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Abstract

We examine the nature of the seismogenetic system in South California, USA, by
searching for evidence of non-extensivity in the earthquake record. We attempt to
determine whether earthquakes are generated by a self-excited Poisson process, in
which case they obey Boltzmann-Gibbs thermodynamics, or by a Critical process, in
which long-range interactions in non-equilibrium states are expected (correlation) and
the thermodynamics deviate from the Boltzmann-Gibbs formalism. Emphasis is given to
background earthquakes since it is generally agreed that aftershock sequences comprise
correlated sets. Accordingly, the analysis is based on the accurate earthquake catalogue
compiled of the South California Earthquake Data Center, in which aftershocks are
either included or have been removed with a stochastic declustering procedure. We
examine multivariate cumulative frequency distributions of earthquake magnitudes,
interevent time and interevent distance, in the context of Non-Extensive Statistical
Physics, which is a generalization of extensive Boltzmann-Gibbs thermodynamics to
non-equilibrating (non-extensive) systems. The results indicate a persistent sub-
extensive seismogenetic system exhibiting long-range, moderate to high correlation.
Criticality appears to be a plausible causative mechanism although conclusions cannot
be drawn until alternative complexity mechanisms can be ruled out.

Keywords: Tsallis entropy, complexity, non-extensivity, statistical seismology.

Mepiinyn

H mopodoa epyacio diepevve. tyy dmopln pn eKToTIKOTHTAS OTO GEITUOYEVETIKO COOTHUA
¢ Notiag Katipopviog, HIIA, oc uio mpoorddera va dievkpiviaei eav i osiouoyéveon
ogeiletal oe avtodieyepducves diepyaaicg Poisson, mov vraxovovv oty Oepuodvvauiri
Boltzmann-Gibbs # and xpioiuec diepyacics otic omoies avouévoviar aliniemdpdoeic
HOKPAS EUPELEIOS O€ KOTATTOON U-LO0PPOTTLAS UE THY BEPUOSVVOLIKY TOD GOOTHUOTOS
va. amoklivel amd tov popualious Boltzmann-Gibbs. H avdlven Paciletar atov mhipn
Kol 0TOYaoTIKG amo-opadoromuévo kataioyo tov South California Earthquake Data
Center, faoet tov omoiov karoorevalovial kKor avoidOVTaL TOAVUETOLINTES KOTOVOUES
aBpolaTikng ovyvoTnTaS TUVAPTHOEL TOL EYEAOVS, TOV EVOIGUETOD YPOVOL KOl THG
evoLaueons amootoons, epopuolovias opyés e My Extotikng Zronouknc ook,
n omoia amotelsl yevikevon ¢ extatikic Geppodvvegurric Boltzmann-Gibbs oe un-
extotika  ovotuato. To  amoteAéouaro  deiyvoov Ty Vmapln  vmO-EKTOTIKOD
OELOUOYEVETIKOD GUOTHUOTOS TOV OLETETOL OO OAANAETIOPAOEIS HOKPAS eufiédeiog.
ITi0avog punyoaviouos un-eKtoTiKoTnTag Eval ) OVTO-0PYOVMOUEVH KPIGILOTHTA, OV KOl
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oev umopovv va eloyBodv acpal coumepacuoto Tprv amokleloBodv evorloktikol
U OVIOoUOT TOAVTAOKOTHTOG.
Aéeig kAe1o1d: Eviporio To0AA, un-eKTOTIKOTNTO, OTATIOTIKY OEIGUOAOYIO.

1. Introduction

Over the last two decades seismicity modelling with increasing component of physical reasoning has
been attracting attention. Statistical seismology comprises a useful tool which aims to bridge the gap
between physics-based models without statistics, and statistics-based models without physics.
Although progress has been made, seismicity has proved a difficult subject to deal with and make
breakthroughs. The seismogenetic system is generally thought to comprise a mixture of processes that
express the continuum of tectonic deformation (background process) and a large population of
aftershocks that express the short-term activity associated with the occurrence of significant
earthquakes (foreground process). Although, progress has been made in understanding the foreground
process, the statistical physics of background seismicity, hence the nature of seismogenetic system
remains ambiguous with significant repercussions for problems such as hazard analysis and long-term
forecasting.

