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ABSTRACT

Kopytenko, Yu.A., Matiashvili, T.G., Voronov, P.M., Kopytenko, E.A. and Molchanov, O.A., 1993. Detection of ultra-low-
frequency emissions connected with the Spitak earthquake and its aftershock activity, based on geomagnetic pulsations data
at Dusheti and Vardzia observatories. Phys. Earth Planet. Inter., 77: 85-95.

ULF electromagnetic emissions from the Spitak (Armenia) earthquake site have been detected. Observations were carried
out at the Dusheti and Vardzia (Georgia) observatories at distances 120-200 km from the epicentre in a frequency range
0.005-1 Hz. It is shown that the emission appears several hours before the main shock and some of the powerful aftershocks
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and is not connected with geomagnetic pulsations of magnetospheric sources.

1. Introduction

At present, great importance in the study of
the earthquake forecasting problem is attributed
to electromagnetic phenomena - accompanying
tectonic processes at different stages of the earth-
quake site development.

Lately, the term electromagnetic precursors of
earthquake (Sadovsky, 1982) has been estab-
lished, however, not much evidence of these is
available so far. Partly, this is due to a lack of
intensive integrated studies in this area.

Below are listed the electromagnetic precur-
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sors connected with the processes taking place in
the Earth’s seismically active area.

(1) Tectonomagnetic effect (Shapiro and Ab-
dullabekov, 1982; Skovorodkin, 1985; Johnston
and Muller, 1987).

(2) Change of geoelectric resistance in the
earthquake site (Barsukov, 1970; Mazzella and
Morrison, 1974).

(3) High-frequency electromagnetic emission
(Gokhberg et al., 1980, 1982).

(4) Low-frequency noise emission in the iono-
sphere, registered by satellite (Larkina et al.,
1984, 1988, 1989; Parrot et al., 1985; Parrot and
Mogilevsky, 1989; Chmyrev et al.,, 1989; Mol-
chanov, 1991).

(5) Variations of electrotelluric field (Sobolev
and Ponomarev, 1982; Varotsos and Alexopoulus,
1987; Ralchovsky and Komarov, 1988).
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It has been found recently that the upper part
of the ULF frequency range (0.01-10 Hz) may
contain earthquake precursor signals (Fraser-
Smith et al., 1990a,b; Kopytenko et al., 1990;
Bernardi et al., 1991; Molchanov et al., 1992).

Since 1986 SPBF IZMIRAN has been carrying
out researches into peculiarities in the field of
geomagnetic pulsations at a seismically active area
in two directions.

(1) Study of relative changes of geoelectric
resistance from the analysis of the relations of
vertical and two horizontal magnetic components
Z/H, Z/D in the narrow range of geomagnetic
pulsations frequences (f=0.04 Hz) approxi-
mately corresponding to the penetration depth of
the plate electromagnetic wave of the natural
field to the supposed earthquake site (Kopytenko
and Sholpo, 1987; Sholpo et al., 1987).

(2) Detection of direct ULF electromagnetic
emission from an earthquake site in a frequency
range 1072-10 Hz (Molchanov, 1991) on the
Earth’s surface.

This work is devoted to the study of direct
electromagnetic emissions in the seismically ac-
tive area of the Caucasus. The main results were
first reported at the October 1989 Conference on
Electromagnetic Precursors of Earthquakes in
Makhachkala and were published in January 1990
in Russian (Kopytenko et al., 1990).

2. Experimental results

Periodic observations of geomagnetic pulsa-
tions in the frequency range 0.005-1 Hz were
arranged and conducted by SPBF IZMIRAN and
1G Academy of Science of Georgia at the Dusheti
Observatory (see Fig. 1; geographic coordinates:
¢ =42.10°N, A =44.68°E; geomagnetic coordi-
nates: ¢, = 35.7°, A, = 116.1°, L = 1,5). The ULF
magnetic field measurements were made with
three-axis high-sensitivity magnetometers of mag-
netostatic type with photoelectric conversion and
a deep negative magnetic field feedback (Kopy-
tenko et al., 1984). A pen recorder and some-
times a digital tape recorder were used for the
measurements.

