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The problem of the electromagnetic (EM) responses at mechanical shock impacts on rock samples of various structure and

composition is studied experimentally. This part is a logical prolongation of previous laboratory investigations described in Part
I, and presents the results of field investigations on studying the structure of EM emissions generated by shock and explosive (low
power) impacts on large monolithic blocks of rocks of complex structure in the ULF and VLF frequency ranges with use of the
field experimental complex specially developed. The mechanisms of excitation of seismic emission (for various sources) and the
generation of the EM response at propagation of seismic wave through a mechanical system, in particular rocks, are considered.
The fact of generation of the EM responses at impacts on various widespread quartz-containing rocks was confirmed; it has been
established that the source of the EM emission in the ELF-VLF range are the inclusions of a crystalline piezoelectric excited by seismic

wave.

The existence of low and high-frequency parts of the response in the lower part of the VLF range of EM emission generated by
impact, and the arising of modal structures in the high-frequency responses at impact to rocks in real conditions were detected. The
proportionality of the piezoelectric response to seismic one, and an increase of the response amplitude due to the presence of an
additional massive piezoelectric excited by means of a seismic wave are shown. No noticeable role of the structural destruction of the
rock samples in the generation of responses was found, that gives a chance to their detection not only under hard impact (mechanical
shocks, explosions), but also during natural seismic processes, that opens the perspectives for using the methods of prediction of

seismic phenomena using the EM precursors of the earthquakes.

The results obtained are in good agreement with our results obtained earlier in laboratory experiments and presented in Part I of
this work. They are an intermediate stage between laboratory research and the registration of EM responses at powerful industrial
explosions. A description of the results obtained when studying the structure of EM emissions caused by strong impacts at industrial
explosions will be presented in the next part of the work.
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Introduction

Study of seismoelectromagnetic effects associated with the
generation of electromagnetic (EM) signals at arising, as a result
of seismic events, stresses leading to destruction of various rocks,
is important, first of all, from the point of view of modeling of pro-
cesses which occur in medium at the stage of earthquake prepara-
tion and at its initial stage. Such investigations can contribute to a
better understanding of the physics of the earthquake’s process,
and they are necessary, in particular, for constructing an adequate
model of seismic event, that is the basic element of any possible

forecast system.

One of the main approaches in conducting such investigations
is the study of EM responses under mechanical impacts and the
destruction of rock samples in the experiments of various kinds.
Earlier, in Part I of this work, we presented the results of laboratory
experiments on the mechanical impact on rock samples. Here we
present the results on study of the EM emissions arising as a result
of shock and explosive (of low power) impacts onto large monolith-
ic blocks of the rocks of complex structure, that is a natural develop-
ment of the previous investigations in the laboratory experiments.
Solving this problem, we have conducted the special nature field

experiments away from sources of industrial interferences.
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Note that conducting field experiments is an intermediate stage
of research between laboratory experiments and the registration
of EM responses of rocks at powerful industrial explosions. The
need of such investigations is due to the following. At industrial
explosions, the magnitude of the mechanical impulse generating
the seismic (shock) wave has the order of ~105 kg.ms? (by one
ton of explosive); in laboratory experiments, the magnitude of the
similar impulse is approximately ~ 1 kg.ms* (mass of falling body,
m = 0.1 kg, the fall height h = 0.5 m), thus the magnitude of the
seismogenic factor in these processes differs by approximately
five orders. In addition, in laboratory experiments, EM emission
sources are rock samples with sizes of the several centimeters, and
at industrial explosions, these sources will be geological objects
with spatial sizes of hundreds of meters, i.e. the difference in sizes

is also 4-5 orders.

Earlier, in [1-3] only preliminary results on the interpretation
of experimental data obtained in field experiments, that do not sat-
isfy the criteria of statistical significance were published. More de-
tailed analysis and more strong interpretation of these and new re-
sults can be the basis for establishing the relationship between the
seismic and EM oscillations, and this, in its turn, becomes the key
to understanding the physical processes caused by seismic events
and will be useful for formation of the methodics of their forecast-
ing. Thus, this part of the work is devoted to the description of
the results of our experiments on the study of the structure of EM
emission generated by both shock and explosive (of low power)

impacts onto large monolithic blocks of rock of complex structure.

