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Abstract

We examine the nature of the seismogenetic system along the San Andreas Fault (SAF), California,
USA, by searching for evidence of complexity and non-extensivity in the earthquake record. We use
accurate, complete and homogeneous earthquake catalogues in which aftershocks are included (raw
catalogues), or have been removed by a stochastic declustering procedure (declustered catalogues). On
the basis of Non-Extensive Statistical Physics (NESP), which generalizes the Boltzmann-Gibbs
formalism to non-equilibrating (complex) systems, we investigate whether earthquakes are generated
by an extensive self-excited Poisson process or by a non-extensive complex process. We examine
bivariate cumulative frequency distributions of earthquake magnitudes and interevent times and
determine the size and time dependence of the respective magnitude and temporal entropic indices,
which indicate the level on non-equilibrium (correlation). It is shown that the magnitude entropic
index is very stable and corresponds to proxy b-values that are remarkably consistent with the b-
values computed by conventional means. The temporal entropic index computed from the raw
catalogues indicate moderately to highly correlated states during the aftershock sequences of large
earthquakes, progressing to quasi-uncorrelated states as these die out and before the next large event.
Conversely, the analysis of the declustered catalogues shows that background seismicity exhibits
moderate to high correlation that varies significantly albeit smoothly with time. This indicates a
persistent sub-extensive seismogenetic system. The degree of correlation is generally higher in the
southern SAF segment, which is consistent with the observation of shorter return periods for large
earthquakes. A plausible explanation is that because aftershock sequences are localized in space and
time, their efficient removal unveils long-range background interactions which are obscured by their
presence! Our results indicate complexity in the expression of background seismicity along the San
Andreas Fault, with criticality being a very likely mechanism as a consequence of the persistent non-
equilibrium inferred from the temporal entropic index. However, definite conclusions cannot be drawn

until the earthquake record is exhaustively studied in all its forms.

Key words: Tsallis entropy, complexity, non-extensivity, San Andreas Fault, seismicity.



Evidence of non-extensivity in the evolution of seismicity along the San Andreas Fault, California, USA.
Phys. Chem. Earth, 85-86, 56—68, 2015; doi:10.1016/j.pce.2015.02.013.

1. Introduction

Seismicity is generally thought to comprise a mixture of a background process that expresses the
continuum of tectonic deformation in a given seismogenetic area and a population of aftershock
sequences (foreground process) that express the short-term activity associated with significant
background events. The statistical physics of background seismicity, hence the nature of the
seismogenetic system, is not clear. In consequence, the way in which seismicity and tectonic
deformation evolve is also not well understood, with significant repercussions on problems such as

hazard analysis and long-term forecasting.

There are two principal approaches towards understanding the statistical physics of seismicity. The
first and currently most influential) postulates that the expression of the background process is
Poissonian in time and space and obeys extensive Boltzmann-Gibbs thermodynamics. It is important to
emphasize that 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'. Paradigmatic expression of this
viewpoint is the Episodic Type Aftershock Sequence (ETAS) (e.g. Ogata, 1988, 1998; Zhuang et al,
2002; Helmstetter and Sornette, 2003; Touati et al, 2009; Segou et al, 2013). In this empirical
construct which essentially expresses a self-excited conditional Poisson process (Hawkes, 1972;
Hawkes and Adamopoulos, 1973; Hawkes and Oakes, 1974), the randomly occurring background
main events trigger their aftershock sequences in which aftershocks trigger their own sub-sequences
thus leading to short-term clustering of multiple generations of foreground events; these are dependent
on each other and their time dependence is described by a power law known as the Omori-Utsu law of
aftershocks (e.g. Utsu et al., 1995). There are also point process models developed to address the
problem of intermediate to long-term clustering, as for instance the EEPAS (Each Earthquake is a
Precursor According to Scale, e.g. Rhoades, 2007) and the PPE (Proximity to Past Earthquakes, e.g.
Marzocchi and Lombardi, 2008). In any case, point processes are memoryless, therefore at the core of
this viewpoint rests the assumption that background earthquakes are statistically independent and
although it is possible for one event to trigger another (smaller or larger), this occurs in an

unstructured random fashion and does not to contribute to the long-term evolution of seismicity.

The second viewpoint postulates that the seismogenetic process comprises a complex system,
although the mechanisms begetting complexity are not clear as yet. A well-studied class of models
(Bak and Tang, 1989; Sornette and Sornette, 1989; Olami et al., 1992; Sornette and Sammis, 1995;
Rundle et al., 2000; Bak et al, 2002; Bakar and Tirnakli, 2009; many others) suggests that seismicity
expresses a non-equilibrating fractal tectonic grain that continuously evolves toward a stationary

critical condition with no characteristic spatiotemporal scale (Self Organized Criticality - SOC). In this

! An apparent contradiction is that the scale-free grading between earthquake frequency and magnitude implied
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view, all earthquakes belong to, or evolve towards the same global population and participate in
shaping a non-equilibrium state in which events develop spontaneously and any small instability has a
chance of cascading into a large shock. Critical complex systems evolving in a fractal-like space-time
are characterized by long-range interactions and long-term memory which, at least at a regional scale,
should be manifested by correlations and power-law distributions observable in the statistical
behaviour of their energy release, temporal dependence and spatial dependence. In addition, there are
models proposing alternative complexity mechanisms that do not involve criticality, yet maintain the
seismogenetic system in a state of non-equilibrium (see Sornette and Werner, 2009 for a discussion).
More recently, the Coherent Noise Model (Newman, 1996) was applied to seismicity by Celikoglu et
al, (2010). This is based on the notion of external stress acting coherently onto all agents of the system
without having any direct interaction with them and is shown to generate power-law interevent time
distributions. A weak point in this model is that it does not include some geometric configuration of

the agents and it is not known how this would influence the behaviour of the system.

A fundamental difference between the Poissonian models and SOC is their understanding of the
background seismogenetic process. The former approach assumes a self-exciting Poisson process in
time and space, in which there is no correlation (interaction) between background events, so that the
statistical description of parameters pertaining to their temporal and spatial evolution would be
consistent with the Boltzmann-Gibbs formalism. The SOC formalism requires short and long-range
interactions in a non-equilibrium state, so that there would be correlation between background events,
as well as between background/foreground events and foreground/foreground events. This renders
memory to the system and the statistics of the parameters pertaining to its temporal and spatial
evolution are expected to exhibit power-law behaviour and long tails. Moreover, non-critical
complexity models cannot develop power-law distributions in space and time, unless they evolve in
non-equilibrium states. Poissonian models and SOC both agree that the foreground process (aftershock
sequences) comprise a set of dependent events, but whereas the former assign only local significance

to this dependence, SOC considers them to be an integral part of the regional seismogenetic process.