In September 1988 it was noticed that in the
field of geomagnetic pulsations in the frequency
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Fig. 1. Map of the region surrounding Spitak, Armenia, show-
ing the relative locations of the Dusheti and Vardzia Observa-
tories, the town of Spitak and the epicenter of the 7 Decem-
ber 1988 earthquake.

range 0.1-1 Hz there appeared emission with an
amplitude = 0.03 nT and duration up to several
hours, which was different from the typical pulsa-
tions of ionospheric—-magnetospheric source. Fig-
ure 2 shows a typical example of the emission.
The burst is a quasi-noise one and, as a rule,
essentially exceeds the background, and is regis-
tered during the day-time unlike the geomagnetic
Pcl-2 pulsations and, sometimes at least, with
vertical (Z) component prevailing over horizontal
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Fig. 2. An example of the exitation of the ULF emissions from

the geomagnetic pulsations observations data at the Dusheti
Observatory 14:33—-14:37 h UT, 5 March 1989.
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(H. D) components (see below). We have anal-
ysed such bursts for a period from 14 November
1988 up to 5 March 1989. During this period 59
cases of the generation of ULF signals were reg-
istered in a frequency range 0.1-1 Hz with the
duration ranging from several minutes to several
hours with a mean duration of about 30 min. Any
considerable effects in the frequency range
0.005-0.1 Hz were not found, which is why we
analysed only 0.1-1 Hz analogue filter data for
this paper. The filter rejection index is equal to
40 dB decades. Figure 3 demonstrates some sta-
tistical characteristics of the events. The upper
part gives the average daily amplitudinal values of
the H component bursts, averaged by 2 min
intervals for each case.

As is known, a strong M, = 6.9 earthquake
with epicentre (geographic coordinates: ¢ =
40.90°N, A =44.20°E) near the town Spitak
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Fig. 3. (a) variations of the averaged mean daily values of H
component (H,,) amplitude of the ULF emissions from the
Dusheti Observatory observation data 14 November 1988-5
March 1989. The earthquake shock moment (S.M.) 7 Decem-
ber 1988 is marked by an arrow. Black marked time intervals,
show data existence. (b) N, the number of shocks and after-
shocks with an energy class K > 10 for every day from 14
November 1988 to 5 March 1989 according to the Caucasus
Regional Data Centre. (¢c) © K, total value for every day of
the geomagnetic activity for the period analysed, 14 Novem-
ber 1988-5 March 1989.
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Fig. 4. (a) fragments of records of the exitation of ULF
emissions at the Dusheti Observatory from 03:40 h UT to the
Spitak earthquake 7 December 1988. The moment of the
main shock at 07:41 h UT is shown by an arrow (S.M.). The
first fragment represents the background, the second one, the
intensive ULF emissions and the abrupt termination of the
signal 02 h 48 min in before the main shock, the third
fragment, the background. The shock moment (S.M.) is
marked by an arrow. (b) An example of the intensive ULF
emissions at the Dusheti Observatory. 06:24-06:55 UT which
terminated 51 min before the strong aftershock at 07:46 h UT,
8 December 1988 near Spitak.

(Armenia) occurred on 7 December 1988 at 07:41
h UT. The shock moment (S.M.) is shown in Fig.
3 by a triangle. On that day, 4 h before the
earthquake, intensive ULF emissions with a great
amplitude (H,, > 0.1 nT), sometimes reaching a
value of 0.2 nT (Fig. 4 (upper part) and Fig. 5)
were registered. The emissions stopped abruptly
2 h 48 min before the main shock. The main
shock was followed by aftershock activity which
continued up to the end of December 1988. The
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Fig. 5. Variation of the 10 min averaged values of the H-component amplitude of the ULF emissions recorded at Dusheti before
the main shock. The shock moment (S.M.) 7:41 h UT 7 December 1988 is marked by an arrow.

middle part of Fig. 3 shows in the Y-coordinate
the number of aftershocks class K > 10 for every
day during the study period according to the
Caucasus Regional Data Centre. On some days
after the main shock the large amplitude signals
(H,, > 0.1 nT) preceding strong aftershocks were
repeatedly detected (Fig. 3). Figure 4 (lower part)
gives an example of the ULF emissions. The
emissions started at 06:25 h UT (H,, > 0.1 nT;
H,, =02 nT) and stopped 51 min before the
aftershock on 8 December at 07:46 h UT.

