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Introduction:  What do we know about the very 

early stage of impact cratering from the observational 

point of view? When projectile and target collide, the 

kinetic energy of the projectile splits up into four com-

ponents: The internal energies of projectile and target, 

the residual kinetic energy of the projectile, and the 

kinetic energy transferred to the target. The fractions of 

each component depend on the material properties of 

projectile and target, e.g. the fraction of internal energy 

increases with increasing compressibility of the mate-

rial. However, the partitioning between these compo-

nents is also strongly time dependent and the energy is 

finally almost completely transferred to the target [1]. 

The structure of shock waves that are generated at con-

tact planes depends on the rise time to the final peak 

pressure which is influenced by the dynamic elastic 

limit and phase transitions. Shock magnitude and pro-

pagation velocity are controlled by the projectile and 

target material and the impact energy. The duration of 

the shock corresponds to the size of the projectile [2].  

Considering large impact craters, rocks involved in 

the initial contact and compression stage may get com-

pletely vaporized upon pressure release from shocks 

exceeding hundreds of GPa (except for thin spall plates 

of the rear of the projectile). The vaporized material 

subsequently may condensate to fine-grained spherules 

and is dissiminated in ejecta plume deposits (suevites). 

Trace element analysis [3] of these materials suggests 

that mixing of projectile and target occurs. Jetting by 

oblique convergence of the projectile-target contact 

plane is also a very early time phenomenon observed in 

experiments. It accelerates material to velocities higher 

than the initial impact speed [4]. Likewise tektite for-

mation is linked to the early cratering [5]. More infor-

mation on the contact and compression stage is pro-

vided from impact events where the entropy increase 

from shock compression is not sufficient to entirely 

vaporize or melt the projectile and target at ground 

zero. Likely candidates to analyse the early shock 

propagation are (a) shock experiments, (b) meteorites, 

and (c) small natural impact craters.  

Heterogeneities in rocks: Rocks are principally 

heterogeneous. Any type of interface between different 

constituents of a rock such as lithological interfaces, 

voids, fluid inclusions, grain- and phase boundaries are 

characterized by a discontinuity in density and, hence, 

shock wave propagation velocity and cause impedance 

contrasts [6]. Shock impedance is defined as the prod-

uct of the density of the material times the shock wave 

velocity in this material. Impedance contrasts disorgan-

ize shock waves and lead to shock wave reverberations. 

This causes the development of localized concentra-

tions of stress, temperature, and deformation, which 

can ultimately lead to the formation of thin melt veins 

[7],[8]. The propagating shock wave reverberates on 

many interfaces and will increase or decrease the pres-

sure stepwise with respect to the first shock wave. Af-

ter a short time the grains achieve a mean shock state 

that is often misleadingly called “equilibrium shock 

state”, e.g. [9],[10]. Shock microstructures used for 

shock barometry are calibrated against this average 

pressure. They are in contrast to highly localized shock 

features like melt veins that can contain high pressure 

polymorphs, which are sometimes called “disequilib-

rium shock features”. While they are not suited as pres-

sure gauges to determine the average shock level in 

projectile or target, they are important for the under-

standing of shock propagation in different materials. 

The formation of networks of melt veins in the central 

portions of impact structures and projectiles is an im-

portant energy sink and may leave the rock substan-

tially hotter than predicted from Hugoniot data [11]. 

The formation and persistence of melt veins produced 

as a result of rock heterogeneities may be a contributor 

to the loss of strength on pressure release [11]. 

(a) Observation in shock experiments: The shock 

wave plateau in shock recovery experiments (imped-

ance and reverberation techniques) is always limited to 

microseconds, which usually prevents the formation of 

high-pressure phases [12]. Beside the extensive pres-

sure calibration of “equilibrium” shock features by 

shock experiments, e.g. [12],[13], shock veins were 

successfully reproduced along lithological interfaces 

 
Fig. 1 Experimentally produced dense and vesicular  melt 

vein at the interface between quartzite and dunite [6] 
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(Fig. 1)[6], tabular surfaces [8], and within single crys-

tals [14]. Along with the effect of porosity [15] they 

document the importance of these features for absorb-

ing shock wave energy and for the attenuation of the 

shock. Formation mechanisms derived from these ex-

periments include shock melting by pressure-

temperature excursions (hot spots) plus shear-induced 

frictional melting.  Recently, target and projectiles 

interpenetration and mixing could be demonstrated 

experimentally (Fig.2) [16]. 

 

(b) Observations in meteorites:  Highly shocked 

meteorites may give some clues to early shock propa-

gation although the observed shock features may result 

from multiple impacts [10]. The presence of metals in 

some meteorites lead to impedance contrasts that are 

substantially higher than those characterizing most 

terrestrial rocks [9]. Meteorites are often fractured and 

porous. The strongly different material properties and 

heterogeneities in meteorites result in shock veins with 

high pressure silicates [17], melt pockets, melt dikes, 

and troilite/metal deposits in fractures [9][18]. The 

effects are most pronounced at metal-silicate and 

metal-pore space interfaces.  

(c) Observation in small natural impact craters: 

Impact craters can contain residues of the projectile. 

Their emplacement most likely occurs in a very early 

stage of the crater forming process. The mechanism by 

which the emplacement occurs is a matter of debate. It 

could be emplaced in a vapor phase, as melt droplets or 

as fine grained solid material. Rocks closest to ground 

zero undergo the largest amount of strain [11], and 

frictional heating may contribute to an unknown mag-

nitude to the total heat budget. Like projectiles, rocks 

located near the point of impact initially contain open 

pore space that can be filled with volatiles such as wa-

ter. The strongest impedance contrasts within a rock 

occur at free surfaces. Open fractures, cleavage planes, 

or porosity effectively absorb the shock wave energy 

and heat the target [19]. Consequently, the volume of 

material shocked during an impact is commonly 

smaller in porous rocks than in dense rocks as a sig-

nificant part of energy is used for pore space collapse 

and localized melting. The depth down to which cavi-

ties remain open is inversely proportional to gravity of 

a planetary body. On Earth, open fractures and pore 

space may occur down to depths of 1 km and more. 

Simple impact craters may develop completely within 

this upper target layer where cavities are present. The 

larger the impact crater, the less prominent is the effect 

of open pores or fractures for the cratering process. 

Interestingly, the simple-to-complex transition of im-

pact craters on Earth (~3-5 km diameter) seems to cor-

relate with depth down to which open cavities may 

exist. Is the simple-to-complex transition of impact 

craters even influenced by this critical depth?  

Cooperation of observers and modelers: To bet-

ter understand shock microstructures, more micro- and 

mesoscale numerical simulations are desired to fully 

understand their dynamic formation. These microme-

chanical  models may also give valuable input algo-

rithms for macro-scale modeling. Among other aspects 

observers should try to quantify how much shock en-

ergy is absorbed at heterogeneities.  
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Fig. 2 Surface of a spalled steel projectile after impacting a 

sandstone target at 5.3 kms-1 [16]. The surface is coated by 

SiO2 and iron oxide, the bubbles indicate boiling.   
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