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Preface

The destructive potential of earthquakes depends on their magnitude and the
placement of the hypocenter. Worldwide efforts in establishing seismological and
geophysical networks has increased considerably and data centers provide infor-
mation that is essential to identify earthquake locations, understand the physics
of the earthquakes and faulting mechanisms, as well as studies on site effects and
earthquake recurrence. These types of studies play a key role in mitigating earth-
quake hazards and planning emergency response. However, recent earthquakes
demonstrated the risks to modern societies, especially in terms of health, safety, and
economic viability. The study of earthquakes combines science, technology, and
expertise in infrastructure and engineering in an effort to minimize human and
material losses when their occurrence is inevitable. Although probably the most
important, direct shaking effects are not the only hazard associated with earth-
quakes, other effects such as landslides, liquefaction, and tsunamis have also played
important part in destruction produced by earthquakes. Most earthquake-related
deaths are caused by the collapse of structures, and the construction practices play a
tremendous role in the death toll of an earthquake.

As an example among the others, in the Messina area (southern Italy), more than
120,000 people perished in an earthquake (M = 7.2) that struck the region in 1908,
mainly killed due to the easily collapsible structures that dominated both the major
cities and villages of the region. A larger earthquake that struck San Francisco three
years earlier had killed fewer people (about 700) because building construction
practices were less vulnerable and predominantly made by wood. In both areas,
these events played a key role in the future of the region. Recently, on January 12,
2010, disaster struck Haiti and its economy, as well as its surrounding nations.
Death totals topped 200,000, and reliable industries and structures were destroyed,
leaving the nation in a tough situation. It remains clear that the earthquake that has
recently stuck Haiti has had a catastrophic impact on Haiti, leaving its economy in
shambles. In the last decades, other important examples of catastrophic events are
the great Sumatra earthquake (December 26, 2004) and the Japan earthquake
(March 11, 2011) associated also with tsunamis of notable energy that caused
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Fig. 1 The children drawing
presented in this figure has the
aim to illustrate the effects of
earthquakes on society as seen
by children affected by such
catastrophic phenomenon

several casualties and damage to both residential buildings and industrial facilities
(e.g., Fukushima Daiichi nuclear power plant).

Such catastrophic events take an unimaginable toll on children and their families
as demonstrated, for example, by the 2008 Sichuan Province and 2005 Pakistan
earthquake. In such disaster management contexts, family members as well as
health care and school personnel are the first-line responders and are natural sources
of continued social support as children recover. Such kind of natural disasters can
really impact on children and consequently on our societies. The children drawing
presented in Fig. 1 has the aim to illustrate the effects of earthquakes on society (the
word “PRIMA” stands for before, while the word “DOPO” stands for after). The
drawing has been realized by one, the children hosted in the Mirandola camp
(during the 2012 Emilia seismic sequence, Italy). Such camp was also used by few
research teams (I took part in one of them) conducting real-time monitoring and
data collection in the epicentral area.

The chapters in this book are devoted to various aspects of earthquake research
and analysis of their impact on modern and past societies. In the following a brief
outline of each contribution is given.

A Description of Seismicity Based on Non-extensive Statistical
Physics: A Review

The manuscript by Vallianatos et al. opens this book tackling the problem of the
physics of earthquakes which still has many questions that have not yet been answered
since the phenomenon is subjected to many uncertainties. In this chapter, the authors
review some fundamental properties of earthquake physics (in the geodynamic
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laboratory scale) and how these are derived by means of non-extensive statistical
physics with the main goal to understand aspects of the underlying physics that lead to
the evolution of the earthquake phenomenon.

Recognition of periAdriatic Seismic Zones Most Prone to Next
Major Earthquakes: Insights from a Deterministic Approach

Mantovani et al. describe the short-term development of tectonic processes which is
closely related to major decoupling earthquakes at plate boundaries. Each of these
events triggers a perturbation of the strain field which propagates in the surrounding
area and may increase the probability of earthquakes in tectonic zones or may even
cause further seismicity when the fault involved is close to failure. This implies that
in a given tectonic context, the past distribution of strong shocks can significantly
influence the location of the next seismic events. In this work, the authors discuss
on how the above interpretation may have influenced the spatiotemporal distribu-
tion of major shocks in the central Mediterranean region, with particular regard to
the periAdriatic zones. It is argued that the regularity patterns of seismicity so far
identified may provide significant information on the possible location of the next
strong earthquakes in the Italian peninsula. The results of this analysis suggest that
the probability of next strong shocks is higher for the northern periAdriatic zones,
with particular regard to the northern Apennines, than in the southern zones
(southern Apennines and Calabria). Present knowledge does not allow to give this
kind of information for some Italian zones (mainly Sicily, Apulia, and northwestern
Italy), for which significant regularity patterns of seismicity have not been recog-
nized yet.

Forecasting Moderate Earthquakes in Northern Algeria
and Morocco

In this work, Pelédez et al. studied the correlation between locations of My = 5.0
earthquakes and locations of 5.0 > My = 4.0 events for northern Algeria and
Morocco. A preliminary study shows that it can be observed a relatively good
agreement between locations for these two data sets, that is, minor earthquake
locations could be used to forecast future places where will happen moderate and
moderate to strong earthquakes. They propose a time-independent forecasting
model based on the spatially smoothed seismicity rate of My = 4.0 earthquakes.
Finally, a time-independent forecasting model is proposed from the computation of
Mw = 5.0 and My = 6.0 earthquake probabilities considering that seismicity
follows both a Poisson process and the Gutenberg—Richter magnitude—frequency
relationship.
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An Earthquake Catalogue (2200 B.C. to 2013) for Seismotectonic
and Seismic Hazard Assessment Studies in Egypt

Sawires et al. aim at preparing new and up-to-date unified and Poissonian earth-
quake catalogue for Egypt including the focal mechanism solution data, so that the
earthquake information can be reached from a single source. A catalogue for
earthquakes that occurred in Egypt and its vicinity during the period 2200 B.C.—
2013 was compiled for achieving a unified magnitude scale. Data were obtained
from different sources, local, regional, and international. Earthquake magnitudes are
reported in different scales and come from a variety of sources. The initial compiled
catalogue comprised a total of 64,613 earthquakes (historical and instrumental
events). In addition, a focal mechanism solution database was collected. This
database contains 688 fault plane solutions gathered from different published and
unpublished sources, covering the time period from 1940 until the end of 2013.

For establishing a common magnitude, namely an equivalent moment magnitude
My, two new relationships correlating Mg and my, with My, were derived.

Probabilistic Seismic Hazard Assessment for Romania

In this study, Vacareanu et al. focus on the probabilistic seismic hazard assessment
for Romania using the latest seismicity data and ground motion prediction models.
In the first step, an evaluation of the applicability of several ground motion pre-
diction models for seismic sources in Romania is performed on a database which
consists of over 300 strong ground motions recorded in Romania, Bulgaria, and
Moldova during ten Vrancea subcrustal earthquakes. The testing procedure
employed in this study uses several goodness-of-fit measures. A sensitivity analysis
for the probabilistic seismic hazard assessment (PSHA) results for four cities in
Romania (Bucharest, Focsani, Iasi, and Craiova), located in the forearc of the
Carpathian Mountains, is presented. The results provide the basis for defining the
computation hypothesis and corresponding weights assigned to the logic tree
branches for the PSHA for Romania. The scope is to provide a refined input for the
implementation of the seismic action according to the requirements of EN 1998-1.
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Practicality of Monitoring Crustal Deformation Processes in
Subduction Zones by Seafloor and Inland Networks of
Seismological Observations

As well as the 2011 Tohoku earthquake, there will be other megathrust earthquakes
around Japan in the future. These earthquakes will surely have a strong effect on
various aspects of society, including economic, psychological, infrastructural, and
survival problems. In this chapter, Ariyoshi and Kaneda review the progress of
studies on monitoring seismic changes in crustal deformation and seismic activity
by comparing simulation results for the Tokai and Tonankai earthquakes in order to
discuss the validity of modeling of subducting plates and the detectability of
preseismic changes based on seafloor and inland observation networks for disaster
mitigation. Since leveling change due to shallower VLF swarms is so local as to be
incoherent, removal of the moving-averaged data from the data stacked by four
nearby observation points in the same node of Dense Oceanfloor Network System
for Earthquakes and Tsunamis (DONET) may be useful to detect the short-term
local leveling change. This developed oceanfloor observation is expected as
short-term forecasting so as to reduce economic loss reasonably.

Neo-deterministic Definition of Seismic and Tsunami Hazard
Scenarios for the Territory of Gujarat (India)

Magrin et al. present a neo-deterministic definition of earthquake hazard scenarios.
A reliable and comprehensive characterization of expected seismic ground shaking
is essential to improve building codes, particularly for the protection of critical
infrastructures and for land use planning. So far, one of the major problems in
classical methods for seismic hazard assessment consisted in the adequate char-
acterization of the attenuation models, which may be unable to account for the
complexity of the medium and of the seismic sources and are often weakly con-
strained by the available observations.

Geophysical Characterization of Liquefied Terrains Using
the Electrical Resistivity and Induced Polarization Methods:
The Case of the Emilia Earthquake 2012

Nasser describes liquefaction of a shallow, water-saturated sand and silty sand layer
which has resulted in the damage of several buildings as well as of roads and
sidewalks during the Emilia—Romagna earthquake (northern Italy, May 20, 2012).
In fact, massive surface fracturing, sand upwelling, sand volcanoes, limited blister
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formation, and lateral spreading liquefaction features took place immediately after
the main shock.

Working Strategies for Addressing Microzoning Studies
in Urban Areas: Lessons from the 2009 1’Aquila Earthquake

Vessia et al. present working strategies for addressing microzoning studies in urban
areas presenting the results through lessons learned from the 2009 L’Aquila
earthquake. This is a crucial approach for mitigating risk in prone earthquake areas,
and several efforts have been done in the past years by the Department of Civil
Protection. This also may help the authorities in estimating economic losses due to
the strong earthquakes and comparing the results with losses that occurred in the
last decades.

Earthquake-Induced Reactivation of Landslides: Recent
Advances and Future Perspectives

In this chapter, Martino presents a nice description of seismic-induced landslide.
Earthquake-induced reactivation of landslides is a focus topic in the risk manage-
ment as severe damages and losses were caused so far from seismically triggered
slope failures. Slope stability conditions under seismic action were studied since
several decades by pseudostatic approaches as well as by sliding block methods that
follow the Newmark approach. These last ones were more recently upgraded by
flexible block approaches to provide a more constrained evaluation of
earthquake-induced displacements, i.e., by considering the landslide mass reso-
nance during the seismic shaking. Nevertheless, these approaches cannot take into
account the very complex interactions between seismic waves and slope pointed out
by several case histories that are reported in the literature. Such interactions can be
simulated by more sophisticated stress—strain numerical models. Nonetheless, to
carry out these simulations, it is necessary to provide very strong constraints to both
the geological setting of the slope and the local seismic response. In this regard, a
fundamental contribution derives from detailed engineering—geological recon-
structions as well as in-site geophysical measurements. Very recent studies expe-
rienced theoretical approaches for pointing out the significance of some physical
parameters, such as the ratios of characteristic periods related to the seismic wave
properties and to the landslide mass geometry, to provide a more exhaustive pre-
vision of earthquake-induced landslide displacements.
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Resilience, Vulnerability and Prevention Policies of Territorial
Systems in Areas at High Seismic Risk

Teramo et al. present aspects of the seismic vulnerability and resilience of an urban
system through a multidimensional and interdisciplinary approach addressed to an
effective prevention policy and sustainable territory planning. In particular, in their
study, they analyze the actual capability of a territorial system to face the effects of a
strong earthquake on the basis of targeted territorial, seismic, health, social, and
legal indicators. Specific applications aimed at emergency management and rescue
coordination are moreover proposed through the territory monitoring with inno-
vative wireless sensor networks that ensure unexpected effectiveness levels.

Numerical Study of the Seismic Response of a Mid-Rise
RC Building Damaged by 2009 Tucacas Earthquake

In this chapter, Vielma et al. present the results of the numerical simulation related
to a reinforced concrete framed building who suffered light damage by the 2009
Tucacas Earthquake (6.4 Mw). The building was designed according to the current
Venezuelan codes, splitting the structure into three different modules in order to
avoid the negative effects of in-plane irregularities and represent a typical mid-rise
building located on high seismic-prone areas. In order to improve the original
seismic design of the building, a new building was proposed using an innovative
energy-based procedure. The set of dynamic analyses was used in order to for-
mulate a new procedure for the determination of fragility curves. Results show that
the new procedure is suitable in order to predict the damage state which the building
may reach when it is subjected to a strong earthquake, and therefore, it can be really
useful for construction practices in order to ensure the life of the population and to
reduce the seismic vulnerability.

Analysis of Seismic Vulnerability of Rural Houses in China

Jue et al. present a detailed analysis of seismic vulnerability of rural houses in
China. This represents a key point because most of seismic disasters in China have
taken place in rural areas. The damage of dwelling houses has been the biggest
cause of casualties and asset loss, which causes enormous impact on rural societies
and economic systems. In this paper, the seismic vulnerability of counties was
assessed with regard to the structural features of rural houses, measured by the
number and ratio of potentially damaged houses in the case of seismic disasters.
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Finite Element Modelling for Seismic Assessment of Historic
Masonry Buildings

Betti et al. discuss on use of the finite element modelling technique for assessment
of seismic vulnerability of historic masonry buildings. In particular, two repre-
sentative case studies are presented: a masonry church and an old residential
building. The aim of the chapter is to outline that advanced numerical analyses can
provide significant information to understand the actual structural behavior of
ancient buildings under seismic loading. A clear understanding of the structural
behavior, based on sophisticated tools of structural analysis, can reduce the extent
of remedial measures in the restoration of ancient buildings through a reliable
strengthening.

Earthquake-Resistant and Thermo-Insulating Infill Panel
with Recycled-Plastic Joints

Modern buildings should be endowed with features that allow people to carry out
their activities in a sustainable environment and with a high level of safety. The
major concern of this work refers to one peculiar aspect that recently is gaining the
attention of designers and construction companies: the role of infill panels. There is
now an increasing consensus on how these non-structural elements should be
carefully designed, both to increase their thermo-insulating capacity and to adapt
their earthquake performance to the most recent standards. The solution was found
in an innovative constructive system for infill panels, in which the traditional
hollow-core masonry blocks are connected, rather than with the traditional mortar
layers, through joints made from recycled plastic. The constructive system has the
advantage of a rapid assemblage, which reduces the construction times, and allows
the insertion of insulating panels that reduce the thermal conductivity to very low
levels. Therefore, it will be extremely important for the developments of our
modern societies.

Base Isolation and Translation of a Strategic Building Under
a Preservation Order

Monti et al. in this chapter deal with a retrofitting intervention on a strategic
building. In particular, the seismic retrofitting of a strategic building owned by the
Italian Highway Company, built in the 1950s, is presented. The structure is
endowed with mushroom-shaped columns with hollow section at the pilotis floor,
which makes them particularly vulnerable to shear. In order to retrofit the frame, it
was decided to design a seismic isolation system at the base of the building, by
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inserting the isolation devices under the existing columns at the pilotis floor. The
main benefit of this solution is the possibility to operate exclusively at the ground
level, without interrupting the work activities at the upper floors. In general, from
the social standpoint, the example presented in this chapter could serve as pilot
study that can help in planning the retrofitting of residential building without dis-
placing the occupants to different locations while working on the building.

Lessons from the Wenchuan Earthquake

A strong earthquake like the Wenchuan earthquake on May 12, 2008, in China
causes huge losses in human lives and property damages in a short time.
Nevertheless, the losses after the main shock are very serious as well, because of the
disaster chain, which is often underestimated in its consequences. For this reason,
reconstruction projects have been carried out after the earthquake with varying
degrees of success. This paper deals with a number of issues that occurred after the
Wenchuan earthquake, from which certain lessons can be learned. Inappropriate
planning has relocated towns and villages along the active fault zone in seismic risk
zones. A safe distance of the buildings from the active fault zones was not respected
in all reconstruction projects. The amount of loose source material on the slopes for
debris flows after the earthquake was underestimated, leading to ineffective design
of hazard control projects. The level of newly designed roads, bridges, and tunnels
turned out to be too low due to an underestimation of the rise of the riverbeds in the
main valleys. Areas with a high hazard for flooding and debris flows were ignored
in the planning of new built-up areas.

Lessons Learned from the Recent Earthquakes in Iran

Although the understanding of the reasons and impacts of natural disasters and
models to compute the frequency and severity of disastrous earthquakes has
improved, a slight increase can be seen in the earthquake deaths as a percentage
of the total global deaths. Iran, like other developing counties, suffers earthquake
causalities and economic damages. The residences and other constructions in Iran
especially in small villages and towns are generally built without considering
seismic design regulations, so they are highly vulnerable. Comparing yearly
earthquake death rates among Iran, Japan, and USA during three different periods
revealed that while Japan and USA have been reduced their yearly rates, Iran’s
status has been worsening. Among the principal causes of high death toll and
economic losses in Iran, one can refer to building collapse, changes in land use,
increases in the concentration of people and capital in high-risk areas, fast and
uncontrolled urbanization, the persistence of extensive urban and rural poverty, the
depreciation of the region’s environment resulting from the mismanagement of
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natural resources, ineffective public policies, and lagging and misguided invest-
ments in infrastructures. Among the important lessons learned from the recent
earthquakes in Iran are fundamental earthquake hazard reduction needs to engage
national consciousness at all levels of society, public education, solving the prob-
lems in the natural disaster preparedness system, and deficiencies in current con-
struction practice.

“The Impact of the Great 1950 Assam Earthquake on the Frontal
Regions of the Northeast Himalaya”

In this paper, Devi and Bora discuss the great 1950 Assam earthquake which caused
widespread devastation throughout the frontal regions of northeast Himalaya and it
is classified as the 10th largest earthquake of the twentieth century. The ground
cracked and fissured, bridges and rail lines were destroyed, and riverbeds silted
up. Immediately after the shock, several tributaries of Brahmaputra River were
blocked by landslips caused by the violent shaking of the earthquake causing
drastic flooding afterward. This great earthquake, destructive in Assam and Tibet
(China), was an important earthquake event since the introduction of seismological
observation stations. This earthquake changed topographical features in the eastern
syntaxis and caused havoc in the frontal region of northeast Himalaya, making
drastic impact on human civilization.

Archaeoseismology in Sicily: Past Earthquakes and Effects
on Ancient Society

This work presents a review of archeological evidence of strong earthquakes
occurring in Sicily at the time of Greek and Roman colonization, a period of
considerable political, economic, and social instability. In this historical context, the
earthquake effects may have been obscured or overlooked to some extent, and
consequently, the documentary information on ancient earthquakes, when available,
is often sparse and lacking objectivity. The studied cases combine historical and
archaeological data together with the evidence of structural damage to archaeo-
logical sites. Looking into past, the vocation of archaeoseismology lies in the
identification of past seismic events and particularly what the ancient society knew
on earthquakes and what kind of seismic effects produced on buildings and sites.
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The Earthquakes of Southern Italy from the 18th
to the 20th Centuries

In this chapter, Catalani present the earthquakes of southern Italy from the eigh-
teenth to the twentieth centuries. In this period, the high density of population in
southern Italy, the characteristics of the territory (mainly mountainous with malarial
planes along the coast), and the economic system based on the land had pushed the
southern communities to adapt to their territory, finding forms of appropriate use
and exploitation of the land itself. Even the building industry had adapted to the
territory. However, these people had also learned how to cope with the worst effects
of earthquakes. Nevertheless, it is not possible to understand the importance of
earthquakes in Italy completely and in particular in the southern regions, if only we
consider them as natural phenomena. Earthquakes have surely contributed to the
physical alteration of the landscape, just like other natural forces (such as wind,
rain, and changes in temperature) together with human activities. However, over the
centuries, the earthquake has been marked as a dynamic element of the “cultural
landscape.” This is because all catastrophic events, therefore even earthquakes,
mark the life of communities and become part of their historical memory.
Communities build settlements, organize their economy, and establish their social
relationships upon which these disastrous events then take effects.

Earthquake and People: The Maltese Experience
of the 1908 Messina Earthquake

In this paper, Borg and colleagues describe the perception in the Maltese archi-
pelago of the devastating earthquake that struck southern Italy along the Messina
Strait. As a result, the cities of Messina along Sicily’s coast and Reggio di Calabria
were completely destroyed causing more than 120,000 fatalities and left many
without shelter. The 1908 earthquake had a significant impact on buildings and
people and local communities which were displaced. The Maltese experience of the
Messina 1908 earthquake relied on communication which reached Malta after the
event. The chapter discusses information on the building deficiencies and damage,
limitations of communication infrastructure during that period, and limits to timely
emergency response to support the population and emergency action at the
beginning of the twentieth century.
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A Web Application Prototype for the Multiscale Modelling
of Seismic Input

A Web application prototype is described, aimed at the generation of synthetic
seismograms for user-defined earthquake models. The Web application’s graphical
user interface hides the complexity of the underlying computational engine, which
is the outcome of the continuous evolution of sophisticated computer codes, some
of which saw the light back in the middle 1980s. With the Web application, even
the non-experts can produce ground shaking scenarios at the local or regional scale
in very short times, depending on the complexity of the adopted source and medium
models, without the need of a deep knowledge of the physics of the earthquake
phenomenon. Actually, it may even allow neophytes to get some basic education in
the field of seismology and seismic engineering, due to the simplified intuitive
experimental approach to the matter. One of the most powerful features made
available to the users is indeed the capability of executing quick parametric tests in
near real time, to explore the relations between each model’s parameter and the
resulting ground motion scenario. The synthetic seismograms generated through the
Web application can be used by civil engineers for the design of new
seismic-resistant structures, or to analyze the performance of the existing ones
under seismic load.

