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Abstract

An ensemble of elementary radiators is generated on the basement rock because of the applied
stresses in the preparation zone of the earthquakes in the earth crust. Considering such an
‘ensemble’ as the source of electromagnetic signals, the strength of the electric field is estimated at
different distances and frequencies laying in range (3 — 27 kHz) at three different conductivities of
the crustal layers (10, 107, 10"° S/m). The results of the computation are presented in this paper.
Moreover, propagation distances for the seismogenic VLF emissions have also been calculated in
the frequency band (3 — 27 kHz) at the conductivities laying in the range (10%- 10" S/m) within
the limit of detectability of measuring instruments (10”7 V/m). It is observed that these distances
increase with the decrease of conductivity of the middle layer of crust. Furthermore, theoretical
results of computations are verified from the experimental observations of the seismic event that
occurred at the distance of 698 km from the observing station at Chaumuhan Mathura (Geographic
lat. 27.49°N, long. 77.67°E). In addition to this, the generation and propagation mechanisms of

seismo-electromagnetic radiations have also been discussed briefly.
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1. Introduction

Several electromagnetic phenomena
occurring predominantly in the frequency
band ranging from the ultra-low frequency
(ULF) (0.01 Hz — 10 Hz) to very low
frequency (VLF) (3 kHz — 30 kHz) based on
observations taken on the ground and in the
atmosphere/ionosphere before and/or after
the seismic events have been investigated
(Fujinawa et al., 1992; Fujinawa and
Takahashi, 1994; Parrot and Mogilevsky,
1989; Parrot, 1994; Hayakawa and Sato et
al.,1994; Uyeda et al., 2000; Kushwah et al.,
2007; Rozhnoi et al., 2009; Hattori et al.,
2013). However, a confirmatory relation
between the source and observed events still
lacks on account of poor understanding of the
generation and propagation mechanism of
such radiations. Thus, scientific efforts are in
progress globally to solve their problems by
taking various kinds of theoretical models
into account. For example, Yoshino and
Tomizawa (1988) have presented a model
wherein a fault is considered as the
waveguide for these emissions. Gokhberg et
al. (1989) have discussed the penetration of
the electric field through the earth's surface
into the ionosphere considering the source in

the earth's crust. Based on the model
presented for investigating the connection
between earthquake preparation processes
and crustal electromagnetic emissions, they
have suggested that these emissions are
produced by cracking of crustal layers.
Ribnikov et al. (1990) carried out numerical
model calculations, concluding that the
quasi-static seismic electric field generated in
the earth crust can traverse to the ionosphere
for a suitable electrical conductivity profile.
Attenuation calculations for the
electromagnetic waves emanated during the
volcanic activity were carried out by Ondoh
(1992) in wet soil, dry crust and magma; and
it was found that low frequency waves
cannot reach the surface of the earth from the
interior of the volcanoes through the magma
and wet soil. In Molchanov and Hayakawa
(1995) penetration characteristics of ULF
electromagnetic emissions through the earth
crust, the atmosphere and the ionosphere are
discussed. Tian and Hata (1996) have
estimated components of the electric and
magnetic field assuming both a single dipole
and a system of dipoles at various depths in
the epicentral region and concluded that only
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the extremely low frequency (ELF) waves
with the frequency less than 223 Hz may
penetrate from the deep crust to the surface
of the earth. Huang and lkey (1998) have
studied propagation characteristics of
seismogenic emissions simulating earth crust,
ionosphere, and underground conductive
layer by granite slab and aluminum plates,
and it was suggested that VLF waves can
propagate over a long distance. Bliokh
(1999) computed the variation of electric
field and current in the lower ionosphere
produced by conductivity growth owing to
the additional ionization of the air near the
earth due to radioactive emanations. Using
the method of image charge, Dong et al.
(2005) have estimated the subaerial electric
field radiated by a unit electric current source
in the ground and studied the attenuation and
radiation directivity of the electric field from
an electric current source. It is concluded that
the electromagnetic field on earth surface is
found to attenuate more acutely with depth of
the source than with the frequency. Based on
the ground-penetrating radar (GPR) studies
of earth crust Jol (2009) found that the
attenuation of electromagnetic waves inside
the earth crust increases with its conductivity
and permeability while it decreases with
permittivity of medium. Bashkuev et al.
(2013) have examined the heterogeneity in
electrical resistivity of geoelectric sections
laying in seismo-active regions of Bailkal
Rift zone using the radio wave sounding
technique and have assessed their impact on
the propagation of electromagnetic radiation
in a wide band (2 kHz to 1MHz) from the
radio measurement data and modeling. A
theoretical model for the generation of
electromagnetic radiations was developed by
Wang et al. (2015) based on the piezoelectric
effect. In addition to this, they studied the
variation of intensity of the electric field with
distances in the resistivity range 500 Qm -
8000 Om and it was found that the intensity
of the field reduces with distance. In order to
explain the presence of electromagnetic
emissions observed in the preparation zone of
the impending earthquake, Kachakhidze et al.
(2015) have proposed a model for self-
generation of electromagnetic oscillations.
This model gives the physical analysis of
nonlinear effect of earthquakes and also
explains the generation mechanism of VLF

