Nat. Hazards Earth Syst. Sci., 14, 138389 2014 Natural Hazards
www.nat-hazards-earth-syst-sci.net/14/1383/2014/

doi:10.5194/nhess-14-1383-2014 and Earth System
© Author(s) 2014. CC Attribution 3.0 License. Sciences

The results of experimental studies of VLF-ULF electromagnetic
emission by rock samples due to mechanical action

A. A. Panfilov

North-East Interdisciplinary Science Research Institute n. a. N. A. Shilo, Far East Branch, Russian Academy of Sciences
(NEISRI FEB RAS), Magadan, Russia

Correspondence tAA. A. Panfilov (panfilov@neisri.ru)

Received: 16 October 2013 — Published in Nat. Hazards Earth Syst. Sci. Discuss.: 23 December 2013
Revised: 4 April 2014 — Accepted: 22 April 2014 — Published: 2 June 2014

Abstract. The paper presents the results of laboratory experconfidence that the observed EM anomalies are of seismic
iments on electromagnetic emissions excitation (the electriorigin (Masci, 2012a, b; Masci and Thomas, 2013).
component of electromagnetic fields) by rock samples due The difficulty of studying the seismic-electromagnetic
to different forms of mechanical stress applications. It was(SEM) precursor nature consists in the absence of a precise
shown that samples generate electric impulses with differ-description of the processes that occur in the zones where the
ent spectra when the impact action, gradual loading or dy-earthquakes are preparing. Also, a large number of techno-
namic friction is applied. It was ascertained that level andgeneous EM interferences makes detection of SEM signals
spectral compositions of signals, generated by rock samplegomplicated (Tzanis, et al., 2000). It is obvious that a pro-
change with an increasing number of hits. It was found thatcess of earthquake initiation is accompanied by rock failure
strong electromagnetic signals, generated while rock sampleim the hypocenter. Different mechanoelectrical transforma-
were fracturing, were accompanied by repetitive weak buttions can occur during initiation processes. Laboratory ex-
perceptible variations in the electric field intensity in short periments show that rocks, even those that do not contain
frequency ranges. piezoelectric minerals, can generate EM emissions in a wide
frequency range under mechanical stress, as well as pressure-
stimulated currents (Anastasiadis et al., 2007; Rabinovitch et
al., 1998; Stavrakas et al., 2004; Freund, 2007; Triantis et al.,
1 Introduction 2007; Yasuhiko et al., 2009). We need to mention that, usu-
ally, published papers represent the results of experiments
It has been supposed that many earthquakes are accompaniggkried out with only one type of mechanical influence like
by electromagnetic (EM) anomalies (Kopytenko et al., 1990;|oading, with the subsequent fracture of the samples or grad-
Molchanov et al., 1992; Hayakawa and Fujinawa, 1994;ual loading without failure; impact; rubbing samples with, as
Nomikos et al., 1997; Lsaev et al., 2000; Eftaxias et al., 20033 rule, smoothed surfaces.
Hayakawa et al., 2005; Ida et al., 2008). Many EM events, A choice of VLF-ULF range for our research is associ-
registered by different seismo-electromagnetic stations situated with the distinctive features of a long EM wave propa-
ated in different countries, can be related to the ionospherigyation in different mediums. There is a possibility that some
perturbations located over seismoactive zones (Hayakawaart of the ULF EM radiation generated in the hypocenter
1990; Liu et al., 2004; Rapoport et al., 2004), charged parof the earthquake can reach the Earth’s surface (Mognaschi,
ticles coming out of the Earth’s interior (Carpinteri et al., 2002). Also, we took into consideration the working fre-

2012), water solutions flowing in the fracture area (Ishido quency range (VLF) of the seismic-electromagnetic stations
and Mizutani, 1981), or various EM emission generation network situated in our region.

mechanisms (Nitsan, 1977; Vallianatos and Tzanis, 1998; |t is obvious that deformation, fracturing of rocks and for-

