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ABSTRACT 

During earthquakes and strong underground 
explosions it is possible to observe two different 
effects. The first one is connected with the de-
struction of media, and this causes acoustic and 
later hybrid acoustic-electromagnetic waves in 
an epicenter in the atmosphere and in the iono- 
sphere. Another one is connected with cracks in 
crystals of rocks, which seems more interesting, 
because it is possible to recognize the natural 
earthquakes and industrial explosions. In the 
first effects due to nonlinear elastic modules the 
acoustic waves move through the lithosphere 
and transform their spectra from VLF (very low 
frequencies ~ 1 - 10 kHz) at a depth of about 30 
km into the lower part of ELF (extremely low 
frequencies ~ 3 Hz - 1 kHz) on the Earth’s sur-
face, then they pass the atmosphere and pene-
trate into the ionosphere. During the nonlinear 
acoustic passage through the atmosphere and 
the ionosphere, the spectrum transforms from 
ELF into ULF (ultra low frequencies < 1 Hz) 
range. In this review article the classification of 
spectrum and analysis of two cases of the de-
struction of rocks in the lithosphere are pre-
sented. The rocks possess piezoelectric and pie- 
zomagnetic properties. In this case, the electro- 
magnetic emission is excited by the fracturing in 
plates of crystals. The difference of emission 
from piezoelectric and magnetic plates in cases 
of industrial explosions and natural seismic 
events including volcanic phenomena gives a 
possibility to analyze the method of its identifi-
cation. The consideration is based on the model 
of the plate of a finite size with a uniformly 
moving crack. 

Keywords: Underground Explosion; Nonlinear 
Passing of Acoustic Waves; Piezoelectric and 
Magnetic Plates; Difference between Natural  
Seismic; Volcanic and Industrial Events 

1. INTRODUCTION 

It is very important to investigate the mechanisms of 
the energy flows from the lithosphere into the atmos-
phere and the ionosphere caused by natural hazards 
(seismic and volcano activity, tsunami etc.). All mecha-
nisms have different precursors [1,2] due three basic 
channels of the lithosphere-ionosphere connection, namely, 
electromagnetic, geochemical, and acoustic ones [3]. 

The acoustic channel of the lithosphere-ionosphere 
coupling seems quite effective. It is due to atmospheric 
acoustic waves excited by fluctuations of a terrestrial 
surface [4]. This channel is illustrated in different phe-
nomena [5] like excitation of plasma waves and periodic 
structure in the ionosphere, the increase of transparency 
for radiowaves, linear and nonlinear generation of mag-
netic perturbations, and oscillations of E- and F-layers in 
the ionosphere caused by acoustic and acoustic-gravity 
waves, nonlinear transformation of spectra of waves in 
the atmosphere, the ionosphere, and the lithosphere [5- 
10]. The last case is analyzed below in two cases: strong 
seismic explosions in simple media and in case of cracks 
in a crystalline plate [11].  

2. MODEL AND EQUATIONS 

The geometry of the excitation of waves by under-
ground fracturing for two cases is in Figure 1. One case 
is connected with the destruction of media, and this 
causes acoustic and later hybrid acoustic-electromagnetic 
waves in epicenters in the atmosphere and in the iono-
sphere. Another case is connected with cracks in crystals 
of rocks. Both cases are illustrated in the same Figure 1. 
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Figure 1. Geometry of the nonlinear pas- 
sage of acoustic waves caused by under- 
ground fracturing through the lithosphere 
into the ionosphere. 

 
The destruction and the excitation of waves including 

the case of cracks occur in an underground place in the 
depth h. After that the waves move to the Earth’s surface 
and into the atmosphere and the ionosphere. 

It is a cylindrical surface around the place which is the 
source of waves. After that, the seismic burst-like enve-
lope of a finite transverse scale begins their passing 
through the Earth to the lithosphere, the atmosphere, and 
the ionosphere. Their passing through the Earth is non- 
linear for two cases mentioned in the introduction. 