Rapid Response to the Earthquake Emergencies in Italy:
Temporary Seismic Networks Coordinated Deployments
in the Last Five Years

The rapid deployment of a dense temporary network of seismic stations, soon after
the occurrence of a damaging earthquake, is an essential action to improve the
seismic monitoring and the quality of the studies on the aftershock sequence.
Having seismic waves recorded with a dense seismic network can greatly improve
the detection of earthquakes and the estimation of hypocenter parameters. Since
1990, the National Institute of Geophysics and Volcanology (Italian:
IstitutoNazionale di Geofisica e Vulcanologia (INGV)) manages a portable seismic
network structure: an instrumental pool to deploy dense seismic networks for sci-
entific experiments and to monitor aftershocks after the occurrence of damaging
earthquakes. Today, this pool includes about 100 seismic stations which, if nec-
essary, can be integrated in the real-time seismic surveillance system of INGV. The
real-time data contribute to the monitoring of the seismicity in the epicentral area,
and the off-line analysis of the recorded seismograms allows the imaging of the
fault system geometry and kinematics. The chapter presents the INGV portable
seismic network, its history, and the current coordination projects with other Italian
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and international institutes. Activities and emergency operations in the last five
years with special focus on the “Emilia 2012 and the “Pollino 2011-2014” seismic
crises are also discussed.

The Key Role of Eyewitnesses in Rapid Impact Assessment
of Global Earthquakes

This chapter presents the strategy and methods implemented at the European
Mediterranean Seismological Centre (EMSC) for rapidly collecting in situ obser-
vations on earthquake effects from eyewitnesses to reduce uncertainties in rapid
impact assessment of global earthquakes. The authors show how Internet and
communication technologies are creating new potential for rapid and massive
public involvement by both active and passive means underlining the importance of
merging results from different methods to improve performance and reliability.
They also explore what could be the next technical development phase, by
observing that the pervasive use of smartphones changes the way rapid earthquake
information is accessed. Finally, they discuss how these approaches not only
augment data collection on earthquake phenomenon at little cost but also how they
change the way that scientists interface with eyewitnesses and how it pushes us to
better understand and respond to the public’s demands and expectations in the
immediate aftermath of earthquakes through improved information services.

Real-Time Mapping of Earthquake Perception Areas
in the Italian Region from Twitter Streams Analysis

In this chapter, D’Auria and Convertito propose a strategy to retrieve in real time
useful information about the area where an earthquake has been perceived and how
many people felt it, using data mining of Twitter streams. They show that using a
proper normalization of these data allows a quantitative definition of an Earthquake
Perception Index based on Twitter posts (EPIT). This index shows a good corre-
lation with ground motion parameters and macroseismic data and hence allows a
rapid but realistic mapping of the perception area. The mapping of earthquake
perception area is useful to determine how many people have felt it. This is an
important issue because even moderate-magnitude earthquakes can affect critical
communication infrastructures. However, theoretical estimates of instrumental
intensity distribution, derived from ground motion parameters (e.g., ShakeMaps),
may be poorly correlated with the actual earthquake perception. Furthermore, the
number of people who felt the earthquake depends strongly on the spatial distri-
bution of the population density. In recent years, there has been a growing interest
in the data mining of citizen-provided information from social networks, Internet
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accesses, and Web-based macroseismic surveys aimed at detecting, locating, and
characterizing the macroseismic field of moderate and strong earthquakes.

The Easter Sunday 2011 Earthquake Swarm Offshore Malta:
Analysis on Felt Reports

This chapter presents the latest efforts done by the Seismic Monitoring and
Research Unit (SMRU) at the University of Malta to put in place a “Did you feel an
earthquake?” online questionnaire in order to start gathering information from
locally felt earthquake-related shaking. In particular, the event occurred on Easter
Sunday April 24, 2011, is discussed. During the seismic swarm, the SMRU located
15 earthquakes with magnitudes ranging from ML 1.8 to 4.1 over a period of 4
days. A total of 489 felt reports were submitted through the online questionnaire.
The compilation of the data is a first of its kind for the Maltese islands. These
reports gave limited qualitative and quantitative information about the shaking
experience felt across the islands. Here, the author presents a summary of the
reports following the main shock. A maximum intensity value IV on the European
Macroseismic Scale was assigned. No structural damage was reported. The data
reflect the demographics as well as the different types of buildings found across the
archipelago.

Earthquake Readiness and Recovery: An Asia-Pacific Perspective

This chapter discusses lessons learned from the analysis of community responses to
earthquakes in New Zealand and Taiwan and how lessons learned from this can
inform the development of earthquake readiness strategies in countries whose cit-
izens have to live with high levels of seismic risk. It discusses how individual,
social, and societal factors interact to increase resilience and how this can be
enacted to reduce risk and enhance response effectiveness. By identifying how
personal, community, and cultural characteristics interact to influence earthquake
readiness, response, and reduction, this chapter offers insights that can inform the
development of the risk communication and community outreach programs
required to help answer the call for the development of DRR strategies issued by the
ISDR. Following a discussion of the nature of comprehensive earthquake readiness,
the chapter addresses the degree to which an earthquake readiness theory can
predict readiness in different cultures (New Zealand and Taiwan) and discusses the
extent to which people’s accounts of their earthquake experiences (in culturally
diverse countries) can validate and contribute to developing earthquake readiness
theory.
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Geoethics, Neogeography and Risk Perception: Myth, Natural
and Human Factors in Archaic and Postmodern Society

This chapter combines anthropological—philosophical and geographical-geological
research on man’s perception of, and reaction to, natural catastrophes such as
earthquakes. The first part of the study offers an articulate and cohesive picture
of the defense mechanisms man has deployed, since ancient cultures, against this
risk, and these are identified with mythical-ritualistic repetition. At critical
moments, man develops a series of practical strategies resting on ritual action. The
second part of this work is a synthesis of research on the perception of seismic risk
in the area of Pollino (southern Italy), where it is been four years that an ongoing
earthquake swarm is affecting the area between Calabria and Basilicata. The per-
ception of seismic risk is an important dimension for the schedule. Geoethics can
certainly help especially in educating the territory in terms of integrated risk
management. In this context, a questionnaire was administered to the students of
primary and secondary education and to a sample of adults in some villages affected
by the earthquake of Pollino. This study reveals that with the passing of time, the
“indisputable certainty” of the earthquake as a form of divine punishment, which
dates back to ancient societies, is today falling apart as in particular young people
have an understanding of man’s responsibility in the causing of natural catastro-
phes. Improved communications through new information technologies, awareness
of the complexity of risk, and the level of preparation would increase the resilience
of the territory and allow a more effective planning.

Psychosocial Support to People Affected by the September 5,
2012, Costa Rica Earthquake

This chapter discusses the intervention of the Brigade of psychosocial support
of the University of Costa Rica visiting several communities of the area affected by
the September 5, 2012, Mw 7,6 Costa Rica earthquake in the weeks following the
event. The team was accompanied by members of the Red Sismologica Nacional
Preventec and students of the postgraduate program in risk management and
emergency response. The interventions included technical talks on earthquakes and
tsunamis, incident commands, and care postdisaster. The main fears found in the
population were as follows: fear of a future earthquake, of a tsunami, of aftershocks,
of the detachment of the Nicoya Peninsula, of emissions of massive poisoning
gases, and of the emergence of an underwater volcano. With technical knowledge
and psychosocial support, the members of the Brigade took tranquility and calm to
people and helped them to return to the joy and normalcy. The work of the
interdisciplinary group was extremely successful.



XX Preface

The Lisbon Earthquake in the French Literature

This closing chapter presents the results on how the 1755 great Lisbon earthquake
has been impacted the contemporary society and in particular the French literature.
This large and catastrophic event caused damages and losses also in Morocco and
Algeria; in Europe, it caused considerable damage in Spain, mainly in Madrid and
Seville; and the shaking was also widely felt across Europe. This event represents
the first earthquake to be studied scientifically for its effects over a large area, and
can it be considered as the event which led to the birth of modern seismology and
earthquake engineering. It was also widely discussed and dwelt upon by European
philosophers, and inspired major developments in theodicy and in the philosophy.
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A Description of Seismicity Based
on Non-extensive Statistical Physics:
A Review

Filippos Vallianatos, Georgios Michas and Giorgos Papadakis

1 Introduction

Earthquakes have always been one the most intriguing natural phenomena for
mankind. The abruptness of the shaking ground and the devastating consequences
for the human environment were always attracting people’s fear and wonder.
Despite the large amount of effort that has been dedicated in understanding the
physical processes that lead to the birth of an earthquake and the significant pro-
gress that has been achieved in this field, the prediction of an upcoming earthquake
still remains a challenging question (Nature debates 1999).

Concerning the physics of earthquakes, many questions have not yet been
answered since the phenomenon is subjected to many uncertainties and degrees of
freedom. It is true that we have a good understanding of the propagation of seismic
waves through the Earth and that given a large set of seismographic records, we are
able to reconstruct a posteriori the history of the fault rupture. However, when we
consider the physical processes leading to the initiation of a rupture with a sub-
sequent slip and its growth through a fault system, giving rise to an earthquake, then
our knowledge is really limited. Not only the friction law and the rules that govern
rupture evolution are largely unknown, but also the role of many other processes
such as plasticity, fluid migration, chemical reactions, etc., and the couplings
among them, remain unclear (Main et al. 1989, 1992; Sammonds 2005; Sammonds
and Ohnaka 1998; Vallianatos et al. 2004).
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Despite the extreme complexity that characterizes the mechanism of the earth-
quake generation process, simple phenomenology seems to apply in the collective
properties of seismicity. Fault and earthquake populations present scaling relations
that seem to be universal in the sense that are appearing in a variety of tectonic
environments and scales that vary from the laboratory, to major fault zones and
plate boundaries. The best known is the Gutenberg-Richter scaling relation
(Gutenberg and Richter 1944) that indicates power-law scaling for the earthquake
size distribution. Short and long-term clustering, power-law scaling and
scale-invariance have also been exhibited in the temporal evolution of seismicity
(Kagan and Jackson 1991). In addition, earthquakes exhibit fractal spatial distri-
bution of epicenters and they occur on fractal-like structure of faults (Turcotte
1997). All these properties provide observational evidence for earthquakes as a
nonlinear dynamic process (Kagan 1994).

Due to these properties, concepts such as fractals, multi-fractals, non-linear
processes and chaotic dynamical systems are becoming increasingly fundamental
for analyzing data and understanding processes in geosciences. In recent years,
there is a growing interest on approaching seismicity and other natural hazards,
regarding the science of complex systems and the fractal nature of these phenomena
(Bak and Tang 1989; Bak et al. 1988; Vallianatos 2009). In the context of critical
point phenomena (see Sornette 2004), “self-organized criticality” (SOC) has been
proposed by Bak et al. (1987) as a possible driving mechanism that produce the
scale-invariant properties of the earthquake populations, such as the G-R scaling
relation (see also Bak and Tang 1989; Sornette and Sornette 1989). According to
this theory, Earth’s crust is in a near critical state that spontaneously organizes into
an out-of-equilibrium state to produce earthquakes of fractal size distributions.

Regarding the physics of “many” earthquakes and how this can be derived from
first principles, one may wonder:

e How can the collective properties of a set formed by all earthquakes in a given
region, be derived?

e How does the structure of seismicity, as formed by all earthquakes, depends on
its elementary constituents—the earthquakes? What are these properties?

It may be that these collective properties are largely independent on the physics
of the individual earthquakes, in the same way that many of the properties of a gas
or a solid do not depend on the constitution of its elementary units. It is natural then
to consider that the physics of many earthquakes has to be studied with a different
approach than the physics of one earthquake and in this sense we can consider the
use of statistical physics not only appropriate but also necessary to understand the
collective properties of earthquakes. A significant attempt is given in a series of
works (Main 1996; Main and Al-Kindy 2002; Rundle et al. 1997, 2003) where
classic statistical physics are used to describe seismicity. Then a natural question
arises. What type of statistical physics is appropriate to commonly describe effects
from the microscale and crack opening level to the level of large earthquakes and
plate tectonics?
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An answer to the previous question could be non-extensive statistical physics
(NESP), originally introduced by Tsallis (1988). The latter is strongly supported by
the fact that this type of statistical mechanics is the appropriate methodological tool
to describe entities with (multi) fractal distributions of their elements and where
long-range interactions or intermittency are important, as in fracturing phenomena
and earthquakes. NESP is based on a generalization of the classic Boltzmann-Gibbs
entropy and has the main advantage that it considers all-length scale correlations
among the elements of a system, leading to an asymptotic power-law behavior. So
far, NESP has found many applications in nonlinear dynamical systems including
earthquakes (Tsallis 2009). In a series of recent publications, it has been shown that
the collective properties of the earthquake and fault populations from the laboratory
scale (Vallianatos et al. 2011a, 2012a, b, 2013; Vallianatos and Triantis, 2012), to
local (Michas et al. 2013), regional (Abe and Suzuki 2003, 2005; Telesca 2010a;
Papadakis et al. 2013) and global scale (Vallianatos and Sammonds 2013) can be
reproduced rather well using the concept of NESP.

In the present chapter, we review some fundamental properties of earthquake
physics (in the geodynamic-laboratory scale) and how these are derived by means
of non-extensive statistical physics. The aim is to understand aspects of the
underlying physics that lead to the evolution of the earthquake phenomenon. We
are focused in a variety of scales, from plate tectonics downscaling to rock fractures
and laboratory seismology, to understand better the fundamentals of earthquake
occurrence and contribute to the seismic hazard assessment, introducing the new
topic of non-extensive statistical seismology.

2 Fundamentals of Non-extensive Statistical Physics

Boltzmann-Gibbs (BG) statistical physics is one of the cornerstones of contem-
porary physics. It establishes a remarkably useful bridge between the mechanical
microscopic laws and macroscopic description using classical thermodynamics.
The theory centrally addresses the very special stationary state—denominated
thermal equilibrium. This macroscopic state has fundamental importance, since it is
the foundation in Boltzmann’s famous molecular chaos hypothesis made in 1871.
However, BG theory is not universal. It has a limited domain of applicability
(Tsallis 2009). Outside this domain, its predictions can be slightly or even strongly
inadequate. There was a conflict, among many physicists as well as other scientists,
that BG mechanics and standard thermodynamics are always valid and universal. It
is certainly fair to say that always valid, in precisely the same sense that Newtonian
mechanics is always valid; they indeed are. But again in complete analogy with
Newtonian mechanics, we can by no means consider them as universal.

Central in BG statistical physics is the associated entropy that for the discrete
states of a system has the form
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W W
Spc = —kg ZP:‘ Inp;, with ZP:‘ =1 (2.1)

i=1 i=1

where Spg is Boltzmann-Gibbs entropy, kg is Boltzmann’s constant, p; is a set of
probabilities and W is the total number of microscopic configurations. One of the
main characteristics of Sps is additivity, namely the proportionality to the number
of the systems’ elements. According to this property, for any two probabilistically

independent systems A and B, i.e. if the joint probability satisfies pﬁ}*B =

pipP(Y(i, j)), Sse satisfies
SpG(A + B) = SpG(A) + S (B). (2.2)

Although BG entropy seems the correct one to be used in a large and important
class of physical systems with strongly chaotic dynamics (positive maximal
Lyapunov exponent), an important class of weakly chaotic systems (where the
maximal Lyapunov exponent vanishes) violates this hypothesis. Additionally, if the
effective microscopic interactions and memory are short-ranged (for instance
Markovian processes) and the boundary conditions are smooth, then BG statistical
mechanics seems to correctly describe nature. On the other hand, if some or all of
these restrictions are violated (long-range interactions, non-markovian microscopic
memory, multifractal boundary conditions and multifractal structures), then another
type of statistical mechanics seems appropriate to describe nature (see for instance
Zaslavsky 1999; Tsallis 2001).

Naturally, a question arises: Is it possible to address some of these important,
though anomalous in the BG sense, situations with concepts and methods similar to
those of BG statistical mechanics? Many theoretical, experimental and observa-
tional indications are nowadays available and point towards an affirmative answer.
To overcome at least some of these anomalies that seem to violate BG statistical
mechanics, non-extensive statistical physics (NESP) was proposed by Tsallis in
(1988) that recovers the extensive BG as a particular case. The associated gen-
eralized entropic form for the discrete case is

I—ZW pq Lid
Sy =hkg—==1"0 geRwith) pi=1 (2.3)

q-1 =1

where S, is Tsallis entropy and ¢ is the entropic index that represents a measure of
the non-extensivity of a system. S, recovers Spg in the limit ¢ — 1. Although
Tsallis entropy and Boltzmann-Gibbs entropy share a variety of thermodynamical
properties like concavity (relevant for the thermodynamical stability of the system),
experimental results, extensivity (relevant for having a natural matching with the
entropy as introduced in classical thermodynamics), and finiteness of the entropy
production per unit time (relevant for a variety of real situations where the system is
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striving to explore its microscopic phase space in order to ultimately approach some
kind of stationary state) (see Tsallis 2009 for the full list of these properties), Spg is
additive, whereas S, (¢ # 1) is non-additive. This property is directly related to the

definition of S, in Eq. (2.3). Indeed, for any two probabilistically independent

systems A and B, i.e. if the joint probability satisfies pj*® = pp?(V(i, j)), Tsallis

entropy S, satisfies:

Sy(A+B) _S4(A)

Sq(B) Sq(A) S4(B)
k k '

+(1—q) P

(2.4)

The origin of non-additivity comes from the last term on the right hand side of
this equation and is the fundamental principle of non-extensive statistical physics
(Tsallis 2009). The cases ¢ > 1, g = 1 and g < 1 correspond to sub-additivity,
additivity and super-additivity respectively.

Tsallis idea of introducing the non-additive entropy S, was inspired by simple
physical principles and the multifractal concept (see Tsallis 2009 for a thorough
description). A bias in the probabilities of the different states in a system is intro-
duced by using the entropic index g. Given the fact that generically 0 < p; < 1, we
have that p! > p;if g<1 and p! <p;if g > 1. Therefore, ¢ < 1 enhances the rare
events with probabilities close to zero, whereas g > 1 enhances the frequent events,
i.e., those whose probabilities are close to unity. Following Tsallis (2009), it is
natural to introduce an entropic form passed on p{. The entropic form must be
invariant under permutation and the simplest expression which is consistent with
this has the form S, = F (ZZWZI p?)7 where F(x) is a continuous function. The
simplest form of F(x) is the linear one, leading to S, = C; + C2 Y 1, p!. As any
entropy, S, must be a measure of disorder leading to C, + C, = 0 (Tsallis 2009) and
hence S, = C, (1 -3 pf’) In the limit ¢ — 1 the entropic form S, approaches
the Boltzmann-Gibbs expression and the simplest way for this is when C; = kp/
(g— 1.

Tsallis entropy is determined by the microscopic dynamics of the system. This
point is quite important in practice. If the microscopic dynamics of the system are
known, we can determine the corresponding value of entropic index g from the first
principles. As it happens, this precise dynamics is most frequently unknown for
many natural systems. In this case, a way out that is currently used, is to check the
functional forms and then determine the appropriate values of g by fitting.
Moreover, there are many complex systems for which one may reasonably argue
that they belong to the class that is addressed by non-extensive statistical concepts,
but whose microscopic dynamics is inaccessible. For such systems, it appears as a
sensible attitude to adopt the mathematical forms that emerge in the theory, e.g. g-
exponentials (see below) and then obtain the correct graphs through fitting the
corresponding value of g and of similar characteristics.
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2.1 Optimizing Tsallis Entropy S,

Suppose that we have a continuous variable X with a probability distribution p(X).
In geophysics, this variable can be for instance seismic moment (M,), inter-event
times (7) or distances (r) between the successive earthquakes or the length of faults
(L) in a given region.

For the probability distribution p(X) of the continuous variable X, Tsallis entropy
S, is given by the integrated formulation as follows:

1 - [pI(X)dX

Sq=k
q B q_l

(2.1.1)

where g the entropic index. In the following we set kg as unity for the sake of
simplicity. We require optimizing S, under the appropriate constraints. The first
constraint refers to the normalization condition of p(X):

/ p(X)dX = 1 (2.12)
0

The second constraint is the condition about the generalized expectation value
(g-expectation value), X, defined as:

X, =(X,) = /XPq(X)dX (2.1.3)
0

where P,(X) is the escort probability given (Tsallis 2009) as follows:

Pi(X)

(2.1.4)

Using the standard technique of Lagrange multipliers, the following functional is
maximized:

p,a’, f)=S,—a / p(X)dX — B'X, (2.1.5)
0

where " and § represent the Lagrange multipliers.
Imposing that, 9®/0p = 0 we obtain the physical probability:
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[1-(1-apx]""™" _ exp,(—BX)

X =
p(X) Za Z

(2.1.6)

where the g-exponential function is defined as (see Tsallis 2009 and references
therein):

_ 1/(1-q) _

equ(X) = [1+<l Q)X} (1+ (1 Q)X ZO) (2.1.7)
0 (14 (1 —-q)X<0)

whose inverse is the g-logarithmic function: In,(X) = 1 (X'~ — 1)

The denominator of Eq. (2.1.6) is called g-partition function and is defined as:

Xmax

Zq:/ exp, (—p,X)dX (2.1.8)

Xmax

where, fi, = and cq= [ p?(X)dX
0

B
cq+(1-q)pXq

The g-exponential distribution consists a generalization of the Zipf-Mandelbrot
distribution (Mandelbrot 1983), where the standard Zipf-Mandelbrot distribution
corresponds to the case g > 1 (Abe and Suzuki 2003). In the limit ¢ — 1 the g-
exponential and g-logarithmic functions lead to the ordinary exponential and log-
arithmic functions respectively. If g > 1 Eq. (2.1.6) exhibits an asymptotic
power-law behavior with slope —1/(g — 1). In contrast, for 0 < g < 1 a cut-off
appears (Abe and Suzuki 2003, 2005).

In non-extensive statistical physics it has been proposed that the quantity to be
compared with the observed distribution is not the physical probability p(X) but its
associated escort distribution (see Abe and Suzuki 2005; Tsallis 2009; Vallianatos
2009). Following the latter approach, the cumulative distribution function is given
by the expression

Poun( > X) = / PO¢(X)dX. (2.1.9)

KXonin

Combining the latter definition with the probability function p(X) we obtain

Peum( > X) = exp, (—X/X,), (2.1.10)
which after simple algebra leads to WZ —XL. The latter equation
q o

implies that after estimating the appropriate g, which describes the distribution of

the variable X, the Ing(Pem( > X)) = W = (— XL)X , which express the
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g-logarithmic function, is linear with X with slope —1/X,. In Fig. 1 the g-expo-
nential distribution of Eq. (2.1.10) is plotted for various values of the g index.