A description of the results obtained when studying the struc-
ture of EM emissions caused by strong impacts at powerful indus-

trial explosions will be presented in the next part of the work.

Methods and equipment for field experiments

As the area of experimental field work the Magadan batholith
was chosen, the location of the observation points was determined
by the need to study the features of the generated EM signals from
various types of rocks in the center of the batholith and on its en-
docontact (2" Armansky pass'), in mountain valley and on the top
of the hill (absolute altitude 705 m), depending on the forest cover
and weather conditions, for the same types of rocks - to compare

of EM responses at blown and explosive impacts.

For the field experiments, we used the specially constructed

field measuring complex consisting of:

!About 20 km from Magadan city.
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e  Electrical antennas;
e  Two identical receiving devices;
. Piezoelectric seismic sensor;
e  Connecting coaxial cables;
e A powerful laptop computer with a sound card for digitizing
signals;
e  Batteries for powering the equipment.
As antennas we used:
e Anantenna of type “oblique beam” with a height of its suspen-
sion of 4 m, as the main device;
e A metal mast 4 m height as an additional auxiliary device to
confirm the results.
The composition of the seismic sensor included a piezoelectric
element and a differential amplifier with a gain of the order of 200,

made on an operational amplifier.

The following sources of seismic signals were used to generate

the EM emission in our field experiments:

a) Hammer blows to the massive (usually granodiorite) mono-

liths with a sizes of 0.5 - 1m;

b) Impacts at free fall of stones weighing 20 - 30 kg from height

of 1.5 - 2 m on rocky monoliths 2 - 5m in size;

c) Explosions of small powder charges of low power (10 - 15 g).
The charges were located on the same basis to which blows

were made and were covered from above by heavy stones.

A piece of quartzite from the Natalka deposit (Magadan region)
was used as a model of a quartz vein; it was located, as a rule, at a
distance of about 1m from the impact site. Sometimes, blows were

applied directly over the surface of quartz.

Some theoretical estimates

The source of seismic emission can be an earthquake, explosion
or shock impact, and according to the results of experiments [4],
the physical characteristics of the seismic waves from these sourc-

es at the same momenta are identical.

In accordance with the concepts of seismic emission presented
in [4], this process is described as the propagation of a mechanical
pulse in a continuous medium. The pressure of seismic emission
N affects the environment and causes the excitation of electrical
signals from the inclusion of piezoelectrics. It is possible to easily
calculate the pressure created by the impact of a freely falling body

from the following expression [1, 4]:
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N=Mv, \2gh | (47R’L)

where N is the pressure, N-m~ at distance R, m; M is the mass

(1)

of the body, kg, freely falling from height h, m; L is the size of body,

m; and V , is the propagation velocity of seismic signal in the body

material,lr)ns*l. When using (1), it should be taken in mind that the
impact is hard, and the derivative of the momentum is replaced by
the ratio of the momentum density to the time of the impact, i.e. it
is assumed that the momentum is being completely transmitted to
the medium during the wave propagation in the body material so

that the wave packet has a duration T = L / Vp .

In explosions of chemical charges, pressure can be estimated

from similar expression:

N =Mv 2K /(47R*L) . (2)

where M is the explosive charge mass, kg, with energy equiva-
lent K, ]-kg; L is the charge length, m; V; is the explosive detona-
tion velocity. The initial assumptions here are the same as in the
previous case: the medium is assumed to be rigid, the impulse is
formed into a packet of duration T = L/ V; (detonation time t
determines the rise time of the first signal, i.e. 4t is approximately

equal to the period of the main oscillations T).

In the experimental works [5], as the main source of seismic
emission, the explosions of charges of ammonium 0.2 kg were con-
sidered. Such sources provided the receiving of the seismic signals
from the depth of 60 m. In accordance with (2), it is possible to
calculate the seismic pressure created by such explosion at the dis-

tance of 50 m:

N(50) =0.2x50072%4.6-10° / (47 x50 x0.2) = 500 N-m 2,
£=0.2/5000=4-10"s.

Thus, we assume that pressures of 500 N-m~ and more ensure
the formation of electrical signals from inclusions of natural piezo-

electrics.