electromagnetic radiations before the onset of
an earthquake. The ionospheric effect on the
wave fields originated from the finite length
dipole (150 km) current source co-located at
the hypocenter (depth, 19 km) of the
Wenchuan earthquake (M = 8.0) in the
frequency band (0.01 Hz - 10 Hz) was
studied by Li et al. (2016) considering two
layers (earth - air) and three layers (earth —
air — ionosphere) physical models. Their
results of computation show that all the
electric fields are independent of ionospheric
effects at short distances (e.g. 300 km for 1
Hz), which reduce with an increase of the
frequency. The decay of the electric field
becomes slow beyond this range on account
of constructive interference of the wave
fields. Recent work done in this field can be
found in monographs written by Singh
(2008), Hayakawa (2012, 2016), Pulinets and
Ouzounov (2018).

In the present paper, attenuation calculations
for the strength of the electric field at
different distances laying in the range (100
km-6500 km) in the conductivity range (107®-
10" S/m) have been carried out considering
an ensemble of elementary radiators in the
middle layer of the earth crust, and the results
of the computation are presented.
Furthermore, the generation and propagation
mechanisms of seismogenic emissions are
also discussed.

2. Theoretical Consideration

In this section, first, a justification for
considering the various physical parameters
such as conductivity of crust, focal depth of
seismic events, and permittivity of the crustal
region in different ranges are given. This is
followed by the development of a theoretical
formulation for computing the strength of the
electric field originated from the elementary
radiators existing in the focal region of
impending earthquake laying in the middle
layer of the crust.

Earth crust comprises three layers namely,
upper, middle and lower layers with the
average thicknesses around 15 km, 10 km
and 15 km, respectively (Artemieva, 2002).
In the wuppermost layer of the crust,
significant water content exists in rocks and
hence conduction is the electrolytic type and
conductivity is relatively large, laying in the
range 0.1-1 S/m (Tsarev and Sasaki, 1999).
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The temperature in the earth rises with depth,
with an average rate of about 20°C/km. Thus,
the thermal gradient of the middle layer lies
between 200°C — 1000°C (Fridleifsson et al.,
2008), which is moderate and possibly could
not trigger thermal conduction much.
However at these temperatures, water gets
evaporated and hence electrolytic type
conduction is stopped. These water vapors
enter the rocks through micro-cracks or faults
(Miachkin et al.,, 1975) generated at the
depths of about 10 - 30 km wherein foci of
the most devastating earthquakes exist
(Molchanov et al., 1995) leading to dry them.
As a result of this, the electrical conductivity
of the rocks, laying in this layer, suddenly
drops significantly and reaches 10°®- 10
S/m (Tsarev and Sasaki, 1999). Lockner et
al. (1983) have also proposed such small
conductivities during the faulting process in
granite rocks, possibly due to the production
of excessive heat in frictional sliding of
rocks. A similar order of conductivity has
been found for the rock samples of the
middle layer of the crust experimentally by
Keller (1989). This indicates that
conductivity of the middle layer of the earth
crust may be of that order and the same can
be used for computing the strength of the
electric field at various distances from the
source point safely. On account of such small
conductivities in the middle layer, it may
safely be considered as insulators where the
attenuation of seismogenic waves is
significantly less and hence may serve as a
waveguide for the propagation of these
radiations (Tsarev and Sasaki, 1999). The
temperature of the lowermost layer exceeds
1000°C, possibly due to the excitation of
thermal conduction at these temperatures and
hence results in a significant enhancement in
the electronic conductivity of rocks and
becomes equal to that of conductivity of the
upper layer of the crust. Further, as pointed
out earlier, the foci of most of the devastating
earthquakes lie in the range 10-30 km. It
seems reasonable to consider the radiation
source at an average depth of about 20 km
from the earth's surface (Chu et al., 2009).

Stresses build up over time in the focal
region of impending earthquakes. When
these stresses on basement rocks reach close
to the breaking point, the phenomenon of
micro fracturing comes into play (Hadjicontis

et al., 2004). In this situation, charges of
opposite polarity are produced on the fresh
surfaces of cracks due to the surface or
contact electrification or both (Molchanov
and Hayakawa, 1995; Takeuchi and
Nagahama, 2001). The cracks during their
opening behave like a radiating dipole due to
the variation of their length and charge on
them (Ogawa et al., 1985; Guo and Liu,
1995; Takeuchi and Nagahama, 2004) and
hence emit electromagnetic radiations.
Assume an ensemble of these “elementary
radiators” randomly oriented and distributed
in space and time in the earthquake
preparation zone existing in the middle layer
of continental crust. The strength of the
electric field from the source (a group of
randomly oriented radiators) to a field point
depends upon the geometry of propagation,
damping due to the propagation through
dissipative medium and attenuation due to
the imperfect conductivity of the waveguide
boundaries (Tsarev and Sasaki, 1999). Thus
the average electric field at field point due to
such a radiating system at a distance ‘d’ can
be enunciated as follows (Tsarev and Sasaki,
1999):