In cases where X > X,;,, the cumulative distribution of X assumes value 1 for
X = Xpin- This implies that the aforementioned equation should be slightly changed
(Vallianatos 2013) into the following form, which is more consistent with real
observations:

(> x) = SPgX/Xo) (2.1.11)
exp,(—Xmin/X,)

We note that in cases where X,;, < X,, the latter introduction does not sig-
nificantly change the estimated results.

An interesting question that is brought forth in NESP is which distribution we
shall compare with the observed distribution. The common approach that is most
frequently used is the introduction of the escort probability in the second constraint
and the optimization of S, as described earlier. Other forms have been developed
and are described thoroughly in Tsallis (2009). Detailed discussions on this subject
can be also found in Wada and Scarfone (2005), Ferri et al. (2005), where it was
shown that the different forms related to the second constraint of the expectation
value are all equivalent and can be transformed one into the other through simple
operations defining g s and X, s. For instance, if we integrate the physical proba-
bility given in Eq. (2.1.6) instead of the escort probability (Eq. 2.1.4), we obtain the
cumulative probability:

P(>X) = [1—(1—4)—

x11/0-4)
X,] , (2.1.12)

where ¢' = 1/(2 — ¢g) and X', = (2 — ¢)/X,, in relation to g and X, values in
Eq. (2.1.10) (Picoli et al. 2009). If we apply these transformations for ¢’ and X', the
following form of the cumulative distribution P(>X) is derived (Michas et al. 2013):

2—q
I—q

P(>X)= {1—(1—61)%] . (2.1.13)

Another type of distributions that are deeply connected to statistical physics is
that of the squared variable X*. In BG statistical physics, the distribution of X*
corresponds to the well-known Gaussian distribution. If we optimize S, for X%, we
obtain a generalization of the normal Gaussian that is known as g-Gaussian dis-
tribution (see Tsallis 2009) and has the form:

1/(1-q)
(2.1.14)

p(X) = po [1 ~(1-gq) (Xf)
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(a) 10’ : : :

=2
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q=.l q=0
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(b) 10°

PCX)

10

2
10

X

Fig. 1 The g-exponential distribution of Eq. (2.1.10) for various values of g and for X, = 1 in
log-linear (a) and log-log scales (b). The distribution is convex for ¢ > 1 and concave for g < 1. For
g < 1, it has a vertical asymptote at x = (1 — q)_l and for ¢ > 1 an asymptotic slope —1/(q — 1). For
g =1 the standard exponential distribution is recovered
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In the limit ¢ — 1, Eq. (2.1.14) recovers the normal Gaussian distribution. For
g > 1, the g-Gaussian distribution has power-law tails with slope —2/(q — 1), thus
enhancing the probability of the extreme values. Typical examples of g-Gaussians
are plotted in Fig. 2 for various values of q.

2.2 Cases with Two Slopes

There are various cases in earthquake populations where the observed variable
exhibits a distribution with different regions that correspond to different slopes. The
most common example is gamma distribution that exhibits a power-law region for
small and intermediate values and an exponential tail for greater values of the
observed variable. This particular distribution has been used most frequently to
model inter-event times (e.g. Corral 2004) and the global earthquake frequency-size
distribution (e.g. Kagan 1997). In this latter case, an upper bound or taper in the
G-R relation is appearing (Kagan and Jackson 2000) and the G-R relation is
modified to include an exponential tail for modeling greater earthquake magnitudes.
Estimating this upper bound or the correct distribution that corresponds to earth-
quake size distribution is of high importance in probabilistic earthquake hazard
assessments (see for instance Kagan and Jackson 2013) and fundamental in con-
straining insurance risk for the largest events (Bell et al. 2013).

In the following we describe how distributions with crossovers and different
behavior for large values of the observed variable can be derived in the frame of
non-extensive statistical physics, by generalizing the physical probability given in
Eq. (2.1.6).

The generalized probability p(X) given by Eq. (2.1.6) can be alternatively
obtained by solving the nonlinear differential equation:

d
d% — B, (2.2.1)
where g # 1; while Boltzmann-Gibbs (BG) formalism is approached in the limit
g — 1. We can now further generalize the standard representation of NESP, pre-
sented in the previous Sect. (2.1), by considering not only one ¢ index, but a whole
distribution of indices (see Tsallis et al. 1999; Tsekouras and Tsallis 2005). In the
case where crossover to another type of behavior at larger values of the variable X is
observed we can generalize the differential equation Eq. (2.2.1) as:

dp _ r
= P = (B = B)p". (2.2.2)

Equation (2.2.1) is recovered if r = 0 or if r = g. When 1 < r < g, the solution of
Eq. (2.2.2) is given by:
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Fig. 2 The g-Gaussian distribution of Eq. (2.1.14) for various values of ¢ and for py = 0.5 and
Xo = 1 in linear (a) and log-linear scales (b). For ¢ = 1 the normal Gaussian distribution is
recovered
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L By q—2r
d 1 1 (— - 1)x
al / dx N )T

1
X_p/ﬁrx’+</5q—ﬁr)x"_/3r Vg (B e

P
and hence

1 p*(rfl) -1 g—‘,’— 1

X:ﬁ, r—1 _l+q—2r[H(l;q_zr’q_r’(ﬁq/ﬁr)_1)
(2.2.3)
_H(p;q —2r,q—r, (ﬁq/ﬁr) — 1)]
with
H(E a,b,c) = é”“F(l Z“, = *Z’*b;_e;hc) (2.2.4)

where F is the hypergeometric function.

From the aforementioned solution of Eq. (2.2.2) for 1 < r < g and , << f, the
asymptotic solution defines three regions. The first one is related with very small
values of the variable X and

1 1
p(X) x1— B X for0< X < X, where X :ﬁﬁ— (2.2.5)
T Pq
The second one describes the moderate values and
r—1
— 1B ]
p(X)x [(g — DB XT Vv forX <X <X, where X = g )B"L
(= DB
(2.2.6)
The third region describes the range of large values of X and
-Ur-1)
p(X) < [(r—1)8,X] for > X,,. (2.2.7)

A special case of the differential Eq. (2.2.2) is when a crossover from anomalous
(g # 1) to normal (r = 1) statistical mechanics is appearing for the larger values of
the variable X (the truncated G-R relation for instance, described earlier). In this
case, the differential equation Eq. (2.2.2) is modified as:

D o8, b (228)
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and includes both the normal and anomalous cases in the first and second term
respectively. The solution of Eq. (2.2.8) is given by:

B B -lg—1
p=Cl1- ﬁ—‘l] + ﬂ—?e@*”/‘l" (2.2.9)

were C is a normalization factor. For positive f§, and f;, p(X) decreases mono-
tonically with increasing X (Vallianatos and Sammonds 2010). It can be easily
verified that in the case where f, >> B, Eq. (2.2.9) defines again three regions,
according to the value of X. The asymptotic behavior of the probability distributions
in these areas, when r = 1, is simplified as

1 1
p(X)oc 1 =B, X for0<X<X, where X, = T (2.2.10)
]
1
p(X) x[(g—1 ﬁXﬁl/WU for X,; <X<X., where Xp=——
(X) o< [(g = 1)B,X] i CEDIA
(2.2.11)
5 —lfg—1)
p(X) /31] e PX for X > X, (2.2.12)
q

where X.; and X, are the lower and upper crossover points between the three
regions respectively.

3 Applications in Seismicity

As already mentioned in the introduction of this chapter, seismicity and fault
systems are among the most relevant paradigms of self-organized criticality (Bak
et al. 1987, 2002), representing a complex spatiotemporal phenomenon (e.g.
Telesca et al. 2001, 2002, 2003). Despite the complexity that characterizes frac-
turing and earthquake nucleation phenomena, simple phenomenology seems to
apply in their collective properties, where empirical scaling relations are known to
describe the statistical properties of the fracture/fault and earthquake populations in
a variety of scales. The best known is the Gutenberg-Richter (G-R) scaling relation
(Gutenberg and Richter 1944) that expresses fractal power-law dependence in the
frequency of earthquakes with energy (seismic moment) E with E:

P(E)~E " (3.1)

If we consider that the earthquake energy E is related to the magnitude M as
E ~10'M (Kanamori 1978) and for B = 1 + b/1.5, the last expression can be
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alternatively stated as N( > M)~ 10~% where N(>M) is the number of earth-
quakes with magnitude equal or greater than M and b is a constant known as the
seismic b-value.

Another well-known scaling relation is the modified Omori formula (Omori
1894; Utsu et al. 1995) where the aftershock production rate n(t) = dN(t)/dt after
main earthquakes decays as a power-law with time #:

n(t)=K(t+c)” (3.2)

where K and c¢ are constants that are determined from the data and p is the
power-law exponent.

Power-laws and fractality have been also found in the space of earthquake
locations and laboratory AE (Kagan and Knopoff 1980; Hirata and Imoto 1991) and
at the time of their occurrence (Kagan and Jackson 1991; Turcotte 1997).

Crack and fault populations are characterized by scale-invariance so that their
length distribution decays as a power-law:

N(>L)=AL" (3.3)

where N is the number of faults with length equal or greater than L, A is a constant
and D is the scaling exponent (Main 1996; Turcotte 1997).

The properties that are appearing in the earthquake and fault populations, such as
those described above are the central subject in the statistical physics approach to
seismicity. The necessity of statistical physics in deriving probability distributions for
describing seismicity have been highlighted in the early works of Berrill and Davis
(1980), Main and Burton (1984), where classic statistical physics and Shannon’s
information entropy (Shannon 1948) have been used to assess the probability of large
earthquakes. Reviews for the classic statistical physics approach in seismicity can be
found in Main (1996), Rundle et al. (2003) and Kawamura et al. (2012).

In the following sections we describe how appropriate probability distributions
for the description of seismicity and the fault systems can be derived in the frame of
NESP by using the maximum entropy principle and how these are applied to
fracture and earthquake data, providing various examples for different case studies.

3.1 Non-extensive Pathways in Earthquake Size
Distributions

3.1.1 The Fragment-Asperity Model

Earthquakes are originating from the deformation and sudden rupture of parts of the
earth’s brittle crust releasing energy and generating elastic waves that are propa-
gating in the earth’s interior. The generated waves are recorded in seismographic
stations and properties such as the location and seismic moment of the earthquake
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are calculated from the waveforms. Primarily, the earthquake generation process is
a mechanical phenomenon where stick-slip frictional instability in pre-existing fault
zones has a dominant role (e.g. Scholz 1998). Some well-known models, such as
the spring-block model (Burridge and Knopoff 1967) and the cellular automaton
model (Olami et al. 1992) have been developed to describe the phenomenology of
this mechanism. In these models a stick-slip behavior in a set of moving blocks
interconnected via elastic springs reproduce well some of the known empirical
relations such as the Gutenberg-Richter (G-R) scaling law.

Consisted to the idea of stick-slip frictional instability in faults, Sotolongo-Costa
and Posadas (2004) developed the fragment-asperity interaction model to describe
earthquake dynamics in a non-extensive context. In this model, the triggering
mechanism of an earthquake involves the interaction between the irregular surfaces
of the fault planes and the fragments of various sizes and shapes that fill the space
between them. When the accumulated stress exceeds a critical value in a particular
fault zone, the fault planes are slipping, displacing the fragments and breaking
possible asperities that hinder their motion, releasing energy (for an asperity based
model for fault dynamics see De Rubeis et al. 1996). Sotolongo-Costa and Posadas
considered that the released seismic energy is related to the size of the fragments
and by using a non-extensive formalism they established an energy distribution
function (EDF) for earthquakes based on the fragments-size distribution. Since the
standard Boltzmann-Gibbs formalism cannot account for the presence of scaling in
the fragmentation process, NESP seems more adequate to describe the phenome-
non. The latter is also supported by the scale-invariant properties of fragments
(Krajinovic and Van Mier 2000), the presence of long-range interactions among the
fragmented materials (Sotolongo-Costa and Posadas 2004) and laboratory experi-
ments in fracturing processes (Vallianatos et al. 2011, 2012a).

In the following we describe how the fragment-asperity model of
Sotolongo-Costa and Posadas (2004), as was later revised by Silva et al. (2006) and
Telesca (2012), is derived in the frame of NESP.

In terms of the probability p(o) of finding a fragment of area o, the maximum
Tsallis entropy S, is expressed as:

1 - [pi(o)do

S, =k
q B q—l

(3.1.1)

The sum of all the possible states in the definition of entropy is here expressed
through the integration in all the sizes of the fragments. In what follows we set kp
equal to unity for the sake of simplicity. The probability p(o) is obtained after
maximization of S, under the appropriate two constraints. The first is the normal-
ization of p(o):

/p(a)da =1 (3.1.2)
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The second is the condition about the g-expectation value (Tsallis 2009):

- Jo opi(o)do

= iloYo (3.1.3)

O0q = <(7>q

This last condition reduces to the definition of the mean value in the limit ¢ — 1.
By using the Lagrange multipliers technique, the functional entropy to be
maximized is (Silva et al. 2006):

o0
oS, =0 S;+ oc/p(a)da —fo, | =0, (3.1.4)
0
where o and f are the Lagrange multipliers. After some algebra, the following

expression for the fragment size distribution function can be derived (Silva et al.
2006):

]1/(1—6/)

po) = [1- 5= o)

The proportionality between the released relative energy E and the size of the
fragments r is now introduced as £ ~ P (Silva et al. 2006), in accordance to the
standard definition of seismic moment scaling with rupture length (Lay and Wallace
1995). The proportionality between the released relative energy E and the
three-dimensional size of the fragments »° now becomes:

(ﬁ)”. (3.16)

oE

(3.1.5)

In the last equation, ¢ scales with 7 and ay is the proportionality constant
between E and > that has the dimension of volumetric energy density. By using the
latter equation, the energy distribution function (EDF) of the earthquakes can be
written on the base of the relationship between density functions of correlated
stochastic variables (Telesca 2012):

1
(1-q)

1 [/EN\*? do (1—gq) (E\*?
nol |(E L = 3.17
w0 gl () e () | e
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where the term do/dE can be obtained by differentiating Eq. (3.1.6):

do 2E7

o
The EDF now becomes (Silva et al. 2006; Telesca 2012):
C1E7%

PE) = — (3.19)
[l—l—CzEﬂl/( 1)

with C; = 2% and C, = -1=2_
3oy, (2—q)x;,

In the latter expression, the probability of the energy is p(E) = n(E)/N, where n
(E) corresponds to the number of earthquakes with energy E and N is the total
number of earthquakes. A more viable expression can now be obtained by intro-
ducing the normalized cumulative number of earthquakes given by the integral of
Eq. (3.1.9):

oo

METW: / p(E)dE, (3.1.10)

where N(E > E,;,) is the number of earthquakes with energy E greater than the
threshold energy E,;, and N the total number of earthquakes. Substituting Eq. (3.1.9)
in Eq. (3.1.10) the following expression is derived:

R =

Now the latter expression can be written in terms of the earthquake magnitude
M, if we consider that E is related to M as M = %log(E) (Kanamori 1978). Then
Eq. (3.1.11) becomes:

N(>M 1—gqg\ [ 10 i
%:[1—(2_;)(@)] . (3.1.12)

In real earthquake catalogues the threshold magnitude M,, i.e. the minimum
magnitude M, of the catalogue, has to be taken in account and Eq. (3.1.12) should
be slightly changed to (Telesca 2012):
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2—q

2
I—qg
1— (1—%) (ﬂ)
N M 2-q, o
(>M) _ AN . (3.1.13)

N - () <10M0>
2—qE 12/3

The fragment-asperity model describes from the first principles the cumulative
distribution of the number of earthquakes N greater than a threshold magnitude M,
normalized by the total number of earthquakes. The constant ay expresses the
proportionality between the released energy and the fragments of size r, while g is
the entropic index. This model has been recently applied to various regional
earthquake catalogs, covering diverse tectonic regions (Silva et al. 2006; Vilar et al.
2007; Telesca 2010a, b, ¢, 2011; Michas et al. 2013; Papadakis et al. 2013) and
volcano related seismicity (Telesca 2010b; Vallianatos et al. 2013). In comparison
to the G-R scaling relation (Eq. 3.1), the fragment-asperity model describes
appropriately the energy distribution in a wider range of magnitudes, while for
values above some threshold magnitude, the G-R relation can be deduced as a
particular case for b = (2 — gg)/(qe — 1) (Telesca 2012).

Some relevant paradigms for the application of the fragment—asperity model to
earthquake data are given in Figs. 3, 4 and 5. In Fig. 3 the model is applied to the
energy distribution function of earthquakes in the West Corinth rift (Greece),
according to Eq. (3.1.9). In this case the model describes better than the G-R
relation (Eq. 3.1) the observed distribution for the lower earthquake energies, while
after some threshold energy the distribution decays as a power-law (Michas et al.
2013). Another example comes from the recent unrest at the Santorini volcanic
complex (Vallianatos et al. 2013), where the normalized cumulative magnitude
distribution of the volcano seismicity is well described by the model (Eq. 3.1.12)
for the value of the entropic index g = 1.39 (Fig. 4).

The entropic index gg has been recently used by Papadakis et al. (2013) to
geodynamically characterize various seismic zones along the Hellenic Subduction
Zone (HSZ). Figure 5 shows the distribution of the relative cumulative number of

Fig. 3 The energy
distribution function (circles) 0%+
and the fitted curve (solid
line). The dashed line

represents the G-R relation for 107
b =1.51 £ 0.03 (Michas et al. i
2013) a
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log (N>M 7 N)

Fig. 4 Normalized cumulative magnitude distribution of the Santorini seismicity (circles) and the
fitting curve (solid line). The values for the best fit regression to the data are gz = 1.39 = 0.035 and
a = 286.6 £ 78. The 95 % confidence intervals for g and a are also plotted (dashed lines)
(Vallianatos et al. 2013)

Fig. 5 The black dashed line Hellenic Subduction Zone

indicates the non-extensive B "l\n‘
fitting curve for the HSZ as a 051 .\. ]
unified system (Papadakis s
et al. 2013) a1t \’” -
o -1.5+ \
A ”,
£ 2 o'
=0 L >“
= i,
25+ < e .
sl N
-3.5 : 1 . . :
4.5 5 5.5 6 6.5 7

earthquakes as a function of magnitude M for the Hellenic Subduction Zone as a
unified system and the fitting according to the model of Eq. (3.1.13), while Fig. 6
shows the variation of the g value along the HSZ, where the variation is related to
the energy release rate in each seismic zone.

3.1.2 Global Earthquake Size Distribution. The Effect
of Mega-Earthquakes

The global earthquake frequency-magnitude distribution is among the
long-standing statistical relationships of seismology. Recently, Vallianatos and
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Fig. 6 The variation of the g value along the seismic zones of the HSZ (Papadakis et al. 2013)
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Fig. 7 Distribution of seismicity versus seismic moment for the centroid moment tensor catalogue
up to the end of 1990 (before Sumatra mega event, in black), the end of December 2004 (after
Sumatra, in red) and within a week after Honshu mega earthquake (till 17 March 2011, in green),
for shallow events (H < 75 km), with M,, > 5.5, since 1 January 1981. This is plotted as a
normalized cumulative distribution function (CDF) against seismic moment (Vallianatos and
Sammonds 2013)

Sammonds (2013) used non-extensive statistical mechanics to characterize the
global earthquake frequency—magnitude distribution and to interpret observations
from the Sumatran and Honshu earthquakes. Examples of the cumulative distri-
bution function (CDF) from the CMT seismic moment M, data are given in Fig. 7.
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Fig. 8 Temporal evolution of non-extensive parameters g and r extracted from the analyses of
seismic moment distribution using the global CMT catalogue. We observe a stable organization in
moderate events in contrast to a significant change of r, which supports the concept of the global
organization of seismicity before the two recent Sumatra and Honshu mega events (Vallianatos
and Sammons 2013)

The aforementioned authors found that global seismicity is described by
non-extensive statistical mechanics and that the seismic moment distribution
reflects a sub-extensive system, where long-range interactions are important.

Using the cross-over formulation of non-extensive statistical physics (see
Sect. 2.2), Vallianatos and Sammonds (2013) conclude that the seismic moment
distribution of moderate events yields thermodynamic g-values of gz = 1.6 which
seem to be constant for the duration of the Sumatra and Honshu earthquake
preparation, while r;, (which describes the seismic moment distribution of great
events) varies from 1 that corresponds to an exponential function (Egs. 2.2.8—
2.2.12), to 1.5 and another power-law regime (Eqgs. 2.2.2-2.2.7) as we approach the
mega events (Fig. 8).

3.1.3 Increments of Earthquake Energies

The probability distribution in the incremental earthquake energies is referred to the
probability that an earthquake of energy S(i) will be followed by one with energy S
(i + 1) with difference R, expressed as R=S{+ 1) — S(@) (i=1, 2, ..., N — 1 where
N the total number). Caruso et al. (2007) have calculated this probability for a
dissipative Olami—Feder—Christensen model (OFC—Olami et al. 1992) and showed
that in the critical regime (small-world lattice) the probability distribution P
(R) follows a g-Gaussian, while in the noncritical regime (regular lattice) the dis-
tribution P(R) is close to a Gaussian distribution. Then considering the quantity
S = exp(M) as a measure of the energy S of an earthquake of magnitude M, Caruso
et al. (2007) showed that the probability distribution P(R) for real earthquakes in
Northern California and in the entire world follows a g-Gaussian distribution as
well, providing further evidence for self-organized criticality, intermittency and
long-range interactions in seismicity.
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P (X)

Fig. 9 Probability density function P(X) (solid circles) for the 2011-2012 earthquake activity in
Santorini volcanic complex on a semi-log plot, where S = exp(M), R = SG + 1) — S(),
X = (R — <R>)log and <R> the mean and oy, the standard deviation. The dashed curve represents
the standard Gaussian shape. The data is well fitted by a g-Gaussian curve (solid line) for the value
of the entropic index gz = 2.24 £ 0.09 (95 % confidence intervals—dotted curves) (Vallianatos
et al. 2013)

In addition, Vallianatos et al. (2013) studied the probability distribution of
incremental energies in the volcano related seismicity during the 2011-2012 unrest
at the Santorini volcanic complex. The probability density function of R, normal-
ized to zero mean and unit variance and subjected to the normalization condition
Jp(R)dR = 1 exhibits fat tails and can be well described by a g-Gaussian distri-
bution (Eq. 2.1.14) for the value of g = 2.24 + 0.09 (Fig. 9), indicating non-linear
dynamics and self-organized criticality in the observed volcano-related seismicity.
Here we provide further evidence by considering the global earthquakes with
magnitude M = 7 that occurred during the period 1900-2012, as these are reported
in the latest version of the Centennial earthquake catalog (Engdahl and Villasefior
2002) (catalog available at http://earthquake.usgs.gov/data/centennial/) and sup-
plemented by the ANSS earthquake catalog (http://www.ncedc.org/anss/) for the
period 2007-2012. The probability density of the incremental earthquake energies
exhibits fat tails and deviates from the normal Gaussian distribution (Fig. 10). A g-
Gaussian distribution with ¢ = 1.85 + 0.1 can well describe the observed distri-
bution, thus enhancing the probability of large differences in the energies of suc-
cessive earthquakes in global scale.