The above discussion makes clear that were it possible to identify and remove the foreground
process (aftershocks), it might also be possible to clarify the nature and dynamics of the background
process by examining its spatiotemporal characteristics for the existence of correlation (hence non-
extensivity). This is not a simple objective and before it is pursued, there must be satisfactory answers
to three basic requirements, which are: (a) Statistical physics that comprise a natural and befitting (not
model-based) general context in which to investigate the existence of correlation; (b) Appropriate
parameters for the analysis of correlation in the temporal and spatial properties of seismicity and, (c)
Effective ways of distinguishing the background from the foreground processes. It turns out that

satisfactory (or nearly satisfactory) answers exist, as will be elaborated forthwith.

by the F-M relationship cannot be derived from the Boltzmann-Gibbs formalism.
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The most recent development in the statistical description 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 to non-extensive (non-
equilibrating) systems. As such it comprises an appropriate tool for the analysis of complexity
evolving in a fractal-like space-time and exhibiting scale invariance, long-range interactions and long-
term memory (e.g. Gell’mann and Tsallis, 2004). NESP predicts 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 provides a
unique, consistent and model-independent theoretical context in which to investigate the nature and

dynamics of the background and foreground seismogenetic processes.

With respect to the second requirement above, a common measure of scaling in earthquake size is
the Gutenberg — Richter F-M distribution, which is interpreted to express the scale-free statistics of a
fractal active tectonic grain. The F-M distribution is static and does not say much about the temporal
dynamics (evolution) and spatial dynamics of the seismogenetic system. It also says nothing about
correlation in the characteristics of energy release, since it does not relate the energy released by a
given earthquake to the energy released by its predecessor or successor events. Nevertheless, this
undisputable empirical relationship is a yardstick against which to compare any physical and
statistical description of the relationship between earthquake size and frequency and as such will be

used herein.

A measure of the temporal dynamics and definite measure of possible correlation between
successive earthquakes is the time elapsed between consecutive events above a magnitude threshold
over a given area: this parameter is variably referred to as interevent time, waiting time, calm time etc.
Understanding the statistics of the earthquake frequency — interevent time (F-T) distribution is
obviously of paramount importance for understanding the dynamics of seismogenetic system and have
been studied by several researchers, albeit not as extensively as its F-M counterpart. The empirical F-T
distributions generally exhibit power-law behaviour and long tails. In the context of Extensive
Statistical Physics, they have been investigated with different standard statistical models with tails,
reducible to power laws in some way or another; examples of this approach are the gamma distribution
and the Weibull distribution (e.g. Bak et al., 2002; Davidsen and Gold, 2004; Corral, 2004; Martinez
et al, 2005; Talbi and Yamazaki, 2010). Corral (2004) has applied the gamma distribution and has
suggested universality analogous to the Gutenberg — Richter F-M distribution, to which other
investigators objected on the basis of self-exciting conditional Poisson models and suggested that the
interevent times are mixed distributions of correlated aftershock and uncorrelated background
processes (e.g. Saichev and Sornette, 2013; Hainzl et al, 2006; Touati et al, 2009). Interestingly

enough, Molchan (2005) has shown that for a stationary point process, if there is a universal



Efstathiou, Angeliki, Tzanis, Andreas and Vallianatos, Filippos

distribution of interevent times, then it must be exponential! The few investigations performed in the
context of Non Extensive Statistical Physics will be reviewed in Section 2.2. It should be emphasized
that hitherto studies have analysed the mixed background/foreground processes and have not focused
on the background process independently.

With respect to the third requirement, (discrimination of background and foreground processes), we
have chosen to implement the state-of-the-art stochastic declustering method of Zhuang et al (2002).
As will be elaborated in Section 3, this has an additional for our purposes “advantage”, in that it
comprises a paradigmatic realization of the self-excited Poisson process. Accordingly, if the
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 (NESP). If it is

does not, then the argument in favour of a complex background process is stronger.

The present study is part of a 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 time. The remaining of this presentation is organized as follows. A
brief exposé of the NESP formalism will be given in Section 2.1, followed by a presentation of its
implementation to the analysis of joint frequency — magnitude — interevent time (F-M-T)(Section 2.2).
The analysis will focus on seismicity along the San Andreas Fault, California, U.S., because it is a
very well-studied area with very reliable earthquake monitoring services and seismological catalogues.
A brief presentation of the geotectonic context and a thorough presentation of the data (earthquake
catalogues) and the data reduction and analysis procedures will be given in Section 3. Section 4 is
devoted to the presentation of the results and of the validation tests conducted in order to appraise their
rigour. Finally, it shall be demonstrated that the frequency of earthquake occurrence along the San
Andreas Fault is multiply related to the magnitude and the interevent time by well-defined bivariate
power-laws consistent with NESP and that the seismicity is generated by an apparently complex

system comprising a mixture of correlated background and correlated foreground processes.

2. Non-Extensive Statistical Physics

2.1 Tsallis entropy and probability distribution

Let X be a seismicity parameter (e.g. energy, interevent time etc.) and p(X)dX the probability of
finding its value in [X, X+dX] so that [wp(X)dX = 1, where W is the support of X and expresses the
total number of microscopic configurations of the seismogenetic system. Non-equilibrium states in

systems with complex behaviour can be described by the Tsallis (1988) entropic functional:
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— 1 q
S, = kq—_l[l—jw D (X)dx], 1)
where k is the Boltzmann constant and g the entropic index which is a measure of the non-extensivity

of the system. For the particular case q = 1 Eq. 1 reduces to the Boltzmann-Gibbs (BG) entropy
Ses ==k, P(X)IN(p(X))dX

The Tsallis entropy shares properties with the BG entropy including concavity and the fulfilment of
the H-theorem. However, it is pseudo-additive (g # 1) in the sense that unlike the Sgg, it is generally
not proportional to the number of the elements of the system. This leads to super-additivity if g<1,
additivity when g=1, (that is Gibbs-Boltzmann statistics), and sub-additivity if g>1.