<E?>=|E)|? <W? > (1)

where, |Eq| corresponds to the magnitude of
the electric field due to a single electric
dipole of moment py at a distance, ‘d’ in an
infinite free space and is expressed as (Wait,
1962):

|Eo|2 = Hozpozooét/l&Tzd2 2

Also < W? > stands for the attenuation
function of the waveguide and is given by the
relation (Wait, 1962; Jackson, 1975)

< W? > = (dA/2h®)exp{—(a + B/N)d}  (3)

Here, h, A, a and f are the depth of the system
of radiators available in the focal region, the
wavelength of the electromagnetic radiations
generated from the “elementary radiators”,
attenuation and phase constants, respectively.
The value of a and  depends upon certain
factors, which are represented as (Wait,
1962; Jackson, 1975):

o = 02t n) V2[(1 + (6/Emw)2}1/2 — 1]
(4)
B = (0mw/205) % + (omw/200)Y%  (5)
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where, €, and p, are the relative
permittivity and permeability of the medium
of the middle layer of the crust, while
Om> Op1,> Opz and w are the conductivities of
the middle, upper, lower layers of the crust,
and angular frequency of the waves emitted
from radiators, respectively.

But, 0, /emw > 1, for the conductivity of
the middle layer of crust (10® - 10" S/m).
Thus, Equation (4) reduces to

o« = w2y 8m)l/z(o_m/sm(’))l/2 =
Quy, o w)*/? (6)

Substituting the value of |Ey|? and < W?2 >
from Equations (2) and (3) in Equation (1),
we get:

< E? > = (uo?polw?*/16m2d?) x [(dA/
2h?)exp{—(a + B/h)d}] (7N

An ensemble of n randomly oriented dipoles
(each of dipole moment pg) is equivalent to
a single dipole of momentum P and if there is
no interaction among them (Ikeya et al.,
1997), then

P = n'/2p, (8)

Considering the elastic deformation at the
level of 10®, the size (radius, p) of the
preparation zone was estimated by
Dobrovolsky et al. (1979) using the relation
p =103 km. For an earthquake with
magnitude M = 8.0, the preparation zone
radius is 2.75%10° km, containing 4.35x10%
dipoles with a length of 10® m (Tzanis and
Vallianatos, 2002). Thus, an effective electric
field due to a system of randomly oriented
dipoles can be written as:

[< E? >]ner = n(o®pow*/16m*d?) X
[(dA/2h?)exp{—(a + B/h)d}]

Or

Egrms = {[< E? >]net}1/2 = n”z(uopowz/
4md'/?) x [(A/2h?)/2exp{—(a + B/h)d/2}]

)

But, A=c/f(g,)? and w = 2nf where
c,fand €, are the speed of light in free space,
frequency of the wave and the relative
permittivity of the middle layer of crust,
respectively.

Substituting these values in Equation (9), we
have:

Erms = [{ang/Zd(Sr)l/z}l/z X (HoPoT/
h)| exp{—(a+ B/h)d/2) (10)

Substituting the value of B and a from
Equation (5) and (6) in Equation (10), we
have:

Erus = [(nef*/2d)"/? x {opomt/(e,)"/*h}]

exp|—{(nfomuo)/2d} —

(d/20){(mfon) 2 ((0p1) 72 + (02)7/2)}]
(11)

The ranges of various parameters considered
for the estimation of the electric field at field
point are : 01 = 0p, = 0.1 Mho/m (for the
continental crust), &. =10 (Tsarev and
Sasaki, 1999) g, =8.85x10712 F/m,
Um = Ho = 41X 1077 H/m, o, =10"8—
10719 S/m (Tsarev and Sasaki, 1999),
n=435x10%28 | p,=10"1* coulomb x
meter (Ogawa et al., 1985),d = 102 — 6.5 X
103 km, and f= 3.0 —27 kHz, h = 20 km.

3. Results and Discussion

In this section, results of the computation
obtained from the theoretical formulation
developed for estimating the strength of the
electric field produced by eclementary
radiators existing in the preparation zone of
an impending earthquake which lie in the
middle layer of the crust are discussed. This
is followed by the validity of the results from
experimental observations and some outcome
in support of the work done.

As discussed earlier, when stresses reach
close to the breaking point phenomenon of
micro-fracturing comes into play leading to
the generation of radiating dipoles (Ogawa et
al., 1985). Considering an ensemble of such
radiators oriented randomly and distributed
in space and time in the preparation zone
laying in the middle layer of the earth crust at
a depth of 20 km from earth's surface
strength of the electric field is computed. The
results of computation for it at various
distances laying between 10°— 6.5 x 10° km
at three different conductivities 10'8, 10” and
10" S/m in a wide range of frequencies
laying between 3-27 kHz using Equation (11)
are presented in Figure 1 and Figure 2. In
Figure 1, we show the electric field's
variation with distance (at different
frequencies) in three separate panels
corresponding to the conductivities under
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consideration. However, its variation with
frequency (at different distances) in three
different panels at the conductivities 10, 10°
®and 10" S/m are shown in Figure 2. The
logarithmic scale has been used for plotting
these figures.