In our field experiments, we used seismic signals excited by
hammer blows weighing 1 kg, throwing off stones of 30 kg from
the height of about 2 m, and explosions of charges of smoke pow-
der weighing about 15g. Let us estimate from expressions (1) and
(2) the distances at which these sources provide pressures of more
than 500 N-m2:

Ry = [ Mv,\J2gh | (47 L-500) ] v ,(3)
12

R, = [ Mv,N2K /(47 L-500) J L (4)

2Near the Magadan city
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So, we obtain from formulae (3) and (4) for used sources:

1. Blow by hammer falling from the height of 5m (muscular ef-
fort was added to the free fall): Rblow ~ 7.5 m; hammer
blows created pressures above 500 N-m~ at a distance up to
7.5 m; 1=3-0 755;

2. Impact of a stone weighing 30 kg, freely falling from a height of
2m: Rblow ~173m;t=0 _4S;

3. Impact of a stone weighing 7 kg, freely falling from a height of
10m: Ry #2 5 m; 120 *s;

4. Explosion of a charge of 15 g of smoke powder (K = 2.5x10°
Jkg'; V;=3000ms™): Ry 73 m;1=2-0 s,

The estimates obtained allow us to conclude that, during field

expl

experiments, seismic radiation sources created pressures (causing
EM responses) of more than 500 N-mat distances of at least 9 m
and the main frequencies of seismic oscillations were about 1 - 10
kHz.

Field experiments

In our experiments, EM responses were observed for all types of
shock and explosive (for low power explosions) impacts. Consider

and analyze some examples of the results.

Figure 1 shows a spectrogram of recording responses at throw
off of the stone (granite) weighing 25 - 30 kg from the height of
about 1.5 m onto a large granite monolith recessed into fine rocky
soil (the measurements place is the Gornyak quarry?). The inten-
sity of the responses is displayed by the color in accordance with
the lower color scale, the gray color corresponds to the lack of re-

sponse in the analyzed amplitude range.

Figure 1: Electrical and seismic responses at a stone throw
off from the height of about 1.5 m: a - electrical signal, b - seismic

signal.
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In the experiment, the antenna with the receiver was located at
5.5 m and the seismic sensor was 3m from the sample. At a time
of ~ 17 ms (in current time coordinates), a response from the
impact in the upper spectrogram (electrical signal) is observed.
The seismic signal starts from 28 ms. At time 36 ms, one can see
the response from the action of the seismic wave to the receiving
complex in the spectrogram. Figure 2 shows a record of the corre-
sponding temporal realizations (the signal amplitude is indicated
in units of the least significant bit of the ADC). Here, the response
signal is masked by the atmospherics recorded in the same fre-

quency band, and the response is identified less clearly.

Figure 2: Oscillograms of the electrical (red line) and seismic
(blue line) responses corresponding to the spectra shown in
figure 1.

Figure 3 shows spectrograms for four blows by geological ham-
mer to the stone used in the previous experiment. The responses
from the 3"and 4" blows are most clearly visible. For them, as in
figure 1, the low-frequency and high-frequency (at about 4 kHz)
parts are visible. The response from the second blow coincides
with the signal of the atmospherics and identification of the re-
sponse in high-frequency part is difficult. At the first blow, there is
only a low-frequency response, the seismic signal for this impact
is visually weaker. It is possible that the impact was weaker and it
is also possible that a significant part of the impact energy was ex-
pended for the destruction of the sample and elastic oscillations in
the sample were not excited. In this case, the assumption coincides
with that made when analyzing the data of laboratory experiments

(see part I of the paper).

Figure 4 shows the temporal records for the 3™ blow. One can
see that the response is weaker than at throw off of a stone, how-

ever, not proportionally. It should be noted here that in this experi-

“Near the Magadan city
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Figure 3: The electrical (a) and seismic (b) responses from
the four blows by the geological hammer to the same stone

that in figure 1.

Figure 4: Oscillograms of the electrical (red line) and seismic
(blue line) response from a 3rd, shown in figure 3, blow by the

geological hammer.

ment the stone has fell its plane and the effect was quite long in
time. Therefore, further consider other results, where the stone
impacts the monolith by its edge. Figures 5 and 6 show the spectro-
grams and oscillograms for three blows. For the last “two, the fall

height was increased by 0.5m.