The maximization of the Tsallis entropy yields the g-exponential distribution:

p(X):Ziequ {—%(X—(X)q)}, 2

q q

where <X>q =_|'W Xp, (X)dX is the g-expectation value of X, 4 is an appropriate Lagrange multiplier,
zZ, :IW dX exp, [—/1- I -(X —(X )q)} is a generalized canonical partitioning function and

I, = J'W dX[p(X)]*. In Eq. 2, expq(.) represents the g-exponential function
1
equ(X): (1+(1—q)X)1_q 1+(1—q)X >0, (3)
0 1+(1-q)X <0

which comprises a generalization of the exponential function: for g=1, expq(X) = €". As evident from
Eq. (2) and Eq. (3), the probability p(X) is a power-law with a long tail if g>1, corresponding to sub-
additivity, an exponential distribution if g=1, corresponding to additivity, and a cut-off if 0< g< 1,

corresponding to super-additivity; the cut-off appears at X, = Xo(1-q) ™, with X, = (1-q)-(Xq) + A/l

If the empirical distribution of X (i.e. the escort probability) is Py(X), then the cumulative

probability function (CDF) derived from the above analysis is:
P(> X):Idx P, (X).
X

Forq>1and X € [0, «), the CDF becomes:

P X) = [dX B(X)...=>...P(> X):equE_XLJ:{l_a—q)(XLHlq o

which is a g-exponential distribution.

Figure 1 illustrates the g-exponential CDF for different values of g. When q > 1 the CDF exhibits a tail
that becomes longer with increasing q; the system experiences long-range correlation and has long-

term memory. When q = 1, the g-exponential distribution reduces to the common exponential
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distribution: the system is a random process (uncorrelated and memoryless). When gq < 1, the
distribution exhibits a cut-off, i.e. P (>X) = 0 and is characterized by a bounded correlation radius

whenever the argument becomes negative.
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Figure 1. Examples of the g-exponential CDF for different values of g, plotted in linear scale (left) and double-
logarithmic scale (right).

2.2 NESP aprroach to earthquake statistics

The Non-Extensive Statistical Physics (NESP) approach has attracted growing attention during the
past few years (e.g. Vallianatos and Telesca, 2012) with several researchers studying the properties of
the F-M and F-T distributions (see below). A number of NESP compatible models have been proposed
for the frequency-magnitude distributions (Sotolongo-Costa and Posadas, 2004; Silva et al., 2006;
Telesca 2011, 2012 etc.). These all consider the composite interaction of two rough fault walls
(asperities) and the rock fragments filling the space between them (fragment-asperity model). This
interaction is supposed to modulate earthquake triggering. However, the three models differ in their
assumption of how the total energy stored in the asperities and fragments scales with their linear
characteristic dimension. Herein, we postulate that the assumption made by Telesca (2011, 2012), that

the energy scales with the area of the fragments and asperities (E oc r?) so that M =2%log(E), is

representative of the seismogenetic process as it is compatible with the well-studied rate-and-state
friction laws of rock failure. Accordingly, we adopt this model, in which the cumulative frequency-

magnitude distribution reads:

P(>M)=

N M):(1— 1-g, 10" Jﬁg] -

0 2_QM a®?
In Eg. (5), N is the number of earthquakes with magnitude greater than a threshold M, Nq, is the total

number of earthquakes at M = 0, « is a constant that expresses the proportionality between the
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released energy E and the fragment size r and qu is the relevant entropic index.

The application of NESP to the analysis of one-dimensional F-T distributions has been attempted
by only a handful of authors, exclusively on the basis of and the CDF expressed by Eq. (4). The
emergence of g-exponential distributions in critical seismicity models was investigated by Caruso et al
(2007) and Bakar and Tirnakli (2009), while the same for non-critical models was investigated by
Celikoglu et al (2010). Vallianatos et al. (2012) observed non-extensive spatiotemporal behaviour
during tri-axial deformation of rock samples. In a series of empirical studies, Abe and Suzuki (2005)
analysed the temporal properties of the seismicity in California and Japan and Carbone et al (2005) in
Italy. More recently, Vallianatos et al. (2012) investigated the spatiotemporal properties of the 1996
Aigion (Greece) aftershock sequence, Vallianatos et al. (2013) the temporal behaviour of the 2011-
2012 seismicity crisis in the Santorini volcanic complex (Greece) and Vallianatos and Sammonds
(2013) the behaviour of global seismicity prior to the 2004 Sumatran and 2011 Honsu mega-
earthquakes. Additional strong evidence of non-extensive spatiotemporal behaviour in Greek
seismicity has been presented by Papadakis et al (2013) and Michas et al (2013). In the empirical

studies, the F-T distributions P(>T) were effectively fitted with a one-dimensional g-exponential.

In taking this line of research a step forward, we note that it is also possible to construct
multivariate frequency distributions that express the joint probability of observing an earthquake
above a given magnitude and a given interevent time and/or interevent distance. For example, a joint
frequency — magnitude — interevent time (F-M-T) distribution can be constructed thus: A threshold
(cut-off) magnitude My, is set and a bivariate frequency table (histogram) H, representing the
incremental distribution, is first compiled. The cumulative distribution is obtained from the

incremental distribution by backward bivariate summation, according to the scheme

T m
N, :Zj:DTZi:DM Hj, t=1..D;, m=1..D,
N, #20 < H_, #0

where , Dy is the dimension of H along the magnitude axis and Dy is the dimension of H along the T
axis. The (posterior) constraint on Ny, ensures that the locations of the unpopulated bins will not be
replaced by a carpet of outliers. In this construct, the cumulative frequency (earthquake count) can be
written thus: N{M > My, T : M > My}). Then, the empirical probability P({M=>Mg, T : M = My}) is
simply

NG{M=M,, T:M>M,})

N . (6)

By assuming that the magnitude (M) and interevent time (T) are statistically independent so that the
joint probability P(M w T) factorizes into the probabilities of M and T in the sense P(M u T) = P(M)
P(T), the joint probability P(>{M > My, T : M > M¢}) can be expressed as
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{1—(1—%)}]”, (7)

0

NGM =M, T:M>M}) _(, 1-g, 10" [
N, 7 2-09, 45

where qu and gr are the entropic indices for the magnitude and interevent times respectively and Ty, is
the g-relaxation time, analogous to the relaxation (characteristic) time often encountered in the
analysis of physical systems. On taking the logarithm and setting a = log(No), and c=TO‘1, Eqg. (7)
becomes

logN(>{M =M, T:M =M, })=

2—qMJ [ 1-q, 10M] 1 (8)
=a + |—|-log|1- : + log(1-c(l—q,)T
(1_QM 2_qM a% 1_QT ( ! )
Eq. 8 is a generalized (bivariate) law of the Gutenberg — Richter kind in which
2-¢
- 220 o
(CIM _1)

is the NESP equivalent of the b value (e.g. Telesca, 2012). Accordingly, Eq. (8) is the general model

to be implemented in the ensuing analysis.

