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Abstract. We investigate the time-scale invariant changes
in electromagnetic and mechanical energy releases prior to a
rock failure or a large earthquake. The energy release pro-
cesses are caused by damage evolutions such as crack prop-
agation, motion of charged dislocation, area-enlargement of
sheared asperities and repetitive creep-rate changes. Damage
mechanics can be used to represent the time-scale invariant
evolutions of both brittle and plastic damages. Irreversible
thermodynamics applied to the damage mechanics reveals
that the damage evolution produces the variations in charge,
dipole and electromagnetic signals in addition to mechanical
energy release, and yields the time-scale invariant patterns
of Benioff electromagnetic radiation and cumulative Benioff
strain-release. The irreversible thermodynamic framework of
damage mechanics is also applicable to the seismo-magnetic
effect, and the time-scale invariance is recognized in the re-
manent magnetization change associated with damage evo-
lution prior to a rock failure.

1 Introduction

Prior to a large earthquake or a rock failure, a critical phe-
nomenon of electromagnetic energy release has often been
observed and termed the “Benioff electromagnetic radiation”
(e.g., Rabinovitch et al., 2001; Eftaxias et al., 2004, 2007;
Kapiris et al., 2004a, b). This is quantified by the sum of
the earthquake amplitudes and displays a time-scale invari-
ance. A similar phenomenon has also known as the time-
scale invariant pattern of mechanical energy release quanti-
fied by cumulative Benioff strain-release (: the sum of square
roots of released energy from the respective seismic events)
(e.g., Varnes, 1989; Bufe and Varnes, 1993; Bowman et
al., 1998). Seismo-electromagnetic phenomena are gener-
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ally due directly or indirectly to mechanical processes such
as the piezoelectric effect (e.g., Finkelstein et al., 1973), the
electrokinetic effect (e.g, Mizutani et al., 1976), point defects
(e.g., Varotsos and Alexopoulos, 1986), opening and propa-
gation of charged cracks (e.g., Ogawa et al., 1985; O’Keefe
and Thiel, 1995; Vallianatos and Tzanis, 1999; Tzanis et al.,
2000; Takeuchi and Nagahama, 2001, 2002a, b, 2004, 2006;
Tzanis and Vallianatos, 2002; Vallianatos et al., 2004), and
motion of charged dislocations (e.g., Gokhberg et al., 1995;
Molchanov and Hayakawa, 1995; Nagahama and Teisseyre,
1998; Freund, 2000; Teisseyre and Nagahama, 1999, 2001;
Tzanis and Vallianatos, 2002; Vallianatos et al., 2004; Tri-
antis et al., 2006). However, the relationship between elec-
tromagnetic and mechanical energy release prior to an earth-
quake and rock failure has not previously been studied in
terms of its time-scale invariance.

The statistical properties of cumulative Benioff strain-
release have been investigated using the irreversible ther-
modynamic models such as continuum damage and fibre-
bundle models, revealing time-scale invariant evolutions of
damage (e.g., Main, 1999; Rundle et al., 2000; Ben-Zion
and Lyakhovsky, 2002, Turcotte et al., 2003; Kawada and
Nagahama, 2006). Several types of damage evolution such
as crack opening, crack propagation, motion of charged dis-
location and area-enlargement of sheared asperity are ori-
gins of emitted electromagnetic signals. In particular, Val-
lianatos et al. (2004), Triantis et al. (2006) and Anastasiadis
et al. (2007) discussed the pressure stimulated currents due
to the damage evolution based on the irreversible thermo-
dynamic model (continuum damage model, Turcotte et al.,
2003) and statistical mechanical model of crack population
(e.g., Czechowski, 1991, 1995; Tzanis et al., 2000; Tzanis
and Vallianatos, 2002; Vallianatos et al., 2004). Moreover,
Muto et al. (2007) pointed out that the rate of frictional dis-
charge (plasma generation, i.e., ionization current) depends
on the temporal evolution of the area density of fault asperi-
ties. When the current is related to the intensity of inducted
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Fig. 1. The log-log plots of the time-to-failure and cumulative am-
plitudeA of signals registered during chalk samples compression.
This figure is adapted from Rabinovitch et al. (2001).

electromagnetic field, the damage evolution is linked to the
Benioff electromagnetic radiation. However, the damage
evolution has not been coupled with the charge generation
mechanism and the Benioff electromagnetic radiation via ir-
reversible thermodynamics including time-scale invariance.

