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Abstract

The paper presents an experiment on acoustic excitation of elec-
tromagnetic radiation (EMR) signals in skarn, sandstone, and magnetite
ore samples. For the skarn and sandstone samples, the EMR signal am-
plitude was observed to decrease with increasing ultimate strength. Sup-
posedly, this effect can be explained by assuming that EMR is generated
when an acoustic wave propagates through an electrical double layer.
The presence of piezoelectric inclusions (e.g., quartz) in the magnetite
ore enhances the analog EMR signal and its spectral components.

Key words: rocks, electromagnetic radiation (EMR), skarn, magnetite
ore, sandstone, artificial acoustic excitation.

1. INTRODUCTION

Electromagnetic radiation (EMR) arising as a result of mechanical loading of
rocks has been studied for many years (Warwick et al. 1982, Scholz 1968,
Gol’d et al. 1975, Koktavy 2009, Lacidogna et al. 2011, Baddari et al.
2015). The main motive in these studies is the prospects for using this type
of EMR to forecast geodynamic events, such as earthquakes (Baddari et al.
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1999, Fidani 2011), rock bursts, and sudden roof failure in mines and quar-
ries (see, e.g., Frid and Vozoff 2005, Bespalko ef al. 2010).

It is well known that the fracture of materials is accompanied by genera-
tion of EMR. Currently, the mechanism of the EMR generation during the
loading and cracking of materials is not understood in detail. The EMR emit-
ted during the nucleation and traveling of a local mechanical disturbance in
deformed rock can be accounted for by the formation of charged disloca-
tions, electrokinetic phenomena, dislocation and discharge processes, and the
like (Baddari ef al. 1999). Some experimental facts related to the formation
of cracks can be well explained by the surface oscillation model (Frid et al.
2003, Lacidogna et al. 2011). According to this model, EMR is generated by
oscillating dipoles created by ions moving collectively as a surface wave
over both faces of a crack formed in a material during its fracture.

The EMR in rocks is known to be associated with both the formation of
microcracks and the propagation of acoustic waves through the material
(Khatiashvili and Perel’man 1989, Lacidogna et al. 2013). Thus, a dipole ex-
citing EMR appears due to the existence of electrical double layers in rocks
(Perel’'man and Khatiashvili 1983). Electrical double layers (EDLs) are
formed at the boundaries of mineral grains and mineralized fluid inclusions
and on the banks of microcracks and interstices. The EMR induced by an
acoustic wave propagating through a double layer was first observed in a
model experiment (Perel’man and Khatiashvili 1983). A pile of parallel thin
sheets of glass, each aluminized on one side, was immersed in distilled water
and driven by a piezoelectric transducer at a frequency ranging between 20
and 150 kHz. The recorded EMR signals had amplitude-frequency character-
istics similar to those of the respective acoustic signals.

In the last few years, a number of laboratory experiments have been per-
formed to investigate the EMR generated on compression and fracture of
rock samples (Lacidogna et al. 2011, Koktavy 2009, Sobolev et al. 2010,
Kobayashi et al. 2014). The reverse seismoelectric effect, i.e., generation of
elastic vibrations by a rock in an AC electric field, is also essential to the un-
derstanding of the EMR physics (Ponomarev ef al. 2002, Sobotka 2004,
2009a,b). The investigations were aimed both at verifying some EMR gen-
eration models (Frid ez al. 2003, Koktavy et al. 2004, Koktavy 2009) and at
finding relationships between the rock properties and the associated electro-
magnetic phenomena (Sobolev et al. 2010, Wan ez al. 2008, Kobayashi e? al.
2014). Recently, neutron bursts have been detected to occur on fracture of
quasi-brittle materials such as rocks. This phenomenon is discussed else-
where (Carpinteri et al. 2010, 2012, 2013; Borla et al. 2015). The EMR gen-
erated by acoustic excitation was investigated either with ionic crystals (LiF,
NaCl, KCl; Khatiashvili and Perel’'man 1989) or with crystalline materials
(CaCOs; Khatiashvili and Perel’man 1989, quartz; Bespalko et al. 2005).
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However, no study was performed for the EMR generated by the acoustic
excitation of rock samples with different content of the crystalline and amor-
phous inclusions.

