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AHAQZH NEPI MH NMPO2BOAHZ NMNEYMATIKHZ IAIOKTHZIAZ

MpoaoBoAn mveupatikng Wloktnoiog Bewpeltal n oAk A N LEPLKNA avamapaywyn Tou €pyou GAAou
TIPOCWTIOU 1 N TaPoUciacn Tou £€pyou KATOLOU AAAOU WG MPOoowTilkoU tou ypdadovtoc. To Tunua
lrewloyiag kat Frewmneptpaiiovrog Aappavel moAl coPapd umon Kal katadikalel Tnv pooduyn os
TETOLOU €l60UG TIPOKTIKEG Ao Toug Metarmtuxtakoug DoltnTEC. Z€ MEPUTTWOELS TPOSNANG N &K
NMpoB£oewg MPooPoAnG TVEUATIKAG LOLOKTNolag, Ta apuodia opyava Tou TunRuotog Suvavtal va
emPalovv w¢ KUPpwWoN £w¢ Kal TV oplotiky Staypadn amd to MMI. Koatd tnv ekmovnon
AutAwpoatikng Epyaciog Ewdikeuong ol Metamtuylakol Qottntég odeihouv va tnpolv TG akoAoubeg
katevBuvtpleg odnylec:

1. H Aumlwpatiky Epyaocia Ewdikeuong mpémel va amotelel €pyo tou uTOBAGAAOVTOG aQuThv
doutntn.

2. H avtiypadn n n mopdadpacn £pyou TpITou MPOCWTOU ATOTEAEl TPOCPOAN TIVEULATIKAG
dloktnolag kot cuviotd cofapd adiknpa. XTo adiknuo auto MepPAaUPBAVETAL TOOO N TIPOGROAN
TIVEULLOTIKAG WOLlokTnoiag dAAou doltntr 600 Kal n aviypadn amnod SnNUOCLEUUEVEC TINYEG, OTTWG
BBAla, swonynoelg n emiotnUovika apBpa. To UALKO TIOU CUVIOTA OVTLKELLEVO AOYOKAOTIAG
UTtopel va Tpogpyxetal amd omoladAmote nnyn. H aviypadn i xprion UALKOU TIPOEPXOUEVOU
ard to dladiktuo f anod nAektpovikr eykukAomaidela sival e€icou coPapn He T Xprion UALKoU
TIPOEPXOEVOU ATIO TUTIWHEVN TINYN 1 Bdon SeSopévwv.

3. H xpnon amoomnaopdtwy anod to £pyo Tpitwy eival anodektn epooov, avapEpeTal n mnyr Tou
OXETIKOU QTTOCTIOOUOTOG. Z€ TEPIUMTTWON AUTOAEEEl HeTAPOPAC AMOOTIACUATOG anmd To £pyo
AaAAou, N XPNON ELCOYWYLKWV N OXETIKNG UTtooNUelwaong elval anapaitntn, oUTWG WOTe N Thyn
TOU QMOCTIACATOG VA avayvwpiletal.

4. Hmnapadpoaon KeLWEVOU, anoTteAel mPoofoAn MVEUATIKAG WOLokTnolag.

5. OL INY£G TWV QUMOCTIACLATWY TIOU Xpnolomnolouvtal Ba mpémnel va kataypadovral mAnpwe o
niivaka BLBAloypadiag oto TEAOG TG Epyaciag.

6. H mpooBoAn mveupaTikig WSlokTnaoiag emioVpel TNV emtBoir Kupwaoswv. Kotd thv anodaon emi
TWV evOedelyEVV KUPWOEWY, Ta apuodia opyava tou TuAupato¢ Ba Aappdavouv umoyn
TLAPAYOVTEG OTWC TO €UPOC KoL TO HEYEOOC TOU TUAMATOC TNG epyaciag mou odeiletal ot
npooBoAn mveupatikig oloktnoiag. Ou kupwoelg Ba emBarliovtal cUudwva pe to Apbpo 7
MNapaypadog 7 Tou Kavoviopou Inoudwv.

BeBawwvw oOtL n AumAwpatikr) Epyacio Ewdikeuong, tnv omoio umoBaAAw, Oev mepllopPavel

otolyela MPooPBoAnG MVEUATIKNG LOLOKTNGolag, OnMwg autd mpoodlopilovtal amod TNV MApOANAVW

SNAwaon, Toug 6pouc TG omolag dLapaca Kal amodExoual.

Mapéxw TN CUVALVEST] HOU, WOTE £va NAEKTPOVLKO avtiypado tng SUTAWUATIKAG Epyaciag pou va

UToBANBel 0 NAEKTPOVIKO €AEYXO YylA TOV EVIOTIOUO TUXOV OTOLXELWV TPOCPROANG TIVEUUOTIKAG

dloktnolag.

20/06/2017 TputoAitn Evayyelia
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ABSTRACT

The Thesis examines the nature of seismogenetic systems along the north-western rim of the
Circum-Pacific belt by searching for evidence of complexity and non-extensivity in the
earthquake record. The objective is 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 seismicity since it is generally agreed that aftershock sequences
comprise correlated sets. Because the study area features convergent plate boundaries that
include both crustal (in the lithosphere), and sub-crustal (in the Wadati-Benioff zones)
earthquakes, the analysis was carried out by roughly separating crustal and sub-crustal
seismicity according to the depth of the Mohorovici¢ discontinuity, in an attempt inquire
whether environmental conditions (e.g. temperature, pressure), or/and boundary conditions
(free at the surface vs. fixed at depth), affect the dynamic expression and evolution of
seismogenetic fault networks.

The analysis uses the complete and homogeneous Unified Seismic Catalogue of Japan, obtained
from The earthquake data used in the study span the time period 1/1/2002 - 31/5/2016 and
was provided by the National Research Institute for Earth Science and Disaster Resilience, the
Japan Meteorological Agency, Hokkaido University, Hirosaki University, Tohoku University, the
University of Tokyo, Nagoya University, Kyoto University, Kochi University, Kyushu University,
Kagoshima University, the National Institute of Advanced Industrial Science and Technology,
the Geographical Survey Institute, Tokyo Metropolis, Shizuoka Prefecture, Hot Springs
Research Institute of Kanagawa Prefecture, Yokohama City, and Japan Agency for Marine-Earth
Science and Technology. The earthquake catalogue is available in the website of the National
Research Institute for Earth Sciences and Disaster Prevention (NIED). The analysis examined
multivariate cumulative frequency distributions of earthquake magnitude, 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. It
follows that the results are obtained through a physics-based approach and not through any
type of model-based (or model-driven) consideration, as usually is the case in earthquake
statistical studies. The analysis was applied to different catalogue realizations in which
aftershocks were either included, or had been removed by a stochastic declustering procedure.

The results provide evidence that in the seismogenetic systems of the NW Circum-Pacific belt,
background seismicity is complex sub-extensive of nature, although it exhibits significant
differences between systems (plates): Complexity is certainly prominent in the Okhotsk and
Pacific plates and definitely less evident in the Eurasia and Philippine plates where the systems
appear to verge on randomness. In the Okhotsk and Pacific plates background seismicity
exhibits strong long-range interaction as evident by the overall high correlation observed in
highly declustered catalogues and, primarily, in the long-range interaction observed in
earthquake groups separated by long interevent distances. The increase in the level of
complexity after declustering can be neatly explained by the exposition of long range
interactions after curtailing the effect of short-range interactions associated with aftershock
sequences. It is also highly probable -but was not be investigated herein- that the elevated
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complexity (sub-extensivity) of the Okhotsk and Pacific seismicity is closely related to the 2011
M9 Tohoku mega-earthquake, whose preparation phase and aftermath has organized the
seismogenetic systems over long ranges.

Criticality is a likely explanation for the complexity observed in the background seismicity of
Okhotsk and Pacific plates, inasmuch as power-laws and long-range interaction are its
hallmarks. However, the question is still very far from having been answered as there may be
alternative (albeit less likely) mechanisms by which complexity and power-laws and may arise.
It is therefore clear that additional work is required before the complexity mechanism of
background seismicity can be proposed with confidence.
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INTRODUCTION

At a given active fault system (seismogenetic area), the observed seismicity consists of a
background process that expresses the continuum of tectonic deformation, draped by a large
population of prolific short-term activity in the form of earthquake swarms, clusters and
aftershock sequences (foreground process). Although, progress has been made towards
understanding the foreground process using statistical methods (statistical seismology), the
statistical physics of background seismicity, hence the way in which seismicity and tectonic
deformation evolve, has not been clarified with significant repercussions on problems
pertaining to hazard analysis and long-term forecasting.

The development of theoretical and empirical models that combine the statistics or/and
physics of seismogenesis has led to two general viewpoints regarding the nature of background
seismicity. The first and presently more influential postulates that the background process is
Poissonian in time and space (point process), ergo consistent with Boltzmann-Gibbs
thermodynamics. The second posits that seismogenesis is a complex process that involves
some form of criticality, (e.g. stationary or self-organized vs. evolutionary or self-organizing),
although non-critical models which maintain the seismogenetic system in a perennial state of
non-equilibrium have also been proposed.

The primary example of the “Poissonian viewpoint” is the ETAS model (Episodic Type
Aftershock Sequence) introduced by Ogata (1988, 1998); for additional information see Zhuang
et al, (2002), Helmstetter and Sornette, (2003), Touati et al, (2009); Segou et al, (2013). This is
an empirical construct based on the self-excited conditional Poisson process (Hawkes, 1972;
Hawkes and Adamopoulos, 1973; Hawkes and Oakes, 1974). The Poissonian viewpoint rests on
the assumption that background earthquakes are statistically independent and that their
individual occurrence does not to contribute to the evolution of seismicity (memoryless
process). According to ETAS for instance, random background events trigger aftershock
sequences in which aftershocks trigger their own sub-sequences thus leading to short-term
spatiotemporal clustering of multiple generations of foreground events whose overall time
dependence is described by a power law known as the Omori-Utsu law of aftershocks (e.g. Utsu
et al, 1995). It is also important to note that the Poissonian view of seismicity is mainly
concerned with the statistics of time and distance between earthquakes; the size (magnitude)
distribution of both background and foreground processes is still thought to be governed by the
time-honoured frequency-magnitude (F-M) relationship of Gutenberg and Richter. The
assumptions on which ETAS in based cause it to exhibit significant internal inconsistencies: the
Omori-Utsu and Gutenberg-Richter laws are power-law distributions that cannot be derived
from the Boltzmann-Gibbs formalism. Point process models have also been developed to
address the problem of intermediate to long-term clustering such as 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).

The “Complexity viewpoint” is also model-driven. A well-studied class of models (Bak and Tang,
1989; Sornette and Sornette, 1989; Olami et al., 1992; Bak et al.,, 2002; Bakar and Tirnakli,
2009; many others) suggests that seismicity expresses a non-equilibrating fractal fault system
that continuously evolves toward a stationary critical condition with no characteristic



spatiotemporal scale (Self Organized Criticality - SOC). In this view, all earthquakes belong to,
or evolve towards the same global population and participate in forming a non-equilibrium
state in which events develop spontaneously and any small instability has a finite probability of
escalating into a large earthquake. A second class of models which have been rather influential
during the late 1990’s and early 2000’s, suggest that the evolution of seismicity prior to large
events expresses a Critical Point (or Self-Organizing Critical) process (e.g. Sornette and Sammis,
1995; Rundle et al,, 2000; Sammis and Sornette, 2001; many others). In this view, a large
earthquake terminates a cycle by moving parts of its associated fault network out of the critical
state. Once this happens, a new cycle begins as tectonic loading and stress transfer re-establish
long-range stress correlation and produce acceleration of energy release rates in a power-law
fashion. The next large event is possible when the network has reached a critical state in which
highly stressed patches are correlated at the scale of the network so that local events can grow
by rupturing through geometrical and rheological barriers. Complex critical systems evolving in
a fractal-like space-time are characterized by long-range interaction and long-term memory
(correlation) which should be evident as power-law distributions of the collective behaviour of
energy release, temporal dependence and spatial dependence.

In addition to the SOC/CP models, alternative complexity mechanisms have been proposed,
that do not involve criticality yet maintain the fault network in a state of non-equilibrium: a
useful discussion can be found in Sornette and Werner (2009). In exploring the possibility of
external stresses acting coherently onto all elements of a fault network without having any
direct interaction with them, Celikoglu et al. (2010) applied the Coherent Noise Model of
Newman (1996) and found that it generates power-law interevent time distributions. A weak
point in this model is that it does not include some geometric configuration of the faults and it
is not known how this would affect the behaviour of the network. In another example, Mignan
(2008) formulated the “non-critical Precursory Accelerating Seismicity Theory”, which behaves
just like a CP process; in this context, stress correlation is a result of stress shadow shrinking by
top-down tectonic loading as part of a large-scale preparation process and not by scaling-up (or
bottom-up triggering) as predicted by the CP theory.

Both Poissonian and Criticality viewpoints agree that foreground processes (swarms,
aftershock sequences) comprise sets of dependent events, but the former assigns only local
significance to this dependence whereas the latter considers them to be an integral part of the
seismogenetic process. Besides theory, the practical fundamental difference between the
Poissonian and Criticality viewpoints is their understanding of the background process. The
former implicitly assumes that there is no correlation (interaction) between background
events, meaning that the statistical description of parameters pertaining to their temporal and
spatial evolution should be consistent with Boltzmann-Gibbs thermodynamics. The latter
requires short and long-range interactions (correlation) in a non-equilibrium state, between
background/background, background/foreground and foreground/foreground events that
induce power-law behaviour with long (fat) tails on the statistical distributions of the
parameters relevant to its temporal and spatial evolution. Moreover, non-critical complexity
models cannot develop power-law distributions unless they evolve in non-equilibrium states,
meaning even in this case, correlations between the elements of the fault system are
unavoidable.



A natural conclusion of the above discussion is that if it would be possible to identify and
remove the foreground process (aftershocks), it might also be possible to inquire the properties
of the background process by examining its spatiotemporal characteristics for the existence of
correlation. It should be apparent that in order to successfully carry out this inquiry one must
have: a) a self-consistent theoretical context to serve as a natural (and not model-based)
general basis on which to search for the existence of correlation; b) effective measures of
correlation in the temporal and spatial expression of seismicity and, finally, c) effective ways to
distinguish between the background and foreground processes. As it turns out, there are
satisfactory (or nearly satisfactory) answers to all three prerequisites, as will be discussed
below.

The Boltzmann-Gibbs (BG) formalism of thermodynamics cannot satisfy the first requirement.
The cardinal property of BG entropy is additivity (extensivity), namely proportionality with the
number of elements of the thermodynamic system. BG entropy satisfies this prescription if the
elements are statistically (quasi)independent, or typically if the correlations within the system
are generically local. This, in turn, leads to the fundamental notion of ergodicity, which means
that the long-term average and ensemble average of physical parameters are identical (the
expectation value of the parameter is time-invariant). However, if a system is out of
equilibrium, or if its component states are strongly interdependent, additivity and ergodicity
break down and the BG formalism can no longer serve as a basis of appropriate and viable
statistical descriptions of its parameters. As noted by Abe et al. (2005), the concept of
ergodicity does not apply to seismicity due to the absence of the notion of ensemble. As also
noted above, the Omori-Utsu and Gutenberg-Richter laws are power-law distributions strongly
indicative of non-equilibrium in active fault networks.

The emergence of Non-Extensive Statistical Physics (NESP) has provided a theoretical
framework appropriate for the study of non-additive (non-equilibrating) physical and natural
systems. NESP has been developed by Tsallis (1988, 2009) as a generalization of the BG
formalism and is suitable 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-additive
(non-extensive) dynamic systems, which reduce to the exponential cumulative distribution in
the limiting case of additive (extensive /random/point) processes. NESP has been applied to the
statistical description of earthquake occurrence with notable results; for details see Chapter
1.3.3). Very importantly, NESP has been shown to generate the Gutenberg-Richter frequency-
magnitude distribution from first principles (e.g. Sotolongo-Costa and Posadas, 2004; Silva,
2006; Telesca, 2011, 2012). Thus, NESP provides a general, complete, 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 definite indicator of correlation (interaction)
between faults in a network is the lapse between consecutive earthquakes above a magnitude
threshold and over a given area: this is variably called interevent time, waiting time, calm time,
or recurrence time. The properties (statistics) of the earthquake frequency - interevent time (F-
T) distributions are key to understanding the dynamics of seismogenetic systems. Accordingly,
they have been studied by several researchers. The empirical F-T distributions generally
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exhibit power-law behaviour and in the context of Statistical Seismology they have been
investigated with standard tailed statistical models reducible to power laws in some way.
Examples of such models 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. This has been refuted by other
investigators, some of whom proposed ad hoc mechanisms for the generation of apparent
power laws by combination of correlated foreground and uncorrelated background processes
(e.g. Saichev and Sornette, 2013; Hainzl et al., 2006; Touati et al., 2009). Molchan (2005) has
shown that for a stationary point process, if there is a universal distribution of interevent times,
then it must be exponential! Investigations performed in the context of Non Extensive
Statistical Physics will be reviewed in 1.3.3. It is also important to note that almost all hitherto
studies have generally focused on the mixed background/foreground processes and not on the
background process independently. An analogous measure of fault interaction is the
hypocentral distance between consecutive earthquakes, above a magnitude threshold and over
a given area (interevent distance). The statistical properties of the earthquake frequency -
interevent distance (F-D) distributions should be related to the range of interaction over that
area. Unfortunately, with only a few known attempts to investigate it, (e.g. Eneva and Pavlis,
1991; Abe and Suzuki, 2003; Batac and Kantz, 2014; Shoenball et al., 2015), the statistics of F-D
distributions is rather inadequately understood. Finally, a common criterion of scaling in
earthquake size is the Gutenberg-Richter F-M distribution which expresses the scale-free
hierarchical grading of a fractal active fault system. The F-M distribution is static and does not
say anything about correlation in energy release, since it does not relate the energy released by
an earthquake to the energy released by its preceding and following events. Nevertheless, it is
undisputable and may serve as a standard by which to compare physical and statistical
descriptions of the relationship between earthquake size and frequency.

With respect to the third requirement above, the discrimination between background and
foreground processes is commonly referred to as declustering. In Statistical Seismology, a
background event is one that has not been induced (or triggered) by a preceding event and is
purely an effect of tectonic loading. The discrimination between foreground (dependent) and
background events is based on their spatiotemporal proximity to preceding earthquakes on the
fact that they occur at rates higher than the long-term average (background) seismicity rate.
Therefore, in order to relate an aftershock (filial event) with a parental (main) event, one must
define a measure of the space-time distance between the two and some statistical criterion
based on this measure. Methods of declustering have evolved from deterministic (e.g. Gardner
and Knopoff, 1974; Reasenberg, 1985) to stochastic (e.g. Zhuang et al, 2002; Marsan and
Lengliné, 2008). A very comprehensive review is provided by van Stiphout et al.,, (2012).
Deterministic methods attempt to aftershocks by using space-and-time windows usually
defined as functions of the main shock magnitude while ignoring higher order aftershocks
(aftershocks of aftershocks). The latter allow for aftershock triggering within a sequence and
use Omori’s law as a measure of the temporal dependence of aftershock activity. Both
approaches ignore fault elongation for larger magnitude events, assuming circular (isotropic)
spatial windows. Stochastic declustering was pioneered by Zhuang et al. (2002) and is based on
space-time branching formulations to describe how each event triggers its filial sequences and
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optimizing the choice of space-time window by fitting an ETAS model to the earthquake data.
Moreover, instead of unitarily associating one aftershock with one main shock, each earthquake
is assigned with a probability that it is an aftershock of its predecessor. This means that all
earthquakes are possible main shocks to their short-term aftermath. Marsan and Lengliné
(2008) carried stochastic declustering one step forward by introducing a generalized triggering
process free of any underlying earthquake occurrence model, although they still assume that
background earthquakes occur at constant and spatially uniform rate.

Herein the stochastic declustering method of Zhuang et al. (2002) will be implemented. As will
further be elaborated in Chapters 2 and 4, this has an additional for the objectives of this thesis
advantage: the Zuang et al. algorithm comprises a paradigmatic realization of the self-excited
Poisson process. If the background seismicity obeys Boltzmann-Gibbs statistics, then this
method will extract a nearly random background process. If it is does not, the argument for a
Critical background will be stronger. Note, also, that being stochastic, the Zhuang et al.
algorithm does not return a binary answer as to whether an event belongs to the background or
foreground process. Rather, is assigns each event with a probability of being background. As a
general rule, events with probability less than 50% are considered to be foreground. Since the
output of stochastic declustering is not unique, it is useful to generate different realizations of
the declustered catalogue at different probability levels and use them to test hypotheses
associated with background seismicity. The analysis reported herein will be based on the
assumption that only events with probability greater than >70% are likely to be background
and will examine catalogue realizations at probability levels >70%, >80% and >90% to be
background.

The present study attempts to examine the dynamics of seismogenetic systems by
implementing the generalized NESP formalism and searching for signs of randomness or
complexity/criticality in time and in space. The analysis will emphasize on the bivariate
Frequency - Magnitude - Interevent Time (F-M-T) distribution while using interevent
distances as spatial constraints or spatial filters in appraising the spatial dependence of the
energy and time dynamics of seismogenetic systems along the NW stretch of the Circum-Pacific
Rim (Belt). The area extends between the coordinates (130°“W, 164°E) and (20°S, 54°N) and
includes four major lithospheric plates (Pacific, Okhotsk, Eurasia and Philippine) and their
convergent boundaries/ associated seismogenetic systems: The Philippine Sea Plate is being
subducted beneath the southern part of northeast Japan and beneath southwest Japan. The
convergence directions and rates are north — north-westward and 4 to 6 cm/yr at the Suruga -
Nankai trough and the Ryukyu trench. The Pacific plate is being subducted beneath northeast
Japan west - north -westward at the Kuril and Japan trenches at the rate of about 8 cm/yr and
beneath the Philippine Sea plate west - north - westward at the Izu Bonin trench at the rate of
about 6 cm/yr. More information about these major structural units and their geodynamic
characteristics is given in Chapter 3.

