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Abstract. Many aspects of earthquake generation still es-undertaken by the material scientists, funtamental questions
cape our full understanding. Observations of electromagneti@bout fracture processes remain standing. Especially, many
emissions preceding significant earthquakes provide one afspects of EQ generation still escape our full understanding.
the few cases of premonitory events that are possibly related crack propagation is the basic mechanism of material fail-
to a subsequent earthquake. Understanding the factors thgte. The motion of a crack has been shown to be governed
control electromagnetic precursors generation seems to bgy 5 dynamical instability causing oscillations in its veloc-
important for determining how significant earthquakes nu-jty and structure on the fracture surface (Bahat et al., 2005;
cleate. Here we report the results of a comprehensive StUdEontoyiannis et al., 2005 and references therein). Experi-
of the appearance of individual patterns in candidate elecmental evidence indicates that the instability mechanism is
tromagnetic precursors possibly indicating the breaking ofthat of local branching: a multi-crack state is formed by
backbone of large and strong asperities that sustain the actyppetitive, frustrated micro-fracturing events. The rupture of
vated fault. The search of precursory patterns is mainly baseghter-atomic (ionic) bonds also leads to intense charge sepa-
on well documented scaling properties of fault surface topol-ration. On the faces of a newly created micro-crack the elec-
ogy. More precisely, we argue that the candidate electroysic charges constitute an electric dipole or a more compli-
magnetic precursors might be originated during the slippingcated system. Due to the strong wall vibration in the stage
of two rough and rigid fractional-Brownian-motion-type pro- of the micro-branching instability, crack behaves as an effi-
files one over the other, with a roughness which is consistengjent electromagnetic (EM) emitter. Thus, when a material is
with field and laboratory studies. The results also imply thatstrained, EM emissions in a wide frequency spectrum rang-
the activation of a single earthquake (fault) is a reduced self1ng from kHz to MHz are produced by opening cracks, which
affine image of the whole regional seismicity and a magnifiedcan pe considered as the so-called precursors of general frac-
self-affine image of the laboratory seismicity. ture; these precursors are detectable both at a laboratory (Ba-
hat et al., 2005; Rabinovitch et al., 2007; Hadjicontis et al.,
2007) and a geological scale (Eftaxias et al., 2007a and ref-
erences therein).

Our main observational tool is the monitoring of the frac-
Earthquakes (EQs) are large-scale fracture phenomena in tigres which occur in the focal area before the final break-
heterogeneous crust of the Earth. Despite the large amountp by recording their kHz-MHz electromagnetic emissions.
of experimental data and the considerable effort that has beefilear kHz-to-MHz EM anomalies have been detected over
periods ranging from a few days to a few hours prior to recent
destructive EQs in Greece, with the MHz radiation appearing

Correspondence tK. Eftaxias earlier than the kHz. Recent results indicate that these pre-
BY (ceftax@phys.uoa.gr) cursory EM time-series contain information characteristic of

Published by Copernicus Publications on behalf of the European Geosciences Union.

1 Introduction



http://creativecommons.org/licenses/by/3.0/

658 K. Eftaxias et al.: Evidence of fBm asperity model for earthquake generation

Fig. 2. Fault planes realized by two Brownian profiles put in con-

‘ tact at one point. An electromagnetic pulse (“electromagnetic earth-
quake”) occurs when there is an overlap of the two profiles repre-
senting the fault faces.

In this scheme, an individual “electromagnetic earthquake”
is emitted when there is an intersection between the two
Brownian profiles of the single activated fault (see Fig. 2).

an ensuing seismic event (Kapiris et al., 2004a, 2004b; Con- Ample experimental and theoretical evidence support the
toyiannis et al., 2005; Karamanos et al., 2005, 2006; Eftaxiag@Pove mentioned hypothesis: (i) kinematic or dynamic
et al., 2007b; Papadimitriou et al., 2008). source inversions of EQs suggest that the final slip (or the
We underline that the MHz radiation systematically ap- Stress drop) has a heterogeneous spatial distribution over the
pears earlier than the kHz activity in both laboratory and fault (see among others Gusev, 1992; Bouchon, 1997; Peyrat
geophysical scale (Eftaxias et al., 2002). Motivated by this€t @l 2001). (ii) Power spectrum analysis of the fault sur-
experimental evidence, recently we have attempted to idenf@Ce suggests that heterogeneities are observed over a large
tify these two distinct epochs of precursory EM activity with fange of scale lengths (see Power et al., 1987, in particu-
the equivalent last stages in the EQ preparation process. Ir Fig. 4). (ii)) Investigators of the EQ dynamics have al-
this direction, our model of the focal area consists of: (i) aeady pointed out that the fracture mechanics of the stressed
backbone of strong and large asperities distributed along th€"ust of the earth forms self-similar fault patterns, with well--
activated fault; and (i) a strongly heterogeneous medium defined fractal dl_men3|onal|t|es (Kagan et gl., 1982;_Sah|m|
including weaker areas and smaller asperities, that surround! &l-, 1993; Barriere and Turcotte, 1991). (iv) Following the
the family of main asperities. Based on aspects rooted in critobservations of the self-similarity in various length scales in
icality, spectral fractal analyses by means of wavelets, comih€ roughness of the fractured solid surfaces (Chakrabarti,
plexity, non-extensive statistics, and mesomechanics we pro3- @nd Benguigui, 1997; Chakrabarti, B. and Stinchocombe,
posed the following two epochs / stages model (Kapiris et1999) have proposed that the contact area distribution be-
al., 2004a; Contoyiannis et al., 2005; Eftaxias et al., 2007biween two fractal surfaces follows a unique power law.
Papadimitriou et al., 2008): The first epoch, which includes
the initially emerged MHz part, originates during cracking in
the highly heterogeneous component of the focal area. Th@ The kHz precursory EM radiation associated with the
results shown that in the candidate MHz EM precursor has  Athens earthquake
been projected a fracture process which undergoes as a gen-
eralized continuous phase transition at equilibrium. The secOn 7 September 1999 the Athens EQ (384223.6 E) with
ond epoch, which includes the finally emerged strong multi-a magnitudeM=5.9 occurred. Pre-seismic EM anomalies
peaked kHz EM radiation, is due to the fracture of the highat MHz and kHz frequency bands emerged during the last
strength large asperities that sustain the system. We empha-days prior to seismic shock; the MHz EM candidate pre-
size that we did not find any signature of a generalized con-cursor appeared earlier than the kHz (Contoyiannis et al.,
tinuous phase transition in the kHz EM activity (Contoyian- 2005). In particular, clear 3kHz and 10kHz had been si-
nis et al., 2005). multaneously recorded during the last few days prior to this
In the present study we attempt to further support theEQ (Eftaxias et al., 2001). They ceased a few hours before
above mentioned two stage model. In particular, we focus orthe Athens EQ occurrence.
the second crucial stage. We attempt to establish the hypoth- In Fig. 3 we present the EM time series at 10 kHz (East-
esis that the sequence of precursory kHz EM pulses (“elecWest) from 4 July 1999 up to 12 September 1999: the
tromagnetic earthquakes”) is induced by the slipping of two emerged EM precursor is characterized by an accelerated
rough and rigid Brownian profiles one over the other (Fig. 1). emission rate, while, it is embedded in a long duration

