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Introduction:  Despite the many advances in un-

derstanding the process of impact cratering, we are still 
lacking the knowledge of the spa-
tial/temporal/chemical evolution of impact expansion 
plumes. A planetary impact-produced expansion 
plume cannot be reproduced in laboratory experi-
ments:  impact velocities are too low for substantial 
vaporization; the interaction with an atmosphere does 
not scale; laser experiments are few and do not repro-
duce pressure-temperature conditions similar to natural 
impact events. Recent natural experiments, such as 
Deep Impact [1] and LCROSS [2] are promising al-
though not interpreted in full scale. Hence, it is not a 
surprise that an impact plume concept is routinely used 
to interpret enigmatic features in impact deposits, such 
as fallback ejecta, tektites and meteorites from other 
planets, double ejecta layers (e.g., in the Ries and the 
Chicxulub impacts), absence of melt sheet in sedimen-
tary targets, etc. In this paper numerical models are 
used to unveil some of the secrets of an impact plume 
and to clarify its role in the ejecta deposition. 

Methods:  High resolution 3D simulations with the 
hydrodynamic code SOVA [3] are used to model the 
physical distribution of target and projectile materials 
in different states of shock and the evolution of expan-
sion plumes in the atmosphere. The code allows mod-
eling of multi-phase flows and hence is an ideal in-
strument for studying ejecta spatial distribution and 
dissemination of shocked materials.  

Plume characteristics:  The results of this section 
are based mainly on numerical modeling of the Ries 
and Chicxulub craters [4, 5]. 

Temperature and density in a plume are controlled 
by the melt-vapor phase transition as shock compres-
sion in terrestrial impacts is not high enough (usually < 
200 GPa) for complete vaporization of geological ma-
terials. This means temperature values of 1500–3000 
K, and density values of <10 kg/m3, depending on the 
materials involved and degree of expansion. The as-
sumption of thermodynamic equilibrium may be not 
valid for the outermost rarified parts of the plume, 
where quenching and quick cooling may occur. On the 
other hand, the atmosphere is heated by expanding 
shock waves to much higher temperatures of 10,000 – 
20, 000 K.  

Materials in the plume. The plume originates at the 
very beginning of the impact process and contains 
mainly highly compressed projectile and surficial tar-
get material. Although the plume reaches hundreds of 

km in diameter, it is extremely diluted even in its cen-
tral part, above the growing crater. Interaction with 
ejecta curtains (see below) may drag more materials 
into the plume.  

Velocity has a radial distribution and may exceed 
the escape velocity at the outer edge of the plume; 
within the transient cavity its lower limit decreases in 
time, from a few km/s to zero at the end of the excava-
tion stage.   

Geometry. In early 2D hydrocode simulations of 
impact expansion plumes, the plume expanded verti-
cally as a cylinder above the opening crater: only after 
reaching the thinner upper atmosphere (well beyond 
the stratosphere) would it expand horizontally [6]. The 
fact may be easily explained by the presence of the 
atmospheric wake (the result of the projectile penetra-
tion through the atmosphere). The wake is a hot and 
rarified channel that makes the expansion of ejecta 
through this “chimney” preferential. The situation is 
different in oblique impacts where the expansion of 
vapor-melt mixture is decoupled from the wake as the 
crater growth is offset from the wake [7, 8]. 

Ejecta curtain, plume, and atmosphere are the 
three factors defining impact ejecta deposition. Ejecta 
curtains represent a superposition of ejected fragments 
on ballistic trajectories (e.g. [9], p. 92).  At the same 
time the vapor-melt mixture (plume) tends to expand 
isotropically.  

Interaction of ejecta curtains with the plume de-
pends on particles’ size distribution (SFD) and the gas-
solid ratio in the ejecta.  Simplified modeling of the 
ejection process with constant velocity but various 
SFD and gas-solid ratios show that substantial redistri-
bution of ejecta occurs if the gas content is higher than 
1-10% and particles are smaller than 1 cm – see Fig.1.  
In real impact events high gas content and small frag-
ments are typical for the early ejecta (e.g. tektites), 
while late ejecta contain very little gas-vapor and 
fragments are much larger. 