In the case of cracks in rocks it is necessary to analyze 
the piezo and magnetic crystals [12], and the whole 
process has been considered of a finite size with a uni-
formly moving crack. Its linear front is parallel to the 
optical axis of the crystal. The tip of the crack instantly 
begins the uniform motion at a time moment t = 0 and 
causes the electromagnetic emission at a moment t = T > 
0. 

3. NONLINEAR PASSING OF ACOUSTIC 
WAVES 

The first case is the seismic destruction in the litho-
sphere at the depth h (see Figure 1), it is described by 
the elasticity theory in the geometry of cylindrical sur-
face around the place in which there is the source of un-
derground seismic explosion (or deformation of a plate). 
The elasticity theory for the case of the Earth’s crust as 
an isotropic uniform medium has the following the 
Newton’s equation for the mechanic displacement : U
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The coefficients (z) and B(z) describe the viscosity 

and nonlinearity of the elastic isotropic uniform medium 
in cylindrical system of coordinates for the acoustic 
waves with longitudinal and transverse velocities  
respectively. 
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The acoustic propagation in the atmosphere and the 
ionosphere is described by the following set of hydrody-
namic equations: 
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Here  , ,x y zv v v  are the components of the velocity  

of air  ,x y ; , p are its total density and pressure; 
g is free fall acceleration;  = 0 + ′, p = p0 + p′; where 
0, p0 are the stationary values of atmospheric density 
and pressure 

v v v

  , expp z H0 0 ; and ′, p′ are al-
ternating parts. The parameter H  8 km is the average 
height of the atmosphere. 



Additionally, this model uses the adiabatic equation 
for pressure with the adiabatic constant  , and  
     0 expv z v z H   is the kinematical viscosity of 

air. It is assumed that nonlinearity is moderate and only 
quadratic nonlinear terms are preserved in Eq.2. Note 
that all mechanisms of nonlinearity are essential. Also it 
is supposed that the acoustic wave moves preferentially 
vertically upwards, and inequalities |vx,y| << vz are valid. 
In a linear approximation, when viscosity is neglecting, 
from Eq.2 one can see that for the acoustic wave  
      , exp 2 expv z t z H i t Kz     , and the energy  

flux is     2

0 , constz V z t  .  
We take into account the following dispersion law for 

vertically propagating atmospheric acoustic waves (AW): 
2 2 2

a
2
sK c                  (3) 

Here 2a sc H   is the cut-off frequency, and cs =  

 1 2

0 0p   is the speed of sound. Because of the fact 
that the attenuation of waves caused by the viscosity 
strongly grows with an increase of the frequency (as ~ 

2 ), it is possible to expect that the effect of increasing 
atmospheric acoustic waves is essential only at frequen-
cies   10 s–1. The observations confirmed this conclu-
sion [1]. Within the lithosphere the vertical z-component 
of the acoustic wave is only demonstrated, the transverse 
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profile is really smooth, and in modeling it is possible to 
neglect by the transverse acoustic components.  

For the z-component the following equation is valid 
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This is the equation of the Khokhlov-Zabolotskaya 
[11]. For the case of the atmosphere and the ionosphere it 
is necessary to introduce a new dependent variable V = vz 

exp 2z H  , and the independent ones z, st t c   , x 
[11]: 
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The evolution of low frequency part in the lithosphere 
described by Eqs.4 and 5 is shown in Figure 2. The ini-
tial burst is described in the following manner: 
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The normalizing for amplitudes of AW is A0 = 0.01 
cm–1, ratio of nonlinear and linear elastic modules is 

111 11 10c c  , a dissipation coefficient for the frequency 
 is taken 0.25 km–1.  4 1

0 5 10 s  
The carrier frequency for ELF wave is chosen as f1 = 

1 2π 80   Hz. 
The input ELF wave is burst-like, i.e., it is a wave 

packet with an ELF carrier frequency 0  ~ 10 - 500 s–1; 
its envelope (modulation) frequency  ~ 0.1 - 5 s–1 is in 
the ULF frequency range: 

        2

0 0 01, , cos cos exp .V w t V t t          

The value of ρ0 determines a transverse scale of the 
initial pulse. The Eq.5 is solved numerically by using 
spectral methods. 