In our opinion, to obtain a more comprehensive knowledge of the phe-
nomenon of EMR generation, it would be useful to investigate how the
properties of rocks affect the electromagnetic phenomena that occur on
acoustic excitation of EMR. In addition, these investigations would perhaps
clarify whether the EDL model can be used to explain adequately the EMR
generation in rocks. In the experiment presented below, EMR was excited by
passing an acoustic signal generated by a piezoelectric radiator through a
rock sample. Note that an artificial source of acoustic waves was previously
used to examine acoustic emission in rock samples (Sedlak et al. 2008,
Cs’efalvay and Sedl’ak 2012). The aim of our study was to demonstrate the
features of the EMR generation on acoustic excitation of rock samples of
varied properties.

2. EXPERIMENTAL SETUP

This section presents the main characteristics of the artificial acoustic excita-
tion source and the technique of EMR recording. Figure 1 shows a block
diagram of the experimental setup.

_______________________________
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Fig. 1: (a) Block diagram of the experimental setup: HVPG — high-voltage pulse
generator whose pulses are fed to the piezoelectric transducer, DA and IA — differ-
ential and intermediate amplifiers that provide recording of EMR; (b) analog noise
signal; and (c) amplitude-frequency spectrum of the noise signal recorded with no
sample on the X-Y table.
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2.1 Acoustic excitation

The source of the acoustic signal was a piezoelectric transducer made on the
base of PZT-19 ceramics (http://www.elpapiezo). The rectangular pulses fed
to the transducer were produced by a high-voltage pulse generator (HVPG).
The HVPG pulse duration and voltage can be varied in the range of 107°-
107 and in the range of 100-800 V, respectively. A broadband (1-100 kHz)
piezoelectric sensor, also made on the base of PZT-19 ceramics, was used
for recording the acoustic signal transmitted through the sample. The dura-
tion of the rectangular acoustic signal incident on the sample is 5 ps. While
passing through the sample, the signal is multiply reflected from its end
faces. As a result, the signal converted into package of acoustic waves with
dominant frequencies of 29 and 67 kHz. The signal generated by the piezo-
electric sensor was recorded by a Tektronix TDS2024 oscilloscope. In the
experiment, the HVPG pulse duration was 5 us and the exciting voltage of
the piezoelectric transducer was 800 V.

2.2 EMR signal recording

The test rock sample, shaped like a cylinder, was clamped. The acoustic sig-
nal produced by the piezoelectric transducer, while passing through the sam-
ple, generated EMR. The EMR signal was detected using an electric field
sensor (EFS) located on an X-Y table 2 mm away from the sample. The use
of an X-Y table enabled high precision positioning of the EFS near the sam-
ple. The EFS consisted of two copper plates whose length and width were
both 1 cm and thickness was 0.3 cm. The plates were bent so that the spacing
between the sample side surface and the plate plane was 2 mm. Each plate
was connected to its own input of a differential amplifier (DA) with input re-
sistance of more than 30 MQ. DA is a two-input electronic amplifier whose
output signal is the difference between the input voltages. In the DA, noise
was suppressed and the useful signal arrived at an intermediate amplifier
(TA) with a gain equal to 100. Figures 1b and 1c present the noise signal and
its amplitude-frequency spectrum recorded with no sample on the X-Y table.
It can be seen that the amplitude of the EMR noise component was about
4 mV and that of the spectrum was 0.3 mV. Having passed through the IA,
the signal arrived at the input of a Tektronix TDS2024 oscilloscope, whose
input resistance (1 MQ) is significantly greater than the output resistance of
the TA (2 xQ). Noteworthy is the high degree of reproducibility of the EMR
signal generated in the acoustically excited samples. For a series of ten se-
quential shots with the same sample, the statistical average deviation was not
over 5%.
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3. EXPERIMENTAL RESULTS

