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Introduction:  Recent field studies have identified 

charcoal particles in ejecta of small and relatively 
young impact craters (Kaali, Ilumetsa, Morasco, 
Whitecourt) [1–6]. These particles are usually located 
in a narrow layer of ejecta at a short distance from the 
rim and in most cases are less than 1 mm in size. Some 
particles more than a centimeter in length and up to 
several millimeters in thickness and width were also 
found [1, 3, 4]. How the charcoal was formed remains 
unclear. The time of formation of impact craters can be 
estimated as the square root of the ratio of a transient 
crater diameter to the gravity acceleration [7]. For a 
100-meter crater (Kaali Main or the largest of the Mo-
rasco craters) this time is less than 3 s, for a crater with 
a diameter of 30 m (Whitecourt) – about 1.5 s. In such 
a short time, the radiation of hot air and vapor generat-
ed by the impact cannot heat wood to a depth of a mil-
limeter due to its opacity and low thermal diffusivity. 
On the other hand, proximal ejecta, as shown by nu-
merical modeling, have a low temperature, and a wood 
particle covered by the ejecta cannot be charred, as it 
happens with wood in contact with hot material. Stud-
ies of reflectance of the charcoal collected from crater 
ejecta show that this charcoal differs from charcoal 
particles formed during forest fires and charcoal from 
ignimbrites [3]. Since the properties of crater coal par-
ticles are specific, it was proposed to use them as indi-
cators of the impact origin of small craters [8]. 

Shock wave in wood and charcoal formation:  
Numerical modeling [9] showed that the largest of the 
Morasco craters was probably formed by the impact of 
an iron fragment about 1.5 m in diameter decelerated 
in the air to a speed of 10 km/s. Similarity of the Kaali 
and Morasco craters suggests that the asteroid Kaali 
had approximately the same parameters. An asteroid 
flying at an angle of 30–40° to the surface on which a 
forest grows is likely to collide with a tree. Then a 
shock wave will pass through the tree, behind the front 
of which wood is compressed and heated throughout 
the entire volume (as opposed to heating by radiation 
or thermal conductivity in contact with heated materi-
al). Using the Hugoniot relations for shock waves 
propagating through wood [10], the constants of chem-
ical reactions in the Arrhenius equation for pyrolysis of 
pine samples [11, 12], and an estimate of the specific 
heat c = 2.5 J/g K, we can estimate the time of the 
chemical reaction tr of transformation of wood into 
coal and gases at a given shock wave velocity V or at a 
given pressure P behind the shock front. (Note that 
after pyrolysis of wood, the final mass consists mainly 

of gases.) At P = 10 GPa, V = 5.7 km/s, the tempera-
ture behind the front is T ~ 2750 K, and tr ~ 10 μs. At 
P = 5 GPa, V = 4.1 km/s, T ~ 1330 K, and tr ~ 5 ms. At 
P = 2 GPa, V = 2.7 km/s, T ~ 560 K is too low, and the 
pyrolysis time is hours. We assume that when an aster-
oid hits a tree ~1 m thick at a speed of ~10 km/s, the 
wood is heated and shattered by the shock wave during 
about 0.1 ms. Particle sizes are difficult to determine, 
but they must be small, since the shock pressures are 
much higher than the strength of wood, which does not 
exceed 0.05 GPa. Then, within ~10 ms or faster, wood 
pyrolysis occurs, that is, wood particles are converted 
into coal. Then, within a time of the order of 100 ms, 
the coals are scattered in the air, can reach the edge of 
the crater and can be partially burned. After that, the 
coals are covered with cold ejecta and, possibly, burn 
out a little due to air contained in pores, but quickly 
cool down due to thermal conductivity.  