The earthquake data used in the study span the time period 1/1/2002 - 31/5/2016 and was
provided by the National Research Institute for Earth Science and Disaster Resilience, the Japan
Meteorological Agency, Hokkaido University, Hirosaki University, Tohoku University, the
University of Tokyo, Nagoya University, Kyoto University, Kochi University, Kyushu University,
Kagoshima University, the National Institute of Advanced Industrial Science and Technology,
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the Geographical Survey Institute, Tokyo Metropolis, Shizuoka Prefecture, Hot Springs
Research Institute of Kanagawa Prefecture, Yokohama City, and Japan Agency for Marine-Earth
Science and Technology. The earthquake catalogue is available in the website of the National
Research  Institute  for  Earth  Sciences and  Disaster ~ Prevention (NIED),
http://www.hinet.bosai.go.jp/ . Details about the earthquake catalogue are given in Chapter
1.3.

Inasmuch as the study area is vast and contains more than one distinct geodynamic features,
the earthquake catalogue was not treated as a single entity. Instead, it was divided into four
sub-catalogues, each corresponding to one of the four major lithospheric plates. Because the
seismicity of the convergent boundaries in all four plates is both crustal (in the lithosphere),
and sub-crustal (in the Wadati-Benioff zone), the analysis will proceed by roughly separating
crustal and sub-crustal earthquakes according to the depth of the Mohorovici¢ discontinuity.
This type of differential study may also provide an opportunity to inquiry as to whether
environmental conditions (e.g. temperature, pressure), or/and boundary conditions (free at the
surface vs. fixed at depth), have a role in the dynamic expression and evolution of a
seismogenetic fault network. Comparison of results from such exercises may afford some
evidence as to the existence of differences between crustal and sub-crustal seismogenesis. As a
result of this reasoning, a total of 32 subset earthquake catalogues will be analysed: One crustal
and one sub-crustal for each plate as well as their respective declustered realizations at the
70%, 80% and 90% probability levels.

The remaining of this study is organized in six chapters. Chapter One will review the
fundamental laws and principles on which the analysis is based. Chapter Two exposes the
analytical techniques and methodology applied to the data. Chapter Three introduces the
geology and geodynamics of the study area (Ch. 3.1) and provides a detailed overview of the
earthquake catalogue and data. Chapters Four and Five present and discuss/comment on the
results of the analysis. Finally, Chapter Six provides a recapitulation of the results and discusses
their significance with respect to the objectives of the Thesis.
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1. STATISTICAL PHYSICS AND COMPLEXITY- REVIEW

1.1 EARTHQUAKE STATISTICS

Seismogenesis 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). Over the years there have been many attempts to interpret the statistical
nature of seismogenesis and seismicity theoretical models and simulations. The currently and
most influential viewpoint postulates that the background process is Poissonian in time and
space, and obeys Boltzmann-Gibbs thermodynamics. The second holds that seismogenesis at
large is a Complex process that involves some form of criticality, (e.g. stationary or self-
organized vs. evolutionary or self-organizing), although non-critical models have also been
proposed.

Principal example of the “Poissonian viewpoint” is the ETAS model (Episodic Type Aftershock
Sequence, e.g. Ogata, 1988, 1998; Zhuang et al, 2002; Helmstetter and Sornette, 2003; Touati et
al, 2009; Segou et al, 2013). This is an ad hoc construct that essentially expresses a self-excited
conditional Poisson process (Hawkes, 1972; Hawkes and Adamopoulos, 1973; Hawkes and
Oakes, 1974). According to ETAS, random background parental events trigger filial foreground
(aftershock) sequences in which parental aftershocks trigger their own filial sub-sequences,
thereby spawning short-term spatiotemporal clustering of multiple generations of foreground
events that depend on each other and their decay in time is described by the Omori-Utsu law of
aftershocks (e.g. Utsu et al., 1995). Point process models have also been developed to address
the problem of intermediate to long-term clustering such as 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 the Poissonian viewpoint rests on 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. It is
therefore important to emphasize that the Poissonian viewpoint is mainly concerned with the
statistics of time and the distance between background earthquake events. The size
(magnitude) distribution of both background and foreground processes is still thought to be
governed by the well-established frequency-magnitude (F-M) relationship of Gutenberg and
Richter (1944), which is essentially a power law, and the time dependence (decay) of
earthquake frequency in aftershock sequences is described by yet another power law, namely
the Omori-Utsu law of aftershocks.

The Gutenberg - Richter frequency magnitude law states that
logN(M) = a — bM (1.1

where M is earthquake magnitude and N(M) is the frequency of earthquakes with magnitude
greater than M occurring in a specified area. The constant b, so called ‘b-value’, is a scale factor
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indicating the rate at which event sizes grow in a given area and has a global value of unity
although it exhibits considerable local and regional variation: the b-value of has been observed
to change from one geographical region to another (1.8-1.0 for oceanic ridges, 1.0-0.7 for
interplate seismicity and 0.7-0.4 for intraplate seismicity).The constant a is a measure of the
regional level of seismicity and describes the seismic productivity of an area. Owing to the log-
linear relationship between seismic energy released and the magnitude of the earthquake,
there is another form of the Gutenberg-Richter law stated as

N(e)~e™@ (1.2)
where N(¢) is defined in analogy to the previous form but for events which release energy
greater than ¢. This is due to the fact that usually magnitude is defined in terms of the logarithm
of a seismogram’s amplitude and hence bears a log-linear relationship with energy.

Omori (18944, b) studied the decrease of half-day and monthly frequencies of felt aftershocks
with time following the 1891 Nobi (Mino-Owari), central Japan, earthquake and two other
earthquakes in Japan. He showed that the frequency of aftershocks per unit time interval n(t) at
time t is well represented by

n(t) =K(t+co)™?! (1.3)
where K and c are constants. Omori used the letter h in place of ¢, but we use c since it is
commonly used in recent years. It is also common for t to be measured from the origin time of
the main shock, but Omori used a different time origin in his papers, where t =0, t = 1,
corresponds to the first, second, unit time intervals, respectively. The original Omori formula
predicts a constant slope K for large t, because N(t) for eq. (1.3) takes the form

N(t) = Jyn(s)ds = Kin (5 +1) (14)
Utsu (1957) showed that the occurrence rate of aftershock fits the equation

n(t) = Kt™P (1.5)
With p around 1.4. Since this function diverges at t = 0, he recommended the use of the form
n(t) =K({t+c)™? (1.6)

with an additional small positive constant c. The cumulative number N(t) for this equation is

1-p_ 1-p

N() = K{c (t+c)1P}
p-1

For p#1. When p>1, N(t) tends to a constant level N, = K/{p — 1)cP~! as t—o0. When p < 1,

N(t)—o0 as t—o0. Utsu (1961) called Eq. 1.7 the modified Omori formula and estimated p and ¢

(1.7)

values for 41 aftershock sequences mostly in Japan.

A system is said to be in a state of self-organized critically if it is maintained near a critical point
(Bak et al., 1988). According to this concept a natural system is in a marginally stable state;
when perturbed from this state it will evolve naturally back to the state of marginal stability. In
the critical state there is no longer a natural length scale so that fractal statistics are applicable.
One usually measures the complexity of a physical system by the number of degrees of freedom
the system possesses. However, it is possible for the many nominal degrees of freedom that
make up the complex system to be combined into a few effective degrees of freedom. This
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collective behaviour, which in linear systems would be called normal modes, is more generally
termed self-organization.

The discovery of the Self-Organized Criticality (SOC) is one of ground-breaking achievements of
statistical physics in the last couple of decades. Self-organized criticality is a very rich
phenomenon as it combines self-organization and criticality to describe complexity. This
concept was first introduced by Per Bak and co-workers in their seminal paper of 1988 (Bak et
al,, 1988).

A commonly used, intuitive example calls for the process of creating a pile of sand. Suppose that
sand being added one grain at a time to a sandbox. At first, the grains land on the stable slope of
a proto-sand pile. As more grains are added, the slope of the pile increases. Eventually, the
slope locally reaches a critical value such that the addition of one more grain results in an
"avalanche". The avalanche hills in empty areas of the sandbox. With the addition of still more
grains, the sandbox will overflow. Sand is thus added and lost from the system. When the count
of grains added equals the count of grains lost (on average) then, according to the theory, the
sand pile has self-organized to a critical state (Turcotte, 1997).
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Figure 1.1: Log-log plot of global occurrence of earthquakes from 1977- 1995. Seismic moment (used to
determine magnitude) is plotted vs. number of events. The distribution follows a power law relationship
(Lay and Wallace, 1995).

Consider a two dimensional array of blocks. Each block is connected by springs to its nearest
neighbour, as well as to a driving plate (Fig. 1.2). This system is analogous to a "sand pile" in
that the local addition of slope to the sand pile:

z(x,y) —z(x,y) +1

[s like adding stress to the "fault plane". The addition of stress (sand) eventually causes a block

to fail and an earthquake (avalanche) occurs:

Z(x'}’) —Z(X'J’) —4
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zx +1L,y)—z(x +1,y)+1

z(x,y 1) —z(x,y £1)+1

If the subsequent redistribution of stress or "stress drop" causes a nearby block to exceed the
critical stress value, then it too will fail. Thus, earthquakes can range in size from the failure of a
single block to failures which encompass nearly the entire system. As with computer models of
sand piles, this simple set of rules produces computer-earthquakes which follow a power law
distribution.

The idea of using spring-slider block models (Fig. 1.2) to generate synthetic seismicity has a
long history in Seismology. Burridge and Knopoff (1967) made similar simulations both in the
laboratory and on the computer. These simulations generated power law distributions as well.
In this sense, simple SOC models bring nothing new to Seismology.

Lomnitz-Adler (1993) did, however, extend the Burridge-Knopoff model. Their work took the
interactions of z(x,y) as shown above and modified them to more closely simulate current,
competing theories of earthquake rupture physics. There are currently two competing models
used to describe earthquake rupture physics. The first, typically described as the Heaton pulse
model (Heaton, 1992), states that earthquakes have a rupture front which is closely followed by
a healing front. The rupture front breaks the rock, and displacement occurs directly behind the
rupture front. Displacement at a particular point ceases when a healing front (closely following
the rupture front) passes the point. The healing front prevents a complete stress drop on the
fault plane. The Heaton pulse model is thus also known as a partial stress drop model.

The second model used to describe earthquake rupture physics is that of the classical crack.
The crack model has no healing front. Displacement initiates with the passage of a rupture front
and continues until the earthquake itself stops. Lomnitz-Adler modified the Burridge-Knopoff
model in order to compare the crack model to the partial stress drop model. He further
modified the Burridge-Knopoff model to test other key parameters of earthquake rupture
physics including frictional and stress loading relationships. The criteria for the model tests
were whether or not the said rupture physics could produce a power law distribution. His
results indicate (with a few exceptions) that only partial stress drop models can produce power
law distributions.

Using these modifications on the classical Burridge-Knopoff model to constrain the rupture
physics of earthquakes can, however, lead to spurious results. The principle criticism of the
Burridge-Knopoff (and hence the SOC) models is that they fail to properly model elasticity. In
the SOC models the amount of displacement experienced by a fault block is the same whether
the earthquake involves one block (magnitude 1) or 100,000,000 blocks (magnitude 8). In an
elastic solid, however, the displacement experienced is a function of the size of the earthquake.
In practical terms, a magnitude 8 earthquake with a fault area on the order of hundreds of
square kilometers may locally produce tens of meters of displacement: it is impossible for a
magnitude 2 earthquake, with a fault area on the order of a few square meters, to produce tens
of meters of slip.
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SPRING-SLIDER BLOCK MODEL

FIXED PLATE

Figure 1.2: Conceptual drawing of a two-dimensional spring-slider block model. Leaf springs (K1) connect a
moving plate to an array of smaller sliding blocks. These blocks are in turn connected to their nearest
neighbours via coil springs (K2, K3). Sliding blocks also have a frictional contact with a fixed plate (Bak,
1996).

Lately, a well-studied class of models (Bak and Tang, 1989; Sornette and Sornette, 1989; Olami
et al, 1992; Bak et al,, 2002; Bakar and Tirnakli, 2009; many others) suggests that seismicity
expresses a non-equilibrating fractal fault system that continuously evolves toward a stationary
critical condition with no characteristic spatiotemporal scale (Self Organized Criticality — SOC).
In this 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. A second class of models which
have been rather influential during the late 90’s and early 2000’s, suggest that large events
comprise Critical Points in the evolution of seismicity (Self-Organizing Critical process, e.g.
Sornette and Sammis, 1995; Rundle et al., 2000; Sammis and Sornette, 2001; many others). In
this context, a large earthquake terminates a cycle by moving parts of its associated fault
network out of the critical state and destroying stress correlation, thereby creating a “stress
shadow”. At the same time, a new cycle begins as tectonic loading combined with stress
transfer from smaller events re-establishes long range stress-stress correlation and accelerates
energy release rates in a power-law fashion. The next large event is possible when the network
has reached a critical state, in which highly stressed patches are correlated at the scale of the
fault network so that a local event can grow by rupturing through geometrical and rheological
barriers. In any case, critical complex systems evolving in a fractal-like space-time are
characterized by long-range interactions and long-term memory which, at a regional scale,
should be manifested by correlations and power-law distributions observable in the statistics
of energy release, temporal dependence and spatial dependence.

In addition to the SOC/CP models, a few authors have investigated models with alternative
complexity mechanisms that do not involve criticality, yet maintain the fault system in a state of
non-equilibrium: a useful discussion can be found in Sornette and Werner (2009). More
recently, Celikoglu et al, (2010) applied the Coherent Noise Model (Newman, 1996) 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
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agents and it is not known how this would influence the behaviour of the system. In another
example, Mignan (2008) has formulated a non-critical model, the “non-critical Precursory
Accelerating Seismicity Theory”, which behaves similarly to a CP process; in this context, stress
correlation is a result of stress shadow shrinking by top-down tectonic loading as part of a
large-scale preparation process and not by scaling-up (or bottom-up triggering) as predicted by
the CP theory.

1.2. THE STATNDARD VS THE EMERGENT PARADIGMS

The common characteristic of SOC and Poisson models is that they both consider the seismic
events of an aftershock sequence dependent, whilst their main difference is in their perception
of background seismogenesis. In Poisson models there’re no interaction (correlation) between
background events and their parameters are consistent with the BG thermodynamics, whereas,
in Complex/Critical models we have the presence of long-range interactions and long-term
memory.

An important point to consider is that the scale-free grading between earthquake frequency
and magnitude implied by the Gutenberg-Richter relationship law is a power-law that cannot
be derived from the Boltzmann-Gibbs formalism. This, in turn, implies that while the temporal
and spatial expression of background seismicity is consistent with Boltzmann-Gibbs
thermodynamics, the carriers of this expression (faults) are not! Advocates of Non-Poissonian
models of seismogenesis point to this fact as best evidence (finger print) for the existence of
SOC. Likewise, the Omori-Utsu power law cannot be derived from Boltzmann-Gibbs
thermodynamics - being a power law it implies that foreground earthquakes (aftershock
sequences) are generated by a dynamic system with memory, therefore with interaction
between its elements and not random - as analyzed in Par.1.1.1.

The non-compliance of the Gutenberg-Richter and Omori-Utsu laws with Boltzmann-Gibbs
thermodynamics has a significant repercussion: It implies that the Poissonian viewpoint of
seismogenesis postulates that the same effect (seismicity) has two different physical causes:
one whose entropy generates random spatiotemporal distributions of background events from
non-random spatial distributions of agents (faults) and one whose entropy generates non-
random temporal distributions of foreground events from non-random spatiotemporal
distributions of agents.

These are logical inconsistencies with no theoretical resolution. In addition, although in
principle (and at the current level of understanding) such a dual mode of seismogenesis cannot
be ruled out, it nevertheless violates the lex parsimoniae (or Occam’s razor) and is therefore
philosophically not appealing. In fact, Poissonian seismicity models effectively are ad hoc
conceptual constructs that try to reconcile an (inherited) Poissonian worldview of dynamic
systems with the apparently non-Poissonian geometry and dynamics of fault formation and
clustering.

SOC models obey the NESP formalism which has recently been applied to the statistical description
of earthquake occurrence with notable results, and has also been shown to generate the Gutenberg-
Richter frequency-magnitude distribution, which is a power-law, from first principles (e.g.
Sotolongo-Costa and Posadas, 2004; Silva, 2006; Telesca, 2011, 2012). Thus, ti provides a general,
complete, consistent and model-independent theoretical context in which to investigate the nature and
dynamics of the background and foreground seismogenetic processes.
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1.3 STATISCTICAL PHYSICS - AN OVERVIEW
1.3.1 Additive or Extensive Statistical Physics (Boltzmann-Gibbs)

The concept of entropy is fundamental in statistical physics. It first appeared in
thermodynamics through the second law of thermodynamics. The notion of entropy has been
broadened by the advent of statistical mechanics and has been still further broadened by the
later advent of information theory. As we know, almost all the systems treated in statistical
mechanics with Boltzmann-Gibbs (BG) entropy have usually been extensive and this property
holds for the systems with short-range interparticle forces Entropy as a physical property was
introduced by the German physicist Rudolf Clausius in the mid-1860s to explain the maximum
energy available for useful work in heat engines. Clausius was also the first to restate the
second law of thermodynamics in terms of entropy, by saying that the entropy, or disorder, of
an isolated system will always increase, and that the entropy of the universe will tend to a
maximum. It was not until the work of Boltzmann in the late 1870s, however, that entropy
became clearly defined according to the famous formula.Boltzmann entropy is defined for a
macroscopic state of a system while Gibbs entropy is defined over an ensemble that is over the
probability distribution of macrostates. Both Boltzmann and Gibbs entropies are, in fact, the
pillars of the foundation of statistical mechanics and are the basis of all the entropy concepts in
modern physics.

A lot of work on the mathematical analysis and practical applications of both Boltzmann and
Gibbs entropies has been done (Wehrl, 1978), yet the subject is not closed but is awaiting
additional effort for their characterization, interpretation, and generalization. The measure of
disorder first provided by Boltzmann principle (known as Boltzmann entropy) is given by
Sg=KghhW (1.8)
where K is the thermodynamic unit of measurement of entropy and is known as Boltzmann
constant. K=1.33x10-15erg/~C. W, called thermodynamic probability or statistical weight, is the
total number of microscopic complexions compatible with the macroscopic state of the system.
We avoid the name thermodynamic probability for the term ‘W’ as it leads to much confusion
(Lavenda H. B., 1991). Following Carnap (Carnap R., 1977) the quantity ‘W’ is called the ‘degree
of disorder’.

1.3.2 NON - EXTENSIVITY

One of the crucial properties of entropy in the context of classical thermodynamics is
extensivity, namely, its directly proportional relationship to the number of elements N in the
system (eq 1.8). If strong interactions among i different microstates of a system exist, the
probabilities pi, are interrelated and the occurrence of one microstate strongly depends on the
occurrence of another. Some microstates are favoured, while some others are ignored. For
instance, water molecules in the presence of a whirlpool do not take any path but only those
paths that resemble a vortex, due to correlations in the molecules’ motions (Cartwright, 2014).
In this case, the number of possible microstates, W, no longer increases exponentially with N, so
SBG is no longer proportional to N (see eq 1.1) and extensivity is violated. The BG entropy
satisfies this prescription if the subsystems are statistically (quasi -)independent, or typically if
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the correlations within the system are generically local. In such cases the system is called
extensive (Caruso and Tsallis, 2008).

In general, however, the situation is not always of this type and correlations may be far from
negligible. In such cases the BG entropy (of the entire system or a large part of it) may be non-
extensive. Nonetheless, for an important class of such systems an entropy exists that is
extensive in terms of microscopic probabilities. The additive BG entropy can be generalized
into the non-additive g—entropy (Tsallis and Gell'mann, 2005).

During the past several years, the concept of non-additive (non-extensive, or Tsallis, statistical
physics, henceforth NESP for brevity), based on Tsallis’ formulation of non-additive entropy,
has been proposed as a generalization of BG statistics. This new statistics is attracting
considerable attention since it has been developed as a tool for use in the statistical description
of complex systems whose description is beyond the capacity of BG statistics due, for instance,
to long-range interactions (Gell'mann and Tsallis, 2004; Abe and Okamoto, 2001; Boon and
Tsallis, 2005; Tsallis, et al, 2005; Tamarit and Anteneodo, 2005; Abe, et al, 2005; Plastino,
2005).

The Tsallis entropy, S, is claimed to be useful in cases where there are strong correlations
between the different microstates in a system and is defined as

1
Sq = qu(l -%ip!), q€R, (1.9)
where the index i runs over the microstates of a system, each of which has its own probability
of occurrence p;, and, q is a measure of how strong the correlations are. The value of q is either
greater or smaller less than unity, but in the limit where ¢ — 1, the Tsallis entropy reduces to
the Boltzmann-Gibbs entropy (Tsallis, 1994). The parameter q is called the Tsallis entropic

index.

Let X be a dynamic parameter of a complex system and p(X)dX the probability of finding its
value in [X, X+dX], such that fooo p(X)dX = 1. In seismogenetic systems X can be the interevent

time, interevent distance, fault and fragment surface, energy etc. Non-equilibrium states in
systems with complex behaviour can be described by the Tsallis (1988) entropic functional.

Sq=k q—fl [1- [ p(0)dx] (1.10)

Where k is the Boltzmann constant. As mentioned above, g is a measure of the non-extensivity
of the system and for the particular case q = 1 equation (3) reduces to the Boltzmann-Gibbs
entropy

Spe = —k J, p()In(p(X)) dx (1.11)

The Tsallis entropy shares properties with the Boltzmann-Gibbs entropy, including concavity
and fulfilment of the H-theorem (e.g. Biro and Kaniadakis, 2005 pp.3). However, it is pseudo-
additive in the sense that it is not proportional to the number of the elements of the system
as Spe- Thus, for a composite of two statistically independent systems, A and B, S4(4, B) = S¢(4)
+ Sq¢(B) + (1- q) Sq(A) Sq(B), leading to super-additivity (super extensivity)for q < 1, additivity
(extensivity) for g = 1, that is Gibbs-Boltzmann statistics, and sub-additivity (sub extensivity) for
q > 1 (Tsallis, 1988). Accordingly, the entropic index is a measure of non-extensivity in the
system. It should now be pointed out that the terms “extensive” and “extensivity” has been
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introduced by Tsallis (1988) in order to designate systems that are equilibrating (full or
complete according to Merriam-Webster’s definition), as opposed to systems that are not
equilibrating (incomplete, i.e. non-extensive). The terms “additive” and “non-additive” are
probably more appropriate but for the sake of consistency with the literature, I shall henceforth
use the terminology of Tsallis. The difference between additivity and extensivity is that the
former depends only on the mathematical definition of entropy; therefore S is additive, whilst
Sq(q # 1) is non-additive. Extensivity is more subtle, since it also depends on the specific

system (Caruso and Tsallis, 2008).

