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Monitoring of a preseismic phase from its electromagnetic precursors
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Fracture in disordered media is a complex problem for which a definitive physical and theoretical treatment
is still lacking. We view earthquakd&Q's) as large-scale fracture phenomena in the Earth’'s heterogeneous
crust. Our main observational tool is the monitoring of the microfractures, which occur in the prefocal area
before the final breakup, by recording their kHz—MHz electromagri&fi¢) emissions, with the MHz radia-
tion appearing earlier than the kHz. Two fundamental questionanswered ygtthat scientists in this field
ought to address are as follows). Is there a way of estimating the time to global failuf@? Is the evolution
towards global failure irreversible after the appearance of distinguishing features in the preseismic EM time
series? We attempt to put forward physically powerful arguments with regard to answering these two basic
questions. Our approach will be in terms of critical phase transitions in statistical physics, drawing on recently
published results. We obtain two major results. First, the initial MHz part of the preseismic emission, which has
antipersistent behavior, is triggered by microfractures in the highly disordered system that surrounds the
essentially homogeneous “backbone asperities” within the prefocal area and could be described in analogy with
a thermal continuous phase transition. However, the analysis reveals that the system is gradually driven out of
equilibrium. Considerations of the symmetry-breaking and “intermittent dynamics of critical fluctuations”
method[ 1] estimate the time beyond which the process generating the preseismic EM emission could continue
only as a nonequilibrium instability. Second, the abrupt emergence of strong kHz emission in the tail of the
precursory radiation, showing strong persistent behavior, is thought to be due to the fracture of the high-
strength “backbones.” The associated phase of the EQ nucleation is a nonequilibrium process without any
footprint of an equilibrium thermal phase transition. The family of asperities sustains the system. Physically,
the appearance of persistent properties may indicate that the process acquires a self-regulating character and to
a great degree the property of irreversibility, one of the important components of predictive capability. We
address the role of the order of material heterogeneity on the transition from antipersistent to persistent
behavior.
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[. INTRODUCTION recent analysis by Kapirist al. [1] in terms of prefracture
o o EM emission reveals that the same critical fractoelectrody-

Fracture in disordered media is a complex problem foamics may hold from the geophysical scale down to the
which a definitive phyS|caI and theoretical treatment is Stl"microscopic scale of the Samp|e’5 rheo|ogica| structure. In
lacking. Earthquake€EQ's) are large-scale fracture phenom- addition, these authors observe a striking accord of critical
ena in the Earth’s heterogeneous crust. A vital problem irexponents between acoustic emission and EM emission in-
material science and in geophysics is the identification otluced by rock fracture, which further supports the hypothesis
precursors of macroscopic defects or shocks. Here we shathat the opening crack emits both acoustic and EM pulses.
focus on the geophysical view of this problem, but will also  Our main observational tool is the monitoring of the mi-
discuss relevant laboratory observations. crofractures, which occur in the prefocal area before the final

Crack propagation is the basic mechanism of material§reakup, by recording their VLFKkHz) to VHF (MHz) EM
failure. When a heterogeneous material is strained, its evoligmissions. Clear VHF-to-VLF EM anomalies have been de-
tion toward fracture is characterized by local nucleation andected over periods ranging from a few days to a few hours
coalescence of microcracks before global failure. BothPrior to recent destructive EQ's in Greece, with the VHF
acoustic and electromagnetiEM) emissions in a wide fre- fadiation appearing earlier than the VILE]. In principle, it
quency spectrum ranging from very low frequendiésF’s) is difficult to establish a particularly strong connection be-
to very high frequencie€/HF's) are produced by the open- tween two events that are separated in a time span such as

ing of microcracks. These emissions are considered as préhat between a preseismic EM emission an_d the impending
%‘ent. Because of this, we have attempted in recent work a

g:izgzb?;%%?ﬁ r;'} gﬁ;ﬁ;ﬁg&?ezﬁ dp(r;c;rsggy ﬁ h:.gg{gig?ea ultidisciplinary study of the recorded field anomalj&s9].
y geophysi "The study supports the association of the recorded EM

anomalies with the fracture process in the prefocal area.
The purpose of this paper is to study two fundamental

*Electronic address: ycont@panafonet.gr questions that are as yet unanswergpls there a way of
"Electronic address: pkapiris@cc.uoa.gr estimating the time to global failure@) Is the evolution
*Electronic address: ceftax@phys.uoa.gr towards global failure irreversible after the appearance of
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distinguishing features in the prefracture EM time seriesnethod that the allowed range pfvalues for a second-order
Here we attempt to put forward physically powerful argu- phase transition ip,>1. The connection betwegn andH
ments which may shed light on these two questions. leads to the suggestion that the maximum allowable value of

In the remainder of this section we briefly present theH for a second-order phase transition is 0.5. This is a crucial
structure of our work. In Sec. Il we report on the connectionvalue characterizing the transition of a system from antiper-
between EM signals and microfracturing activity. sistent (0<H<0.5 to persistent(0.5<H<1) behavior.

In Sec. Il we introduce the essential concepts of the in-Consequently, we suggest that rupture in the focal area can
termittent dynamics of critical fluctuatiolDCF) method be described in terms of a second-order phase transition until
[10,11]. This method has shown that fluctuations in the ordethe moment that the preseismic time series shows persistent
parameter, corresponding to successive configurations of lsehaviour—i.e., until the local Hurst exponent exceeds 0.5.
critical system in thermal equilibrium, obey a dynamical law The analysis reveals an increase with timeHoéxponent in
of type-I intermittency. the VHF EM time series, but within the range, 0.5. We

Our model of the focal area consists (0f a backbone of argue that the interplay between the heterogeneities in the
strong and almost homogeneous large asperities that sustaimsefocal area and the stress field could be responsible for the
the system andii) a strongly heterogeneous medium thatobserved antipersistent pattern of the precursory VHF EM
surrounds the family of strong asperities. We distinguish twatime series. Interestingly, the SB is completed when khe
characteristic epochs in the evolution of precursory EM acexponent is shifted close to 0.5, and it happens in the tail of
tivity and identify them with the equivalent critical stages in the VHF EM radiation. This observatidin) confirms the re-
the EQ preparation process. sult using the IDCF method that the intervak® < 0.5 im-

The first epoch includes the initial VHiMHz) antipersis-  plies an underlying second-order phase transition in equilib-
tent part of the precursory EM emission. In Secs. IV=VII werium and(ii) may indicate that the “siege” of the backbone of
establish the hypothesis that the VHF precursory EM emisstrong asperities, which sustains the system, has already been
sion originates during microcracking in the highly heteroge-started. Microcracking will then occur in the strong asperities
neous component. There, weaker areas and smaller asperitiéshe local stress exceeds fracture stress.
can rupture earlier than stronger areas and larger asperities, The second characteristic epoch in the evolution of pre-
and thus the rupture is finally obstructed at the boundary otursory EM activity includes the last stage of the precursory
the backbone of strong asperities. VLF EM radiation. In Sec. VIl we emphasize that it is