By contrast, the seismo-magnetic effect (e.g., rock mag-
netization) is also expected prior to a seismic event or rock
failure, although the seismo-magnetic effect is not always be-
yond the stationary level of the geomagnetic effects (e.g.,
Rikitake, 1976). Traditionally, the seismo-magnetic effects
are investigated in terms of the elastic deformation (e.g.,
Kern, 1961; Stacey, 1964; Sasai, 1980, 1991, 1994). Naka-
mura and Nagahama (1997a, b, 1999, 2001) and Muto and
Nagahama (2004) extended the seismo-magnetic theory and
explained rock magnetization associated with plastic defor-
mation. However, the magnetization associated with time-
scale invariant evolution of damage has yet to be addressed.

In this paper, we investigate the temporal change in elec-
tromagnetic radiation associated with damage evolution prior
to rock failure or seismic events. First, we review the obser-
vational and experimental results in electromagnetic radia-
tion and the fundamentals of damage mechanics. We then
clarify how damage evolution affects Benioff electromag-
netic radiation, and couple the time-scale invariant changes
in elastic and electromagnetic energy release using the irre-
versible thermodynamics for damage evolution. In addition,
based on the irreversible framework, we extend the theory
on seismo-magnetic effects associated with damage evolu-
tion prior to rock failure and seismic events.
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Fig. 2. The time-series of cumulative Benioff strain and cumulative
amplitude of electromagnetic (EM) activity (i.e., Benioff electro-
magnetic radiation) prior to the 1999 Athens earthquake (occurred
at 7 September 1999; 38.15◦ N, 23.62◦ E). The analyzed data of EM
activities is 10 kHz; time-series monitored at Zenta station in west-
ern Greece (37.76◦ N, 20.76◦ E). The seismic data is from the cat-
alogue of earthquakes (local magnitudeM≥2.8) with hypocentres
≤60 km, located within 110 km from the hypocentre of the Athens
earthquake. This figure is modified from Kapiris et al. (2004a).

2 Benioff electromagnetic radiation

In this section, we present on an overview the results of lab-
oratory experiments and observations on the Benioff electro-
magnetic radiation. Rabinovitch et al. (2001) conducted both
uniaxial and triaxial compression tests of 24 chalk samples,
and monitored amplitude changes as electromagnetic radia-
tion associated with cracking and fracturing. The amplitude
changes were measured by a one-loop magnetic antenna in
the frequency band from 50 kHz to 10 MHz (see also Rabi-
novitch et al., 1998). The measured amplitude is proportional
to magnetic field intensity and to the square root of electro-
magnetic energy

√
eL. Rabinovitch et al. (2001) analyzed the

relationship between time-to-failuretf − t and the cumula-
tive amplitudeA of all signals registered during all samples’
compression (Fig. 1), and found a power-law relation of the
Benioff electromagnetic radiation,

A = A0 − A1
(
tf − t

)γA , (1)

where γ A is an exponent, andA0 and A1 are constants
(Fig. 1).

Eftaxias et al. (2004, 2006, 2007) and Kapiris et al. (2004a,
b) reported the Benioff electromagnetic radiation prior to the
1999 Athens earthquake. They analyzed the amplitudes of
kilohertz electromagnetic activities during 10 May 1999–7
September 1999, and showed that the Benioff electromag-
netic radiation follows Eq. (1) withtf being 7 September,
1999 andA being the sum of the amplitudes from 10 May,
1999 (Fig. 2). Moreover, they analyzed the temporal seismic-
ity pattern of cumulative Benioff strain-release� using the
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catalogue of earthquakes (local magnitudeM≥2.8) during
10 May 1999 to 7 September 1999, and derived the equation,(∑√

eM ≡

)
� = �0 − �1

(
tf − t

)−γ� , (2)

whereeM is the mechanical energy released at each seis-
mic event,γ � is an exponent, and�0 and�1 are constants
(see also Fig. 2, and Tzanis and Makropoulos, 2002). Thus,
the temporal patterns of electromagnetic and mechanical en-
ergy release were both time-scale invariant. Nanjo and Na-
gahama (2004a, b) showed that the elastic energy from the
force locally lost is converted into the electromagnetic radi-
ation when the elastic-force redistribution of earthquakes is
locally non-conservative. As noted earlier, the cumulative
Benioff strain-release is known to be due to time-scale in-
variant evolution of damage (e.g., Kawada and Nagahama,
2006). In the next section, we review the cumulative Benioff
strain-release in terms of irreversible thermodynamic models
according to Kawada and Nagahama (2006) and Kawada et
al. (2007).

