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Abstract. We investigate the time-scale invariant changesally due directly or indirectly to mechanical processes such
in electromagnetic and mechanical energy releases prior to as the piezoelectric effect (e.g., Finkelstein et al., 1973), the
rock failure or a large earthquake. The energy release proelectrokinetic effect (e.g, Mizutani et al., 1976), point defects
cesses are caused by damage evolutions such as crack prdp-g., Varotsos and Alexopoulos, 1986), opening and propa-
agation, motion of charged dislocation, area-enlargement ofjation of charged cracks (e.g., Ogawa et al., 1985; O’Keefe
sheared asperities and repetitive creep-rate changes. Damaged Thiel, 1995; Vallianatos and Tzanis, 1999; Tzanis et al.,
mechanics can be used to represent the time-scale invaria@000; Takeuchi and Nagahama, 2001, 2002a, b, 2004, 2006;
evolutions of both brittle and plastic damages. IrreversibleTzanis and Vallianatos, 2002; Vallianatos et al., 2004), and
thermodynamics applied to the damage mechanics revealsiotion of charged dislocations (e.g., Gokhberg et al., 1995;
that the damage evolution produces the variations in chargadylolchanov and Hayakawa, 1995; Nagahama and Teisseyre,
dipole and electromagnetic signals in addition to mechanicall998; Freund, 2000; Teisseyre and Nagahama, 1999, 2001;
energy release, and yields the time-scale invariant pattern$zanis and Vallianatos, 2002; Vallianatos et al., 2004; Tri-
of Benioff electromagnetic radiation and cumulative Benioff antis et al., 2006). However, the relationship between elec-
strain-release. The irreversible thermodynamic framework oftromagnetic and mechanical energy release prior to an earth-
damage mechanics is also applicable to the seismo-magnetiuake and rock failure has not previously been studied in
effect, and the time-scale invariance is recognized in the reterms of its time-scale invariance.

manent magnetization change associated with damage evo- The statistical properties of cumulative Benioff strain-

lution prior to a rock failure. release have been investigated using the irreversible ther-
modynamic models such as continuum damage and fibre-
bundle models, revealing time-scale invariant evolutions of
1 Introduction damage (e.g., Main, 1999; Rundle et al., 2000; Ben-Zion
and Lyakhovsky, 2002, Turcotte et al., 2003; Kawada and
Prior to a large earthquake or a rock failure, a critical phe-Nagahama, 2006). Several types of damage evolution such
nomenon of electromagnetic energy release has often beed crack opening, crack propagation, motion of charged dis-
observed and termed the “Benioff electromagnetic radiation”location and area-enlargement of sheared asperity are ori-
(e.g., Rabinovitch et al., 2001; Eftaxias et al., 2004, 2007;9INS of emitted electromagnetic signals. In particular, Val-
Kapiris et al., 2004a, b). This is quantified by the sum of lianatos et al. (_2004), Triantis et al. (2096) and Anastasiadis
the earthquake amplitudes and displays a time-scale invariet al. (2007) discussed the pressure stimulated currents due
ance. A similar phenomenon has also known as the time!© the damage evolution based on the irreversible thermo-
scale invariant pattern of mechanical energy release quant@ynamic model (continuum damage model, Turcotte et al.,
fied by cumulative Benioff strain-release (; the sum of square?003) and statistical mechanical model of crack population
roots of released energy from the respective seismic eventdf-9-» €zechowski, 1991, 1995; Tzanis et al., 2000; Tzanis
(e.g., Vamnes, 1989; Bufe and Varnes, 1993; Bowman eind Vallianatos, 2002; Vallianatos et al., 2004). Moreover,
al., 1998). Seismo-electromagnetic phenomena are geneMuto et al. (2007) pointed out that the rate of frictional dis-
charge (plasma generation, i.e., ionization current) depends
Correspondence to: Y. Kawada on the temporal evolution of the area density of fault asperi-
(y-kawada@mail.tains.tohoku.ac.jp) ties. When the current is related to the intensity of inducted
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1.0 2.0 3.0 Fig. 2. The time-series of cumulative Benioff strain and cumulative
log[Time-to-failure 7- 7 (sec)] amplitude of electromagnetic (EM) activity (i.e., Benioff electro-

magnetic radiation) prior to the 1999 Athens earthquake (occurred
at 7 September 1999; 381K, 23.62 E). The analyzed data of EM
activities is 10 kHz; time-series monitored at Zenta station in west-
‘ern Greece (37.78\, 20.76 E). The seismic data is from the cat-
alogue of earthquakes (local magnitutie>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).