If the seismogenetic process is hon-extensive (earthquakes occur in correlated space-time), then:

e b, should be equivalent to the b value computed by conventional methods because the
distribution of magnitudes does not relate the energy released by a given earthquake to the
energy released by its successor events, but only conveys information about the geometry of
the active fault system.

e (r should differ from unity, thus expressing the interdependence of successive events in the
correlated space-time of the seismogenetic system.

On the other hand, if earthquakes appear spontaneously in a self-excited random system, b, should still
be equivalent to the b value computed by conventional methods but gr — 1 and the third term in the
RHS of Eq. (7) should reduce to the logarithm of the exponential distribution. In both cases, the
favourable comparison of b, (that is qu) to the results of well-established methods of b value
estimation should be a rather robust means of ensuring the validity of the numerical procedure used in

approximating Eqg. (8) and the robustness of the results and conclusions.

3. Earthquake data and analysis procedures

As stated in the introduction, our presentation will focus on the analysis of seismicity along the San
Andreas Fault, California, U.S., because it is a very well-studied area, with very reliable earthquake
monitoring services and seismological catalogues. Moreover, Californian seismicity is practically the
test bed for the development of seismogenetic models; therefore, it is an appropriate place to begin our

investigations. The SAF system (main and “sibling” faults) is generally taken to comprise three major

10
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segments: The southern (Mojave) segment begins near the Salton Sea at the SE corner of California
(approx. 33.36°N, 115.7°W) and runs up to Parkfield, Monterey County (approx. 35.9°N, 120.4°W);
the central segment extending between Parkfield and Hollister (approx. 36.85°N, 121.4°W) and the
northern segment extending from Hollister through the San Francisco bay area to the Mendocino
Triple Junction (approx. 40.36°N, 124.6°W). The geographic boundaries between these segments are
not clearly defined. While the overall motion on the SAF is right-lateral strike-slip, there are local
variations in the mode of deformation along the strike of the fault (e.g. Jones, 1988; Hardebeck and
Hauksson, 2001). The most important of those is the so-called “Big Bend”, located approx. between
37.7°N and 35.1°N, where the SAF intersects with the major left-lateral strike-slip Garlock fault and
forms a restraining bend. Studies based on slip rates, focal mechanisms etc. indicate that this is the
area where the SAF locks up in Southern California and a tectonic boundary forms between the north
and central SAF segment on one hand, and the south SAF segment on the other (e.g. Fialko, 2006;
Becker et al, 2005). Accordingly, and for the purposes of this presentation, we divide and study the
seismicity of the SAF in two parts, as shown in Fig. 2: the northern SAF between Parkfield and the
Mendocino Triple Junction, (henceforth referred to as nSAF), and the southern SAF between Salton
Sea and the Garlock fault (henceforth referred to as SSAF).

The areas of Mendocino Triple Junction and Garlock Fault are not included in the present analysis
which focuses exclusively on domains experiencing pure right-lateral strike-slip deformation. We
consider that the expression of seismicity in the above two areas has to be studied separately as they
both represent significant geodynamic features whose seismicity is not exclusively associated with the
SAF. The Mendocino Fracture Zone includes the most seismically active part of the California (Yeats,
2013) and according to Dengler et al (1995) the north coastal region accounted for about 25% of the
seismic energy released in California in a 50 year period. The Mojave segment — Garlock fault area is
characterized by a mixture of reverse and strike slip faulting mechanisms, 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.

The earthquake data utilized in this study was extracted from the regional earthquake catalogues of
the North California Seismic Network (NCEDC @ http://www.ncedc.org) and South California
Earthquake Data Centre (SCEDC @ http://www.data.scec.org). The former (NCEDC -catalogue)
comprises 16,743 events recorded between 1969 and 2012 in the area 42°N — 36°N and -126°E — -
114°E. The latter (SCEDC catalogue) comprises 28,882 events recorded between 1980 and 2012 in the
area 36°N — 32°N and -126°E — -114°E. In both catalogues, most earthquakes are reported in the M,

and M,, magnitude scales while there is a considerable number of events in the duration (Mgy) and

amplitude (M) scales. The latter have been exhaustively calibrated against the M, scale: Eaton (1992)

11
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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
M are practically equivalent to M. For the purpose of the present analysis the M,, magnitudes were
also converted to M using the empirical formula of Uhrhammer et al (1996): My, = M *(0.997 +
0.020) — (0.050 + 0.131). Thus, both NCEDC and SCEDC catalogues have been reduced to the M,
scale and are homogenous and complete for M_ > 3.1 and M| > 2.5 respectively, for the period 1980-
2011. Fig. 2 illustrates the epicentre distribution of a merged version of the two catalogues, in which
duplicate events have been removed. Fig. 3-left and 3-right illustrate the corresponding cumulative
earthquake counts (solid black lines).
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Figure 2. Epicentral maps of the raw and declustered earthquake catalogues used herein. The white circles
represent the epicentres of the merged and homogenized NCEDC and SCEDC raw catalogues. The dashed
polygonal line outlines the northern stretch of the SAF and its associated seismicity (nSAF). The grey squares
represent the epicentres of the declustered nSAF catalogue (1196 events with probability > 70% to be
background). The solid polygonal line encloses the southern stretch of the SAF segment and its associated
seismicity (sSAF). The black diamonds represent the epicentres of the declustered sSAF catalogue (3200 events
with probability > 70% to be background). The white stars indicate the epicentres of the major Loma Prieta,
Landers, Hector Mine and Baja earthquakes.
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Figure 3. Left: The cumulative earthquake count of the observed (raw) and declustered NCEDC catalogues are
illustrated with the black and grey solid lines respectively. Right: Same for the raw and declustered SCEDC
catalogues.