3 Damage evolution and cumulative Benioff strain-
release

The irreversible thermodynamic model for damage evolution
enables us to represent the observable elastic or viscoelas-
tic behaviour associated with microscopic irreversible pro-
cesses. Fibre-bundle models (e.g., Turcotte et al., 2003;
Sornette, 2003; Nanjo and Turcotte, 2005; Kawada and
Nagahama, 2006) and continuum damage models (e.g.,
Lyakhovsky et al., 1993, 1997; Ben-Zion and Lyakhovsky,
2002; Turcotte et al., 2003) are often used to investigate the
brittle behaviour of rocks.

In irreversible thermodynamics models, free energy is de-
fined as a function of various state variables, including “inter-
nal state variables” (or “hidden variables”) not available for
macroscopic observation (e.g., Biot, 1954; Schapery, 1964;
Lyakhovsky et al., 1993, 1997; Kawada et al., 2006). The in-
ternal state variables are often represented by the generalized
coordinates. To investigate the damage evolution, a damage
parameterα is introduced into the internal state variable. In
brittle damage processes, we defineα as a density of mi-
crocracks in a laboratory specimen, or as an area density of
asperities in a fault plane or a contact surface of a rock sam-
ple, with 0<α<1. At α=0, the material is undamaged, while
it fails at a critical valueαc. α is also regarded as poros-
ity in soil or sediment deformation, and as a density of line
vacancies or dislocations in a plastic process.

The viscoelastic behaviour of rocks associated with or
without damage evolution is empirically expressed by Dorn’s
equationε̇ ∝ σ ρ (e.g. Lankford, 1981; Poirier, 1985; Nanjo
and Turcotte, 2005). This power-law relationship is change-
able into a time-scale invariant decay of relaxation;

dσ

dε
≡ E (t) ∝ t−1/ρ, (3)

whereσ andε are the macroscopic elastic stress and strain,
respectively,E(t) is the relaxation modulus, andρ ranges
from 1 to 60 (e.g. Kawada and Nagahama, 2004, 2006;
Kawada et al., 2006).ρ reflects the deformation mechanisms
of brittle and viscoelastic behaviour (e.g., Nakamura and Na-
gahama, 1999). Importantly, the stress-strain relation associ-
ated with damage evolution is based on irreversible thermo-
dynamics (Schapery, 1964, 1969; Kawada et al., 2006) by

σ = he

dα

dε

∫
E
(
t − t ′

) dε

dt ′
dt ′, (4)

wheret ′ is the arbitrary deformation time, andhe is a con-
stant. Note thatα contributes towards the irreversible (brittle
or plastic) component of the deformation. Equations (3) and
(4) form the constitutive equation of viscoelastic behaviour
with damage evolution.

The continuum damage and fibre-bundle models recover
the microscopic damage evolutiondα/dt,

dα

dt
∝ (tc − t)

2−ρ
ρ−1 , (5)

wheretc is the time of failure (e.g. Lyakhovsky et al., 1993,
1997; Turcotte et al., 2003; Kawada and Nagahama, 2006).
The time-scale invariance in Eq. (5) is based on the stochastic
process of damage evolution following the Weibull distribu-
tion (e.g., Turcotte et al., 2003, Nanjo and Turcotte, 2005).
Hence Eq. (5) is related to the special case of Czechowski’s
model of crack population (e.g., Czechowski, 1991, 1995;
Tzanis and Vallianatos, 2002, Vallianatos et al., 2004). It
can be shown that the fibre-bundle model also recovers the
cumulative Benioff strain-release, since

� = �′

0 − �′

1 (tc − t)
ρ−2

2(ρ−1) , (6)

where �′

0 and �′

1 are constants (e.g. Ben-Zion and
Lyakhovsky, 2002; Turcotte et al., 2003; Kawada and Naga-
hama, 2006). Comparing Eqs. (2) and (6),tf corresponds to
tc andγ �=(ρ–2)/[2(ρ–1)]. Hence the temporal evolution of
� is regulated by the time-scale invariance in damage evolu-
tion and viscoelastic behaviour. A similar scenario to Eq. (6)
also emerges in the time-series of atmospheric radon concen-
tration prior to a large earthquake (e.g., Yasuoka et al., 2006).
Kawada et al. (2007) pointed out that the damage evolution
regulated by Eq. (5) promotes radon migration within crustal
rocks, and migration affects the time-scale invariant increase
in the flux of radon into the atmosphere. Furthermore, the in-
variances in cumulative Benioff strain-release are found to be
related to the fractal structure of the pre-existing fault system
(Nanjo and Nagahama, 2004a, b).