The response feature in figure 5 is the blur of the high frequency
part. For the 2™ and 3™ impacts, the reason for this is the signal
limitation observed in figure 6. But for the first impact, there is
no such limitations and a possible cause may be the excitation of
several types of mechanical oscillations upon impact. The last two
impacts also have a certain stability of temporal forms, although
the identity is distorted due to the limitation of signals. Steep lead-
ing fronts and damping on the rear ones can be a consequence of
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Figure 5: The electrical (a) and seismic (b) responses at three
blows by a stone: 1st blow corresponds to the fall height of about
1.5 m, 2" and 3™ blows - to fall height of about 2 m

Figure 6: Oscillograms of the electrical (red line) and seismic
(blue line) responses at three blows by a stone corresponding to

shown in figure 5.
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the special nature of the excited mechanical oscillations. Compared
to the responses at hammering, a significant increase in signals is
observed, as expected. There is also a certain oddity for the first
impact, expressed in the absence of the low-frequency part of the
seismic signal in figure 5. In fact, this part appears on the spectro-
gram, but with a delay of 45 ms comparatively the high-frequency

one, the reason for which, however, is not yet clear.

In laboratory and field experiments, we observe the EM field at
distances much shorter than the wavelength, i.e. in the near zone
of the source [6]. The electric field of the dipole in the near zone
weakens inversely with the cube of the distance. Therefore, we con-
sider the responses from a stone blow at a distance of 2 m from
the antenna (2.5m from the seismic sensor). Figure 7 shows the
spectrograms of five blows with a bench hammer (with use of the
geological hammer there was a limitation of responses that were
approximately twice large in amplitude®) and figure 8 shows the
impulses of electrical responses for the 1%, 3" and 4" blows (time
intervals 0 - 5,5 - 10 and from 10 ms).

Figure 7: Responses at blows by the bench hammer to the

granite sample located close to the antenna.

Figure 8: Oscillograms of the electrical responses at blows by
the bench hammer to the granite sample located close

to the antenna.

3The response amplitude was of the order of 30,000 units of the low binary digit of the ADC compared to 60,000 units for the geological hammer.
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Comparison of the results obtained in experiments at differ-
ent distances of the antenna from the place of impact allows us to
conclude that we actually register a real electrical signal from the

impact and not from any other effect.

If we compare the responses in figure 8, we see that they have
a different temporal structure. However, according to figure 7 they
have common features. The 1%, 2™ and 4% responses have a distinct
low-frequency part, while the 3™- 5% ones have a high-frequency
part with spectral maxima at 3 and 4 kHz. Since the response fre-
quencies are of the same order as at blow to a distant stone (see
figures -1 and 3), but the stones have different sizes and configura-
tions, that the frequency-forming factor is not the standing seismic
wave that could be excited in the sample, but it is a passage of the
wave in a sample. It is possible that the frequencies are determined
by the propagation velocities of the modes of seismic waves excited
in the sample, and possibly also directly by its structure and com-
position. In both cases, the premises for using the responses from
seismic impacts for diagnostic purposes appear. To confirm these
assumptions, additional laboratory experiments with samples of
different compositions using the registration of seismic waves in
the sample are necessary. As to the ratio of low and high frequency
responses, we think that it is defined by ration of the inelastic and

elastic deformations of the sample.

Figure 9 shows spectrograms for the case of a blow of the gran-
ite sample weighing 6 - 7 kg thrown off from the height of 7 m onto
a granite monolith at a distance of 10 m from the antenna. Figure
9 shows spectrograms for the case of a blow of the granite sample
weighing 6 - 7 kg thrown off from the height of 7 m onto a granite
monolith at a distance of 10 m from the antenna. One can see two
responses (from one impact) occurring after a few milliseconds.
Further, at the impacts the falling sample was fell apart onto pieces
and the next three responses can be explained by impacts of frag-

ments (see oscillogram in figure 10).

Figure 9: An example of the responses at a granite stone

throw off from the height of about 7 m to granite monolith.
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Figure 10: Oscillogram corresponding to figure 9.