Fig. 4a and Fig. 4b illustrate a typical example of the empirical F-M-T distribution compiled from
the raw NCEDC catalogue for M. > 3.4 (5,067 events). It is an apparently well defined and structured
surface, with one end-member at [M > M., T=0] comprising the one-dimensional Gutenberg — Richter
law and the other end-member at [M; = 0, T] comprising the one-dimensional F-T distribution. The
logarithmic form of the distribution is shown in Fig. 4b and has been approximated with the model of
Eg. (8) using non-linear least-squares solver. Because all the parameters of Eq. (8) are subject to
positivity constraints and the entropic indices are also bounded, a solver implementing the trust-region
reflective algorithm was chosen (e.g. Moré and Sorensen, 1983; Steihaug, 1983), together with Least
Absolute Residual minimization so as to down-weight possible outliers. A typical outcome of this
procedure is shown in Figs. 4c and 4d. The quality of the approximation is exceptional and the
correlation coefficient (R?) is as high as 0.99. The magnitude entropic index gy is 1.5 so that by = 1.
The temporal entropic index gy is 1.30 indicating weak non-extensivity. The evaluation of the result is
summarized in Fig. 4d and is based on the analysis of the statistical distribution of the residuals. Thus,
the observed cumulative probability of the sorted residuals is numerically approximated with a normal
location-scale distribution (dashed line) and a Student-t location-scale distribution (solid line).
Evidently, the residuals are not normally distributed and exhibit tails that are better approximated with
the t-location-scale distribution. However, only 25 residuals deviate from the normal distribution, out
of 173, or 14.45%; these represent outliers that have been effectively suppressed, since the solution is

determined by the remaining 85.5% of the observations. It can also be seen that only 8 residuals are
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greater than |0.5|, representing 3.16 earthquakes; these are, more or less scattered at the tails of the
observed F-M-T distribution.
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Figure 4. (a) is the F-M-T distribution for the entire raw NCEDC catalogue and a threshold magnitude My, > 3.4
(5067 events); (b) the same F-M-T but in logarithmic frequency scale and viewed from the opposite direction;
(c) as per (b) but shown with the model fitted using Eq. (8); (d) is a probability analysis of the residuals (see
Section 3 for details).

3.1 Declustering

As stated in the introduction, it is not at all clear whether the background seismogenetic process is
fundamentally random or correlated, let alone that there has been a (very relevant) debate as to
whether the power laws implied by the empirical F — T distributions are characteristic and universal,
or only a result of mixing correlated foreground and uncorrelated background processes. In order to
address these questions with the formalism expressed by Eg. (8) and determine entropic indices
appropriate for the mixed and background processes, it is imperative to conduct the analysis on
declustered versions of the NCEDC and SCEDC catalogues, in which the aftershock sequences have

been eliminated in an optimal as possible way.
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Methods to separate the background and foreground processes (declustering) have evolved from
deterministic, which classify each earthquake as a main shock or aftershock, to stochastic, which
assign each earthquake with a probability that it is an aftershock of each preceding earthquake. An
excellent review is provided by van Stiphout et al, (2012). The principal examples of deterministic
methods are those by Gardner and Knopoff (1974) and Reasenberg (1985). The former identifies
aftershocks using inter-event distances in time and space (windows), usually as function of the main
shock magnitude. It also ignores higher order aftershocks, i.e. aftershocks of aftershocks. The latter
allows for aftershock triggering within a cluster and uses Omori’s law as a measure of the temporal
dependence of aftershock activity. Both methods ignore fault elongation for larger magnitude events,
assuming circular (isotropic) spatial windows. Stochastic declustering has been pioneered by Zhuang
et al. (2002) and is based on space-time branching approaches to describe how each event triggers its
successors. This generalizes and improves on the previous methods because the choice of the space-
time distance 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 (although
a parametric form of said distance is assumed a priori). More significantly, however, 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. The use of the ETAS model may be a
limitation, as it imposes the parametric form of the space-time distance. Marsan and Lengliné (2008)
have carried stochastic declustering a step forward by introducing a generalized triggering process
without a specific underlying model, although in this approach as well background earthquakes are
assumed to occur at constant and spatially uniform rate density. Herein we implement the stochastic
declustering method of Zhuang et al (2002), the principal reason being that it based on the
paradigmatic realization of the self-excited Poisson process: 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.

The Zhuang et al 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):

ﬁ(t,X, y,M | Ht):ﬂ(x’ y,:M )"‘ ZK(Mi)‘ g(t_ti)' f (X_Xivy_yi | Mi)‘ J(M | Mi) (10)

it <t
In Eg. 10, A is the conditional intensity on the history of observation A; until time t, ¢(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|M;) and j(M|M;) are respectively the probability distributions of the
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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

B K(Mi)‘g(tj —t)- f(xj =X, Y Y M)
" //L(tj’xj’yj|Ht)

and the probability that an event j is aftershock is given by
j-1
pj = 2—1: pi,j
Conversely, the probability that an event j is background is given by

! ! /I(tj!xjiylet)

The algorithm runs iteratively through the catalogue and by assigning probabilities p;;, p; and ¢; to the
j™ event generates the foreground sub-process associated with the i event (i.e. its aftershock
sequence). It thus separates the catalogue into a number of sub-processes whose initiating events

comprise the background.

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. Since the output of stochastic declustering is not unique, it is
useful to use the probabilities pi; and ¢; to generate different realizations of the declustered catalogue
at different probability levels and use them to test hypotheses associated with background seismicity
and/or aftershock clustering. In this initial and exploratory presentation, we will not go into such
detail. Rather, we assume that events with probability ¢; > 70% belong to the background.
Accordingly, the declustered NCEDC and SCEDC catalogues consist of 1,920 and 3,225 events
respectively and are complete for M_ > 3.1 and M > 2.5 respectively for the period 1980-2011. Their
associated cumulative earthquake counts are illustrated in Fig. 3a and Fig. 3b respectively (solid grey
lines); they are almost free of the time-local rate changes (jerks) evident in the corresponding
cumulative counts of the raw catalogues due to the inclusion of aftershocks. Nevertheless, they are not
completely smooth and exhibit small fluctuations because at the 70% probability level, some residual
foreground events are still present in the declustered catalogues. In response, we also seek to confirm
the results obtained at the 70% level by studying a subset of 1,724 the SCDEC events with probability
#; > 90% to be background; the outcome of this experiment is presented as part of the Discussion in

Section 5.