3.2 Spatiotemporal Description

Throughout the text we referred to the scale-invariant spatiotemporal properties of
seismicity. Considering these properties, Abe and Suzuki proposed that the
3-dimensional hypocentral distances and the time intervals between the successive
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Fig. 10 Probability density function P(X) (solid circles) for the 1900-2012 global seismicity with
magnitude M = 7 on a semi-log plot, where S = exp(M), R = S(i + 1) — S(i), X = (R — <R>)/og
and <R> the mean and og the standard deviation. The normalization condition [p(R)dR =1
applies. The dashed curve represents the standard Gaussian shape and the solid line the g-Gaussian
distribution for the value of ¢ = 1.85 + 0.1

earthquakes follow a g-exponential distribution (see Sect. 2.1) with g < 1 and g > 1
respectively and verified their approach for the cumulative distribution of
inter-event distances and times of successive earthquakes in California and Japan
(Abe and Suzuki 2003, 2005). Since then, this approach has been successfully
applied in various studies, covering diverse scales and tectonic regimes (e.g.,
Darooneh and Dadashinia 2008; Vallianatos et al. 2012a, b; Vallianatos and
Sammonds 2013; Papadakis et al. 2013).

Such examples of the non-extensive statistical physics application to the spa-
tiotemporal distributions of earthquakes for regional tectonics and mega-structure
geodynamics are given in Figs. 11, 12, 13, 14, 15, 16, 17 and 18. In particular, in
Fig. 11 the cumulative inter-event time distribution P(>7) for the 1995 Aigion
earthquake aftershock sequence is presented that follows a g-exponential distribu-
tion for g, = 1.58 (Vallianatos et al. 2012b).

Papadakis et al. (2013) estimated the cumulative distribution functions of the
inter-event times and distances along the HSZ (Figs. 12 and 13). Figures 14 and 15
show the variation of the calculated g7 and ¢p values along the seismic zones of the
HSZ. With the exception of seismic zone 4, which is located in the central part of
the HSZ and covers the southern area of Crete, the g values appear close to each
other while the gp values seem to differ significantly. The latter result possibly
reflects the fact that g7 is related with the time evolution of seismicity, which is a
long term process in the Hellenic arc, with the highest temporal clustering in the
area south of Crete. In addition the g, variations indicate a different degree of
spatial earthquake clustering along the seismic zones.
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Fig. 11 Log-log plot of P(>7). The solid line represents the g,-exponential distribution for the
values of g, = 1.58 + 0.02 and 7, = 0.025 + 0.0003 days. Inset the g.-logarithmic distribution In (P
(>1)), exhibiting a correlation coefficient of r = —0.9885. The straight line corresponds to the g-
exponential distribution (Vallianatos et al. 2012b)
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Fig. 12 The log-log plot of the inter-event times cumulative distribution for the HSZ as a unified
system. Inset the semi-g-log plot of the inter-event times cumulative distribution for the HSZ as a
unified system. The dashed line represents the g-logarithmic function (Papadakis et al. 2013)

Additionally, Vallianatos and Sammonds (2013), using global shallow seis-
micity with M,, > 5.5 extracted from CMT catalogue, analyzed the inter-event time
distribution before and after the Sumatran and Honshu mega earthquakes. Figure 16
shows the inter-event times cumulative probability distribution P(>7) and demon-
strates that, in spite of the changes observed in non-extensive frequency-seismic
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Fig. 13 The log-log plot of the three-dimensional distances cumulative distribution for the HSZ as
a unified system. Inset The semi-q-log plot of the inter-event distances cumulative distribution for

the HSZ as a unified system. The dashed line represents the q-logarithmic function (Papadakis
et al. 2013)
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Fig. 14 The g variation along the HZS (Papadakis et al. 2013)
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Fig. 15 The gp variation along the HSZ (Papadakis et al. 2013)
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Fig. 16 Log-log plot of the cumulative distribution of inter-event times for the centroid moment
tensor catalogue summed from 1.1.1981 to 31.12.2000, to 31.12.2005 and 27.03.2011 for shallow
events M,, > 5.5. There is no change observed due to the Sumatran and Honshu earthquakes. The
best fit regression is realized by ¢, = 1.52 and 7, = 290 min. The associated value of the correlation
coefficient between the data and the model is 0.99354 (Vallianatos and Sammonds 2013)
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moment distribution, there is no change in global temporal distribution due to the
mega earthquakes. Moreover the inter-event distances cumulative probability dis-
tribution P(>D) (Fig. 17) does not present any change before and after
mega-earthquakes.

Along with the cumulative inter-event time distribution, the probability distri-
bution function of the normalized inter-event times of earthquakes in the West
Corinth rift has been studied by Michas et al. (2013). In this case, inter-event times 7
(in seconds) are scaled to the mean inter-event time T = (ty — ;) /(N — 1) as 7' =
/7. For various threshold magnitudes, the probability distribution function exhibits
two-power law regions for short and long inter-event times, indicating the presence
of scaling and clustering at both short and long time scales (Fig. 18). This behavior
can be well reproduced by a g-generalized gamma distribution (Queiros 2005) that
has the form:

p(t) = Cv~Vexp, (—11/0), (3.2.1)

where C, y and 6 are constants and ey(x) the g-exponential function (Eq. 2.1.7). In
the limit ¢ — 1, Eq. (3.1) recovers the ordinary gamma distribution. This result
indicate that short and intermediate inter-event times, directly related to the pro-
duction of aftershock sequences, scale with exponent y — 1 and long-inter-event
times scale with exponent 1/(1 — g).
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Fig. 17 Log-log plot of the cumulative distribution of inter-event distances for the centroid
moment tensor catalogue summed from 1.1.1981 to 31.12.2000, to 31.12.2005 and 27.03.2011 for
shallow events M,, > 5.5. There is no change observed due to the Sumatran and Honshu
earthquakes. The best fit regression is realized by ¢p = 0.29 and D, = 10* km. The associated value
of the correlation coefficient between the data and the model is 0.96889 (Vallianatos and
Sammonds 2013)
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Fig. 18 Normalized probability density p (z") for the scaled inter-event times 7" for various
threshold magnitudes. Solid line represents the g-generalized gamma distribution (Eq. 3.2.1) for
the values of C = 0.35, y = 0.39, § = 1.55 and ¢ = 1.23 (Michas et al. 2013)

3.3 Fault Networks

Fault systems have been documented on nearly every geologic surface in the solar
system (Schultz et al. 2010) and represent a complex scale-invariant network of
fractures and faults that is related morphologically and mechanically with the
planetary lithosphere deformation and seismicity (Schultz 2003; Knapmeyers et al.
2006). In the last decades, innovative insights into the origin of fault population
dynamics have been presented from the point of view of non-equilibrium ther-
modynamics (Prigogine 1980), fractal geometry (Mandelbrot 1983; Scholz and
Mandelbrot 1989), thermodynamics of chaotic systems (Beck and Schlogl 1993)
and complexity (Tsallis 2001, 2009).

Vallianatos et al. (2011b) and Vallianatos (2013) used non-extensive statistical
physics to explore the distribution of the fault lengths. The aforementioned authors
tested the applicability of non-extensive statistical physics in two extreme cases:
(a) Crete, in the front of the Hellenic arc and (b) the fault distribution in an
extraterrestrial planet, the Mars.

Fault lengths distributions in Central Crete presented by Vallianatos et al.
(2011b) (Fig. 19) in the form of log-log plot of the cumulative distribution function
(CDF) P ym(>L) of the fault lengths. An analysis of the faults of Central Crete as a
single set based on g-exponential distribution leads to g = 1.16.

We proceed now to explore using the principles of non-extensive statistical
mechanics the fault population statistics derived for an extraterrestrial data set
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Fig. 19 Unormalized empirical CDF for all fault lengths in Central Crete graben. In the upper
right corner the semi-q-log plot of the cumulative distribution function CDF of fault lengths for all
the examined sets of Central Crete graben is presented (Vallianatos et al. 2011b)
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Fig. 20 The normalized cumulative distribution function P(>L) for Mars a compressional and
b extensional faults. The black line is the g-exponential fitting for a g. = 1.114 for the trust
(compressional) faults and b g, = 1.277 for the normal (extensional) ones (Vallianatos 2013)

selected in a well-studied planet as Mars is. The Valles Marineris Extensional
Province on Mars (Lucchitta et al. 1992; Mége and Masson 1996; Schultz 1995,
1997) includes perhaps the largest planetary rift-like structure in the solar system.

The cumulative distribution functions of faults (CDF) P(>L), are shown as
log-log plots in Fig. 20 for the cases of normal and thrust faults. The analysis of
fault lengths in Mars indicates that g, = 1.277 for the extensional (normal) faults,
while g, = 1.114 for the compressional (thrust) faults.

The g-values estimated supports the conclusion that the planetary fault system in
Mars is a sub-additive one in agreement with a recent result (Vallianatos and
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Sammonds 2011) for the Valles Marineris extensional province, Mars and for the
regional fault structure in the front of the Hellenic arc (Vallianatos et al. 2011b),
with consistency with that observed in local and global seismicity (Vallianatos and
Sammonds. 2013; Vallianatos et al. 2013).

3.4 Plate Tectonics as a Case of Non-extensive
Thermodynamics

In 2003, Bird presented a new global set of present plate boundaries on the Earth (in
digital form) and proposed that the distribution of areas of the tectonic plates
follows a power law and that this distribution fitted well with the concepts of a few
major plates and a hierarchical self-similar organization of blocks at the boundary
scale, a fractal plate distribution and a self-organized system.

Vallianatos and Sammonds (2010) applied the concept of non-extensive statis-
tical mechanics to plate tectonics. The aforementioned authors calculated the
probability density function for the areas of the tectonic plates. Figure 21 shows the
complementary cumulative number F(>A) of plates as a function of area A in
steradians, i.e., the number of plates with an area equal to or larger than A. The data
are accounted for by the power law, F( > A) o< A™* with u close to 1/3 except for
the three smallest ranks and the largest plates. The results show that three classes
(small, intermediate and large) of tectonic plates can be distinguished, which is
consistent with the observations of Bird (2003). Vallianatos and Sammonds used
the differential equation dp;/dA; = —fp; — (B, — P1)p] (see Sect. 2.2 “Cases with
two slopes”) in order to further generalize the anomalous equilibrium distribution,
in such a way as to have a crossover from anomalous (¢ # 1) to normal (g = 1)
statistical mechanics, while increasing the plate’s area. From a visual inspection of
Fig. 21, it might be argued that the deviation from the power law region occurs
earlier at the seven largest plates with area more than 1 steradian and belong to a
different population than the rest of the plates, indicating that a cross-over exist at
A, ~ 1 steradian. Furthermore at the five smallest plates another cross-over exists
at A;; ® 3 x 10 3steradians.

Taking into account that for the intermediate class of tectonic plates the
cumulative frequency distribution behaves as a power law with exponent 1/3, the
thermodynamic g parameter is calculated equal to g = 1.75, which supports the
conclusion that the plate tectonics system is a sub-extensive one.

3.5 Laboratory Seismology

Recently, the statistical properties of fracture have attracted a wide interest in the
statistical physics community (Herrmann and Roux 1990; Chakrabarti and
Benguigui 1997). In this context, fracture can be seen as the outcome of the
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Fig. 21 Complementary cumulative distribution of the areas of tectonic plates compared to the fit
with a power law (central long-dashed line) with exponent 2 = 1/3 (Vallianatos and Sammonds
2010)

irreversible dynamics of a long-range interacting, disordered system. Several
experimental observations have revealed that fracture is a complex phenomenon,
described by scale invariant laws (Krajcinovic and Van Mier 2000). Examples
notably include the acoustic emission (AE) measured prior to fracture and the
roughness of the fracture surface (Lei et al. 1992, 2000; and references therein).

Vallianatos et al. (2012a) investigated the statistical physics of fracture in a
heterogeneous brittle material (Etna basalt) under triaxial deformation, analyzing
the temporal and three dimensional location of moment release of acoustic emis-
sions from micro-fractures that occur before the final fracture.

Using the calculated AE moment, the cumulative distribution function (CDF) P
(>M) of the AE scalar moments is shown in Fig. 22a, b presents the log-log plot of
the cumulative distribution function P(>T) of the AE inter-event times while
Fig. 22c the log-log plot of the cumulative distribution function P(>D) of the AE
inter-event Euclidean distances.

The aforementioned authors showed that the scalar moment distribution and the
inter-event time distribution of AE, are expressed by the non-extensive statistical
mechanics of a sub-additive process with g-values g, = 1.82 and ¢, = 1.34
respectively supporting the idea of the presence of long-range effects. The
inter-event distances described by g-statistics with gp = 0.65. The above suggests
that AEs in Etna’s basalt are described by the g-value triplet (g, g, gp) = (1.82,
1.34, 0.65). Furthermore, it should be noticed that the sum of ¢, and g, indices of
the distribution of the inter-event time and distance is ¢, + gp * 2, similar with that
observed in regional seismicity data both from Japan and California (Abe and
Suzuki 2003, 2005) and verified numerically using the two dimensional
Burridge-Knoppoff model (Hasumi 2007, 2009). These results indicate that AEs
exhibits a non-extensive spatiotemporal duality similar with that observed with
earth seismicity (Abe and Suzuki 2003, 2005; Vallianatos 2009; Vallianatos and
Sammonds 2011).
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3.6 Can Non-extensive Statistical Physics Predict
Seismicity’s Evolution?

Recently, the ideas of non-extensive statistical physics have been used to uncover
hidden dynamic features of seismicity before strong events (Papadakis et al. 2014;
Vallianatos et al. 2014). These studies examine possible variations of the thermo-
statistical parameter qg before the occurrence of a mainshock. This parameter,
which is derived from the fragment asperity model (Sotolongo-Costa and Posadas,
2004), is related to the frequency-magnitude distribution and can be used as an
index of the stability of a seismic area. The observed variations are consistent with
the evolution of seismicity and seem a very useful tool for the distinction of
different dynamical regimes towards a strong earthquake. It should be noticed that
this approach has been applied to the strong event of L’Aquila, on April 6, 2009
My, = 5.8) (Telesca 2010c). The aforementioned author calculated an increase of
the non-extensive parameter in a time interval starting some days before the
occurrence of the mainshock.
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Vallianatos et al. (2014) applied the concept of non-extensive statistical physics
along with the method of natural time analysis (Varotsos et al. 2011) to examine the
precursory seismicity of the Mw6.4, October 12, 2013 earthquake in the south-
western part of the Hellenic Arc (Fig. 23). Varotsos et al. (2001), proposed the
natural time analysis of a complex system, from which we deduce the maximum
information from a given time series and we identify the time as we approach
towards the occurrence of the mainshock (Varotsos et al. 2011).

Figure 24 presents the temporal evolution of the parameter qg over increasing
(cumulative) time windows. The initial time window has a 100-event width and
increases per 1 event over time. The obtained qg values are associated with the last
event included in the window.

The analysis of the frequency-magnitude distribution according to Eq. (3.1.13)
reveals that the non-extensive parameter g varies during the last period of the
earthquake preparatory phase and exhibits a sharp increase a couple of days before
the occurrence of the mainshock, indicating an increase in the degree of
out-of-equilibrium state before the occurrence of the Mw6.4 earthquake.

Moreover, Papadakis et al. (2014) used the non-extensive formalism to decode
the evolution of seismicity towards the January 17, 1995 Kobe earthquake
(M = 7.2), in the southwestern part of Japan.

For the detection of possible variations of the non-extensive parameter qg, the
aforementioned authors calculated these variations in different time windows.
Figure 25 shows the variations of qg values over 200-event moving windows
(overlapping), having a sliding factor equal to 1. The qg parameter increases sig-
nificantly on April 9, 1994 and peaks (qg = 1.55) as we move towards the 1995
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Fig. 23 The observed seismicity in the southwestern segment of the Hellenic Arc during the
period 1 July—30 October, 2013
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Fig. 24 The temporal evolution of the non-extensive parameter qg for a circle area with radius
R = 150 km around the epicenter of the main event. We note a sharp increase of gg to the value
qe * 1.36 a couple of days before the occurrence of the strongest event, while a qg ~ 1.6 is
estimated immediately with the Mw6.4 strong event
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Fig. 25 Time variations of qg values (black continuous line) over 200-event moving windows
(overlapping), having a sliding factor equal to 1, and the associated standard deviation (black
dashed lines). On April 9, 1994 the non-extensive parameter increases significantly, indicating the
start of a transition phase towards the 1995 Kobe earthquake
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Fig. 26 Time distribution of seismicity, showing the occurrence of six seismic events equal to
M = 4.1 between April 9, 1994 and April 13, 1994

Kobe earthquake. After the strong event the non-extensive parameter starts
decreasing rapidly.

We detect a significant increase of the non-extensive parameter on April 9, 1994
which coincides with the occurrence of six seismic events equal to M = 4.1
(Fig. 26). The occurrence of these events breaks the magnitude pattern and along
with the observed qg variations indicates a transition phase towards the 1995 Kobe
earthquake.

We conclude that the non-extensive statistical physics approach elucidates the
physical evolution of a seismic area. Further development of the associated cal-
culated thermostatistical parameter qg as earthquake precursor improves our ability
towards earthquake prediction and becomes beneficial for society and for com-
munities experiencing earthquake hazard worldwide.

4 Quo Vademus?

Many aspects of seismology exhibit complexity. This is an area of research in both
the geophysical and statistical physics communities. Although much progress has
been made, many questions remain. Relevant areas include scaling laws, temporal
and spatial correlations, critical phenomena, and nucleation. Within this complex-
ity, scaling laws are now widely accepted. These include GR frequency—magnitude
scaling, Omori’s law for the decay of aftershock activity, and Bath’s law relating
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the magnitude of the largest aftershock to the magnitude of the main shock. It can
be shown that GR scaling is equivalent to fractal scaling between the number of
earthquakes and their rupture area. This scaling is scale invariant, it is robust, but do
we understand it? One approach is to directly associate this scaling with the
power-law slip-event scaling obtained in slider-block models. But in these models
an individual slider block can participate in events of all sizes. This does not seem
to be the case for earthquakes on faults; big faults appear to have large earthquakes
and small faults small earthquakes. Thus, the GR scaling may be the consequence
of a fractal distribution of fault sizes. This in turn can be attributed to scale-invariant
fragmentation of the earth’s brittle crust in active tectonic regions. The
spatio-temporal distribution of seismicity also appears to be universally applicable,
but why? A number of explanations have been given on an empirical basis. But the
fundamental physics of this spatio-temporal pattern remains controversial.

Models relevant to earthquakes and complexity are at an early stage of devel-
opment. Slider-block models have certainly played a role but are clearly only
weakly related to distributed seismicity. Laboratory seismology also plays a role in
understanding the complex behavior of brittle materials. Realistic simulations of
distributed seismicity are just beginning to be developed. A major objective of these
models is to provide estimates of the seismic hazard.

The study of the non-extensive statistical physics of earthquakes remains
wide-open with many significant discoveries to be made. The philosophy is based
on the holistic approach to understand the large scale patterns of seismicity. The
link between this conceptual approach, based on the successes of statistical physics,
and seismology thus remains a highly important domain of research. In particular,
statistical seismology needs to evolve into a genuine physically-based statistical
physics of earthquakes. In addition, more detailed and rigorous empirical studies of
the frequency-size statistics of earthquake seismic moments and how they relate to
seismo-tectonic conditions are needed in order to help settle the controversy over
the power-law versus the characteristic event regime, and the role of
regime-switching and universality. The important debate regarding statistical
physics approaches to seismicity would benefit significantly from two points.
Firstly, earthquake catalogs contain data uncertainties, biases and subtle incom-
pleteness issues. Investigating their influence on the results of data analyses inspired
by statistical physics, increases the relevance of the results. Secondly, the authors
should make links with the literature on statistical seismology which deals with
similar questions.

The results of the analysis in the cases described previously indicate that the
ideas of non-extensive statistical physics can be used to express the non-linear
dynamics that control the evolution of the earthquake activity at different scales.
The physical models that have been derived using generalized statistical physics
(NESP) can successfully describe the statistical properties of the earthquake
activity, regarding the magnitude and spatio-temporal scales. These properties, as
extracted from first principles, are important for the evolution of the earthquake
activity and should be considered in any probabilistic seismic hazard assessment.
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Since NESP approach can be evaluated in laboratory scale as well, a future
challenging question is to understand how we can scale statistical physics laws in
forecasting earthquakes or volcanic eruptions. The laboratory case is important,
because it is likely to represent an ideal upper limit for the predictability of
time-dependent failure in Earth materials and because many forecasting method-
ologies intuitively assume a simple scaling from laboratory to field conditions. The
global effort to assess the predictability of earthquakes in a rigorous, prospective
way has brought the lack of such rigorous evaluations into clearer focus. All
forecasting models are subject to the effects of material heterogeneity, measuring
error and incomplete data sampling. The key scientific challenge is to understand in
a unified way, using NESP principles, the physical mechanisms that drive the
evolution of fractures ensembles in laboratory and global scale and how we can use
measures of evolution that will forecast the extreme fracture event rigorously and
with consistency.
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Recognition of periAdriatic Seismic Zones
Most Prone to Next Major Earthquakes:
Insights from a Deterministic Approach
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and Vittorio D’Intinosante

1 Introduction

The distribution of historical earthquakes indicates that a large portion of the Italian
territory could be hit by strong earthquakes (e.g., Guidoboni et al. 2007). Since a
large part of the building patrimony in Italy was realized without taking into
account adequate antiseismic criteria (e.g., Di Pasquale et al. 2005; Crowley et al.
2009), it would be economically very difficult in the near future to achieve a
significant mitigation of seismic risk in such a large zone. This objective could more
easily be obtained if reliable information was available about the zones most prone
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to next strong earthquakes, where the limited resources now available could be
concentrated.