The development of theoretical and experimental methods and techniques that combine the physics
and statistics of seismogenesis has led to two principal approaches as to the nature of background
seismicity. The first approach postulates that the expression of the background process is Poissonian
in time and in space and obeys extensive Boltzmann-Gibbs thermodynamics. This property is
associated only with the time and the distance (space) between earthquake events, but not with their
size (magnitude) which is governed by the well-established frequency - magnitude (F-M)
relationship of Gutenberg and Richter (1944). The second approach proposes that the seismogenetic
process comprises a complex system, although the mechanisms begetting complexity are not clear
as yet. The first (Poissonian) and currently most influential point of view is supported by a series of
well-known models suggesting that background earthquakes are statistically independent and
although it is possible for one event to trigger another, this occurs in an unstructured random way
and does not to contribute to the long-term evolution of seismicity. Such models include the
paradigmatic ETAS (Epidemic Type Aftershock Sequence) which essentially expresses a self-
excited conditional Poisson process, (e.g. Ogata, 1988, 1998; Zhuang et al., 2002; Helmstetter and
Sornette, 2003; Touati et al., 2009 and Segou et al., 2013), proxy-ETAS models (Console and
Murru, 2001; Console et al., 2003, 2010) the PPE model (Proximity to Past Earthquakes; Marzocchi
and Lombardi, 2008), the EEPAS model (Each Earthquake is a Precursor According to Scale;
Rhoades, 2007) as well as their variants and derivatives. The second point of view proposes that
seismicity is an expression of non-equilibrating fractal tectonic grain that continuously evolves
toward a stationary critical state with no characteristic spatiotemporal scale (e.g. Bak and Tang,
1989; Sornette and Sornette, 1989; Olami et al., 1992; Sornette and Sammis, 1995; Rundle et al.,
2000; Bak et al., 2002 and Bakar and Tirnakli, 2009, etc.). This concept is known as Self Organized
Criticality (SOC) and suggests that all earthquakes evolve towards the same global population and
participate in shaping a non-equilibrium state with correlation between background, as well as
between background/foreground and foreground/foreground events, so that instabilities arise
spontaneously and any small instability has a chance of cascading into a large shock. Correlation
endows the seismogenetic system with memory and the statistics of the parameters pertaining to its
temporal and spatial evolution are expected to exhibit power-law behaviour and long tails.

Both Poissonian and SOC models agree that the foreground process comprise a set of dependent
events, though the former assign only local significance to this dependence, while SOC considers
them to be an integral part of the regional seismogenetic process. The fundamental difference
between the two approaches lies in their understanding of the background seismogenetic process. It
is therefore clear that if it is possible to identify and remove the foreground process (aftershocks), it
would also be possible to clarify the nature and dynamics of the background process by examining
its spatiotemporal characteristics for the existence of correlation.
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The most recent development in the analysis of earthquake occurrence is the introduction of Non-
Extensive Statistical Physics (NESP) as a fundamental conceptual framework of the thermodynamics
that govern seismogenesis and seismicity. NESP has been developed by Tsallis (1988, 2009) as a
generalization of the (extensive) Boltzmann-Gibbs formalism which applies to equilibrating physical
systems to non-extensive (non-equilibrating) systems. As such it comprises an appropriate tool for the
analysis of complexity evolving through scale invariance, long-range interactions and long-term
memory (e.g. Gell’mann and Tsallis, 2004). NESP predicts specific power-law cumulative probability
distributions for non-extensive (complex) dynamic systems, which reduce to the exponential
cumulative distribution in the limiting case of extensive (random) systems. Thus, NESP also provides
a unique, consistent and model-independent theoretical context in which to investigate the nature and
dynamics of the background or/and foreground seismogenetic processes.

The present study is part of a continued systematic attempt to examine the dynamics of the
seismogenetic system by implementing the generalized NESP formalism and searching for signs of
randomness or self-organization as a function of event size, time and space. Earthquake magnitude
is quite obviously the fundamental measure of event size and the cumulative frequency - magnitude
distribution (Gutenberg - Richter law) is understood to express the size distribution of a fractal active
fault system. A measure of the temporal correlation between earthquakes can be afforded by the
lapse-time between consecutive events over a given area. This parameter is variably referred to as
interevent time, waiting time or calm time and understanding its statistics is obviously key to
understanding the evolution (temporal dynamics) of the seismogenetic system. Likewise, a measure
of spatial correlation (range of interaction) is the hypocentral distance between consecutive events
over a given area (interevent distance). It can simply be suggested that if the cumulative frequency
distributions of the relevant parameters exhibit specific traits expected of non-extensive systems,
then it is likely that the system generating these distributions is non-extensive and vice versa.