After an excitation at the Earth’s surface, the ELF 
wave is subject to nonlinearity that leads to a generation 
of higher harmonics and down-conversion, namely, the 
increasing of the ULF component. More than 100 har-
monics are excited. The growth of higher harmonics 
leads to the formation of a saw-tooth-like structure. Such 
a structure dissipates due to viscosity. The ULF part of 
spectrum is not subject to dissipation, on the contrary, it 
increases due to this nonlinear interaction. When the 
transverse scale is ρ0 ~ 0.3 - 10 km, the diffraction is not 
important for the ELF wave but it can decrease the peak  

 
(a) 

 
(b) 

 
(c) 

Figure 2. The nonlinear frequency conversion of AW (VLF 
AW – ELF AW) under passing through the lithosphere. (a) is  

initial distribution   2

1 ,A t   of the first harmonic; (b) is a dis-  

tribution of   2
, 0iA t    for harmonics (j = 1,2,···), when  

the greatest ratio 
2

2 1A A  is observed; (c) is output distribu-
tion of the velocity of the ELF AW v(t,) on the Earth’s surface. 
Here 0 = 5 × 104 s–1, ELF =1000 s–1; 0 = 0.5 km. 
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amplitude of the ULF part. The results of the numerical 
simulations are given in Figure 3. 

The efficiency of the nonlinear acoustic transformation 
is quite high. Within the framework of the specified 
model, the ULF acoustic-gravity waves (AGW) at fre-
quencies 0.05 - 0.5 s–1 may reach the heights z = 200 - 
300 km, where the maximum values of the density of 
free carriers of the ionosphere plasma occur. 

In this analysis it is possible to take the classification 
of the spectrum. The underground fracturing causes VLF 
(very low frequencies ~ 1 - 10 kHz) at the depth of about 
30 km, this initial spectrum changes during the passage 
into ELF (extremely low frequencies ~3 Hz - 1 kHz) on 

 

 
(a) 

 
(b) 

Figure 3. Nonlinear frequency conversion of AW. The excita-
tion of ELF AW with the amplitude of V0 = 30 cm/s. Here (a) is 
the distribution of velocity of the ULF AGW v(t,) at the alti-
tude z = 200 km; (b) is the distribution of velocity of the ULF 
AGW v(t,) at an altitude z = 300 km. Here 0 = 30 s–1,  = 
0.075 s–1; 0 = 25 km. 

the Earth’s surface, then AW pass the atmosphere and 
penetrate into the ionosphere. During the nonlinear acous- 
tic passage through the atmosphere and the ionosphere, 
the spectrum transforms from ELF into ULF (ultra low 
frequencies < 1 Hz) range.  

4. CRACKING OF PIEZOELECTRIC AND 
MAGNETIC PLATES 

The second case of explosion in rocks is connected 
with exciting of cracks. It is supposed that a piezo and 
magnetic crystal surrounds by a plate possessing similar 
mechanical and dielectric properties. It is demonstrated 
that time-dependent mechanical stresses, which exist in 
the vicinity of the apex of the crack, are sources of EM 
waves, see below. 