Fig. 1. Fault planes realized by two Brownian profiles.
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Fig. 4. The green and yellow time series refers to the candidate
EM precursor following the antipersistent fractional Brownian mo-

tion model and persistent fractional Brownian motion model. The

electromagnetic background (noise) follows the fractional Gaussian
noise model. Moreover, the yellow epoch is characterized by a high
complexity, while, the green epoch shows a decrease of complexity
in comparison to that of the yellow epoch, and the red epoch shows
: : : : : : : : : a significant decrease of complexity in comparison to those of the
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also exist for parameters in the spatial domain (Hansen and
] ) ] . Schmittbuhl, 2003). Laboratory experiments support the
Fig. 3. ‘Time series of the 10 kHz (East-West) magnetic field ., ,qiqeration that both the temporal and spatial activity can

strength between 4 July 1999 and 11 September 1999 in arbitrar . . . :
units. The star indicates the time of the Athens earthquake occur)-6e described as different cuts in the same underlying fractal.

rence. The EM precursor (see Fig. 4) is characterized by an accelgharaCte”St'Cal_ly’ Ponomarev et al. (1997) have §tud|ed _the
erated emission rate, while, this radiation is embedded in a long dul@mporal evolution of Hurst exponent for the series of dis-
ration quiescence period. We underline the presence of two stron§@Ncest, and time intervalg?; between consecutive acous-
impulsive electromagnetic burst at the tail of the candidate precurtic emission events in rocks. Their analysis indicates that the
sor. changes off, and H; with time occur in phase, while the
relationshipH,~ H; is valid.

_ _ _ _ In this section, in the frame of the above mentioned

quiescence period. In Fig. 4, we show the same EM timégcpeme, we investigate whether the KHz EM precursor be-

series from 28 August 1999 up to 8 September 1999. haves as a temporal fractal following the fractional Brownian
We mainly focus on the kHz precursory EM emissions as-motion model.

sociated with the Athens EQ for the following reasons: (i)
It has a long duration, thus, it provides sufficient data for —

a valuable statistical analysis; the data have been recorde%l'1 Application to the data
with a sampling rate of 1 sample/sec while the duration of

the candidate kHz EM precursor is more than six days. (ii) Alf a pre-seismic EM time Series_i§ a temporal fractal, then,
multidisciplinary analysis in terms of fault modeling, labora- & POWer-law of the form§(f)ocf " is obeyed, withS(f)

tory experiments, scaling similarities of multiple fracturing (€ Power spectral density (PSD) ajidhe frequency. In a
of solid materials, fractal electrodynamics, criticality, com- log (f)— log f representation the power spectrum is a line

plexity, and mesomechanics seems to validate the associatidﬁ'th slopef. The spectral scaling exponefitis a measure

of the detected pre-seismic EM emission with the fracturing®' the strength of time correlations.

process in the focal area of the impending EQ (Eftaxias etal., The “wavelet spectrum” is used in order to provide an un-
2007b and references therein). biased and consistent estimation of the true power spectrum

of the time-series. The continuous wavelet tranform based

on the Morlet wavelet makes the calculation. Herein, we use
3 Signatures of two Brownian profiles modeling the & 1024 moving window and an overlap of one sample. For

fault Surfaces in pre_seismic kHZ EM emissions each window the local parametﬁrwas derived. In F|g 5

the time series and the values of the spectral pararieies
Maslov et al. (1994) have formally established the relation-plotted.
ship between spatial fractal behavior and long-range tem- Two classes of signal have been widely used to model
poral correlations for a broad range of critical phenomena.stochastic fractal time series: fractional Gaussian noise (fGn)
They showed that both the temporal and spatial activity carand fractional Brownian motion (fBm) (Heneghan and Mc-
be described as different cuts in the same underlying fractalDarby, 2000). For the case of the f{Gn model the scaling ex-
A self-organized critical process, as the source of the temponentg lies between-1 and 1, while the regime of fBm is
poral power-laws, further suggests that similar power-lawsindicated byg values from 1 to 3.
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e L o where H refers to the Hurst exponent.H specifies the
strength of the irregularity (“roughness”) of the fBm surface
topography: the fractal dimension is calculated from the rela-
tion D=(2— H) (Heneghan and McDarby, 2000). More pre-
cisely, the “roughness” exponents expresses the tendency
for dh=[dh(x)/dx]dx to change sign. Wheg<H <1, the
sign tends not to change. The valHe=1 is an upper bound

: ! ; ; : e reached when the “roughness” of the fault is minimum, in
Eos : 1 - other words, a differentiable surface topography corresponds
; : o JMMM 4 to H=1. For 0<H<% there is a tendency for the sign to
e we wm w2 w w5 change (anticorrelation). The val#e=0 is a lower bound;
asH tends towards O trends are more rapidly reversed giving
a very irregular look. Surfaces witH>% are said to be per-
sistent, and those witk 1 are anti-persistent. Wheti=3,

the sign ofdh changes randomly, and the corresponding sur-
face possesses no spatial correlations.