Maximization of the Tsallis entropy yields the g-exponential distribution
1 2

p(X) = —exp, [— = (x- (X)q)] (1.12)
q q

where, (X), = foooX "pq(X)dX is the g-expectation value of X, A is an appropriate Lagrange
multiplier, Z, = fooo dXexp[—/l-Iq‘1 (X —(X)¢)] is a generalized canonical partitioning
function and I, = fooo dX[p(X)]?.In Eq. 1.12, the function expqy(.) represents the g-exponential

function (see Tsallis, 2009 and references therein).

1
exp(X) = {(1 + (1 =q)X)4 1+(1—-q@)X>0 (1.13)
0 1+(1-q¢)X<0
and comprises a generalization of the exponential function: for g=1, exp:(X) = ex. As evident
from Eq. 1.12 and 1.13, 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 Xo = (1-q)-(Xq) + A/I,. If the empirical distribution of X is Py(X), which is called
the escort probability, then the cumulative probability function (CDF) derived from the above
analysis is

P(>X) = [, dXPq(X) (1.14)
The escort probability distribution (Tsallis, 2009) is defined as
_ _ piX) RIS _
P(X) = focopq(X)dX'WIth fo P (X)dX =1 (1.15)
In the case of > 1 and X € [0, =), the CDF becomes
1
— X\ _ X 11-q
P(>X) = exp (- X—O) =|1-a- q)X—O] (1.16)

which is a g-exponential distribution. When g > 1 the CDF exhibits a long tail, which becomes
longer with increasing q; the system experiences long-range correlations and has long-term
memory. When q = 1, the g-exponential distribution reduces to the common exponential
distribution: the system is a random process (uncorrelated and memory-less). When g < 1, the
distribution exhibits a cut-off, i.e. P(>X) = 0 whenever the argument becomes negative and is
characterized by a bounded correlation radius. The g-exponential function for various values of
q is shown in figure 1.3.

22



P(X)

[—q=05 10

_q=1

—qg=1.5

X 10°
—qg=0.5
a — o
| (a) —q=15 (b)
6 8 10 1 0'10 I :
10’ 10
X
Figure 1.3: The g-exponential function expq(X) for various values of q and A in (a) linear and (b) logarithmic

scales.

Probability distributions emerge from the non-extensive formalism - also called g-distributions
- and have been applied to a variety of problems in diverse research areas including the
interdisciplinary field of complex systems. Here we focus on q - Gaussian distributions. The
maximization of the Tsallis entropy (S;) under the constraints

2 2
[fOOdx =1, % = o2 (1.17)
Yields the so-called g-Gaussian probability density function

1
f) = Fomie s e 1+ (1= q)(~fex) 7 (L18)

where exp,(x) is the g-exponential function and S is a positive constant related to o (standard
deviation) and q (Tsallis et. al, 1996; Prato and Tsallis 2000). The g-Gaussian distribution is a
generalization of the Gaussian, arising directly from Tsallis’s entropy, which is a generalization
of standard Boltzmann-Gibbs entropy. The normal Gaussian distribution is recovered when

q— 1 (Boltzmann - Gibbs Thermodynamics).

The probability density function (PDF), p(X), of a continuous random variable, is a function that
describes the relative likelihood for this random variable to take a given value. The probability
of the random variable falling within a particular range is given by the integral of this variable’s
density over that range, i.e. by the area under the density function but above the abscissa and
between the lowest and supremum of the range. The probability density function is non-
negative everywhere, and its integral ad infinitum is equal to one. Let X be a continuous random
vector. Then a probability distribution or probability density function of X is a function f{x) such
that for any two numbers a and b with a < b.

Pla <X <b)= [ f(x)dx (1.19)

That is, the probability that X takes on a value in the interval [a, b] is the area above this
interval and under the graph of the density function. The graph of f{x) is often referred to as the
density curve.
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The power form of the g-Gaussian (eq. 1.18) has been found to be befitting to the description of
physical systems that cannot be systematically studied in the context of Boltzmann-Gibbs
statistical mechanics (Tsallis et. al, 2001 and 2004). The distribution is often favoured for its
heavy tails in comparison to the Gaussian for 1 < q < 3. For g < 1 the g-Gaussian distribution is
the PDF of a bounded random variable (Fig. 1.4).

In the heavy tail region, the distribution is equivalent to the Student t distribution with a direct
mapping between g and the degrees of freedom. For g < 1 the system is sub - additive and for g
> 1 is super - additive. The Student t distribution is any member of a family of continuous
probability distributions that arises when estimating the mean of a normally distributed
population in situations where the sample size is small and population is unknown.

1
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Figure 1.3: The q-Gaussian distribution for various values of q.

1.3.3 NON-EXTENSIVITY AND SEISMOLOGY

The frequency-magnitude (F-M) distribution has been approximated with a number of NESP-
compatible models by Sotolongo-Costa and Posadas, (2004); Silva et al,, (2006), Telesca (2011,
2012) and others. All these researchers consider the interaction of two rough fault walls
(asperities) and the fragments filling space between them, which is considered to control
earthquake triggering (the fragment-asperity model). However, they differ in their assumption
of how energy is stored in the asperities and fragments.

Sotolongo-Costa and Posadas (2004) assume that the energy stored in the asperities and
fragments scales with their linear characteristic dimension (E o« r = E o ¢1/2), and that the
magnitude scales with the logarithm of the energy as M o log(E). Using the definitions of x,
from Eq. 1.13 and the g-exponential distribution (Eq. 1.15) the probability p(x) can be
expressed as

X
expq(x-)
H(X) = —F— 1.19
PO = o (119)
Silva et al. (2006) revisited the fragment-asperity model and expressed Eq. 1.19 as
1
A 1- iq
p(o) = [1 - ﬁ(a - (G)q]1 1 (1.20)
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On assuming that the energy scales with the characteristic volume of the fragments (E o« r3), so
that E oc 03/2 because o scales with r2, it is easy to see that (o - (0)q) = (E/@)?/3 with a being a
proportionality constant between E and r. This yields the energy density function (EDF)

1

. 2 ET13 (1-q@) E*?] 1-q

pE) = (5 %m) 1 - oo el (1.21)
The corresponding CDF is then,

5 N(>E 0o ,

P(>E) = §V>O)= [P (E)AE (1.22)

where N(>E) is the number of events with energy greater than E normalized by the total
number of earthquakes Ny. On assuming that the magnitude scales with the logarithm of energy
as M o %log(E), for g > 1, Telesca (2011,2012) introduced a modified version of Eq. 1.22:

N(>M) 2— 1- 10M
P(> M) = loggorts = (1_3:) log (1 - [—Z_Z:] [—Z ) (1.23)
a3

This relationship describes from first principles and in NESP formalism, the cumulative
distribution of the number of earthquakes N with magnitude greater than a threshold M in a
seismic region, normalized by the total number of earthquakes. The constant a expresses the
proportionality between the released energy E and the fragment size r and q,, is the entropic
index. This model has been recently applied to regional seismicity, covering diverse tectonic
regions (Telesca, 2010a,b; Telesca and Chen, 2010; Scherrer et al., 2015).

The CDF expressed by Eq.1.16 is the only NESP formulation proposed for the one-dimensional
distributions frequency - interevent time distributions F-T (Abe and Suzuki, 2005) and F-D
(Abe and Suzuki, 2003). Moreover, the empirical application of NESP to interevent times has
been taken up by only a handful of authors. Abe and Suzuki (2005) investigated the temporal
properties of the seismicity in California and Japan; Carbone et al (2005) investigated the
[talian seismicity; 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); Vallianatos and Sammonds (2013) the behaviour of global seismicity prior to the
2004 Sumatran and 2011 Honshu mega-earthquakes. In these studies, the F-T distribution
P(>At) was all nicely fitted with an one-dimensional g-exponential distribution of the form
(1.16). In addition, Tzanis et al., (2013) analyzed the interdependence of magnitude, interevent
time and interevent distance in North California, Efstathiou et al. (2015) searched for evidence
of non-extensivity in the evolution of seismicity along the San Andreas Fault, California, USA
and Efstathiou et al., (2016) looked into the nature and dynamics of the seismogenetic systems
of North California, USA.
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2. METHODOLOGY AND DATA ANALYSIS PROCEDURES

2.1 OVERVIEW

The complexity and self-organization, that may characterize the seismogenetic system, are
associated with long range interactions and long term memory effects. These properties are
collectively referred to as correlation. The entropic indices are a measure of a correlation in the
sense that index values approaching unity indicate low correlation (or randomness) while
index values diverging from unity indicate correlation in a complex system. As frequently
mentioned in the foregoing, objective of this research is to use the NESP formalism in order to
search for correlation in the temporal, spatial and size manifestations of the seismicity
observed in the broader area of Japan. This objective will be realized by determining the values
and variation of the relevant entropic indices g, and g7.

Given the objective specified above, the earthquake occurrence model implemented herein will
be based on multivariate frequency distributions that express the joint probability of observing
an earthquake larger than a given magnitude, after a given lapse time and beyond a given
distance. However, this would require the construction and analysis of tri-variate F-M-T-D
distributions (frequency-magnitude-interevent time-interevent distance) which would
arguably be harder to handle and interpret. Instead, it was decided to use the easier to study
bivariate F-M-T distributions so as to search for correlation in earthquake size and time of
occurrence. This, nonetheless, will not extract direct information about the range of correlation
and as a way around this problem we will use the interevent distance 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 via long-distance interaction and vice versa. The technical details of this approach will be
specified in Sections 2.2 and 2.3.

Japan and its island possessions lie across four major tectonic plates: Pacific plate; North
America (Okhotsk) plate; Eurasia plate; and Philippine Sea plate. The Pacific plate is subducted
into the mantle, beneath Hokkaido and northern Honshu, along the eastern margin of the
Okhotsk microplate, a proposed subdivision of the North America plate (Bird, 2003). Farther
south, the Pacific plate is subducted beneath volcanic islands along the eastern margin of the
Philippine Sea plate. This 2,200 km-long zone of subduction of the Pacific plate is responsible
for the creation of the deep offshore Japan Trench as well as parallel chains of islands and
volcanoes, typical of Circumpacific island arcs. Similarly, the Philippine Sea plate is itself
subducting under the Eurasia plate along a zone, extending from Taiwan to southern Honshu
that comprises the Ryukyu Islands (Fig. 3.2).

Subduction zones at the Japanese island arcs are geologically complex and produce numerous
earthquakes from multiple sources. Deformation of the overriding plates generates shallow
crustal earthquakes, whereas slip at the interface of the plates generates interplate earthquakes
that extend from near the base of the trench to depths of 40 to 60 km. At greater depths,
Japanese arc earthquakes occur within the subducting Pacific and Philippine Sea plates and can
reach depths of nearly 700 km (mantle/ sub-crustal earthquakes).
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Due to the differences between the tectonic plates, it was considered essential to divide the
seismic catalogue into four smaller, each referring to a different tectonic setting. As already
mentioned, the process of seismogenesis in the crust differs from that in the mantle. Crustal
earthquakes are those whose epicentre is located above the Mohorovicic discontinuity and are
generated by crust deformations (faults). Sub-crustal earthquakes are those that occur in the
mantle, due to the subduction process. The submerged tectonic plates (in this case the Pacific
and Philippine) are generating earthquakes due to their interaction with the continental plates
(Eurasia and Okhotsk). Crustal and sub-crustal earthquakes have different characteristics,
different seismic parameters and different mechanisms. For the purposes of this analysis it was
necessary to further separate the seismic catalogues of each plate into crustal and sub-crustal.

The Mohorovici¢ discontinuity and upper mantle structures in and around Japan have been
well investigated both with active and passive seismic studies, including marine expeditions.
Earlier results on this topic (1960-1970s) were mainly based on seismic refraction
experiments (Yoshii, 1994). The advances in data acquisition and processing technologies
introduced in the 80’s and 90’s have afforded a large amount of high quality seismic data
(Yoshii, 1994; Iwasaki et al., 2002). In active source experiments, receiver spacing became
much denser (less than 2-3 km) enabling the identification of many seismic phases such as
reflections from the Moho (PmP phase) and improving the estimation of the location and
nature of the Moho boundary. After the 1995 Kobe earthquake, a new and denser seismic
network was established in Japan and was subsequently used to carry out detailed tomographic
and receiver function investigations that provided constraints on the lateral variations of the
discontinuity. Given the above, the surface of the Moho discontinuity was reconstructed by
combining information from the studies of Yoshimoto et al., (2004), Iwasaki et al., (2013),
Shiomi et al, (2006), Nakamura et al, (2003) and Nakamura and Umedu, (2009). It was
subsequently mapped onto a regular grid using natural neighbour interpolation. The result
shows that the depth of the discontinuity varies along the entire area. In the oceanic plates the
discontinuity is in less than 10 km depth, whilst, within continental areas and under mountain
chains it ranges between 30 - 44 km (Fig. 2.).

A primary objective of this study is to investigate whether background seismicity is generated
by non-Poissonian dynamic processes. The first attempts to define whether an earthquake
catalogue is Poissonian or not were made by Aki (1956) and Knopoff (1964) who found that
earthquake catalogue do not generally fit a Poisson distribution. Knopoff (1964) probably
introduced for the first time a kind of declustering algorithm by excluding the aftershocks from
the analysis. They counted earthquakes in successive ten-day bins and found a histogram
showing many feature of a Poisson distribution. As background seismic events we typically
define earthquakes that have not been triggered by another; thought to be the result of tectonic
loading. Alternatively, in seismic hazard assessment may refer to an earthquake not associated
with a particular fault. Background seismic catalogues can be derived from the raw catalogues
through a declustering process that removes nonessential earthquake data (aftershock
sequences or events that are considered to be triggered). In this study three probability levels
are examined for each event of the background catalogues that are greater of equal to ¢;=70%,

¢;=80% and ¢;=90%.
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The goal of seismicity declustering is to separate earthquakes in the seismicity catalogue into
independent and dependent earthquakes. Aftershocks, which are dependent earthquakes,
cannot be distinguished by any particular, outstanding feature in their waveforms. They can
thus only be selected on the basis of their spatiotemporal proximity to other, previous
earthquakes, and/or by the fact that they occur at rates greater than the seismicity rate
averaged over long durations. To relate an aftershock to a mainshock therefore requires
defining a measure of the space-time distance between the two, and a criterion based on this
measure that needs to be met. All declustering methods follow this general scheme.

So far, the algorithms used for seismic declustering have been deterministic, i.e.,, each
earthquake is classified either as a mainshock or as an aftershock (Reasenberg, 1985; Molchan
and Dmitrieva, 1992; Gardner and Knopoff, 1974). Another class of seismicity declustering
algorithm came with the stochastic model of Zhuang et al. (2002) which is based on a space-
time branching process model (van Stiphout et al, 2012) to describe how each event generates
offspring events. This approach generalizes and improves previous methods in two ways: (1)
the choice of the space-time distance is optimized in order to best model the earthquake
dataset, within the limits of the ETAS model. As such, there is no need to assume arbitrary
values for the parameters that enter the space-time distance, although the parameterized form
of the distance is imposed a priori. This comes with a cost: this optimization can sometimes be
time-consuming and delicate to perform. (2) Instead of binary linking an aftershock to only one
mainshock, this method gives, for each earthquake, the associated probabilities that it is an
aftershock of each preceding earthquake (i.e., all preceding earthquakes are thus potential
mainshocks). This makes for a much more sophisticated approach: if the space-time distance is
roughly the same between A and C and between B and C, then instead of only keeping either A
or B as the mainshock of C, this method keeps both earthquakes as mainshocks of C with
roughly equal probability, reflecting the difficulty to make a clear decision in such a case. A limit
to this method stems from the use of the ETAS model, as it imposes the parameterized form of
the space-time distance. While this is appropriate for the temporal dependence, given the
ubiquity of the Omori-Utsu law for describing the decaying influence of a mainshock, this is not
the case anymore when considering the spatial dependence, or the space-time coupling (i.e.,
change with time of the spatial dependence) as no firm consensus exists on these yet.

For the purposes of this study, the space-time ETAS model was used (Zhuang 2002; Zhuang et
al,, 2004, 2008; Helmstetter and Sornette, 2003; Hainzl and Ogata, 2005; Lombardi et al., 2010).
In a few words, what this algorithm basically does, is to identify events that are considered first
order events that are parental to second order, third order and so on, earthquake sequences. To
simplify it even more, it identifies events which, at a certain probability level have triggered
earthquake sequences. According to ETAS and the Poisson worldview of seismicity, triggering
(background) events may not be major at all (e.g an earthquake of magnitude 4 may trigger an
earthquake with a magnitude of 7.5 given the right conditions).

2.2 BIVARIATE FREQUENCY-MAGNITUDE-INTEREVENT TIME
DISTRIBUTIONS: CONSTRUCTION.

The bivariate F-M-T distribution expresses the joint probability of observing an earthquake
larger than a given magnitude after a given time lapse (interevent time). In order to construct
it, a threshold (cut-off) magnitude M, is first set, on the basis of which a bivariate frequency -
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magnitude - interevent time table (histogram) is constructed, representing the observed
incremental distributions. The observed cumulative distribution is then obtained by backward
bivariate summation, according to the scheme (Efstathiou et. al, 2016; Tzanis et. al, 2013;
Efstathiou et,, al, 2015)

Nz = Xip, Xiep, AHij © Hijj #0}, 1=1,..Dy, m=1,..Dy (2.1)
where H is the incremental distribution, Dy is the dimension of H along the magnitude axis and
Dris the dimension of H along the At axis. The cumulative frequency (earthquake count) can be
written as: N({M > M, At: M > M}). Then, the empirical probability P(>{M > Mu, At: M > My,}) is
simply

N(>{M2M§\;;(,)At.M2Mth})’ A =N(M=Mth,0) _ ||N||oo (2.2)
An example of cumulative FMT distribution constructed according to Eq. 2.1 is presented in Fig.
2.1; it is based on the unified catalogue of Japan for the period 2002 - 2016 and M = 4 (10,855
events). The distribution is illustrated both in linear and logarithmic frequency scales (Figs.
2.1a and 2.1b respectively). Apparently, it comprises a well-defined and structured surface,
with the end-member at (M > My, At = 0) comprising the one-dimensional Gutenberg - Richter
law and the opposite end member at (M = My, At) comprising the one-dimensional F-T

distribution.

As stated in Section 2.1 (as well as in the introduction) it is very important to study the effect of
spatial separation on earthquake size distribution and temporal dynamics. To this effect, it is
possible to construct bivariate F-M-T distributions on the basis of catalogue subsets grouped
according to the distance between consecutive events (interevent distance), following the rule:

C o2{Cph:M>M, NAd;, <Ad < Ady} (2.3)
where C is the catalogue, Cp is the subset catalogue, Ad is the interevent distance and Ad;,
Ady are the upper and lower group limits. . Eq. 2.3 leads to the construction and modelling the
conditional bivariate cumulative distribution

P(>{M = My, At: [M = My, A Ady, < Ad < Adyl}) (2.4)

as a proxy of a trivariate F-M-T-D distribution. As a result, one may obtain the variation of the
entropic indices with respect to distance group
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Figure 2.1: (a) The bivariate cumulative frequency-magnitude-interevent time distribution constructed
according to Eq. (2.1) for the period 2002-2016 and M:» = 3 on the basis of the JMA Unified Catalogue
(103.696 events). (b) As per (a) but in logarithmic frequency scale.

2.3 IMPLEMENTATION

Assuming that the magnitude and interevent time are statistically independent (Efstathiou et.
al, 2016; Tzanis et. al, 2013; Efstathiou et,, al, 2015), namely that the hierarchy of the active
fault network does not influence the sequence of events, the joint probability P(MuAt) may
factorize into the probabilities of M and At in the sense P(MuAt) = P(M) P(At). Then, by
implicitly identifying the empirical and escort probabilities one obtains

2—qpm 1
N (>{M2Mp,At:M 2 M}) 1-qy 10M (m) 4t \imar
No N (1_ 2—qum a2/3) (1_ (1-qr) A—to) (2.5)

where qu and gr are the entropic indices for the magnitude and interevent times respectively
and Aty, 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)
Eq. 2.2 becomes

1-qpm 10M
2-qpy a?/3

logN (> {M = My, At:M = My}) = a+ (2_ q“) log(

1-am

) + 12 log(1 - 4t5(1 — gr)A) (2.6)

Eg. 2.6 is a generalized bivariate law of the Gutenberg-Richter king in which

_ (2—-qm)
ba = @n-v (2.7)

is the NESP equivalent of the b value (e.g. Telesca, 2012). Accordingly, Eq. 2.6 is the general
model to be implemented in the ensuing analysis. If the seismogenetic process is non-extensive
(earthquakes occur in correlated space-time), then 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. However, g,, should differ
from unity, thus revealing the interdependence of successive events in the correlated space-
time of the seismogenetic system. On the other hand, if seismogenesis is Poissonian, , b should
still be equivalent to the b value computed by conventional methods but g- - 1 and the third
term in the RHS of Eq. 2.5 should reduce to the logarithm of the exponential distribution. In
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both cases, the favourable comparison of b, (that is g.) 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 Eq. 2.6 and the robustness of the results and
conclusions.

An example of an empirical distribution constructed according to Eq. 2.1 and Eq. 2.2 and
modelled according to Eq. 2.6 is shown in Fig. 2.2. Because the parameters of Eq. 2.6 are all
positive and the entropic indices are bounded (1 < g < 2), a following (Efstathiou et al.,, 2015), it
was decided to deploy a least squares solver implementing the trust-region reflective algorithm
(e.g. Moré and Sorensen, 1983; Steihaug, 1983), together with Least Absolute Residual
minimization so as to down-weight possible outliers.

The quality of the approximation is very good (Fig. 2.2a), with the correlation coefficient (R?)
being 0.99. The magnitude entropic index gu = 1.55 so that b, = 0.8, which compares very well
with conventionally estimated b-value (Chapter 4). The temporal entropic index qr = 1.2
indicating very week correlation, possibly randomness. An appraisal of the results is
summarized in Fig. 2.2b and is based on the analysis of the statistical distribution of the
residuals. The observed cumulative probability of the sorted residuals (r) is fitted with a
normal location-scale distribution (dashed line) and a Student-t location-scale distribution
(solid line). Evidently, 95% of the residual population, for which |r |< 0.15, is normally
distributed. A very short tail appears to form at r< -0.1; it comprises 7 residuals or
approximately 3% of the population and does not deviate significantly from normality. A tail
forms at r> 0.15, which comprises only 23 out of 244 residuals, or 2%, and represents outliers
that have been effectively suppressed by the LAR procedure: the solution is determined by the
remaining 97.13% of the observations.