From a close examination of the top panel of
Figure 1, we find that all frequencies are
attenuated (electric field decreases) as the
distance increases, the attenuation being low
for lower frequencies and high for higher
frequencies. For example, attenuation is
lowest for the signals of 3 kHz, whereas it is
maximum at 27 kHz in the frequency band
considered. The conditions for propagation to
long distances with low attenuation improve
as the conductivity decreases. As it may be

seen from the bottom panel that the strength
of signals of 3 kHz at a distance of 1000 km
is around 1.3x107 V/m, whereas it is 10”
V/m at this distance in the top panel and the
same is true for the signals of other
frequencies as well. A possible cause for low
attenuation at reduced conductivity is that
scattering and absorption of seismically
induced radiations are less based on the
insignificant number of free electrons in the
rocks. Moreover, the cause for high
attenuation at higher frequencies is when
these radiations propagate through the rocks
interacting strongly with the free electrons of
rocks especially, and led them to vibrate with
their frequency and lose their energy at a
higher rate.
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Figure 1. Variation of the electric field with distance (shown by solid curves) at different frequencies laying in the VLF
band (3-27 kHz). Top, middle and bottom panels corresponding to the conductivities 10, 10, and 107 S/m.
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Figure 2. Variation of the electric field with frequency (shown by the solid curves) at different distances between 10 —
6.5 x 10* km. Top, middle and bottom panels correspond to conductivities 10, 10°, and 10'° S/m.

In Figure 2, we show the variation of the
electric field with frequency in the frequency
band (3-27 kHz) at different distances laying
in the range (100-6.5x10° km) at three
different possible conductivities (i.e., 1078,
10°, 10" S/m) of the middle layer of the

crust. It is clear that the electric field
attenuates nonlinearly as frequency increases
at all distances except those laying between
500-1000 km, where a reverse effect to this is
observed because the gain factor of the
waveguide dominates over the attenuating



On the Propagation of VLF Electric Field Emissions Associated with ... 7

term. At lower distances, attenuation
increases slowly with increasing frequency in
the lower frequency band. It increases rapidly
with frequency in the higher frequency band
at a higher range of distances. Further, it is
also pertinent from three different panels that
electromagnetic waves' attenuation increases
with conductivity at distances greater than
1000 km.

For the proper organization of earthquake
prediction studies in the VLF band, a
network of observatories is required for
recording the precursory phenomena
occurring in this band with a central
computing facility for processing all the data.
For this purpose, the density of the station
network will remain a question that may be
resolved by computing the propagation
distances for VLF signals in the frequency
band (3-27 kHz) at three different
conductivities (i.e., 10%, 10°, 10" S/m) in
the middle layer of the crust. Keeping this in
view, we have computed the propagation
distances for the VLF signals at three
different conductivities of the earth’s crust in
light of the limit of detectability of measuring
instruments (~10”7 V/m) for the electric field
as suggested by Garambois and Dietrich
(2002). Our theoretical model (discussed
already in section 2) is taken into account for
this purpose. The results of the computation
are shown in Figure 3. From the graphs
shown in Figure 3, it is clear that propagation
distances decrease with an increase of

frequency at all the conductivities rapidly
initially in the frequency range 3-9 kHz and
later on, the rate of their reduction slowed
down at higher frequencies laying between
15-27 kHz. Propagation distances are higher
at lower conductivities and lesser at higher
conductivities since scattering and absorption
of electromagnetic signals reduce with
increasing conductivity, as discussed earlier.
Some notable effects of change in
conductivity on the propagation distances are
as follows:

1) VLF signals (3-27 kHz) can propagate to
distances laying in the ranges 331- 695 km,
997-2659 km and 3006-6075 km at the
conductivities 10®, 107, and 10" S/m,
respectively.

2) The maximum and minimum ranges of
propagation of distances for all VLF signals
are 695-6075 km and 331-997 km,
respectively, within the conductivity range of
the middle layer (10*- 10™"° S/m)

3) None of the VLF signals (3-27 kHz) can
propagate beyond 6075 km, even in case of
reduced conductivities.

To validate the results obtained from the
theoretical model presented in the paper, we
have computed the strength of the electric
field at the conductivity of 10" S/m in case
of the Nepal earthquake occurred on April
25, 2015 at a distance of 698 km from the
observing stations as reported in Sharma et
al., (2020) by using Equation (11). The

details of this event are shown in Table 1.

Table 1. Details of earthquake taken from Sharma et al. (2020), location of the observing stations and the distances of the

epicenters from these stations.