Fig. 1. Left: separation of fragments into ballistic ejecta (ma-
genta, 1-m fragments) and plume ejecta (yellow, 1-mm). 
Right: Deviation from ballistic distribution for various frag-
ment sizes and various gas contents. 
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Interaction of ejecta curtains with the atmosphere 
becomes important if the mass of the ejected material 
is comparable with the mass of atmosphere through 
which it travels. Fig. 2 illustrates this point for three 
terrestrial craters. 

Fig. 2. Surface density of 
ejecta versus ejection 
velocity. Gray area -
surface density of the 
Earth’s atmosphere. 
Above this range ejecta 
moves ballistically (for 
all three cases this as-
sumption is valid within 
continuous ejecta blan-
kets); below this range 

ejecta precipitate after deceleration; in-between a complex 
interaction of gas-ejecta takes place in a multiphase flow. 

Plume collapse and atmospheric disturbances. 
Within a few minutes after the impact, gravity causes 
the plume collapse. Although the plume is diluted and 
contains very little ejecta, it’s heavy enough to cause 
strong oscillations and horizontal winds in the upper 
atmosphere that can last from a few hours to a few 
days [10, 11]. Consequently, all particles, suspended in 
the atmosphere long enough (mainly, because of their 
small size and low precipitation velocity) may be 
transported by these winds thousands of km away from 
their nominal destination.  

Starting with the pioneering paper [12], it was 
widely accepted that the K-Pg boundary is the ejecta 
from the K-Pg plume. However, our modeling [5] have 
shown that at least shocked quartz grains in this layer 
could not belong to the Chicxulub impact plume; in-
stead, they have been part of a dense and relatively 
low-velocity (< 3km/s) ejecta curtain. Nonetheless, 
shocked grains (and some spherules) were distributed 
world-wide because of the plume collapse. 

Fallback ejecta: If the plume is diluted and the 
atmosphere influences exclusively high-velocity distal 
ejecta, then, inevitably, fallback ejecta should be thin 
and normally graded. This is in contradiction with nu-
merous terrestrial observations. Does it mean that the 
model misses important physical phenomena or the 
observations are interpreted in a wrong way?  

Ries crater. Until now, the widely accepted hy-
pothesis was that the upper part of the crater suevite 
and all outer suevite represent the deposition products 
of an ejecta plume [14, 15]. This means that: 1) suevite 
was suspended in the atmosphere long enough (> 150 s 
[16]) to allow crater modification and deposition of 
ballistic material (Bunte Breccia); 2) the plume parti-
cles rain down at low velocity to create a knife-sharp 
boundary between the two units. These facts are essen-

tially inconsistent with the plume characteristics pre-
sented above. Indeed, numerical modeling confirms 
that ejected basement material belongs to the ejecta 
curtains and, hence, is part of Bunte Breccia (albeit a 
minor one). The true plume deposits should be rich in 
sediments, thinner than 2 m, and made of small parti-
cles (μm- to mm-sized). Thick suevitic sequence may 
be explained alternatively by a post-impact interaction 
of the melt pool with external water [4]. 

Chicxulub is 8 times larger than the Ries crater and 
the fallback ejecta may be in the range of 30-50 m, 
depending on the impact scenario [5]. The Yax-1 
suevitic deposits (70-m-thick) are too massive to be 
deposited from the plume (as has been suggested in 
[17]), but most probably are connected to “ballistic 
sedimentation” and intensive ground surges. The depo-
sition velocity at the Yax-1 site was in the range of 
500-700 m/s, which means that the mass of secondary 
ejecta with 10 times lower velocity is comparable with 
the mass of primary ejecta. 

Bosumtwi drill cores revealed, probably, the single 
example of the true fallback ejecta, which produces a 
30-cm-thick layer, contains numerous spherules and 
accretionary lapilli, and is normally sorted [13].  

Conclusions: An impact plume is an important 
part of impact processes, though it can not be respon-
sible for all “unexplainable” phenomena. Other effects 
(ballistic sedimentation, post-impact interaction with 
external water, degassing of sediments, etc) may be 
important as well. Advances in numerical models have 
to be combined with intensive non-biased field work.  
As impact plumes are not available for direct observa-
tions, natural analogs (such as plumes of Plinian vol-
canic eruptions or nuclear explosions’ “mushrooms” 
clouds) may be useful instruments for a better under-
standing of the ‘magic’ of impact plumes.   
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