Fig. 5. From top to bottom: Electromagnetic time series (upper H-exponent also specifies the strength of the irregularity
panel); evolution of thgs exponent, Hurst exponent and fractal di- (“roughness”) of fBm profiles of time series.

mension,D, with time (lower panels).
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4.1 On the “roughness” of the candidate precursory EM

time series
Figure 5 shows that far from the EQ occurrence (epoch 1

in Fig. 5) B takes values between 0 and 1 indicating that theFirst we focus on the candidate EM precursor under study.
EM background (noise) follows the fGn model. The epochsThe B exponent is related to the Hurst exponeft, by
4, 6 in Fig. 5 also follow the fGn model representing the the formulag=2H+1, with 0O<H <1 (1<8<3) for the fBm
EM background, too. The candidate EM precursor clearlymodel (Heneghan and McDarby, 2000). We distinguish two
emerged from the EM background (epochs 2, 3, 5 in Fig. 5)different epochs in the candidate precursory emission. The
following the fBm model. Indeed, th@ exponent in these first epoch (epoch 2 in Fig. 5) is characterized by an anti-
windows takes values between 1 and 3. persistency, @ H<0.5 (1<8<2), reflecting that if the fluc-
Consequently, the profile of the candidate kHz EM pre-tuations increase in a period, it is likely to decrease in the
cursor is qualitatively analogous to fBm model. This finding interval immediately following and vice versa. This means
guantitatively suggests that the sequence of precursory EMhat the “roughness” of the profile is high. This epoch might
pulses could be originated during the slipping of two rough to refer to the fracture of weaker and smaller asperities.
and rigid Brownian profiles one over the other. The anti-persistent character may reflect the fact that weak
and small asperities with a low threshold for breaking en-
) ) counter stronger asperities in the direction of crack propa-
4 On a relationship between “roughness” of fracture  gation. When this happens, cracking growth / EM emission
surfaces and "roughness” of pre-seismic EM time Se-  stops, and then starts again at a later time in the weaker of the
nes remaining undamaged sections, and so on. Finally, only the
fraction of high strength and large asperities remain along the

One O.f the ”?05‘ Important challgng_es IS to ma_ke not only Fault sustaining the system. The second and last epoch of the
gquantitative link but also a quantitative comparison between

o ) . candidate precursor (epochs 3 and 5 in Fig. 5) is character-
pre-seismic EM time series and fracture surfaces. We attemq ed by an abrupt onset of strong burst-like EM emission. We

S.UCh a comparison by means of “rou‘:qhness” of ,,prese'sm'%rgue that this emission witnesses the fracture of the popula-
time series profile on one hand and “roughness” of t0POGin of stronger and larger asperities (Kapiris et al., 2004a;
raphy of fracture surfaces on the other hand. Importantly’Contoyiannis et al., 2005; Papadimitriou et al., 2008). It
various fractogrgphic investigations indicate a fa_irly robust o o racterized by ,persist,encySQH<1 (2<’3<3)’, which
gnwersal .behlaV|or for fracture surfaceshus, an interest- means that if the amplitude of fluctuations increases in atime
ing question is whether the roughness exponent of the PChterval it is likely to continue increasing in the interval im-

seismic time series is in agreement with the universal Valuemediately following. This means that the “roughness” of the

of roughness Off fracture sufrfaczs. b it-afi i profile is low. This feature is in harmony with a positive
Fracture surfaces were found to be se -alling over a W&o ghack of broken asperities, which increases the stress and

range of length scales. Therefore, the h?'ght'he'ght CO®Strain on the unbroken elements leading to the global rup-

lation function Ah(r)=< [h(r + Ar)—h(r)]? > computed ture of the system. In other words, the system tends toward

along a given direction is found to scale asi~(Ar)?, irreversibility. The aforementioned hypothesis is supported
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by the fact that the launch of persistency is coupled withvalue is 2.51, which leads to the global roughngss0.75.
(i) a power-law type acceleration of the EM energy releaseFigure 5 shows that the local Hurst exponents are distributed
(Kapiris et al., 2004a; Contoyiannis et al., 2005); (ii) a transi- around this value. This finding predicts that the activated
tion to a significantly more ordered state (red epoch), whichmain fault in the case of the Athens EQ might be consisted
has been verified by various measures of complexity, e.g.by two rough and rigid Brownian profiles which are charac-
Kolmogorov-Sinai Entropy, Block Entropy, T-Entropy, Ap- terized by a roughness distributed around the vaiue).75.
proximate Entropy, Correlation Dimension, Tsallis Entropy In the next section we examine whether this prediction is sup-
further indicating that any small instability can provoke large ported by laboratory and field experimental data and theoret-
scale reactions (Karamanos et al., 2005, 2006; Kalimeri efcal argument.
al., 2008; Papadimitriou et al., 2008).