The outliers mainly occur at larger magnitudes and longer interevent times. They may be
anomalies of the catalogue, (e.g. missing events or sequences of events, errors in magnitude
reporting etc.). On the other hand, some may be genuine: for instance, they may correspond to
infrequent, externally triggered events. Such details will not be investigated here, but it is
interesting to point out that they may appear as outliers in multivariate distributions.
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is a probability analysis of the residuals

32



2.4 MOHOROVICIC DISCONTINUITY

The necessity to separate seismicity into crustal and sub-crustal was noted above. It has been
pointed out that the characteristics of crustal and mantle (sub-crustal) seismicity are different.
Crustal earthquakes are shallow and occur above the Mohorovicic discontinuity due to
deformations of the crust, whilst, sub-crustal earthquakes are located beneath the
discontinuity, in the mantle, and are generated by the subduction process. The depth of the
discontinuity was estimated by sampling various data from previous studies (see Chapter 2
overview) and then plotted the overall results on a map with the method of natural neighbour
interpolation using a grid (219x282). The results are depicted in the following figure (Fig. 2.3).
Lowest values are observed in the oceanic plates of the Pacific and Philippines, with average
depths 5 to 9 km. As it was expected the continental plates of Eurasia and Okhotsk have crust
thickness ranging from 30 - 44 km. beneath mountains and mountain ranges the crust becomes
thicker and reaches the maximum value of 44 km (central Japan, southern Ryukyu Arc and
northern Hokaido).

125" 0" 135° 140’ 145"  150° 155 160"

125" 130" 135" 140" 145" 150" 15 160"

— |
0  Moho Depth 44

Figure 2.3: The Mohorovicic discontinuity distribution along Japan and Philippine plate.
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As it is well portrayed in the Fig. 2.4 and 2.5, the subduction of the oceanic plates is the main
cause of seismogenesis. The sub-crustal seismic catalogue of the entire study area consists of
69,982 earthquakes, whilst, the crustal seismic catalogue consists of 33,714 earthquakes. More
than half of the earthquakes occurring in the area are generated by the submerged oceanic
plates.

Most sub-crustal events (Fig. 2.4) are located along the plate boundaries and on the volcanic
arcs of Ryukyu (southern Japan) and Kuril (northern Japan). On the north - Okhotsk plate -
seismicity is intense. Earthquakes are present not only along the Kuril Arc, but also on the
central-east coast, where a big swarm is located that is related to the 2011 Tohoku earthquake
and its aftershock sequence. In Pacific plate there are clusters of earthquakes, showing that
they’re part of aftershock sequences. Some of these clusters (on the northern part of the Pacific-
Okhotsk boundary) are possibly connected with the 2011 Tohoku sequence, judging from their
spatial location. Philippine’s plate seismic events are located along the Nankai, Suruga and
Okinawa Trough (Philippine-Eurasia plate boundary) and along the Izu-Bonin Mariana trough
(Philippine-Pacific plate boundary). Eurasia’s sub-crustal seismic events are mostly located on
Ryukyu Arc, and are a lot less than those of other plates.
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Figure 2.4: Sub-crustal seismicity of the study area.
Crustal seismicity (Fig. 2.5) is less than sub-crustal’s half. The presence of earthquake clusters

is evident along the entire study area. Here too Okhotsk plate has the most events, with big
swarms located on the central-east and northern part. Some swarms are also noticeable in
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Pacific plate, whereas, seismicity in Eurasia and Philippine is dispersed without the appearance
of earthquake clusters.
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Figure 2.5: Crustal Seismicity of the study area.

2.5 DECLUSTERING

For the purposes of this study, the space-time ETAS model was used (Zhuang 2002; Zhuang et
al,, 2004, 2008; Helmstetter and Sornette, 2003; Hainzl and Ogata, 2005; Lombardi et al., 2010).
This algorithm identifies first order events that are parental to higher order earthquake
sequences. To put it simply, it identifies events which, at a certain probability level have
triggered aftershock sequences. According to ETAS and the Poisson worldview of seismicity,
the triggering (background) events may not be major at all; for example, an earthquake of
magnitude 4 may trigger an earthquake with a magnitude of 7.5 given the right conditions.

There is no difference in triggering seismicity among foreshocks, mainshocks and aftershocks.
Each parental event triggers its own filial sequence independently according to some
probability rules (Zhuang, 2012). The time-varying seismicity rate of this model assumes the
form of:

At x,y,m) = p(x,y,m) + Yip<e k(Mg — t)f (x — x5,y — yil my) (2.8)
where
i) 1(x, y) represents the background seismicity rate
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ii)  The term k(m;)g(t — t;)f(x — x;,y — y;| m;) is the contribution to the seismicity rate
by the it" event occurring previously, and k(m) = Ae*™~™c) with m > m,, is the mean
number of direct offspring from an event sized m, m, being the magnitude threshold,

-1 t_ -1
(0= P2+ 577 for t> 0 and f(xyim) = Lo (14

nDeY(Mm—

the probability density function for the occurrence times and locations of direct offspring,

x%+y?
DeY(m-mc)

)~™ represents

respectively. 4, a, ¢, p, D, v and y are constant parameters.

To forecast seismicity by using the model specified by eq. (2.8) it is required to address the
following:

i) Obtain an empirical estimate of background seismicity rates.

ii) Estimate the ETAS model parameters, (4, a, ¢, p, D, , y).

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
_ x(m;)- g(tj -t)- f(Xj XYY |m;)

v At %50 Y5)

and the probability that event j is aftershock is given by
j-1

P; = IZ;, Pi
Conversely, the probability that event j is background is given by

_ /’l(xj’yj)
b AL %5, Y5)
The algorithm runs iteratively through the catalogue and by assigning probabilities p;;, p; and ¢

; =1-p

to the jth event, generates the foreground sub-process associated with the ith 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 general rule, events with ¢ < 50% are
considered to be foreground.
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3. GEOLOGY AND SEISMICITY OF THE STUDY AREA

3.1 GEOLOGY AND TECTONICS OF THE STUDY AREA

The Japanese Islands are located in the midst of the plate convergence zone at the north-
western margin of the Pacific Ocean where two oceanic plates are being subducted beneath two
continental plates. North - east Japan is considered to be on the North American plate, or the
Okhotsk microplate, and south - west Japan on the Eurasian plate or the Amurian microplate.
Although the plate geometry and kinematics of these two blocks remain controversial, there is
general agreement that these two parts of Japan have been converging with each other in an
east - west direction at the rate of 1 to 2 cm/yr, roughly, since the late Pliocene or the early
Pleistocene, and the juvenile convergence boundary between the two plates runs along the
west coast of northeast Japan and crosses the middle of Honshu toward the Suruga trough (Fig.
3.2 and 3.3).

The Philippine Sea Plate is being subducted beneath the southern part of northeast Japan and
beneath southwest Japan. The convergence directions and rates are north - north-westward
and 4 to 6 cm/yr at the Suruga - Nankai trough and the Ryukyu trench. The Pacific plate is
being subducted beneath northeast Japan west - north -westward at the Kuril and Japan
trenches at the rate of about 8 cm/yr and beneath the Philippine Sea plate west - north -
westward at the Izu Bonin trench at the rate of about 6 cm/yr (Fig. 3.2 and 3.3).The geology of
the four Home Islands (Kyushu, Shikoku, Honshu, and Hokkaido) of Japan is so extremely
complicated that it is not easy to obtain an overall view even from small - scale geological maps
such as the 1:1.000.000 scale issued by the Geological Survey of Japan (Hirokawa et al., 1978).
However, when we try to form a generalised picture, it seems reasonable to consider the
geology of the Japanese Islands to be comprised of the following five elements (Hashimoto M.,
1991).

Pre - Neogene sedimentary and regional metamorphic rocks.

Granites and rhyolites mostly of Late Mesozoic to Early Tertiary age.

Neogene sediments and associated volcanics.

Quaternary sediments.

SANEEE I

Plio - Pleistocene volcanics (figure 3.1).
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Figure 3.1: Simplified geologic map of Japan. Introduction to the landforms and geology of Japan

Japanese tectonics is controlled by two subduction zones that intersect in a T. A trench - trench
- trench triple junction southeast of Tokyo. The four islands of Japan are primarily the result of
several large oceanic movements occurring over hundreds of millions of years from the mid-
Silurian to the Pleistocene as a result of the subduction of the Philippine Sea Plate beneath the
continental Amurian Plate and Okinawa Plate to the south, and subduction of the Pacific Plate
under the Okhotsk Plate to the north. They are curved in map view, convex toward the Pacific
Ocean. This is probably due to the opening of the Sea of Japan in the Miocene as a backarc basin
(Taira, 2001; Barnes, 2008). At the present time, however, the island arcs and trenches off
Japan forming the western boundary of the Pacific Plate are convex toward the northwest,
toward the Eurasian continent.

The Japan Trench is an oceanic trench, a part of the Pacific Ring of Fire, in the floor of the
northern Pacific Ocean off northeast Japan. It extends from the Kuril Islands to the Bonin
Islands. It is an extension of the Kuril-Kamchatka Trench to the north and the Izu-Ogasawara
Trench. This trench is created when the oceanic Pacific plate subducts beneath the continental
Okhotsk Plate. The subduction process causes bending of the downgoing plate, creating a deep-
sea trench. Continuing movement on the subduction zone associated with the Japan Trench is
one of the main causes of tsunamis and earthquakes in northern Japan, including the
megathrust Tohoku earthquake and resulting tsunami that occurred on 11 March 2011.

The Izu-Bonin-Mariana (IBM) arc system stretches over 2800 km, from south Tokyo, Japan, to
beyond Guam, USA, and includes the Izu Islands, Bonin Islands, and Mariana Islands. The IBM
arc system lies along the eastern margin of the Philippine Sea Plate in the Western Pacific
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Ocean. It is most famous for being the site of the deepest gash in Earth's solid surface, the
Challenger Deep in the Mariana Trench (Stern et al., 2003). The IBM arc system now subducts
mid-Jurassic to Early Cretaceous lithosphere, with younger lithosphere in the north and older
lithosphere in the south, including the oldest (~170 million years old, or Ma) oceanic crust
Subduction rates vary from ~2 cm per year in the south to 6 cm in the north (Miller et al,,
2006).The Izu segment is punctuated by inter - arc rifts (Klaus et al., 1992; Taylor et al., 1991)
and farther south also contains several submarine felsic calderas (Yuasa and Nohara, 1992).
The Bonin segment contains mostly submarine volcanoes and a few island volcanoes, such as
Nishino - shima. The highest elevations in the IBM arc (not including Fujiyama on the Izu
Peninsula, where IBM comes onshore in Japan) are found in the southern part of the Bonin
segment, where the extinct volcanic islands of Minami and Kita Iwo Jima rise almost 1000
meters above sealevel (Stern et al., 2003).The Mariana segment is characterized by an active
back arc basin (Fryer, 1995) known as the Mariana Trough.

The Mariana Trough stretches 1300 km from north to south, about the distance from Los
Angeles CA to Portland OR, Tokyo, Japan to Seoul, Korea, or London, England to Rome, Italy.The
Sagami Trench or Sagami Megathrust or Sagami Subduction Zone (SA) is a westward
expansion of the Nankai Trough that meets with the Japan - Izu - Bonin Trenches at about
340N, 142°E, 200 km west of central Honshu. The Philippine Sea plate (PHS) subducts beneath
southwest Japan along Nankai Trough and beneath northeast Japan along the Sagami Trench
(Nakamura et al, 1984; Seno, 1977).Megathrust earthquakes associated with the Sagami
Trough, known as Kanto earthquakes, are a major threat to Tokyo and the Kanto Region
because of the proximity to a population center and the magnitude the Sagami Trough can
create.

The Nankai Trough runs off the coast of the southwestern part of Japan, where the Philippine
Sea Plate subducts beneath the overriding Eurasian Plate in the northwest direction at a rate of
approximately 4.5 cm/yr (Seno et al., 1993). Within the Nankai Trough there is a large amount
of deformed trench sediments (Ike, 2004), making one of Earth's best examples of accretionary
prism. The state of tectonic coupling between the overriding Eurasian and subducting
Philippine Sea Plates has been studied using data from the dense Global Positioning System
(GPS) network covering Japan, and it has been estimated to be nearly 100 % over the landward
slope of the entire Nankai Trough (complete fault locking) (Mazzotti et al, 2000). Okinawa
Trough, also known as the Nansei - Shoto Trough, is the back-arc basin of the Ryukyu trench--
arc--back-arc system. It is bounded by the Ryukyu Ridge and Trench to the south and east and
by the East China Sea Shelf to the north and west. The entire complex is arcuate, convex toward
the Pacific, from Japan to Taiwan (Lee et al.,, 1980).The Ryukyu Arc extends from Taiwan to
south Kyushu. It is an elevated ridge marked by two parallel chains comprising more than 100
islands. Islands along the inner arc are volcanoes of Quaternary age, whereas those along the
outer arc are non-volcanic outcrops (Iwasaki et al.,, 1990). The Ryukyu Arc is divided into three
segments by the Tokara Channel and the Kerama Gap, which are considered to be left-lateral
strike-slip faults (Wageman et al., 1970; Kobayashi, 1985).

The Ryukyu Trench is usually regarded to be the boundary between the Eurasia plate and the
PHS plate. The maximum water depth of the trench is more than 7000 m near the Okinawa
Island while most parts of the trench are not deeper than 6500 m. The trench becomes
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shallower and broader towards the north, where the trench is with a depth of about 5500 m.
Suruga Trough (SU) is a trough that lays off the coast of Suruga Bay in Japan, forming part of the
Nankai Trough, the latter being responsible the source of many large earthquakes in Japan's
history. Both mark the boundary of the Philippine Sea Plate subducting under theAmurian
Plate.The Itoigawa-Shizuoka Tectonic Line Active Fault System (ISTL), in central Japan, is one of
the most remarkable active faults on land in Japan for its very high slip rate as an intraplate
active fault reaching around 1 cm/yr. Though the high slip rate indicates short recurrence
intervals of large earthquakes less than 1,000 years, historic seismicity is quite low during
these 1150 years. The ISTL consists of northern (55 km), middle (60 km), and southern (35
km) sections. The estimates of respective average slip rate are 0.3, 1.0, and 0.2 cm/yr
(Okumura K. et al.,, 1998).
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Figure 3.2: Slab depth beneath the Japanese Islands (USGS slab models).
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Figure 3.3: Plate-tectonic setting of Japan and surrounding regions. Dashed lines mark volcanic arcs (Kuril
Arc, Ryukyu Arc, Izu - Bonin Mariana Arc) and solid lines indicate major fault lines (Japan Trench, Nankai
Trough, Suruga Trough (SU), Itoigawa - Shizuoka Tectonic Line (ISTL), Okinawa Trough, Mariana Trough
and Sagami Trench (SA)).

3.2 SEISMIC NETWORK AND EARTHQUAKE MONITORING

The seismic activity in and around Japan is high because it is located in an active plate
boundary zone where four lithospheric plates converge on one another. Because of these plate
interactions the seismic activity in and around Japan is very high. Seismicity covers all depths,
in deep seismic zones reaches as deep as about 600 km in the subducted Pacific plate and as
deep as 300 km in the subducted Philippine Sea plate along Ryukyu trench. In Japan we have
the presence of both intraplate and interplate earthquakes. Interplate earthquakes occur at a
plate boundary, whereas, intraplate occur in the interior of a tectonic plate. In general, the last
are more difficult to find.

Japan’s seismic activity is intense and continuous; the Japanese have suffered great damages
and loses. The deadliest earthquake was the 1923 Great Kanto earthquake, on the Japanese
main island of Honshii(7.9 Mw), with 105,385 deaths, while the strongest and most costly
earthquake on record is the 2011 Tohoku earthquake (9.0). After the disastrous 1995 Kobe
earthquake, a new national project has started to drastically improve seismic observation
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system in Japan. A large number of strong-motion, high-sensitivity, and broadband
seismographs were installed to construct dense and uniform networks covering the whole of
Japan (Fig. 3.4). The new high-sensitivity seismograph network consisting of 696 stations is
called Hi-net, while the broadband seismograph network consisting of 71 stations is called F-
net (Fig. 3.5). At most of Hi-net stations strong-motion seismographs are also equipped both at
depth and the ground surface. The network of these 659 stations with an uphole/downhole
pair of strong-motion seismographs is called KiK-net, while another network consisting of 1034
strong-motion seismographs installed at the ground surface is called K-NET (Okada et al., 2004)
(Fig. 3.6).

[ JMA 188 -+~ ]+ Hi-net 696 | Vi
| = UNIV 274 | . & 1 (as of Apr2003) |/
| « NIED 89 St L e

| v A
| (as of Jan 1095) s

e
41
F L
-

- " . t.(“':--.' S
Fa i SR EL Rt '

e ]
228 u._!-. A-"::.:! ._:._. oy

) .“JP‘ 500k

500k | (b) |

| |
135E 140E - 135E 140E- - - -

Figure 3.4: Distribution of high sensitivity seismic stations in Japan (a) at the time of 1995 Kobe earthquake
and (b) newly added Hi-net stations as of April 2003 (JMA: Japan Meteorological Agency, UNIV: University,
NIED: National Research Institute for Earth Science and Disaster Prevention).
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Figure 3.5: Distribution of broadband seismic stations in Japan (a) at the time of 1995 Kobe earthquake and
(b) newly added F-net stations as of April 2003. (JMA: Japan Meteorological Agency)
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Figure 3.6: Distribution of strong motion seismic stations in Japan (a) at the time of 1995 Kobe earthquake
and (b) newly added K-NET, KiK-net and F-net stations as of April 2003. (JMA: Japan Meteorological Agency)

3.2.1 HYPOCENTER DETERMINATION

Hypocenters are calculated using the arrival-times of P-waves and S-waves, and magnitudes
are calculated using the maximum seismic-wave amplitudes. An iterative method (Hamada et
al,, 1983), an extension of Geiger’s method (Geiger, 1910), is used to calculate hypocenters. The
data weight is given by the following formula, where R denotes the hypocentral distance (Ueno
etal, 2002):

For P-waves (Wp)

Rmin2
Wp = 2
P=7R
For S-waves (Ws)
Wp
Ws = —
5T 73

Rmin: Hypocentral distance of the station nearest to the hypocenter (km) (if Rmin _ 50, then Rmin
=50:if Wp> 1, then Wp=1)

The data of any station with large travel-time residuals are not used for the calculations. The
depth of focus is calculated first with no restrictions. If the solution is unstable, then the best
solution is searched by changing the depth in 1 km steps. In the case that the focus is located in
a region where focal depths are considered to be not well determined, such as in the Kurile
Islands region, the focal depth is fixed at 30 km.In principle, the calculation is done only when
more than five P or S-wave arrivals have been observed at three or more stations (a criterion
used since January 1983). If the number of stations with observations exceeds 40, the nearest
40 stations from the focus are used in the calculation (a criterion used since October 1997).
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Procedures for the selection of stations are as follows. A characteristic distance (Aim) is defined
in terms of the following empirical equation:

s

100 (km)

Here A; denotes the epicentral distance of the third nearest station from the trial hypocenter; H
is focal depth: the unit is kilometre.

Alim = + H (km) + 100 (km)

The 16 stations nearest to the trial hypocenter are selected without regard to station quality.
An additional 24 stations within Ajin are then selected based on the epicentral distance and
station quality, where the station quality is given as an attribute constant derived from seven
classes regarding the S/N ratio, data-sending capability and average travel-time residual etc. If
the number of selected stations is still not enough for robust estimation in the case of an
offshore earthquake or a deep earthquake, for example, additional stations outside Ajm may be
selected until the number of stations becomes sufficient.

3.2.2 MAGNITUDE DETERMINATION

Magnitude Mj: This is calculated only for large and shallow (H _ 60 km) earthquakes using
acceleration data from the multi-function seismometers installed at the Local Meteorological
Offices. M is given by the average of observations of

M2 = log /(ANZ + Ag®) +1.73logA — 0.83

using the maximum displacement amplitudes at the stations (Tsuboi, 1954). Here the
acceleration data are integrated twice to obtain the displacement data, to which a high pass (6
s) filter is applied to simulate the mechanical strong-motion seismographs.

Displacement Magnitude Mp: This is calculated as the average of observations of

MpST = log /(AN2 + Ag?) + Bp(AH) + Cp

over stations in the ranges R = 30 km and A < 700 km for maximum amplitudes of displacement
in the horizontal components (Katsumata, 2004). If the number of stations involved in the
average is less than three, A is extended out to 2000 km. If the number of the stations used to
obtain Mp is two, it is denoted as Md.

Velocity Magnitude My: This is calculated as the average of observations of

MyST = alogA; + By(4,H) + Cy

over stations in range 5 km < R < 400 km for maximum amplitude of velocity in the vertical
component (Funasaki et al., 2004). If the number of stations involved in the average is less than

four, A is extended out to 1000 km. If the number of the stations used to obtain My is two or
three, it is denoted as M.

First, an initial mean of magnitudes at all the stations is calculated. Then a mean and standard
deviation of magnitudes for the stations is calculated, discarding those values deviating more
than 0.5 from the initial mean. This mean value is adopted as the magnitude only if the standard
deviation is less than 0.35.
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The calculated value is adopted as the JMA magnitude according to the priority order M;> Mp>
My>Mg>M,, and this is then given as the primary magnitude estimate. The moment magnitude
is generally given as the secondary magnitude estimate when CMT solutions are determined;
otherwise a secondary magnitude estimate is given according to the priority order. For
reference, the meanings of the symbols used in the above formulas are as follows:

Table 3.1: Meanings of the symbols used above.