Ogawa and Utada, 2000; Tzanis and Vallianatos, 2001)mation of EM fields proceed during some amount of time,
in hypocenters of earthquakes, so we cannot assert with
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electric insulator

and, within this time, the spectral composition of EM emis-
sions can change. To know the characteristics of the signal
at different phases of its formation, we can use short-time
Fourier transform or wavelet analysis as it was introduced by
Kyriazis et al. (2006).
The purpose of our laboratory research was to determine
the characteristic properties of electric emissions frequency
and amplitude variations in VLF-ULF ranges during the dy-  sispiay

samples
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namic action on rock samples. —————
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The electrical component of EM signals generated by rock 1 R o insuigtor
samples under the impact, gradual loading, and friction is ‘
considered in the current article. The recorded signals were laato |
analyzed by short-time Fourier transform. L] @

Figure 1. Diagram of the experimental setu@) Impact action on

2 Experimental procedure samples(b) rubbing of two sampleg¢) gradual loading.

Samples of quartz, granite, granodiorite, and shale were se-

lected for our experiments. They were shaped as cubes WitElnd PowerGraph 2.1 software. Pairs of samples of equal rock

2, _Igf and 4 crt'nﬂ?dgeff. £ vari EM interf dtypes and a pair of samples of different rock types were used
o prevent the influence of various interferences and, " "y experiments.

natt:jral tnc(;@e; don thf r?g'Ste;?d S|gnali the etxp(inr:entt v:/lgs The loading was applied till complete fracture of the sam-
cor} ue e.t;]n3| ela(ls €€l box. ogrevden a c;)cl)n acto tme a Ic%Ies. The diagram of the experimental setup is illustrated
suriace with a rock specimen and undesirable Impact-cause, Fig. 1c. Cubic-shaped specimens, with 3 and 4 cm faces,
vibrations, a sample was located on the massive plexigla

Were placed between two thin fiberboard plates to insulate

plate, which was placed on dense foam rubber. The reCelVinem eclectically from metallic bases of the press. The an-

Ing ar.ltenna. was placed 25 mm away from a sample, Wh'CQenna was placed 1cm away from the rock cube. Loading
had piezo pickup attached to it. An antenna was connected t%as raised at a constant rate

an amplifier with a selected band-pass filter of 2030 000 Hz. A si . -
o . S gnal, received from the antenna, was amplified by
The amplifier was linked to the L-761 analog-to-digital con- 40dB in each experiment.

verter V.\i'rt]h a samlp le rtate Otft12458|7(|;|_|z' Power (zr?ph 21 Z(_)ft' A special program was created for the spectral-temporal
V'\\/’lare.tw'. asamr;]) ? drf"1 ?hsezoo 4 OOS Lvas use _ﬁ: r?jcpr Inganalysis and for the spectrogram construction. It is based
onitoring was held in the 6 zrange. theadiagram, , wo short-time Fourier transform that allows us to obtain

OI thlebe>i|;)erlrr?err]1tal setup Is %epl_c;':]ed ?E F'?' 1a. Af‘ 31Bﬁgmcharacteristics of a signal’s frequency and amplitude distribu-
steel ball, which was covered with & thin fayer ot TUDLET, yqn in time. A Hanning window function with an optimum

sgrved as a_hummer. The distance of its fal was 243 MMy of 32 ms was used for experiments with gradual load-
Since the point of contact of the ball and a rock specimen Wa?ng' 5.325 ms — friction test; 1.331 ms — impact action

slightly varying, the experiment was held three times for each
sample. Some samples were subjected to a greater number of

hits (900 impacts) to evaluate the effect of such an action ors  Results and discussion