4 Generation of charge and dipole due to damage evo-
lution

Let us consider a mechanism generating charge and a dipole
due to the brittle damage evolution, that is, the charge sep-
aration on a pair of crack walls (e.g., Ogawa et al., 1985;
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O’Keefe and Thiel, 1995; Tzanis and Vallianatos, 2002;
Takeuchi and Nagahama, 2004, 2006). The surface chargeQ

on the crack walls increases with crack propagation, and the
pair of crack walls generates an electric dipolep=Ql, where
l is the separation distance. The charges and dipoles rapidly
decay to zero when the crack propagations ceases.

A fault plane or contact surface of rock sample in a stick-
slip experiment is supported by many asperities. Shearing the
asperities generates and propagates the cracks, and the asper-
ities finally fail. The failure of one asperity corresponds to a
seismic event or stick-slip event. Hence the area-enlargement
of sheared asperities increases the number of electric dipoles
in the respective cracks (e.g., Takeuchi and Nagahama, 2004,
2006; Muto et al., 2007). When the fault plane or contact area
of the sample is approximately flat, the area-enlargement
of sheared asperities regulates the rate of summation of the
dipoles in the respective cracksd

dt

(∑
p
)
≡

d
dt

P . Note that
the temporal variation in total electric dipole concentration
is related to the change in the intensity of the electromag-
netic field. Hence when the area density of sheared asperi-
ties is regarded asα in Eq. (5) (e.g., Kawada and Nagahama,
2006; Muto et al., 2007), the summation of dipolesP fol-
lows a power-law of time-to-failure. In addition, the area
density of sheared asperity is proportional to the energy re-
lease due to the damage evolution (e.g., Nagahama 1993a,
b; Nagahama and Yoshii, 1993, 1994), and the summation
of energy releases is generally quantified by the cumulative
Benioff strain-release� (e.g., Turcotte et al., 2003; Kawada
and Nagahama, 2006).

Both electromagnetic and mechanical energy releases
prior to the failure or seismic events are caused by the change
in area density of sheared asperities (the damage evolution).
Finally we note that Muto et al. (2007) reported that the
change in area density of asperities promotes frictional dis-
charge (plasma generation) and that the change also causes
Benioff electromagnetic radiation.

5 Discussions

We have investigated the origins of critical phenomena in
electromagnetic and mechanical energy release in terms of
damage evolution, and now discuss the relationship between
electromagnetic and mechanical energy release processes in
terms of irreversible thermodynamics including time-scale
invariance.

5.1 Irreversible thermodynamics of damage evolution and
electric dipole prior to rock failure or a large earthquake

We now consider irreversible thermodynamics for damage
evolution and the electric dipole, defined by the Gibbs free
energy per unit volumeG=G(s, σ , α, P) wheres is the en-
tropy density (e.g. de Groot and Mazur, 1962; Nagahama

and Teisseyre, 1998; Jou et al., 2001). The total differential
of G is given by

dG = −sdT −
∂G

∂σ
dσ −

∂G

∂P
dP +

∂G

∂α
dα, (7)

whereT is the absolute temperature,∂G/∂σ can be consid-
ered as the macroscopic elastic strainε, and∂G/∂P as the
electric fieldẼ. When the process is isothermal and linearly
irreversible, the phenomenological relationships forα andP

can be written as

dα

dt
= −0

∂G

∂α
, (8)

P = κẼ, (9)

where0 is a constant reflecting the temporal scale of the ir-
reversible process, andκ is the electric susceptibility. Equa-
tion (8) describes to the energy release rate associated with
damage evolution (e.g. Myasinov et al., 1990; Lemaitre,
1990; Lyakhovsky et al., 1993, 1997; Kawada and Naga-
hama, 2006) and corresponds to theJ -integral in fracture
mechanics (e.g., Rice, 1968; Lyakhovsky et al., 1993) and
Ginzburg-Landau equation (e.g., Honenberg and Halperin,
1977; Lyakhovsky et al., 1993).

We can write Maxwell relations for the last two terms in
Eq. (7) as(

∂M

∂P

)
T ,σ,α

=

(
∂Ẽ

∂α

)
T ,σ,P

, (10)

whereM≡∂G/∂α, and the change iñE are given as

δP =

(
∂M

∂Ẽ

)
δα, (11)

whereinδ represents the incremental change. Here, we re-
defineddα/dt in Eq. (5) as a separable function,

dα

dt
∝ Z (x, y, z) (tc − t)

2−ρ
ρ−1 , (12)

whereZ(x, y, z) relates to the coordinates (x, y, z). Com-
bining Eqs. (9), (11) and (12) leads to

P = P1 − P2 (tc − t)
1

ρ−1 , (13)

whereP1 andP2 are constants. From Eqs. (9) and (13),P

can be seen to depend on the power-law of time-to-failure
(time-to-earthquake). Thus the electric polarization is asso-
ciated with damage evolution, which affects the Benioff elec-
tromagnetic radiation.