The average amplitude of the H-component
signal gradually decreases over 2 months down to
the background level (H,, = 0.03 nT) jointly with
the decrease in aftershock activity (Fig. 3).

To check the geomagnetic activity during the
study period the variations of © K, for every day
are given in the lower part of Fig. 3. It is seen,
that the mean value © K =15 for the study
period, and the K, curve do not correlate with
the curves of seismic activity and the intensity of
the ULF noise emission, presented in the upper
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Fig. 6. The excitation of ULF emissions (solid lines) before the beginning of the shocks (K > 10) in the Spitak earthquake area; the
horizontal coordinate represents time (h) before the shock moment (S.M.), the vertical coordinate represents time (day) after the

main shock (on the left) and real dates (on the right).
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part of Fig. 3. It is interesting to make an attempt
to find a correlation between ULF emission bursts
and aftershocks. The solid lines in Fig. 6 show the
times of the appearance of signals with H,, > 0.05
nT before the main shock and some of the after-
shocks. The moments of the main earthquake
and powerful aftershocks are taken equal to “0”.
The time (h) before the shock moment is shown
on the horizontal coordinate. The vertical coordi-
nate represents: on the left, the time in days after
the main shock; on the right, the actual dates. It
is seen from Fig. 6 that the signals mainly appear
1-4 h before the shock.

In spite of poor statistics we represent below
some statistical data. The intensive ULF signals
(H,,>0.05 nT) were registered at Dusheti for
the interval 7 December 1988 to 31 December
1988 (Fig. 3). There were 24 such ULF signals
altogether for this interval; 15 of them appeared
1-4 h before the main shock and before each of
the eight powerful (K > 10) aftershocks (Fig. 6).
There were 32 powerful aftershocks when the
measurements had been carried out. Thus, about
60% of the intensive ULF bursts appeared 1-4 h
before the powerful shocks and about 30% of the
powerful shocks occurred 1-4 h after the appear-
ance of the intensive ULF signals. In such a way
the ULF signals with amplitude higher than 0.05
nT can be regarded as electromagnetic precur-
sors of the strong Spitak earthquake and some of
its powerful aftershocks. It is to be noted that any
ULF burst will surely have an aftershock folowing
after it but there is a possibility that this ULF
burst can be connected with another aftershock.
To answer this question it is necessery to carry
out some more investigations.

Figure 7 demonstrates the daily distribution of
the frequency of the appearance of ULF emis-
sions N, (59 events) and the number of shocks
N, with K> 10 (91 events) during the period
studied from 14 November 1988 to 5 March 1989.
Both distributions have two maxima of frequency
appearance.

It is seen from the N, distribution that the
surrounded epicentre shocks appear more often
from 06:00 h until 12:00 h LT and ULF signals
(N,) at Dusheti Observatory have appearance
maxima from 03:00 h until 06:00 h LT and from
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Fig. 7. Daily appearance frequency distributions: N, the
strong aftershocks (K > 10) 14 November 1988—5 March 1989;
N, the ultra-low-frequency emissions (signals); Np.,, the Pcl
type geomagnetic pulsations (7, the delay time of shocks
relative to the appearance of ULF emissions).