The remaining of this presentation is organized as follows. A brief exposé of our implementation of
the NESP formalism is given in Section 2. The analysis focuses on South Californian seismicity,
because it is a well-studied area with very reliable earthquake monitoring services and seismological
catalogues. A brief presentation of the data (earthquake catalogues) and the data reduction and
analysis procedures is given in Section 3. The results are presented in Section 4 and discussed in
Section 5. Finally, it shall be demonstrated that the frequency of earthquake occurrence in South
California is multiply related to the magnitude, interevent time and interevent distance by well-
defined bivariate power-laws consistent with NESP and that the expression of the regional active
fault system (seismicity) is produced by a complex system comprising a mixture of correlated
background and correlated foreground processes, thus displaying attributes of self-organization.

2. Non- Extensive statistical Physics (NESP) approach to earthquake
statistics

During the past two decades, it has been widely appreciated that in a wide spectrum of complex
dynamic natural, physical and social systems, the entropy of the system does not equal the sum of
the entropy of their components. Such non-additive systems, also commonly known as non-
extensive, are generally characterized by scale invariance, long-range interactions, long-term
memory and evolution in a fractal-like space-time: they cannot be adequately described with the
standard Boltzmann-Gibbs formalism of thermodynamics, which has been specifically developed
for additive (extensive) systems.

The development of an appropriate thermodynamic description of non-extensive systems has been
pioneered by Tsallis, (1988, 2009) who introduced the context of Non Extensive Statistical Physics (NESP)
as a direct generalization of the BG formalism. Thus, letting X be some dynamic parameter, the non-
equilibrium states of non-extensive systems can be described by the Tsallis (1988) entropic functional:
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S, = kqi_l[l—jw pq(X)dX] Q)

where p(X)dX is the probability of finding its value in [X, X+dX] so that [wp(X)dX=1, k is the
Boltzmann constant and q is the entropic index. The latter is a measure of the non-extensivity of the
system and for g=1 Eq. 1 reduces to the well-known Boltzmann-Gibbs entropic functional

Sas ==k [ P(X)In(p(X))dX

It can be shown (Tsallis, 1988, 2009 and Abe and Suzuki, 2005) that if the empirical distribution of
X (escort probability) is Py(X), then the cumulative probability function (CDF) of X is:

o0
P(> X) = jdx R, (X)
X
In the case of g > 0 and X e [0, o), the CDF reduces to the g-exponential distribution

° i-q
P(>X)= jdx P,(X)...=...P(> X) =exp, [—LJ{l—a—q)[iH )

X xO xO
where Xo is a characteristic value (g- relaxation value) of the seismic parameter and

1
equ(X)Z (1+(1—q)X)1—q 1+(1—q)X>O’ (3)
0 1+(1-q)x<0

is the g-exponential function which comprises a generalization of the exponential function: for =1,
expq(X) = e*.

As is apparent in Eg. 2 and Eq. 3, P(>X) is a power-law with a long tail if g>1, corresponding to sub-
additivity (sub-extensivity), an exponential distribution if =1, corresponding to additivity
(extensivity), and a cut-off if 0<qg<l, corresponding to super-additivity (super-extensivity).
Accordingly, when g>1 the tail of the CDF indicates a complex system with long-range correlations
and long-term memory; when g=1, the g-exponential distribution reduces to the common exponential
distribution indicating that the system is a random process. Finally, when g<1, P(>X)=0 whenever the
argument becomes negative and the system is characterized by a bounded correlation radius.