In our experiment, we examined the behavior of the EMR amplitude and
frequency characteristics (EMR Fourier spectrum) for rock samples with dif-
ferent magnetite contents. We used samples of metamorphic rock and sedi-
mentary rock (Tashtagol, Western Siberia). The samples of metamorphic
rock were represented by skarn and magnetite ore and the samples of sedi-
mentary rock by sandstone. The metamorphic samples were cut from a core
and shaped into cylinders of diameter (42 £ 1) mm and height (80 £ 2) mm.
The sandstone samples were also cut from a core and shaped into cylinders
of diameter (30 = 1) mm and height (42 + 2) mm. The end faces of the cylin-
ders were polished flat and parallel to within (0.5 £ 0.1) deg; the axis of a
sample and its ends were at an angle of (90 + 1) deg. Prior to being tested, all
samples were subjected to petrographic analysis. Based on the analysis data,
we divided the samples into three groups: a group of skarn (samples S1, S2,
and S3), a group of magnetite ore (samples M1, M2, M3, and M4), and a
group of sandstone (samples Sal, Sa2, Sa3, and Sa4). For the metamorphic
samples, x-ray analysis was also performed. We determined the mineral con-
tents and some lithological parameters of our samples. The Protodyakonov
rock hardness (Matti 1999) for our metamorphic samples was equal to 14.
The skarn sample compositions were 50% epidote, 30% garnet, and 20%
chlorite (S1); 62% epidote, 28% garnet, and 10% chlorite (S2); and 70%
epidote, 20% garnet, and 20% chlorite (S3). The magnetite ore sample com-
positions were 11.7% magnetite, 12% quartz, 30% garnet, 20% chlorite, and
26% calcite (M1); 11.7% magnetite, 3% quartz, 55% epidote, and 30% cal-
cite (M2); 18.9% magnetite, 31% epidote, 26% amphibole, and 25% calcite
(M3), and 21.05% magnetite, 15% garnet, 38% epidote, and 25% calcite
(M4). The quartz content in samples S1, S2, S3, M3, and M4 was below the
sensitivity level of the detecting equipment. Table 1 presents in detail the
mineral composition of the sandstone samples.

Table 1
Mineral composition and porosity of the sandstone samples
Po- Minerals [%] Fragments of rocks [%]
. rosit Sedimentary .
Sample | Clast - -
ample ast sze y Qsl;ir;Z Sezllcrls Pyrite and Effusive Clroz;rél
[%0] P metamorphic
Sal medium |16.8| 60 11 2 13 9 5
Sa2 medium |16.9| 64 12 1 15 4 4
Sa3 coarse | 12.7| 62 9 2 16 5 6
Sa4 coarse |13.1| 62 12 - 16 5 5
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Fig. 2. EMR waveform for acoustically excited sample S2 (a) and its Fourier spec-
trum (b).

Figure 2 shows an EMR signal (a) generated on excitation of skarn sam-
ple S2. The respective Fourier spectrum is shown in Fig. 2b. As can be seen
in Fig. 2b, the peak voltage amplitudes in the spectrum occur in the frequen-
cy bands of about 30, 65, 90, 100, 115, and 125 kHz. In the same frequency
bands, peak voltage amplitudes are observed for skarn samples S2 and S3.

The Fourier spectra for the skarn samples are characterized by a peak at
a frequency of 65 kHz. The peaks at 30 and 65 kHz approximately corre-
spond to the dominant frequencies detected in the acoustic signal. A similar
EMR spectrum was obtained by the Frid er al. (2003) who recorded the
EMR signal generated during the fracture of granite on compression. Using
the peak voltage amplitudes that occurred in these frequency bands, we have
plotted the peak amplitude as a function of frequency for the skarn samples
(Fig. 3).