We pay attention to the following experimental evidence. 4 2 On the “roughness” of the topography of fracture sur-
Recently, statistical physicists have shown the existence of  f5ces
a power-law acceleration of acoustic emissions announcing
the global rupture, similar to the critical behavior of the out
of equilibrium phase transition, offering a way to predict
material rupture (Sornette and Helmstetter, 2002). Notice

this critical phenomenon has been also observed prior to #aces. on one hand. and (ii) profiles of pre-seismic EM time
rock failure in terms of EM energy release (Rabinovitch et serieé on the other7hand

al., 2001). The rate of both the seismic and EM energy re- h dv of th hol fr ; i
lease were exhibited a significant power-law type increase The study of the morphology of fracture surfaces is nowa-

during the last days before the EQ occurence (Kapiris et al.l(\j/lays a very active field of research. From the early work of
2004a; Eftaxias et al., 2007b, Fig. 12). This evidence sup- andelbrot (1982), much effort has been put into the statis-

ports the hypothesis that the detected EM precursor is a sutfical characterization of the resulting fractal surfaces in frac-
product of the Athens fault system nucleation. Importantly, ture processes. Importantly, it has been pomt(_ad out that qat—
the fault modeling of the Athens EQ, based on information ural rock surfaces can be represented by fractional Brownian

obtained by radar interferometry (ERS-2 satellite) (Kontoessurfaces over a wide range (H_uang and Turcqtte, 1988)' It
etal., 2000), predicts two faults: the main fault segment is re-Should be stresse(_j that experlm_ental re_sults In very q[ffer-
sponsible for 80% of the total energy released, with the secENt ypes of matenals .(fron.*n ductile aluminum alloys, S'I'_Ca

ondary fault segment for the remaining 20%. On the Otherglasseg to brittle materials like rock) seem to support the idea
hand, the first strong EM burst at the tail of the associateoOf a universal rougEnesbs exppnent. Ingeed, thg Hursf g)épo—
kHz preseismic EM emission (Figs. 3, 4) contains approxi-nentHNOjS_ 0.8 has been interpreted as a universal indi-

mately 20% of the total EM energy received during the emer-cator of surface fracture, weakly dependent on the nature of

gence of the two bursts, and the second the remaining 800}Ohe material and on the failure mode (Lopez and Schmittbuhl,

(Eftaxias et al., 2001). This surprising correlation in the en-1998; Hansen and Schmittbuhl, 2003; Ponson et al., 2006).
ergy domain between the two strong pre-seismic kHz EM AN important technique to determine the critical exponents
signals and two faults activated in the case of the Athens EQOf @ growing surface is to study the Fourier transform of the
strongly supports the hypothesis that the detected two stronfiterface height. In this representation, the properties of the
EM bursts might be rooted in the fracture of two families of surface can be investigated by calculating the power spec-
main asperities associated with the two activated faults in thd"'um S(k, 7), wherek is the spatial wave number. Lopez and
case of the Athens EQ (Eftaxias et al., 2001). Schmittbuhl (1998) and Mourot et al. (2006) have studied
We emphasize that a few days prior to the Athens event,the Scaling behavior of the local fluctuations of a brittle frac-
the seismicity was centered at a distance of about one sourd&lre in a granite block and mortar crack surfaces, correspond-
dimension &30 km) from the epicentre (Kapiris et al., 2005b ingly. They found that the power spectruftk) decays with
and references therein). Laboratory studies and theoretic@# Power lawk 238, for various times, which is consistent
arguments suggest that the damage localization and sensitiith a local roughness exponent 0.79. We recall that the sec-
|ty of energy release characterize the fracture surface formaond EM burst associated with the activation of the main fault
tion, and thus provide two cross-checking precursors for thdS characterized by the power spectrsity’)ocf ~# with g
prediction of rupture (Dodze at al., 1996; Reasenberg, 1999edual to 2.51, which leads to a roughness exponent 0.75.
Lietal., 2002). The surface roughness of a recently exhumed strike-slip
The above mentioned experimental findings suggest thatault plane has been measured by three independent 3D
the possible geometrical scaling inherent in the structure oportable laser scanners (Renard et al., 2006). This fault plane
the activated two faults has been more clearly projected irrefers to the Vuache fault, near Annecy in the French Alps.
the second strong EM burst. We focus on this burst. Figure 6tatistical scaling analyses show that the striated fault sur-
shows the log (/) —log f representation of the power spec- face exhibits self-affine scaling invariance with a small di-
trum for the whole second strong EM burst. The associgted rectional morphological anisotropy that can be described by

Herein, we concentrate on the question whether a quanti-
tative relationship exists between the Hurst-exponents that
control the “roughness”: (i) of topography of fracture sur-

www.nat-hazards-earth-syst-sci.net/8/657/2008/ Nat. Hazards Earth Syst. Sci.,@&%$2008
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Notice, seismological measurements as well as theoretical
studies (Sahimi et al., 1993) suggest that a surface trace of
a single fault might be characterized B~1.2. It further
implies that both the temporal and spatial activities can be
described as different cuts in the same underlying fractal. On
laboratory scale, Lei et al. (2000) and Lei and Satoh (2007)
have studied in terms of acoustic emission how an individual
asperity fractures, how coupled asperities fracture, and also
the role of asperities in fault nucleation and as potential pre-
cursors prior to dynamic rupture. The fractal dimension de-
creases te-1.0 — 1.4 during asperity fracture. The estimated
D values close to 1 meets the notion generally accepted that
the terminal phase of fracture process is accompanied by a
significant increase in localization and directionality. Impor-
tantly, Hirata et al. (1987) found that the spatial distribution
of the hypocenters of the opening cracks shows fractal struc-
ture, however, the fractal dimension significantly decreases
Fig. 6. A log—log representation of the relatigh f) = f—# for ~ With the evolution of the micro-fracturing process. Recently,
the second strong EM burst emerged at the tail of the candidatéCuksenko et al. (2007) based on rock fracture experiments,
precursor (see Figs. 3, 4). We observe that this equation fits verghowed that the Hurst analysis of the space-time distributions
well the data. of acoustic signals emitted from the compressed samples of
granite indicates a clear pronounced trend to planar organi-
zation of final damage structure.
two scaling roughness exponent,=0.7 in the direction of The observed gradual decreaself/alues coupled with
slip andH=0.8 perpendicular to the direction of slip. the fact that the frequency of large EM events are relatively
Finally, Zapperi et al. (2005) have analyzed the scalingenhanced to small ones, is consistent with the following
of the crack roughness in the two-dimensional random fusehysical picture. As the surfaces move together, contacts be-
model by numerical simulations. A fit of the power law de- come more closely spaced and formation of large contacts
cay of the spectrum leads to roughness 0.8 for diamond latoccurs at increasing rates. Hence, as the total area of contact
tices. increases there is a progressive decrease of roughness of the
In summary, laboratory and field experimental data, as fault profile and an increase in the numbers of larger contacts
well as numerical studies suggest the self-affinity in the/ EM events relative to small contacts / EM events.
roughness of the fractured solid surfaces. The performed
analysis demonstrate that the roughness of the profile of pre-
seismic time series under study practically coincides withthe5  The activation of a single EQ (fault) as a reduced self-
universal roughness of fracture surfaces. affine image of the whole regional seismicity

