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Introduction: Recent data on small martian craters 

revert scientists to a serious problem discussed by 
Shoemaker [1] 40 years ago: are small (less than ~1 
km diameter) craters dominated by primary impacts, 
by secondary impacts of much larger primary craters, 
or are both the primaries and the secondaries signifi-
cant [2,3]? In this paper we use numerical approach to 
model small primary clustered craters, created by dis-
rupted and dispersed projectiles; and high-velocity 
ejecta from km-sized craters which produce distal cra-
ters probably indistinguishable from small primaries. 

Numerical methods: We model atmospheric entry 
of small asteroids, impact cratering, and high-velocity 
impact ejecta motion using three dimensional hydro-
code SOVA [4] complemented by a proper equation of 
state for basalt [5]. We use a tracer (massless) particle 
technique to reconstruct dynamic (trajectories, veloci-
ties), thermodynamic (pressure, temperature) and dis-
ruption (strain, strain rate) histories in any part of the 
flow. The motion of ejecta in the post-impact plume is 
described in the frame of two-phase hydrodynamics: 
every ejected fragment is characterized by its individ-
ual parameters (mass, density, position, and velocity) 
and exchanges momentum and energy with surround-
ing vapor-air mixture. Details of the model may be 
found in the recently published paper [6].  
We also use simplified approach, separated fragment 
model [7,8] to study disruption of stony and iron aster-

oids in a modern martian 
atmosphere. In contrast 
to the more common 
‘pancake’ model [9], 
which treats the dis-
rupted meteoroid as a 
deformable (but con-
tinuous) liquid, our ap-
proximation enables us 
to define the mass-
velocity distribution on 

the surface for solid fragments which create a single 
crater or a group of craters (in the case of high final 
velocity) or which may be found as meteorites (frag-
ments with low final velocity). 

Strewn fields on Mars: Strewn fields are created 
by projectiles with a mass approximately equal to the 
mass of atmosphere in a ”trajectory tube” (a cylinder 
with length equal to the trajectory length and radius 
equal to the projectile radius). Extrapolating to modern 
martian atmosphere we find that iron projectiles with 
mass as low as 103-104 kg are not disrupted on Mars at 

all! Stony projectiles with the mass in the range of 104-
105 are disrupted and may produce crater fields with 
weak separation, which may be identified most proba-
bly as irregular craters sized ~100 m (too small  to be 
recognized in details even by the MOC MGS). Never-
theless this camera revealed a lot of crater fields with 
typical crater size of 0.2-1 km and separation of ~1 km 
(Fig.1). Assuming atmospheric dispersion nature of 
these clusters we need high-velocity, extremely low-
density (0.015 g/cm3) km-sized bodies, which are un-
known in astronomy. The origin of these crater fields 
is most probably associated with secondary craters.  

High-velocity impact ejecta: Pressure-ejecta dis-
tance from the impact crater distribution in the central 
cross-section of the flow after 1-km-diameter 10 km/s 
asteroid impact at 45°, reconstructed with tracers, is 
shown in Fig. 2. The source of distal solid fragments is 
outside the 50 GPa-isobar. The total volume of high-
velocity (>1 km/s) solid ejecta is about 1.5 km3 (3 
times the projectile volume or ~5% of total ejecta of 
~30 km3). About 0.18 km3 of these  rocks have veloc-
ity above 5 km/s and probably escape Mars, creating 
Martian meteorites. 