Additionally the comparison of the EM emission (EME) 
due to piezoeffect and piezomagnetism results in the dif-
ferent conclusions. The EME is investigated for the pie-
zoelectric crystals of the point symmetry group 32 and 
for the piezomagnetic crystals of Fd3m space group 
symmetry in the first approximation for piezocoefficients 
and in the zero approximation for deviations of elastic 
tensor of the crystal from one for an isotropic medium 
with similar mechanical properties. It is obtained that the 
magnetic field of the emission has lots of maxima as a 
function of its frequency; these maxima are determined 
by the crystal size and the velocity of the crack and are 
located in LF and ELF ranges of the spectrum. It is found 
also that a source of the emission is equivalent to a time- 
dependent magnetic dipole for both piezoelectric and 
piezomagnetic crystals, and the values of the magnetiza-
tion vector and corresponding magnetization current have 
been estimated. Then the equations of the motion of the 
medium and equations of the EM field, written in the 
crystallographic frame of the piezocrystal are:  
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where  is the crystal density, Ui and ij are components 
of the displacement vector and mechanical stresses tensor, 
respectively, j denotes a partial derivative with respect 
to xj; , , ,E H D B  are vectors of electric and magnetic 
field and corresponding inductions, respectively; c is the 
velocity of light. The constitutive equations for the pie-
zoelectric crystal have the form: 
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and for the piezomagnetic crystal: 
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The quantities U ,  , and µ  in Eqs.6-8 are dimen-
sionless, 

ij ij ij

 2ij i j j iU U U     are components of the 
strain tensor, 0 and µ0 are electric and magnetic con-
stants, respectively, cijkl, eikl, qijk, µij, ij are components of 
tensors of elastic, piezoelectric, piezomagnetic, magnetic, 
and dielectric constants, respectively.  

Eqs.6-8 have been solved by using the Fourier trans-
form on spatial coordinates within the infinite limits and 
the Laplace transform with respect to time t [12,13]. It is 
found that the non-stationary mechanical stresses in the 
vicinity of the moving tip of the crack have caused non- 
stationary polarization currents, which possess potential 
and vortical components inside a piezoelectric crystal 
and only vortical components inside a piezomagnetic one. 
The potential currents generate electric polarization cur-
rent IP, but the vortical ones just are magnetization cur-
rents IM, or magnetic dipoles. In both cases namely the 
non-stationary magnetic dipole generates the electro-
magnetic radiation in the far zone and this dipole is cre-
ated by the moving tip of the plate due to specific crystal 
symmetry related with the crystal piezoproperties (see 
Figure 4). 

For estimations the material coefficients for piezoelec-
tric quartz (in matrix representation from [14]) are used: 

1 4.6  , 11  C/m2, 14  C/m2. Now, it is 
necessary to use the estimations obtained in [11] for the 
magnetic moment and vortex current created by a single 
moving displacement crack through a crystal of quartz:  
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where L is the crystal size, and l0 is the initial size of the 
crack, which is usually close to several interatomic dis-
tance. When we set L  1 m, l0  1 nm, the velocity of 
the motion of the crack is Vcr  1.5 km/s, then we find M 
 0.01··· 0.02 A·m2 and corresponding polarization cur-
rent I  0.02 A. 

It is possible to make the same for the magnetic mo-
ment and corresponding polarization current into the 
cracked piezomagnetic crystal CoFe2O4 by using the 
material coefficients from [13] q31  580, q33  700, and 
q15  550 N/A·m and approximations: 
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Figure 4. Moving crack and EM fields around it. 
 

This gives M  0.15 A·m2 and I  0.15 A. Therefore, 
the moving crack generates the vortex current inside 
piezoelectric materials, which is comparable with one 
inside the piezomagnetic ones. The pointed above mag-
netic moments, created by only one piezocrystal of the 
given size, at the distance r = 100 m generate the mag-
netic field with induction Be  1  10–6 nT for the piezo-
electric case and Bm  1  10–5 nT for the piezomagnetic 
one. 

These fields are very small to detect a single crack 
only. But we suppose that inside the cracked rock mas-
sive with a characteristic size of about 100 × 100 × 100 
m3 there are 104 cracks. Hence, the magnetic field at the 
distance r = 100 m can potentially be enhanced up to 1 
nT, when a great crack crosses such a rock massive and 
all piezocrystals generate correlated magnetic fields. In 
VLF range f ~ 1 kHz, the magnetic fields of pointed 
above magnitudes ~ 0.001··· 0.1 nT can be detectable. 
It is investigated the solutions of magnetic dipoles and 
magnetic field using an approximation for mechanical 
stresses both around of the crack, and for the wave of 
unloading. 