Growing evidence suggests that rupture in strongly disormainly characterized by strong multipeaked signals with
dered systems can be viewed as a type of criticaboth sharp onsets and falloffs that show persistent behavior;
phenomenon—e.g[12-16. The application of the IDCF namely, the associated Hurst exponknvaries from 0.5 to
method(Sec. IV) verifies that the source of the initial VHF 1. This final part of the radiation evolves as a phase transi-
phase of the precursory EM activity can be described asion far from equilibrium without any footprint of an equilib-
analogous to a second-order phase transition: from the phas@m phase transitionThe presence of persistent properties
of a sparse almost symmetrical random cracking distributiorin the tail of the precursory EM phenomenon indicates that
to a localized cracking zone that includes the backbone athe fracture acquires the property of irreversibility. We sug-
strong asperities. gest that this radiation is due to the fracture of the high-

A characteristic signature of the onset of a continuousstrength large asperities. In Sec. VIII we present further evi-
(second-ordgrphase transition is symmetry breakifgB). dence indicating the fracture of asperities.

This signature is hidden in the VHF preseismic time series In Sec. IX we discuss the EM quiescence observed in all
(Sec. V). The SB here lies in the transition from nondirec- frequency bands just before global failure. The main results
tional uncorrelated to directional correlated crack growth.of the present work are summarized in Sec. X.

This finding further supports the hypothesis that the rupture We stress that in order to study a preseismic EM phenom-
in disordered systems can be viewed as a type of criticaénon based on concepts of statistical physics it must satisfy
phenomenon. the following requirementdi) It must have a long duration

Recent statistical fractal spectral analyis88$ reveals that in order to include information associated with the last stages
changes with time of the associated scaling dynamical pasf the EQ preparation process. Additionally, a long duration
rameters emerge as the main shock is approached. Theserequired for its statistical analysi€i) It must have been
changes reveal that the system is gradually driven out ofecorded in various narrow frequency bands, distributed in
equilibrium. Thus, we try to determine up to what time thethe kHz—MHz range. This is consistent with field and labo-
preseismic EM phenomenon shows footprints of a classicaiatory experience, according to which the main part of the
equilibrium phase transition. In Sec. V we study this subjecemission spectrum is significantly shifted from higher- to
in terms of “symmetry breaking.” We are interested not onlylower-frequency bands as the global failure is approached.
in the appearance of the latter but also in its temporal evofiii) The recorded radiation must be very clear and represen-
lution. tative of the fracture process, which means it has not been

We attempt in Secs. VI and VIl to establish a connectionsignificantly absorbed by the conducting crust. This implies
between the characteristic criticg@, exponent associated that the EM precursor must be associated with an in-land
with the IDCF method and the Hurst exponent, which de-seismic event which is both strong and shallow.
scribes the antipersistente and persistent behavior of the EM Over a period of ten years of experimental work, only two
time series. TheH exponent is determined in consecutive of the collected preseismic EM signals satisfy all the afore-
time intervals of small duration. It is implied by the IDCF mentioned criteria. These two are associated with the
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Kozani-GrevendKG) EQ and the Athens E(Gee Fig. 1 In EM radiation during a fracture experiment and correlated
order to further validate our results based on these EQ’s, wthem with crack dimensions directly.
have systematically investigated whether the results of the Several atomic models have been put forth to explain the
present analysis are in agreement with laboratory findings ofrigin of EM emission(e.g., [26] and references thergin
fracture in rocks. [28—31. Consider in particular the “movement of charged
crack surfaces.” In this model, when a crack opens the rup-
ture of interatomic(ionic) bonds leads to intense charge
Il. EM RADIATION ACCOMPANYING FRACTURES separation[36—38. Direct evidence of a surface charge of
IN SOLID MATERIALS opposite polarity on fresh fracture surfaces has been pro-
vided by Wolibrandtet al.[39]. Simultaneous measurements
Prefracture EM radiation is a multiscale phenomenon thabf the electron, ion, and photon emissi¢iractoemission
is currently under investigation in the fiefdefore EQ’$and  accompanying fracture support the hypothesis that charge
in the laboratory. It has been detected during fracture in variseparation accompanies the formation of fracture surfaces
ous materials, including metals, alloys, single crystals, rockd,36,40-42. On the faces of a newly created crack the elec-
and ice[17-27. In addition, sufficient experimental results tric charges constitute an electric dipdier a multipole of
illustrating the connection between anomalous VLF-VHFhigher orde), and due to crack wall motion, EM radiation is
EM phenomena and EQ preparation have been presented iremitted[32,34. Experiments performed by Kuksenkd3]
rather comprehensive collection of papg28-31l. for several materials such as glass, alkali-halide crystals, and
Laboratory evidence indicates that EM and acoustic emisseveral rock specimens support this hypothesis. Additional
sions are two sides of the same coin, both caused by cragvidence for this mechanism was provided by Khatiashvili
formation and growtl{“laboratory earthquakey"This state- [44], who investigated the spectral features of prefracture
ment is supported by the following) The onset time of EM  EM emission, and by O’Keefe and Thigt5], who studied
emission was found to coincide with that of acoustic emisthe phenomenon during ice compression. Crack motion in
sion [20,27,32-34 (ii) Simultaneous EM and acoustic fracture dynamics has recently been shown to be governed
pulses associated with the same microcracking event havugy a dynamical instability, which causes oscillations in the
been recorded in both piezoelectric material and nonpiezcerack velocity and structure on the fracture surface. Evidence
electric ionic crystal$27]. (i) Various author$26,35 have indicates that the instability mechanism is local branching;
accurately measured and parametrized individual pulses a@fe., a multicrack state is formed by repetitive, frustrated mi-
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crofracturing eventp46—48. Local branching obeys a power so-called critical magCM). For small values of the order
law which may provide an explanation for the scaling behavparameterp this map can be written

ior of fracture surfaces that has been observed in many ma- .

terials[49]. Laboratory experiments show intense EM frac- 1= Pn T UP, + €, (1)

toemission during this unstable crack growti]. In this . . el —. :

unstable stage we regard the emission from the correlate\gzzlrg ¢Sr:§tg§rén%ge%&gg|nf alﬁzlklzjltﬁr.leHzLeitlgblﬁet?aenrgsrof

Egﬂﬂi:b?"?f fractoemissions as a precursor of the final gloi/alueSzp ensuring G= ¢<1. The exponent is related to the
Y. isothermal critical exponentasz=45+1. The shift parameter

We recently introduced a model for the generation of Pre-introduces a stochastic noise.

seismic EM emissions which explains the observed phenom- The exact solution for the CM possesses, apart from the
enology in terms of microcrack geometry and fractal electro-

) . extended laminar region near the valugs 0, a superexpo-
dynamicg[8]. The EQ’s occur on a fractal structure of faults . . . . ; .
[1,50]. We consider that the emitting, diffusing, and recom-nem'al decreasing region, which acts as a kick mechanism

bination charge accompanying the microfracture acts as for a gi\(en traje_ctory Ieading i.t through one iteration back to
current. From this point of view an active crack or ruptureﬁ)]e Iam.mar regmr{seg Fig. 1 in Refl11)). . .