10 10 |

10’}

PSD

-2 -1
10 Freq. (Hz) 10

4.3 Analysis in terms of fractal dimension Huang and Turcotte (1988) have pointed out that the statistics
of seismicity could be merely a macroscopic reflection of the
As it is said, the fractal dimensio® also specifies the physical processes in EQ source. In this section, we attempt
strength of the irregularity of the fBm surface topogra- to check this suggestion.
phy: the fractal dimension is calculated from the relation
D=(2 — H) (Heneghan and McDarby, 2000). Using acous-5.1 Arguments in terms of a self-affine model of regional
tic emission data, Feng and Seto (1999) showed that a larger  seismicity
fractal dimension corresponds to a more stable state of the
system, while just prior to failure the fractal dimension de- De Rubeis et al. (1996) and Hallgass et al. (1997) have in-
creases quickly to lower values. Notice, this result is consistroduced a regional fault dynamics by means of the slipping
tent with the conclusion drawn from the spatial distribution of two rough and rigid Brownian profiles one over the other.
of rock bursts and EQs, that the lower fractal dimension oc-In this scheme, an individual EQ occurs when there is an
curs near the time of a strong EQ (Sammods et al., 1992)intersection between the two profiles. This model exhibits
Figure 5 shows the temporal evolution of fractal dimensiona good interpretation of the seismicity generated in a large
D in the candidate EM precursor. The observed significantgeographic area usually identified as “seismic region”, cov-
reduction ofD in the tail of the preseismic EM emission, i.e., ering many geological faults, on a global sense. Hallgass
within the two strong EM bursts, further indicates the under-et al. (1997) have drawn attention to the fact that “what is
lying unstable state. In the second burst we havel.25. lacking is the description of what happened locally, i.e., as

Nat. Hazards Earth Syst. Sci., 8, 65569, 2008 www.nat-hazards-earth-syst-sci.net/8/657/2008/
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45

a consequence of a single event, from both the temporal and |
the spatial point of view”. Herein, we focus on the activation =~ s .
of a single fault. asf

On the other hand, Huang and Turcotte (1988) have
pointed out that the statistics of seismicity could be merely
a macroscopic reflection of the physical processes in EQ_ .s-
source. Generally, the self-similar nature of faulting and frac- %
ture is widely documented from the analysis of data from *
both field observations and laboratory experiments (Sornette, |,
2004).

Stimulated by these considerations, we study whether the
activation of a single EQ (fault) is a reduced self-affine im-
age of the whole regional seismicity. Moreover, we examine
whether the activation of a single EQ (fault) is a magnified o ‘ :
self-affine image of the laboratory seismicity.

The self asperity model introduced in Hallgass et
al. (1997) predicts that the distribution of areas of the asperi-

oL

051

ties brokena follows a power law Fig. 7. Number of “electromagnetic earthquakes” (see text) with
magnitude M higher that given by the corresponding abscissa.
P(A) ~ A The continuous line is the least squares fit of the power law

N(>M)=M"?, whereb=051.

with an exponens which could be related to the Hurst
exponent & H <R1 that controls the roughness of the fault. h h h i
The former relation is obtained by supposing that the area{ogN(>M)=“ — bM, where the constant characterizes

of the broken asperities scales with its linear extengian _the overall rate of aCt'_V'ty in a region. There are increas-
Aasﬁvl(l.u-[)‘ Based on the above mentiond it is reasonablel"d r€POrts on premonitory decrease of b-value before EQs:

to assume that the broken asperities scales with its linear foreshc:}ck se<|qluences and main Sho%ks areﬂchakr]a(;fsrlzed by
asAasp~1"°. Numerical studies indicate that the number of a much smaller exponent compared to aftershoeksl

bonds that break scales during the whole process of fractur?@inz! et al., 2003). Importantly, G-R law also holds for
asi'7 with the system siz&(De Arcangelis etal., 1089). The 2coustic emission events in rock samples (Scholz, 1968).
observed similarity verifies the equality between the rough-’A‘COUStIC emissions from rock fracturing also show a sig-

ness of the profiles of the fault and the roughness of the astificant decrease in the level of the observed b-values im-