In both cases it is necessary to find the effect that the 
frequency dependence of the magnetic field has two 
parts, created by unloading wave and by the tip of a 
crack, respectively. 

The frequency dependencies of the magnetic field gen-
erated by the tip of the crack and wave of unloading are 
given in Figures 5 and 6. The dimensionless frequency is 

crL V  . 
One can see that the field created by the tip of the 

crack has several maxima at the dimensionless frequen-
cies ,1t   3, ,2t   9, ,3t   16 whereas the one 
created due to unloading wave has a single one at u   
1.5. The value of such a single maximum is dominating 
and exceeds the value of the first maximum due to the 
motion of the tip about 4 times. For the values L = 1 cm 
and Vcr = 4 km/s (a small crack) the corresponding fre-
quencies are ,1 ,1t t 2π

L


    (10) f crV L   190 kHz,  

f 2πu u crV L    95 kHz. The fields at this frequency 
range dissipate strongly at small distances ~ 100 m. But  
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Figure 5. Frequency dependence of the magnetic field created 
by the tip of crack. 
 

 

Figure 6. Frequency dependence of the magnetic field created 
by the unloading wave.  
 
for a large and slow crack with L  1 m and Vcr  1.5 
km/s the corresponding frequencies will be ft,1  720 Hz 
and fu  320 Hz. Therefore, the spectrum of the field 
can be very wide. Because the magnetic field is regis-
tered from numerous cracks of different sizes, it is possi-
ble to conclude that the resulting field lies in LF, VLF 
and ELF ranges of the spectrum: VLF (very low fre-
quencies ~ 1 - 10 kHz) at the depth of about 30 km, ELF 
(extremely low frequencies, ~ 3 Hz - 1 kHz) on the 
Earth’s surface, then they pass the atmosphere and pene-
trate into the ionosphere like ULF (ultra low frequencies 
<1 Hz) range.  

Thus, obtained amplitude-frequency characteristics of 
the magnetic field generated by the fracturing of pie-
zocrystals in rocks have several frequency scales. From 
these results one can explain some phenomena caused by 
seismic and volcanic activity. The main result of the cal-
culations is that it is possible to see difference between 
seismic and industrial events by means of observation of 
the unloading wave only in the case of natural hazards. 
This opens a possibility to create the method of remote 
sensing and dividing the seismic and industrial events.  

5. CONCLUSIONS 

An analysis of the nonlinear transformation of the 
spectrum: VLF (very low frequencies ~ 1 - 10 kHz) at a 
depth of about 30 km , ELF (extremely low frequencies 
~ 3 Hz - 1 kHz) on the Earth’s surface, then they pass the 
atmosphere and penetrate into the ionosphere like ULF 
(ultra low frequencies < 1 Hz) range.  

The nonlinear interaction of acoustic burst demon-
strates additionally the importance of acoustic channel by 
the example of the nonlinear mechanism of the energy 
flow from the lithosphere into the ionosphere. 

The destruction of rocks has been analyzed for cases 
of piezoelectric and magnetic crystals. In the both cases 
there exists the quasi-stationary magnetic dipole, which 
is the source of the magnetic field (and the source of 
electromagnetic radiation in the far zone, too). Such a 
dipole is created by the motion of the apex of the crack 
and depends on the specific crystalline symmetry that 
determines its piezoproperties. The field has several 
maxima as a function of the frequency. These maxima 
are determined by the crystal size and the velocity of the 
crack and are located in LF, VLF and ELF ranges of the 
spectrum. The values of the magnetization vector and the 
corresponding magnetization current are estimated. The 
value of magnetization current for a typical piezoelectric 
like quartz is smaller (but comparable) than one for a 
typical piezomagnetic material. The basic conclusion of 
the calculation is that it is possible to see the difference 
between natural seismic and industrial events by means 
of observation of the unloading wave. The unloading 
wave is absent in the case of non-natural events. This 
opens a possibility to create the method of remote sens-
ing and dividing the seismic and industrial events.  
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