: g ; ) . The invariant density(¢) of such a map is characterized
can be regarded as a “radiating element.” The idea is that as . . : .
the critical point is approached, an array of line element y a plateau which decays in a superexponential (ag. 2

: s in Ref.[11]).
having a fractal distribution on the ground can form a fractal , . .
geoantenna. We have tested this idea in terms of fractal elec- The first part of the CM follows the bisector, like the tent

trodynamics, which combines fractal geometry with Max- map. t_he_"”ﬁ't whe_re the slope tends to 1. It is knoisd]
well’'s equations of electrodynamigs1,52. that in this limit the Liapunov exponent of the tent map tends

We cite the following experimental evidence. A clear VLF to zero and the corresponding trajectories possess a laminar

EM emission was recorded during the last few days befor(?ehawor. It is also known that the invariant measure of the

the Athens EQsee Fig. 1b)]. The statistical analysis reveals tﬁgt r:;?ga:j raeuircl)lriocr)rpt:\lénicr:\l/%?i.am%r:r:o're v)vi(;:r(:ggluodned;hat
that the cumulative numbeéM(>A) of EM events—namely, P 9 St P

: : to the laminar region of the CM, where fully correlated dy-
the number of EM events having amplitude larger thannamics takes place. But due to the fact that the dynamical

A—follows the power law[1] N(>A)~ A %62 Rabinovitch . ; .
et al. [25] have studied the fractal nature of EM radiation law (1) changes continuously withh, the end of the laminar

. ; . egion is not strictly defined and therefore should be treated
induced in rock fracture. The analysis of the prefracture ENI;S a varying parameter.

gr;zmsue(;f: ;E\ge?ésnot\t‘ét ;hSO\(/:vueTlljzlj\a\;\t/NvE\}/i tﬂlsetzggtrllce)ﬂt oé ége The distribution of the laminar intervals in the limit where

The accord of the critical exponents suggests that the sameél_>0 is given by the power lab4]

fractoelectrodynamics may hold from the geophysical down P() ~ 177, (2

to the microscopic scalgl]. In addition, scaling similarities ) .

of acoustic and EM emissions during multiple fracture in'Where the exponerg is connected with the exponenby

solid materials from the laboratory scale up to the geophys- 1

ical scale strongly support the hypothesis that both types of p=l+——r7n. 3
feai : : z-1

emission are generated during crack operiihg

Inversely, the existence of a power law such as Bjis
. INTERMITTENT DYNAMICS OF CRITICAL a signature of an underlying correlated dynamics associated
FLUCTUATION METHOD with the critical behavior. Indeed, it is straightforward to
show that if the time series is dominated by a random pro-
In a recent papelrl0] we propose a statistical method of cess, then the corresponding distribution of the lengths of the
analysis for the critical fluctuations in systems which un-laminar region should be exponential. In fact, in this case, if
dergo a continuous phase transition at equilibrium. Thighe probability of being in the plateau regiondsthen the
method is based on a previous work of ours, according tQqresponding distributioR(l) should be
which the fluctuations of the order parameter at the critical
point of a continuous phase transition obey an intermittent E’(|) =ce! MW = const.
dynamics which can be analytically expressed by a one-
dimensional map of intermittency type[lL1]. The IDCF  The universal character of critical phenomena gives meaning
method has been applied in numerical systems such as tit@ the exponentp=1+1/(z-1) beyond a thermal phase
three-dimensional3D) Ising model[10], as well as in non- transition. By definition the exponept>1 because in criti-
thermal real systems such as preseismic fract{@¢sand cal phenomena we hav&>0(z>1).
biological system$53]. We present now a process for investigating criticality in a
In what follows we give an overview of the IDCF nonequilibrium system.
method. We refer the reader who is interested in more theo- We proceed by searching windows in a time series, where
retical details td10,11]. the distribution of their valueg is similar in form to the CM
The exact dynamics at the critical point can be analyti-invariant density; namely, it demonstrates a plateau which
cally determined for a large class of critical systems by thedecays in a characteristic way—e.g., exponential or abrupt.
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FIG. 2. (a) shows the 41-MHz time series associated with the Kozani-Grevena earthquake. The star indicates the time of the earthquake
occurrence(b)—(e) show the distribution of the amplitude of electromagnetic pulses for four consecutive time intervals mai®ed lire
second(shaded time interval determines, in terms of the IDCF methdd], the crucial time interval during which the short-range
correlations evolve to long randeritical window); the corresponding distributidic) might be considered to be a precursor of the impending
symmetry breaking readily observable in the subsequent time int@varhe distribution in(e) is very similar to that of(b), while here
there is an upward shift of the values to the range of the second lobe of the distribu(@ntime appearance of the distribution in tfe
may indicate that the symmetry breaking in the underlying fractoelectromagnetic mechanism has been almost completed. The aforemen-
tioned evolution is expected in the framework of the hypothesis that the fracture in the highly disordered media develops as a kind of
generalized continuous phase transition.

A cumulative stationary condition is necessary for the appli- IV. APPLICATION OF THE ICDF METHOD TO THE
cation of the IDCF method to nonequilibrium systems. The DETECTED PRESEISMIC VHF RADIATION
search for stationary behavior is done inside the time series \we refer to the preseismic 41-MHz EM signal detected
windows. o _ o _ prior to the KG EQFig. 1(a)]. The data are sampled at 1 Hz.