characteristics of the generated EM signal. For the friction

and gradual loading experiments, a laboratory press (P-503.1 Impact

with a maximum load of 500 kN was used. The average load-

ing velocity was 57 x 10-*ms~1. Rock samples 1 cm thick The EM signals, related both to a rock sample and the metal
and with square sections¥4l cm) were subjected to the fric- ball, were registered when the sample was hit. Before the
tion action. Taking into account that the probability of the ex- experiment was carried out, the EM emission generated by
istence of perfectly flat and smooth surfaces in natural condithe metal ball hitting a surface of the plate was registered.
tions is extremely low, the rubbing faces of the samples werdt helped to select a signal, related to the impact action on a
not ground. The rock plates were placed in the clamp, whichtest specimen only, when the analysis was implemented. The
was a vice with internal 1 cm plywood gaskets for prevent-form and spectral composition of the EM impulse generated
ing the contact of metal with a sample. Also, thin sheets ofby the ball are depicted in Fig. 2. A level of the emission was
fiberboard were attached to the surfaces of the press metalli8—5 times lower in comparison with the impulses excited by
basses (Fig. 1b). The antenna was situated 1 cm away frorthe rock samples.

a sample’s surface. The recording of the signal was carried Figure 3 depicts the spectrograms of the EM impulses that
out via the sound card (frequency bandwidth 20-24 000 Hz)were registered during the impact actions (no more than three
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Figure 2. EM signal registered upon metal ball h@&) Amplitude— 100 |
time representatiorfb) spectra of the given signal.

0,80

hits) on the granite, granodiorite, quartz, and shale sampless °* |
In the tests with granite and granodiorite specimens, ampli-
tudes of the recorded signals were located in the 0-6kHz § **° | /
frequency range — mainly at the bottom of the given band.
During the impacts on the quartz samples, amplitudes of the 2 | /\
EM emissions lay in the higher frequency band (6—24 kHz). —

Shale impacts resulted in an emissions amplitude mainly o0

below 2kHz. Only 5% of all samples were remarkable for * 109 0 e -
the presence of the high-frequency components in the 8— AEMESEOlmpEcts

21kHz band. Recordings of EM signals generated by therigyre 4. Decrease in the EM emissions magnitude during repeated

SpeCimenS that do not contain any piezoelectric materials arﬁnpacts on shale (red), granite (green), and quartz (blue) samples.
notable for the distinctly lower levels. On average, magni-

tudes of the EM emissions generated by granite, granodiorite

and quartz samples were 50 % higher than those generatefist hundred hits. After 500 impacts a high-frequency com-

by shale. ponent in the 2-3kHz band appears in the EM emissions,
All samples subjected to impact action produced EM im- and its maximum magnitude in the 2—4.5kHz range is ob-

pulses that are notable for the abrupt increase in amplitudgained by the 700th hit (Fig. 5). Damping of the signals then

in the wide-frequency band, and following rapid decay in the occurred at the frequencies lying higher than 2 kHz.

area above 6 kHz and gradual Signal attenuation on the fre- |n generaL the maximum Signa| amp”tudes were located

quencies located below 6 kHz. within the 0.25-1.5 kHz range during the experiment.
Samples that generated EM signals without pronounced

high-frequency components were subjected to a higher num3.2  Gradual loading

ber of hits. Firstimpacts caused no significant changes in reg-

istered EM emissions. Their noticeable decay was observe@he strongest signal was observed during the quartz fractur-
after 100 hits (Fig. 4). After 300 impacts the experiment wasing. Granite and granodiorite specimens are notable for the
interrupted. The second stage of impact action was carriedveaker emission, but some had no EM radiation. Usually,

out in 24 h, and showed that the magnitudes of the signalglestruction of samples was accompanied by a set of EM im-
were relatively close to their levels at the beginning of the ex-pulses, with the largest number observed during fracturing
periment. The following decay was less rapid than during theof quartz samples with 4 cm faces. Granite and granodiorite