Fig. 1. The log-log plots of the time-to-failure and cumulative am-
plitude A 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
volution has n n led with the char nerati : . .

€ outo_ as not bee coup ed with t € charge ge e.at.or} Benioff electromagnetic radiation
mechanism and the Benioff electromagnetic radiation via ir-

reversible thermodynamics including time-scale invariance. ) ) )
By contrast, the seismo-magnetic effect (e.g., rock mag-'” this section, we present on an overview the results of lab-

netization) is also expected prior to a seismic event or rockoratory experiments and observations on the Benioff electro-

failure, although the seismo-magnetic effect is not always pemagnetic radiation. Rabinovitch et al. (2001) conducted both

yond the stationary level of the geomagnetic effects (e_g_,uniaxial and triaxial compression tests of 24 chalk samples,

Rikitake, 1976). Traditionally, the seismo-magnetic effects @nd monitored amplitude changes as electromagnetic radia-

are investigated in terms of the elastic deformation (e.g.,t'on associated with cracking and fracturing. The amplitude

Kern, 1961; Stacey, 1964; Sasai, 1980, 1991, 1994). Nakachanges were measured by a one-loop magnetic antenne} in
mura and Nagahama (1997a, b, 1999, 2001) and Muto anthe frequency band from 50 kHz to 10 MHz (see also Rabi-

Nagahama (2004) extended the seismo-magnetic theory arfipvitch etal., 1998). The measured amplitude is proportional

explained rock magnetization associated with plastic defor-l0 magnetic field intensity and to the square root of electro-

mation. However, the magnetization associated with time_magpetm (_anergm. R_abmowtch etal. (2001) analyzed the
scale invariant evolution of damage has yet to be addressed!€/ationship between time-to-failurg — r and the cumula-
In this paper, we investigate the temporal change in eleclive ampht'udeA pf all signals registered during all s'amples

tromagnetic radiation associated with damage evolution priof£oMPression (Fig. 1), and found a power-law relation of the

to rock failure or seismic events. First, we review the obser-3€nioff electromagnetic radiation,

vational and experimental results in electromagnetic radia-

tion and the fundamentals of damage mechanics. We thed = Ao — Ay (ty — )™, @

clarify how damage evolution affects Benioff electromag-

netic radiation, and couple the time-scale invariant changesvhere y 4 is an exponent, andip and A; are constants

in elastic and electromagnetic energy release using the irrefFig. 1).

versible thermodynamics for damage evolution. In addition, Efiaxias et al. (2004, 2006, 2007) and Kapiris et al. (2004a,

based on the irreversible framework, we extend the theoryy) reported the Benioff electromagnetic radiation prior to the

on seismo-magnetic effects associated with damage evolurgog Athens earthquake. They analyzed the amplitudes of

tion prior to rock failure and seismic events. kilohertz electromagnetic activities during 10 May 1999—7
September 1999, and showed that the Benioff electromag-
netic radiation follows Eq. (1) withy 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-releaseusing the
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catalogue of earthquakes (local magnitude-2.8) during  whereo ande are the macroscopic elastic stress and strain,
10 May 1999 to 7 September 1999, and derived the equatiormespectively,E (¢) is the relaxation modulus, ane ranges

e from 1 to 60 (e.g. Kawada and Nagahama, 2004, 2006;
(Z Vem E) Q=Qo—Qi(y—1) ", (2)  Kawada et al., 2006}, reflects the deformation mechanisms
wheree,, is the mechanical energy released at each seisQfbrittle and viscoelastic behaviour (e.g., Na_lkamur_a and Na-_
mic event,yq is an exponent, antto and<; are constants gaham_a, 1999). Importar_1tly,_the stress—s@ram relatlon associ-
(see also Fig. 2, and Tzanis and Makropoulos, 2002). Thusated w!th damage evolution is based on irreversible thermo-
the temporal patterns of electromagnetic and mechanical endjynamlcs (Schapery, 1964, 1969; Kawada et al., 2006) by
ergy release were both time-scale invariant. Nanjo and Na-_ d_Ol E( _ t/) d—gdt/ (4)

gahama (2004a, b) showed that the elastic energy from thé = e de dt’
force locally lost is converted into the electromagnetic radi-\\heres’ is the arbitrary deformation time, arid is a con-

ation when the elastic-force redistribution of earthquakes issiant Note that contributes towards the irreversible (brittle
locally non-conservative. As noted earlier, the cumulative . plastic) component of the deformation. Equations (3) and

Benioff strain-release is known to be due to time-scale in-(4y torm the constitutive equation of viscoelastic behaviour
variant evolution of damage (e.g., Kawada and Nagahama;p, damage evolution.