We look for a nontrivial dynamics within the windows. \ve find a window including 23 000 points, starting almost
This is accomplished as follows. . 11 h before the time of the EQ, in which a cumulative sta-

We produce the distributioR(l), where thd is the lami-  tionary condition occurs. As mentioned above, cumulative
nar interval—namely, the stay time within the laminar re- stationary behavior in the time series is a necessary condition
gion. Thekth laminar intervall is determined by counting for applying the IDCF method to a nonequilibrium process.
the number of successive valugsof EM fluctuations ful- e shall refer to the corresponding window as a “critical
filling the conditiony < ;< i, i=k+1,... k+l, wherey,,  window” (CW). The stationary behavior of the CW can be
# are the bounds of the laminar region. The value/gfis  checked by estimating the mean value and the standard de-
essentially the origin of the plateau. The end of the laminakjiation for various time intervals in the CW, all having a
region ¢ is put in the decay region and, as mentioned prezommon time origin. The results are shown in Figa) of
viously, will be treated as a parameter. Using the fitting func-ref.[9]. (In Sec. V, where we analyze the second example of
tion P(I)=pyIP2e™ we estimate the exponenfs,ps for  preseismic signals associated with the Athens EQ, we will
different values ofy. Each pair(p,,ps) characterizes a se- demonstrate in detail how the cumulative stationary estima-
quence of valuega trajectory which corresponds to the tion is done) In our Fig. 2a), the signal of EM fluctuations
laminar regior{ ¢4, 1]. Generally, small values for the expo- in the 41-MHz channel is shown. We have identified four
nentpz (near Q andp, values greater than 1 indicate that the characteristic time intervals in this signal, and the corre-
time series possesses an intermittent component similar &ponding distributions of the amplitude of the EM pulses are
the dynamics of the fluctuations of the order parameter in &hown in Figs. )-2(e). All these windows include the
critical thermal system. In the ideal case, for a data set wittmaximum number of experimental points before the distri-
very high statistics, the, values are almost equal to each bution begins to change form.
other and thep; exponents are very close to 0. For these The distribution in Fig. &) is of the form indicating a
cases the critical exponeptis the commor{or mean value  CW. It shows the characteristics of an invariant density of a
of p,. CM—namely, a plateatwith some fluctuationsand the de-

In the next sections, we apply the IDCF method to thecay on the left.
initial VHF component of the recorded preseismic EM ac- The next step in the analysis is to produce the distribution
tivities prior to the KG EQ. P(l) where the length is the laminar interval—i.e., the stay
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FIG. 3. The exponentp,, p; versus the end of laminar region  p|G, 4. The distributiorP(1) of the laminar intervals. The solid
¢i- The analysis refers to the KG EQ case. line represent the fitting functioR(1)=p,l P2 P, The analysis re-
fers to the KG EQ case.
time within the laminar region. Thkth laminar interval, is
determined by counting the number of succesh@alues of  jhle process discussed here by making an analogy to a ther-
EM signal fulfiling the condition yy<¢i<vo, 1=K  mal continuous phase transition. In the latter, the distribution
+1,... k+l, whereyy, ¢ are the bounds of the laminar re- of the fluctuations of the order parameter with temperature
gion. The value ofj, is essentially the origin of the plateau yeyeals the progress of the SB. This distribution is almast a
(corresponding to the marginally unstable fixed poiftt ~ function at high temperature and evolves to a Gaussian with
which here has the value-387). We treat the end of the mean value zero as the system approaches the critical point.
laminar regiony; as a variable parameter inside the decayAt the CP a characteristic plateau in the distribution appears,
region. Using the fitting functiorP(l)=p,IP2e™P# we esti- and the SB emerges as the temperature further decreases
mate the exponents,, p; for different values off; as shown [10]. Below the critical temperature the distribution becomes
in Fig. 3. again Gaussian but its mean shifts to higher values associ-
In Fig. 3 we see that almost all trajectories have smallated with the SB. AsT approaches 0 K, where the SB is
exponentsy; and the corresponding exponemtshave val-  completed, it becomes &function again. We look for these
ues equal to or greater than 1. Therefore almost all the trasharacteristic features in the preseismic time series, with
jectories have an intermittent character similar to thermaktress taking on the role of temperature.
critical systems. It is also clear that where tiebecomes a
minimum the exponer, becomes a maximum. From Fig. 3
these extremes am=0.022+0.003 ang,=1.20+0.01. For The question of whether rupture exhibits the properties of
these values the distributioR(l) (Fig. 4) is closest to the a first-order or a second-order phase transition remains under
power law(2) and therefore the corresponding expor@nis  discussion, as well as the nature of the order parameter that
closest to the critical exponenpt. indicates the type of transitiofb5]. As mentioned, during
The above analysis indicates that during the CW the flucthe CW the fluctuations of the amplituge of the preseismic
tuations of the amplitude); of the recorded preseismic EM EM time series have an intermittent behavior similar to the
time series have an intermittent behavior similar to the dy-dynamics of the order parameter’s fluctuations of a thermal
namics of the order parameter’s fluctuations of a thermatritical system at the critical temperature. This implies that
critical system at the critical temperature. It is for this reasorthe amplitudey; behaves as a kind of order parameter.
that we refer to this time interval as a “critical window.” This  In a recent Letter, Morenet al. [55] explored through
finding indicates the critical character of the underlying frac-numerical simulation the criticality of fracture in heteroge-
ture mechanism characterized by the presence of long-ranggous materials. Followinh6], Caldarelliet al. [57] intro-
correlations as well as fluctuations at many different timeduce the branching rati¢ for each avalanche. This param-
scales. eter represents the probability of triggering future breaking
events given an initial individual failure and is related to the
number of broken bonds by

-1
A thermal second-order phase transition is associated with (= % (4)
a “symmetry breaking.” To gain insight into the catastrophic
character of fracture phenomena, we will elucidate the evowhere(z) represents the average number of elements that fail
lution of the SB with time for the nonequilibrium, irrevers- in one avalanche, which is a function of the control param-