The EMR signals generated on excitation of sandstone samples are simi-
lar to the EMR signals of the skarn samples: the Fourier spectra for the sand-

150

. S1@
1204 g2 4
E S3%
= 90 ]
=)
El [ ]
B 604 J
.
S .
5
2 304 'Y -
& . '.I" d F A &
0dx F kx kx =

30 80 90 120 150 180 210
Frequency, kHz

Fig. 3. Peak voltage amplitude versus EMR spectrum component frequency for
samples S1, S2, and S3.
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Fig. 4. EMR waveform for acoustically excited sample S2 (a) and its Fourier spec-
trum (b).

stone samples also have a peak at a frequency of 65 kHz. Figure 4 shows an
EMR signal (a) generated on excitation of sandstone Sa2. The respective
Fourier spectrum is shown in Fig. 4b. Figure 5 shows the peak voltage am-
plitude versus EMR spectrum component frequency for samples Sal, Sa2,
Sa 3, and Sa 4. The peaks at 30 and 65 kHz also correspond to the dominant
frequency detected in the acoustic signal that we observed earlier for the
skarn samples.

The samples of magnetite ore excited with an acoustic signal behaved
quite differently than the skarn and sandstone samples. That is why we give
the EMR signal waveforms for all four test samples. Figure 6a, c, e, and g
presents the electromagnetic signals generated on excitation of magnetite ore
samples M2, M3, and M4. The Fourier spectra corresponding to these sig-
nals are shown in Fig. 6b, d, f, and h.

It can be seen that the Fourier spectra obtained for magnetite ore (see
Fig. 6b, d, and h) have no pronounced peak. Furthermore, the frequency at
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Fig. 5. Peak voltage amplitude versus EMR spectrum component frequency for
samples Sal, Sa2, Sa3, and Sa4.
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Fig. 6. EMR waveforms for acoustically excited samples M1 through M4 (a-g) and
the respective Fourier spectra (b-h).

which the most intense EMR was detected varied from sample to sample.
Thus, for samples M1 and M2, the highest voltage peak in the Fourier spec-
trum corresponds to 65 and 90 kHz, respectively (Fig. 7).

The Fourier spectrum voltage amplitudes at 65 kHz and 90 kHz are giv-
en for all samples in Table 2 together with the sample electric resistivity 1
and ultimate strength Pult. The measurements of n and Pult were performed
after the experiment on acoustic excitation of EMR had been completed. The
resistivity n was measured by the technique described by Kani (1985). To
determine the ultimate strength Pult, the samples were subjected to uniaxial



1454 L.V. YAVOROVICH et al.

0.9 T T T T T T T T T T T
& M1@
[ ] M2
= o M3% ]
= . M4 g
v 034 Py _
5 ) 2
a = x - T
£ 0.02] ]
'
oot * ]
0.00 * ¢ 40 3 ¢

0 30 60 90 150 150 180
Frequency, kHz

Fig. 7. Peak voltage amplitude versus EMR spectrum component frequency for
samples M1, M2, M3, and M4.

Table 2
Fourier spectrum voltage amplitudes
Ultimate Resistivity | Density | Magnetite EMR amplitude
Sample str;nlgth n p \ content [mV]
kN] [@m] | [gem’] | [%] | 65kHz | 90 kHz

Skarn

S1 188 4.5%10° 2.9 0 135 70

S2 234 5.1x10° 3.1 0 40 14.5

S3 320 4.8x10° 2.8 0 8 2

Magnetite ore

M1 234 16 34 11.7+1 800 680

M2 193 17 34 11.7+1 350 530

M3 317 19 3.7 189+1 12 0.8

M4 258 21 3.8 21.05+1 3 34

Sandstone

Sal 25 7x10° 2.19 0 100 35

Sa2 28 6.5x10° 2.16 0 80 33

Sa3 35 9x10* 1.97 0 75 29

Sa4 40 1.5x10* 1.99 0 65 2.7
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compression on an SP-500 press. Table 2 also gives the material density p
and the magnetite content for each sample.

The magnetite content in the test samples, V;,, was estimated by the for-
mula

v, =V.[1=(p.=p.)/ (P~ p))]

where V is the sample volume; p; is the mean density of the sample; p,, is
the density of magnetite ore, p,, = 5 g/lcm’; p, is the density of the host rock,
pn = 3 g/em’® (in our case). The volume ¥ was the same for all magnetite
samples and equaled 402 cm’.