An attempt at obtaining such kind of information could be made by taking into
account the possible connections between the spatio-temporal distribution of major
shocks and the progressive development of tectonic processes in the central
Mediterranean region, which are mainly related to the complex short-term kine-
matics of the Adriatic plate. It is known that each strong shock triggers a pertur-
bation of the strain field that propagates in the surrounding zones (post-seismic
relaxation, e.g., Pollitz et al. 2006; Ryder et al. 2007; Ergintav et al. 2009; Ozawa
et al. 2011). When the effects of such perturbation reaches other seismic zones they
may modify the probability of fault activation or even cause an earthquake when the
fault involved is close to seismic failure. The possibility that this phenomenon
induces seismicity has been pointed out in a number of papers (e.g.,
Anderson 1975; Rydelek and Sacks 1990; Pollitz et al. 1998, 2004, 2012; Mikumo
et al. 2002; Freed 2005; Freed et al. 2007; Brodsky 2009; Lay et al. 2009; Durand
et al. 2010; Luo and Liu 2010; Viti et al. 2012, 2013), which show that the time and
place of occurrence of a number of major shocks are compatible with the expected
effects of post-seismic relaxation induced by triggering events. In particular, this
phenomenon has been recognized for some Italian zones (Southern Apennines and
Calabria) whose seismic activity seems to be significantly influenced by major
seismic crises in Hellenic and Dinaric zones respectively (Viti et al. 2003;
Mantovani et al. 2008, 2010, 2012).

The fact that past seismic activity may affect the spatio-temporal distribution of
next shocks in the tectonic context here considered is instead supported by the time
pattern of major earthquakes that occurred at the main periAdriatic zones since
1400 A.D. In the next section, we describe the evidence that may support the
plausibility of the proposed approach and we discuss on how it may provide
insights into the location of next strong earthquakes in the Italian peninsula.

2 Interaction Between Southern Apennine and Southern
Dinaric Seismic Sources

The possibility that major earthquakes in the first zone may influence the proba-
bility of major shocks in the second zone was first suggested by the fact that the
strong earthquake (magnitude M = 7.0) of April 1979 in the Montenegro area of the
southern Dinarides was followed on November 1980 by a major event (M = 6.9) in
the Irpinia zone of the southern Apennines (Fig. 1). This initial hypothesis has then
been reinforced by the knowledge about the seismotectonic setting of the study area
(Fig. 1) and the results obtained by the quantification of the post-seismic relaxation
triggered by the 1979 Montenegro event, as synthetically described in the
following.
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Fig. 1 Structural sketch, through a transversal section in the Southern Adriatic, which points out
the vertical flexure of the Adriatic lithosphere overthrusted by the Dinaric belt, on one side, and by
the Apennine belt on the other side (e.g., Moretti and Royden 1988; De Alteriis 1995). The vertical
scale is exaggerated in order to make more evident the possible effect of a seismic slip (red arrow)
between the Adriatic lithosphere and the Dinaric belt. The dashed line indicates the presumed
profile of the Adriatic lithosphere before the Montenegro seismic slip. The epicentres of the 1979
(M = 7.0) Montenegro and 1980 (M = 6.9) Irpinia earthquakes and the trace of the section (green
line) are shown in the map

The occurrence of seismic slip at a thrust fault beneath the Southern Dinarides,
such as the one that developed with the 1979 Montenegro event (estimated to be
1-2 m, e.g. Benetatos and Kiratzi 2006), implies a roughly NE ward motion of the
adjacent part of the Adria plate, which causes a reduction of the vertical flexure in
the southern Adriatic domain. As sketched in Fig. 1, such process is expected to
induce extensional strain in the Southern Apennines, which may favor the activa-
tion of the belt parallel normal faults recognized in that zone (e.g., Ascione et al.
2007).

This hypothesis is confirmed by the results of numerical modelling of the strain
perturbation that was presumably induced in the Irpinia zone by the 1979
Montenegro event (Viti et al. 2003; Mantovani et al. 2010, 2012). In particular, by
the fact that the strain rate induced by the Montenegro earthquake is expected to
reach its maximum amplitude in the Southern Apennines about 1-2 years after the
triggering event, i.e. a delay fairly consistent with the time interval that elapsed
between the April 1979 Montenegro and November 1980 Irpinia shocks. The
possible relationship between stress/strain rate increase and triggering of seismic
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activity has been pointed out in several works (e.g., Pollitz et al. 1998; Toda et al.
2002; Viti et al. 2003, 2012, 2013).

The possibility that the interaction between Southern Dinaric and Southern
Apennine seismic sources is not an isolated phenomenon is suggested by the
comparison of the series of major shocks that have occurred in such zones in the
last two centuries (Fig. 2). From the list given in this figure, it is possible to note
that in the period considered all the shocks with M 2 6.0 in the Southern Apennines
have been preceded within few years (less than 5) by one or more earthquakes with
M 2 6 in the Southern Dinarides. Since the probability that such a regular corre-
spondence merely occurs by chance is very small (Mantovani et al. 2010, 2012), it
is plausible to suppose that the observed interrelation results from a tectonic con-
nection between the two zones.

The above correspondence does not change significantly if weaker shocks
(M = 5.5) are considered, since only one of the 15 Southern Apennine events was
not preceded by equivalent earthquakes in the Southern Dinarides. This evidence
may imply that a fault in the first zone can hardly activate without the contribution
of post-seismic perturbation triggered by one or more major shocks in the other
zone.

The fact that this significant time correlation can be recognized for the most
recent, complete and reliable part of the seismic catalogue gives good reasons to
hope that this phenomenon may provide a tool for recognizing the periods when the
probability of strong shocks in Southern Apennines may undergo a significant
increase. In this view, the fact that no earthquakes have occurred in the Southern
Dinarides since 1996 would imply that at present the probability of major shocks in
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Fig. 2 Geometry of the zones implied in the presumed interrelation between Southern Dinaric and
Southern Apennine seismic sources and list of the major seismic events occurred after 1810 (the
shocks with M > 6.0 are in bold). Data sources as in Appendix
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the Southern Apennines is relatively low. A more detailed description of the seismic
correlation cited above and a discussion about its possible uncertainties are reported
in previous papers (Viti et al. 2003; Mantovani et al. 2010, 2012).

3 Interaction Between Calabrian and Hellenic Seismic
Sources

Another significant correlation has been recognized between the major earthquakes
of Calabria and those of the Hellenides sector lying between the Ionian islands and
Albania (Fig. 3). The hypothesis that a strong seismic activation of the Hellenic
thrust zone may increase the probability of major earthquakes in Calabria is con-
sistent with the structural/tectonic setting sketched in Fig. 3. Indeed, such scheme
suggests that a significant seismic slip at the Hellenic thrust zone is expected to
produce a reduction of the upward vertical flexure of the Adriatic lithosphere, which
may help the overthrusting of the Calabrian wedge, that is the process which is
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Fig. 3 The map shows the geometry of the two presumably interrelated Calabrian and Hellenic
seismic zones, the trace of the section and the epicenters of the earthquakes occurred in the two
zones since 1600 A.D. (red circles). The events considered are listed in Table 1. The top section
shows a schematic reconstruction of the structural setting in the southern Adriatic area from
Calabria to the Northern Hellenides. The botrom section illustrates a tentative reconstruction
(vertically exaggerated) of the reduction of vertical flexure of the Adriatic plate (dashed line),
which may occur in response to a strong decoupling earthquake at the Hellenic thrust zone. This
effect may favour the outward escape of the Calabrian wedge towards the Ionian domain,
presumably accompanied by seismic activation of its main fault systems
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accommodated by the seismic activation of normal and strike-slip faults in Calabria
(Mantovani et al. 2008, 2009, 2012).

The above interpretation and its implications on the interaction of the Calabrian
and Hellenic seismic sources is consistent with the quantification of the effects of
post-seismic relaxation induced by strong earthquakes in the Hellenides (Mantovani
et al. 2008, 2012), which indicates that such phenomenon may have influenced the
Calabrian shocks that occurred some years after the Hellenic triggering events.

The possibility that the above phenomenon has a systematic character is sup-
ported by the comparison of the seismic histories of the two zones involved
(Table 1), which points out that all Calabrian shocks with M > 6.0 have been
preceded, within 10 years, by at least one event with M 2 6.5 in the Hellenides. If
lower magnitudes (M = 5.5) are considered, the correspondence remains fairly
significant, since only 2 (out of 26) Calabrian events have not been preceded by
equivalent shocks in the Hellenides. The above evidence supports the hypothesis
that a major Calabrian earthquake can hardly occur without being preceded by
significant seismic activity in the Hellenic zone (Mantovani et al. 2012).

Concerning the opposite aspect of the presumed interrelation, one can note that only
12, out of 20, Hellenic seismic crises were followed by a Calabrian earthquake with
M 2 6.0. This indicates that the role of the Hellenic events as precursors of Calabrian
shocks may be affected by uncertainty. In particular, it is worth noting that since 1948
no Hellenic events with M = 6.5 have been followed by an event in Calabria. This
drastic increase of false alarms coincides with the latest period (since 1947) during
which no earthquakes with M = 5.5 have occurred in Calabria (Table 1). Such long
quiescence (66 years) is rather anomalous with respect to the previous behavior, in
particular with the fact that from 1626 to 1947 the average inter-event time between
M 2 5.5 shocks was of 12 years and in any case it was never longer than 41 years.

In order to find a possible explanation of such long quiescence and of the fact that
since the middle of the 20th century the correspondence between Hellenic and
Calabrian earthquakes has undergone a considerable worsening, we advance the
hypothesis that such anomalous behavior is an effect of a very rare major tectonic
event that has drastically changed the strain and stress fields in the above zones. It
concerns the large westward displacement that the Anatolian-Aegean-Balkan system
has undergone in response to the series of very strong earthquakes that since 1939
activated the entire North Anatolian fault system (NAF) (e.g., Barka 1996). While
activations of the easternmost (Erzincan zone) and westernmost (Marmara zone)
sectors of the NAF have occurred other times in the past centuries (e.g., Ambraseys
and Jackson 1998), the rare event was the fact that the post-1939 crisis involved an
activation of the NAF central sector, that had been almost silent for several centuries.
This event favored the migration of the whole Anatolian wedge, which noticeably
strengthened the E-W compressional regime in the Aegean region (squeezed
between Anatolia and Adriatic-Africa blocks). Considering the minimum work
principle, it is reasonable to suppose that the fast shortening required by such
dynamics was mainly accommodated by the outward extrusion of the Aegean zones
(Peloponnesus and central Aegean) which face the Ionian oceanic domain. The
extrusion of the northern Hellenides (facing the Adriatic continental domain) would
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Table 1 List of major Calabrian and Hellenic events, with M > 5.5 and M 2 6.0 respectively,
occurred since 1600 A.D. in the zones depicted in Fig. 3

Calabria (M = 5.5)

Hellenides (M = 6.0)

2003(6.2)

1983(6.7, 6.0)

1953(6.2, 7.0, 6.6)

1948(6.5, 6.5)

1947(5.7)

1928(5.8)

1920(6.0), 1915(6.1, 6.3, 6.0)

1913(5.7), 1908(7.1), 1907
(5.9), 1905(7.0)

1912(6.1), 1897(6.6), 1895(6.2, 6.2,6.5, 6.2)

1894(6.1) 1893(6.6)

1887(5.5) 1885(6.0)
1872(6.0)

1870(6.1) 1869(6.7, 6.0), 1867(7.2), 1866(6.4, 6.3, 6.6), 1865 (6.3)
1862(6.2. 6.4). 1860(6.4)
1859(6.0), 1858(6.4, 6.2, 6.0)

1854(6.2) 1851(6.8)

1836(6.2) 1833(6.5)

1835(5.8), 1832(6.6)

1825(6.7), 1823(6.3)

1820(6.6), 1815(6.3)

1791(6.0)

1786(6.5), 1783(6.6, 6.5)

1783(7.0, 6.6, 7.0)

1773(6.5)

1772(6.1), 1769(6.8)

1767(6.0)

1767(6.7), 1766(6.6), 1759(6.3)

1745(6.0)

1744(5.7), 1743(5.7)

1743(6.9), 1741(6.3), 1736(6.0)

1732(6.6), 1723(6.3), 1722(6.3), 1714(6.3), 1709(6.2)

1708(5.5) 1704(6.4), 1701(6.6)
1693(5.7)
1674(6.3), 1666(6.2)
1659(6.6) 1658(6.7), 1650(6.2)
1638(6.3)
1638(7.0, 6.9) 1636(72), 1630(6.5)
1626(6.0) 1625(6.5)
1613(6.3), 1612(6.3)
1601(6.3)

Data sources as in Appendix

instead have involved much higher resistance. This hypothesis may explain why
since about 1945 most seismic activity in such area has affected the Aegean struc-
tures lying south of the Cephalonia fault system and of the North Aegean trough,
while a much lower seismic activity has occurred in the Northern Hellenides (Fig. 4).
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Fig. 4 Distribution of major earthquakes (M > 5) in the Anatolian-Aegean-Balkan system in two
time intervals (a 1909-1947 and b 1948-2013) which respectively preceded and followed the
arrival in the Aegean area of the effects of the large westward jump of Anatolia (see text for
comments). Circles and triangles indicate earthquake epicentres with depth <60 and >60 km
respectively. Seismic data have been taken from: Ergin et al. (1967), Rothé (1971), Ben-Menahem
(1979), Makropoulos and Burton (1981), Iannaccone et al. (1985), Comninakis and Papazachos
(1986), Ambraseys and Finkel (1987), Anderson and Jackson (1987), Eva et al. (1988), Jackson
and McKenzie (1988), Godey et al. (2006), ISC Catalogue: http://www.isc.ac.uk/iscbulletin/.
Other references as in Appendix

Since the activation of the Northern Hellenides thrust zone is supposed to be a
necessary triggering of Calabrian seismicity (Fig. 3 and Table 1), the above evi-
dence (Fig. 4) can explain why no major earthquakes have occurred in Calabria
since 1947 (Table 1). The same interpretation helps understanding why in the
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period 1850-1908 (Table 1), that was characterized by very high seismic activity in
the Northern Hellenides, very strong earthquakes have instead occurred in Calabria.

The evidence and arguments described above suggest that at present the prob-
ability of strong earthquakes in Calabria is relatively low and it is expected to
remain so until seismic activity in the Northern Hellenides again undergo a sig-
nificant increase.

This case may offer an interesting example of the different predictions of seismic
hazard in Calabria that can be derived by a probabilistic evaluation, based on the
local seismic history, and by the above deterministic approach based on the
knowledge of the seismotectonic context. Assuming that seismicity is a Poissonian
process (e.g., Stucchi et al. 2011), the probabilistic approach would predict a rel-
atively high probability of earthquakes at present, due to the fact that the time
elapsed since the last strong shock (about 70 years) is considerably longer than the
average return period in that zone (about 12 years). The deterministic approach,
instead, predicts a relatively low probability, considering that the present strain rate
field in the zone involved (induced by a rare and presumably long living tectonic
event) may prevent the development of the process (the outward escape of the
Calabrian wedge) that is expected to favour the activation of main fault systems in
Calabria.

4 Migration of Seismicity Along the periAdriatic Zones

The present knowledge about the geodynamics and tectonic setting in the central
Mediterranean area (e.g., Mantovani et al. 2006, 2007a, b, 2009; Viti et al. 2006,
2009, 2011) suggests that the Adriatic plate (Adria hereafter) is stressed by the
convergence of the confining plates (Africa, Eurasia and Anatolian-Aegean system)
and tends to move roughly northward (Fig. 5).

This plate motion is accommodated by tectonic activity at the eastern
(Hellenides, Dinarides), northern (eastern Southern Alps) and western (Apennines)
boundaries of that plate, involving fairly different strain styles. Underthrusting of
Adriatic lithosphere mainly occurs beneath the Hellenides (from the Ionian islands
to Albania) and southern Dinarides (e.g., Louvari et al. 2001; Aliaj 2006; Benetatos
and Kiratzi 2006; Kokkalas et al. 2006). Seismotectonic activity is highest in the
Hellenic sector since such zone marks the collision zone between converging
blocks (Adria and the Anatolian Aegean system), while in the Southern Dinarides
tectonic activity is only due to the motion of Adria with respect to the almost fixed
Carpatho-Pannonian system. The activation of the Cephalonia fault (e.g., Louvari
et al. 1999) allows the relative motion between two Hellenic sectors, the
Peloponnesus wedge, facing the Ionian oceanic lithosphere, and the Epirus, facing
the Adriatic continental domain (Mantovani et al. 2006).

In the northern Dinarides the relative motion of Adria with respect to the
adjacent structures is mainly accommodated by dextral transpression at the fault
system recognized in Istria and Slovenia (e.g., Markusic and Herak 1999;
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Fig. 5 Post-early Pleistocene kinematic and tectonic patterns in the central Mediterranean region
(from Cenni et al. 2012; Mantovani et al. 2012). I, 2 African and Adriatic continental domains 3
Ionian oceanic domain 4 Outer sector of the Apennine belt carried by the Adriatic plate 5
Calabrian Arc 6-8 Major compressional, extensional and transcurrent tectonic features. Blue
arrows show a tentative reconstruction of the Quaternary kinematic pattern with respect to Eurasia
(from Mantovani et al. 2007b). Circles indicate earthquake epicentres in the period 1600-2013,
taken from: Shebalin et al. (1974), Makropoulos and Burton (1981), Papazachos and Comninakis
(1982), Comninakis and Papazachos (1986), Anderson and Jackson (1987), Jackson and
McKenzie (1988), Papazachos and Papazachos (1989), Albini (2004), Guidoboni and Comastri
(2005), Godey et al. (2006), Rovida et al. (2011), Makropoulos et al. (2012), Global CMT
Catalog (Ekstrom et al. 2012); CATGR1900 at www.geophysics.geol.uoa.gr. CA Central
Apennines; Lu Lucanian Apennines, NA Northern Apennines; SA Southern Apennines;
Vu Vulcano-Syracuse fault system
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Kuk et al. 2000; Poljak et al. 2000; Burrato et al. 2008). In the eastern Southern
Alps, the Adriatic lithosphere underthrusts the Alpine edifice (e.g., Bressan et al.
2003; Galadini et al. 2005).

On the western side of Adria, mainly corresponding to the Apennine belt, the
tectonic context is more complex (Fig. 5), mainly due to the fact that the outer
sector of that chain is forced by belt-parallel compression (induced by the Adriatic
plate) to separate from the inner Tyrrhenian side of the chain and to extrude
laterally, at the expense of the adjacent Adriatic domain (Viti et al. 2006, 2011;
Mantovani et al. 2009; Cenni et al. 2012). Such more mobile, deforming and
uplifting part of the belt is constituted by the Molise-Sannio wedge (in the southern
Apennines), the eastern side of the Lazio-Abruzzi carbonate platform (ELA), in the
central Apennines, and the Romagna-Marche-Umbria (RMU) and Toscana-Emilia
(TE) wedges, in the northern Apennines. The separation of those escaping wedges
from the inner almost fixed belt is accommodated by extensional and sinistral
transtensional deformation, mainly concentrated in the axial part of the chain, where
a series of basins has developed in the Quaternary (e.g., Piccardi et al. 2006 and
references therein). Compressional deformation develops at the outer front of the
extruding wedges, where they overthrust the Adriatic domain (e.g., Scisciani and
Calamita 2009). In the central Apennines, the decoupling between the outer ELA
block and the western side of that platform is accommodated by two major SE-NW
sinistral transtensional fault systems (L’Aquila and Fucino, e.g., Piccardi et al.
2000; Elter et al. 2012).

The outward extrusion (at the expense of the Ionian domain) and uplift of the
Calabrian wedge is driven by belt-parallel compression (Mantovani et al. 2009).
This interpretation is fairly consistent with the structural tectonic features evidenced
by seismic surveys (Finetti 2005; Del Ben et al. 2008).

The relative motion between the outward extruding Calabrian wedge (at the
expense of the Ionian domain, and the Molise-Sannio wedge (moving roughly NE
ward, in connection with Adria) is accommodated by the system of NW-SE sinistral
strike-slip faults recognized in the Lucanian Apennines (e.g., Catalano et al. 2004;
Ferranti et al. 2009).

The motion of Adria is very slow during quiescent periods, while it locally
accelerates during co-seismic and post-seismic phases, in response to major
decoupling earthquakes at the eastern, western and northern periAdriatic
boundaries.

Considering the tectonic context described above and the fact that the seismic
activation of a periAdriatic sector may influence the probability of strong shocks in
nearby sectors (Viti et al. 2003, 2012, 2013; Mantovani et al. 2008, 2010, 2012),
one could expect to observe regularities in the time-space distribution of seismicity
along the periAdriatic zones. This hypothesis is corroborated by the time patterns of
seismicity at the main periAdriatic sectors for the period following 1400 (Fig. 6).
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Fig. 6 Time patterns of major seismicity (M = 5.5) in the main periAdriatic seismic zones since
1400 A.D. The geometries of the zones considered are shown in the inset. Red bars indicate the
total seismic slip (meters) occurred during the related year, computed by the relation of Wells and
Coppersmith (1994) between average slip and earthquake magnitude. The height of vertical boxes
indicates the sum (meters) of seismic slips over the related decades. Colours help to recognize the
presumed migrations of seismic phases from the southern to the northern periAdriatic zones (see
text for comments). Seismicity data are listed in the Appendix along with references
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In order to provide an information more representative of the effects that major
decoupling earthquakes produce on local plate kinematics, the diagrams in Fig. 6
show the time pattern of the annual sum of seismic slips, computed by the Wells
and Coppersmith (1994) relation:

log,ou=—-4.8+0.69M (1)

where u is the average seismic slip (in meters) on the fault and M is the earthquake
magnitude. The same diagram also aims at giving insights into the time concen-
tration of seismic slips, by reporting the total seismic slip over intervals of ten years.
In particular, this parameter may be useful to recognize how rapidly the surrounding
structures may have been stressed by the effects of the triggering earthquakes
(post-seismic relaxation), as discussed in Sect. 2.