electricfield intensity (a.u.)
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4500 - Figure 6. An EM signal registered during gradual loading of a gra-
nodiorite sample. The arrow points to one of the weak peaks that
3000 0.4 accompany the main impulse that is the strongest one.
1500 1 i
L sample dimensions. In a number of cases, EM signals con-
.................................... v sisted of adjacent pulse groups: the strongest impulse, and
0.0 5.18 1.28 4.3 rows of weak equispaced pulses. One of the weak spikes is
4500 | marked by the arrow in Fig. 6. It is obvious that such peaks
appear before and after the strongest one. These spikes are
3000 4 located in the 0.5-2 kHz frequency range; the pulse time is
1-2ms. It is shown by Nardi and Caputo (2009) that simi-
1500 —— SR 0.2 lar weak signals occurred during compression of samples. It
LR is noted that orderly impulsive sequences (OIS) are “charac-
O SRAMAMRARAAS YAE-7 AAARAAAYS T terized by high frequency micro-impulses, which follow one
0.0 1.79 33.89 another at regular intervals” (Nardi and Caputo, 2009). In
4500 1 comparison with our results, OISs lie in a higher frequency
Ll range and forerun strong disordered impulses. Also, they are
3000 | localized within a short frequency band. In general, weak
and ordered impulses that were registered by Nardi and Ca-
1500 i puto (2009) and during our experiment seem to be of the
L 0.0 - same nature. Some distinctions in signal spectra can probably
................................. e be explained by different sizes of rock samples and compres-
0.0 4.47 £ sion speeds that were used in both experiments.

In most cases, the formations of cracks in quartz were ac-

Figure 5. Spectrograms of the impulses after 100, 300, 500, andcompanied by the emission of a series of EM impulses in a

900 impacts (from top to bottom).

short time interval of 10-30 ms. Figure 7 depicts two weak
signals that forerun the strongest one; the first impulse is the
weakest one. In a few cases, low pulses appeared only af-

specimens of the same dimensions had this number approxter the strongest one. Apparently, all of these weak signals
mately six times lower. Samples with 3 and 2 cm faces haveare located in wide frequency ranges that can be different for
fewer EM impulses generated during the loading. Graniteeach rock sample.

and granodiorite cubes with 3cm faces differ from quartz  Granodiorite specimens are notable for showing weak EM
samples of the same dimensions by a lower number of imsignals before and after some strong impulses during the
pulses. All specimens with 2 cm faces excite almost the samgradual loading. Three of four samples generated EM im-
number of impulses (one or two). We found no correlation pulses in the wide-frequency band (0-5 kHz) and one did not
between the number of impulses and the type of rocks oemit any EM signals.
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Figure 7. An EM signal registered during the quartz sample frac- Figure 8. An EM signal registered during the granite sample frac-
turing. turing.

It was found that emissions intensity decreased when rock It was observed that the EM emission undergoes changes
sample dimensions decreased. The weakest signals wefiring the rock rubbing procedure. First impulses were sim-
emitted during fracturing of the cubes with 2cm faces. Theilar to the one depicted in Fig. 9b, and they were located
number of impulses was 1 or 2 (in rare instances 3). In thisthroughout the entire frequency band of interest. Most of the
case, EM fields were usually located in a narrower frequencyemission energy lays in the 0.75-10kHz area. The follow-
range than during the gradual loading of big samples. Suching signals were similar to those that accompanied fracturing
a situation is characteristic of all types of rocks used in our(Fig. 8) and had the noise-like behavior. Through the rubbing

experiment. procedure, the granite and granodiorite specimens generated
mainly short impulses within a broad frequency band. Rub-
3.3 Friction bing two shale plates caused less intensive EM emissions and

mostly noise-like signals. This appears to be due to relatively

For rock rubbing experiments, 1 cm thick plates with rough flat and smooth friction surfaces.
surfaces were used in consideration of an extremely low S€Ven out of nine sample pairs generated observable EM