The analysis of one-dimensional Frequency-Interevent Time (F-T) and Frequency-Magnitude (F-
M) distributions under the scope of NESP has been attempted by a significant number of researchers.
This includes theoretical studies of emergent g-exponential distributions in critical (e.g. Caruso et
al., 2007 and Bakar and Tirnakli, 2009) and non-critical seismicity models (e.g. Celikoglu et al.,
2010), as well as empirical studies in rock fracture experiments (Vallianatos et al., 2012). It also
includes the analysis of observed F-T distributions, in which empirical P(>T) functions where
effectively fitted with one-dimensional g-exponentials (Abe and Suzuki, 2005; Carbone, 2005,
Vallianatos et al., 2013; Vallianatos and Sammonds, 2013; Papadakis et al., 2013 and Michas et al.
2013). Analogous studies of F-M distributions have been undertaken by Sotolongo-Costa and
Posadas (2004), Silva et al. (2006), Telesca (2011, 2012) etc. These authors proposed NESP
compatible formulations based on physical models of faults that consider the interaction between
two rough fault walls (asperities) and the fragments filling space between them (fragment-asperity
model). Energy is stored in the asperities and fragments and their interaction is supposed to modulate
earthquake triggering. In this study we posit that the model proposed by Telesca (2011, 2012), i.e.
that the energy scales with the area of the fragments and asperities (E o« r?) so that M = 2% log(E) ,

is representative of the seismogenetic process. Accordingly, we adopt this model, in which the
cumulative F-M distribution reads:
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where N is the number of earthquakes with magnitude greater than M, Nq is the total number of
earthquakes at M = 0, « expresses the proportionality between the released energy E and the
fragment size r and qu is the entropic index.
As mentioned in the introduction, our goal is to investigate whether seismicity is generated by a
critical, or self-excited random (Poissonian) system. One path to this end is to investigate whether
earthquakes are simultaneously correlated in space and in time using the NESP formalism and
determining the values and variation of the entropic indices. Accordingly, the earthquake occurrence
model we implement herein is based on the multivariate frequency distributions that express the
joint probability of observing an earthquake of given magnitude above a given interevent time and/or
interevent distance. Specifically, we use the F-M-T distribution constructed as follows: A threshold
(cut-off) magnitude M is set and a bivariate frequency table H, representing the incremental
distribution, is first compiled. The cumulative distribution is then obtained from the incremental
distribution by backward bivariate summation, according to the scheme

Now =20 o Do, 1 Hy & Hy 20}, 7=1..D;, m=1..D,

where Dy is the dimension of H along the magnitude axis and Dr is the dimension of H along the
interevent time axis. In this construct, the cumulative frequency (earthquake count) can be written
thus: N({M > M, T : M > Mg}). Then, the empirical probability P(>{M>Mu, T : M > Mu}) is simply
N>{M=M,, T:M>M,})
NO
Next, we assume that the magnitude M, interevent time 4z distributions are due to independent
processes in the sense that the joint probability P(M u 4¢) factorizes into the probabilities of M and
At,i.e. P(M U 4t) = P(M) P(4t). Then, on removing the normalization, the joint probability above
a magnitude threshold can be expressed by

logN = Iog(NM_0)+[i_q“" ong(l—ﬂ-@}rl ! Iog{l—(l—qt)[ﬁﬂ , ©)

0

. Ny=N(M=M,,0)=|N|,

M 2- Qv a% t Ato

where gwm, g are the entropic indices for the magnitude and interevent times respectively and Ato, is
the g-relaxation time, analogous to the relaxation (characteristic) time often encountered in the
analysis of physical systems. Eq. 5 is a generalized (bivariate) law of the Gutenberg — Richter kind,

in which b, =(2-q,, )(q, —1)™ is the NESP equivalent of the b value. Accordingly, Eq. 5 is the

general model to be implemented in the ensuing analysis.

Eq. 5 is fitted to the observed bivariate F-M-T distributions using non-linear least-squares. Because the
parameters of Eq. 5 are subject to positivity constraints and/or are bounded (e.g. the entropic indices), a
NNLS solver implementing the trust-region reflective algorithm (e.g. Moré and Sorensen, 1983;
Steihaug, 1983) was chosen, together with Least Absolute Residual minimization so as to down-weight
possible outliers. Typical examples/results of the performance of this procedure can be found in Tzanis
et al. (2013) and Efstathiou et al. (2015) and will not be included herein for the sake of brevity.