The time patterns shown in Fig. 6 point out that in the periAdriatic zones
seismicity is mostly discontinuous over time, with periods of high activity separated
by almost quiescent phases. Furthermore, it may be recognized that seismic phases
tend to progressively migrate over time from the southern to northern zones,
through the eastern (Hellenides and Dinarides) and western (Apennines) boundaries
of Adria, up to reach the northern compressional front (Eastern Alps) of that plate.
In Fig. 6, the presumed migrating sequences are tentatively marked by different
colours (grey, green, yellow and blue). One might suppose that the periAdriatic
decoupling earthquakes involved in each sequence may have allowed the whole
plate to make a further step (roughly 1-2 m) towards Europe.

The first presumed sequence (grey in Fig. 6) can only be recognized for the
central and northern periAdriatic zones, where a significant increase of seismic
activity took place, from about the middle of 15th century in Albania and Southern
Dinarides, to the beginning of the 16th century in the northern Adriatic front. Since
very low seismicity is documented in the Hellenides and Calabria before 1600 AD,
it is not possible to recognize when this sequence may have started in such zones.
Anyway, the comparison of the seismicity pattern that occurred since 1444 (Fig. 7a)
and the one that took place in the previous period (Fig. 7b) points out the con-
siderable increase of activity that the central and northern periAdriatic zones
underwent after the occurrence of major seismic crises in the Albania-Southern
Dinarides (1444-1451) and Southern Apennines (1456).

The quantification, by numerical experiments, of the effects of post-seismic
relaxation induced by the strong 1456 earthquakes in the southern and central
Apennines (Mantovani et al. 2012; Viti et al. 2013) indicates that such phenomenon
may have influenced the occurrence of the major shock that took place in the
northern Apennines roughly 2 years later (Upper Tiber Valley, 1458 M = 5.8). The
seismic sequence cited above was followed in most periAdriatic zones by a long
period of moderate activity (white bands in Fig. 6), when only few strong shocks
occurred in the Albania-Southern Dinarides and Northern Apennines.

The first presumably complete sequence (green in Fig. 6) started with a con-
siderable increase of seismic activity at the Hellenides during the first decades of the
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Fig. 7 Distribution of major shocks in the central Mediterranean area during the time interval
1444-1511 (a), presumably related to the first seismic sequence (grey in Fig. 6). In order to give
information on how seismic activity during this phase was considerably stronger than the one
occurred in the previous period, the seismicity pattern in the time interval 1380-1443 (b) is also
reported. Symbols and data sources as in Fig. 4

17th century. This crisis was followed by a significant increase of seismic activity in
all other periAdriatic zones, up to reach the northern front of Adria in the first half
of the 18th century. In particular, the Calabrian Arc was hit by one of the major
seismic crises (1638, M = 6.9, 7.0) of its known seismic history. It is worth noting
that in the northern Apennines seismic activity that occurred during this phase was
characterized by a fairly clear northward migration, as evidenced in the three pic-
tures of Fig. 8.

At the northern Adriatic front, major seismic activity lasted until about the end of
the 18th century, after which it underwent a drastic reduction for a relatively long
period, until 1870.

The beginning of a new seismic sequence (yellow in Fig. 6) was marked by a
drastic increase of seismic activity in the Hellenides in the last decades of the 18th
century. In this case too, the Balkan crisis was accompanied by strong earthquakes
in Calabria (1783, M = 7.0, 7.0, 6.6). Soon after the first crisis, a new seismic period
occurred in the Hellenides, from 1815 to 1826, that was again followed by other
major shocks in Calabria (1854, M = 6.2 and 1870 M = 6.1). That sequence then
continued with several major events in the Albania-Southern Dinarides and
Southern Apennines.

In the central Apennines, seismic activity was moderate for a relatively long
period, until the occurrence of the strongest shock ever recorded in this zone
(Fucino 1915, M = 7.0). This major decoupling event was then followed by a series
of strong shocks in the northern Apennines in the following 5 years (1916-1920).
As argued in some papers (Mantovani et al. 2010, 2012; Viti et al. 2012, 2013), the
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Fig. 8 Distribution of major earthquakes in the northern Apennines during the green sequence in
Fig. 6. The three pictures point out the progressive northward migration of seismicity, during three
consecutive periods, indicated in the frames. For the events with M > 5.5 the year of occurrence is
given. The underlying tectonic map is taken from Funiciello et al. (1981)

space-time distribution of major shocks during the above seismic sequence
(1915-1920) is consistent with the tectonic implications of the proposed tectonic
context in the Apennine belt (Viti et al. 2012, 2013). Furthermore, numerical
modelling of the effects of the post-seismic relaxation induced by the 1915 Fucino
and subsequent (1916-1920) strong earthquakes (Viti et al. 2012, 2013) shows that
each event of such series just occurred when the respective source zone was reached
by the highest values of the strain and strain rate perturbation induced by the
previous shocks. Finally, the strain regime of the predicted post-seismic perturba-
tions generally agrees with the style of seismic faulting recognized in the Apennine
zones activated during the 1916-1920 sequence.

The last seismic sequence (blue in Fig. 6) started around 1850, with a period of
very high activity (from about 1850 to 1872) in the Northern Hellenides, which was
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Fig. 9 Spatial distribution of seismicity during the last 3 sequences shown in Fig. 6 (yellow, green
and blue). Data sources as in Appendix

soon followed by another crisis roughly lasting from 1885 to 1903. As in previous
cases, these crises were accompanied by major earthquakes in Calabria
(1870 M = 6.1, 1905 M = 6.9, 1908 M = 7.2). Subsequently, seismic phases
underwent a progressive northward migration through the periAdriatic zones, up to
reach the central sectors of the Dinarides and Apennines, while scarce seismicity
has so far affected the northern zones. No major shocks (M > 5.5) have so far
occurred in the northern Dinarides and only one major seismic crisis has affected
the Eastern Alps (1976). Scarce seismic activity has also interested the northern
Apennines, with only 3 moderate shocks (1971 M = 5.6 and 2012 M = 5.8, 5.9).

Further insights into the fact that the ongoing sequence has not yet undergone a
full development may be derived from the space distribution of major earthquakes
in the last three sequences (Fig. 9). The first two sequences involved a fairly
homogeneous covering of most seismic periAdriatic zones, whereas the last
sequence presents a very scarce covering of the northern zones.

Thus, if one could always rely on the fact that seismic activity in the periAdriatic
zones is affected by a systematic tendency to progressively migrate from south to
north, the evidence shown in Figs. 6 and 9 would indicate that the probability of
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hosting the next major shock is higher in the northern zones (northern Apennines,
northern Dinarides and eastern Southern Alps) than in the southern zones (Calabria
and Southern Apennines). As concerns the central Apennines, the recognition of the
present probability of major shocks is not easy, since during the last sequence this
zone has been affected by a number of earthquakes, but not as strong as the ones
occurred in the previous sequences. So one cannot exclude that a further seismic
activation of that sector will occur in the next future. Thus, an intermediate prob-
ability, higher than the one in the southern zones and lower than the one in the
Northern Apennines, could tentatively be assumed for this zone. Furthermore,
considering that in the proposed seismotectonic scheme the activation of the
Northern Apennines is expected to precede major earthquakes in the northern
Adriatic front, in line with what has happened in the known history, one might
tentatively assume that at present the probability of hosting the next shock is higher
in the northern Apennines than in the northern front of Adria.

A synthesis of the relative probabilities discussed above is shown in Fig. 10. It is
opportune to clarify that the prediction here proposed only aims at providing a
possible scale of priorities for eventual initiatives for risk mitigation and that no
information is provided about the time of occurrence of the next event.

Notwithstanding that the relationships between strong earthquakes and the
pattern of minor seismicity are not yet clear (e.g., Marsan 2005 and references
therein), it may be useful to know the present level of such activity in the
periAdriatic zones (Fig. 10). One major evidence in this pattern is that in the
Northern Apennines, i.e. the zone here indicated as the most prone to the next
strong earthquake, the number of minor events is much higher than in the other
zones of the Italian peninsula. This proportion does not change significantly if
larger thresholds of magnitude are considered (Fig. 10).

One could try some considerations about the possible implications of the above
evidence. A high level of the so-called instrumental seismicity in a zone evidently
indicates that such zone is actually undergoing a significant level of stress and
strain, that is presumably accommodated by minor sliding at the faults which are
most favorably oriented. The fact that such phenomenon is more evident in the
Northern Apennines could support the hypothesis that at present such zone is the
one undergoing the most intense stress. However, one must be aware that such
evidence does not necessarily imply that the zone involved will be affected by a
strong shock in the next future. For instance, it might occur that after a long series
of minor sliding the fault involved reaches a configuration which inhibits any
further sliding (e.g., Wesnousky 2006). This could considerably slowdown seismic
activity even for a long time. On the other hand, one cannot obviously exclude that
the fracture reaches a zone of favored sliding, causing a major shock (e.g., Marsan
2005).
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Seismicity between 1-1-2013 and 28-2-2014 with h <30 Km

whole |[M>2|M>3
Eastern Alps and Northern Dinarides 152 60 16
Northern Apennines 18608 | 1284 | 102
Central Apennines 1435 | 186 10
Southern Apennines 1097 | 197 | 20
Calabrian Arc 1345 | 164 7
Eastern Sicilv 1335 | 296 21

Fig. 10 Relative probability of major earthquakes in the Italian zones considered in this study.
Red indicates the zone with the highest expected probability (Northern Apennines), orange
identifies the intermediate probability (Central Apennines and Eastern Alps) and green indicates
the lowest probability (Southern Apennines and Calabria). No prediction is provided for Sicily.
The table reports the number of minor shocks occurred in 2013 in the above zones. Data from

ISIDe Working Group (INGV 2010)
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5 Conclusions and Discussion

It is suggested that the next major earthquake (M 2 5.5) in the Italian peninsula will
most probably be located in the northern part of the territory, with particular regard
to the region here identified as Northern Apennines. This prediction is obtained by a
deterministic approach, based on the expected short-term development (tens of
years) of the proposed seismotectonic context. The model adopted provides that
Adria, stressed by the convergence of the confining blocks, tends to move roughly
northward. The development of this plate kinematics is rather complex in space and
time, since displacement mainly accelerates locally, in response to major decou-
pling earthquakes in periAdriatic zones. Each shock triggers a perturbation of the
strain field that, propagating through the plate, may increase the probability of
seismic activation in the next sectors of the Adria boundary.

This interpretation may plausibly account for the time patterns of seismicity that
has developed in the periAdriatic zones since 1400 A.D. In particular, it accounts
for the fact that seismic energy release in each zone is mostly discontinuous, with
main seismic phases separated by almost quiescent periods, and for the general
tendency of main seismic phases to progressively migrate from south to north,
through the eastern and western Adria boundaries, up to reach the northern front of
the plate (eastern Southern Alps).

At least two presumably complete migration sequences, roughly 200 years long,
may tentatively be recognized in the period considered. A further, still ongoing,
sequence presumably started around the second half of the 19th century and has so
far involved major seismic activations of the Hellenides, Calabria, Southern
Dinarides, Southern Apennines and Central Apennines, while only few earthquakes
have so far affected the northern zones (Northern Apennines, Northern Dinarides
and eastern Southern Alps). This evidence might imply that the next step of the
proposed seismotectonic pattern will most probably involve the seismic activation
of fault systems located in the northern periAdriatic zones. The development of the
previous sequences would suggest a higher probability for the Northern Apennines
with respect to the Eastern Alps.

This prediction is consistent with the implications of two significant interrela-
tions recognized between Italian and Dinaric-Hellenic zones, which suggest that at
present the probability of strong earthquakes is relatively low in the Southern
Apennines and Calabria. This prediction relies on the hypothesis that the seismic
activation of such Italian zones is conditioned by the occurrence of major seismic
crises in the Southern Dinarides and Hellenides respectively, where no significant
precursory events have occurred in the last tens of years (Fig. 6 and Table 1).

An intermediate probability, comparable to that of the eastern Southern Alps, is
proposed for the Central Apennines, where the release of seismic energy during the
ongoing sequence has not reached the levels reached in previous sequences (Fig. 6).

On the basis of the evidence and arguments discussed in this work and in
previous publications (Mantovani et al. 2010, 2012; Viti et al. 2012, 2013), we have
tentatively defined the scale of priorities given in Fig. 10.
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We are obviously aware that the reliability of the proposed prediction cannot
easily be demonstrated, mainly due to the shortness and incompleteness of the
seismic history now available, which only allows the recognition of few migration
patterns in the periAdriatic zones. However, one should take into account that the
approach here adopted is not only based on a mere empirical analysis of the seismic
history, but relies on a deterministic scheme which is based on the expected short-
term behaviour of a tectonic model inferred by a long and accurate analysis of a
large amount of Earth Science data (e.g., Mantovani et al. 2006, 2009; Viti et al.
2006, 2011, 2012). Furthermore, it must be pointed out that geodetic observations
(GPS) in the Italian region indicate that the present kinematic pattern of the
Apennine belt is fairly similar to the one that may be deduced by the post-early
Pleistocene deformation pattern (Cenni et al. 2012).

This study does not provide any prediction for some Italian seismic zones, such
as Sicily, Apulia and Northwestern Italy, since for those zones we do not have
sufficient information to afford hypotheses about the future short-term development
of seismic activity (e.g., Mantovani et al. 2009). The tentative prediction synthe-
tized in Fig. 10 is based on two main aspects, one is deterministic, relying on the
knowledge of the ongoing tectonic setting and its possible connection with the
spatio-temporal distribution of major earthquakes, and the other is mainly empiri-
cal, concerning the significant seismicity regularity patterns deduced by the analysis
of the seismic histories of the zones involved. For the 3 zones mentioned above the
second aspect is not available.

Concerning the deterministic aspect, some considerations about the present
seismic hazard in Sicily can be tentatively made. As discussed earlier, the westward
jump of the Anatolian-Aegean system (after 1939) has most probably strengthened
E-W compression in the zone comprising the northern Ionian zone, the Calabrian
Arc and the Hyblean block (including Sicily). This effect is expected to inhibit the
outward extrusion of the Calabrian wedge, due to the presumed thickening and
upward flexure of the Ionian domain. This hypothesis might explain the scarce
seismic activity in Calabria since the middle of the last century (Fig. 4). On the
other hand, the above compressional context could have favoured the northward
escape of the Hyblean wedge, which would imply an increased probability of
seismic activation of the main lateral guide of that extrusion, that is the
Vulcano-Siracusa fault system, crossing the northeastern part of Sicily (Fig. 5).

However, since the jumps of the Anatolian-Aegean system are very rare tectonic
events, with presumed recurrence times of several centuries (e.g., Ambraseys and
Jackson 1998), it is not possible to recognize in the known seismic history eventual
significant regularity patterns concerning the interaction of seismic sources in such
kind of situations. Thus, not having any empirical confirmation of the expected
tectonic processes, we cannot afford any reliable prediction about seismic activity of
Sicily in the next future. In this regard, it could be worth noting that in the last
decades of the previous century, i.e. the period that followed the westward jump of
the Anatolian Aegean system, seismic activity in eastern Sicily has undergone a
significant increase with respect to the previous period (Fig. 4). Furthermore, one
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could also note that the in the last year instrumental seismicity in eastern Sicily has
been higher than in other zones (Fig. 10), except the northern Apennines.

A last consideration may be devoted to the fact that in January 2014 some
earthquakes with an intermediate magnitude (5.5 < M < 6.3) occurred at the
Cefalonia fault system, the zone of possible precursors of Calabrian earthquakes.
This level of magnitude is low with respect to the events that have triggered strong
earthquakes in Calabria (Table 1), but these signals may suggest the opportunity of
improving the seismological and geodetic monitoring of the zones involved.

6 Possible Social Impact of the Proposed Prediction

On the basis of the past seismic history, one can reasonably suppose that in the next
decades Italy will be hit by one or two major earthquakes. This implies that the
problem of risk mitigation will primarily concern a limited part of the territory. This
consideration, however, cannot be of much help if no information is available about
which zones may be involved. Thus, any effort to get significant insights about the
most probable spatial distribution of major earthquakes in the next future should be
encouraged.

This work describes an attempt in this direction, carried out by exploiting the
present knowledge on the ongoing seismotectonic setting in the central
Mediterranean region and its possible connection with the time-space distribution of
past major earthquakes. The results of this investigation suggest that the probability
of strong shocks (M > 5.5) is presently highest in the Northern part of Italy, with
particular regard to the Northern Apennines.

Notwithstanding the possible uncertainties, we think that the above prediction
could be useful for practical purposes, such as the planning of the initiatives for
seismic risk mitigation in Italy. In case of a successful prediction, the concentration
of resources in the zones proposed would allow a not negligible improvement of
safety. In case of failed prediction, the resources eventually employed in that area
would not be wasted, since they would have allowed an improvement of safety in a
zone which can plausibly be considered as most prone to next shocks. On the other
hand, the adoption of a blind strategy (no priority zone) would imply that each of
the numerous seismic areas of Italy would only benefit of a very limited portion of
the available resources. Moreover, given the plausibility of the evidence and
arguments presented in this work, we think that the probability of a successful result
of the proposed strategy is higher than the ones of its failure.

The information provided in this work may also have implications for scientific
activity. For instance the zones identified could become sites of specific monitoring
(geodetic and seismological), aimed, for instance, at identifying eventual pertur-
bations of the velocity and strain fields, possibly connected with impending shocks.
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Appendix

List of earthquakes used for the diagrams of Fig. 6. M is the magnitude, Cat is the
reference to seismic catalogues listed as follows: (1) Albini (2004); (2) Ambraseys
(1990); (3) Global CMT Catalog (Ekstrom et al. 2012); (4) Working Group CPTI
(2004); (5) Rovida et al. (2011); (6) Guidoboni and Comastri (2005); (7) ISIDe
Working Group (INGV) (2010); (8) Karnik (1971); (9) Mariotti and Guidoboni
(2006); (10) Seismological Catalogues of Greece; (11) Makropoulos et al. (2012);
(12) Margottini et al. (1993); (13) Comninakis and Papazachos (1986);
(14) Papazachos and Papazachos (1989); (15) Ribaric (1982); (16) Shebalin et al.
(1974); (17) Stucchi et al. (2012); (18) Shebalin et al. (1998); (19) Toth et al.
(1988).

Hellenides

Date (y-m-d) M Cat
1278-2-25 6.6 17
1469 6.6 17
1577 6.2 17
1601-4-26 6.3 17
1612-5-26 6.3 17
1613-10-12 6.3 17
1625-6-28 6.5 17
1630-7-2 6.5 17
1636-9-20 7.2 10
1638-7-16 6.3 17
1650 6.5 14
1651-2-26 5.9 17
1658-8-24 6.7 17
1666-11 6.2 18
1674-1-16 6.3 17
1701-4-5 6.6 17
1704-11-22 6.4 17
1709 6.2 17
1714-9-8 6.3 17
1722-6-5 6.3 17
1723-2-22 6.3 17
1732-11 6.6 17
1736 6 10
1741-6-23 6.3 17
1743-2-20 6.9 10
1759-6-13 6.3 17
1766-7-24 6.6 17

(continued)
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(continued)
Hellenides
Date (y-m-d) M Cat
1767-7-22 6.7 17
1769-10-12 6.8 14
1772-5-12 6.1 18
1773-5-23 6.5 10
1783-3-23 6.6 17
1783-6-7 6.5 10
1786-2-5 6.5 17
1815 6.3 17
1820-2-21 6.6 17
1823-6-19 6.1 17
1825-1-19 6.7 17
1826-1-26 5.8 17
1833-1-19 6.5 14
1851-10-12 6.8 17
1858-4-5 [§ 10
1858-9-20 6.2 17
1858-10-10 6.4 17
1859-9-12 6 18
1860-4-10 6.4 18
1862-3-14 6.4 17
1862-10-4 6.2 17
1865-10-10 6.3 17
1866-1-2 6.6 17
1866-3-2 6.3 18
1866-12-4 6.4 17
1867-2-4 72 17
1869-8-14 6 18
1869-12-28 6.7 17
1871-4-9 5.8 17
1872-2-11 6 18
1883-6-27 5.5 10
1883-8 5.5 10
1885-12-14 6 10
1889-4-1 59 17
1890-5-21 59 17
1891-6-27 5.8 17
1893-6-14 6.6 17
1895-5-13 6.2 17
1895-5-14 6.5 17

(continued)
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(continued)

Hellenides

Date (y-m-d) M Cat
1895-5-15 6.2 17
1895-6-16 6.2 18
1896-2-10 5.5 18
1896-3-18 5.8 18
1897-1-17 6.6 17
1912-1-24 6.1 11
1914-11-27 5.9 11
1915-1-27 6.1 11
1915-8-7 6.3 11
1915-8-10 5.6 11
1915-8-10 6 11
1915-8-11 5.7 11
1915-8-19 5.9 11
1917-5-23 5.6 11
1920-10-21 5.6 11
1920-11-26 6 18
1920-11-29 5.5 18
1921-9-13 5.5 11
1930-11-21 5.8 18
1938-3-13 5.7 11
1939-9-20 5.5 11
1943-2-14 5.6 11
1948-4-22 6.5 11
1948-6-30 6.5 11
1953-8-9 5.9 11
1953-8-11 6.6 11
1953-8-12 7 11
1953-8-12 5.7 11
1953-8-12 5.9 11
1953-10-21 6.2 11
1960-11-5 5.7 11
1967-2-9 5.5 11
1970-7-2 5.8 11
1972-9-17 5.8 11
1973-11-4 5.8 11
1976-1-18 5.6 11
1979-11-6 5.6 11
1983-1-17 6.7 11
1983-1-19 5.5 11