15:00 h until 18:00 h LT. Thus, it follows from
Fig. 7 that maxima of N, distribution have a
delay time 7 (7 =3-6 h) relative to N, distribu-
tion maxima. For the comparison the lower part
of Fig. 7 gives the mean annual daily distribution
(Np,;) of the frequency of appearance of geomag-
netic pulsations of Pcl (f = 0.2-1 Hz) type at the
low-latitude station of Nagycenk (¢, = 42.4% A,
=93.8°, L =1.8) (Geophysical Observatory Re-
port, Observatory Nagycenk 1972, 1973) located
at a similar geomagnetic latitude as the Dusheti
Observatory. Figure 7 demonstrates that Np,
distribution is essentially different to the distribu-
tion of Ng. Geomagnetic pulsations of the Pcl
type are excited mainly at the recovery phases of
negative and positive bay-like disturbances (=
00:00-06:00 h LT and = 18:00-21:00 h LT, re-
spectively), whereas ULF signals at Dusheti were
observed more often than not during the periods
= (03:00-06:00 h LT and = 15:00-18:00 h LT.
Data on Pcl-Pc2 geomagnetic pulsations (0.1
Hz <f> 1.0 Hz), registered at middle latitude
geomagnetic station Borok (¢, =53.6° A =
115.5°, L =2.9), have been analysed also. Both
Dusheti and Borok are situated on nearly the
same geomagnetic meridian. The analyses has
detected that while ULF signals were observed at
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Fig. 8. Local excitation of ULF emission simultaneous with the geomagnetic pulsations of Pc3 type at the separated points (150
km): the Dusheti Observatory and Vardzia station. (Quasi-sinusoidal ULF emission at the Dusheti Observatory; there is none at

Vardzia station.)

Dusheti there were no geomagnetic pulsations
with amplitude more than 0.01 nT in the Pc1-Pc2
frequency range at the same time +2 h at Borok
for 95% of events.

From these facts it can be concluded that ULF
emissions detected at the Dusheti Observatory
were not brought on by the development of mag-
netospheric storms.

One of the interesting peculiarities of ULF
emissions is the fact that in a number of events of
ULF emissions amplitude relations are Z/H > 1;
Z/D > 1, which is not a property of the geomag-
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netic pulsations of magnetospheric—ionospheric
origin (Fig. 2).

During the decrease of aftershock activity, syn-
chronous H, D, Z component observations of
geomagnetic pulsations were carried out at the
Dusheti and Vardzia Obsevatories (Fig. 1). The
Vardzia station (geographic coordinates: ¢ =
41.38°N, A =43.30°E) was located at a distance of
roughly 138 km to the south-west of Dusheti. The
distances of the two observatories from the Spi-
tak earthquake epicenter zone are = 130 km
north-north-east for Dusheti and = 85 km north-
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Fig. 9. The local excitation of noise ULF emission at Vardzia station simultaneous with the geomagnetic pulsations of Pc3 type

(there is none at the Dusheti Observatory).
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707+ 710 west for Vardzia. As a result of the analysis of the
5 simultaneous observations it should be pointed

out that regular (Pc3, Pc4) and irregular (Pi2)

geomagnetic pulsations of magnetospheric source

appeared synchronously at both stations and had

S

0 5 07 (E2) the same amplitudes and periods, whereas ULF
s bursts in the frequency range 0.1-1 Hz, as a rule,
. were not observed at the two stations simultane-

ously. They are, therefore, assumed to have been
of a local or directional character. Figures 8 and
‘ 3 9 show examples of the appearance of such emis-
ol 10 o7 (Hz) sions having quasi-sinusoidal (Fig. 8) character at
the Dusheti Observatory and noisy character (Fig.

Fig. 10. Two types of ULF emission spectra detected at the

Dusheti Observatory 5 March 1989: quasi-sinusoidal (above), 9) at the Vardzia station with the Pc3-type pulsa-
noise (below). tion modulations.
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Fig. 11. The excitation of ULF emissions before the M = 6.4 earthquake in Japan. (From the Report of Magnetic Pulsations 1980,
published in 1981 by the Magnetic Observatory of the Japan Meteorological Agency, Kakioka, Japan, 1981).
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It can be concluded from the analysis of the
synchronous data of these two stations that ULF
signals are not excited by magnetospheric—iono-
spheric sources. It is also necessary to point out
that both stations are located far from industrial
noise sources, and microseismic activity has not
influenced the appearance of the ULF signals.
Therefore, taking into account the differences
between the daily pattern of Pcl and N, (Fig. 7),
the absence of the dependence of the appearance
frequency N, from the magnetic activity and bear-
ing in mind that these emissions are character-
ized by Z/H>1; Z/D > 1, it is possible to con-
clude that the local sources of the above-men-
tioned ULF emissions are situated in the Earth’s
crust and appear as a result of the development
of physical processes in the seismically active area
of the Caucasus where tuff-like rocks are found
which have a high tensosensitivity coefficient (Ki-
rakosyan, 1989).