As repeatedly stated, complexity and self-organization are associated with long-range interactions
and long-term memory; these attributes are referred as correlation. Conversely, Poissonian processes
are local and memory-less: they are uncorrelated. The study of F-M-T distributions by means of Eq.
5 will provide information with respect to the size distribution and memory of the seismogenetic
system, but not with respect to long-range spatial correlation. In order to address this problem we
use the interevent distance, i.e. the hypocentral distance between consecutive earthquakes, as a
spatial filter by which to separate and study the temporal correlation of proximal and distal
earthquakes: the premise is that if distal earthquakes are correlated in time, then they have to be
correlated in space by long-distance interaction and vice versa. To this effect, we apply the same
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modelling procedure to data subsets grouped according to the interevent distance following the rule
C o> {Cp: M >Mmn A Ad. < Ad < Ady} where C is the catalogue, Cp is the subset catalogue, A4d is the
interevent distance and 4d\, 4dy are the upper and lower group limits.

3. Earthquake Catalogues and Analysis

The earthquake data utilized in this study was extracted from the regional earthquake catalogue of
South California Earthquake Data Centre (SCEDC @ http://www.data.scec.org). The catalogue
comprises 16,749 events recorded between 1981 and 2010 in the area 36°N - 32°N and -122°E - -
114°E. These geographic boundaries where defined on the basis of the right-lateral active faulting
system of South California, which extends between the Salton Sea to the south and the Garlock fault
to the north (see Fig. 1a). The area spanned by the WNW-ESE oriented Garlock Fault is not included
in the present analysis: it is characterized by a mixture of reverse and left-lateral strike slip faulting,
while the Garlock Fault is a major boundary between the semi-rigid microplate of Basin and Range
Province and the Mojave Desert and is believed to have developed in order to accommodate the
strain differential between the extensional tectonics of the Great Basin crust and the right lateral
strike-slip faulting of the Mojave Desert crust. We consider that the expression of seismicity in this
area has to be studied separately as it represents a significant and distinct geodynamic feature.

2397 2407 2417 242 243" 244" 245°

35

34°

33

239° 240°

Fig 1a - The SCEDC catalogue, 1981-2010: Epicentral distribution of the complete (white
circles) and declustered catalogues (black circles).

Most earthquakes in the SCEDC catalogue are reported in the M. and M,, magnitude scales while
there is a considerable number of events reported in the duration (Mg) and amplitude (M) scales.
The latter have been exhaustively calibrated against the M, scale: Eaton (1992) has shown that they
are within 5% of the M scale for magnitudes in the range 0.5 to 5.5 and that they are virtually
independent of the distance from the epicentre to at least 800 km. In consequence, My and My are
practically equivalent to M. For the purpose of the present analysis My, magnitudes were converted
to My using the empirical formula of Uhrhammer et al. (1996): My = M_*(0.997 + 0.020) — (0.050 +
0.131). The reduced SCEDC catalogue was determined to be complete for magnitudes M. > 2.6
since 1975; the distribution of the epicentres of all events above the magnitude of completeness is
shown in Fig. 1a and the corresponding cumulative earthquake count in Fig. 1b (black line).

As stated in the introduction, it is not clear whether the background seismogenetic process is
fundamentally random or correlated. In order to address this question we conduct our analysis on
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both complete (original) and declustered versions of the SCEDC catalogue (in which aftershock
sequences have been eliminated in an optimal as possible way). To this effect, we apply the
stochastic declustering method of Zhuang et al. (2002) which is based on space-time branching
approaches to describe how each event triggers its successors. This method was chosen over
deterministic methods (e.g. Gardner and Knopoff, 1974; and Reasenberg, 1985) because the choice
of the space-time distance between events is optimized by fitting an ETAS model to the earthquake
data and there is no need to assume anything about the parameters pertaining to the definition of the
space-time distance. Moreover, instead of associating an aftershock to only one main shock, the
method assigns each earthquake with a probability that it is an aftershock of each preceding
earthquake, meaning that all preceding earthquakes are possible main shocks of the events that
follow them. This is advantageous in that it circumnavigates the difficulty of making committing
binary decisions in the (very frequent) case of nearly equal space-time distances between successive
events (as with deterministic declustering methods). Last, but not least, the Zhuang et al. method is
based on the paradigmatic realization of the self-excited Poisson process (ETAS): if background
seismicity obeys Boltzman-Gibbs statistics, then this method should be able to extract a nearly
random background process against which to test the alternative hypotheses.