In Sect. 4, we confined the damage parameterα to the
brittle damage evolution. As defined in Sect. 3,α can be
also regarded as the density of the line vacancies or dislo-
cations. The change in electric field due to the motion of
charged dislocation can then be described by the irreversible
thermodynamics in Eq. (7) (Nagahama and Teisseyre, 1998;
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Teisseyre and Nagahama, 1999, 2001). Thus the irreversible
thermodynamics for damage evolution is applicable to mech-
anisms generating the electromagnetic signals, such as the
motion of charged dislocation and the opening and propaga-
tion of cracks, and these mechanisms relating the time-scale
invariant evolution of damage contribute to Benioff electro-
magnetic radiation.

5.2 Rock magnetization associated with damage evolution
prior to failure

We can also discuss the seismo-magnetic effect associated
with damage evolution based on the analogous framework
of irreversible thermodynamic in Sect. 5.1. The Gibbs free
energy for rock magnetization is defined by Eq. (7) after re-
placingP by the magnetic fieldH , and then∂G/∂H can be
regarded as the magnetizationJ (e.g., de Groot and Mazur,
1962; Nakamura and Nagahama, 1997b, 1999, 2001). In this
case,J andH have a linear relationJ=χH, whereχ is the
magnetic susceptibility, and the Maxwell relation betweenα

andH yields a relation,

δJ =

(
∂M

∂H

)
δα, (14)

Then, Eqs. (12) and (14) lead to

J = J1 − J2 (tc − t)γJ , γJ =
1

ρ − 1
, (15)

whereJ1 andJ2 are constants.

Based on these theoretical remarks, we analyze data of
remanent magnetization change associated with repetitive
creep-rate changes (Fig. 3a, Martin and Wyss, 1975). Sudden
changes in stress or strain-rate induce the respective creep
curves, and the superposition of the creep behaviours yields a
temporal power-law change in inelastic volumetric strainεV ,
shown in Fig. 3b. When the damage parameterα is regarded
as a normalized parameter on the inelastic volumetric strain
εV

/
ε̃V , whereε̃V denotes the inelastic volumetric strain at

t=tc, α represents the respective creep behaviours and their
superposition,ρ regulates the time-scale invariances in the
superposition. This is one of the patterns of the mechani-
cal energy release. The changes in magnetization definitely
correspond to the repetitive creeps and their superposition,
which supports the theoretical relations in Eqs. (14) and (15)
(Fig. 3b). Thus the time-scale invariant change is manifest
in remanent magnetization changes due to damage evolution
prior to rock failure. Although the seismo-magnetic effect is
not often greater than the stable level of geomagnetic effects
(e.g., Rikitake, 1976), it is not always trivial to recognize the
trend of the temporal power-law change in the magnetization
around the fault zone.
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Fig. 3. The temporal changes in remanent magnetization change
and inelastic volumetric strain.(a) The temporal evolution of rel-
ative magnetic unit associated with repetitive creep-rate changes.
The changing points in creep-rate are regarded as seismic events.
This figure is adapted from Martin and Wyss (1975).(b) Log-
log plots of relative magnetic unit, inelastic volumetric strainεV

(a type of damage) and time-to-failure. The plots at changing
points of creep-rate in Fig. 3a are analyzed. The fitted lines fol-
low the respective temporal power-laws given in Eq. (15) and
εV =ε1−ε2

(
tf −t

)γV , whereγV , ε1 andε2 are constants.

6 Conclusions

To explain the time-scale invariances in preseismic electro-
magnetic and mechanical energy releases, we have inves-
tigated the damage mechanics to represent both brittle and
plastic processes inducing the electromagnetic radiation. The
irreversible thermodynamics with time-scale invariance re-
veals that the time-scale invariant evolution of damage (such
as opening and propagation of cracks, motion of charged dis-
location, area-enlargement of sheared asperities, and repeti-
tive creep-rate changes) produces the temporal variation in
electromagnetic radiation and mechanical energy releases
prior to failure or seismic events, and causes patterns in the
Benioff electromagnetic radiation and cumulative Benioff
strain-release. Using the irreversible thermodynamics, we
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find also that the time-scale invariant pattern of magnetic en-
ergy release due to damage evolution of repetitive creep-rate
changes can occur prior to rock failure.
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