Epicentral Distance (km)

Hypocentral Distance (km)

Constant1/0.85=1.176

Terms showing dependence on A and H

Correlation Value (=0.2) used for accelerometers

Correction Value depending on types of seismometers

Maximum Displacement Amplitude in the horizontal component of
accelerometers (mm, 10 ¢m)

Maximum Velocity Amplitude in the vertical component of velocity meters (10 -5

m/s)

3.3 EARTHQUAKE CATALOGUE

The earthquake catalogue used in this study is produced by the Japan Meteorological Agency
(JMA), in cooperation with the Ministry of Education, Culture, Sports, Science and Technology.
The catalogue is based on seismic data provided by the National Research Institute for Earth
Science and Disaster Resilience, the Japan Meteorological Agency, Hokkaido University,
Hirosaki University, Tohoku University, the University of Tokyo, Nagoya University, Kyoto
University, Kochi University, Kyushu University, Kagoshima University, the National Institute of
Advanced Industrial Science and Technology, the Geographical Survey Institute, Tokyo
Metropolis, Shizuoka Prefecture, Hot Springs Research Institute of Kanagawa Prefecture,
Yokohama City, and Japan Agency for Marine-Earth Science and Technology.

The catalogue is referring to the time period 01/01/2002 - 31/05/2016 and consists of
103.696 events with a threshold magnitude equal to 3 and depth range 0 - 698.4 (Fig.3.7). The
catalogue is homogeneous and for the purposes of this study we used the existing magnitude
scale my, provided by JMA (see below).

The spatial distribution of earthquakes (Fig. 3.6) is mostly constrained on the plate boundaries,
across the coastline, and along the volcanic arcs of Kuril (northern Japan), Izu-Bonin Mariana
Arc (south-eastern Japan) and Ryukyu (south-western Japan). It is evident that the majority of
earthquakes is located in Okhotsk plate, north of the triple junction.
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Figure 3.6: Seismic catalogue used in this study. Hypocenters are depicted in red. Solid black lines indicate
major tectonic boundaries (Okhotsk, Amurian, Philippine and Pacific) and dashed black lines indicate major
arcs.
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Figure 3.7: Depth histogram of the catalogue. Depth varies from 0 to ~ 700. Most events are bellow100 km.
The b - value is among the most widely reported statistics in seismology. Although its globally
averaged value is approximately 1, it may vary by as much as a factor of three at both local and

region scales (Wiemer and Wyss, 2002). The parameters influencing b-value remain somewhat
enigmatic; however, laboratory and numerical models indicated that the parameter scales
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inversely with ambient stress conditions (Scholz, 1968; Amitrano, 2003). The dependence of b
on stress implies that small ruptures are more likely to grow into large earthquakes in high -
stress areas, since the system contains more energy and the rupture can more easily connect
across subvolumes with lower stress concentrations (Scholz, 1968). Alternatively, b value
patterns may reflect variability in the distribution of fractures within a rock volume (Barton et
al, 1999; Henderson et al.,,1999; Wyss et al,, 2004), whereby higher b values indicate greater
structural heterogeneity (Mogi, 1962). Experimental evidence also suggest that increasing
thermal gradients or heterogeneous stress conditions generated by nonuniform temperature
distributions may result in higher b values (Warren and Latham, 1970). Some studies have
discussed the spatial and temporal variations of the b-value before large earthquakes and the
spatial variation of the aftershocks. Aftershocks have large b-value, foreshocks, on the other
hand, present low value (Suyehiro et al., 1964). This conclusion is supported by numerous field
observations such as those in Taiwan (Wang, 1988) and along the Circum - Pacific subduction
zones (Carter and Berg, 1981). Measurements of well - pressure, number of triggered
earthquakes, and b-values in the Denver waste water injection site revealed that high shear
stress corresponds to low b-values and high seismic moment release (Evans, 1966;Healy et al,
1968;Wyss, 1973). This mechanism for the temporal variations of b - values has been used to
explain b-value changes prior to major earthquakes in Japan and elsewhere (Imoto, 1991).

The correct estimate of the b, and a-values depends critically on the completeness of the sample
under investigation. The frequency magnitude distribution of our catalogue was estimated with
the method of robust regression (Fig. 3.8) using the MatLab application. Robust regression
works by assigning a weight to each data point. Weighting is done automatically and iteratively
using a process called iteratively reweighted least squares. In the first iteration, each point is
assigned equal weight and model coefficients are estimated using ordinary least squares. At
subsequent iterations, weights are recomputed so that points farther from model predictions in
the previous iteration are given lower weight. Model coefficients are then recomputed using
weighted least squares. The process continues until the values of the coefficient estimates
converge within a specified tolerance.

In order to complete the fitting we use four steps. The first step includes the data preparation,
the second, the fitting of the linear model to the data using robustfit, the third step, the
estimation of residuals and step four, the removal of outliers from the standard model.

The difference with least squares is that the latter aims to minimize the sum of squares of
residuals (L2 norm) from the data to the line (or curve, or surface) being fit. The only problem
is primarily due to the squaring, data values with large residuals could have a large amount of
influence on the position of the fitted line. Simple tossing away outliers based solely on the fact
that they are outliers is a huge "do not do" in statistics, so therein lies a problem. Most robust
regression procedures don't work with the L2 norm. Robust regression based on M - estimation
obtains estimates by minimizing a non-negative function of the residuals.
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Figure 3.8: Frequency - Magnitude distribution of the entire seismic catalogue. The magnitude of
completeness (Mc) is 3, a - value =8.10 £ 2.77 and b - value = 0.92 + 0.07.

The form of the cumulative function is changing for magnitudes = 7. It is evident that the
catalogue mostly contains small magnitudes and as they increase the frequency occurrence is
decaying rapidly. As a result we have very few earthquakes with magnitudes larger than 7. That
in fact proves that our catalogue is divided into two. For magnitudes < 7 GR’s coefficients g, and,
b are 7.7 and 0.87 respectively, whilst, for magnitudes 2 7 b-value is 0.98 and a - value is 8.3.

It is of great importance to map the spatial distribution of the Gutenberg-Richter coefficients.
Their variations in space and time can provide useful information about seismogenesis and
tectonics. In the following figures (Fig. 3.9 and 3.10), the GR’s coefficients, a-value and b-value,
along with the variations of magnitude of completeness in time are depicted for both crustal
and sub-crustal catalogues.

For crustal events (Fig. 3.9a) b-value ranges from 0.6 to 1.2 and a-value (Fig. 3.9b) from 5 to 7.5.
The maximum values for both a and b are located in south-eastern Japan, within the Pacific
plate, whilst, the minimum values are located in north-eastern Japan, in Honshu island and
Kuril arc, within Okhotsk plate. The magnitude of completeness (Fig. 3.9c) doesn’t present any
significant changes in time (Mc ~ 3), with one small exception in 2011.
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Figure 3.9: Spatial distribution of (a) a-value and (b) b-value for crustal events along the study area. (c)
Magnitude of completeness variations in time.

For sub-crustal events the GR coefficients spatial distribution are depicted in Figures 3.10(a)
and 3.10(b). b-value is around 1 for the entire study area. It increases in the north-eastern and
south-eastern Japan, in Kuril arc and Pacific plate. The magnitude of completeness (Fig. 3.10c)
presents small variations in time, specifically in 2011, that reaches 3.2. But in general it doesn’t
exceed 3.1.
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Figure 3.10: Spatial distribution of (a) b-value and (b) a-value for sub-crustal events along the study area. (c)
Magnitude of completeness variations in time.

As already mentioned, the total number of events is 103.696 with magnitude of completeness,
Mc, 3. The following figure (figure 3.11) shows the cumulative number of earthquakes -
seismicity’s evolution over the years - for the entire area. It is well known that seismicity is
intense and strong earthquakes generate intense and continuous aftershock sequences that
affect the seismic process by releasing more energy and triggering neighbouring fault zones.
This is well depicted below. In 2011 we observe a steep increase on the number of events,
showing that a large earthquake and a strong aftershock sequence took place. Comparing this
result to the above analysis of the GR’s coefficients we see that in the area, where the epicentre
of the 2011 quake is located, we have low b - values and maximum density of events.
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Figure 3.11: Cumulative number of events. The catalogue contains 103.696 seismic events. It is evident that
seismicity is intense, due to the steep increase of the curve that indicates the occurrence of a strong
earthquake with its aftershock sequence.

3.3.1 Catalogue Declustering

One of the primary objectives of this analysis is to investigate and interpret the characteristics
of background seismicity. For that the space-time ETAS model was used, which is an algorithm
that identifies events which, at a certain probability level have triggered aftershock sequences.
As aforementioned, according to ETAS background events may not be major at all; for example,
an earthquake of magnitude 4 may trigger an earthquake with a magnitude of 7.5 given the
right conditions.

The output of stochastic declustering is not unique, it is useful to use the probabilities ¢ 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. Our analysis herein will be based on the assumption that events with probability ¢ =
70% are likely to be background. The output of the declustering process is illustrated in Fig. 2.6,
2.7, 2.8 and 2.9 where the cumulative number of earthquake events vs. time is plotted for all
catalogues (crustal and sub-crustal) of all study areas and for three different background
probabilities (¢;=70%, ¢;=80% and ¢;=90%). It is apparent that the declustered catalogues

are free of the time-local rate surges that indicate the presence of aftershock sequences.
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Figure 2.7: Cumulative number of events of the full and declustered catalogues of Okhotsk a) sub-crustal and
b) crustal earthquake catalogues. It is well pictured that the declustering process was successful, due to the
fact that aftershock sequences have been removed. The black solid line depicts the full catalogue, where the
2011 sequence is shown. Red, green and blue lines illustrate the three background probabilities that are

tested afterwards, 70%, 80% and 90% respectively.
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Figure 2.8: Cumulative number of events of the raw and declustered catalogues of Pacific’s a) sub-crustal and
b) crustal events. The black solid line depicts the raw catalogue. Red, green and blue lines depict the three
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and b) crustal events. The black solid line depicts the raw catalogue. Red, green and blue lines depict the
three background probabilities, 70%, 80% and 90% respectively.
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4. DETERMINATION AND ANALYSIS OF ENTROPIC INDICES FOR RAW
AND DECLUSTERED CATALOGUES AND b - VALUE ANALYSIS
4.1 RAW CATALOGUE ANALYSIS
4.1.1 Eurasian Plate.

The raw catalogue of Eurasian Plate (Fig. 4.1) is first analysed. Earthquakes are located along
Ryukyu Arc, Okinawa, Shikoku, southern Honshu and Kyushu islands. The crustal seismicity
catalogue consists of 9.595 events, between 0 km and 29 km depth. The catalogue of sub-

crustal events consists of 10.855 earthquakes, with depth ranging from 29 km to 621 km.
124°  128° 132° 134° 124° 128° 132° 134°

124°  128° 132° 134° 124°  128° 132° 134°
Figure 4.1: Eurasia Plate Seismicity. Two catalogues for different depth ranges are depicted. (a) Sub-crustal
seismicity (b) crustal seismicity. Seismic events are distributed along Ryukyu Arc, Honshu and Kyushu
islands.

The analysis of sub-crustal seismicity for different cut-off magnitudes is graphically illustrated
in (Fig. 4.2a) and shows that the temporal entropic index g varies from 1.16 for M = 3.1, to 1
for M = 4.6 but for the most part, lingers in the interval (1.1, 1.2). Correlation is stronger in
crustal seismicity with g, varying from 1.23 for M = 3 to 1.34 for M = 4.6. Therefore, it can be
safely deduced that correlation is rather poor, indicating practically random earthquake
occurrence, especially for sub-crustal seismicity, with respect to time, at least for cut-off
magnitudes of the order of 4.4 - 4.6.

The entropic index q,, for sub-crustal events (Fig. 4.2b) varies from 1.53 for M = 3.1, to 1.54 for
M = 4.6. This yields proxy-b values ranging from 0.89 for M = 3.1 to 0.85 for M = 4.6. For crustal
events q,, , varies from 1.53 for M=3 to 1.58 for M=4.6 yielding to proxy-b values 0.9 and 0.73
for the same cut-off magnitudes.
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Figure 4.2: Analysis of entropic index dependence on different cut—off magnitudes for sub-crustal (blue) and crustal
(red) seismicity. (a) g7 variations, and (b) g, variations.

The following figure (Fig, 4.3) illustrates the dependence of entropic indices on interevent
distance, for a cut-off magnitude of M=3. The breadth of interevent distance bins is indicated by
the horizontal line segments across the index symbols. For sub-crustal seismicity (Fig 4.3a)
correlation is strong up to 100 km, with the temporal index reaching the value of 1.95. Beyond
100km the g decreases dramatically and fluctuates in the interval (1, 1.16). For crustal
seismicity, correlation is also strong in the first 100 km, where the temporal entropic index
reaches the value 1.79, but beyond that interevent distance decreases and fluctuates about 1.2
for distances up to 700km, further dropping to under 1.15 at longer ranges. . The results show
that, for a cut-off magnitude of M=3, earthquakes are correlated in the first 100 km, due to the
presence of earthquake swarms and aftershock sequences. At longer interevent distances,
interactions are almost absent for sub-crustal events, and marginal for crustal.

The magnitude entropic index (Fig. 4.3b) for sub-crustal events is very stable and exhibits very
small variations between 1.52 and 1.55, leading to proxy-b value variations between 0.8 and
0.9. For crustal events, the magnitude index decreases slightly with distance but lingers in the
interval (1.48, 1.55) yielding proxy-b values of 1.05 and 0.83 respectively.
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4.1.2. Okhotsk Plate

The seismicity of the Okhotsk plate is expresses along the Kuril arc, Hokaido Island and the northern
Honshu Island. Correlation again is investigated for two raw catalogues, one for crustal (Fig. 4a) and
one for sub-crustal seismicity (Fig. 4.4b).

Figure 4.4: Okhotsk seismicity. Two catalogues for different depth ranges are shown. (a) Sub-crustal
140° 144° 148° 152 156° 140° 144° 148° 152 156°
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>
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seismicity is depicted in orange and (b) Crustal seismicity is depicted in red.

156°

The analysis of the Okhotsk plate seismicity for different cut-off magnitudes is illustrated in
Figure 4.5. For sub-crustal events (Fig. 4.5a), the temporal entropic index, varies from 1.28 at
M=3, to 1.34 at M=5.5, but for the most part lingers in the interval (1.2, 1.3). For cut-off
magnitudes larger than M=5, q; increases quasi-linearly and fluctuates between 1.22 and 1.35.
Correlation, in general, is weak but increases with magnitude. For crustal seismicity, the
temporal entropic index varies from 1.323 at M=3 to a surprising level of 2 at M=5.2. This
would imply that at this magnitude correlation is almost absolute and almost every single event
would influence the location and time of the next.. Such strong correlation is inevitably related
to the 2011 Tohoku earthquake and its aftershock sequence that lasted for almost 2 years and
generated large events within the same geographical region.

The variations of the magnitude index q,, (Fig. 4.5b), for sub-crustal events is very stable and
exhibits very small variations. For M=3 it is equal to 1.5 and for M=5.5 is equal to 1.495, this
yields to proxy-b ranging from 0.98 to 1.0 for the respective cut-off magnitudes. For crustal
seismicity q,, is stable between M=3 (1.54) and M=4.5 (1.52) and then increases to 1.61 for M=
5.2. Respectively, for M=3 bq = 0.88 and for M5.2 b,=0.63.
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Because the seismicity of the Okhotsk plate includes the M9.X Tohoku mega-earthquake of
2011 and its aftershock sequence, , it was considered necessary to further divide and study the
catalogues into a period leading up to that mega event, and a period following its occurrence. As
evident in the following Fig. 4.6, the number of events after this earthquake increases abruptly
due to its prolific and extended aftershock sequence.
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Figure 4.6: Cumulative number of earthquakes of the Okhotsk plate seismicity. The solid black line refers to
crustal, and solid red line to sub-crustal seismicity. The vertical solid grey line indicates the occurrence of
the 2011 Tohoku mega-earthquake.

The analysis of the sub-crustal seismic catalogues before and after the Tohoku earthquake is
depicted in the following figure (Fig. 4.7). Correlation before the earthquake (green squares) is
characterized as strong and seems to become stronger as magnitudes increase. The temporal
index g, varies from 1.3187 for M=3, to 1.3208 for M=5.3. The entropic index q,, (white
rhombus) doesn’t exhibit any significant changes, for M=3 is equal to 1.512, whereas for M= 5.3
is equal to 1.5057, yielding to proxy-b values 0.95 and 0.97 for the same cut-off magnitudes.
The catalogue referring to earthquakes after the 2011 event (red squares), shows weak
correlation that increases dramatically and becomes stronger for magnitudes larger than
M=4.5. The temporal index q; , varies between 1.1286 for M=3, to 1.5894 for M=5.2. The index
qum (grey rhombus), for M=3 is equal to 1.5393 and for M=5.2 is 1.489 yielding to proxy-b values
0.85 and 1 for the same cut-off magnitudes respectively.

The analysis at different cut-off magnitudes for the crustal seismic catalogues before and after
the Tohoku earthquake is depicted in the following figure (Fig. 4.8). Correlation before the
earthquake (green squares) is strong and increases as magnitudes increases. The temporal
index qr, varies from 1.1954 for M=3, to 1.4141 for M=4.6. The entropic index q,, (white
rhombus) doesn’t exhibit any significant changes, and behaves almost linearly. For M=3 is equal
to 1.5445, whereas for M= 4.6 is equal to 1.5164, yielding to proxy-b values 0.84 and 0.94 for
the same cut-off magnitudes. The catalogue referring to earthquakes after the 2011 event (red
squares), shows weak correlation that increases dramatically and becomes stronger for
magnitudes larger than 3.5. The temporal index q; , varies between 1.1296 for M=3, to 1.8818
for M=5. The index q,, (grey rhombus) exhibits small variations but in general it fluctuates in
the interval (1.5, 1.6). For M=3 is equal to 1.5445 and for M=5 is 1.5623 yielding to proxy-b
values 0.84 and 0.8 for the same cut-off magnitudes respectively.
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Figure 4.7: Variation of entropic indices with respect to cut-off magnitude analysis for sub-crustal seismicity
prior to and after the 2011 Tohoku mega-earthquake.
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Figure 4.8: Variation of entropic indices with respect to cut-off magnitude analysis for crustal seismicity
prior to and after the 2011 Tohoku mega-earthquake.

Figs. 4.9 and 4.10 illustrate the variation of the entropic indices with respect to interevent
distance, for cut-off magnitudes M=3 and M=4 and for both sub-crustal and crustal seismicity.
The analysis shown therein refers to the entire period of observation (2002-2016) - separate
analyses for the periods prior to and after the Tohoku mega-earthquake are not represented
due to insufficiency of data for this analysis) The breadth of interevent distance bins is
indicated by the horizontal line segments across the index symbols.

The variation of entropic indices on interevent distance for a cut-off magnitude of M=3 in both
crustal and sub-crustal earthquake catalogues is illustrated in Fig. 4.9. Starting with the sub-
crustal seismicity, it is evident that for interevent distances less than 400km, the temporal
entropic index varies in the interval (1.23, 1.3) indicating marginal to weak correlation (Fig.
4.93); thereafter, it decreases below 1.2 and fluctuates between 1.03 and 1.17) indicating
Poissonian processes or, equivalently, total absence of long-range interaction. Conversely, for
crustal earthquakes (Fig 4.9a), qr indicates significant to strong correlation at interevent
distances of up to 650km, (qr > 1.4), which drops to moderate thereafter and up to almost
1000km (1.2 < gr < 1.4). Evidently crustal seismicity exhibits very strong long-range correlation
at ranges that are order of magnitude larger than the characteristic dimensions of aftershock
zones associated with M,, 6 - 6.7 earthquakes and several times longer than zones associated
with M,, 7-7.2 earthquakes (e.g. Kagan, 2002). It follows that interaction at such ranges can
hardly be explained in terms of aftershocks; rather it indicates a fault network tightly
correlated over very long ranges. The magnitude entropic index for both crustal and sub-
crustal earthquakes if shown in Fig. 4.9b.

The variations of entropic indices on interevent distance for cut-off magnitude M=4 for the both
crustal and sub-crustal earthquake catalogues is illustrated in Fig. 4.10. For sub-crustal
earthquakes (blue squares) the index qr lingers between 1 and 1.65. At 25 km is 1.23 and
increases to 1.65 at 140 km. Then it decreases abruptly to 1.17 at 250 km and finally drops to
1.03 at 875 km. The magnitude entropic index varies between 1.5 and 1.6 (blue diamonds), For
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crustal earthquakes (red squares) correlation is strong and qr lingers in the interval [1.23.
1.82]. The magnitude entropic index also varies between 1.5 and 1.6.
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Figure 4.9: Analysis of dependence of entropic indices on interevent distances for sub-crustal and crustal
earthquake catalogues for cut-off magnitude 3. (a) qr variations, and (b) q, variations.
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Figure 4.10: Analysis of dependence of entropic indices on interevent distances for sub-crustal and crustal
earthquake catalogues for cut-off magnitude 4. (a) qr variations, and (b) q, variations.
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4.1.3. Pacific Plate

Pacific plate seismicity is distributed along the Japanese Trench. The sub-crustal earthquake
catalogue consists of 9.101 events, whilst the crustal earthquake catalogue consists of only 2.014
events.
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A

e e 152
Figure 4.11: Pacific Plate seismicity. (a) Sub-crustal seismicity, (b) Crustal seismicity in red.

The analysis of sub-crustal seismicity for different cut-off magnitudes is shown in Fig. 4.12. As
evident in Fig. 4.12a, the temporal entropic index qr increases linearly up to M=4.7. However,
whereas the increase is smooth between M3.1 and M4.2, is becomes rather erratic thereafter.
The linear trend of the sub-crustal qr can be estimated by fitting a straight line to the qr data. In
this way it can be seen to vary from approximately 1.28 at M=3.1 to approximately 1.33 at M =
4.7. Therefore, it can be safely deduced that correlation varies from weak to significant; as per
Fig. 4.8 (green squares - crustal seismicity prior to the Tohoku mega-earthquake), the quasi-
linear upward trend of gqr with magnitude can be interpreted in terms of long-range interaction.
Correlation for the crustal earthquake catalogue is also strong. The entropic index gr lingers
between 1.3 and 1.6. For M=3 gr is equal to 1.3, and increases to 1.6 for M=4.2.

In sub-crustal seismicity, the entropic index q,, is generally stable and varies between 1.55 and
1.61 with an expectation value of 1.58 + 0.03 (Fig. 4.12b); this , yields b, values in the range 0.8
to 0.73. In crustal seismicity, g, is also stable but at markedly higher values than its sub-crustal
counterpart (Fig. 4.12b); it varies between 1.60 and 1.63 with an expectation value of 1.62 +
0.01, yielding b, values in the range 0.7 to 0.6. Higher b-values and correlation of crustal
seismicity is a result of the Tohoku sequence. Many earthquakes of the west-central Pacific
plate are actually a part of the 2011 aftershock sequence. Another reason is the distribution of
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faults. Crustal faults tend to be more localized than sub-crustal, resulting to immediate

interaction.
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Figure 4.12: Analysis of dependence of different cut-off magnitudes for (a) sub-crustal and (b) crustal
earthquake catalogues of Pacific full catalogue.