A. Order parameter

V. SYMMETRY-BREAKING PHENOMENON
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etero (stres$. The above relation can be obtained by think- of the EQ preparation process can be carried only up to this
ing of the evolution of fracture as a branching process. point
In this process, each node gives rise to a nuntbef new
branches in the next time step. The average numbémas
called the branching ratig. The branching ratio takes the
value 1 when the system is critical, so its value at any prior
time represents a measure of how close the system is to Theoretical studies as well as experimental observations
criticality. The branching ratio then acts as amler param-  from the geophysical scale up to laboratory scale verify that
eter. microcracks, isolated in space and time, emerge during the
Interestingly, due to the behavior of the branching ratio, itinitial stages of the fracture process in heterogeneous media.
has been suggested that fracture in heterogeneous systeffisese subsequently grow and multiply. This leads eventually
with long-range interaction can be described as analogous t@ cooperative effects associated with the appearance of a
a second-order phase transiti&®9]. clearly preferred direction of elementary fracture activities
As mentioned in Sec. Il, the intensity of the prefracturejust before the global failure. So the symmetry in the spatial
EM emission gives a measure of the rate of broken bondsistribution of opening cracks is broken. We suggest that the
The preseismic EM time series was sampled at 1 Hz. Thusybserved “symmetry breaking” is the transition from a sparse
the amplitudes); of the recorded EM time series constitute a almost symmetrical random cracking to a localized cracking
measure off, the numbern) of bonds broken in the time zone that includes the backbone of strong asperities. This is
interval fromt;_; to t;. In the language of phase transitions, analogous to the transition from a paramagnetic to a ferro-
we consider the amplitudg; of the intensity of the recorded magnetic system, where symmetry is broken because of a
EM radiation as proportioned to the order parameter. spontaneous magnetization that defines a unique direction in
The control parameter can be taken as the s{f@@sor  space. The following theoretical and experimental informa-
the time, if we suppose that the stress increases linearly wittion supports this suggestion.
time. Kolesnikov and Chelidzg60] have introduced the model
of anisotropically correlated percolation. The major points of
this model are thafi) elementary ruptures interact due to
overlapping of thei(scalaj stress field, giving rise to corre-
Let us look specifically at the preseismic VHF EM lation effects, andii) at the same time the action of aniso-
anomaly associated with the KG EQ. Figuréb)22(e) ex-  tropy inherent in the material leads to the existence of pre-
hibit the distribution of the recorded EM fluctuations in suc- ferred directions in the arrangement of elementary ruptures.
cessive time windows. As mentioned the distribution of theThus both correlation and anisotropy should be taken into
amplitudey; of the preseismic EM time series in Figicis  account simultaneously61]. Both properties are hidden in
of the form indicating a CW. The distributions of the fluc- the pre-seismic EM time series.
tuations of the order parameter in FiggbRand Zc) in Ref. The fractal analysis of the VHF preseismic EM emission
[10] reveal the SB in a thermal-critical syste8D Ising  associated with the KG EQ verifies that the underlying frac-
mode). A simple comparison between these figures and outure process evolves under the constraint of increasing in the
Figs. 4c) and 4d) indicates clearly the similarity between spatially anisotropic distribution of fracture events. Indeed,
the corresponding distributions. We note that the distributiorihe appearance of a preferential direction should undoubtedly
in Fig. 2(d), which indicates the emergence of SB, separateseduce both the multifractality and the fractal dimension. We
into two characteristic lobes. Let us focus on Figd)znd  cite the following evidence.
2(e). Figure Zb) shows the distribution before the emergence (i) Following Ivanovet al. [62] we examined the multi-
of the “critical window.” This distribution may be considered fractal properties of the VHF time series in the case of the
as a precursor of the impending critical window. Figute)2 KG EQ, specifically the spectrum of the fractal dimension
shows the distribution after the beginning of SB. This distri-D(H), as a candidate precursor of the main shock. The re-
bution is very similar to that of Fig. (®). However, here sults suggest that after the appearance of symmetry breaking
there is an upward shift of the values to the range of thehe EM time series manifests a reduction of multifractal
second lobe of the distribution in Fig(d. The appearance complexity, displaying a smaller range of local Hurst expo-
of the distribution in Fig. ) may indicate that the SB in the nentH, while the dominant local Hurst exponent is shifted to
underlying fracto-EM mechanism has been almost comhigher valuegFig. 5 [3,8]. The observed reduction of mul-
pleted. tifractality may indicate that the network of fractures be-
It is generally accepted that the terminal phase of the E@omes less ramified due to anisotropy correlations. Nakaya
preparation process is accompanied by a significant increassd Hashimotd 63] have studied the temporal variation of
in localization and directionality. The completion of the SB multifractal properties of the seismicity in a region affected
may signal that microfractures in the heterogeneous compdsy an associated main shock. They find that if a multifractal
nent of the prefocal area, which surrounds the backbone ditructure reflects the accumulation of strain energy, then mul-
strong asperities on the fault plane, have finished: the “siegefifractality will decrease prior to the release of a large
of the backbone of asperities begins. Note that the SB ismount of strain energy accumulated at an asperity.
complete~3 h before the cessation of the EM precursor. (i) In a geometrical sense, both the Hurst exponent and
We think that the second-order phase transition analogythe multifractality specify the strength of the irregularity in

C. Physical background behind the evolution
of the symmetry breaking

B. Symmetry breaking in the case of the KG EQ

066123-7



CONTOYIANNIS, KAPIRIS, AND EFTAXIAS PHYSICAL REVIEW E71, 066123(2005

1
@
0.9
T
0840
0.7
200 13-May-1995 ® 1 08
06:40 07:12 07440 01 02 '
Time (UT) H

FIG. 5. Two segments of the precursory 41-MHz electromagnetic signal associated with the Kozani-Grevena earthquake recorder on 12
May 1995(upper row and 13 May 1995lower row). The earthquake occurred on 13 May 1995 at 08:47:12TC). In the right part of
the figure the corresponding fractal dimensi@{$1) are presentef62]. It is clear that as the main shock is approached the EM time series
manifests a significant reduction of multifractality.

the EM signal. Ponomarest al. [64] have reported in-phase with the concentration of stresses around the family of as-
changes of the temporal and spatial Hurst exponents duringerities

sample deformation in laboratory acoustic and EM emission We think that, taken together, the reduction of multifrac-
experiments. The fractal dimensidris found from the rela- tality and the decrease of fractal dimension in the precursory
tion d=2-H for the fractional Brownian motiofBm) (see = VHF EM time series may signal the transition from a sparse
section VI)) class which, after considering the observed shiftcracking distribution to localized cracking within the zone
of the exponentH to higher values with time, leads to a that includes the backbone of strong asperities.

decrease of fractal dimension as the main event
approaches—i.e., a decrease in signal irreguldsge also
the next section On the laboratory scale—e.g., Hirata and
Imoto [65]—it is found that the spatial distribution of the Here we present of the application of the IDCF method
hypocenters of the opening cradkkaboratory EQ's’) shows and symmetry breaking phenomenon to the 135 MHz pre-
fractal structure. But the fractal dimension significantly de-seismic EM signal detected before the Athens[E@. 1(b)].
creases with the evolution of the microfracturing process. In applying the IDCF method, we find at least three time
Recent experiments verify this behavi@6,67]. These ex- windows which have the properties of a CW. Figure 6 shows
periments correlate the decrease of the fractal dimensioone such window, which has a duration of 20 000 sec. The

D. Case of the Athens earthquake
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FIG. 6. (a) shows the 135-MHz time series associated with the Athens earthglmkéd) show the distribution of the amplitude of
electromagnetic pulses for four consecutive time intervals markéaj.iithe first time interval determines, in terms of the IDCF methigd
the crucial time interval during which the short-range correlations evolve to a long-range critical window; the corresponding digts)bution
might be considered to be a precursor of the impending symmetry breaking readily observable in the subsequent time)inTdreal
appearance of the distribution in tild) may indicate that the symmetry breaking in the underlying fractoelectromagnetic mechanism has
been almost completed.
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FIG. 7. The cumulative mean value as well as the standard /

deviation for increasing number of points starting from an initial set
of 5000 points. The plot refers to the Athens EQ case.

10

FIG. 9. The distributiorP(l) of the laminar intervalé. The solid
line represent the fitting functioR(l) =p,IP2e P!, The analysis re-

. . . . fers to the Athens EQ case.
associated cumulative stationary behavior can be checked by

estimating the corresponding mean val/) and standard
deviation(SDV) of various time intervals in the time series,
using a common origin for all intervals. So, starting with a
small initial set of data5000 point$, we add each time a
number of new data pointsl000 point$, while estimating
the MV and SDV of the corresponding time interval. The
results are shown in Fig. 7.