Figure 11 shows the combined spectra for another 5 impacts re-
sponses and figure 12 shows the oscillograms of the first two blows

corresponding to figure 11.

Figure 11: Spectrogram of five impacts by a granite stone on gran-

ite monolith from the height of about 7 m (electrical response).

Figure 12: Oscillogram of the first two impacts

corresponding figure 11.

A feature of the oscillograms shown in figures 10 and 12 is a
repeating form of pulses. A similar character of the responses oc-
curs also for other impact cases given in figure 11. Impacts corre-

spond to the samples used for throwing: 1 and 4 - to full-crystalline
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granite, 2 and 5 - to granodiorite and 3 - to dark-colored rock with
a minimum amount of quartz. This indicates that the response is
observed from the main sample, to which the blow is produced,

and not from the thrown off stone.

In the first 3 blows in figure 11, a distinct high-frequency part of
the responses is visible, and in the last two ones it is much weaker.
This is because, firstly, as can be seen in figure 12, a slight signal
limitation is observed in the first blows, while for the last two it
is absent. The limitation is manifested in the appearance of a re-
sponse at frequencies above 6 kHz. The response at frequencies
of 3 - 5 kHz is present in all spectrograms, but individual spectral
components are absent or poorly notice-able in it. Most likely this
is due to the redistribution of the contribution from the mecha-
nisms of elastic and inelastic deformations towards the latter un-
der stronger impacts. This part of the signal masks weaker signals
from the wave of elastic strains. In this regard, the response from
natural seismic impacts on rock masses may be more informative.
Of course, if this response can be distinguished against the back-

ground of atmospheric interferences.

Figure 13 shows the spectrograms of responses from four low-
power explosions conducted on a stone 5 m from the antenna and
figure 14 presents an oscillogram of one of them (the second),
where there are fewer signal limitations. An explosive charge was
covered from above by a stone. In general, responses are similar to

those observed at blows.

Figure 13: Spectrograms of the responses of the

four low power explosions.

In experiments, destruction of samples was often observed. In
this regard, the question of the contribution of the effect of macro-
destruction to signal arises. Figures 15 and 16 show the responses

from impacts on a diorite sample by a bench hammer 2.5 m from

24

Figure 14: Oscillogram of the response of the

2" explosion in figure 13.

the antenna. In the second case, a quartz sample is placed on the
stone. During the blows, the pieces were broken off from a sample
of diorite. The experiment was conducted at the 2" Armansky pass

at the edge of the forest in a mountain valley.

Figure 15: Response spectra from hammer blows on a diorite

sample at a distance of 2.5 m from the antenna.

Figure 16: The same as in figure 15 but for the
diorite sample with a piece of quartz.
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The responses at blows to a unit sample are weak and amplified
by the addition of quartz. Besides, one can visually notice a ten-
dency that a weaker electrical response corresponds to a weaker
seismic one. It can be assumed that the seismic response is weak-
ened if part of the impact energy is spent for the destruction of the
sample and accordingly, the energy of the seismic wave causing the
electrical response decreases. To test this hypothesis, mathemati-
cal processing of the experimental data was carried out, and the
energies of the electrical response and of initial part (20 ms) of
the seismic one were calculated. Figure 17 shows the dependence
of the effective amplitude of the electric response on the effective
amplitude of the seismic one (in relative units). The experimental
points for the diorite sample are marked by crosses, and the points
for diorite with the superimposed quartz sample are marked by
circles. The results of the experiment on the destruction of a gran-
ite sample, which was carried out in a lowland behind the lake, are
plotted by squares. Note that the point with the maximum energy
of the electric response corresponds to the first blow made with
less force, so as not to cause destruction of the sample. In figure
17, on average, the proportional dependence is clearly visible, that
confirms our hypothesis that the most of the EM emission is gen-
erated by the seismic wave, and if the macro-fractures give a re-

sponse, that its amplitude is much lower.

Figure 17: Dependence of the effective amplitude of

the electric signal on the seismic response.

In addition, we carried out field measurements under other
conditions different from the conditions of previous field experi-
ments at the base point of measurements, namely: on a mountain
pass* near a forest in a narrow mountain valley and on a plain near

a large lake in conditions of a wet ground.