probability of perfectly flat surfaces in natural conditions. rdiation against natural noises. In general, samples with
Friction of unground rocks causes local hitches to take placelh® largest surface irregularities were characterized by strong
With increased stress conditions deformation and subsequeft™ emissions and short impulses, the number of which was
fracturing can occur in these spots. Such processes are aBigher than in the case of smooth rock surfaces.
companied by abrupt breaking of the hitches and subsequent
collisions of the asperities of rock sample surfaces. We as-
sume that low-speed impacts take place there. It is obvioug Discussion
that such processes can accompany the shifts of rocks in nat-
ural conditions and that the characteristics of EM emissionThe results of the laboratory experiments demonstrate that
occurring in a given situation differ from the ones generatedEM emission is generated within a broad frequency band as
by the rocks with flat and smooth surfaces. a result of gradual loading of rock samples, including their
As follows from the conducted experiments, rock rubbing fracturing, impacts and friction effect. Impulses generated
results in low-level EM signals emission. In the process ofby different types of mechanical actions can have some sim-
one sample slipping upon the surface of a second one, EMarities. As a rule, all signals are characterized by a steep
impulses were excited, and strong acoustic signals were obincrease in intensity at the moment of the hit or the crack
served. The generated EM radiation can be represented biprmation caused by gradual loading. Maximum amplitudes
one of three types: a short impulse (Fig. 9a), an impulse thatvere located mainly in the 0—9 kHz range. The exception is
is followed by a 10—-30 ms emission in a narrow frequencyquartz — in some cases the maximums were in the higher-
range (Fig. 9b), and a noise-like signal (Fig. 8). Weak acous{frequency area. The analysis of the recordings shows that
tic radiation is characteristic of a signal of the second type.harmonics of main signals are distinct in all cases. Neverthe-
We need to mention that, in some instances, the amplitudekess, in a few cases EM impulses generated by samples did
of the impulses were extremely low, and that it was impos-not contain any observable harmonics. The maximum ampli-
sible to isolate them from natural noises in amplitude—timetude of signals, emitted by almost all rock specimens, fell on
diagrams. the second or third harmonics.
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Figure 9. EM signals registered during rubbing of tt&@ granite and th€b) granodiorite samples.

During the impact and gradual loading actions, relatively characterized by a different number of impulses and spectral
slow growth of EM fields took place prior to strong im- compositions, depending on the specimen dimensions of the
pulses. In the case of impact action, this can be due to the apsame rock species, during the gradual loading.
proaching of a metal ball to a sample’s surface before the hit. The experiment on the impact action was held in two
Through gradual loading a slow growing pressure leads tcstages. It was observed that in the beginning of the second
the microcrack formation (at that moment we observe a wealstage, the level of the EM emission was two times lower than
and quite short EM signal). Then follows an avalanche-like at the start of the experiment, and it was fading slower. As the
breakdown of sample structures accompanied by the formanumber of hits increased at the second stage, high-frequency
tion of large cracks (a sharp increase in EM field intensity). components appeared in the spectrum, and their magnitudes

The appearance of a series of repetitive weak peaksowered at the end of the experiment.

(Fig. 6) of certain frequencies, before and after EM impulse We can subdivide EM impulses that were observed during
emission and during sample fracturing, still remains unex-the fractioning process into two types: the first one is char-
plained. It could have been the result of fracturing that fol- acteristic of hitting action — the impulse that is followed by

lows large crack formation, but it is obvious that the forma- a 10—30 m lasting emission in a narrow-frequency band; and
tion of new cracks with equal periods of time is improbable. the second one is a noise-like signal, typical of gradual load-

All EM impulses, except the weakest ones, were accom-ing action.
panied by relatively strong acoustic signals during gradual The results of spectral and spectral-temporal analysis
loading. served for us as a basis to select a frequency range where

It was discovered that a greater number of impacts resultshe most intensive EM emissions were generated by all rock
in a change in the EM emission spectrum and a decrease isamples during different types of mechanical actions.
impulse intensity during the experiment. We need to mention
that. after 24 h of standstill, the. intensity of 5|gnaI§ Irl.creases’AcknowledgementsThe author would like to thank the editor and
but it does not exceed 50 % of its value at the beginning of the . . .
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experiment. Then, with the growing number of hits, the level

. . .~ "7"="that helped to improve the manuscript.
of signals decreases, but not as rapidly as at the beginning of
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The EM emission caused by the fractioning process wasReviewed by: four anonymous referees
weak but still perceptible among the natural noises.
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