sociated EM time series. mediately before the global fra.cture.. Recently, Lei and
The self affine asperity model (Hallgass et al., 1997) alsosat,Oh (2007), based. on acoustic emission events recorded
reproduces the Gutenberg-Richter (G-R) law. It predicts thap_urmg the catastroph_lc fracture of typical rack sa_mples under
a seismic event releases energy in the intefgalE + dE] dlffere_nt|a_| compression, suggest that t_he pre-faﬂurg damage
with a probabilityP (E)dE, P(E)~E~53, whereB = a + 1 evolution is characterized by a dramatic decreagﬁ\n_alue
} 1 i from ~1.5 to ~0.5 for hard rocks. Laboratory experiments
ande = 1- H/2witha € [i’ 1]' We recall that the dis- in terms of acoustic emission performed by Ponomarev et al.
tribution of energies released at any EQ is well described by(1997) also showed a significant fall of the observed b-values
the power-lawP (E)~E~", whereB~1.4— 1.6 (Gutenberg  from ~1 to~0.6 just before the global rupture.
and Richter, 1954). In our case, we hale=0.75, which Herein, we focus on the activation of a single fault in terms
leads tox ~ 0.67, and thus, the fracture of asperities releasef preseismic EM radiations. The background (noise) level
EM energies following the distributio® (E)~E~2, where of the EM time seriesA(#;) iS Anoise= 500 mV Kapiris et
B~1.67. ) o ] al. (2004b). We regard as amplitudeof a “seismogenic-
The above mentioned findings further verify the hypothe- g\ emission” the differencétem(t;) = A(%;) — Anoise
sis that: (i) the activation of a single EQ (fault) is a reduced We consider that a sequence Jokuccessively emerged
self-affine image of the whole regional seismicity; and (ii) “EM-emissions” Afem(t;), i=L,...,k, namely an EM
the scaling hidden in the detected kHz EM precursor COUIdavaIanche, represents the EM energy releasedjuring
be rooted in a fault topography following power law scaling. the damage of an asperity (see Fig. 2). We shall re-

fer to this as an “ electromagnetic earthquake”. The
squared amplitude of seismogenic-EM emissions is propor-

The classic power-law found in EQs catalogues is the -ional to their energye. Therefore, the magnitudsf of

R magnitude-frequency relationship: the cumulative num-an “electromagnetic earthqtzjake” is given by the relation
ber of EQs with magnitude greater thad is given by =~ M=logs~log (Z [A fem ()] )

5.2 Arguments in terms of Gutenberg-Richter law
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q=1.80
a=1.48x10"°

2—q
log(N(M>)) =logN + (—) X
1-¢

log [1 Falg—1) x 2— gt D/a-2 102’"] 1)

i whereN is the total number of EQ3Y (M >) the number

of EQs with magnitude larger thal, andm ~ log(s).

8 This is not a trivial result, and incorporates the character-
istics of nonextensivity into the distribution of EQs by mag-
nitude. « is the constant of proportionality between the EQ
energy,e, and the size of fragment, More precisely, So-
tongo and Posadas (2004) assume ¢hat.

Eq. (1) provides an excellent fit to seismicities associ-
ated with various seismic regions, while the corresponding
g-values are distributed in the regigh.60 — 1.70). Impor-

_ ) _ tantly, formula (1) also fits the sequence of precursory “elec-

Fig. 8. We use formula_ (1) to calculate the relative cum_ulatlve nuM- tromagnetic earthquakes” under study very well, while the

!oer of "electromagnetic earthquakes™ (see te@to?M)’ included C?SSOCiate@ parameter ig=1.80 (Fig. 8). In Papadimitriou

In the whole precursory phenomenon, namely, into the green and,, , *>44g) 4 relevant detailed study has been presented

red epochs depicted in Fig. 4. There is an agreement of formula (1 AT S . '

with the data. he similarity in theg-values is in harmony with the concept
that the generation of a single EQ is a reduced image of the
generation of the natural regional seismicity. Notice, the esti-

Figure 7 shows the quantity (> A) vs M , whereN (>A) mated valueg-values (Kalimeri et al., 2008; Papadimitriou
is the cumulative number of the detected “electromagneticet al., 2008): (i) represent a subextensive system verifying
earthquakes” with magnitude greater thidn The main part  the emergence of interactions and high organization during
of this distribution is given by log/ (> M)=a — bM, where  the activation of the fault; (ii) are in full agreement with the
b~0.5. This finding further implies that a single EQ behaves upper limitg <2 obtained from several independent studies
as a reduced image of natural regional seismicity and a magnvolving the Tsallis nonextensive (Silva et al., 2006).
nified image of laboratory seismicity.

We note that Scholz (1968), based on laboratory experi-
ments, suggested that the change$-oftlue are inversely 6 Conclusions
proportional to changes in the ambient stress level. G+he
value of EQs has also been shown to be inversely dependew vital problem in material science and in geophysics is the
of shear stress (Wiemer and Schorlemmer, 2007). In particidentification of precursors of macroscopic defects or shocks.
ular, asperities are found in many c ase studies to be char physics, the degree to which we can predict a phenomenon
acterized by lows-values (Schorlemmer and Wiemer, 2005; is often measured by how well we understand it. Despite the
Wiener and Schorlemmer, 2007 and references therein). lkarge amount of experimental data and the considerable ef-
might be concluded that the loivvalue associated with the fort that has been undertaken by the material scientists, many
sequence of precursory “electromagnetic earthquakes” imguestions about the fracture remain standing. This fact is re-
plies that high stresses siege the backbone of asperities.  flected in the dissapointing progress on short-term EQ pre-

diction.