(continued)
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(continued)
Hellenides
Date (y-m-d) M Cat
1983-3-23 6 11
1987-2-27 5.6 3
1988-5-18 5.5 3
1990-6-16 5.8 3
1992-1-23 5.6 3
1993-6-13 5.7 3
1994-2-25 5.5 3
2000-5-26 5.6 3
2003-8-14 6.2 3
2003-8-14 5.5 3
2007-3-25 5.7 3
Calabrian arc
Date (y—m—d) M Cat
1509-2-25 5.6 5
1626-4-4 6 5
1638-3-27 7 5
1638-6-8 6.9 5
1659-11-5 6.6 5
1693-1-8 5.7 5
1708-1-26 55 5
1743-12-7 5.7 5
1744-3-21 5.7 5
1767-7-14 6 5
1783-2-5 7 5
1783-2-7 6.6 5
1783-3-28 7 5
1791-10-13 6 5
1832-3-8 6.6 5
1835-10-12 5.8 5
1836-4-25 6.2 5
1854-2-12 6.2 5
1870-10-4 6.1 5
1886-3-6 5.6 5
1887-12-3 5.5 5
1894-11-16 6.1 5
1905-9-8 7 5
1907-10-23 59 5
1908-12-28 7.1 5

(continued)
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(continued)

Calabrian arc

Date (y—m—d) M Cat
1913-6-28 5.7 5
1928-3-7 5.8 5
1947-5-11 5.7 5
South dinarides

Date (y—m—d) M Cat
1237-3 6.2 18
1270-3 6.5 6
1273-3 6.5 10
1359 6 6
1380 6.1 17
1444 6.4 18
1451 6.1 18
1471 6.1 18
1472 5.7 18
1473-1-20 55 18
1479-10-20 55 18
1480-10-18 5.5 18
1482-2-15 6.2 18
1520-5-17 6 17
1559-6-24 6 1
1563-6-13 6.1 18
1608-7-25 5.6 17
1617 6.2 18
1632 6 17
1639-7-28 6.4 18
1667-4-6 7.5 18
1713-1-0 6.3 17
1780-9-21 6.5 18
1816 6.3 18
1823-8-7 5.7 18
1827-4-17 6.5 18
1830 5.6 18
1833-1-19 6.5 14
1837-10-4 55 18
1843-9-5 6.2 17
1843-9-26 5.6 18
1848 6.4 17
1850-4-13 5.6 17

(continued)
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South dinarides

Date (y—m—d) M Cat
1851-1-20 6 18
1851-10-17 6.2 18
1851-10-17 6.6 17
1851-10-20 6.3 18
1851-12-29 5.5 18
1852-8-26 6.2 17
1853-12-11 5.7 18
1855-7-3 6.6 10
1855-7-5 6.8 18
1855-7-16 5.5 18
1855-8-14 5.5 18
1865-10-10 5.5 18
1869-1-10 5.6 18
1869-3-18 6 18
1869-4-14 5.5 17
1869-9-1 6.2 18
1870-9-28 6.5 17
1876-6-4 6.3 18
1876-6-5 5.6 18
1894-4-6 5.9 17
1895-5-14 5.5 18
1895-6-21 5.5 18
1895-8-6 6.2 17
1895-10-8 5.5 18
1896-2-10 5.9 17
1896-2-10 6.2 17
1905-6-1 6.6 18
1905-6-1 5.5 18
1905-6-3 5.5 18
1905-8-4 6 18
1905-8-6 5.5 18
1906-3-1 6.4 18
1907-8-1 5.7 18
1907-8-16 6.2 18
1920-11-29 5.6 13
1920-12-18 5.6 18
1921-3-30 5.6 11
1922-4-11 5.6 18
1926-12-17 5.8 18

(continued)
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(continued)

South dinarides

Date (y—m—d) M Cat
1926-12-17 5.8 18
1927-2-14 6 18
1934-2-4 5.6 18
1935-3-31 5.6 11
1940-2-23 5.5 18
1948-8-27 5.5 18
1958-4-3 5.6 18
1959-8-17 59 18
1959-9-1 6.2 18
1959-10-7 5.6 18
1962-3-18 6.2 18
1968-11-3 5.5 18
1969-4-3 5.5 11
1970-8-19 5.5 18
1979-4-15 7 2
1979-4-15 5.7 11
1979-5-24 6.4 18
1982-11-16 5.7 18
1988-1-9 5.7 18
1996-9-5 6 3

South apennines

Date (y—m-—d) M Cat
1273-12-18 5.8 5
1293-9-4 5.8 5
1361-7-17 6 5
1456-12-5 7.2 5
1456-12-5 7 6
1456-12-5 6.3 6
1466-1-15 6.1 5
1561-7-31 5.6 5
1561-8-19 6.8 5
1625-9-0 5.8 5
1688-6-5 7 5
1694-9-8 6.8 5
1702-3-14 6.5 5
1732-11-29 6.6 5
1805-7-26 6.6 5
1826-2-1 5.8 5

(continued)
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South apennines

Date (y—m—d) M Cat
1831-1-2 5.5 5
1836-11-20 6 5
1851-8-14 6.4 5
1853-4-9 5.6 5
1857-12-16 7 5
1885-12-26 5.5 5
1910-6-7 5.7 5
1930-7-23 6.6 5
1962-8-21 5.7 5
1962-8-21 6.1 5
1980-11-23 6.9 5
1990-5-5 5.8 5
1990-5-5 55 5
1998-9-9 5.6 5
2002-10-31 5.7 5
2002-11-1 5.7 5
Central apennines

Date (y-m-d) M Cat
1120-3-25 5.8 5
1170-5-9 5.6 5
1209 6 6
1315-12-3 5.6 5
1348-9-13 5.6 5
1349-9-9 5.9 5
1349-9-9 6 6
1349-9-9 6.6 5
1456-12-5 5.8 6
1461-11-27 6.4 5
1599-11-6 6 5
1639-10-7 5.9 5
1654-7-24 6.3 5
1703-1-14 6.7 5
1703-1-16 5.9 17
1703-2-2 6.7 5
1706-11-3 6.8 5
1730-5-12 5.9 5
1762-10-6 6 5
1859-8-22 5.5 5

(continued)
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Central apennines

Date (y-m-d) M Cat
1874-12-6 5.5 5
1879-2-23 5.6 5
1881-9-10 5.6 5
1904-2-24 5.6 5
1915-1-13 7 5
1916-11-16 5.5 5
1933-9-26 6 5
1943-10-3 5.8 5
1950-9-5 5.7 5
1979-9-19 5.9 5
1984-5-7 5.9 5
1984-5-11 5.5 5
2009-4-6 6.2 5
North apennines

Date (y-m-d) M Cat
1269-9 5.6 5
1277 5.6 5
1279-4-30 5.6 5
1279-4-30 6.3 5
1293-3 5.6 5
1298-12-1 6.2 5
1328-12-1 6.4 5
1352-12-25 6.4 5
1353-1-1 6 6
1389-10-18 6 5
1428-7-3 5.5 5
1438-6-11 5.6 5
1458-4-26 5.8 5
1470-4-11 5.6 5
1481-5-7 5.6 5
1483-8-11 5.7 5
1497-3-3 5.9 6
1501-6-5 6 5
1505-1-3 5.6 5
1542-6-13 5.9 5
1558-4-13 5.8 5
1570-11-17 5.5 5
1584-9-10 5.8 5

(continued)
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North apennines

Date (y-m-d) M Cat
1624-3-19 5.5 5
1661-3-22 6.1 5
1672-4-14 5.6 5
1688-4-11 5.8 5
1690-12-23 5.6 5
1719-6-27 5.5 5
1741-4-24 6.2 5
1747-4-17 5.9 5
1751-7-27 6.3 5
1768-10-19 5.9 5
1781-4-4 5.9 5
1781-6-3 6.4 5
1781-7-17 5.6 5
1786-12-25 5.6 5
1789-9-30 5.8 5
1791-10-11 5.5 5
1796-10-22 5.6 5
1799-7-28 6.1 5
1815-9-3 5.5 5
1828-10-9 5.8 5
1831-9-11 5.5 5
1832-1-13 6.3 5
1832-3-13 5.5 5
1834-2-14 5.8 5
1837-4-11 5.8 5
1854-2-12 5.6 5
1870-10-30 5.6 5
1873-3-12 6 5
1875-3-17 5.9 5
1897-9-21 5.5 5
1909-1-13 5.5 5
1914-10-27 5.8 5
1916-5-17 6 5
1916-8-16 6.1 5
1916-8-16 5.5 5
1917-4-26 5.9 5
1918-11-10 5.9 5
1919-6-29 6.3 5
1920-9-7 6.5 5

(continued)
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(continued)

North apennines

Date (y-m-d) M Cat
1930-10-30 5.8 5
1971-7-15 5.6 5
1984-4-29 5.7 5
1997-9-26 5.7 5
1997-9-26 6 5
1997-10-6 5.5 5
1997-10-14 5.7 5
2012-5-20 59 7
2012-5-29 5.8 7
Eastern Alps—Northern dinarides

Date (y-m-d) M Cat
1323 6 5
1348-1-25 7

1403-9-6 5.6

1502-3-26 5.7 18
1511-3-26 7 5
1511-6-25 5.6 17
1511-8-8 6.3 18
1551-3-26 6.3 18
1574-8-14 5.6 5
1626-7-3 6.5 18
1628-6-17 5.6 4
1640 6 4
1645 5.6 4
1648 5.7 18
1689-3-10 5.6 4
1690-12-4 6.5 5
1695-2-25 6.5 5
1697-3-15 5.6 4
1699-2-11 5.6 4
1700-7-28 5.6 5
1721-1-12 6.1 5
1750-12-17 5.9 18
1775-10-13 6.8 19
1776-7-10 5.8 5
1794-6-7 6

1802-1-4 5.6 18
1812-10-25 5.7 5

(continued)
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(continued)

Eastern Alps—Northern dinarides

Date (y-m-d) M Cat
1836-6-12 55 5
1845-12-12 5.7 18
1870-3-1 6.4 18
1870-3-1 5.6 17
1873-6-29 6.3 5
1878-9-23 5.6 17
1880-11-9 6.3 18
1891-6-7 5.9 5
1895-4-14 6.2 5
1897-5-15 5.6 5
1905-12-17 5.6 18
1906-1-2 6.1 18
1916-3-12 5.6 5
1917-1-29 5.8 4
1926-1-1 5.9 5
1928-3-27 5.8 5
1936-10-18 6.1 5
1976-5-6 6.5 5
1976-9-11 5.6 5
1976-9-15 5.9 5
1976-9-15 6 18
1976-9-15 6 5
1998-4-12 5.7 3
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Forecasting Moderate Earthquakes
in Northern Algeria and Morocco
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Rashad Sawires and M*® Teresa Garcia Hernandez

1 Introduction

The studied region, in the northern border of the African Plate, has suffered
moderate to strong earthquakes in the last decades. Among them, the September 9,
1954, and the October 10, 1980, El Asnam (formerly known as Orléansville),
Algeria, earthquakes, with magnitudes Mg 6.7 and 7.3, respectively, the February
29, 1960, Agadir, Morocco, M ~ 6.0 earthquake, or the most recent May 21, 2003,
Zemmouri-Algiers, Algeria, My 6.8 earthquake. The 1954, 1980 and 2003
Algerian earthquakes caused a large loss of lives (1200, 5000-20,000, according to
different estimates, and 2300 people killed, respectively), as well as the 1960
Moroccan earthquake (~ 12,000 people killed).

In all cases, there were a myriad of injured people, left homeless and heavily
damaged and destroyed homes due to structural inadequacies of the buildings.
Moreover, critical facilities as hospitals or schools were damaged or destroyed in
all quoted earthquakes. Only during the 2003 Algerian earthquake, 130 schools
suffered extensive to complete damage in the Algiers region (Bendimerad 2004).

Apart from these large earthquakes, a large amount of small to moderate
earthquakes has been also recorded in this area. A review can be read in the works
by Peldez et al. (2007) and Hamdache et al. (2010).
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Forecasting earthquakes, in this or other regions, is a crucial task mainly for two
reasons. One of them merely scientific: forecasting it is one of the main points of
the scientific knowledge. The second one practical in itself: it is an important
component for the seismic risk mitigation (Marzocchi and Zechar 2011).

Several authors consider that earthquakes are not only natural events but social
events too. The impact of earthquakes is not only a serious brake on economic and
social development from the resulting damages, but they can generate serious social
impact on the population by generating important traumas, limiting or even com-
pletely changing the fundamental process of operation of the social function.
Although poorly studied, the societal response to forecasting studies differs from
place to place. The question for developing this type of studies arises from the hope
that people may someday be able to be warned, and then do things to protect
themselves and their properties before earthquakes strike. It is well known that
nowadays every warning system is still under debate and, according to the societal
response study developed by Mileti and Darlington (1995), people are more likely
to believe scientific earthquake predictions when they overlap or converge with
nonscientific forecasts. Belief in a prediction will vary along different ethnic and
social classes and age lines. Credibility is shaped by the general sense of trust that
people have in government when prediction information is released by government
authorities. In fatalistic cultures, prediction and forecasting must be viewed as
credible but preparedness actions do not necessarily follow. Also, as pointed by
Stallings (1982), the nature of prediction itself may have some influence on its
credibility. Predictions may be stated either in terms of likelihood of an earthquake
in a certain place during a certain period of time, or of the absence of earthquakes
above a certain magnitude in a region between two epochs. There is some indi-
cation that prediction of the former type (the presence of some events) is inherently
more credible than those of the latter type (the absence of some events). These
considerations are only some of the reasons that advocate the earthquake fore-
casting and seismic hazard studies.

The main goal of the earthquake forecasting process is to reduce the loss of lives
and property damages. It starts identifying the areas prone to be the site of moderate
to strong earthquakes in the future. From this point, it is necessary to select the areas
with higher seismic risk level and to establish an effective land and physical
planning. In these areas, the physical planners must incorporate all the available
required actions in order to create a safe environment. How much reduce the risk
and at what additional cost are two key questions for the politicians, and must be
answered based on the different options given by the professional planners. In any
case, some actions are simple and easy, for example, act in a planned way versus act
randomly. This also requires professional experience and political determination.

After select the areas with higher seismic risk level, the main actions must be
focused into decrease the risk level and reduce the impact of the disaster. The list of
the most important things to be protected could be the following: (a) the human
lives, (b) the economic activities, including facilities and equipment, (c) the oper-
ational capacity of the region, including transport and communication networks,
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energy, water, etc., (d) health services and facilities, and (e) housing services,
among other.

Other question is to define areas with different risk level in order to select future
development areas. The lower risk level areas must be where must be placed the
most important components of the city, that is, residential and industrial zones. In
higher risk level areas must be limited the growth of existing settlements, as well as
avoiding build, for example, new warehouses or manufacturing plants. In several
countries it is now impossible to completely leave earthquake prone areas. Then, it
is of paramount importance to select the less dangerous places among available and
to develop measures for disaster prevention. Although it is not possible to avoid all
the earthquake consequences, planning actions can help to reduce them to some
acceptable level.

One of the most important planning actions is to update the seismic actions in the
current seismic provisions. Earthquakes don’t kill people, buildings do, is the most
repeated saying in Earthquake Engineering. In order to save lives and reduce losses
during an earthquake, it must be crucial the adoption and enforcement of up-to-date
building codes (FEMA). Taking into account that it is not possible to reduce the
seismic hazard of a region, it is necessary to reduce the seismic risk. First at all,
building codes must be enforced, especially in areas with moderate to high seismic
hazard and in areas where there is a significant probability that a moderate to high
earthquake happens. Moreover, local governments must fall on the seismic retro-
fitting of old buildings and vulnerable structures, the biggest contributors to seismic
hazard in mostly countries, making them more resistant to earthquakes.

Thereby, forecasting earthquakes studies, like presented in this work, are key
studies in order to delineate the areas in which it is more valuable to provide a
certain level of protection for buildings and other facilities. This and other previous
studies on seismic hazard carried out in this region (Pelaez et al. 2003, 2005b, 2006;
Hamdache et al. 2012), demonstrate the need for to make some changes in order to
improve the seismic input in current Moroccan and Algerian building codes.
Conducted studies on earthquake engineering research, reported in the scientific
literature and defended in international meetings, must be serious reasons to update
seismic provisions.

The most important problem in the forecasting is to obtain the best model. One
of the used approaches is to consider that moderate earthquakes follow the same
spatial distribution that small to moderate earthquakes. This is the way followed in
this work, a model based in the spatially smoothed seismicity method.

The approach proposed by Frankel (1995) in order to compute seismic hazard
values has been widely used in the last years, being that used nowadays, for
example, to compute the USGS National Seismic Hazard Maps. This method
models the seismicity that cannot be assigned to specific geological structures,
termed as distributed or background seismicity, depending on authors. In this type
of studies, the region is divided into square cells, and the number of earthquakes
above a certain reference or threshold magnitude is counted. This count, that is, the
total number of events observed above this reference magnitude is the maximum
likelihood estimate of the a-parameter in the Gutenberg-Richter relationship
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(Weichert 1980). Then, it is smoothed spatially, thus, including the uncertainty in
the earthquake location in the final seismic hazard results. To perform the smooth, it
is usual to use a Gaussian filter, because it has the characteristic that preserves the
total number of earthquakes. Finally, the seismic hazard computation is based in the
well-known total probability theorem, expressed in terms of rate of exceedance of a
certain level of ground motion.

Using this approach, our research group has carried out seismic hazard assess-
ments, among other places, in Portugal and Spain (Pel4dez and LopezCasado 2002)
and Algeria (Peléez et al. 2003). Afterwards, these assessments have been updated
and extended not only to peak ground horizontal acceleration (PGA) values but to
spectral acceleration (SA) values, uniform hazard spectra (UHS) and even Arias
intensity (Al) values (Peléez et al. 2005a, b, 2006; Hamdache et al. 2012).

Among other sources of uncertainty in any probabilistic seismic hazard study,
we must consider the characterization of seismic sources (both faults and source
zones), and specially, the ground-motion attenuation models (SSHAC 1997). This
is the reason because in this work we present a preliminary time-independent
forecasting model, the first component in any seismic hazard assessment, over-
looking the second one, the question of the estimation of the ground-motion level.
Thereby, the final results obtained in the assessment do not include the typical
epistemic and aleatory (also named modelling and parametric) uncertainties in
ground-motion predictions.

To develop this model, we have used a procedure similar to the one used in the
spatially smoothed seismicity approach to compute seismic hazard values: each
square cell in the study area is assumed to be a source. Our contribution is in the
same line, for example, of the forecast conducted for the Italian territory by Akinci
(2010). This simple study/analysis does not considers explicitly neither the geology
of the region (including geophysical, paleoseismic or geodetic studies) nor physical
models concerning processes associated with earthquake triggering.

Initially, we will test in our region if minor earthquake locations could be used to
forecast future places where will happen moderate to strong earthquakes, which is
the main assumption in this type of studies (Frankel 1995). The authors of this work
do not agree with a uniform background zone used as an applicable model in
seismic hazard or forecasting studies (Peldez and LopezCasado 2002; Pelaez et al.
2003), that is, to assume that certain type and size of events can occur anywhere
with equal probability. In any case, this assumption will be also checked.

2 Geological Setting of the Area

The Maghrebian region (Fig. 1) occupies the NW part of the African (Nubia) Plate
in what is referred to its continental crust. The oceanic crust of this plate continues
till the area of the Azores Islands. North the Maghreb is the Eurasian Plate and to
the south is the Saharan Shield. Presently, the convergence between the Nubia Plate
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Fig. 1 Tectonic sketch showing the main tectonics domains and the seismicity included in the
used catalog

and Iberia has an approximate NNW-SSE direction, with relative velocity values of
the order of 3 to 5 cm/year, according the places (DeMets et al. 1990).

Between the Maghreb and the Eurasian Plate, from the Gibraltar Arc to the south
of Italy, an intermediate complex domain is intercalated. This domain is formed by
some oceanic basins, as is the Algero-Provencal Basin and the Thyrrehnian Basin,
and by an old region, presently disintegrated and forming the Internal zones of the
Betic-Rifean Chain, of the Kabylias (in Algeria), the Peloritani Mountains (Sicily)
and the Calabrian area in Italy (AlKaPeCa domain; Bouillin et al. 1986). This area
underwent from the early Miocene the northward subduction of Africa in its NW
border. Owing to this process were formed the two main cited oceanic basins,
causing simultaneously the disintegration of the AlKaPeCa domain (Durand Delga
and Fontboté 1980).

The Saharan Shield, deformed by the Pan-African Orogeny (Precambrian to
early Cambrian), is in contact with the Atlasic Mountains (Fig. 1). To the west and
NW of the Atlas is situated the Moroccan Meseta (in which the Paleozoic series are
very well exposed). To the NE and east of the Atlas are the High Plateaux in
Algeria (also partially formed Palaeozoic rock, moreover the Mesozoic and Tertiary
cover). Both areas, the Moroccan Meseta and the High Plateaux, contact respec-
tively to the north with the Rif and Tell mountains. The Saharan Shield forms part
of the Precambrian areas of Africa, clearly cratonized and generally not affected by
later important deformations. It is a stable area. In Morocco, the northern part of the
Saharan Shield is called Antiatlas, and corresponds to a Precambrian and, mainly,
Paleozoic area, making a tectonic transition between the shield and the Atlas.

The Atlasic Mountains correspond to an intracontinental chain, partly formed by
Palaeozoic rocks, moreover other ones of Jurassic and Cretaceous age. It is divided
in High Atlas and Middle Atlas, and farther continued in Algeria in the so called
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Saharan Atlas. The High Atlas corresponds to the southern part of this chain. This
chain begins in the Agadir area, in the coast of Morocco (practically in front of the
Canary Islands). From this place, the High Atlas continues to the NE and east,
where finally is divided in two branches. One of them passes to the Saharan Atlas,
although with lesser heights, cross Algeria in an E-W direction and reach the central
part of Tunisia. Another branch of the High Atlas continues to the north, where
forms the Middle Atlas with a NE-SW direction, separating the Moroccan Meseta
and the High Plateaux in Algeria, and finally reaching the coast to the east of
Melilla.