As follows from the data presented in Table 2, the resistivity correlates
well with the percentage of magnetite ore. In addition, it can clearly be seen
that for the skarn and sandstone samples, the maximum amplitude of the
Fourier spectrum is inversely proportional to ultimate strength. At the same
time, analysis of the data for the magnetite ore samples (see Table 2 and
Fig. 6) has revealed no pronounced dependence of the amplitude of the EMR
spectrum components on the strength.

4. DISCUSSION

Skarn. One of the main findings of this experiment was that for the skarn
samples the amplitude of the main component the Fourier spectrum (65 kHz)
of the EMR signal decreased almost tenfold as the ultimate strength P, in-
creased from 188 to 320 kN (see Table 2). It is well known that skarns bear
pores filled with saline fluid as well as microcracks of varied orientation and
dimensions (Mavko et al. 2009). These violations of the homogeneity of the
skarn samples resulted in the formation of electrical double layers (EDLs).
Compression and expansion of the rock that contained an EDL converted the
exciting acoustic pulse into an EMR signal.

A flat EDL can be considered as a system of three parallel-connected ca-
pacitors corresponding to the space charge region in the dielectric, the
Helmholtz layer on the surface, and the Gouy layer in the electrolyte
(Khatiashvili and Perel’man 1989). According to Khatiashvili and Perel'man
(1983, 1989), the effective thickness of the first and third capacitors is de-
termined by the Debye radius r; = (ekT/4pe’z’n;)’, where ¢ is the real part of
permittivity, z is the ion valence, and #; is the redundant charge density. The
electrostatic EDL energy per unit area can be described as

E=ZE,~=(”kT) XZ\/‘% (1)

2_2
ez

If such a system is exposed to a pressure p(¢), its energy increases with
decreasing product en; in the extension stage and decreases in the compres-
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sion stage. In this case, some portion of the excess electrostatic energy
should be radiated and the other, given high conductivity, can be released in
the medium as Joule heat. Khatiashvili and Perel’man (1989) suggest to ne-
glect the effect of pressure on the characteristics of the Helmholtz layer.
Then the change in energy of the double layer “capacitors” can be described
as

2¢, -1 2e, -1
AE(t)=-0.5p(¢ L F,+— E 2
( ) p( ){ 5% 1,0 , a, 3,0} 2)
where E is the initial energy associated with the space charge, E5, is the
initial energy associated with the Gouy—Chapman layer of the electrolyte, Y
is Young’s modulus, and ay is the volumetric thermal expansion coefficient.
The acoustic pressure is defined as p(¢) = w4, where w and 4 are the acoustic
field frequency and magnitude. Hence, the amplitude /g\r of the EMR signal
generated by a set of synchronized EDLs in an acoustic field of frequency w
can be estimated as (Khatiashvili and Perel’man 1989):
WAES vpa)zSA(2g -1) E, . vpa)zSA(2g -1)
= =~ X —

[EMR - I —avEm' (3)
T e Y e

where S is the total area of the EDLs, v; is the sound velocity, and c is the
mean density of the rock. The second term in (2) is related to the diffuse
space charge in the Gouy—Chapman layer. The first term in (2) describes the
energy change in a thin capillary crack where the Gouy—Chapman layers ad-
hering to the opposite walls of the crack overlap. This term indicates that the
EMR amplitude /gyr decreases with increasing Young’s modulus. It is well
known that Young’s modulus Y is directly proportional to ultimate strength
Py (Mavko et al. 2009). Thus, the experimental relation that we have found
for skarns, Igmg oC o (see Table 2), can be reasonably interpreted in terms of
the EDL model. Note that the decrease in /gyr Occurs in the same manner for
all frequencies encountered in the Fourier series (see Fig. 3). This result,
though inconsistent with the relation /gpg oc @ that follows from (3), is not
surprising. For the relation Jpyr o @ to hold for a test sample, it is necessary
that the EMR signal generated by the sample be the total of the signals gen-
erated simultaneously by all EDLs present in the sample. As we dealt with
an actual rock, EMR could hardly be generated simultaneously throughout
the bulk of the sample. Thus, our observation that /gyr decreased with in-
creasing strength of the skarn samples at least does not contradict the con-
clusions that can be made based on the EDL model.