The analysis of the entropic index dependence on interevent distance is shown in Fig. 4.13. For

crustal events there weren'’t sufficient data to conduct analysis. On the other hand, results for
the sub-crustal earthquake catalogue for cut-off magnitude M=3 illustrate strong correlation at
all distances, The temporal index gr fluctuates between 1.6 and 1.85 with an expectation value

of 1.72 £ 0.1. These long range interactions prove that an earthquake can be related to another

one at greater distances.
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Figure 4.13: Analysis of interevent distances for sub-crustal events at cut-off magnitude M=3.
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4.1.4. Philippine Plate

The seismicity of the Philippine plate is illustrated in the maps of Fig. 4.14. Crustal seismicity
comprises of a total of 2.608 events above a depth of approx. 29km and above the magnitude of
completeness (M. = 3), while sub-crustal seismicity comprises 12.036 events between 29km
and 700km. The majority of earthquakes is located on the Izu-Bonin-Marianas Trough on the
boundary with the Pacific plate in the east, and, along the boundary with the Eurasian plate in
the west.
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28 132°
Figure 4.14: Seismicity map of Philippine Plate. Two overlaid catalogues are depicted. Crustal events are
depicted in red, and, sub-crustal events in orange.

Herein the analysis of dependence on cut -off magnitude shows a completely different result.
Seismicity here is shown to be random. Even though crustal events exhibit higher correlation
than sub-crustal, this can still be characterized as weak compared to the other three cases
studied so far. Results for the temporal entropic index are illustrated in Fig. 4.15a. For sub-
crustal earthquakes gr is approximately. 1.16 for M=3 and slowly decreases towards the larger
magnitude scales to approach unity at M=5. For crustal earthquakes g, in general, lingers in
the vicinity of 1.2 and has a mean value of 1.1+ 0.1, indicating a marginally correlated process.

The magnitude entropic index qy, is almost identical for both sub-crustal and crustal catalogues
(Fig. 4.15b); it is very stably determined exhibiting minimal variation about 1.52+ 0.03 yielding
b, values of 0.8-0.9 very similar to the globally expected value of b.
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Figure 4.15: Variation of entropic indices with cut- off magnitude for (a) sub-crustal and (b) crustal
earthquake catalogues.

The dependence of entropic indices on interevent distance is illustrated in Fig. 4.16 for the sub-
crustal earthquake catalogue only. The crustal earthquake catalogue did not contain sufficient
data to conduct statistically rigorous analysis. For sub-crustal seismicity, the dependence of
entropic indices on interevent distances for cut-off magnitude M=3 illustrates very weak
correlation, showing that seismicity in this area is a random process, and there is no relation
between earthquakes at any distance. That means that the system of seismogenesis is in an

equilibrium state
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Figure 4.16: Analysis of dependence of entropic indices on interevent distances for sub-crustal events at cut-

off magnitude M=3.
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4.2 DECLUSTERED CATALOGUE ANALYSIS

Herein, the presence of long term interactions and long term memory effects are investigated
for the declustered earthquake catalogues. As mentioned in Chapter 2, the purpose of the ETAS
declustering algorithm, is to create new catalogues that only contain earthquakes that are
considered to be parental to second or third order earthquakes.

For each tectonic plate three earthquake catalogues referring to three different probabilities of
background seismicity are analysed (¢;=70%, ¢;=80% and ¢;=90%), for both sub-crustal and
crustal seismicity, for dependence on different cut-off magnitudes and dependence of the
entropic indices on interevent distances.

4.2.1 Eurasia Plate

Eurasia’s sub-crustal declustered catalogues are illustrated in the following map (Fig. 4.17).
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Figure 4.17: Sub-crustal declustered earthquake catalogues of Eurasia. Three background probabilities are
depicted (a) 70% probability, (b) 80% probability, and, (c) 90% probability.

The results of the dependence on different cut-off magnitudes analysis for the sub-crustal
declustered catalogues of Eurasia Plate are depicted in Fig. 4.18. Correlation, in general, is
rather random, in agreement with the full catalogue results. Furthermore, correlation seems to
increase as the background probability increases, but still grremains low, below 1.2.

For background probability ¢;=70% correlation is random with the temporal index, g7 (4.18a),
varying in the interval between land 1.13, suggesting that seismogenesis is a random process.
For cut-off magnitude M=3 is equal to 1.14 and drops to 1 for cut-off magnitude M=4.4. For
¢;=80% results also exhibit randomness with qr varying between 1 and 1.13. For ¢;=90%

correlation increases, but it is still characterized as weak to low. For cut-off magnitude M=3 qr
is equal to 1.06 and for cut-off magnitude M=3.9 is equal to 1.3.

The magnitude entropic index q,, (4.18b) behaves almost linearly with small variations around
1.5 for all background probabilities. For ¢;=70%, is completely linear and equal to 1.49 yielding
bg’s=1. For ¢;=80% the entropic index g, varies from 1.48 to 1.5, yielding proxy-b values
variations between 1 and 1.13, while for ¢;=90% g, varies between 1.49 and 1.5 yielding
proxy-b values variations between 0.98 and 1.03
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Figure 4.18: Dependence on different cut-off magnitudes analysis for all earthquake catalogues of Eurasia’s

sub-crustal seismicity. (a) g variations, and (b) g, variations.
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The analysis of dependence of the entropic indices on interevent distances for background
probabilities ¢;=70% and ¢;=80% is illustrated in Fig. 4.19. For background probability

©;=90% there weren’t sufficient data to conduct analysis.

Correlation for background probability ¢;=70% is rather random (4.19a) with the temporal
entropic index gr varying between 1 and 1.14. For ¢;=80% correlation is even lower with gr
varying between 1.02 and 1.12. The magnitude entropic index (4.19b) varies between 1.5 and
1.55 for all background probabilities.
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Figure 4.19: Analysis of dependence of the entropic indices on interevent distances at cut-off magnitude 3.0
for different background probabilities (a ) g variations, and (b) q, variations.

The declustered crustal earthquake catalogues for Eurasia plate, are illustrated in the following
figure (Fig. 4.20).
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Figure 4.20: Seismicity map of crustal declustered earthquake catalogues of Eurasia Plate. Three catalogues
of different background probabilities are depicted. (a) 70% probability (b) 80% probability, and, (c) 90%
probability.

The analysis of the crustal declustered earthquake catalogues of Eurasia is illustrated in the
following figure (Fig. 4.21). In general correlation is rather low and increases along with
background probability. The temporal entropic (Fig. 421a) is below 1.3 for all probabilities,
while the magnitude entropic index (Fig. 4.21b) varies between 1.4 and 1.5 and has a
decreasing trend for all probabilities.

For background probability ¢;=70% gy exhibits an increasing trend along with the magnitude
scale. For cut-off magnitude M=3 is equal to 1.07 and for cut-off magnitude M=3.8 is equal to
1.21. Therefore, correlation is characterized as random to low. For ¢;=80% g is also
increasing with the magnitude scale, but is lower than that of ¢;=70% suggesting that seismic

process is random. Specifically, for M=3 is equal to 1.06 and for cut-off magnitude M=3.7 is
equal to 1.16. For ¢;=90% qr varies from 1.14 for cut-off magnitude M=3 to 1.3 for cut-off

magnitude M=3.5.

71



The magnitude entropic index q,, (Fig. 4.21b) for ¢;=70% behaves almost linearly and varies

from 1.44 to 1.48, yielding bq variations between 1.1 and 1.3. For ¢;=80% g varies from 1.44

to 1.45 yielding the same b, variations. The index gy, for the ¢;=90% probability linear and

equal to 1.47 resulting b, =1.1.
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Figure 4.21: Dependence on different cut-off magnitudes analysis for all earthquake catalogues of Eurasia’s

crustal seismicity. (a) g7 variations, and (b) g, variations.
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4.2.2 Okhotsk Plate

The sub-crustal declustered earthquake catalogues of Okhotsk plate are illustrated in the
following figure (Fig. 4.22).
140° 144° 148° 152 156° 140° 144° 148° 152 156°
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T ..
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Figure 4.22: Okhotsk plate sub-crustal declustered earthquake catalogues. Three catalogues referring to
different background probabilities are depicted. (a)70% probability, (b) 80% probability, and (c) 90%
probability.

The of the sub-crustal declustered catalogues of Okhotsk plate are illustrated in the following
figure (Fig. 4.23). In general, the declustered catalogues exhibit strong correlation that
increases as background probability increases. The temporal entropic index is above 1.4 for all
probabilities (Fig. 4.23a), suggesting the presence of long term interactions and long term
memory effects. Background seismicity, as extracted from the declustering process, is
characterized by earthquake clusters (Fig. 4.22). Those earthquake clusters may be accountable
for the strong correlation values. The magnitude entropic index lingers between 1.4 and 1.6
(Fig. 4.23b).
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More specifically, for ¢;=70% the temporal entropic index, g7, has an increasing trend and
varies between 1.4 and 1.6. Therefore correlation is characterized as strong. For ¢;=80%
exhibits the same results, with g varying between 1.4 and 1.6, while for ¢;=90%, even
though q; is decreasing as the magnitude scale increases, it lingers between 1.55 and 1.65

resulting to higher correlation.

The magnitude index, gy, for ¢;=70% probability is decreasing along the magnitude scale, and
varies between 1.47 and 1.5 yielding b, variations between 0.79 and 1.05. For ¢;=80% gy
exhibits significant changes, and varies between 1.39 and 1.57 yielding b, variations between
0.76 and 1.5. For ¢;=90% q is increasing with magnitudes dor cut-off magnitude M=3 is 1.48

and for cut-off magnitude M=4 is equal to 1.53, yielding b, values 1.09 and 0.9 respectively.
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Figure 4.23: Dependence on different cut-off magnitudes analysis for all earthquake catalogues of Okhotsk
sub-crustal seismicity. (a) g7 variations, and (b) q,, variations.

The analysis of dependence of entropic indices on interevent distances at cut-off magnitude
M=3 is illustrated in the Fig. 4.24, for two background probabilities, ¢;=70% and ¢;=80%. In
general, correlation is increasing with distance, proving that an earthquake can be related to

another one at greater distances.

For background probability ¢;=70% correlation is strong (Fig. 4.24a) with g7 varying between
1.28 and 1.65. For distances 137 km to 350 km, gt lingers between 1.27 and 1.34. After 400 km
it increases abruptly and reaches 1.66 at 550 km. After 550 km, it decreases to 1.48 at 830 km.
For ¢;=80% qr has an increasing trend and lingers between 1.34 and 1.65. The magnitude

entropic index g, lingers in the interval (1.5, 1.6) for both background probabilities.
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Figure 4.24: Analysis of dependence of the entropic indices on interevent distances at cut-off magnitude 3.0
for different background probabilities (a ) g variations, and (b) q variations.

Okhotsk’s crustal declustered earthquake catalogues are illustrated in the following figure (Fig.
4.25).

75



140°

«,.: a
g
I3

T 148° 152 156°  140° 144° 148° 152

140° 144° 148° 152 156°

T 148° 152 156°

Figure 4.24: Map of declustered crustal declustered catalogues located within Okhotsk plate. Three maps
referring to three different background probabilities are depicted (a) 70% probability, (b) 80% probability,
and (c) 90% background probability.

The analysis of crustal declustered earthquake catalogues of Okhotsk is illustrated in Fig. 4.25..
In general, the declustered catalogues exhibit significant deviations for the full catalogue’s
analysis. The temporal entropic index (Fig. 4.25a) increases as background probability
increases, and only for probability ¢;=90% correlation can be characterized as strong. The
magnitude entropic index (Fig. 4.26b) for probabilities ¢;=70% and ¢;=80% is almost the
same, while for probability 90% is increasing.

For background probability ¢;=70% qr lingers between 1.03 and 1.21. Therefore, correlation
is described as random. For probability ¢;=80% correlation is increasing, but it is still
characterized as low, with gr values varying between 1.2 and 1.32. Correlation increases
abruptly and becomes strong for ¢;=90%. For cut-off magnitude M=3 qr is equal to 1.48, and
for cut-off magnitude M=3.3 is 1.69.
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The magnitude entropic index, q,,, for background probabilities 70% and 80% is almost the
same and decreases as magnitudes increase. For probability 70% it varies between 1.49 and
1.52, whilst for 80% it varies between 1.4 and 1.51, yielding to bq variations 0.89 to 1.08 and

0.9 to 0.99 respectively. For ¢; = 90% qy lingers between 1.56 and 1.58, yielding b, variations

0.79 and 0.71.
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Figure 4.25: Dependence on different cut-off magnitudes analysis for all earthquake catalogues of Okhotsk

crustal seismicity. (a) g7 variations, and (b) g, variations.
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4.2.3 Pacific Plate

The sub-crustal declustered earthquake catalogues of Pacific are depicted in the following map
(Fig. 4.26). For crustal seismicity there weren’t enough earthquakes to conduct analysis.
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Figure 4.26: Seismicity map of sub-crustal declustered events located in Pacific plate. Three earthquake
catalogues are illustrated each referring to a different background probability (a) 70% probability, (b) 80%
probability, and, (c) 90% probability.

The analysis of the sub-crustal declustered earthquake catalogues of Pacific is illustrated in the
Fig. 4.27. The temporal index q; (Fig. 4.27a) increases as background probability increases.
For probabilities ¢; =70% and ¢; = 80% is low, below 1.2, therefore seismic process is
depicted as random. For ¢; = 90% it increases and becomes strong. The magnitude entropic
index q (Fig.4.27b) varies in the interval (1.5, 1.6).

For ¢; = 70%, correlation is random with the temporal entropic index, g, varying from 1.08 to
1.19. For ¢; = 80%, correlation remains weak and qr lingers between 1.16 and 1.32, but
mostly varies around 1.2. For ¢; = 90% correlation is strong. For cut-off magnitude M=3 qr is
equal to 1.37, whereas for cut-off magnitude M=3.4 is equal to 1.43.

For ¢; = 70% the magnitude entropic index, qy varies between 1.52 and 1.54, yielding b,
variations between 0.85 and 0.93. For ¢; = 80% qy varies from 1.53 to 1.55 yielding to b,
values variations from 0.83 to 0.9. For ¢; = 90% q) linger between 1.51 and 1.54, yielding b,
variations between 0.9 and 0.96.
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4.2.4 Philippine Plate

The declustered sub-crustal earthquake catalogues of Philippine plate are depicted in the
following map (Fig. 4.29).
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Figure 4.29: Seismicity map of declustered sub-crustal events located within Philippine Plate. Three overlaid
earthquake catalogues referring to different background probabilities are depicted. 70% probability in red,
80% probability in and 90% in black.

The analysis of the sub-crustal declustered earthquake catalogues of Philippine is illustrated in
Fig. 4.30. In general, the results show that seismogenesis is random. The temporal entropic
index qr (Fig. 4.30a) lingers in the interval (1, 1.2). The magnitude entropic index g, (Fig.
4.30b) is decreasing with magnitude for all probabilities and lingers between 1.5 and 1.6 for all
earthquake catalogues.

Specifically for background probability ¢; =70% the temporal entropic index, qr, is
decreasing as magnitudes increase. For cut-off magnitude M=3 is equal to 1.14, and for cut-off
magnitude M=4.7 is equal to 1. For background probability ¢; = 80% qr mostly varies below

1.1. For cut-off magnitude M=3 is equal to 1.07 and for cut-off magnitude M=4.5 is 1.15. For
®; = 90%, g7 has and increasing trend and varies between 1.13 to 1.3.

For ¢; = 70%, the magnitude entropic index, gy is decreasing and for cut - off magnitude
M=3 is equal to 1.56 while for cut-off magnitude M=4.7 is 1.49, yielding b, values 0.78 and 1.03
respectively. For ¢; = 80%,, qy, for cut-off magnitude M=3 is 1.57 and for cut-off magnitude

M=4.5 is 1.5, yielding b, variations between 0.75 and 1 for the same cut-off magnitudes, For
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®; =90%, for cut-off magnitude M=3 g, is equal to 1.57, and for cut-off magnitude M=4.2, is
equal to 1.54, resulting b, values 0.76 and 0.86 for the same cut-off magnitudes.
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Figure 4.30: Dependence on different cut-off magnitudes analysis for all earthquake catalogues of Philippine
sub-crustal seismicity. (a) q variations, and (b) g, variations

Analysis of dependence of the entropic indices on interevent distances was conducted for
background probabilities ¢; = 70%, and ¢; = 80% (Fig. 4.31). For ¢; = 70% and up to 250
km g is above 1.3, meaning that earthquakes are related. After 300 km correlation is random
and gy varies below 1.2 up to 900 km. For ¢; = 80% qr lingers in the interval (1.1, 1.2).
Correlation based on these values is proved to be random for the sub-crustal earthquakes of
Philippine. The magnitude entropic index q,, varies between 1.5 and 1.6 for all earthquake

catalogues.
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Figure 4.31: Analysis of dependence of the entropic indices on interevent distances at cut-off magnitude 3.0
for different background probabilities (a ) gy variations, and (b) q,, variations

The crustal declustered catalogues of Philippine are depicted in Fig. 4.32.
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Figure 4.32: Seismicity map of crustal declustered earthquake catalogues of Philippine plate. Three overlaid
background probability catalogues are depicted. 70% probability in red, 80% probability in green, and 90%
in black.

The analysis of the crustal earthquake catalogue of Philippine is illustrated in the following
figure (Fig. 4.33). In general, correlation is low, since qr varies below 1.3 (Fig. 4.33a). The gy,
index varies between 1.5 and 1.6 for all earthquake catalogues (Fig. 4.33b).

For ¢; =70%, and ¢; =80% correlation is random. The temporal entropic index, qr, for
®; = 70% lingers in the interval (1, 1.1). For ¢; = 80% analysis shows that seismogenesis is a

82



random process, with the temporal index varying below 1.1. For ¢; = 90% correlation seems

to increase, and g varies between 1.26 and1.29, but it is still characterized as low to weak.

For ¢; = 70% qy has a decreasing trend, for cut-off magnitude M=3 is equal to 1.57 and for
cut-off magnitude M=3.9 is equal to 1.51, yielding b, values 0.76 and 0.96. For ¢; = 80% qy
for cut-off magnitude M=3 is 1.57 and for cut-off magnitude M=3.7 is 1.53, yielding b, values
0.76 and 0.88 respectively. For ¢; = 90% the index gy for cut-off magnitude M=3 is equal to
1.57, whereas for cut-off magnitude M=3.2 is 1.56, yielding b, values 0.74 and 0.79 for the same

cut-off magnitudes respectively.
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Figure 4.33: Dependence on different cut-off magnitudes analysis for all earthquake catalogues of Philippine
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4.3 b-VALUE ANALYSIS

In this Section, the behaviour of the proxy-b value computed as a function of cut-off magnitude
- bg(M) - is compared to Gutenberg-Richter b-values (b;r), conventionally estimated on the
basis of the univariate frequency-magnitude distribution, also as a function of cut-off
magnitude - bgr(M). It is apparent that by(M) and b;r (M) are expected to be the same. by is
calculated from the magnitude entropic index q,, with which it has a hyperbolic relationship
(Eq. 2.7). Due to this relationship, bq is expected to vary rapidly with respect to the
conventionally estimated b value. The extent of this variability is a measure of the effectiveness
and robustness of the estimation procedure applied to the estimation of entropic indices.. In
other words, the procedure described in Section 2.3 should produce comparable bq(M) and
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ber(M). As already mentioned the b, is estimated through Eq. (2.7); ber on the orher hand is
computed with robust regression. The b, and bgr results from full and declustered catalogues

are simultaneously plotted and compared.

4.3.1 Eurasian Plate.
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Figure 4.35: Variation of (a) bq(M) and (b) ber(M) for the sub-crustal seismicity of Eurasia plate.

The results obtained for the sub-crustal and crustal catalogues, of the Eurasia plate are shown
in Fig. 4.35 and Fig. 4.36 respectively. As evident in Fig. 4.35, by(M) and b¢r(M) are very
comparable. For the full sub-crustal catalogue, bq fluctuates in the interval (0.85, 0.93), whilst
the conventionally estimated b, fluctuates in the interval (0.87, 0.94). In the declustered sub-
crustal catalogues, by determinations are generally tightly clustered in the interval (0.94, 1.26)
indicating invariance in the scaling of earthquake (fault) sizes, at least between M3 and M4.4.
However, the corresponding bgr determinations exhibit a clear upward trend linear from
approx. 0.96 at M3.4 to approx. 1.3 at M4.4, indicating changes in the scaling of earthquake

sizes.
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Figure 4.36: Variation of (a) bq(M) and (b) ber(M) for the crustal seismicity of Eurasia plate.

Turning to the analysis of crustal seismicity, note that in the full earthquake catalogue of
Eurasia, b; and bgr vary in (0.73, 0.91) and (0.82, 0.9) respectively. In the declustered
catalogues, b, and bgr are both tightly clustered in the intervals (1.05, 1.25) and (1.05, 1.17)
respectively and they both exhibit the same slow upward linear trend pointing to changes in
the scaling of earthquake (fault) sizes associated with decrease (spreading) in the localization
of faulting activity (increase in crustal heterogeneity). The homologous increase and upward
trend of by and bgr in the declustered catalogues may result from the presence of earthquake
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clusters, (Fig. 4.17 and Fig. 4.20), attributed to rock heterogeneity and stress variations due to
volcanic activity (see Fig, 4.37). The seismicity of Eurasia (as illustrated in Figs. 4.1, 4.17 and
4.20) develops along southern Japan (Kiushu and southern Honsu islands) and the Ryukyu Arc,
areas that are characterized by intense volcanic activity. Volcanic areas are commonly
associated with high b-values and variations associated mainly with thermal, mineralogical,
petrological and structural complexities (e.g. Lin et al.,, 2007; Murru et al,, 2007; Wiemer and
Wyss, 1997; Wiemer and Wyss, 2002; Wiemer et al., 1998; Wyss and Matsumura, 2006; Wyss
and Stefansson, 2006; Wyss et al,, 2004). Lin et al. (2008), suggest that magma feeding
channels, in Ryukyu arc, are characterized by b-values higher than 1.1 suggesting that the
magma may rise through numerous conduits, at depth up to 15 km and above the Ryukyu
Wadati-Benioff zone, at depths ranging from 90 to 110 km, the high b-values might correspond
to the depth of dehydration of the subducting oceanic crust.
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Figure 4.37: Volcanoes of Japan

85


http://www.sciencedirect.com/science/article/pii/S0040195113007063#bb0220
http://www.sciencedirect.com/science/article/pii/S0040195113007063#bb0275
http://www.sciencedirect.com/science/article/pii/S0040195113007063#bb0480
http://www.sciencedirect.com/science/article/pii/S0040195113007063#bb0480
http://www.sciencedirect.com/science/article/pii/S0040195113007063#bb0475
http://www.sciencedirect.com/science/article/pii/S0040195113007063#bb0465
http://www.sciencedirect.com/science/article/pii/S0040195113007063#bb0500
http://www.sciencedirect.com/science/article/pii/S0040195113007063#bb0510
http://www.sciencedirect.com/science/article/pii/S0040195113007063#bb0510
http://www.sciencedirect.com/science/article/pii/S0040195113007063#bb0505

4.3.2 Okhotsk Plate.

The analysis of b values for the Okhotsk sub-crustal and crustal catalogues is illustrated in Fig.
4.38 and Fig. 4.41.
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Figure 4.38: Variation of (a) bq(M) and (b) ber(M) for the sub-crustal seismicity of the Okhotsk plate.