In the ensuing analysis we shall use subsets of the raw and declustered NCEDC and SCEDC

catalogues, directly associated with the nSAF and sSAF segments as indicated in Fig. 2; these are
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henceforth to be referred to as the nSAF and sSAF catalogues. The raw nSAF catalogue comprises
7912 events; the declustered nSAF catalogue comprises 1196 events, indicated with grey squares in
Fig. 2. Respectively, the raw sSAF catalogue comprises 26306 events and the declustered sSAF
catalogue 3200 events indicated with black diamonds.

4. Results

4.1 Entropic indices

As repeatedly stated above, we seek to investigate the nature of the seismogenetic process along the
SAF and study its time dependence, with particular reference to periods preceding large (M. > 7)
earthquakes. To do this we compile F-M-T distributions over consecutive overlapping windows and
solve them for the parameters a, «, gu, ¢ and gr of Eq. (8). The procedure is applied to the raw and
declustered nSAF and sSAF catalogues, starting at year 1980 and ending at year 2012. The F-M-T
distributions are formed in the natural time of the respective seismogenetic processes: for the raw and
declustered nSAF catalogues, each window comprises 450 consecutive events; for the raw and
declustered sSAF catalogues, each window comprises 600 consecutive events. The corresponding
overlap distance is 20 events for the nSAF and 30 events for the sSSAF catalogues. The differences in
window sizes and overlap distances are a necessary adaptation to the different number of events left in
the declustered nSAF and sSAF catalogues respectively. In general, excellent approximations of the
observed F-M-T distributions are obtained but for the sake of experimental rigour, this presentation
will only consider models associated with a goodness of fit better than 0.97. The discussion focuses on
the values and variation of the entropic indices, which are plotted as a function of time in Fig.5 and

Fig 6 and summarized in Table 1.

Table 1. Summary of the entropic indices ans b-values obtained for the nSAF, sSAF and synthetic ETAS
catalogues.

Declustered Declustered Synthetic ETAS
variation | catslogue | MSAF | Ciionue | SSAF background
g catalogue g catalogue based on sSAF
O 145-156 | 147-157 | 143-156 | 145-156 | -4 'réfsf (in’5
Gt 106-169 | 126-165 | 1.01-198 | 139-178 | 19 _r&ﬁ(;()) (in’5
by 1.21-079 | 1.11-0.76 | 1.32-079 | 1.22-0.77 —
s — 1.1-0.78 — 1.25 - 0.86 —
(conventional)
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As is apparent in Fig. 5, the analysis of the nSAF raw and declustered catalogues shows that the
entropic index qu, is quite consistently determined. For the raw nSAF catalogue, gu generally varies
between 1.56 and 1.45 (Fig. 5-top). It exhibits small fluctuations after the Loma Prieta main shock (M,
7.0), first decreasing and, after approx. 1994, increasing slowly but persistently until the San Simeon
and Parkfield earthquakes (M. 6.6 and 6.0 respectively); a small increase can also be observed after
approx. 2004.8. For the declustered nSAF catalogue gy generally varies between 1.47 and 1.57 (Fig.
5-bottom); it exhibits a small but persistent increase before the Loma Prieta event and remains stable
after 1989. The application of Eq. 9 leads to b, estimates that vary from 0.79 to 1.21 for the raw
catalogue and 0.76 to 1.11 for its declustered counterpart; it may be verified that these are remarkably
consistent with corresponding determinations of b-values based on conventional methods (see Section
4.2 and Table 1). The entropic index gu, 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, possibly

exhibiting a small time dependence.
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Figure 5. The entropic indices obtained for the raw (top) and stochastically declustered nSAF catalogues
consisting of 1196 events with probability ¢ > 70% to be background (bottom). Estimates are based on F-M-T
distributions compiled over sliding windows of 450 events in the natural time of the seismogenetic process.
Error bars refer to 95% confidence intervals. The vertical dashed lines indicate the occurrence of earthquakes
with M 2 5.9
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The temporal entropic index gr exhibits significant variation for both the raw and declustered
catalogues. As can be seen in Fig. 5-top, for the raw nSAF catalogue and barring the period prior to
year 1986 where it behaves erratically, gr is generally low (< 1.2) prior to large earthquakes and
attains significant values (> 1.4) immediately after their occurrence, indicating very high correlation
that can be easily explained as a consequence of their aftershock sequences. This explanation is further
corroborated by the observation that the high correlation observed after the 1989 Loma Prieta
earthquake gradually decays to oblivion after year 2000, reaching a value of 1.04 which clearly
indicates randomness. Conversely, the declustered nSAF catalogue reserves a surprise: gr generally
varies between 1.65 and 1.4, quasi-linearly increasing before the Loma Prieta earthquake from approx.
1.39 to 1.5 and remaining at high levels (> 1.5) up to year 2006; thereafter, it decreases to the level 1.3
—1.4. In all cases moderate to high correlation is observed as a function of time indicating that the

background process is not random at the 70% probability level.

The analysis of the raw and declustered sSAF catalogues also yields stable and consistent
determination of qy as a function of time. For the raw catalogue qu varies between 1.43 and 1.56,
exhibiting fluctuations that are localized in time and clearly associated with the occurrence of
significant earthquakes (Fig. 6-top). For the declustered catalogue, qu varies between 1.45 and 1.56,
exhibiting small and slow variation with time, clearly not associated with significant events (Fig. 6-
bottom). Respectively, b, varies between 1.32 and 0.79 for the raw catalogue and between 1.22 and
0.77 for the declustered catalogue; these are also verifiably consistent with corresponding

determinations of b-values based on conventional methods (Table 1).

The temporal entropic index exhibits intense variations with time. Fig. 6-top clearly shows that for
the raw sSAF catalogue gr behaves as per the raw nSAF catalogue; gr is generally low (1.1 — 1.3) prior
to large earthquakes but exhibits a persistent increasing trend from the lower to the higher end of this
range prior to their occurrence; the index jumps to very high values (> 1.8) immediately after the
incidence of large events, presumably reflecting the very high correlation associated with their
aftershock sequences. Also as per the nSAF analysis, the high correlation of the aftershock sequences
decays to near oblivion (< 1.1) with time, but a rate significantly faster than the corresponding effect
associated with the Loma Prieta event (cf. Fig 5-top). Such behaviour indicates that quite different
dynamics operate to the north and south of the Garlock Fault, as well as the possibility that nSAF
seismicity is expressed with a series of rapidly building up and decaying cycles. The validity of these

preliminary observations and inferences remains to be tested.