Figure 8 shows the plots of the exponepjsps, and Fig.
9 shows the laminar distributio®(I) for the trajectory,
where,p, has its maximum valuép,=1.31) andp; simulta-
neously has its minimum valug;=0.0054. The intermit-  VI. SIGNS INDICATING THAT THE SYSTEM IS DRIVEN
tent dynamics again appears, as in the case of the KG EQ. OUT OF EQUILIBRIUM
w dlztség;r(:;]neg Esla ;I):Llj?s.,:sStr;%\;vié?feg;)scf::gg“t%ntﬁ];tr;ic&::n;g!i- _Evidence that the dynamics associated with the critical
time intervals. We observe a SB effect. Although the tempo\_(ﬁmdow is consistent wlth mterr_nlttent dynamlps could come
ral evolution 6f the SB seen in Fig. 6 is.similar to that for the out of spectral analysis. There is a theory which refers to the
KG EQ (Fig. 2), the quality of the associated distributions is power-law spectrum in intermittent maps of the fotd),

. nown as the 1f-noise phenomenon. The spectral density
not as good. We recall that an outstanding feature of the K or small frequencied has the power-law form

EQ was the clearly observed extended fault tra@éswhile

in the case of the Athens EQ the surface part of the crust did
not rupture; the energy centroid was 10.3 km for the main
fault and 5.4 km for the second of@8]. These observations
might explain why the VHRMHz) part of the preseismic
EM anomalies, because of absorption, were weaker in the
case of the Athens EQ and thus the hallmarks of the SB
evolution were less clear.

Py Ps S(f) ~ 72, (5)
1.35 0.090 . . . .
Most critical theories have the isothermal critical expo-
1.30 (-oé 0.080 nent5>2(z>3). To be more specific, mean-field theory has
158 R '\. d ? d 67 6=3, gas-liquid(3D Ising theory hass=5, and 2D lIsing
\ / theory hass=15. Forz>3 the exponeni3 in the spectral
120 M / 0060 power law(4) is given ag54]
1.15 Y ©- P, 0.050
1.10 =0 0.040 ,8—22_5 (6)
: J ' S z-1°
1.05 0.030
1.00 \ 0.020 The relation between the exponerisand p; which results
\ from Egs.(5) and(3) (for z>3) is
0.95 _— \‘ﬁ. 0.010
960 965 970 975 980 985 990 995 1000 1005 1010 B =5- ml. (7)

: From these equations we find that the limitsppf(for 3<z

FIG. 8. The exponer,, ps versus the end of laminar regiah. <) are 1<p,<1.5. So the corresponding limits for the
The analysis refers to the Athens EQ case. exponentg are
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0.5< pB<2. (8)  terval immediately followingJii) The range 6<H<0.5 (1

i i o < < 2) suggests antipersistency; i.e., if the EM fluctuations
For completeness we have investigated@exponent imits  jncrease in a period, they are likely to continue decreasing in
for theories with 0< 6§<2. In these cases the spectral powerihe interval immediately following and vice verséii) H
laws have the form§54] =0.5(8=2) indicates no correlation between successive in-
2<z<3(1<8<2):S~ fUzD crements. o iy
( )5 ' The particular valugg=2 (or H=0.5) implies a transition
from antipersistent to persistent behavior during the evolu-
3 <2< 2(0.5< 6§<1):S ~ @D, tion of the prefracture EM activity. In the previqus set_:tion
we concluded that the IDCF method is not applicable if the

L associate@3 value exceeds the boun@=2 (or H=0.5). We
The corresponding limits are 0:5<1 and 0<8<1, re-  aiempt to understand the physics behind this.

spectively. _ The interplay between the heterogeneities and the stress
Taking all the above into account we may say that fromfie|q could be responsible for the observed pattern of the
the “second-order phase transition” analogy the upper boungrecursory EM time series under study. Indeed, in natural
for the spectral scaling exponefitis S=2. rock at large length scales there are long-range anticorrela-
A convenient way to examine transient phenomena is t@ions, in the sense that a high value of a rock propéety.,
divide the measurements into time windows and analyzehreshold for breakingis followed by a low value and vice
these windows. If this analysis yields different results forversa(Refs.[72,73], and references therginiThe antipersis-
some precursory time intervals, then a transient behavior catent character of the EM time series may reflect the fact that
be extracted. Recent[3] we calculated the scaling exponent in heterogeneous media, volumes with a low threshold for
B associated with successive intervals of 1024 measuremeniseaking alternate with much stronger volumes. Crack
each and studied the time evolution of this parameter in thg@rowth in a heterogeneous medium continues until a much
VHF EM precursory time series detected prior to the KGstronger region is encountered. When this happens, crack
EQ. The data were sampled at 1 Hz. We observed a systergrowth stops while another crack nucleates in a weaker re-
atic increase of thes exponent with time, but within the gion and so on. An observed decrease of antipersistent be-
range (1, 2) and therefore within the upper bound given havior may be an indication that the heterogeneity in the
above. We interpret the systematic increase as indicating tharefocal area is becoming less anticorrelated with time.
the system was gradually being driven out of equilibrium. Antipersistent behavior implies a set of fluctuations tend-
What happens whep exceeds 2? In the next section we ing to induce a stability within the system—i.e., a nonlinear
attempt to shed more light on the physical significance of thenegative feedback, which “kicks” the opening cracks away
upper limit =2 by considering the fracture process. from extremes. An observed systematic increase ofHhe
exponent in the range from 0 to 0.5 indicates that the fluc-
tuations are becoming less anti correlated with time. This
VIl. STUDY OF THE PRESEISMIC EM RADIATION implies that the non linear negative feedback mechanism is
IN TERMS OF HETEROGENEITY gradually losing its ability to “kick” the system away from
) ] extremes. The system gradually is driven out of equilibrium.
Two classes of signal have been widely used to model consequently, heterogeneity could account for the appear-
stochastic fractal time seri¢§9]: fractional Gaussian noise gnce of a stationary-like behavior in the antipersistent part of
(fGn) and fractional Brownian motioffBm). These are, re-  he prefracture EM time series and thus enable the fracture in
spectively, generalizations of white Gaussian noise an@ighly heterogeneous systems to be described via an analogy
Brownian motion. A formal mathematical definition of con- ith thermal continuous phase transition.
tinuous fBm was first offered by Mandelbrot and N¢§]. In the case of a homogenous rock, the stress is enhanced
For the case of the fBm model the scaling expongries 4t jts tip and therefore the next microcrack almost surely
between 1 and 3, while the regime of fG89] is indicated  gevelops at the tip. Thus, one expects to see long-range posi-
by B values from -1 to 1. Thes values in the VHF EM e correlations—i.e., persistent behavi@.5<H<1) in
prefracture time series are distributed in the region from 1 tQne associated EM emission. Indeed, the abrupt emergence of
2. This means that the seismogenic EM activity follows thestrong VLF emission in the tail of the precursory EM radia-

fBm model. _ tion, showing persistent behavior, may be regarded as a fin-
The exponenp is related to another exponent, the H“rStgerprint of the local dynamic fracture of nearly homoge-
exponentH, by the formula[71] neous strong asperities in the focal zdsee Sec. VII\.
B=2H+1 (9) In summary, the boun#i=0.5 may signal th_e transit_ion
from a heterogeneous to a homogeneous regime during the
for the fBm model[69,70. EQ preparation process. This situation would also explain

