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Introduction:  Impact analyses, especially those con-
cerning ejecta distributions, have most commonly been 
done on large craters [1, 2, 3] but lately ejecta distribu-
tion information of smaller impact craters has also 
been presented e.g.  the 4 km diameter Kärdla struc-
ture[4] ; the 1.88 km diameter Lonar crater [5] and the 
2.7 km diameter Ritland structure[6]  .  In the present 
study we focus on the influence of impact scale on 
ejecta expansion and on specific features of ejecta de-
posits around relatively small craters (i.e. those a few 
kilometers in width).  

Methods - theoretical background: The numeri-
cal model is based on the SOVA multi-material multi-
dimensional hydrocode [7]. In this study we consider 
subaerial vertical impacts only, applying a 2D version 
of the code to projectiles of 100, 300 and 1000 m di-
ameter. Tables obtained with  the ANEOS equation of 
state [8]  and input data for quartz from [9] were used 
to describe thermodynamic properties of both target 
and projectile material. The air thermodynamics were 
described by the tabular equation of state [10] .  

The code takes into account the influence of dry 
friction on the motion of disrupted rocks [11]. Acous-
tic fluidization [12] is also incorporated. The transfor-
mation of solid and melted bulk ejecta into discrete 
particles is a principal point of the model [13].This 
transformation occurs when the ejecta reach an altitude 
equal to twice the projectile diameter. A portion of 
ejecta which is totally or partially evaporated during 
the impact is not transformed into discrete particles 
and is considered as a continuous medium, believed to 
be the main source of spherules. The further motion of 
discrete particles was described in the context of 
standard equations of multi-phase gas dynamics.  

The influence of a wake created by the projectile 
during its flight through the atmosphere was taken into 
account. The air density within the wake is considera-
bly less (by 1-2 orders of magnitude) than the density 
of the ambient air. Therefore, ejected material experi-
ences much lower drag when expanding through the 
wake. The flight of the projectile from an altitude of 
100 km was modelled as described in [14]. 

Results and discussion: Figure 1 shows initial im-
pact stages of a 300 m diameter projectile. It demon-
strates a strong separation of ejecta by size. Large par-
ticles with individual sizes exceeding a few centime-
ters experience weaker drag and expand to high alti-
tudes and distances. Smaller particles, being decelerat-
ed near the shock front, follow the hydrodynamic flow. 
A portion of the vapor part (potential spherules) accel-

erates upwards through the wake and expands to very 
high altitudes (hundreds of kilometers). The remaining 
vapor condenses and gradually descends. All ejecta 
can roughly be divided into two categories:  "ballistic" 
ejecta and "convective" ejecta. The ballistic ejecta 
move due to their initial velocity (obtained during 
ejection) and their travel path is slightly modified (de-
celerated) by atmospheric drag. Smaller particles expe-
rience stronger drag and travel for shorter distances 
than larger fragments that had the same ejection veloc-
ity. The convective ejecta (consisting of small parti-
cles) decelerate just after ejection at a short distance 
from the launching point and their motion is controlled 
by atmospheric flows. Smaller particles stay longer in 
the atmosphere and travel for greater distances.  

In other words the ballistic ejecta are the ejecta 
with which the air interacts only slightly, while the 
convective ejecta motion is entirely defined by the air 
flow. The degree of particle/air interaction can be de-
fined by the time/length of particle travel before decel-
eration. The length or particle travel L can be estimat-
ed as r(ρp/ρa), where r is a particle size, and ρp and  ρa 
are particle and air densities.  If L is much less than a 
flow scale R then the particle/air interaction is strong 
and the ejecta will be "convective", if L~R  the interac-
tion is small and the ejecta will be "ballistic". 

In the case under consideration (impact of a 300 m 
diameter projectile) meter- and decimeter-sized parti-
cles represent the ballistic ejecta, millimeter sized and 
smaller particles represent "convective" ejecta. There 
is no abrupt boundary between these two types of ejec-
ta because r and L/R ratio change continuously.   

Figure 2 shows a comparison between three im-
pacts of different scale, all 10 minutes after impact. 
Ejecta size-distributions for these impacts is described 
by the same power law, but the size of maximum 
fragment increases with scale. There is no qualitative 
difference between the about 100 m diameter projectile 
case and an about 300 m diameter projectile impact.  
In both cases fine ejecta decelerates in the air at a 
small distance from launching point and then rises to 
the stratosphere by air flows induced by the impacts. 
In the kilometer-scale impact the mass of ejecta is so 
large that it moves the atmosphere itself to high alti-
tudes. Thus the atmosphere cannot decelerate even the 
fine ejecta and they consequently expand to the rari-
fied upper atmosphere. In the upper atmosphere even 
fine ejecta move more or less ballistically and there-
fore may travel to high altitudes. This is why ejecta 
distributions for large impacts strongly and qualitative-
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ly differ from those for small impacts (at least 10 
minutes after the impact). After near-ballistic flight in 
the rarified upper atmosphere the fine ejecta decelerate 
in the lower dense atmosphere (at altitudes below 100 
km) and their subsequent evolution is defined by at-
mospheric flows. 

 

 
 
 
Figure 1. Initial stage of impact of a 300 –m diame-

ter asteroid. Black colour marks condensed target and 
projectile material. Vapor is shown by light gray and is 
delimited by black line. Gray shading shows air densi-
ty (the darker the denser). Black dots mark ejecta par-
ticles with r>3 cm, dark gray dots mark ejecta particles 
with 0.03 mm<r<3 cm, light gray dots mark ejecta 
particles with r<0.03 mm. 

 
The relative total ejecta mass Mt (106M for 

D=1000 m, 270M for D=300 m, and 590M for D=100 
m) decreases when impact scale increases because 
gravity prevents crater growth for large impacts and 
the ratio of crater size to projectile diameter decreases 
when impact scale increases [15]. The relative mass Mv 
of vapor ejected to high (tens of kilometres) altitudes 
equal to 0.43M for D=1000 m, 0.01M for D=300 m, 
and 0 for D=100 m,  increases when the projectile size 
increases since in large impacts vapor penetrates to 
high altitudes where condensation is weakened be-
cause of reduced pressure. In small impacts the vapor 
decelerates at low altitudes and begins to condense 
under high pressure. In the smallest impact under con-
sideration (induced by a 100 m diameter projectile), all 
the vapor material decelerates at low altitudes, con-
denses and transforms into ordinary impact melt.  

The relative suspended (at 10 minutes after the im-
pact) mass Ms decreases when impact scale increases, 
because in larger impacts the bulk of the ejected mass 
is contained in larger fragments which settle in a short-
er time. The maximum size of ejected fragment de-
creases when impact scale decreases [15], and a rela-
tive portion of small and long-living (in particular, 
living more than 10 minutes) particles increases.  

 
Figure 2. The upper image shows ejecta distribu-

tion 10 minutes after the impact of a kilometer-
diameter asteroid (Ries-like impact).  The middle im-
age shows ejecta distribution 10 minutes after the im-
pact of a 300 –m diameter projectile, while the lower 
image displays ejecta distribution 10 after impact of a 
100-m-diameter projectile. Vapor is shown by light 
gray and is delimited by black lines. Black dots mark 
ejecta particles with r>3 cm, dark gray dots mark ejec-
ta particles with 0.03 mm<r<3 cm, light gray dots 
mark ejecta particles with r<0.03 mm. 
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