The analysis of the declustered sSAF catalogue holds its own surprises analogous to its nSAF
counterpart: as shown in Fig. 6-bottom, gr varies between 1.78 and 1.40. The entropic index is very
high (> 1.7) up to the Landers event of 1992.5, slowly fluctuates to approx. 1.5 before the Hector Mine
earthquake of 1999, decreases to approx. 1.4 by 2001, persistently increasing to 1.6 — 1.7 thereafter
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and up to and after the Baja event of 2010. Such behaviour clearly indicates very high correlation for
the background process and possibly SOC dynamics.
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Figure 6. The entropic indices obtained for the raw (top) and a stochastically declustered sSAF catalogue
consisting of 3200 events with probability ¢ > 70% to be background (bottom). Estimates are based on F-M-T
distributions compiled over sliding windows of 600 events. Error bars refer to 95% confidence intervals. The
vertical dashed lines indicate the occurrence of earthquakes with M_ > 5.9

4.2 Validation tests

As stated at the end of Section 2, the level of similitude between by and b obtained with well-
established methods of b-value estimation would be good indicator of the validity of the numerical
estimation procedure used for the approximation of Eq. (8) and the robustness of the results and
conclusions thereof. We test the performance of the estimation procedure by computing b as a function
of time using robust weighted least squares and the same sliding window scheme as per Section 4.1.
For the sake of brevity and clarity, we apply this analysis to the declustered nSAF and sSAF
catalogues only. The results are compared with b, in Fig. 7 and Table 1. It is apparent and that for the
nSAF catalogue, b and b, are practically identical. For the SSAF catalogue b and b, exhibit very small

differences in the interval 1997 — 2004 but are practically identical otherwise. The differences may, or
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may not have physical meaning, but an explanation will not be sought herein. At any rate, the
similitude between by and b is very high, indicating that Eq. (8) is solved with a rigorous and reliable

estimation procedure.
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Figure 7. Comparison of b, to conventionally estimated the b-values for the declustered nSAF (top) and sSAF
(bottom) earthquake catalogues.

The analysis of the temporal entropic index presented in Section 4.1 above indicates that the
“background” process along the SAF is not Poisson and, rather unexpectedly, exhibits stronger
correlation than the mixed background — foreground process. A possible explanation s is deferred to
Section 5 (Discussion). Nevertheless and to the extent that the results were obtained from catalogues
declustered on the basis of the ETAS model, it is absolutely necessary to perform the same analysis on
several different synthetic catalogues of background seismicity constructed on the basis of the ETAS
model. This exercise will determine whether the results of Section 4.1 are significant and, presuming
that the declustering procedure performed as intended, it will also define base values of the temporal

entropic index g+, above which it is safe to assume non-Poisson background processes.
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Figure 8. Analysis of five Synthetic ETAS background catalogues constructed with the characteristics of
southern California seismicity. Estimates are based on F-M-T distributions compiled over sliding windows of
600 events with an overlap distance of 30 events. Error bars refer to 95% confidence intervals. The horizontal
dashed line at g = 1.2 indicates the threshold above which the temporal entropic index gr can be safely
assumed to indicate non-Poissonian background.

Herein we use the stochastic ETAS aftershock simulator program “AFTsimulator” by Karen Felzer
(2007), whose theoretical underpinning is detailed in Felzer et al, (2002) and Felzer and Brodsky
(2006). The program uses empirical statistical laws of background and aftershock behaviour, and
Monte Carlo methods to simulate background earthquakes and multiple generations of aftershocks.
Known main shocks are input as point or planar sources and background earthquakes are chosen
randomly from observed or contrived spatial distributions (grids) of earthquake rates. This facilitates
the generation of realistic synthetic background catalogues, absolutely consistent with the known long-
term seismotectonic characteristics of a given region. In order to be clear as possible about how the

synthetic ETAS catalogues were generated, we have limited our analysis to southern California and
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have adopted the ETAS parameterization discussed in Felzer (2008), as well as the main shock
parameterization and background rates supplied with AFTsimulator for that region

In Fig. 8 we present the results of the application of the analytical procedure specified is Section
4.1 to five synthetic background catalogues compiled for the period 1980-2012, assuming only that
the maximum expected magnitude is M, = 7.4, (i.e. the observed maximum magnitude corresponding
to the 1992 Landers event). It is apparent that qy is stable and although it varies between the extreme
values of 1.44 and 1.52, it basically fluctuates around a mean value of 1.5 (by = 1), without exhibiting
systematic behaviour of some kind. Such behaviour is similar to that observed in the declustered sSSAF
catalogue. The expectation value of the temporal entropic index for point processes is unity. The
experimental determination of gr for the five synthetic ETAS catalogues indicates consistently low
correlation in all cases, with the overwhelming majority of gr determinations being consistently lower
than 1.1 (practically random) and with max(gr) < 1.2 throughout and without exception. Such
behaviour of the gr is very dissimilar to that observed for the declustered sSAF catalogue in Fig. 6 and
because it is typical, it indicates that the systematic observation of empirical gr values greater than 1.2

is compelling evidence of non-extensive dynamics.

5. Discussion and Conclusions

The present study is part of a 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 points of view as to the nature of the core (background) seismogenetic process: either it
comprises a self-excited conditional Poisson process, or a (Self-Organized) Critical process. In the
former case, core earthquakes are thought to be spontaneously generated in the seismogenetic
continuum and are expected to be independent of each 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 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 points of view agree that the core earthquakes generate aftershock sequences (foreground
earthquakes) which are genetically related to the parent event and comprise correlated sets. It follows
that if were 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.

Herein we search for correlation in the cumulative distributions of earthquake magnitudes and
interevent (or waiting) times, in the context of non-extensive statistical physics, which has been

developed by Tsallis (1988, 2009) as a generalization of Boltzmann-Gibbs dynamics to non-
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equilibrating (non-extensive) systems. The search is performed on accurate, complete and
homogeneous earthquake catalogues observed along the well-studied San Andreas Fault, California,
U.S.A., in which aftershocks are either included or have been removed by an advanced stochastic
declustering procedure (Zhuang et al, 2002, 2004). Moreover, it is based on the entropic indices
associated with the NESP formalism (Section 2), which indicate the level on non-equilibrium or,
equivalently, the extent of interaction and inter-dependence in a complex system. The entropic indices
are computed over consecutive overlapping windows in the period 1980 — 2012 (function of time), so
as to facilitate the study of time-dependence in the state of the faulting system along the SAF.