H can lie anywhere in the range<0H <1 and character- why fracture in a homogeneous medium could not be de-
izes the persistent and antipersistent properties of the signatribed by an analogy with thermal continuous phase transi-
according to the following scheméi) The range 0.5H tion.
<1 (2<B<3) suggests persistence of the sigtmlperdif- Despite the many efforts and successes that have been
fusion); i.e., if the amplitude of EM fluctuations increases in recently achieved, the issue of whether rupture exhibits prop-
a time interval, it is likely to continue increasing in the in- erties analogous to either a first-order or a second-order ther-
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modynamic phase transition remains under discussion. Ou HO%"-?5 07 075 08 ‘L%
results verify that fracture in heterogeneous systems with _ T : ; : '

— . . —
L TH EQ

long-range antipersistent interactions can be described aiooo
analogous to a phase transition of second order. In addition =
our results suggest that fracture in homogeneous system &
with long-range persistent interactions is a nonequilibrium &
process. In fracture mechanics, the democratic fiber bundle
r_nOdel (DFBM) ?Xhibits an in,terESting ”ans'“F’” as a, fgr_’nc— FIG. 10. Decomposition of the precursory 10-kHz EM time se-
tion of the amplitude of the disorder. There exists a tricriticaljjeg associated with the Athens EQ into subsets, each characterized
transition[15] from a Griffith-type abrupt rupturé.e., “first- 4 gifferent Hurst exponei. The Hurst exponent is color coded
order’) regime, where rupture occurs without significant pre-py the rainbow, so that each subset has a different color. We observe
cursors, to a progressive damage., “second-ordey’re-  that persistent behavior is emerged within the two strong impulsive
gime as the disorder increases. We argue that the observeféctromagnetic bursts in the tail of the precursory radiation.
features in the precursory EM emission are in agreement _ o
with this scheme. The emergence of persistent dynamicgation that the associated phase of the EQ generation is a
seems to signal the transformation of the critical regime td'onequilibrium process without any footprint of an equilib-

brupt “first-order” behavior. rium phase transition. _ _
abrupt Vi Laboratory studies support the hypothesis that the persis-

tent part of the EM precursory emission may correspond to
VIIl. EVIDENCE INDICATING THE FRACTURE the nucleation phase of the EQ preparation process. We men-
OF ASPERITIES tion here some relevant observations.

L h dium b Experiments in terms of acoustic emission reveal a sig-
A backbone of asperities in a heterogeneous medium b&sisicant shift from MHz to kHz, just before global failure

haves as a stress concentrator. It acts not only as a rUPtUf§794-100% of the failure strengt2]. (Recall that the
arrestor but also as a rupture initiator. The question arises agrong persistent VLF emission emerges in the tail of the EM
to whether precursory EM phenomena can also reveal theyctivity) And recent experiments in terms of acoustic and
fracture of the high-strength homogeneous asperities if angtpy emission show that the main rupture occurs after the
when the local stress exceeds their fracture stress appearance of strong persistent behay&#] in the corre-
We discuss in this section the hypothesis thatabeupt sponding time series.
strong impulsive kilohertz EM activity in the tail of the pre- | aporatory studies under well-controlled conditions—i.e.,
cursory EM activity seen in Fig. 1 signals the fracture Ofusing well-prepared samples containing well-known
asperities in the focal area. asperities—should be useful for understanding the physics of
First we focus on the case of the KG EQ. We recall that alsperities. Recently Lest al. [66,67] have studied how an
3 kHz and 10 kHz very strong multipeaked signals withingjvidual asperity fractures, how coupled asperities fracture,
sharp onsets and decays emerged in the tail of the megaheg&q also the role of asperities in fault nucleation and as po-
activity. The power spectrum of the VLF activity shows a tential precursors prior to dynamic rupture. These observa-
decreasing power-law behavisf) ~ f# with two different  tions reveal a strong similarity between the fracture of as-
branches, one at lowefr=0.92,8=1.09 and another at perities in laboratory-scale experiments and tectonic-scale
higher frequenciegr=0.99,8=2.9)) [3]. The power law at events. More precisely, they suggest the followifiy. In-
higher frequencies may reflect the dynamics within thetense microcracking may occur in a strong asperity when the
bursts, while the one at lower frequencies may indicate théocal stress exceeds the fracture stress of the asperity. This
correlation between the burdtg4]. This would indicate that feature is in agreement with our result§i) The self-
the EM fluctuations within the bursts, and thus the microf-excitation strength, which expresses the influence of excita-
ractures within the asperities, show very strong persisterdon of an event on succeeding events or, equivalently, the
behavior(H=0.96, as would be expected in a homogeneousdegree of positive feedback in the dynamics, reaches a maxi-
medium. The multifractal analysis of this signal at highermum of ~1 during the nucleation phase of the fault. Recall
frequencies also reveals the underlying persistent dynamicshat theH exponent also approaches its maximum value of 1
the local Hurst exponents are centereddat 0.85[3]. in the tail of the precursory EM radiatioliii) The fractal
Now consider the Athens EQ. The precursory EM phe-dimension decreases from2.2 in the prenucleation phase to
nomenon ends in two very strong impulsive kilohertz signalsl.0-1.4 during asperity fracture. Recall that the fractal di-
[Figs. 1b) and 14, which also show strong persistent behav-mension also drops to about 1 in the tail of the precursory
ior (Fig. 10 [3,8]. EM time series detected prior to the Athens and KG EQ’s.
We mentioned in Sec. Ill that the IDCF method suggests Although there remain significant problems in extrapolat-
that scaling critical theory cannot be valid in the persistening laboratory results to field conditions, the above experi-
regime. Indeed, the meaning which we have attributed to thenental findings may indicate that the emergence of strong
critical time window does not encourage the presence opositive correlations reflect the faulting nucleation phase of
such a window in the persistent VLF activity. Nevertheless,EQ preparation—namely, the fracture of the sequence of as-
we systematically searched for the presence of VLF timeperities in the focal area.
window which had the characteristics of a critical window.  Geophysical observations associated with the Athens and
The result of this search was negative. This is further indi-KG EQ’s further support our hypothesis. First, the two strong
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VLF EM bursts before the Athens EQ show persistent be60 min prior to the main shock; after that, several foreshocks
havior, as mentioned earli€Fig. 10. The first EM signal clustered a few kilometers around the eventual epicétgr
contains approximately 20% of the total EM energy receivecemerged during the last30 min min before the EQ.
and the second contains the remaining §@% On the other Laboratory experiments indicate that the efficiency of
hand, the fault modeling of the Athens EQ, based on inforgenerating EM emission is higher in tensile cracks than in
mation obtained by both radar interferometry and seismoshear crack$20]. We view the EM phenomena discussed
logical measurementst,68|, predicts two faults. The main here to be a result of electrification of the “fresh” crack sur-
fault segment is responsible for 80% of the total energy reface. In this picture it is reasonable to expect EM quiescence
leased, with the secondary fault releasing the remaining 20%ust before the main shock, because the latter is considered to
[4]. This is a strong correlation between results in the EMbe a result of shear faulting, which may not be very efficient
and energy domains. Second, a sequence of five foreshocksr creation of a fresh surfade0].
observed before the KG EQ, clustered within 2 km of one In a recent papef3], we suggested that the EM quies-
another about 5—-10 km from the main shock epicenter, oceence just before the main shogke., global failur¢ may
curred after the cessation of the EM anomaligs]. The signal the expected catastrophic decrease in the elastic modu-
observation of foreshocks is the most convincing evidencéus M [83-85. KachanoV[84] has presented several models
for a nucleation stage before major earthquakes. The strorthat predict a reduction of the effective modulus of an elastic
VLF activity, embedded in a long-duration EM quiescence insolid due to multiple distributed cracks. The sudden drop of
this frequency band2], ceased almost 1 h before the EQ. the elastic modulus could be due to an abrupt decrease in the
This unusual foreshock activity may be regarded as a fingemmount of energy that can be released during crack nucle-
print of the local dynamic rupture of asperities. ation close to the mechanical percolation threshold. Thus the
amplitude of EM emissions should decrease before final rup-
ture[85].
In summary, the appearance of EM quiescence would
seem to be a further indication of a high probability for a
Recently, a self-affine asperity mod&IAM) for EQ’s has  global instability ensuing within a few hours of the quiescent
been introducedl76,77. This model mimics the friction be- period.
tween moving faults by means of two fractional Brownian
profiles that slide over one another. The distribution of areas
of the broken asperities follows the power laR(A.s) X. CONCLUSIONS