The seismicity of the Okhotsk plate is complicated as it includes the 2011 Tohoku mega-
earthquake and its aftershock sequence that lasted for almost two years. b, and bgg are not
consistent, b, deviates from bgg, especially for background probability 80%. In general, b
increases with magnitude and in the declustered catalogues an upward linear trend suggests a
corresponding decrease in activity localization, most possibly due to the widespread aftershock
sequence.

Prior to the 2011 Tohoku event, the seismicity of the near-coastal part of the northern Tohoku
district in NE Japan (also known as the Sanriku area), was characterized by clusters of
earthquakes that occurred just above the subduction boundary (Kirby et al.,, 2005). Similar
clusters were previously found by Okada et al. (2004). Uchida et al. (2010) indicated the
presence of earthquake clusters (they refer to them as supraslab -events that are within 5-25
km above the Pacific plate subduction boundary), especially near the Sanriku coast. Small
repeating earthquakes are also distributed in the same geographic area. Their distribution is
not uniform and consists of a number of earthquake clusters whose dimensions are as large as
15 to 30 km (Fig. 4.39).

Given the “complication” of Fig. 4.38 and the properties of seismicity in the study area, ii was
considered imperative to proceed with a more detailed investigation of the properties of b, and
ber, with particular reference to the periods before and after the Tohoku event.
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Figure 4.39: Supraslab earthquake clusters above and on the Pacific plate boundary (red and green circles)
as depicted in Uchida et al., (2010).
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Figure 4.40: Variation of (a) bq(M) and (b) bsr(M) for the sub-crustal seismicity of the Okhotsk plate before
and after the Tohoku mega-earthquake. sub-crustal

For sub-crustal events bq(M) prior to and after the Tohoku earthquake vary in the intervals
(0.84, 1.03). Prior to the 2011 (red circles) earthquake, bq(M) fluctuates around 0.9, and
exhibits a decreasing trend from M=3 to M=4.5, and after M=4.6 increases and reaches 1. After
the earthquake (black squares) bq(M) increases linearly with the magnitude scale and varies
from 0.84 to 1.03. Results for bgr(M) are the same. Prior to the 2011 event it decreases at small
magnitudes and after M=3.7 increases and reaches the value 1 at M=5.3. After the earthquake,
the bgr(M) curve exhibits increases as the magnitude scale increases and varies in the interval
(0.65, 1.02).
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Figure 4.41: Variation of (a) bq(M) and (b) ber(M) for crustal full and declustered earthquake catalogues of
the Okhotsk plate

As for the crustal earthquake catalogues of Okhotsk plate by and bgr vary in the same intervals
(0.6, 1.2). The declustered catalogues exhibit higher b-values than the full. bq(M) for the full
catalogue fluctuates in the interval (0.6, 0.85) and bsr(M) lingers between 0.75 and 0.85. As for
the declustered catalogues bq(M) for background probabilities 70% and 80% has an increasing
trend and fluctuates around 1, while for probability 90% decreases and linger between 0.65
and 0.7. On the other hand, bgr(M) increases for all background probabilities and varies
between 0.75 and 1.05.

Based on bibliographic research the concept of earthquake clusters for Okhotsk’s crustal
earthquakes, especially on the northern part and around the Tohoku region has been
extensively investigated. Okada et al. (2011) examined the seismic activity in the broader
Tohoku region and found that some areas of increased seismicity are located above the edge of
the low-velocity zone in the lower crust. This led them to suggest that the observed activity is
due to heterogeneity in the lower crust and the presence of over pressurized fluid (Miller et
al. 2004). According to Okada et al. (2014) also proved some earthquake clusters are located
above the edge of the low-velocity zone beneath the Moriyoshi-zan volcano.

Analysis prior to and after the Tohoku earthquake for crustal earthquakes shows that b-values
are the same and linger in the interval (0.75, 1.01). Prior to the 2011 (red circles) bq(M)
increase from M=3 to M=4.2 and then drops until M=4.8. After the event (black squares) the
bq(M) curve increases as the magnitude scale increases and linger in the interval (0.75, 1).
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Figure 4.42: Variation of (a) bq(M) and (b) ber(M) for the crustal seismicity of the Okhotsk plate before and
after the Tohoku mega-earthquake
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4.3.3 Pacific Plate.

The analysis of the Pacific plate seismicity is shown in Fig. 4.43. Due to insufficiency of data,
analysis of b-values wasn’t possible for Pacific’s crustal events.
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Figure 4.43: Variation of (a) bq(M) and (b) bsr(M) for the sub-crustal seismicity of the Okhotsk plate before
and after the Tohoku mega-earthquake. sub-crustal.

It is apparent that the full earthquake catalogues exhibit significant differences:. by(M) is
basically fluctuating around a value of 0.65 £ 0.1, while bgr is increasing quasi-linearly from
0.69 at M=3 to 1.17 at M=4.5. However, in the declustered catalogues both b,(M) and bsr(M) are
both self-consistent and mutually consistent and vary in the same interval of (0.8, 1), exhibiting
the same upward trend. In addition, they also exhibit higher values, especially at small
magnitudes (M<3.6).

4.3.4 Philippine Plate.

The analysis of the Philippine plate sub-crustal full and declustered catalogues is shown in Fig.
4.50 and 4.51). The analysis of b-values of Philippine’s sub-crustal events show that b;and bgr
are generally tightly clustered in the interval (0.7, 1.05). I bq(M) for the full catalogue fluctuates
around 1.65+0.08, while for the declustered catalogues it increases and varies in the interval
(0.7, 1.03) for all background probabilities. bgr(M) exhibits an increasing trend for all
earthquake catalogues and lingers between 0.65 and 1.01.
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'Figure 4.50: Variation of (a) bq(M) and (b) bsr(M) for the sub-crustal full and declustered earthquake
catalogues of the Philippine plate.
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As for the crustal earthquakes of Philippine, results of the b-values analysis show that both
bq(M) and b¢r(M) increase quasi-linearly from 0.6 to 1 for all catalogues.
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5. TIME DEPENDENCE OF ENTROPIC INDICES VARIATIONS AND b-
VALUES

This chapter examines the variations of entropic indices in time, in an attempt to investigate
possible time-dependent changes in the (dis)equilibrium state of the seismogenetic systems
(fault networks) studied herein. In simple words, the variations of the degree of correlation in
time are examined. The temporal index g is a measure of this correlation and as stated in the
previous chapter is affected by strong earthquakes and aftershock sequences. With this
analysis, g variations in time are plotted, to scrutinize the behaviour of seismogenesis. In
addition, time-dependent changes in the proxy-b value (bs) are computed on the basis of the
magnitude entropic index qy, and the results are compared to the conventionally estimated
Gutenberg-Richter b value (bgr) computed by linear regression using the ZMAP software
package (Wiemer, 2001).

5.1 Eurasian Plate

Let us begin, as always, with a presentation of results for the sub-crustal full and declustered
catalogues (Fig. 5.1 and 5.2).
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Figure 5.1: Time dependence of the entropic indices for the Eurasia full sub-crustal catalogue. Vertical lines
indicate the occurrence of major (M > 7) earthquakes.

In general, the temporal index g is low (<1.2) but evolves in a structured dynamic fashion,
shifting between approx. 1.2 and 1 and at times remaining close to 1 for periods of up to one
year. This is consistent with the findings of Section 4.1.1 and indicates a Poissonian
seismogenetic system. Note, however, that correlation increases dramatically after the
occurrence of major earthquakes due to the overwhelming effect of correlated aftershock
sequences. Of particular interest is the increase of correlation in the between two M>7 events
that have occurred on 2004, 2010 and 2011, whose imprint is also found in the declustered
catalogues (see below). The magnitude entropic index g, is stable around 1.55 £+ 0.06 and does
not show any significant trend, also in consistency with the findings in Section 4.1.1.
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Figure 5.2: Time dependence of the entropic indices for the Eurasia declustered sub-crustal catalogues at
the 70% (a), 80% (b) and 90% (c) probability levels. Vertical lines indicate the occurrence times of
significant (M > 5.5) earthquakes.

The analysis of the declustered sub-crustal catalogues (Fig. 5.2) confirms that seismogenesis in
the Eurasian Wadati-Benioff zone is largely Poissonian. A point worth noting is that the
declustering algorithm has identified the major (M=7) of 2004, 2010 and 2011 shown in Fig.
5.1 to be “foreground” (or “triggered”) and has removed them from the declustered catalogues.
A second point of interest is that while the aftershock sequence of the M7.4 event of 2004 has
been completely suppressed, the correlated activity observed between the M7.2 event of 2010
and M7.0 event of 2011 has left a significant footprint on the declustered catalogues, indicating
that it may not be directly related to aftershock activity associated by these earthquakes, but
may comprise a time-local correlated cluster. As with the full catalogue, the magnitude
entropic index g is stable and featureless and does not exhibit noteworthy traits. The
evolution of b-values (bgand bgr) computed from the full and declustered sub-crustal

catalogues of the Eurasia plate is illustrated in Fig, 5.3.
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Figure 5.3: Time dependence of b-values for the full and declustered sub-crustal catalogues of the Eurasia
plate. Pane (a) shows the time dependence of bg; panel (b) the time dependence of bgr.
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Figure 5.4: Time dependence of the entropic indices for the Eurasia full crustal catalogue. Vertical lines
indicate the occurrence of major (M > 7) earthquakes.

The time dependence of the entropic indices for the full catalogue is shown in Fig. 5.4. It is
evident that the temporal entropic index gr is both significant and very dynamic, varying in
response to changes in the activity of the seismogenetic system. Noteworthy is the elevated
state of correlation observed between 2010 and 2012, which coincides with the elevated
correlation observed in the sub-crustal data during the same period: it implies that crustal and
sub-crustal activity is certainly correlated during this time interval. Interestingly enough, the
magnitude entropic index g, exhibits some variation and increases when gr increases
coherently and concurrently with gr every time the latter exceeds values of the order of 1.5
(very strong correlation). This implies corresponding decreases in the scaling of earthquake
sizes or, equivalently increases in activity localization; it also suggests that the concurrent
increase of qr may result from clustered activity and/or aftershock sequences of significant
events.

Fig. 5.5 illustrates the results of the declustered catalogue analysis. It can be immediately seen
that the dynamic variation of qr observed in the full catalogue all but vanishes in the ¢ =70%
and ¢=80% probability levels (Fig. 5.5a and 5.5b respectively), except for the interval between
2008 and 2012 where, however, it still lingers at a very low to low level (< 1.25). This feature
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also disappears in the ¢ =90% probability level (Fig. 5.5c). As it turns out, the results of the
declustered catalogues all indicate a Poissonian system consistently with the findings of
Section 4.2.1. A final point of interest is that the magnitude entropic index qu exhibits a low-
rate albeit steady decrease with time, indicating a corresponding overall increase in b-values,

therefore crustal homogeneity (see below).
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Figure 5.5. Time dependence of the entropic indices for the Eurasia declustered crustal catalogues at the
70% (a), 80% (b) and 90% (c) probability levels. Vertical lines indicate the occurrence times of significant
earthquakes

The time dependence of b, and bgr for the full and declustered catalogues is shown in Fig. 5.6.
Three observations can immediately be made: a) both by and bgr are very comparable and
absolutely compatible.
consistent and markedly higher than those of full catalogues, as often observed in hitherto
analysis; it implies a decrease in the localization of background earthquake activity, therefore
decreased crustal homogeneity. c) Both b; and bgr all indicate a low rate albeit clear increase

b) b-values obtained from the declustered catalogues are very

with time, indicating progressive decrease in crustal homogeneity, which is compatible with a
Poissonian system.
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Figure 5.6: Time dependence of b-values for the full and declustered crustal catalogues of the Eurasia plate.
Panel (a) shows the time dependence of bg; panel (b) the time dependence of bgr.

5.2 Okhotsk Plate.

The results of the entropic indices variations in time of the sub-crustal full earthquake
catalogue of Okhotsk are depicted in the following figure (Fig. 5.7). In general both entropic
indices present significant variations. Correlation in general is weak to moderate (1< gqr <1.4)
and increases abruptly after the major earthquakes of 2004 (M8), 2006 (M7.9) and 2011
(M7.6). The magnitude entropic index q,, varies around 1.6 £0.1 and shows significant changes
before and after strong earthquake occurrence.
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Figure 5.7: Time dependence of the entropic indices for the Okhotsk full sub-crustal catalogue. Vertical lines
indicate the occurrence of major (M > 7) earthquakes.

Fig. 5.8 illustrates the results of the declustered catalogue analysis. It can be immediately seen
that the dynamic variation of gr observed in the full catalogue completely changes for all
background probabilities. For background probabilities ¢;=70% (Fig. 5.8a) and ¢;=80% (Fig.
5.8b) correlation is random with qr<1.2 except after the 2011 earthquake, where correlation
increases above 1.2 for a short period. For background probability ¢;=90% (Fig. 5.8c)
correlation is also random from 2002-2011. After 2011 and until 2016 gr varies from 1.2 to 1.8.
The magnitude index g, exhibits significant variations especially for probabilities 70% and
80%. In general, for the time period of 2002 to 2011 it has an increasing trend, but drops
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dramatically, below 1.5 for ¢;=70% and around 1.55 for ¢;=80%, in 2011, then it returns back
to its previous state with a small decreasing trend from 2012 to 2016. For probability 90% it

behaves quasi-linearly around 1.6 and exh

ibits a small decreasing trend.

|

2

. b — 2k , . ; :
g
1.9 (a) ¢ ul 19 (b) ¢ Iy
-9, 1 -q,
1.8} L, 18- I
o 7 1 . 1.7%»
[0
ke 1_6“ g, W 8 1.6 i W“‘M Poonppe
E “’m...ni 2 Wy, 0
o 157 1 o 1.5 i
[=% Q |
£ 1.4t 1 B4
5 | 5 gy
1.3 !\ I 1 1»3‘_ \- 2
124 $ ™ 1 192- _ |/
| Lo : fﬁ i LS
11} - ’ g.. u 11‘"&‘. h“' SRR !
§ ey 11 qf. R B ‘ 3
2004 2006 2008 2010 2012 2014 2016 2004 200 ™ 3008 . B 2012 201 201
Time in Years Time in Years
1.9 (C) ¢ 9y
-q
1.8} T
1.7t 5
3 P
§1.60“00...0000000 3
o 150 -
[=% e
214 A
i /
1.3f va
12% ).i
1.1
1 ( Il 1 1
2012 2014 2016

Time in Years

Figure 5.8: Time dependence of the entropic indices for the Okhotsk declustered sub-crustal catalogues at
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The time dependence of b, and ber for the full and declustered catalogues is shown in Fig. 5.9.

Three observations can immediately be
comparable. b) b-values obtained from t

made: a) both b, and bgr are very consistent and
he declustered catalogues a bit higher than those of

full catalogue and c) both b; and bgr all increase with time, after the 2011 earthquake,
indicating progressive decrease in crustal homogeneity and a decrease in the localization of

background earthquake activity.
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Fig. 5.10 shows the variations of entropic indices with time for the crustal earthquake
catalogues of Okhotsk.
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Figure 5.10: Time dependence of the entropic indices for the Okhotsk full crustal catalogue. Vertical lines
indicate the occurrence of major (M29) earthquakes.

Correlation for Okhotsk crustal full catalogue in general can be characterized as weak, with gr
varying between 1 and 1.3, with some exceptions after strong earthquakes. A distinctive
feature of this analysis is the Tohoku earthquake in 2011 (M9) where correlation increases
dramatically with gr=2. The magnitude entropic index gu varies around 1.6+0.1. During the
Tohoku earthquake gu increases abruptly, that implies that earthquake activity is localized,
meaning that earthquakes, earthquake energy and stress are confined within a smaller region
(a fault).

The declustered catalogues results are depicted in Fig. 5.11. The imprint of the 2011
earthquake is disappeared and correlation becomes random for all background probabilities.
The temporal index gM lingers in the interval (1, 2) with a small increasing trend. The
magnitude entropic index qy fluctuates, for both probabilities, around 1.53+0.03.

2 : T e

: ' QE; 2 : T : . :
1.9r (a) M
" -a, 19 (b) ¢ |
.8r -
1.8¢ i
1.7}
) o gk )
PP s 00 | St |
SiaheR TN 2 0008 270 00 ¢t o : -
g o 150 : d
= L 4 [o N
£ T4 S1.4f 1
L J =]
13 G 4af |
1.2} = B
g 12/E——m. =
ot e O, 8 ¥ (P - .
1.1t ’ Tl 14k |
|4ns * ! i ‘ ‘ 4l i ; ‘ i ‘
AR R e AR 2 2006 2008 2010 2012 2014 2016
ime in Years ime in Years

Figure 5.11: Time dependence of the entropic indices for the Okhotsk declustered crustal catalogues at the
70% (a), 80% (b) probability levels. Vertical lines indicate the occurrence times of significant
earthquakes.
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The time dependence of b, and bk for the full and declustered catalogues is shown in Fig. 5.12.
For the full catalogue both b, and b¢r are very consistent and comparable, they vary between
0.53 and 1. A very important observation is that b-values decrease to 0.53 before the Tohoku
earthquake, during the earthquake they increase abruptly to 1 and after 2012 they slowly
decrease. As for the declustered catalogues b, and bgr are the same and vary around 0.8+0.2,
but they are not affected by the Tohoku earthquake they merely behave quasi-linearly with a
tendency to increase.
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Figure 5.12: Time dependence of b-values for the full and declustered crustal catalogues of the Okhotsk
plate. Panel (a) shows the time dependence of bg; panel (b) the time dependence of bgr.
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5.3 Pacific Plate.

The entropic indices variations with time for Pacific sub-crustal full earthquake catalogue are
illustrated in Fig. 5.13. In general, correlation can be characterized as moderate, since the
temporal index in most cases is above 1.3. There are, also cases where qr=2 because of strong
earthquakes. Another significant observation is that qr increases without the evidence of
strong earthquakes. That can be attributed to crustal seismicity that has affected the entire
seismogenetic system. The magnitude entropic index gqu varies around 1.55+0.08 and changes
after the earthquakes of 2007 (M8.2) and 2011 (M7.5).
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Figure 5.13: Time dependence of the entropic indices for the Pacific full sub-crustal catalogue. Vertical lines
indicate the occurrence of major (M27) earthquakes.

Fig. 5.14 shows the variations of entropic indices with time for the declustered earthquake
catalogues. Analysis for the ¢;=90% background probability wasn’t possible due to deficiency
of earthquake data. Correlation for both probabilities is random, with gr varying in the interval
(1, 1.2) for probability 70% and in the interval (1.1 and 1.2) for probability 80%. The
magnitude index gu is the same for both probabilities, it behaves quasi-linearly around
1.55+0.05.
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Figure 5.14: Time dependence of the entropic indices for the Pacific declustered sub-crustal catalogues at
the 70% (a), 80% (b) probability levels. Vertical lines indicate the occurrence times of significant
earthquakes.

The time dependence of b, and b for the full and declustered catalogues is shown in Fig. 5.15.
For the full catalogue both b, and bgr are very consistent and comparable, they vary between
0.6 and 1.2. b-values increase during and after 2011 to 1.2 until the first half of 2012 and then
they slowly decrease. As for the declustered catalogues b, and bgr are the same and vary
around 0.8+0.2, but they are not affected by the earthquakes depicted in the previous panels.
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Figure 5.15: Time dependence of b-values for the full and declustered sub-crustal catalogues of the Pacific
plate. Panel (a) shows the time dependence of bg; panel (b) the time dependence of bgr.

As for the crustal catalogues the results are as followed (Fig. 5.16). The temporal index g in
general varies between 1.2 and 1.6 and after an earthquake in 2011 (M7) it increases to 2.
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Thereafter, correlation can be characterized as moderate and in some cases strong. The index
qy exhibits significant variations in the interval (1.48, 1.62) and after 2011 it drops below 1.5.
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Figure 5.16: Time dependence of the entropic indices for the Pacific full crustal catalogue. Vertical lines
indicate the occurrence of major (M>7) earthquakes.

The time dependence of b, and b for the full and declustered catalogues is shown in Fig. 5.17.
They exhibit the same variations with time between 0.51 and 1.01. From 2002 to 2010 they
decrease and after 2011 until 2013 they increase abruptly. Then again they decrease until
2016.
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Figure 5.17: Time dependence of b-values for the full and declustered crustal catalogues of the Pacific plate.
Panel (a) shows the time dependence of bg; panel (b) the time dependence of bgr.

5.4 Philippine Plate.

The variations of the entropic indices in time of the sub-crustal full earthquake catalogue of
Philippine plate are illustrated in Fig. 5.18. In general, the temporal index g lingers in the
interval (1, 1.3) except three times between 2010-2011, that varies between 1.5 and 1.7
Correlation in general is characterized as weak and sometimes even random since it reaches

unity many time. The index g, fluctuates around 1.57+0.04.
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Figure 5.18: Time dependence of the entropic indices for the Philippine full sub-crustal catalogue. Vertical
lines indicate the occurrence of major (M27) earthquakes.

