
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.  
 
The procedure, whose results are shown in Figure 9, 
concerns the synthetic seismograms calculated only for the 
solid part. In a next level this will be repeated for the 
calculation of seismograms by the summation of normal 
modes in solid part and the atmosphere. 
 
In Figure 10, a normal mode of a model with atmospheric 
viscosity is represented with the black curve, as the red one 
shows the one of a model with atmospheric viscosity and 
molecular relaxation. 
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After decades of development of the seismic investigation of the Earth and its interior and very detailed interior 
models, planetary seismology is still away from providing models with such detail for other planetary bodies.  
 
Determining the first interior model of Mars is the primary objective of InSight mission. The seismic activity of 
Mars is however unknown, and meteor impacts, which will be both atmospheric and in the mean time surface 
source, will provide useful knowledge, as the position of the sources will furthermore be known. 
 
In this study the shock waves generated by the meteor impacts are comparatively studied for four planetary 
bodies (Earth, Moon, Mars, Venus), where different properties of the atmosphere and the solid part take place. 
The objective is to define the major characteristics of the shock wave, which provide solutions for the properties 
of the seismic source, in order to propose models by the inversion of seismic data and characterization of source 
processes. 

F i g u r e 1 i s  r e p r e s e n t i n g 
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 

Example:  
Chelyabinsk meteor blast,  

Feb 15th 2013, UTC 03:20:26 

Figure 2 (Edwards, 2010) 

In Figure 2 (provided by 
E d w a r d s , 2 0 1 0 ) t h e 
modification of a highly 
non-linear ballistic wave 
into a weakly non-linear is 
shown. The time and the 
propagated distance are 
represented in the abscissa, 
as the ordinate corresponds 
t o t h e v a l u e o f t h e 
overpressure, Δp. 

Figure 3 (Edwards, 2010) Figure 4 Figure 5 

Highly non-linear 

Weakly non-linear 

Linear 

The theory describing the estimation of the altitude where the non-linear shock wave converts into a linear (acoustic) is schematically 
represented in Figure 3 (provided by Edwards, 2010). This theory was implemented to the case of Chelyabinsk meteor, with the use of 
an atmospheric model, in order to estimate the altitude where the ballistic wave was fully transformed into an acoustic one. As shown in 
Figure 4, this happens at an altitude of about 5 km. In Figure 5, the same transition is shown in terms of the propagated distance. 

Example:  
A modeled lunar meteor impact 

Figure 6 Figure 7 

An impact was modeled with the iSALE hydrocode, representing the fall of a meteoroid on 
a homogeneous cylindrical body, as represented in Figure 6. The model provides the 
variation of the pressure in the gray mesh and the value of hydrostatic pressure for t=0.02 
sec, 0.05 sec and 0.08 is shown in Figure 7, representing the distance propagated by the 
shock waves.  

Figure 8a Figure 8b 

Non-linear 

Weakly non-linear 

The figures 8a and 8b show the variation of the pressure in the mesh in terms of time and distance from the source. Thus, the 
representation of the wave transition into the weakly non-linear regime is feasible. This result is coherent with the easily visible variation 
of overpressure, shown in Figure 7. 

In order to invert the seismic source the seismic data is needed to be compared with solutions of calculated 
seismograms, provided by the normal modes summation. Such a task is today feasible only for the Earth and the 
Moon, as these are the only bodies for which seismic data exist. 
 
In contrast, the modeling of the seismic source in these bodies enables us to provide equivalent models for other 
rocky planetary bodies, once the properties of their atmosphere and solid part are known. 

Figure 11  

As shown in Figure 11, 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. Application of the method implemented for Chelyabinsk, using a more or less dense atmospheric model, can give 
an approximation of the seismic sources of other planetary bodies. These modeled results should furthermore provide solutions for the 
optimum interpretation of seismic data obtained by the instrumental seismology on these bodies. 

-  Calculation of the normal modes of the earth, 
describing the free-oscillations of a planet 
according the PREM model. 

 
-  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 9  

NASA’s InSight mission, carrying the SEIS 
seismometer will be the first which hopefully will 
provide seismic data from another planet of 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 able to verify the 
provided in this work model using preliminary 
knowledge of the Martian atmosphere and solid 
part. 
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In order to provide a solution for the properties of the seismic source of Chelyabinsk event the following methodology 
is developed: 

Figure 10  

In Figure 9 the vertical component of the calculated synthetic seismograms (in red) and the data obtained by the seismographic 
network (in black) is shown for a Moment Tensor that provides the best fit between the synthetics and the data. The moment tensor 
was provided using the following methodology of inverse problem: 
	  