Impact simulations:  We carried out numerical 
simulations of the impacts of iron bodies on trees, 
based on the assumption that the behavior of shock-
compressed material can be described by the equations 
of hydrodynamics, which were solved using the nu-
merical method SOVA [13]. To determine movement 
of materials, we used markers – passive particles that 
move at the speed of the environment. Because of the 
absence of an equation of state for wood, it was con-
structed on the basis of experimental data on shock 
compression [10]. In the Tillotson equation of state [7], 
the parameters were selected for which the best agree-
ment with the data [10] on shock waves in pine with a 
density of 0.45 g/cm2 was obtained. These parameters 
are: A = 0.139 GPa, B = 0.104 GPa, a = 0.545, b = 
0.345, E0 = 3 kJ/g. Ecv = 1.3 kJ/g, Eiv = 0.8 kJ/g, α = 
0.5, β = 0.5. Tillotson's equation of state of iron was 
used for asteroids [7], and the equation of state of air 
was taken from tables [14]. For the ground we used 
equations of state of granite (ANEOS) and clay (ob-
tained from the literature); however, modeling of crater 
formation with high accuracy is not so important in 
this problem.  

Results of simulations: Figure 1 shows the impact 
of an iron 1.6-m-diameter asteroid with a velocity of 
10 km/s at an angle of 35° on a pine trunk with a di-
ameter of 0.8 m. The asteroid is not completely de-
stroyed and, continuing to move at almost the same 
speed, hits the ground, forming a crater. After that, a 
shock wave propagates in the air along the ground sur-
face, and wood particles subjected to high pressures fly 
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at high speed in the direction of the impact. The distri-
bution of heated and pyrolyzed wood particles near the 
surface is shown in Fig. 2. In the simulations, the sur-
face of the earth is horizontal and the air flow carrying 
the particles moves along an ideal plane without fric-
tion. By 100 ms, the bulk of the particles is at a dis-
tance substantially exceeding the radius of a final 
crater. In a real situation, some of the particles would 
get stuck on various obstacles and irregularities of the 
earth surface and would be covered by ejecta from the 
crater. We also modeled options in which the impact 
on a tree occurs at a height of 7 m, the impact occurs in 
an interval between two symmetrically standing trunks, 
as well as the impacts of smaller bodies. After the im-
pacts at large angles, significant portions of coal parti-
cles do not fly far away. Figure 3 shows the final stage 
of the two-dimensional modeling, in which an iron 
body hits a wooden torus at a speed of 10 km/s, which 
simulates the impact of a meteorite on a tree branch. 
Some of the particles are covered with crater ejecta.   

Conclusions:  After high-speed impacts on trees, 
charcoal particles can form and be buried under prox-
imal ejecta in the direction of impact. Relatively small 
fragments of an asteroid, which are separated from the 
main body in the atmosphere, can also cause charcoal 
to form. If they collide with trees standing outside of 
the crater generated by the impact of the main body, 
coal particles can be buried from different sides at the 
crater rim. There can be many different options for the 
impacts on trees. According to our model, charcoal can 
be produced by impacts of any meteorites whose ve-
locity exceeds ~4 km/s. Such speeds are achievable in 
laboratory conditions, and the model can be verified 
experimentally.  
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Fig.1 Impact of an iron asteroid on a trunk of a tree 

(yellow) at a height of 4 m over the ground: at the 
moment of the impact, 3 ms and 30 ms after it. Con-
tours of density are shown by grey in the vertical plane 
of symmetry. Wood particles subjected to pressures P 
> 10 GPa are shown by red dots, 5 GPa < P < 10 GPa 
– by blue, 2 GPa < P < 5 GPa – by green, and P < 2 
GPa – by yellow. 

 

 
Fig.2. Horizontal distribution of wood particles 

subjected to various pressures and located at a height 
from the ground level to 50 cm above it, 30 ms after 
hitting the tree. The colors correspond to those shown 
in Fig. 1. The black circle centered at the crater center 
has a radius of 50 m, which follows from the scaling 
relations for the final crater. 

 
 

 
Fig.3. Distribution of wood particles in 3 s after a 

vertical impact of an iron asteroid 1 m in diameter on a 
wooden torus located at 10 m above the ground, with 
inner and outer diameters of 0.5 and 1.5 m.  
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