: Location of
Location of observing .
Date of Magnitude earthquake station Thg distance of
oceurrence Depth epicenter from
Reference of .
of earthquake (km) observing
earthquake q Lat. Lgng. Lat. Lgng_ station (km)
Ny | B ‘N | (B)
Sharma et 27.4
al. (2020) 25/04/2015 7.8 28.23 | 84.73 8.22 9 77.67 698
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Figure 3. Variation of the propagation distance for signals of various frequencies under consideration at three different

conductivities of the middle layer of the crust.

Because of the above facts, first, we furnish
the example of real data recorded in the
borehole antenna corresponding to the major
Nepal earthquake of April 25, 2015 as
reported in Sharma et al. (2020). The
borehole antenna is a naked copper wire
(length 120 m, diameter 4 mm) placed in a
watertight PVC pipe vertically inside the
ground. It measures the vertical component
of subsurface VLF electric field emissions
associated with an earthquake at the
frequency of 3.012 kHz. The VLF data
recorded in the borehole is analyzed using
the m+2 o criterion (where m stands for
monthly mean and o is the standard
deviation). Other workers also adopt this
criterion (Hattori et al., 2013; Zhou et al.,,

2017). An anomalous enhancement on 11
April is seen in VLF data 14 days before the
onset of the mainshock of this earthquake.
This enhancement is not associated with
other spurious noises like a magnetic storm,
lightning, etc., whose details can be found in
Sharma et al. (2020). Abnormal enhancement
of 39.97 mV above m+2c is seen on April
11, 2015 in the top panel of Figure 4. This
anomalous voltage enhancement in the
borehole antenna caused an electric field of
3.3 x 10* V/m in it, which is very close to
the electric field's theoretical value
(~ 3.63x10™ V/m) at the frequency of 3.012
kHz. This confirms that theoretical
computations are in good agreement with the
experimental ones.



On the Propagation of VLF Electric Field Emissions Associated with ... 9

—e—Borehole data
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Figure 4. Diurnal variations of vertical component of subsurface VLF electric field emissions (shown by the solid curve)

for April 2015. Horizontal dotted line indicates monthly mean while dashed lines show the standard deviation
around the mean. Downward arrow shows the date and magnitude of the earthquake.

It is worthwhile to mention here that the
strength of the VLF electric field largely
decreases in the skin layer of crust owing to
its high conductivity (~ 10'-10% S/m) and
hence VLF signals cannot propagate longer
distances in this uppermost layer of the crust.
This raises the question that how seismogenic
VLF emissions propagating in the midlayer
of crust reach the observing station. For
answering this question, we may refer to the
work of Tsarev and Sasaki (1999) wherein it
is suggested that while propagating in the
middle layer these signals find some
windows of low conductivity (10®-10™"" S/m)
in skin layer of crust from where they leak to
the earth surface without much attenuation
and reach the observing station through the
earth-ionosphere waveguide.

Our results that attenuation of electric field
increases with the increase of conductivity
and frequency and hence propagation
distance reduces as conductivity increases are
consistent with earlier workers also. For
example, attenuation calculation was carried
out by Singh et al. (2004) at the two
different conductivities 107 S/m and 10™*S/m
of the ground in the ULF-VLF bands (f =
1Hz -10" Hz) and found that the electric field
attenuates slowly in ULF band while steeply
in VLF band, and it ranges 2 - 172 dB/km at
the conductivity 10? S/m and 0.2 — 24 dB/km
at 10* S/m in the said frequency band. From
their theoretical studies, Wang et al. (2015)
have shown that propagation distances for
seismo-clectromagnetic radiations decrease
with the increase of frequency and resistivity
of rocks. They suggested that discontinuities

of geological bodies are responsible for the
attenuation of electromagnetic  waves.
Korpisalo (2016) estimated the attenuation of
electromagnetic waves in conductivity range
10°-10% S/m at frequencies laying in the
frequency band (312.5 kHz- 2500 kHz) at
different values of relative permeability (u, =
1, 3, 5) and relative permittivity (e.= 5, 10,
15) and found that the attenuation of
electromagnetic radiations increases with the
increase of both frequency and conductivity,
and it varies from 10 dB to 10> dB/m under
the said ranges of conductivity and
frequency. Almost similar results have been
reported in Tsarev and Sasaki (1999), Zhang
and Li (2007), Basukev et al. (2013).

Our theoretical results concerning the
propagation of seismogenic VLF signals to
long distances are also supported well by the
experimental results of earlier workers. For
example, Singh et al. (1999) observed
anomalous subsurface VLF electric field
changes at a distance greater than 1000 km in
the Afghanistan earthquake (M = 6.9) 1-2
days before its occurrence employing
borehole antenna. Utilizing this setup, Singh
et al. (2000) also observed an increase in
occurrence number of noise bursts for the 14
major earthquakes 4.5 < M < 6.5 that
occurred in India and around at distances
ranging between 901-2220 km. They
explained their results considering the
underground propagation of these VLF
emissions through a fault. Fujinawa and
Takahashi (1998) observed anomalous
enhancements in the number of VLF pulses
before the Hokkaido — Toho — Oki Japan
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earthquake (M = 8.1) at a distance of greater
than 1000 km from the epicentral region.
Singh et al. (2009) reported anomalous
amplitude enhancement at distances between
95 and 479 km for the moderate regional
earthquakes (M = 4.5-5.1) from the statistical
analysis of VLF data obtained from the
borehole antenna. Occasional amplitude
enhancement in VLF data was found by
Singh and Singh (2013) at Mathura observing
station for the Nepal earthquake (M = 5.3) of
April 4, 2011, the epicenter of which was at a
distance about 388 km from the observatory.