The entropic index associated with the distribution of magnitudes (qm) generally varies about 1.5
and in the range 1.43 to 1.57 for both raw and declustered catalogues. Application of Eq. 9 yields a
range of proxy-b values between 1.3 and 0.8, which is remarkably consistent with b-values computed
with conventional (direct) means of estimation. In consequence, it is also consistent with the well-
understood concept of scale-free organization in the size and geometry of the active tectonic grain
along the SAF fault system, which can thus be classified as a sub-extensive complex with a high

degree of self-organization.

More interesting observations can be made with regard to the temporal entropic index gr, which
conveys information about the dynamic state(s) of the system. Let us first focus on the analysis of the
raw (measured) catalogues, which include both foreground and background processes. In both the
nSAF and sSAF areas, gr appears to shift from moderately to highly correlated states after the
incidence and during the aftershock sequences of large earthquakes, to uncorrelated states as these die
out and before the next large event. However, there is significant qualitative difference between the
north and south stretches of SAF: Correlation is much stronger in the south (gr > 1.7) immediately
after large earthquakes, followed by relatively fast recovery to quasi-randomness, whereas it is appears
to be weaker and decay at a significantly slower pace in the north. An additional difference is that in
the south SAF, systematic return to a weak non-equilibrium (correlated) state is consistently observed
prior to large events, with gr gradually increasing from the level of 1.1 — 1.2 (uncorrelated) to approx.
1.3 and higher (weakly correlated). These differences may reflect changes in the mode of deformation
between the southern and northern stretches of the SAF and their interpretation will be attempted
elsewhere. Overall and at first sight, the temporal entropic index obtained from the raw nSAF and
SSAF catalogues would appear to yield results consistent, or at least not conflicting, with the
conclusions of numerous hitherto studies based on point process models. This would have been a valid

conclusion, were it not for the declustered catalogues...

van Stiphout et al (1012) present comparisons of declustering algorithms in which they apply the y?
goodness of fit test to determine whether the background seismicity recovered by a given declustering
algorithm obeys a Poisson distribution in time (null hypothesis). They found that at the 5%
significance level, the methods of Zhuang et al. (2002) and Marsan and Lengliné (2008) follow a
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Poisson distribution in time, although the corresponding estimated sets of background earthquakes
differ considerably in absolute numbers. On these grounds, they appear to suggest that Poisson
processes are in control of the background seismicity. We contend that this (and analogous) tests can
be misleading because the distribution of occurrence times is not at all a measure of correlation
between successive events and does not relate the occurrence of an earthquake to its predecessor and
successor events. On the other hand, the distribution of interevent times does, as adequately explained
in the foregoing. Accordingly, the analysis of the declustered catalogues clarifies that the
“background” process exhibits moderate to high correlation with gr € (1.35, 1.8] in general.
Moreover, the correlation is not constant but varies considerably albeit smoothly with time. In the
context of NESP, this would indicate that the background seismicity along the SAF expresses a
persistent sub-extensive system whose entropy changes with time for physical reasons that are yet to
be clarified. It is also apparent that the degree of correlation is overall higher in the sSSAF than it is in
the nSAF. In turn, this would indicate a considerably more unstable sSAF and would be consistent

with the observation of shorter recurrence for large earthquakes in comparison to the nSAF.

sSAF Declustered Catalogue, ¢j > 90%

j 6.3 7.4 6.8 7.2 | 7.3
¢ Ay 7

P,
o
o
o
[
K

= 4 i

- B 0 000f 0 og*igﬁ #80 o8 Og 004

Entropic Indices

T N N P T T G |
N Wk OO NOOODN
T
®

—
—_
T
|

11985 1990 1995 2000 2005 2010

Time (Years)

Figure 9. The entropic indices obtained for a stochastically declustered sSAF catalogue consisting of 1,724
events with probability ¢ > 90% to be background. Estimates are based on F-M-T distributions compiled over
sliding windows of 600 events. Error bars refer to 95% confidence intervals. The vertical dashed lines indicate
the occurrence of earthquakes with M > 6.

A point of great significance is that by removing aftershock sequences, increased the correlation is
observed throughout! However, it should be noted that because the declustered catalogues consist of
events with probability ¢; > 70% to be background, residual aftershocks are still present, as for
instance can be observed for the aftermath of the M7, Loma Prieta earthquake of 1989 (Fig 5-bottom).
It is straightforward to show that for higher ¢; thresholds, the results are qualitatively equivalent and

guantitatively comparable. To emphasize this point, in Fig. 9 we present the analysis of a declustered
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SSAF catalogue comprising 1,724 events with probability ¢; > 90% to belong to the background, using
the same windowing method as per Section 4.1. Clearly, the determination of gy remains stable and its
values are almost identical to the values determined for ¢; > 70%. The variation of g also remains the
same in shape and time dependence, but gr amplitudes are slightly higher prior to year 2000 by
approx. 0.1 — 0.15 and slightly lower after year 2005 by approx. 0.1 as well! The differences are
obviously related to the different content of the declustered catalogues and deserve further scrutiny. In
any case, it is clear that on removing aftershock sequences, increased the correlation is observed
throughout. Although this effect requires additional and rigorous experimental investigation, a
plausible explanation is that because foreground processes are localized in time and space, their
efficient removal unveils the existence of long-range interactions in the background process, which

their presence otherwise obscures.

The results presented herein provide strong evidence of complexity in the expression of
background seismicity along the San Andreas Fault. It goes without saying that supplementary
experimental work and testing is required before the evidence becomes compelling. In addition, (SO)
Criticality appears to 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, conclusions
cannot be drawn as yet! As discussed by Sornette and Werner (2009) in their comprehensive
discussion, 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 mechanism of background seismicity can be proposed

with confidence.

In a final comment, our results indicate that NESP is an excellent natural descriptor of earthquake
statistics and appears to apply to the seismicity observed along the San Andreas Fault where sub-
extensive thermodynamics appear to predominate. The NESP formalism, although far from having
answered questions and debates on the statistical physics of earthquakes, appears to be an effective

and insightful tool in the investigation of seismicity and its associated complexity.
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