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Meteor impacts are a very important seismic source for planetary seismology, since their locations and, in some cases, their occurrence times can be accurately known from orbiters, 
tracking or optical observations. Their importance becomes greater in the case of a seismic experiment with one seismometer, as the SEIS (Seismic Experiment of Interior Structure) of 

the future Martian mission “InSight”, as the known location allows a direct inversion of differential travel times and wave forms in terms of structure.!

The meteor impact as seismic source

Figure 1 is representing schematically, the 
meteor impact as a seismic source. The 
meteoroid, symbolized by m, in t = 0, 1, 2, 
is falling on the solid part of the planet, 
penetrating its atmosphere.!
!
During its trajectory, the interaction of the 
mass, with the ambient atmosphere or the 
ground, provokes explosions that generate 
shock waves into the atmosphere (cases t 
= 0, 1) or the solid part (case t = 2).!
!
After a while, the overpressure that 
characterizes the shock waves, becomes 
equal to the ambient pressure and the 
shock wave is converted into an acoustic 
(into the atmosphere) or a seismic wave 
(into the solid part).!

Figure 1!

Comparative analysis

Figure 2!
In this study, meteor impacts are modeled as seismic sources in a comparative analysis for the cases of 
Earth and Mars.	As shown in Figure 2, different properties of the atmospheres of planetary bodies enable or 
disable the meteor bodies to reach the surface. Thus, the process of generation of the shock waves will be 
different in every case and the seismic source will be equally differently inverted. !

Meteor impacts generate body and surface seismic waves when they reach the surface of a planet. But 
when they explode into the atmosphere, due to ablation, they generate shock waves, which are converted 
into linear, seismic waves in the solid part and acoustic waves in the atmosphere. This effect can be 
modeled when the amplitude of Rayleigh and other Spheroidal normal modes is made with the 
atmospheric/ground coupling effects.!

Next step: obtain and interpret new extra-terrestrial data

NASA’s InSight mission, carrying the SEIS seismometer, will be the first which hopefully will 
provide seismic data from another planet to our solar system.!
!
The acquisition of Martian seismic data and the knowledge of the properties of a potential 
seismic source by a meteor impact, will become a powerful tool in the construction of a model 
of the planet’s interior. At the same time, it will be ably to verify the provided model of this work, 
using preliminary knowledge of the Martian atmosphere and solid part.!

Computation of seismograms by normal-mode summation

Methodology & Results
Using the computed seismograms, calculated by the summation of the normal modes of the full planet (e.g. with atmosphere) the properties of the seismic source can be obtained. In the 

case of Earth, we test our approach with the Chelyabinsk superbolide. The computed seismograms are used in order to perform the inversion of the source, by comparison with the data of 
the Global Seismographic Network. The results are interpreted and compared with other observations.  !

Inversion of the seismic source

Meteor impact! Pressure Variation! Atmospheric disturbance!
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Figure 4 (after Edwards, 2010)!

Figure 5!

Figure 3!
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Figure 6!

The pressure variation into the atmosphere is an effect of the 
overpressure due to the shock wave, as shown in Figure 4. Figure 
5 shows the evolution of this overpressure, in respect with the 
distance travelled by the wave, for the case of the Chelyabinsk 
superbolide, occurred Feb 13th, 2015, UTC: 3:30:26 (Figure 3).!
In addition, the duration of the propagation of the wave into the non-linear regime is associated with the 
duration of the seismic source.!

In Figure 6, the vertical amplitude of the fundamental spheroidal 
mode, with respect to radius and angular order, in the upper 
mantle and the atmosphere, for a radiative boundary condition with 
viscosity into the atmosphere, is shown. The model used is a 
combination of PREM and a local lithospheric and atmospheric 
model of Chelyabinsk. On the left, the real part is multiplied by 10 in 
the atmosphere, whereas, on the right the imaginary part is 
multiplied by 10 in the solid Earth. In both cases, modes are 
multiplied by ρ1/2.!

Figure 7!
In Figure 7, a normal mode of a 
Martian model with atmospheric 
viscosity is represented with the 
black curve, as the red one 
shows the one of a model with 
a tmospher ic v iscos i ty and 
molecular relaxation.!

In order to provide a solution for the properties of the seismic source of Chelyabinsk event 
the following methodology is developed:!
-  Calculation of several synthetic seismograms, corresponding to different values of 

Moment Tensor components.!
-  Comparison of the calculated synthetic seismograms with the data from the Global 

Seismographic Network in order to find the Moment Tensor of the source that explains in 
the best level the observations.!

Figure 8!

Compute seismograms for a similar impact on Mars!

In the case of Mars, this 
source is equally modeled 
in different atmospheric 
a n d  l i t h o s p h e r i c 
condi t ions , prov id ing 
useful information which 
can be used in order to 
create constraints for the 
lithospheric model of the 
planet with the parallel use 
of seismic data from it.!
!
In Figure 9, the synthetic 
seismograms, calculated 
for a source similar to the 
one, previously estimated, 
fo r Che lyab insk , a re 
shown, for stations located 
in epicentral distance (in 
degrees) equal to those 
appearing in Figure 8.!
!

On the left part of Figure 8 the vertical 
component of the calculated synthetic 
seismograms (in brown) and the data obtained 
by the seismographic network (in blue) is 
shown, for a Moment Tensor that provides the 
best fit between the synthetics and the data. 
The position of the stations is shown on the right 
part of the figure. The moment tensor was 
provided using the following methodology of 
inverse problem:!
!
Considering the synthetic seismogram as: !
!

!
!
where mk is the moment tensor with k=1,…,6 
and sk the synthetic seismogram calculated for 
only one component of mk. A moment tensor 
that verifies the following relationship is needed:!
!
!
!
!
where Sobs is the data, t1 the initial time and t2 
the time of the last data provided. !
!

Figure 9!