2006). In the next section, we review the cumulative Benioff 11 «ontinuum damage and fibre-bundle models recover
strain-release in terms of irreversible thermodynamic modelsy,o microscopic damage evolutida/dt

according to Kawada and Nagahama (2006) and Kawada et

al. (2007). Ccli_(: Y= ®)
) ] ) ) wheret, is the time of failure (e.g. Lyakhovsky et al., 1993,
3 Damage evolution and cumulative Benioff strain-  1997: Turcotte et al., 2003; Kawada and Nagahama, 2006).
release The time-scale invariance in Eq. (5) is based on the stochastic

The irreversible thermodynamic model for damage evolutionprocess of damage evolution following the Weibull distribu-
y 9 tion (e.g., Turcotte et al., 2003, Nanjo and Turcotte, 2005).

enables us to represent the observable elastic or viscoelas; . ; )
: . ; ) : o . ence Eq. (5) is related to the special case of Czechowski’'s
tic behaviour associated with microscopic irreversible pro-

model of crack population (e.g., Czechowski, 1991, 1995;

cesses. Fibre-bundle models (e.g., Turcotte et al., 2003; . : :
Somnette, 2003; Nanjo and Turcotte, 2005: Kawada angl'zanls and Vallianatos, 2002, Vallianatos et al., 2004). It

Nagahama, 2006) and continuum damage models (e gcan be shown that the fibre-bundle model also recovers the
Lyakhovsky et al., 1993, 1997; Ben-Zion and Lyakhovsky, cumulative Benioff stral?—release, since

2002; Turcotte et al., 2003) are often used to investigate the) — Qp — Q) (1 — ,)% , (6)
brittle behaviour of rocks.

/ / H
In irreversible thermodynamics models, free energy is de-\Vhere €, and ©; are constants (e.g. Ben-Zion and

fined as a function of various state variables, including “inter- yaknovsky, 2002; Turcotte et al., 2003; Kawada and Naga-
nal state variables” (or “hidden variables”) not available for "@ma, 2006). Comparing Egs. (2) and (§)corresponds to
macroscopic observation (e.g., Biot, 1954; Schapery, 1964k andy o=(p—2)/[2(p—1)]. Hence the temporal evolution of
Lyakhovsky et al., 1993, 1997; Kawada et al., 2006). The in-$2 is regulated by the time-scale invariance in damage evolu-
ternal state variables are often represented by the generalizdtpn @nd viscoelastic behaviour. A similar scenario to Eq. (6)

coordinates. To investigate the damage evolution, a damag@/SC €merges in the time-series of atmospheric radon concen-
parameter is introduced into the internal state variable. In tration priorto a large earthquake (e.g., Yasuoka etal., 2006).

brittle damage processes, we defin@s a density of mi- Kawada et al. (2007) pointed out that the damage evolution

crocracks in a laboratory specimen, or as an area density Jf9ulated by Eq. (5) promotes radon migration within crustal

asperities in a fault plane or a contact surface of a rock Sam_[ocks:, and migration affects the time-scale invariant increase

ple, with O<<1. At «=0, the material is undamaged, while in the flux of radon into the atmosphere. Furthermore, the in-
it fails at a critical valuay... « is also regarded as [i')oros— variances in cumulative Benioff strain-release are found to be
e

ity in soil or sediment deformation, and as a density of line related to the fractal structure of the pre-existing fault system
vacancies or dislocations in a plastic process. (Nanjo and Nagahama, 2004a, b).
The viscoelastic behaviour of rocks associated with or

without damage evolution is empirically expressed by Dorn’s 4 Generation of charge and dipole due to damage evo-
equationé o« o” (e.g. Lankford, 1981; Poirier, 1985; Nanjo lution

and Turcotte, 2005). This power-law relationship is change-

able into a time-scale invariant decay of relaxation; Let us consider a mechanism generating charge and a dipole
do 1 due to the brittle damage evolution, that is, the charge sep-
4y = E@ ot (3)  aration on a pair of crack walls (e.g., Ogawa et al., 1985;

www.nhat-hazards-earth-syst-sci.net/7/599/2007/ Nat. Hazards Earth Syst. Sci., 7, 599—-606, 2007



602 Y. Kawada et al.: Preseismic electromagnetic radiation and magnetization

O’Keefe and Thiel, 1995; Tzanis and Vallianatos, 2002; and Teisseyre, 1998; Jou et al., 2001). The total differential
Takeuchi and Nagahama, 2004, 2006). The surface clfarge of G is given by
on the crack walls increases with crack propagation, and the

pair of crack walls generates an electric dippkQl, where 4G = —sdT — Edo* EdP + Edoz @)
[ is the separation distance. The charges and dipoles rapidly P da
decay to zero when the crack propagations ceases. whereT is the absolute temperatur@G/do can be consid-