Fig. 2 Landing site (color scale) and maximum compression 
(black lines with numbers) overlap corresponding to a 1-km-
diameter 10 km/s asteroid impact at 45°. The final crater is 
~10 km in diameter.  
All high-velocity fragments come from the uppermost 
layers of the target, which is thinner than the projectile 
radius. The most serious problem is the size distribu-
tion of ejected fragments, as exactly this factor defines 
particle-gas interaction, ejecta final velocity, and the 
diameter of secondary crater (or martian meteorite). 
The most likely fragment size to occur is defined by 
the strain rate value at the moment of disruption [10], 
or alternatively, it may be connected with ejection ve-
locity [11], or with maximum shock compression [12]. 
All three methods give reasonable results with the 
largest fragment ejected at high velocity (>1 km/s) of 
about 10 m (for the 10-km-diameter final crater). The 
largest fragments are from a very thin surficial layer in 
agreement with the spallation theory [11]. 
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Martian meteorites: Numerical modeling [6] 
shows than escaping ejecta from moderate-size craters 
(~3-km-diameter according to estimates of modern 
flux on Mars and the variety of martian meteorites 
[13]) consist of fragments not larger than 1 m with 
maximum at 10-15 cm. Practically all fragments 
smaller than 10 cm are decelerated in the Martian at-
mosphere creating distal m-sized secondaries, while 
larger fragments escape Mars and can reach the Earth. 
The results of modeling are consistent with available 
petrological and geophysical data – shock metamor-
phism in martian meteorites [14], their burial depth 
[15], and pre-atmospheric size [16]. The temperature 
increase may be rather low, less than 100 K, for 

nakhlites and Chas-
signy.  
Fig.3 Deceleration of 
escape ejecta in the 
Martian atmosphere. 
Only fragments larger 
than 14 cm retain es-
cape velocity in the 
upper atmosphere. 
 

Secondaries: Our modeling of the Zunil impact 
event [2] produces 1010 rock fragments ≥10 cm diame-
ter, leading to up to 109 secondary craters ≥10 m di-
ameter. Nearly all of the simulated secondary craters 
larger than 50 m are within 800 km of the impact site 
but the more abundant smaller (10-50 m) craters ex-
tend out to 3500 km. Clustered impacts would be most 
common close to the primary (due to lower ejection 
velocity and less time for dispersion). This finding 
supports the hypothesis [1] that there can be huge 
numbers of distant secondaries. 

Examination of many MOC images across Mars 
revealed that nearly all small craters appear shallow 
and flat-floored. The freshest craters  with sharp rims 
and little evidence for modification have the depth-
diameter ratio of 0.11 [2] in contrast to the fresh pri-
maries with the ratio of 0.2. This difference is usually 
explained through impact by clustered projectile, 
and/or lower impact velocity. Unfortunately, the reso-
lution of numerical models and absence of a 3D-model 
with strength does not allow us to verify these assump-
tions. 

Size-frequency distribution – primaries versus 
secondaries: The SFD of the simulated secondary 
craters is shown in Fig. 4, along with the cumulative 
number of Martian primary craters [17] produced 
globally in 1 Ma. Thus, even globally, the number of 
secondaries may exceed the number of primaries for 
craters smaller than 50 m. We also expect ~102 craters 

larger than 1 km, each of which would produce addi-
tional (probably substantially smaller) secondaries. 

Discussion: Atmospheric permeability for high-
velocity ejecta depends on two factors –fragment size 
and the scale of impact event. While the fate of m-
sized fragments does not depend on atmosphere, 
smaller (and much more common) fragments may be 
decelerated even in a moderate post-impact plume 
(crater size less than 10 km). As the maximum frag-
ment size decreases roughly linearly with projectile 
size, a rather abrupt boundary between craters with 
distal ejecta and without it should exist. Our modeling 
allows us to suggest that 2-3-km-diameter craters are 
the smallest ones to produce substantial fields of sec-
ondaries. A serious problem is the dispersion of high-
velocity ejecta in the atmosphere and clustering of 
secondaries. The value of dispersion depends on the 
ejection velocity and its gradient as 2Vej∆ Vej /g, i.e. 
may reach tens of km for distal secondaries. At the 
same time a crater created by a tight or loose projectile 
should differ in shape from standard craters [18]. 
Fig. 4. Cumulative num-
bers of craters on the 
whole Martian surface 
accumulated over 1 Ma 
based on the Neukum 
production function 
(black line). The red line 
represents secondaries 
predicted from the 
Zunil-like impact simu-
lation. The best fits are 
N~D-3.2 for the range 10-30 m, and N~D-10 in the range 50-
150 m. 
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