It is to be noted that a pen recorder was used
usually for the measurements and their time reso-
lution depended on the recorder speed and var-
ied within 0.2 to 2 s. The ULF bursts were only
recorded in a few cases with high time resolution
by the digital tape recorder and statistically signif-
icant conclusions about the character of their
spectra cannot be drawn. However, the spectra of
ULF signals that were recorded appeared to have
quasi-noise-like (Fig. 10, below) and sometimes
narrow-band (Fig. 10 above) character in the 0.1-
1 Hz frequency range.

In addition, we should point out that the anal-
ysis of published geomagnetic pulsation data (Re-
port of Magnetic Pulsations, Kakioka, Japan,
1981, 1984) has detected two similar events of
ULF signals occurrence before the earthquakes
on 19 December 1980 (M = 6.4) and 21 January
1983 (M =5.5) in Japan. Figure 11 represents
geomagnetic pulsations H-component dynamical
spectra at three magnetic observatories situated
at different latitudes: Memambetsu, Kanoya and
Chichijima, for the 19 December 1980 event. The
earthquake moment is marked by an arrow. Co-
ordinates of earthquake epicentre are given also.
One can see that ULF emissions in the range
0.2-1.0 Hz with duration ~ 30 min at the nearest
station to the earthquake epicentre are followed

YU. A. KOPYTENKO E

by the shock in 1.0-1.5 h. ULF emission appe:
ance at the southern station only indicates the
non-ionospheric origin. The similarity of the re
sults probably testifies to the common origin o.
ULF emissions in different seismically active ar-
eas.

3. Discussion of results

The experimental results presented give
grounds to believe that the bursts of ULF emis-
sions detected are not connected with the sources
in the magnetospheric plasma (geomagnetic pul-
sations), but are a result of the processes in the
Earth’s lithosphere during the period of earth-
quake preparation.

Molchanov (1991) examined one of the possi-
ble process models with the assumption of the
generation of short random current pulses (7 =
107°-10"8 s) in the earthquake site as a result of
the organization of the system of the so-called
mechano-electric transformers (Gokhberg et al.,
1980). Without giving the theoretical calculation
details it is necessary to point out that the source
size was specified as d = 10 km thick and 2L = 20
km in the horizontal direction with the upper
boundary depth Z, =30 km, which corresponds
to the site of the moderate earthquake. For sim-
plicity, the Earth’s medium was considered to be
uniform with conductivity ¢, =107*-107% (Q
m)~! and the atmosphere exponentially conduct-
ing with g, =10"" (Q m)~! over the Earth’s
surface. The work was carried out within the
framework of complete electrodynamic equations
(without ignoring displacement currents) and tak-
ing into account the continuity of the horizontal
components of the electric and magnetic field at
the boundary of the conducting Earth, and iono-
sphere. An axial symmetry was assumed and
cylindrical coordinates (z, ¢, r) were used, the
projection of the sources centre on the Earth’s
surface corresponding to the coordinates r =0,
z=0.

Sources of two types were considered: (1) With
vertical current polarization of the type of electric
dipole; (2) With circular polarization of the type
of magnetic dipole.
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Fig. 12. Emissions spectrum on the Earth’s surface. 1,2—elec-
tric source; 3,4—magnetic source; 1,3—o0, = 1074 @@ m™Y
24—0,=1073 (Q m)~}; Z;=30 km.