A fault plane or contact surface of rock sample in a stick- €red as the macroscopic elastic strajrand 9G/0P as the
slip experiment is supported by many asperities. Shearing thelectric fieldE. When the process is isothermal and linearly
asperities generates and propagates the cracks, and the asp#gieversible, the phenomenological relationshipsof@nd P
ities finally fail. The failure of one asperity corresponds to a can be written as

seismic event or stick-slip event. Hence the area-enlargemeng,, 9G

of sheared asperities increases the number of electric dipoleg— = —Fa’ (8)
in the respective cracks (e.g., Takeuchi and Nagahama, 2004,

2006; Muto et al., 2007). When the fault plane or contact areap = « E, 9)

of the sample is approximately flat, the area-enlargement
of sheared asperities regulates the rate of summation of theshereT is a constant reflecting the temporal scale of the ir-
dipoles in the respective craclﬁ > p) _jt P. Note that reversible process, and is the electric susceptibility. Equa-
the temporal variation in total electrlc dipole concentration tion (8) describes to the energy release rate associated with
is related to the change in the intensity of the electromag-damage evolution (e.g. Myasinov et al., 1990; Lemaitre,
netic field. Hence when the area density of sheared asperit990; Lyakhovsky et al., 1993, 1997; Kawada and Naga-
ties is regarded asin Eq. (5) (e.g., Kawada and Nagahama, hama, 2006) and corresponds to théntegral in fracture
2006; Muto et al., 2007), the summation of dipolRsfol- mechanics (e.g., Rice, 1968; Lyakhovsky et al., 1993) and
lows a power-law of time-to-failure. In addition, the area Ginzburg-Landau equation (e.g., Honenberg and Halperin,
density of sheared asperity is proportional to the energy re1977; Lyakhovsky et al., 1993).
lease due to the damage evolution (e.g., Nagahama 1993a, We can write Maxwell relations for the last two terms in
b; Nagahama and Yoshii, 1993, 1994), and the summatiorEg. (7) as
of energy releases is generally quantified by the cumulative .
Benioff strain-release (e.g., Turcotte et al., 2003; Kawada (9™ ) _[2%E (10)
and Nagahama, 2006). P )roe \O) -

Both electromagnetic and mechanical energy releases
prior to the failure or seismic events are caused by the chang@hereM=0G/oa, and the change i are given as
in area density of sheared asperities (the damage evolution). M
Finally we note that Muto et al. (2007) reported that the § P = ( ~ ) S
change in area density of asperities promotes frictional dis- IE
charge (plasma generation) and that the change also causgereins represents the incremental change. Here, we re-
Benioff electromagnetic radiation. definedda/dt in Eq. (5) as a separable function,

(11)

d 2-p
d—‘f X Z(x,y.2) (te =)7L, (12)

whereZ(x, y, z) relates to the coordinates,(y, z). Com-

We have investigated the origins of critical phenomena inblnlng Egs. (9), (11) and (12) leads to
electromagnetic and mechanical energy release in terms or% PPt —t A (13)
damage evolution, and now discuss the relationship between — "1~ *?2 (e =)t

electromagnetic and mechanical energy release processes,jphere P; and P, are constants. From Egs. (9) and (1B),

terms of irreversible thermodynamics including time-scalecan pe seen to depend on the power-law of time-to-failure

Invariance. (time-to-earthquake). Thus the electric polarization is asso-
ciated with damage evolution, which affects the Benioff elec-

5.1 Irreversible thermodynamics of damage evolution andiromagnetic radiation.

electric dipole prior to rock failure or a large earthquake In Sect. 4, we confined the damage parameteto the

brittle damage evolution. As defined in Sect.a3can be

We now consider irreversible thermodynamics for damagealso regarded as the density of the line vacancies or dislo-

evolution and the electric dipole, defined by the Gibbs freecations. The change in electric field due to the motion of

energy per unit volumé&=G (s, o, o, P) wheres is the en-  charged dislocation can then be described by the irreversible

tropy density (e.g. de Groot and Mazur, 1962; Nagahamahermodynamics in Eq. (7) (Nagahama and Teisseyre, 1998;

5 Discussions

Nat. Hazards Earth Syst. Sci., 7, 599—606, 2007 www.nhat-hazards-earth-syst-sci.net/7/599/2007/



