculations, the 

last sesquinary impacts occurred a few thousands of 
years after the primary, and no projectiles left in the 
geocentric orbits after ~104 years. 

The majority of sesquinaries are formed by projec-
tiles ejected just above vesc [3], about a half of sesqu-
inaries in my calculations were produced by projectiles 
launched at 2.40 and 2.45 km/s. Among all projectiles 
launched at these velocities, only 3.0% hit the Moon, 
significantly less than in limited and therefore less ac-
curate calculations in [3]. Almost all (98%) of traced 
projectiles that hit the Moon were slower than 3.00 
km/s at their launch.  

To calculate the average sesquinary formation effi-
ciency I applied a power-law distribution of ejection 
velocity according to [5]: I assumed the mass ejected 
faster than v to be proportional to v-4/3. Variations of 
the power law exponent in its reasonable range [5] 
does not change the result significantly. I also assumed 
that the primary impacts and their ejection efficiency 
are distributed uniformly over the entire Moon. Under 
these assumptions, the mass of material that re-hit the 
Moon is 0.50% of the total mass ejected from the 
Moon above vesc. Application of scaling laws from [5] 
to a silicate primary impactor yields ~0.6 of the im-
pactor mass to be ejected above vesc. Dedicated hydro-
code modeling [6] for realistic typical impact condi-
tions gives 2 – 4 impactor masses, therefore the total 
mass of sesquinary impactors is 1% – 2% of the total 
mass of primary impactors. An unknown part of this 
mass is finely fragmented and does not produce ob-
servable craters. Sesquinary impact velocities are in a 
narrow range of 2.38 - ~3 km/s, much slower than typi-
cal primary impacts. As a result, the total number of 
sesquinaries is much less than 1% of the total number 
of primaries larger than a given size. Thus, the bulk 
contribution of sesquinaries into the cratering record is 
negligibly small. 

The largest primary impacts, however, may have a 
noticeable effect. For example, for crater Tycho, the 
youngest crater of its size, the sesquinary production 
efficiency is 0.08%. Typical recognizable distal Ty-
cho’s secondaries are hundreds of meters in diameter. 
Assuming typical Tycho-forming impact conditions, 
the total sesquinary impactor mass is sufficient to make 
~4106 craters 200 m each, a factor of 3 greater than 
the total number of primaries greater than 200 m 
formed since the Tycho impact (108 Ma ago) accord-
ing to the “standard” Neukum production function. 
This crude estimate indicates that the proportion of  
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sesquinaries form the largest young impacts in the 
youngest subpopulations of subkilometer-size craters 
could be noticeable. 

Clustering of sesquinary craters: The majority of 
the sesquinary-forming projectiles are launched with 
velocities just above vesc, therefore their apogees are 
close to the initial launch location, where a high con-
centration of projectiles is produced. In an oversimpli-
fied case with no lunar and solar gravity, all projectiles 
launched from some point will return to the same point 
in space after an integer number of orbital periods, 
which produces focusing. Lunar and solar gravity sig-
nificantly complicates this picture, however, some fo-
cusing will still occur. If the projectile orbital period is 
commensurable with the lunar orbital period, the im-
pacts would occur early, before the perigee drifts off 
the initial point and focusing is still possible. This ex-
plains the monthly spikes in sesquinary impacts for the 
first 6 months after the primary impact, when the Moon 
returns to the same (approximately) place in space, 
where the primary impact occurred.  

Among projectiles launched from the center of 
crater Tycho, a large number of projectiles goes into 
orbits with 3:5 commensurability with the Moon; these 
projectiles would hit mostly the central lunar farside on 
the 81st day after their launch. Fig. 1 illustrates that in 
addition to the general focusing toward central farside, 
some additional caustic-like focusing occurs (note 
overlapping lines or overlapping dots on each line in 
Fig.1). Particles ejected by large impacts are known to 
cluster, as evident from secondary clusters. Such clus-
ters would spread widely during a few months travel on 
geocentric orbits, however the caustic-like focusing can 
bring them back together. This means that sesquinary 
craters can be concentrated into dense clusters. Calcu-
lations shown in Fig.1 cannot be used to predict exact 
location of Tycho’s sesquinary clusters, because the 
caustic configuration depends on the primary impact 
date. Moreover, when Tycho impact occurred, the 
Moon had somewhat different orbit than now, which 
also affects the results. In addition, Tycho impact itself 
caused significant libration of the Moon, which distort-
ed the impact positions. However, it is probable that 
cluster(s) of sesquinaries form Tycho and possibly 
from other large young craters do exist on the Moon.  

Candidate sesquinary clusters: At the north-
eastern limb of the Moon to the south from crater Hayn 
there are 5 unusually dense linear narrow clusters of 
10s and 100s m size craters [7]. Fig. 2 shows one of 
them; note that only hectometer-scale craters are re-
solved on this image; overabundant decameter-scale 
craters are not seen here, but are apparent in higher-
resolution images. There are no hints of an endogenic 
origin of these craters in their morphology and settings; 

they are impact craters. Neither do they show mor-
phologies suggestive of low-velocity or oblique impact, 
like typical secondaries. The prominent roughness sig-
nature [7] of these clusters suggests a geologically 
young (Copernican) age. One of these clusters is su-
perposed over proximal ejecta of Hayn, a large Coper-
nican-age crater (older than Tycho), and hence post-
dates the Hayn impact. In high-resolution images 
(LROC NAC) the cluster-forming craters look sof-
tened; they obviously underwent significant regolith 
gardening and are not extremely recent. Great circles 
fitted to these linear clusters do not extend to the vicin-
ity of any large (>20 km) young crater. All these fea-
tures suggest that these clusters are not clusters of sec-
ondaries. It seems probable that these clusters are made 
of sesquinary craters from Tycho or other large young 
impact. 
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Fig. 1. Map of the central lunar farside with locations for 
sesquinaries that would be launched from Tycho center on 
Jan. 1, 2012 with 2.40 km/s velocity toward the E – ENE, 
and impacted the Moon on Mar. 22. Four curves correspond 
to 4 launch zenith angles; dots on the curves correspond to 
1° steps in the launch azimuth. Dash lines mark caustics.  

 
Fig. 2. Dense elongated cluster of relatively sharp craters 
(between long arrows). The scene is centered at 52.5°N 
84.5°E; a portion of LROC WAC global mosaic.  
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