In the first case, the conditions determined the decrease of the

level of emission of atmospheric origin, while, however, the effi-

4274 Armansky pass.
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ciency of the receiving antenna also decreased. Nevertheless, we
were able to obtain results that are interesting, inter alia, in terms
of comparing them with the results obtained earlier at the base
measurement point. Figure 18 shows the spectrograms of respons-
es for blows on granite monolith by a stone (0 - 20 ms), by bench
hammer (20 - 40 ms), by hammer on a quartz sample mounted on
the granite monolith (40 - 60 ms) and by hammer on quartz (60 -
80 ms and from 80 ms).

Figure 18: The electrical and seismic responses observed in the
experiments on the mountain pass near the forest in a narrow

mountain valley.

One can see that in the first two cases the responses, although
small, are distinguishable against the background of weak atmo-
spheric noise, but in the third case they are difficult to distinguish
on the noise background. But, at the blows on quartz, the response
is very strong. In addition, if to consider the case of impact on a
granite stone with quartz taking into account the response from
only quartz, a certain similarity is found in the low-frequency re-
gion and the response from the impact of a seismic wave on quartz
through a stone is observed. A characteristic feature of quartz re-
sponses is the presence of a high-frequency part at frequencies
above 6 kHz, that corresponds to the damped oscillations following
after the main pulse. Figure 19 shows as an example the oscillo-
gram of the last response in spectrum shown in figure 18. Note,
that for the previous impact the tail oscillations are even stronger,

and their cause is a wide spectrum of the exciting pulse (response).

Now, consider an example of the results of our experiments on
a plain near the lake in conditions of a wet ground. Figure 20 shows
the spectra of the responses at impacts to a large monolith stone,

completely sunk in wet soil.
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Figure 19: Oscillogram of the response at a blow

by hammer on quartz

Figure 20: The electrical and seismic responses observed

in the experiments on a plain near large lake.

It should be noted that no noticeable responses were observed
from hammer blows during registration. As one can see in figure
20, the responses are observed at a stone was thrown off (the 1+
spectrum fragment in figure 20, time 0 - 20 ms), at a hammer blow
on the granite sample mounted on the surface of recessed stone
(the 2 fragment, time 20 - 40 ms), at hammer blow on a stone
being thrown off (the 3™ fragment, time 40-60 ms, the stone is on
the ground close to the antenna, when the stone was in the moss
near the main monolith, the responses were not clearly seen) and
at impacts on the recessed stone with near-located quartz (the 4t

and 5" fragments, time more than 60 ms).

The main conclusion of these experiments is the presence of a
shielding effect from wet soil. Therefore, at least at weak seismic
impacts, the observation of responses from ore formations under
a layer of wet soils in the absence of the ore bodies going to the
surface is problematic. Also, a distinctive feature of fragments 2

(granite) and 4, 5 (quartz excited by a seismic wave, without direct

26
impacts) in figure 20 is the presence of responses at frequencies
above 6 kHz. This confirms the conclusion made in the description

of previous field experiments with quartz.

In addition, since we did not receive responses from hammer
blows to a recessed stone, as in other experiments, and a response
was observed at throw off of the stone, in general we observe re-
sponses from both the stone that impacts and the stone to which
the blow was. Therefore, in such experiments there is interference
of signals. This can explain the appearance of several maxima in
the high-frequency range (in addition to previously made assump-
tions). Note that the multiplicity of maxima also occurred in pre-
vious experiments with hammer blows (see figures 7 and 8). It is
clear that the noted effect complicates the interpretation of experi-

ments with two stones.

Note, that the similar series of experiments (using the ham-
mer and stones both with and with-out the quartz samples) were
carried out also on top of the Marchekansky hill (near Magadan)
where the conditions differ essentially from ones in previous ex-
periments. In the results obtained in these experiments, there were
no significant fundamental differences from the results of experi-
ments per-formed in other places. The responses were also clearly
observed in this case, that once again con-firms the objective na-

ture of the results obtained in previous field experiments.