The analysis of the declustered earthquake catalogues are depicted in Fig. 5.19 for the sub-
crustal earthquakes of Philippine. For background probability ¢;=70% (Fig. 5.19a) correlation
is random except 2011 where the entropic index increases above 1.3. After 2011 it drops again
below 1.2 and increases after 2016. For background probability ¢;=80% (Fig. 5.19b)
correlation is also random with the entropic index varying below 1.2. The imprint of the 2011
earthquake that affected seismogenesis is disappeared. For both probabilities the magnitude
entropic index q,, fluctuates around 1.58+0.04.
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Figure 5.19: Time dependence of the entropic indices for the Philippine declustered sub-crustal
catalogues at the 70% (a), 80% (b) probability levels. Vertical lines indicate the occurrence times of
significant earthquakes.

The time dependence of b, and b for the full and declustered catalogues is shown in Fig. 5.20.

They are extremely consistent between 0.54 and 0.82 and they don’t exhibit any significant
variations with time. As it turns out, the results of the declustered and full catalogues of
Philippine plate indicate a Poissonian system consistently with the findings of Section 4.2.4.
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Figure 5.20: Time dependence of b-values for the full and declustered sub-crustal catalogues of the
Philippine plate. Panel (a) shows the time dependence of bg; panel (b) the time dependence of bgr.

The variations of the entropic indices in time for Philippine crustal full catalogue are depicted in
Fig. 5.21. Correlation is weak and the temporal index g mostly varies between 1.1 and 1.3, with
one exception after 2012 where it increases to 1.48, confirming the fact that seismogenesis of
Philippine is Poissonian. The index q,, fluctuates around 1.6+0.02. Until 2011 it has a decreasing

trend, and after 2012 it increases above 1.6.
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Figure 5.21: Time dependence of the entropic indices for the Philippine full crustal catalogue. Vertical lines
indicate the occurrence of major (M26) earthquakes.

In Fig. 5.22 the variations of the entropic indices in time are depicted for ¢;=70%. Correlation is

random with gy varying below 1.18. For the period 2008-2011 correlation is completely random
with gy = 1. After 2012 in increases and varies between 1.1 and 1.18. The magnitude entropic
index g, behaves linearly and lingers around 1.59+0.02.
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Figure 5.22: Entropic indices variations in time for Philippine’s sub-crustal declustered earthquake catalogue
of 70% background probability.

The time dependence of b, and bgr for the full and declustered catalogues is shown in Fig. 5.23.
Three observations can immediately be made: a) both b, and bgr are absolutely compatible. b)
b-values obtained from the declustered catalogues are the same with those of full catalogues,.
c) Both bg and bgr all indicate a low decrease in time.
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Figure 5.23: Time dependence of b-values for the full and declustered crustal catalogues of the Philippine
plate. Panel (a) shows the time dependence of bg; panel (b) the time dependence of bgr.
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6 .DISCUSION AND CONCLUSIONS

The objective of this thesis originates in a long-standing discourse between the two principal
viewpoints developed by studying the statistical expression(s) of earthquake occurrence and
quantifying the expectation of seismic activity. Seismicity comprises the superposition of a
background process expressing the continuum of tectonic deformation, and a foreground
process of prolific short-term activity associated with earthquake clusters or/and aftershock
sequences. The first viewpoint proposes that background seismicity is generated by a self-
excited conditional Poisson (point) process whose entropy is assumed to obey the Boltzmann-
Gibbs formalism; background earthquakes are spontaneously and independently generated in
the fault network and there is no interaction between faults, such that would influence their
time and place of occurrence. The second viewpoint posits that background seismicity is
generated by a non-equilibrating fault network (system) in which background events are
dependent due to correlation (interactions) developing and evolving between nodes (faults) of
the network, which may extend over long spatiotemporal distances and influence their time
and place of occurrence. Correlation effectively confers memory to the fault system and is
evident in the form of power laws in the temporal and spatial statistics of earthquake
occurrence (seismicity). Both Poisson and Complex/Critical viewpoints, albeit from different
perspectives, consider aftershock sequences to comprise dependent events.

This thesis attempts to explore the statistical nature of seismicity by: a) using the generalized
formalism of Non Extensive Statistical Physics, (described in Chapters 1.3 and 2), as a universal
context for the statistical description of earthquake occurrence, and b) trying to detect and
verify the existence and degree of correlation in active fault networks or, equivalently, the level
of non-equilibrium. The results of this exercise are reported in Chapters4 and 5. The existence
of correlation is assessed by evaluating the entropic index q appearing in the g-exponential
distribution predicted by NESP for the dynamic parameters of non-equilibrating systems; q is
bounded as 0 < g < 2, with g = 1 corresponding to the pure exponential distribution expected
for Poissonian processes and g > 1 indicating Complexity/Criticality in non-conservative
systems. The main focus is placed on the evaluation of two entropic indices: one labelled gu and
associated with the distribution of earthquake magnitudes, which conveys information about
the size and space distribution of fault activity and is genetically related to the b-value of the
Gutenberg-Richter law, and one labelled gr and associated with the distribution of the lapse
between consecutive events (interevent time), which indicates the extent of interaction
between faults in a network.

The entropic indices are computed by modelling bivariate empirical distributions of
earthquake frequency vs. magnitude and interevent time (F-M-T for short) and express the
joint probability of observing earthquakes larger than a given magnitude after a given lapse
time; details are given in Chapter 2, Sections 2.2 and 2.3. The rigour of the experimental
procedure is evaluated, not only by computing 95% confidence limits, but also be evaluating
the NESP generalization of the well-known b- value, which is related to the entropic index qu as
by = (2 - qu)(gm - 1)1 - see Chapter 2 for details. It is evident that b, should be equivalent to the
b value computed on the basis of the univariate frequency-magnitude distribution of Gutenberg
and Richter, labelled bgr. The equivalence arises from the fact that the distribution of
magnitudes does not relate the energies released by consecutive events, but only conveys
information about the hierarchy and spatial characteristics of the active fault system. Thus, in
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all cases bq should be equivalent to bgr and their comparability should be a strong, albeit
indirect means of ensuring the validity of the estimation procedure used in estimating g and
qr. The results of this exercise are reported in Chapters 4.3 and 5 and generally demonstrate the
rigour of the estimation procedure.

The thesis focuses on the analysis of seismogenetic systems along the NW Pacific Rim, which
comprises four major convergent plate margins. The Pacific and Philippine oceanic plates
subduct beneath the continental plates of Okhotsk (North America) and Eurasian plates. Details
about the geodynamics and seismicity of the NW Pacific Rim are provided in Chapter 3. It is
important to note that crustal and sub-crustal earthquakes are separately examined by
approximately distinguishing them according to the depth of the Mohorovici¢ discontinuity
(see Chapter 2.4), so as to inquire whether environmental (e.g. temperature, pressure) or/and
boundary conditions affect the dynamics of a fault network. The analysis is applied to
homogeneous and complete earthquake catalogues in which aftershocks sequences are
included (full catalogues) or have been removed (declustered catalogues). If background
seismicity is Poissonian, the removal of aftershocks should reduce the earthquake catalogue to
an uncorrelated set of events; if it is does not, Complexity/Criticality is evident. Herein, the
efficient stochastic declustering method of Zhuang et al (2002) has been implemented and
details are provided in Chapters 2.5, 3.3.1 and 4.2.

To begin the discussion of the results, one it might suggest that they comprise an “expected”
and an “interesting” parts. The “expected” part is the behaviour of the magnitude entropic
index gu, which after conversion to b, turns out to be consistent with expectation from the
Gutenberg-Richter Law (Chapter 4.3). Naturally, qu exhibits differences between seismogenetic
systems as well as between full and declustered catalogues, (Chapter 41 and 4.2; Tables 7.1 -
7.4), generally exhibiting lower values in the former vs. higher in the latter and thus pointing to
a higher level of organization and increased localization in background faulting activity. At any
rate, in the general context of NESP, the Gutenberg-Richter law can be almost naturally derived
from the g-exponential distribution (Chapter 1.3.3). Thus, a most significant outcome of qu
analysis is that active fault networks can be classified as sub-extensive with a high degree of
self-organization.

Results from the analysis of the full crustal and sub-crustal catalogues (including bg) are
summarized in Table 7.1, in the form of mean values g;(M), gy (M), together with their
respective standard deviations o(q;), a(quy). Since there is little question as to whether
frequency-magnitude distributions (i.e. the time-honoured of Gutenberg and Richter) emerge
from non-extensive fault networks, the remaining discussion will be more biased towards the
analysis of the temporal entropic index gr. The pie charts of Fig. 7 comprise a compact
presentation and colour-coded classification of all gr(M) functions obtained in Chapter 4.1 and
summarized in Table 7.1, providing a succinct picture of the existence, extent and relative
strength of correlation in the seismogenetic systems studied herein. In the classification
scheme, all values of gr < 1.2 are shown in red and are considered to indicate insignificant
correlation and are taken to demonstrate randomness. Values higher than 1.2 are generally
taken to indicate statistically significant correlation rated as “random” (red, 1 < qr <1.2), “weak”
(red, 1.2< qT<1.3), “moderate” (green, 1.3<qr <1.4), “strong” (dark green, 1.4< gr <1.5), and
“very strong” (blue, 1.5 < gr). The pie chart of Fig. 7.1a summarizes the proportions of grclasses
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determined from the full sub-crustal catalogues; the pie chart of Fig. 17b is as per Fig. 17a but

for the full crustal catalogues.

BlRandom 1<qr<1.2
Il strong

[ Jweak
14<qr<1.5 [} Very Strong 1.5<qr<2

1.2<qr<1.3 [_]Moderate 1.3<qr<1.4

Figure 7.1: Percentage of q; values obtained from the analysis of (a) all sub-crustal, and (b) all crustal
earthquake catalogues.

Table 7.1: Summary of the variation of the magnitude (g») and temporal (gr) entropic indices with respect to

cut-off magnitude for all full sub-crustal and crustal catalogues considered herein.

10,855 1.0-1.22 1.13 0.056 1.51-1.54 1.53 0.007 0.85-0.93
9,595 1.15-1.41 | 1.28 0.084 1.52-1.57 1.55 0.019 0.73-0.91
38,333 1.16-1.35 | 1.23 0.055 1.49-1.53 1.51 0.009 0.88-1.02
19,412 1.32-2.00 | 1.513 0.217 1.52-1.61 1.54 0.025 0.63-0.90
9,101 1.23-1.79 | 1.54 0.025 1.53-1.61 1.57 0.026 0.63-0.86
2,004 1.32-1.59 | 1.49 0.109 1.59-1.63 1.62 0.013 0.58-0.67
12,036 1.00-1.18 | 1.08 0.044 1.52-1.56 1.53 0.009 0.78-0.90
2,608 1.11-1.27 | 1.19 0.041 1.51-1.56 1.54 0.014 0.77-0.92

A first significant observation to make in both Table 7.1 and Fig. 71 is that, correlation, as
manifested by the temporal entropic index, overall higher in crustal seismicity (Fig. 7.1b), than
in sub-crustal (Fig. 7.1a). It is also evident that the characteristic of correlation differ between
plates. For example, the Pacific and Okhotsk plates exhibit significant to strong correlation in
both crustal and sub-crustal seismicity. However, the seismicity of these plates treated herein,
includes the 2011 M9 Tohoku mega-earthquake whose lengthy (>2 years) and spatially
extended aftershock sequence is expected to significantly influence the estimation of gr. As a
consequence, it was considered necessary to divide the Okhotsk plate catalogue into a pre- and
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a post-Tohoku earthquake parts. The analysis of the two subset catalogues shows that prior to
the earthquake, the temporal entropic index was significant and increasing with magnitude
(long-range correlation), but after the earthquake it jumped to values in excess of 1.6 indicating
very strong correlation in the aftershock sequence. On the other hand, the fault network of the
Eurasian Plate is definitely less correlated and might be Poissonian of nature. For the Eurasian
plate, the g;(M) of sub-crustal events is 1.13 whilst for crustal events, it is 1.28. Finally, the
earthquake activity in the Philippine Plate, is likely Poissonian of nature, inasmuch the mean
qr(M) is only 1.08 for the sub-crustal process and as low as 1.19 for the crustal.

As explained in Chapter 2.2, a direct method of evaluating the existence of long range
correlation is to analyse bivariate F-M-T distributions constructed by grouping (binning)
earthquakes in a catalogue according to interevent distance. The results of this analysis are
summarized in Table 7.2. It must be emphasized that for Pacific and Philippine plates
catalogues, the crustal earthquake subsets did not contain a population of events sufficient as to
perform statistically rigorous analysis.

Table 7.2: Summary of the variation of the magnitude (gm) and temporal (qr) entropic indices with respect to
interevent distance for all full sub-crustal and crustal catalogues considered herein.

1.00-1.11 1-1.16

1.16-1.18 | 1.06-1.21

L 1.56 | 0.022 LI

38,333 1.22 1.20-1.25 | 1.02-1.15 | 1.13 | 0.162 161 082

0.68-
0.79

19,412 1.37-1.80 | 1.18-1.50 1.58 0.012

1.50- 0.73-
38,333 1.44 1.04-1.65 | 1.03-1.14 | 1.34 0.438 157 1.54 | 0.024 097
1.53- 0.71-
19,412 1.22 1.75-1.81 --- 1.51 0.417 158 1.56 0.024 085

0.162 Lo 156 | 0.021 Lh7/2e

9,101 1.64 1.61-1.84 = 1.72 158 0.85

0.62-

1.01-1.12 0.75

In general, for all catalogues, correlation is strong for earthquakes up to 100 km due to the
overwhelming effect of near-field aftershock sequences. Beyond that range, Okhotsk and Pacific
earthquakes are strongly or very strongly correlated over interevent distances of at least
500km and, in some cases, longer. For the seismicity of the Okhotsk plate in particular, and
because earthquake populations proved to be sufficient, the analysis was carried out for two
cut-off magnitudes, M=3 and M=4. In both cases, correlation was shown to be significant for
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interevent distances of at least 500 km and that correlation in crustal seismicity is considerably
stronger than correlation in sub-crustal seismicity. Conversely, in the sub-crustal seismicity of
the Eurasia and Philippine plates and for Ad > 100 km, g (4d) decreases below 1.2 and, in most
cases, stays below 1.1, indicating absence of correlation at intermediate and long interevent
distances

Results from the analysis of the declustered crustal and sub-crustal catalogues (including b,) are
summarized in Table 7.2, in the form of mean values gr(M), gy (M), together with their
respective standard deviations o(q7), (qy)- Furthermore, results from the analysis of gr for
the declustered catalogues are again compactly presented in the form of pie charts using the
same classification and colour-coding scheme employed in Fig. 7.1. As a general observation,
declustering appears to have eliminated all correlation at the 70% probability level (Fig. 72a
and 7.3a). Nevertheless, this may be a statistical fluke of undeterminable origin since at the
80% probability level correlation appears to increase and at the 90% level to increase even
more, indicating that the core of the seismogenetic processes in all plates is likely non-
Poissonian. Moreover, at the 90% probability level the background process appears to be
statistically comparable both in the crust and in the Wadati-Benioff zones of the NW Pacific
Rim

. .
(@) (b) (©)

BlRandom 1<q-<12 [JWeak 1.2<qr<1.3 [[JModerate 1.3<qr<1.4
Bl strong  14<qr<15 [ Very Strong 1.5<qr<2

Figure 7.2: Percentage of q; obtained from the analysis of all declustered sub-crustal earthquake catalogues
and for probability levels (a) 70%, (b) 80% and (c) 90%.

BlRandom 1<¢-<1.2 [ _JWeak 1.2<qz<1.3 [_]Moderate 1.3<qr<1.4
BlStrong  1.4<q;<1.5 [ Very Strong 1.5<qr<2

Figure 7.3: Percentage of q obtained from the analysis of all declustered crustal earthquake catalogues and
for probability levels (a) 70%, (b) 80% and (c) 90%.
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The seismicity of the Eurasian plate (both crustal and sub-crustal) turns out to be practically

Poissonian with respect to time: the temporal entropic index rests below 1.2 for all background

probability levels. In the case of Okhotsk, the declustered catalogues yield results that are not

fully consistent with those of the full catalogue. Specifically, correlation appears to be strong in
declustered sub-crustal seismicity (gr > 1.5 throughout). For the 70% background probability
the declustered crustal catalogues would appear to be practically Poissonian (g = 1.15) but
correlation rises by little at the 80% level (gr = 1.26) and by far in the 90% probability level g
= 1.57. It is important to mention that after declustering, the crustal catalogues contain fewer

earthquakes than the sub-crustal... In general terms, correlation appears to be low in the

magnitude scales Analysis is conducted for magnitudes M=3-3.8 and rises significantly

thereafter.

Table 7.3: Summary of the variation of the magnitude (gm) and temporal (qr) entropic indices with respect to
cut-off magnitude for all declustered sub-crustal and crustal catalogues considered herein.

1.00-1.13

1.47-1.50

0.99-1.08

1.03-1.20

1.02-1.11

0.029

1.44-1.48

1.46-1.49

1.06-1.26

1.0-1.13

1.05-1.16

1.02-1.3

0.041

0.093

1.43-1.47

1.48-1.51

1.12-1.27

0.95-1.03

1.09-1.29

1.40-1.62

0.080

0.08

1.47-1.48

1.46-1.55

1.05-1.07

0.79-1.05

1.03-1.23

1.42-1.61

0.061

0.064

1.47-1.51

1.38-1.56

0.94-1.08

0.77-1.5

1.49-1.56

1.18-1.33 1.26 0.047 1.50-1.52 1.51 0.010 0.89-0.99
1.52-1.65 1.58 0.049 1.45-1.52 1.48 0.034 0.9-1.21
1.48-1.69 1.57 0.108 1.55-1.58 1.58 0.124 0.71-0.77

0.78-1.03

1126

1-1.09

1.05

0.032

1.50-1.57

1.55

0.021

0.74-0.96
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1.01-1.15

1.49-1.57

0.75-1.0

1-1.1

1.12-1.31

1.53-1.56

1.53-1.56

0.76-0.88

0.75-0.88

447

1.26-1.31

1.29

0.027

1.55-1.57

1.56

0.010

0.74-0.81

In the case of the Pacific plate, correlation in sub-crustal seismicity is rather low at the 70%
level (g, = 1.14), rises at the 80% level ((g, = 1.21) and becomes significant at the 90% level
(g, = 1.41); the overall state is difficult to characterize but taken at face value, it would appear

that the background process, which is expectedly best represented at the 90% probability level,

is non-Poissonian. Finally, in the case of the Philippine plate, all declustered catalogues yield

(g, <1.17) with the sole exception of the 90% crustal catalogue for which g, = 1.29, which even

at the 3o confidence level indicates a weakly correlated process. The Philippine plate does not

allow for confident inferences and if the background process is correlated, it is only marginally

SO.

The results of the direct method employed in the detection of long-range correlation, namely

the analysis of F-M-T distributions constructed by grouping (binning) earthquakes according to

interevent distance, are summarized in Table 7.4. Notably, only the sub-crustal declustered

catalogues contained earthquake populations sufficient to conduct this type of analysis with

adequate spatial resolution! It is straightforward to see that at the 70% and 80% probability

levels the sub-crustal Eurasia and Philippine plates seismicity is assessed to be Poissonian over

all interevent distances and to all intends and purposes, consistently with the findings of

hitherto analysis. Unfortunately, results could not be obtained at the 90% level. Conversely, the

sub-crustal Okhotsk seismicity turns out significantly to strongly correlated over all resolvable

distances at the 70% and 80% levels, as also expected from hitherto analysis.

Table 7.4: Summary of the variation of the magnitude (gqm) and temporal (qr) entropic indices with respect to
interevent distance for all declustered sub-crustal and crustal catalogues considered herein.

1.00- 1.00-

1.05- 1.02-

1.26- 1.46-
4809 113558- 0.122 1.57-1.58 0.004 0.72-0.75
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1.53-1.60 . 0.65-0.87

As a general result, it is safe to say that seismogenesis in the NW Circum-Pacific belt (rim) is
complex and its catalogue has its own characteristics. Eurasia and Philippine plates exhibit
randomness, while Okhotsk and Pacific plates show high correlation. The declustered
earthquake catalogues exhibit the same results for each tectonic plate. From the analysis of
dependence on different cut-off magnitudes not only measures the correlation between
earthquakes, but a statistical b-value (proxy-b value) was estimated.

The results presented above have been obtained through a physics-based approach (NESP) and
not through any type of model-based (or model-driven) consideration, as usually is the case in
earthquake statistical studies. They provide evidence that background seismicity in the
seismogenetic systems of the NW Pacific Rim is complex sub-extensive of nature, although it
exhibits significant differences between systems (plates): Correlation, i.e. complexity, is
certainly pronounced in the Okhotsk and Pacific plates and definitely less evident in the Eurasia
and Philippine plates where the system appears to verge on randomness. In the Okhotsk and
Pacific plates background seismicity exhibits strong long-range interaction as evident by the
overall high correlation observed in highly declustered catalogues (80% and 90% probability
level) and, primarily, in the correlation observed in earthquakes separated by long interevent
distances. The increase of correlation after declustering can be neatly explained by the
exposition of long(er) range interactions after curtailing the effect of short-range interactions
associated with aftershock sequences. It is also highly probable -but will not be investigated
herein- that the elevated complexity (sub-extensivity) of the Okhotsk and Pacific seismicity is
closely related to the 2011 M9 Tohoku mega-earthquake whose preparation phase and
aftermath has organized the seismogenetic systems over long ranges.

In a final comment power-laws and long-range interaction are characteristic of self-
organization and criticality. Although this may be a likely explanation of the complexity
observed in the background seismicity of Okhotsk and Pacific plates, the question is still very
far from having been answered. As comprehensively discussed by Sornette and Werner (2009),
complexity may not only emerge from inherent non-linear dynamics of the active fault system
as required by Criticality: their model-driven analysis suggests that quenched heterogeneity in
the stress field and production rates may also be of great importance. It is also noteworthy that
using the non-critical Coherent Noise Model, Celikoglu et al. (2010) showed that it is possible to
obtain g-exponential distributions of interevent times when extended external stresses act
simultaneously and coherently on all the elements of a fault system, although their simulation
was incomplete in the sense that it did not include some spatial (geometric) configuration of
interacting faults and could not assess the differences with an actual fault network. It is
therefore clear that additional work is required before a complexity mechanism of the
background seismicity can be proposed with confidence.
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