~ A%, with an exponent which may be related analytically | the present work, in which we view earthquakes as
to the rough.ness'of the fa_lult. In this scheme, an EQ OCCU'Ryrge-scale fracture phenomena, we have attempted to put
when there is an intersection between the two profiles repregnward physically meaningful arguments to suppéit a
senting_ the two fault faces. The energy released is assum%y of quantifying the time to global failure an@) the
proportional to the overlap. If we accept that the released EMyentification of distinguishing features beyond which the
energy is also proportional to the degree of overlap, whichyg|ution towards global failure becomes irreversible. Our
means that it is proportional to the number broken internethod is based on monitoring the microfractures, which
atomic bonds(see Sec. )i a power-law distribution of the occyr in the prefocal area before the final breakup, by record-
amplitudes in the preseismic EM series is expected. Recajhg their VLF (kHz)-VHF (MHz) EM emissions.
from Sec. Il that our analysis revgals thqt the sequence of The focal area has been modeled [y a backbone of
precursory VLF EM pulses associated with the Athens EQstrong and large asperities that sustains the systentiiared
follows the power law-distributiolN(>A) ~A™*®?[1]. This  gtrongly heterogeneous medium that surrounds the family of
observed power-law behavior may stem from the fractal 9€strong asperities.
ometry of the asperities and is well connected with the inter- The analysis in terms of the method of intermittent dy-
mittency that is observed. namics of critical fluctuations suggests that the initial VHF
(MHz) part of the prefracture EM emission, which has anti-
persistent behavior, is triggered by microfractures in the
highly disordered heterogeneous component and could be
described in analogy with a thermal continuous phase tran-
An interesting characteristic of preseismic EM emissionssition. Considerations of symmetry breaking in the IDCF
is the appearance of quiescence in all frequency bands duringethod reveal that the system is gradually driven out of
the last few hours before the main shd@d,78-81. This  equilibrium. This evidence motivated us to estimate the time
prefracture EM “quiescent” period has also been observed ibeyond which the process generating the preseismic EM
laboratory-scale experimenit0,24,82. emission could continue only as a nonequilibrium instability.
Laboratories studies of acoustic and EM emissions indi- Our results suggest that nonequilibrium is to be viewed as
cate that the acoustic signals are recorded directly before aralstate of matter exhibiting positive long-range correlations.
during the fragmentation of the specimen, while kilohertzDense persistent microcracking and, thus, dense persistent
EM emission precedes this stajg&t,34]. This behavior cor- EM radiation may then occur in the strong asperities if and
responds very well to our field observation for the KG EQ:when the local stress exceeds their fracture stress. The abrupt
The recorded kilohertz EM emission ceased approximatelgmergence of strong VLF emission in the tail of the precur-

VLF EM emission and the self-affine asperity model
for earthquakes

IX. ELECTROMAGNETIC QUIESCENCE JUST BEFORE
THE MAIN SHOCK

066123-12



MONITORING OF A PRESEISMIC PHASE FROM ITS PHYSICAL REVIEW E 71, 066123(2005

sory EM radiation, showing persistent behavior, may be rethe last clue that a significant seismic event is forthcoming
garded as a fingerprint of the local dynamic fracture of aswith a considerable probability.
perities in the focal zone—namely, faulting nucleation. This  On the basis of our study, drawing on both field observa-
is supported by information obtained from radar interferom-tions and laboratory experiments on rock fracture, we make
etry and seismological observations. In addition, laboratoryhe following suggestions concerning the initial and final
studies indicate the emergence of dense VLF acoustic emisimes for the critical last stages of the EQ preparation pro-
sion in the tail of prefracture VHF acoustic emission duringcess. The initial point corresponds to the occurrence of dis-
the final prefailure stage, as well as the emergence of persisnguishing features beyond which the evolution towards glo-
tent properties during the fracture of asperities. bal failure becomes essentially irreversible. The final point

In terms of the underlying physics, the appearance of pereorresponds to the onset of a quiescent period when all pre-
sistent properties may indicate that the process is beingursory EM actively ceases. While this analysis may point to
driven as a nonequilibrium instability, thus acquiring a self-a possible way of estimating the time to global failure, at
regulating character and to a great degree the property déast for in-land seismic events which are both strong and
irreversibility. This latter is one of the important componentsshallow, further work in this direction is certainly needed.
of prediction reliability.
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