5.3 Arguments in terms of non-extensive statistics Fracture induced physical EM fields, rooted in the opening

. - . cracks, allow a real-time monitoring of damage evolution in
A model for EQ dynamics consisting of two rough profiles ., sarials during mechanical loading from the laboratory up
interacting via fragments filling the gap, analogous to thaty, yhe geophysical scale. Clear kHz-to-MHz EM anomalies
introduced in De Rubeis et al. (1996), has been recently iny o peen detected over periods ranging from a few days to
troduced by Solotongo-Costa and Posadas (2004). The fragy te\y hours prior to recent destructive EQs in Greece, with
ments size distribution function comes from a non-extensiveihe \H; radiation appearing earlier than the kHz. Recent
Tsallis formulation, starting from first principles, i.e., 8 non- g its indicate that these EM time-series contain informa-
extensive formulation of the maximum entropy prinCiple. jo characteristic of an ensuing seismic event (Kapiris et al.,
This non-extensive approach leads to a G-R type law for the,5045. Contoyiannis et al., 2005: Karamanos et al., 2006:
magpnitude distribution of EQs: Papadimitriou et al., 2008). An improved understanding of
the EM precursors, especially its physical basis, has direct

3t
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implications for the EQ generation processes and EQ pre-
diction research. A challenge within this field is to distin-
guish characteristic epochs in the evolution of the precursory
EM activity associated with the Athens EQ and identify them
with the equivalent last stages in the EQ preparation process
In this direction, our model of the focal area consists of (i)
a backbone of strong and large entities distributed along the
activated fault and (ii) a strongly heterogeneous medium that
surrounds the family of strong entities that prevent the free
slip. Based on this model, we recently proposed the follow-
ing two stages model (Contoyiannis et al., 2005; Papadim-
itriou et al., 2008): The first epoch, which includes the ini-
tially emerged MHz EM activity, originates during cracking
in the highly heterogeneous material that surrounds the back:
bone of large and strong entities. This emission could be
described in analogy with a thermal continuous phase transi-
tion. The second epoch includes the kHz EM radiation that
emerges in the tail of the precursory EM activity and ceases
approximately nine hours before the Athens EQ. This ac-
tivity indicates an underlying nonequilibrium process with-
out any footprint of an equilibrium thermal phase transition
(Contoyiannis et al., 2005). This radiation is also character-
ized by the appearance of high organization and persistency
(Karamanos et al., 2006; Kalimeri et al., 2008; Papadimitriou
et al., 2008). We have attributed this radiation to the fracture
of the backbone that sustains the system (Contoyiannis et al.
2005; Karamanos et al., 2006; Papadimitriou et al., 2008).
Obviously, the above mentioned proposal needs further doc-
umentation. Thus, much more work is needed to improve the
observations and refine the models of EM precursor genera:
tion. Physically, the appearance of persistency and organiza
tion may indicate that the process acquires a self-regulating
character and to a great degree the property of irreversibility,

E/M intensity ( arb. units )

b

Stress ( arb. units )

ime derivative of stress

[
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one of the interesting components of predictive capability.Fig. 9. The time evolution of EM field intensity (upper), stress (mid-
Importantly, laboratory experiments of fracture (Mavroma- dle) and time derivative of stress (lower) up to the final failure of a
tou et al., 2004) suggest that the final pre-catastrophic staggranite sample (sampling rate: 20 ksamples/s (Mavromatou et al.,
is characterized by a dynamical instability which inevitably 2004.

leads to fragmentation through: (i) successive strong catas-
trophic EM events, (ii) stress drop and (iii) a high increase of
the first time derivative of stress (see Fig. 9).

In this work we attempt to further develop the above men-
tioned two stage model of the detected EM precursors. In

particular, we focus on the second epoch / stage associated

with kHz EM precursory emissions. The obtained results
suggest the following:

1. The asperities of the Athens EQ might be damaged
during the slipping of two rough and rigid fractional-
Brownian-motion type profiles one over the other. This
finding is in harmony with ample experimental and the-
oretical evidence.

. Experimental results in very different types of materials

seem to support the idea of a universal roughness ex-
ponent which is independent of the material properties.

www.nat-hazards-earth-syst-sci.net/8/657/2008/

3.

Indeed, the Hurst exponeht~0.75 — 0.8 has been in-
terpreted as a universal indicator of roughness of frac-
ture surfaces, weakly dependent on the nature of the ma-
terial. The roughness of the profile of the candidate EM
precursor leads to a roughness of the fault surface which
is compatible with the universal one.

The activation of a single EQ (fault) behaves as a re-
duced self-affine image of the whole regional seismic-
ity and a magnified self-affine image of the laboratory
seismicity. Importantly, Huang and Turcotte (1988)
have pointed out that the statistics of seismicity could
be merely a macroscopic reflection of the physical pro-
cesses in EQ source.

Nat. Hazards Earth Syst. Sci., @&$2008
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4. Miltenberger et al. (1993) and Carlson et al. (1994)
have early pointed out that an important open question
is whether the spatial and temporal complexity of EQs
and fault structures emerge from geometrical and ma-
terial built-in heterogeneities (Turcotte, 1997) or from
the chaotic behavior inherent to the nonlinear equations
governing the dynamics of these phenomena. The ob-
tained results support the hypothesis that the complex-
ity of fault nucleation emerges from geometrical hetero-
geneities.

Zante 10 kHz recordings, Day:2.2489, f=2.3751, r=0.99641

10

10

New theoretical and experimental results support the
above mentioned considerations. Irreversible thermodynam-
ics theories with internal state variables can be used to derive

-~ . - , a general constitutive law for both transient and steady-state
10 Y reaueney i) 1 behaviors of rocks (Kawada and Nagahama, 2006). Recently,

_Zante 10 kHz recordings, Day:2 2845, 25254, 120.99609 irreversible thermodynamics applied to the damage mechan-
ics reveals that the damage evolution produces the reported
precursory temporal variations in EM radiation and mechan-
ical energy releases prior to the Athens EQ (Kawada et al.,
2007). Moreover, Muto et al. (2007), to investigate the re-
lation between the rock friction and the fractal structure of
preseismic electromagnetic radiations conducted a friction
experiment simulating the motion of an asperity on a fault
plane. From concepts on the fractal size-distribution and
temporal evolution of fault asperities, the authors conclude
that the frictional discharges occurring at asperities on the
‘ fault plane can be one of the origins of the pre-failure fractal
05 - = " EM radiations.