4. Conclusion

Assuming an ensemble of elementary
radiators oriented and distributed randomly
in space and time in the earth’s crust
generated due to increased stresses close to
the breaking point, the strength of the electric
field at various distances (100-6500 km) and
different conductivities (10®-10"° S/m) are
computed in VLF range (3-27 kHz). The
results of the computation show that the
attenuation of the wave field increases with
the increase of both the conductivity as well
as the frequency in general. The VLF signals
can propagate up to the distances laying in
the ranges 331-695 km, 997-2659 km, 3006-
6075 km at the conductivities 10, 10, and
10" S/m, respectively within the limit of
detectability of measuring instruments. The
maximum range of propagation distances is
695-6075 km. In contrast, the minimum
range of propagation distances is 331-997 km
within the conductivity range (10®-107"° S/m)
of the earth’s crust. The results of the
computation obtained theoretically are
validated from the experimental observations
for the electric field as recorded in borehole
antenna in case of Nepal earthquake of April
25, 2015. The generation and propagation
mechanisms of seismogenic emissions have
also been discussed briefly.

Acknowledgement

The authors are thankful to Prof. Birbal
Singh, Emeritus Scientist, R.B.S Technical
campus, Bichpuri, Agra (India) for providing
valuable suggestions in preparing the
manuscript.

References
Artemieva, 1. M., 2002, Continental crust. In

Encyclopedia of life support systems
(EOLSS): Developed under the Auspices
of the UNESCO. EOLLS Publisher,
Oxford, UK. Chapter 6.16.3.1.

Bashkuev, Yu. B., Buyanova, D. G,
Dembelov, M. G., Khaptamov, V. B. and
Naguslaxva Advokatov, V.R., 2013,
Influence of electric characteristics of
inhomogeneous lithosphere on excitation
and  propagation of  seismogenic
electromagnetic emissions. Univ. J.
Geoscl., 1, 56-64.

Bliokh, P., 1999, Variations of electric fields
and currents in the lower ionosphere
produced by conductivity growth of the
air above the future earthquake centre, In
Atmospheric and Ionsopheric
Electromagnetic Phenomena Associated
with Earthquakes (eds Hayakawa, M.),
Terra Sci. Pub. Co. Tokyo, 829-838.

Chu, R., Zhu, L. and Helmberger, D. V.,
2009, Determination of earthquake focal
depths and source time functions in
central Asia using
teleseismicPwaveforms. Geophysical
Research Letters, 36(17), 1-4.

Dobrovolsky, 1. P., Zubkov, S. 1. and
Myachkin, V. 1., 1979, Estimation of size
of earthquake preparation zone. Pageoph,
117, 1025-1044.

Dong, J., Gao, Y. and Hayakawa, M., 2005,
Analysis on Subaerial Electric Field
Radiated by a Unit Electric Current
Source in the Ground. IEEJ Transactions
on Fundamentals and Materials, 125(7),
591-595.

Fridleifsson, 1. B., Bertani, R., Huenges, E.,
Lund, J. W., Ragnarsson, A. and Rybach,
L. 2008, The possible role and
contribution of geothermal energy to the
mitigation of climate change. In IPCC
Scoping Meeting on Renewable Energy
Sources (eds Hohmeyer, O. and Trittin,
T.), Proceedings, Luebeck, Germany, 59-
80.

Fujinawa, Y. and Takahashi, K., 1994,
Anomalous VLF subsurface electric field
changes preceding to earthquakes. In
Electromagnetic Phenomena Related to
Earthquake Prediction (eds Hayakawa, M.
and Fujinawa, Y.), Terra Science
Publishers, Tokyo, 131-147.

Fujinawa, Y. and Takahashi, K., 1998,
Electromagnetic radiations associated



On the Propagation of VLF Electric Field Emissions Associated with ... 11

with major earthquakes. Phys. Earth
Planet. Inter., 105, 249 — 259,

Fujinawa, Y., Kumagai, T. and Takahashi,
K., 1992, A study of anomalous
underground electric field variations
associated with volcanic eruptions,
Geophys. Res. Lett., 19, 9-12.

Garambois, S. and Dietrich, M., 2002, Full
wave numerical solutions of seismo-
electromagnetic wave conversions in fluid
saturated stratified porous media. J.
Geophys. Res., 107, no. B7, ESE 5-1-ESE
5-18.

Gokhberg, M. B., Gufeld, I. L., Rozhnoi, A.
A., Marenko, V. F., Yampolsky, V. S. and
Ponomarev, E. A., 1989, Study of seismic
influence on the ionosphere by super long
wave probing of earth ionosphere
waveguide. Phys. Earth Planet. Int., 57,
64-67.