1 | 1 | | |
—— SCEDC raw catalogue
— SCEDC declustered ¢j>=70%

T T T T T T
1980 1985 1990 1998 2000 2005 2010 2015
Time in years

Fig 1b - Cumulative earthquake count for the complete (solid black line) and declustered
catalogues (solid grey line).

The Zhuang et al. (2002) method uses the following form of the normalized probability that one
event will occur in the next instant, conditional on the hitherto history of the seismogenetic process
(conditional intensity):
ﬂ(t,X, va | Ht)=ﬂ(X, y,M )+ ZK(M|)g(t_t|) f (X_th_yi |M|) J(M | M|)
it <t

where, A is the conditional intensity on the history of observation H; until time t, z(x,y,M) is the
background intensity, x (M) is the expected number of foreground events triggered by a magnitude
M main shock and g(t), f(x,y|Mi) and j(M|M;) are respectively the probability distributions of the
occurrence time, the location and the magnitude events triggered by a main shock of magnitude M;.
If the catalogue is arranged in chronological order, then the probability of an event j to have been
triggered by an event i < j can be estimated from the occurrence rate at its occurrence time and
location as

. K(Mi)'g(tj -t)- f(Xj =X, Y Y IM;)

ALt %, y; [H,)

j-1
i=1

and the probability that an event j is aftershock is given by p; =z P, ; - Conversely, the

probability that an event j is background is given by ¢; =1—p; .
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As a rule of thumb, an event with ¢; < 50% is taken to be foreground while an event with ¢; >50%
is likely to belong to the background. In this presentation, we assume that events with probability ¢;
> 70% belong to the background. Accordingly, the declustered version of the catalogue we use
herein comprises 2,158 events with probability ¢; > 70% to belong to the background. The epicentre
distribution of the declustered catalogue is also shown in Fig 1a and the corresponding cumulative
earthquake count in Fig 1b (grey line).

4. Results

As a general rule, Eq. 5 yields excellent approximations of the observed F-M-T distributions (for
details see Tzanis et al., 2013 and Efstathiou et al., 2015). For the sake of experimental rigour, this
presentation will only consider models associated with a goodness of fit (R?) better than 0.97. The
discussion will focus on the values and variation of the entropic indices determined for different cut-
off magnitudes (Fig. 2) and interevent distances (Fig 3). The following two conclusions of Efstathiou
et al. (2015) are important in studying and comprehending the results obtained herein:

(8) The estimation of the b-value from the magnitude entropic index (bg) is robust and absolutely
consistent with the b-value obtained by standard methods of b-value estimation.

(b) The analysis of a large number of synthetic ETAS catalogues based on the parameterization of
Californian seismicity has established that the threshold (base) value of the temporal entropic
index above which it is safe to assume non-Poissonian background processes, is qr = 1.2.

SCEDC Raw Catalogue 1981-2010
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Figure 2 - Dependence of entropic indices on the threshold magnitude for the complete (raw)
SCEDC catalogue (top) and the declustered catalogue at the 70% probability level (bottom).
In all cases, error bars correspond to 95% confidence intervals.

As is apparent in Fig. 2, the analysis of the complete and declustered SCEDC catalogue shows that
the entropic index qu is quite consistently determined. For the complete catalogue gm varies from
1.5 to 1.53 while for its declustered counterpart it varies from 1.52 to 1.54. This leads to bq estimates
that vary from 1.00 to 0.88 for the complete catalogue, and 0.92 to 0.85 for its declustered
counterpart. The entropic index gum, like the b-value to which it is related, represents the scaling of
the size distribution of earthquakes and clearly indicates a correlated, scale-free process. The
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temporal entropic index exhibits significant variations for the complete SCEDC catalogue. As can
be seen in the top panel of Fig. 2, gr varies from 1.15 to 1.34 indicating very low to moderate
correlation; at first sight, it would appear that the seismogenetic system of South California verges
on the border between point and critical processes. Conversely, the declustered SCEDC catalogue
reserves a surprise (Fig. 2-bottom): gr is consistently stable and varies from 1.43 to 1.58 indicating
a highly correlated background process at the 70% probability level.