Y. Kawada et al.: Preseismic electromagnetic radiation and magnetization 603

Teisseyre and Nagahama, 1999, 2001). Thus the irreversiblez @ 241 MPa
thermodynamics for damage evolution is applicable to mech- X 4 224 MPa 273 MPa

anisms generating the electromagnetic signals, such as thes

5

n—20 X

motion of charged dislocation and the opening and propaga- e 1 £
tion of cracks, and these mechanisms relating the time-scale 2 3
invariant evolution of damage contribute to Benioff electro- £ 18 £
magnetic radiation. o : 110 g
S | o | 3

i~ ati i i ion & P ARt =] 8

5.2 Rock magnetization associated with damage evolution L - 258 MPa = =
prior to failure I o L 2

\ \ \ —100 £

0 600 1200 1800 2400

We can also discuss the seismo-magnetic effect associated -
Deformation time 7 [sec]

with damage evolution based on the analogous framework
of irreversible thermodynamic in Sect. 5.1. The Gibbs free

1.4 —_
energy for rock magnetization is defined by Eq. (7) after re- q_ 1.2 ¢
placing P by the magnetic field?, and therdG/oH can be = 10 e
regarded as the magnetizatidn(e.g., de Groot and Mazur, § 08 T
1962; Nakamura and Nagahama, 1997b, 1999, 2001). In thisg °° os ©
case,J and H have a linear relatiod=xH, wherey is the 2 g: h 0'7 3
magnetic susceptibility, and the Maxwell relation between g 0.0 h 0'6 %
andH yields a relation, = Cz

S —o0s5 .8
& E
= . — 0.4 <
57 = (%> 50, ) . 03 5
OH \ \ \ 02 2
2.0 25 3.0 3.5
Then, Egs. (12) and (14) lead to log[Time-to-failure - 7 (sec)]
1 Fig. 3. The temporal changes in remanent magnetization change
J=Jhh— D=t yg = ——, (15) and inelastic volumetric strain(@) The temporal evolution of rel-
p—1 ative magnetic unit associated with repetitive creep-rate changes.
The changing points in creep-rate are regarded as seismic events.
whereJ; andJ> are constants. This figure is adapted from Martin and Wyss (1975p) Log-

Based on these theoretical remarks, we analyze data dpg plots of relative magnetic unit, inelastic volumetric strain

- : . .. (a type of damage) and time-to-failure. The plots at changing
remanent magnetization change associated with reF)euuvé"oints of creep-rate in Fig. 3a are analyzed. The fitted lines fol-

creep—ratg changes (F|g.3a, Mart!n and Wyss, 1975)', Sudde w the respective temporal power-laws given in Eg. (15) and
changes in stress or strain-rate induce the respective creep _, ., (t7—1)”", whereyy, £1 ande, are constants.

curves, and the superposition of the creep behaviours yields a

temporal power-law change in inelastic volumetric steain

shown in Fig. 3b. When the damage parametées regarded ]

as a normalized parameter on the inelastic volumetric straif Conclusions

sv/év, whereéy denotes the inelastic volumetric strain at

t=t., o represents the respective creep behaviours and theifo explain the time-scale invariances in preseismic electro-
superpositionp regulates the time-scale invariances in the magnetic and mechanical energy releases, we have inves-
superposition. This is one of the patterns of the mechanitigated the damage mechanics to represent both brittle and
cal energy release. The changes in magnetization definitelplastic processes inducing the electromagnetic radiation. The
correspond to the repetitive creeps and their superpositionirreversible thermodynamics with time-scale invariance re-
which supports the theoretical relations in Egs. (14) and (15)veals that the time-scale invariant evolution of damage (such
(Fig. 3b). Thus the time-scale invariant change is manifestas opening and propagation of cracks, motion of charged dis-
in remanent magnetization changes due to damage evolutioilocation, area-enlargement of sheared asperities, and repeti-
prior to rock failure. Although the seismo-magnetic effect is tive creep-rate changes) produces the temporal variation in
not often greater than the stable level of geomagnetic effectelectromagnetic radiation and mechanical energy releases
(e.g., Rikitake, 1976), it is not always trivial to recognize the prior to failure or seismic events, and causes patterns in the
trend of the temporal power-law change in the magnetizatiorBenioff electromagnetic radiation and cumulative Benioff
around the fault zone. strain-release. Using the irreversible thermodynamics, we

www.nat-hazards-earth-syst-sci.net/7/599/2007/ Nat. Hazards Earth Syst. Sci., 7, 599-606, 2007
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find also that the time-scale invariant pattern of magnetic enfreund, F.: Time-resolved study of charge generation and propaga-

ergy release due to damage evolution of repetitive creep-rate tion in igneous rocks, J. Geophys. Res. B, 105, 11 001-11019,

changes can occur prior to rock failure. 2000.
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