Guo, Z. and Liu, B., 1995, Frequency
properties of electromagnetic emission
associated with microscopic cracking in
rocks. Acta Geophysica Sinica 38, 221-
226.

Hadjicontis, V., Mavromatou, C. and Ninos,
D., 2004, Stress induced polarization
currents and electromagnetic emission
from rocks and ionic  crystals,
accompanying their deformations. Nat.
Hazards Earth Syst. Sci., 4(5/6), 633—639.

Hattori, K., Han, P., Yoshino, T., Febriani,
F., Yamaguchi, H. and Chen, C. H., 2013,
Investigation of ULF Seismo-magnetic
phenomena in Kanto, Japan during 2000-
2010: Case studies and statistical studies.
Surv. Geophys., 34(3), 293-316.

Hayakawa, M. and Sato, H., 1994,
Ionospheric perturbations associated with
earthquakes as detected by subionospheric
VLF propagation. In Electromagnetic
Phenomena Related to  Earthquake
Prediction (eds Hayakawa, M., and
Fujinawa, Y.), Terra Science Publishers,
Tokyo, 391-398.

Hayakawa, M., 2016, Earthquake prediction
with Radio Techniques, Wiley and Sons.

Hayakawa, M., 2012, Frontier of Earthquake
Prediction Studies, Nihon -
Senmontosho—Shuppan, Pub. Co. Tokyo.

Huang, Q. and lkey, M., 1998, Seismic
electromagnetic signals (SEMS)
explained by a simulation experiment
using electromagnetic waves, Phys. Earth

Planet. Int., 109(3-4), 107-114.

Ikeya, M., Kinoshita, Y., Matsumoto, H.,
Takaki, S. and Yamanaki, C., 1997, A
model experiment for electromagnetic
wave propagation over long distances
using waveguide terminology. J. Appl.
Phys., 36, L1558-L1561.

Jackson, J. D, 1975, Classical
electrodynamics, John Willey and Sons,
N.Y.

Jol, H. M., 2009, Ground penetrating radar:
Theory and applications, 1st edition,
Elsevier, Amsterdam, Netherlands.

Kachakhidze, M. K., Kachakhidze, N. and
Kaladze, T., 2015, A Model of the
generation of electromagnetic emissions
detected prior to earthquakes. Phys.
Chem. Earth, 85-86, 78-81.

Keller, G. V., 1989, Practical handbook of
physical properties of rocks and minerals,
John Willey & Sons, N.Y., 361.

Korpisalo, A. L., 2016, Electromagnetic
Geotomographic Research on attenuating
material using middle radio frequency
band. PhD thesis, University of Helsinki,
Finland.

Kushwah, V., Singh, V. and Singh, B., 2007,
Ultra-low frequency (ULF) amplitude
anomalies associated with the recent
Pakistan earthquake of 8 October 2005. J
Ind. Geophys. Union, 11(4), 197-207.

Li, M., Tan, H. and Meng, C., 2016,
Ionospheric influence on the seismo -
telluric current related to electromagnetic
signals observed before the Wenchuan
carthquake (M = 8.0). Solid Earth, 7,
1405-1415.

Lockner, D. A., Johnston, M. J. S. and
Byerlee, J. D., 1983, A mechanism to
explain the generation of earthquake
lights. Nature., 302(5903), 28-33.

Miachkin, V. 1., Brace, W. F., Sobolev, G. A.
and Dieterich, J. H., 1975, Two models
for earthquake forerunners, Pure appl.
Geophys., 113(1), 169-181.

Molchanov, O. A. and Hayakawa, M., 1995,
Generation of ULF electromagnetic
emissions by microfracturing. Geophys.
Res. Lett., 22(22), 3091-3094.

Molchanov, O. A., Hayakawa, M. and
Rafalsky, V. A., 1995, Penetration
characteristics of electromagnetic
emissions from an underground seismic
source into the atmosphere, ionosphere,



12 Journal of the Earth and Space Physics, Vol. 47, No. 4, Winter 2022

and magnetosphere, J. Geophys. Res.,
100(A2), pp.1691-1712.

Ogawa, T., Oike, K. and Miura, T., 1985,
Electromagnetic radiations from rocks. J.
Geophys. Res., 90(D4), 6245-6249.

Ondoh, T., 1992, Observation of LF
atmospherics associated with lightning
discharges in volcano eruption of smoke.
Res. Lett. Atmos. Electr., 12, 235-251.

Parrot, M. and Mogilevsky, M.M., 1989,
VLF emissions  associated ~ with
earthquakes observed in the ionosphere
and magnetosphere, Phys. Earth Planet.
Int., 57, 86-99.

Parrot, M., 1994, Statistical study of ELF /
VLF emissions recorded by low - altitude
satellite during seismic events. J.
Geophys. Res., 99(A12), 23339-23347.