Now we present only the final expressions for
the values of the magnetic field in the zone near
the source on the Earth’s surface. For the electric
source: H,, H, < H,

KZdl,

| Hd, | = 1
211/2
2K2[1+ (K, d)]
Rl s
X - 3,2
(r2 + S&)
where K, =w/C, K, = (0 uj 0,/2)"/*, Sy=L +
Zod, =]y, eV, = PPN > 2.
Figure 12 gives the emission spectrum (dashed
line) and Fig. 13 gives the radial distribution of

the field. It can be seen that, depending on the
conductivity, the spectrum has its maximum in a

exp(-K,Z,)

4 Rery

Fig. 13. Radial distribution of the emissions amplitude on the
Earth’s surface. 1, H,(r); 2, H,(r)—magnetic source; 3,
H 4(r)—electric source.

range 0.3-10 Hz and the field radially abates
approximately as the square of the distance. As
to the specific field values, it follows from ele-
mentary evaluations that to achieve values H, =
0.3 nT Hz ! at a distance 7=140 km, it is
necessary to have the mean current of the pulse
density in the source centre j,, =0.1 A m~* Hz.
This evaluation is modest enough from the theo-
retical point of view (Gokhberg et al., 1980).
For the magnetic source Hy, < H,, H,:

|H, | =1,T,R;;
|H, | =1,T)R_;
L
= 1/2
[1+ (K,a)] 753
14, =jg¢LdUZT_>;
r8s K, 8¢

LTSy (24 s3)

T,

exp(—K,Z);

X{W —4 —exp(—Kgr/Z)]};

Ro_ S K5
T(r2+83)7 2(r2+83)7

It is easy to see that in this case the emission
spectrum drops with frequency (shown in Fig. 12
by a solid line), while the radial distribution is
different for the vertical and horizontal compo-
nents (Fig. 13). As far as the concrete values are
concerned, already for J,,~10"> A m~* Hz
values H, =3-5nT Hz"! in the zone centre and
0.1-0.3 nT Hz™! at a distance of 120-150 km.

Concluding remarks

The following conclusions can be drawn as a
result for the research conducted.

(1) At the seismically active area of the Cauca-
sus using a highly sensitive magnetovariational
complex created on the basis of the magnetostatic
magnetometers, the ULF emissions (signals) in
the range of 0.1-1 Hz with an amplitude ranging
from 0.03 to 0.2 nT, with a mean duration of




about 30 min were detected in the field of geo-
magnetic pulsations before the Spitak earthquake
and during its aftershock activity. No consider-
able effects were found in the frequency range
0.005-0.1 Hz.

(2) An ULF signal with an amplitude of more
than 0.05 nT was recorded at the Dusheti Obser-
vatory 4 h before, and terminated 2 h 48 min
before the main shock of the catastrophic Spitak
earthquake on 7 December 1988 at 07:41 h UT.

(3) During strong aftershock activity (K > 10) a
ULF signal with an amplitude 0.05 nT was ob-
served 1-4 h before the shock for about 30% of
events.

(4) The mean daily amplitude of ULF signals
dropped from 0.1 to 0.03 nT in the process of the
decrease of the aftershock activity over 3 months
(from 7 December 1988 to 5 March 1989).

(5) The ULF signals are of local (within the
limit of 100 km) or directional character. The
ULF emissions sources are located in the Earth’s
crust and result from of physical processes occur-
ring in the seismically active area of the Cauca-
sus, characterized by tuff-like rocks having a large
tensosensivity coefficient.

(6) The ULF signals in a frequency band 0.1-1
Hz detected at the Dusheti Observatory are char-
acterized by two types of spectra: noise-like (0.1-1
Hz) and quasi-sinusoidal (0.5 Hz < f; < 0.8 Hz).

(7) The theoretical calculations are in good
agreement with experimental data as to the am-
plitude order of the magnetic components (= 0.1
nT at a distance of ~ 140 km from the earth-
quake site), relations Z/H > 1; Z/D > 1 and ex-
plain the noise character of the spectrum.

(8) The signal detected can be referred to the
electromagnetic ultra-low-frequency lithospheric
emissions (ULE). After a detailed study of the
morphology and physics of ULE they might be
considered as a possible source of short-term
precursors of moderate to large earthquakes and
their aftershocks.
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