Frequency (Hz) In this field of research we require the reproducibility of
Zante 10 Kz recordings, Day:2.96, 72,3453, r0.99%23 the results: the results based on kHz-MHz EM data should
be verified by independent experimeniBhis requirement
is well-satisfied in the case of the Athens EQ. Indeed, the
kHz EM activity associated with the Athens EQ is consis-
tent with other precursors that are imposed by data from
other disciplines such as: seismology in terms of cumulative
Benioff “strain”, infrared remote sensing, synthetic aperture
radars interferometry, and ultra low-frequency seismic elec-
tric signals (SES) (Karamanos et al., 2006; Papadimitriou et
al.,, 2008). Notice, these measurements could indicate the
possible position of the epicenter and the magnitude of the
: : : impending EQ (Kapiris et al., 2005), while the analysis of
A P e " MHz-KHz EM emissions particularly point to way of esti-
Frequency (Hz) mating the time to global failure. As it is mentioned, many
aspects of EQ phenomenology still escape our full under-

: . . _standing. The case of the Athens EQ suggests that: several
Fig. 10. The power spectrum density versus frequency in 4kind of promising precursory changes do exist; through an
logS(f)-logf representation of three segments of the 10kHz EM . . '
emission recorded before the EQ that occurred on 14 February 2oo§“ef9rated seargh for.vgnous EQ precursors a”‘?' of related
in southern Greece with magnitude 6.9. Each segment has a dur&hysical mechanisms it is expected to lay foundation for EQ
tion of 1024 s including 1024 points. The associgtegxponents ~ generation, and thus to achieve a better short-term EQ pre-
leads to a roughness of the profile of the corresponding time serieglictions.
which is consistent with one of the profile of the kHz EM precursor It would be desirable to have the possibility to ana-
associated with the Athens EQ (see Figs. 5, 6). lyze more preseismic EM emissionslowever, the collec-
tion of a volume of appropriate EM data for statistical pur-
poses requires some decades of years at least. Due to their

10

10

10

PSD

10

10°k:

PSD
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absorption, precursory MHz-kHz EM radiations are associ-Bhattacharyya, P.: Of overlapping Cantor sets and earthquakes:
ated with surface EQs with magnitude 6 or larger which hap- analysis of the discrete Chakrabarti-Stinchcombe model, Phys-
pen in the continental Greece or near the coastline. However, ica A, 348, 199-205, 2005.
such as EQs occur in a very slow rate, so that a statisticaPouchon, M.. The state of stress on some faults of the San An-
evaluation stemming from the EM data is practically impos- dreas system as inferred from near-field strong motion data, J.
sible. This fact obliges us to attempt a multidisciplinary eval- _G€0Phys- Res., 102,11 731-11744,1997.

. . . . . Carlson, M., Langer, J., and Shaw, B.: Dynamics of earthquake
uation of seismogenic origin of the detected candidate pre- p

e . aults, Rev. Mod. Phys., 66, 657-670, 1994.
Curso_ry EM emissions (Eftaxias et al., 2007b and rGfereme%hakrabarti, B. and Benguigui, L.: Statistical Physics of fracture
therein). Recently a strong EQ occurred on 14 February ang preakdown in disordered Systems, Oxford University Press,
(10:09:22.5 UTC) in southern Greece (36.5f 21.75 E) 176 pp., 1997.
with a magnitudeM = 6.9. A sequence of strong kHz EM  Chakrabarti, B. and Stinchocombe, R.: Stick-slip statistics for two
avalanches has been detected on 8 and 9 February (Fig. 10). fractal surfaces: a model for earthquakes, Physica A, 270, 27-34,
This EM activity has a long duration~@6 h) and ceased 1999.
~4 days before the EQ. This activity shows the same be-Contoyiannis, Y., Kapiris, P., and Eftaxias, K.: Monitoring of a pre-
havior with the one associated with the Athens EQ, namely S€ismic phase from its electromagnetic Precursors, Phys. Rev. E,
persistency and high organization. Characteristically, we ob- 71, 066123, 1-14, 2005. . . )
served: (i) A very important reduction of the Tsallis entropy P°92€: -, Beroza, G., and Ellsworth, W.: Detailed observations of
inside the strong impulsive burst; the normalized g-Tsallis _(Zg!lfqrnla foreshock sequences: implications for the earthquake
L ! . initiation process, J. Geophys. Res., 101, 22 371-22 392, 1996.

values are distributed groupd the value 0.65 as in the CaSBftaxias, K., Kapiris, P., Polygiannakis, J., Bogris, N., Kopanas,
of the Athens EQ (Kalimeri et al., 2008_; Papadlmltl_’lou et 3., Antonopoulos, G., Peratzakis, A., and Hadjicontis, V.: Sig-
al., 2008). Notice, the EM background is characterized by natures of pending earthquake from electromagnetic anomalies,

a normalized g-Tsallis entropy0.95, while the Tsallis en- Geophys. Res. Lett., 28, 3321-3324, 2001.
tropy has been normalized with the g-Tsallis entropy for aEftaxias, K., Kapiris, P., Dologlou, E., Kopanas, J., Bogris, N.,
uniform distribution of probabilities. (ii) Théi-values into Antonopoulos, G., Peratzakis, A., and Hadjicontis, V.. EM

the emerged EM bursts are distributed around the value 2.5 anomalies before the Kozani-Grevena earthquake: A study of
sory EM time series is also in agreement with the universal Lett., 29, 691-694, 2002.

value of the fracture surfaces. These new findings furthef=2Xi2s: K., Sgrigna, V., and Chelidze, T.: Mechanical and Electro-
magnetic Phenomena Accompanying Preseismic Deformation:
support the results of the present study.

from Laboratory to Geophysical Scale, Tectonophysics, 431, 1-
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