Discussion and Conclusion

A common feature of field and laboratory researches is the ob-
servation of the low-frequency and high-frequency response com-
ponents. But in laboratory studies, a modal spectrum structure at
frequencies below 5 kHz was not observed, and the high-frequency
part was completely determined by the frequency characteristics
of the receiver filters (see Part I of the paper). In field experiments,
maxima at frequencies of 3 - 4 kHz were observed. This may be
explained by significantly different sizes of the samples. If in labo-
ratory experiments the sizes of the samples did not exceed 15 - 20
cm, then in the field ones they reached several meters, and the zone
of penetration of the seismic wave, which can cause the piezoelec-

tric effect, was 9 - 17 m. space

In laboratory experiments, an increase of the response energy
with increasing exposure intensity was observed. At the same time,
there was a large scatter in the energy characteristics of the re-
sponses under the same initial conditions. Significant dispersion of
responses was also observed in field experiments during shock ex-
posure, but on average there was a tendency to proportionality of
the effective amplitudes of the electrical and recorded at a distance

from the sample seismic pulses. This dispersion was primarily due
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to the loss of part of the impact energy for the destruction of the
samples.

In field experiments, the destruction was observed visually
and led to a decrease of the response energy. In the laboratory ex-
periments, the micro-fractures took place that were not visually
identifiable. Consequently, macro- and micro-destructions of the
sample in the low-frequency range give a significantly weak elec-
trical response than the manifestations of the piezoelectric effect,
but the situation can radically change for signals registered by the
radio-impulse method (RIM), that are associated precisely with

micro-destruction [7].

Summarizing the results of the conducted field experiments
and their interpretation presented above, we can conclude the fol-

lowing:

1. The mechanisms of excitation of seismic emission (for vari-
ous sources) and the generation of the EM response at propa-
gation of seismic wave through a mechanical system, in par-

ticular rocks, are considered.

2. As an intermediate stage between laboratory research and
the registration of EM responses at industrial explosions, the
field experiments were conducted on real geological rocks,
and we would like to note the following main results obtained
by us:

a) The fact of generation of the EM responses at impacts on
various widespread quartz-containing rocks was con-
firmed; it has been established that the source of the EM
emission of the rock in the ELF-VLF range are the excited

by seismic wave inclusions of a crystalline piezoelectric;

b) The existence of low and high-frequency parts of the re-
sponse in the lower part of the VLF range of EM emission
generated by impact was detected;

c) The arising of modal structures in the high-frequency
responses at impact to rocks in real conditions was de-
tected;

d) The proportionality of the piezoelectric response to seis-
mic one is shown;

e) An increase of the response amplitude due to the pres-
ence of an additional massive piezoelectric excited by
means of a seismic wave is shown;

f)  No noticeable role of the structural destruction of the
rock samples in the generation of responses was found,
that gives a chance to their detection not only under hard

impact (mechanical shocks, explosions), but also during
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natural seismic processes; that opens the perspectives for
using the methods of prediction of seismic phenomena

using the EM precursors of the earthquakes;

g) The variations in responses parameters observed in experi-
ments at weak impacts has a logical explanation, taking into
account the presence of microdestructions in the samples,
that increases the chances of the RIM signals detecting during

natural seismic impacts.

In conclusion, some words about the perspectives of further in-

vestigations.

In this part of the paper we have considered the responses of the
rock samples in the ELF-VLF frequency range that was used in the
piezoelectric method (PEM) [1]. It would be interesting to establish
a relationship between the PEM and RIM emissions which are also
observed at piezoelectric effect [8]. In particular, it is necessary to
find out whether RIM signals are always accompanied by PEM sig-
nals and whether the latter have special spectral characteristics.
It is also necessary to find out which RIM emissions accompanies
the piezoelectric effect in widespread rocks. In the framework of
these works, a conclusion about the existence of a relationship
between the spectral-temporal characteristics of signals in both
methods should be made and, if such relationship will be estab-
lished, to determine its characteristics. And, finally, on the basis of
special experiments on the strong seismic effects during industrial
explosions, it is necessary to find out the dependence of the PEM
and RIM responses on the strength of the seismic effect, that should
clarify the possibility of detection of signals which are generated
by natural seismic events, for example, of that which were investi-

gated theoretically and numerically in [9, 10].

A detailed description of the results obtained when studying the
structure of EM emission caused by strong impacts at powerful in-

dustrial explosions will be presented in the next part of the work.
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