Sandstone. For the sandstone samples, we observed a pronounced trend
for a decrease in EMR with increasing strength. For acoustically excited
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sandstone, the EMR generation mechanism is determined by the
petrophysical and textural characteristics of the rock (Yavorovich et al.
1999). The petrophysical feature of the sandstone samples used in our study
was that they contained the different size of the clast: medium size (0.2-
0.6 mm) and coarse size (0.6-2 mm) (Table 1). The textural feature of the
test sandstone samples was their high porosity. The EMR signal resulting
from acoustic excitation of a sandstone sample is an integral characteristic
which is determined by the structure-textural features of the sample. Ulti-
mate strength is higher for the sandstone with the coarse clasts and the small
porosity (Table 2). The EDLs appear on the pore boundary which reduces
the EDL number in the sample volume. The alternating pressure of the
acoustic field acting on these EDLs results in the conversion of the acoustic
pulse energy to the EMR energy. The EMR amplitude can be estimated us-
ing Eq. (3). This equation indicates that the EMR amplitude is inversely pro-
portional to Young’s modulus, which is proportional to the ultimate strength.
Hence, the EMR amplitude should decrease with increasing ultimate
strength. This is precisely what we observed for the sandstone samples (Ta-
ble 2), and this trend can be explained in the context of the EDL model.

Magnetite ore. For the magnetite ore samples, as distinct from the skarn
samples, no pronounced dependence of the EMR signal amplitude on Py
was observed. For instance, the increase in Py by 20% for skarn samples S1
and S2 resulted in a threefold decrease in EMR signal amplitude, whereas
the same increase in Py for ore samples M1 and M2 gave the opposite ef-
fect: the EMR signal amplitude doubled (see Table 2). Also noteworthy is
the greater EMR signal amplitude for samples M1 and M2 compared to the
EMR signals obtained by sounding the skarn samples. We suppose that both
of the above effects are due to the presence of crystalline quartz inclusions in
magnetite ore. Previously, we carried out measurements for the EMR signal
generated by a hammer excitation of magnetite ore samples free of crystal-
line quartz inclusions and magnetite ore samples containing 10% of crystal-
line quartz (Bespalko et al. 2005). It was observed that the increase in EMR
signal amplitude measured for the magnetite ore containing quartz was ten-
fold that of the ore not containing quartz. Similar results were obtained by
other researchers (Wan et al. 2008, Kobayashi et al. 2014). In particular, the
authors of (Kobayashi et al. 2014), in their experiment on dynamic compres-
sion of rocks, observed that the EMR signal amplitude for gabbro with 2
vol.% quartz content was one sixth of that for granite with 36 vol.% quartz
content. Crystalline quartz inclusions in magnetite ore are randomly distrib-
uted over the volume, and this may account for the great spread in EMR sig-
nal amplitude from sample to sample in our experiments. Probably, the peak
of 90 kHz frequency (Fig. 5b, d, and h) is related to the quartz inclusions in
the magnetite ore sample.
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5. CONCLUSION

In our study presented in this paper, we focused on the secondary electro-
magnetic radiation that arises upon acoustic excitation of rocks with differ-
ent content of the crystalline and amorphous inclusions. The study has
shown that for these rocks, the amplitude of the EMR signal is related to the
ultimate strength of the rock material. Namely, in the experiment on acoustic
excitation of EMR signals in skarn and sandstone samples, it was observed
that the EMR signal amplitude decreased with increasing ultimate strength
of the samples. Supposedly, this effect can be explained supposing that the
EMR was generated when the acoustic wave propagated through an electri-
cal double layer. For the magnetite ore samples, the EMR signal amplitude
showed no dependence on ultimate strength, and it was greater than that ob-
served for the sounded skarn samples. The most probable reason for this dif-
ference is the presence of piezoelectric inclusions in the magnetite ore
samples.
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