When interevent distances are used as spatial filters, the analysis shows that gu is also stable and varies
from 1.49 to 1.52 for the complete SCEDC catalogue, and from 1.51 to 1.53 for the declustered version.
Respectively, by varies from 1.04 to 0.92 and from 0.96 to 0.88. Conversely, the temporal entropic
index changes with interevent distance. Fig. 3-top clearly shows that for the complete catalogue, gr is
very high (1.78) at shorter interevent distances (4d < 50 km) indicating extremely high correlation
which is evidently due to the overwhelming effect of the tightly spaced and highly correlated aftershock
sequences. For A4d > 100 km g is persistently lower (1.31-1.29) indicating moderately correlated far-
field processes. The analysis of the declustered SCEDC catalogue shows that gr behaves in a manner
analogous to the analysis of its complete counterpart: as evident in Fig. 3-bottom, gr indicates
extremely high correlation (1.91) at short interevent distances (4d < 50 km), while it varies from 1.35
to 1.48 at longer interevent distances indicating moderate to high far-field correlation.

SCEDC Raw Catalogue 1981-2010
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Figure 3 - The dependence of the entropic indices on interevent distance, for data subsets
grouped according to interevent distance. (a) Analysis of the complete (raw) catalogue. (b)
Analysis of the declustered catalogue at the 70% probability level. The size of 4d bins is
indicated by horizontal line segments. Errors are 95% confidence intervals.

5. Discussion

The present study is part of a continued systematic attempt to examine the nature of seismogenesis
by searching for evidence of complexity and non-extensivity in accurate and reliable seismicity
records. There are two general theoretical approaches as to the nature of the background
seismogenetic process: either it comprises a self-excited conditional Poisson process, or a (Self-
Organized) Critical process. In the first case, background (core) earthquakes are thought to be
spontaneously generated in the seismogenetic continuum and are expected to be independent of each
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other. Accordingly, there should be no correlation between background events as there is no
interaction between them and the thermodynamics of the process should obey the Boltzmann-Gibbs
entropic formalism. In the latter case, long-range interactions in non-equilibrium states are expected,
so that background events should be correlated and the thermodynamics should deviate significantly
from the Boltzmann-Gibbs formalism. Both approaches agree that the core earthquakes generate
aftershock sequences (foreground earthquakes) which are genetically related to the parent event and
comprise correlated sets. It is clear that if it was possible to identify and remove aftershocks, it would
also be possible to investigate the nature of the seismogenetic system by examining background
earthquakes for the existence of correlation.

With respect to South Californian seismicity the analysis of size (energy) distribution of earthquakes
yielded results consistent with a correlated sub-extensive system; the results are also compatible with
observations based on conventional measures of scaling and self-organization, with particular
reference to the b-value. More interesting observations can be made in reference to the temporal
entropic index gr, which conveys information about the dynamic state(s) of the system. For the
complete catalogue, the analysis of interevent times has determined an overall moderately correlated
sub-extensive system, in which near-field events (at short interevent distance) exhibit very high
correlation due to the interactions between proximal background/background, background/foreground
and foreground/foreground events. A point of great significance is that on removing aftershock
sequences we observe increased correlation. The background process, with probability ¢ > 70% for
an event to belong to the core seismicity appears to be highly correlated in both time and space (i.e. at
both near and far fields) while properly random processes (gr < 1.1) have not been detected.

The results presented herein provide strong evidence of complexity in the expression of background
seismicity in South California. Criticality appears to be a very likely explanation of the complexity
mechanism, inasmuch as a persistent state of non-equilibrium can be inferred on the basis of the
temporal entropic index and persistent fractal geometry is evident in the behaviour of the magnitude
entropic index. However, supplementary experimental work and testing is required before the
evidence becomes compelling. According to Sornette and Werner (2009), complexity may not only
emerge from inherent non-linear dynamics of the active tectonic grain as required by SOC; quenched
heterogeneity in the stress field and production rates may also be of great importance. It is also
noteworthy that Celikoglu et al. (2010) showed that it is possible to obtain g-exponential
distributions of interevent times with models not involving criticality. Accordingly, additional work
is required before the mechanism of background seismicity can be specified.

As a general conclusion, the NESP formalism, although far from having settled the questions and
debates on the statistical physics of earthquakes indicates an excellent natural descriptor of
earthquake statistics and appears to apply to the seismicity observed along in South California where
sub-extensive thermodynamics appear to predominate.
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