Pulinets, S. and Ouzounov, D., 2018, The
possibility of earthquake forecasting:
Learning from nature. Bristol, UK, 10P
Publishing.

Ribnikov, G. L., Morgunov, V. A. and
Khabazin, Yu. G., 1990, Numerical
modeling of electric fields in the
ionosphere generated by source at ground
level, Dokl Acad Sci (USSR), 314, 826-
829.

Rozhnoi, A., Solovieva, M., Molchanov, O.,
Schwingenschuh, K., Boudjada, M.,
Biagi, P. F., Maggipinto, T., Castellana,
L., Ermini, A. and Hayakawa, M., 2009,
Anomalies in VLF radio signals 13 prior
to the Abruzzo earthquake (M = 6.3) on 6
April 2009. Nat. Hazards Earth Syst. Sci.,
9(5), 1727-1732.

Sharma, S., Singh, R. P., Pundhir, D. and
Singh, B. 2020, A multi-experiment
approach to ascertain electromagnetic
precursors of Nepal earthquakes. Journal
of Atmospheric and Solar-Terrestrial
Physics, 197(105163), 1-11.

Singh R. P., Singh, B., Kushwah, V.K. and
Chauhan, R.V.S., 2004, Attenuation of
ULF-VLF seismo - electromagnetic
signals and their propagation to long
distances. Indian J. of radio and space
Phys., 33, 189-195.

Singh, B., 2008, Electromagnetic Phenomena
Related to Earthquakes and Volcanoes,
New Delhi, Narora Pub. House.

Singh, B., Singh, R.P., Bansal, V. and
Hayakawa, M., 1999, Anomalous
subsurface =~ VLF  electric  changes

associated with earthquakes and nuclear
explosions observed at Agra. J. Atmos.
Electr., 19(2), 119-134.

Singh, R. P. and Singh, B., 2013, Anomalous
subsurface VLF electric field changes
related to India-Nepal Border earthquake
(M = 53) 4 of April 2011 and their

lithosphere —  atmosphere coupling
observed at Mathura, J. Atmos. Electr.,
33(1), 31-39.

Singh, R. P., Kumar, M., Singh, O.P. and
Singh, B., 2009, Subsurface VLF electric
field emissions associated with regional
earthquakes. Ind. J. Radio Space Phys.,
38, 220-226.

Singh, R. P., Singh, B., Bansal, V. and
Hayakawa, M., 2000, Electromagnetic
noise bursts related to major seismic
activities observed at Agra. J. Atmos.
Electr., 20, 7-20.

Takeuchi, A. and Nagahama, H., 2001,
Voltage changes induced by stick—slip of
granites. Geophys. Res. Lett., 28(17),
3365-3368.

Takeuchi, A. and Nagahama, H. 2004,
Scaling laws between
seismoelectric/magnetic fields and
earthquake magnitude, Terra Nova, 16,
152-156.

Tian, X. and Hata, M., 1996, Analysis of
seismogenic radiations and transmission
mechanisms, J. Atmos. Electr. 16 (3),
227-235.

Tsarev, V.A. and Sasaki, H., 1999, Low
frequency seismogenic electromagnetic
radiation: how does it propagate in the
earth’s crust and where can it be detected?
Atmospheric and Ionospheric
Electromagnetic Phenomena Associated
with Earthquakes (eds Hayakawa, M.),
Terra Science Publishers Tokyo, 383-393.

Tzanis, A. and Vallianatos, F., 2002, A
physical model of electric earthquake
precursors due to crack propagation and
the motion of charged edge dislocations,
Seismo - electromagnetics: Lithosphere —
Atmosphere - Ionosphere coupling (eds
Hayakawa, M. and Molchanov, O.A.),
Terra Science Publishers Tokyo, Japan.,
117-130.

Uyeda, S., Nagao, T., Orihara, Y.,
Yamaguchi, T. and Takahashi, 1., 2000,
Geoelectric potential changes: Possible
precursors to earthquakes in Japan. Proc.



On the Propagation of VLF Electric Field Emissions Associated with ... 13

Nat. Acad. Sci., 97(9), pp. 4561—4566.

Wait, J. R., Electromagnetic Waves in
Stratified Media, Pergamon Press,
Oxford, 1962.

Wang, W., Xw, X. and Shan, J., 2015,
Theoretical model for seismic
electromagnetic radiations based on
piezoelectric effects. Indian J. of Geo-
Marine Sci., 44(9), 1275-1281.

Yoshino, T. and Tomizawa, 1., 1988, LF
seismogenic emissions and its application
on earthquake prediction. Inst. of

Electron, Inf., and Commun. Eng., Tokyo,
Tech. Rep. EMCI., 64-88.
Zhang, K. and Li. D., 2007, Electromagnetic

theory for Microwave and
Optoelectronics, ond edition, New York,
Springer.

Zhou, Y., Yang, J., Zhu, F., Su, F., Hu, L.
and Zhai, W., 2017, Ionospheric
disturbances associated with the 2015 M
7.8 Nepal earthquake. Geod. Geodyn.
8(4),221-228.