On the whole, the present Atlasic areas have been tectonically unstable from the
Triassic times, and along the Alpine orogeny suffered important deformations, and
more recently, also important volcanism, reaching the Quaternary. Considering a
wider geotectonic scenery, these volcanic rocks form part of the volcanism crossing
the Alboran Sea (the extreme western part of the Mediterranean) (Jacobshagen
1992) from the SE of Spain and continued more to the north, while to the SW reach
the Canary Islands. Nevertheless, on the whole, the Atlas can be considered as an
aulacogen bordering the northwestern part of the Saharan Shield. Along this chain,
important and deep faults exist, even cutting the crust, as indicate the long cited line
of volcanism.

The Rif and Tell chains are composed by a great number of nappes, advancing to
the south in the Tell and to the south and southwest in the north of Morocco. They
locally thrust part of the northern areas of the Moroccan Meseta and the High
Plateaux, and even in some places part of the Atlasic Mountains. They are formed
by sedimentary External zones (slightly affected by metamorphism in some places)
and by Internal zones. Great part of the Internal zones (at its time divided in several
tectonic complexes) are affected by alpine metamorphism, moreover the previous
existence of Hercinian and even older deformations. In any case, their present
structure has being formed during the Alpine Orogeny. In the Rif, they appear
mainly in the area of Tetuan, north and south of this town, in Morocco, and in the
both Kabylias (Grande Kabylia, to the west, and Petite Kabylia, to the east), in
Algeria.

These Alpine chains (Rif and Tell) have being structured from the Cretaceous to
the Oligocene-early Miocene. After this structuring, and in some places during it,
numerous Neogene, mainly Miocene, basins were formed and disposed above any
previous domain, covering many previous structures.

In the Rif and Tell chains, from the middle Miocene, and particularly from the
late Miocene to the present, the previous deformation of AlCaPeKa practically
ended and predominate a near N-S to NNW-SSE compression between the Nubia
plate and Eurasia. This compression, accompanied in many areas by a near per-
pendicular tension (Galindo Zaldivar et al. 1993), facilitated the formation of new
systems of faults. The most important is a set of NE-SW faults crossing the Alboran
Sea. These faults have a predominant sinistral strike-slip displacement, while
another set, with NW-SE direction, has a dextral character. Additionally, reverse
faults, many of which have N70°E to E-W direction, were formed.
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In many cases, these strike-slip faults moved mainly as normal faults, releasing
by means of this way the regional tension. Even the near E-W faults in some places
can move as normal faults, owing to local stresses in areas suffering process of
uplift or subsidence. The stress in some of these cases even produces a radial
extension (Sanz de Galdeano et al. 2010).

Considered on the whole, the Maghrebian area is a complex region owing to the
deformation produced by the interaction of two plates, an intermediate domain
pinched in between, and the propagation of the deformations to the south, forming
the Atlas Mountains, limiting the cratonic northwestern African areas. To these
deformations must be added the great line of fractures that from the north of Europe,
passing by the Rhin Basin and the Iberian eastern border, cross the Alboran Sea,
reach the Atlas and continues in the Canary Islands (Sanz de Galdeano 1990).

3 Seismic Catalog and Spatial Distribution
of Earthquakes

To know if small earthquakes delimit the areas where large earthquakes will hap-
pens, as was quoted previously, is the basis of the spatially smoothed approach both
in seismic hazard and in this type of forecasting studies. Here we check both spatial
distributions (‘small’ and ‘large’ earthquakes) in order to confirm this hypothesis in
our region. Kafka and Ebel (2011) consider that this is the ‘least-astonishing null
hypothesis’, being a standard of comparison for other more complex spatial forecast
methods (v.g., Zechar and Jordan 2010; Falcone et al. 2010). Kafka and Ebel (2011)
call this method cellular seismology.

The reliability of this analysis is related to the reliability of the used catalog, i.e.,
it is related to its completeness and homogeneity. To develop our study, we have
used two unified catalogs in terms of moment magnitude, including only main
(Poissonian) events, compiled specifically for seismic hazard and forecasting
studies in the region, one of them covering northern Morocco (Peldez et al. 2007)
and the second one northern Algeria (Hamdache et al. 2010). The catalog for
northern Morocco includes earthquakes in the area between 27° to 37°N and 15°W
to 1°E. Initially, it spans the years 1045 to 2005. The catalog for northern Algeria
covers the area between 32° to 38°N and 3°W to 10°E, initially spanning the years
856 to 2008. These catalogs have been updated to 2011 and aggregated. Duplicated
earthquakes in the overlapped areas as well as non-crustal events (events with depth
below 30 km) have been erased (Fig. 1).

Overall, the final catalog can be considered complete above magnitude My, 5.0
since 1900, with a mean rate of 2.15 events/year, and above magnitude My 6.0
since 1885, with a mean rate of 0.21 events/year. Earthquakes above My 4.0 are
completes only since 2003, with a mean rate of 29.82 events/year; in the preceding
period 1925-2003, the mean rate was only 7.71 events/year (Fig. 2). We must take
into account that Moroccan and Algerian seismological networks have not covered
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Fig. 2 Accumulative number of earthquakes in the catalog above magnitudes My 4.0, 5.0 and 6.0
versus time. Completeness periods are displayed
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efficiently this region, and mostly earthquakes included in both catalogs are those
located by the Spanish National Geographic Institute network, distant of the
southern and eastern parts of the study region (Peldez et al. 2007; Hamdache et al.
2010).

Considering only earthquakes since 1900 with magnitude above My 5.0, we
have obtained an overall b-value equal to 0.88 (o = 0.02). Although there are some
spatial variations of this parameter in the study region, for this study we will
consider that it is constant.

Using this catalog, we have checked what is the percentage of real events with
magnitude equal to or above My 5.0 happened within a certain distance, for dif-
ferent distances, of at least one previous event with magnitude in the range My, 4.0—
4.9 (Fig. 3). We call it percentage of hits, in the line of the works by Kafka and
Walcott (1998), Kafka and Levin (2000) and Kafka (2002). Moreover, we have also
computed the percentage of hits for an aleatory distribution of simulated events
with magnitude equal to or above My 5.0 (Fig. 3). In order to compute both
percentages, we have used earthquakes with magnitude in the range My, 4.0-4.9
since 1925 in a region 0.5° smaller in extent than extension of the used catalog, to
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avoid boundary effects. Must be taken into account that seismicity in the range My
4.0-4.9 from 1925 to 2003 is not complete, then, the computed percentage of hits in
both cases (real and simulated events with magnitude equal to and above My 5.0)
must be lesser than the true.

Obviously, the computed percentage of hits is dependent on the specified dis-
tance to be considered related small and large events (Fig. 3). The main conclusion
is that, independently of the considered distance (Fig. 3 shows results for distances
less than or equal to 50 km), the percentage of hits is significantly greater in the real
case that when considering aleatory simulated events, double in the case of spec-
ified distances less than 25 km. For instance, there is a 72.5 % probability that a real
earthquake with magnitude greater than or equal to My 5.0 could happen at less
than 50 km of at least a previous earthquake in the range My 4.0-4.9.

In an aleatory (uniform) distribution of simulated earthquakes with magnitude
equal to or above My, 5.0, the probability is only 45.6 %. For this last computation,
all earthquakes in the range My 4.0—4.9 since 1925, and aleatory locations for
earthquakes with magnitude equal to or above My 5.0 have been considered.
Considering in a more accurate simulation not all earthquakes in the range My 4.0—
4.9 but only previous earthquakes to the aleatory events, the percentage of hits must
be significantly lower. This implies to consider time-aleatory and space-aleatory
events, not only space-aleatory events as we have done.

From our catalog, we can proclaim that in the study region it can be observed a
relatively good agreement between locations for these two data sets. In fact, con-
sidering the previously discussed percentage, nearly 3 out of every 4 earthquakes
with magnitude above My, 5.0 happened since 1925 were located less than 50 km
of at least a previous earthquake with magnitude in the range My 4.0-4.9. This is
approximately the same result that has been obtained in other regions using dif-
ferent data sets and magnitude intervals (i.e., Helmstetter et al. 2006, 2007; Werner
et al. 2011). This result supports the use of the proposed forecasting approach.

Then, we perform a spatial smooth of the seismicity pertaining to the first
dataset, that is, earthquakes in the range My 4.0-4.9 from 1925 to 2011.
Considering the catalog uncompleteness for the epoch 1925-2003 for this range of
earthquakes (Fig. 3), we have completed the number of earthquakes in each cell
proportionately to the counted number of events in the range My 4.0-4.9 in the
time period 1925-2003, in order to extent the current mean rate of events until
1925. This process is not necessary to compute the percentage of hits, but it is
essential in order to assess forecasts. We have used square cells with dimensions
10 km x 10 km for which we count directly the number of earthquakes recorded in
each of them, and then, we smooth it using a Gaussian filter with a correlation
distance ¢ of 20 km. This implies that we spread each earthquake between its own
cell and the neighbouring cells: the Gaussian filter cause that, if we associate to the
own cell a weight equal to 1.0, the cell distant the correlation distance ¢ contributes
with a weight equal to 0.37, and the cell distant 2¢ contributes only with 0.02.
Thereby, using this filter, we can take into account uncertainties in the earthquake
locations. As it was stated in the introduction section, the main characteristic of this
filter is that it preserves the total number of earthquakes.
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Fig. 4 Smoothed number of events in the range My 4.0-4.9 since 1925. Single events with
magnitude above My 5.0 in the used catalog are also displayed

After counting earthquakes, completing and filtering this data set, we have
computed again the percentage of hits. It can be also observed in Fig. 3. In order to
compare both distributions, earthquakes in the range My 4.0—4.9 and earthquakes
above My 5.0, the resulting smoothed number of earthquakes as well as earth-
quakes above magnitude My 5.0 are displayed in Fig. 4. In this case, were con-
sidered and smoothed all earthquakes in the range My 4.0—4.9 since 1925.

4 Forecasting Locations of Moderate Earthquakes

The final stage in our assessment is to forecast where will happen moderate and
moderate to strong (Mw = 5.0 and My, = 6.0) events from the spatially smoothed
seismicity. We will consider the smoothed number of events with magnitude above
My 4.0 in order to compute the yearly number of events in each cell above a certain
magnitude value, by using the well-known Gutenberg-Richter recurrence
relationship. The a-value is obtained directly from smoothed number of events
(using a correlation distance equal to 20 km), and the used b-value will be the
computed regional value. Once yearly number of events above a certain magnitude
is obtained for each cell (n), assuming a Poissonian process, the probability of
exceedance (P) for a certain exposure time (7) for the selected magnitude can be
obtained from the relationship

P=1-¢"

Taking into account cell dimensions, probability per square kilometer is obtained
multiplying by 0.01.
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Fig. 5 Probability of exceedance per cell for earthquakes with magnitude above My 5.0 in
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Probabilities for an exposure time of 10 years for earthquakes with magnitude
My 2 5.0 can be observed in Fig. 5, and for earthquakes with magnitude My = 6.0
in Fig. 6.

In Fig. 5 can be observed maximum values in Northern Algeria in the Tell, and
in Northern Morocco mainly in the eastern part of the Rif. Specifically, the fol-
lowing significant maximum values are obtained in different areas (from east to
west): 4.1 % in Guelma, 3.7 % in the N of Setif, 2.6 % in Blida, 3.8 % in El Asnam,
and 2.2 % in the NW of Oran regions, all of them in Algeria, and 2.9 % in the NE of
Al Hoceima, and 2.5 % in the S of the Middle Atlas regions, both of them in
Morocco. Other little relative maximum values can be observed throughout the
Northern Algeria and Moroccan regions.
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Fig. 6 Probability of exceedance per cell for earthquakes with magnitude above My 6.0 in the
next 10 years. Single events with magnitude above My 6.0 located in the last 10 years (2003—
2013) are also displayed
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Table 1 Computed probabilities per cell in the next 10 years, for the locations of the 2003
Algiers, My 6.8, and 2004 N Tamassint, My 6.4, earthquakes

2003 Algiers (%) 2004 N Tamassint (%)
P My = 5.0) 2.0 1.3
P My = 6.0) 0.3 0.2

To check these results, events with magnitude My = 5.0 in the last 10 years
(from 2003 to 2013) have been also displayed. As can be seen, there is a relatively
good agreement between locations of these events and forecasted maximum
probabilities. The three events with biggest magnitude in the region (the May 2003
Algiers, Algeria, My, 6.8, the February 2004 N Tamassint, Morocco, My 6.4, and
the July 2007 Azores-Cape Sant Vincent, My 5.8 earthquakes) have been
enhanced.

The 2004 N Tamassint, Morocco, earthquake is located in the eastermost part of
the Rif, near the area quoted above where maximum probabilities have been
obtained in this region. The 2003 Algiers, Algeria, earthquake (Hamdache et al.
2004) is located in the Tell, between two of the areas with relative maximum
probabilities, the N of Setif and Blida regions. As can be seen in Fig. 6, these two
earthquakes are also included in the areas with biggest probability that earthquakes
with magnitude My 2 6.0 could happen. In this figure, mostly the Tell and the
eastern part of the Rif regions are demarcated clearly as regions where probabilities
per cell are in the range 0.1-0.5 %. Individual probabilities for these two earth-
quakes are displayed in Table 1.

5 Conclusions

In Figs. 5 and 6 are displayed potential areas from a probabilistic point of view to
host future earthquakes with magnitudes My = 5.0 and My 2= 6.0, respectively, in
our region of study. The maximum computed values per cell in the region are 4.1 %
in Guelma, Algeria, and 2.9 % in the NE of Al Hoceima, Morocco, when
computing the probability of exceedance for earthquakes with My = 5.0 in the
following 10 years. Taking into account the known recent mean seismicity rate,
21-22 earthquakes with magnitude above My 5.0 and 2 earthquakes with mag-
nitude above My 6.0 will happens in this region in the following 10 years.

These results have been obtained using a spatially smoothed seismicity approach
and a Poissonian process (earthquake generation process have no memory) con-
sidering earthquakes above Myy 4.0 after to check if minor earthquake locations can
be used to forecast future places where will happen moderate to large events. An
updated earthquake catalog was specifically used for this computation. Although it
has a good behaviour concerning its completeness and homogeneity, certainly it is
the main source of uncertainty in the reliability of the final results.
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Certain future refinements (for example, a regionalization of the b-value) will be
considered in the future in order to improve this model.

Considering the areas that will host moderate and moderate to high earthquakes
from the computed probabilities, jointly with the obtained results in previous
seismic hazard assessments in the region conducted by the authors of this work,
they show that it is necessary to improve the seismic action in the current Moroccan
and Algerian building codes. It is unacceptable to continue using as seismic input in
the Algerian code (RPA-99, and the different updated versions) a political
regionalization, called seismic zoning, based in the seismicity, neither based in the
seismic hazard nor in the probability that a certain earthquake can happen. To
divide the country in four “seismic zones”, assigning them a constant design
acceleration value, is a poor approach that cannot still be used. The next version
(RPA-2015) appears to contain the same weakness and shortcomings, despite the
efforts to change such rules. The same happened in the previous Moroccan code
(RPS2000). In the current code (RPS2011), it has been established a new seismic
zoning, in this case based in previous seismic hazard results, but also assigning
constant design acceleration values for each one of the five delimited zones.

As it was stated before, the recent studies carried out in this region on earthquake
engineering research, must be already used to update seismic provisions.
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1 Introduction

Of all natural hazards, earthquakes are those which historically have caused the
most extensive impact and disruption in terms of damage to infrastructure,
human-casualties and economic losses. They are the expression of a continuing
evolution of the Earth Planet and a reshaping of the Earth’s surface. They are the
most deadly of all natural disasters affecting the human environment. Every year
more than one million earthquakes shake different regions of the world, some so
feeling and gentle that only the most sensitive instruments can detect the motion,
and others so violent that whole communities are shattered and large sections of
terrain are shifted in this process that can start landslides, block rivers, cause floods,
and set massive sea waves surging across the oceans.

The amount of damage and number of fatalities at a certain location caused by an
earthquake depends on various factors: the magnitude and characteristics of the
earthquake focus, distance from the epicenter, soil characteristics, density of
buildings and population, and structural design of buildings and infrastructures,
among others. These facts are playing an important role in decreasing or increasing
the number of victims in recent earthquakes, especially in the developing countries.
The increasing population in the earthquake-prone cities, poor construction quality
and lack of building code enforcement are major reasons why the vulnerability due
to earthquake is also increasing.
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Today scientists, technicians and engineers know a lot of details and information
about earthquakes, where they are most likely to occur, how deep they originate,
and how they affect land. Researchers are applying this knowledge to future pro-
grams for predicting when and where the next earthquake might occur and for
constructing buildings and installations that might be better able to withstand
earthquake violence. Man may never be able to control or even predict earthquakes
with satisfactory accuracy, but he can learn to live with them in relative safety.
Occurrences of earthquakes in different parts of the world and the resulting losses,
especially human lives, have highlighted the structural inadequacy of many
buildings to support seismic loads.

Short and mid-term earthquake forecasting may one day be able to reduce
significantly casualties associated with catastrophic earthquakes. However, a
long-term preventive policy is the only possible way for the reduction of life losses
and socioeconomic impact associated with them. Such preventive policy should be
based on: (i) the assessment of seismic hazard and risk, (ii) the implementation of
safe building construction codes, (iii) the increased public awareness on natural
disasters, and (iv) a strategy of land-use planning taking into consideration the
seismic hazard and other natural disasters (Riad et al. 2000).

Seismic hazard estimation is an essential component for earthquake-resistant
design, and for the preparation of seismic zoning maps which provide the necessary
input information for the design of ordinary structures. The preparation of basic
data for the seismic hazard assessment (SHA) starts immediately after evaluating
the seismic record (a complete, reliable, and processed earthquake catalogue).

Earthquake catalogues are the starting point for any SHA. Catalogues consist of
estimates of past earthquake locations, described by three spatial and one temporal
coordinates, and the magnitudes of events that have occurred in or near the region
of interest. The quality, consistency and homogeneity of these data are directly
reflected in the accuracy of the results of a SHA. Earthquake catalogues, along with
a good understanding of the geology and seismotectonic environment are the
fundamental bases for constructing the seismic source model, which is the first
element needed to carry out the assessment.

A reliable knowledge of the earthquakes that occurred at a site of interest is the
key stone for seismic hazard estimates and seismotectonic studies. The seismic
history available is the result of a collection of quite heterogeneous pieces of
information spanning from recent instrumental records to macroseismic observa-
tions obtained from old documentary sources. In general, this collection is char-
acterized by different levels of reliability due to heterogeneity in sampling
procedures, data processing, and availability of relevant information. As concerns
the instrumental part of the catalogue, changes in the monitoring networks (both in
terms of geometry and density of stations), and the procedures for earthquake
parameterization, could result in seismic compilations characterized by different
levels of completeness and reliability.

A complete and consistent catalogue of earthquakes can provide good data for
studying the distribution of earthquakes in a region as a function of space, time, and
magnitude. However, most catalogues do not report the magnitude of earthquakes
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consistently over time, in addition to varying uncertainties in hypocenter locations.
This may pose as an obstacle for delineating seismicity patterns or for assessing
seismic hazards. Because earthquake magnitude has become an indispensable
source parameter of earthquakes since its inception, it is important to convert the
original magnitudes based on various scales in different time periods to a common
magnitude scale throughout the whole period.

A unified catalogue is crucial for statistical analysis of earthquakes, even more
for seismic hazard studies. A reliable earthquake catalogue is containing accurate
information (e.g., epicentre locations, focal depths, and earthquake magnitudes)
which is of utmost importance in order to determine various parameters needed for
the SHAs.

Although Egypt is affected by moderate seismic activity compared to other
countries, it is exposed to high seismic risk. This is due to many factors: (1) the
population in Egypt, as well as all important and archaeological sites, are con-
centrated within a narrow belt along the Nile Valley and Delta, (2) most of
earthquakes occurred near overpopulated cities and villages, (3) the methods of
construction vary between old (as those still being used in the villages) and new
buildings with poor construction practice, and finally, (4) the soil characteristics in
different localities in Egypt and their influence on seismic amplification.
A damaging earthquake is a real, as well as a current, threat to the safety, social
integrity, and economic wellbeing of the population in the region. Thus, SHA
studies in Egypt are greatly needed to identify areas with different degrees of
vulnerability. They will serve for further risk studies, construction codes, and also
for land-use planning.

The published seismic databases covering Egypt until now are inadequate to
study the long-term seismicity and recurrence interval for large earthquakes in the
region. Thus, the primary goal of this work was to catalogue all known events from
every available published or unpublished source for the area between 21° to 38°N
and 22° to 38°E. A unified earthquake catalogue was obtained (includes all the
historical, instrumental and focal mechanism solutions data), using for this purpose
several empirical relationships among reported magnitudes, macroseismic intensity,
and moment magnitude (My,). Finally, all dependent events were removed as well
as earthquakes with magnitudes smaller than My, 3.0. The final catalogue covers the
period from 2200 B.C. to 2013 and includes 16,642 mainshocks. Its development
and main characteristics are discussed below.

2 Tectonic Setting of Egypt

Egypt is situated in the northeastern corner of the African Plate, along the south-
eastern edge of the Eastern Mediterranean region. It is interacting with the Arabian
and Furasian Plates through divergent and convergent plate boundaries,



100 R. Sawires et al.

respectively (Fig. 1). Egypt is bounded by three active tectonic plate margins: the
African-Eurasian plate margin, the Gulf of Suez-Red Sea plate margin, and the Gulf
of Agaba-Dead Sea Transform Fault (DST). The seismic activity of Egypt is due to
the interaction and the relative motion between the plates of Eurasia, Africa and
Arabia. Within the last decade, some areas in Egypt have been struck by significant
earthquakes causing considerable damage. Such events were interpreted as the
result of this interaction.

The primary features of active plate boundaries in the vicinity of Egypt have
been discussed in details by many authors (e.g., McKenzie 1970, 1972; Neev 1975;
Ben-Menahem et al. 1976; Garfunkel and Bartov 1977; Ben-Avraham et al. 1987;
Woodward-Clyde Consultants 1985; Mesherf 1990; Kebeasy 1990). Also, the
relationship between those plate boundaries and shallow seismicity was studied by
different authors (e.g., Sofratome Group 1984; Abou Elenean 1997; Abou Elenean
and Hussein 2007). A summary of the most important tectonic features in the
vicinity of Egypt (Fig. 1) is given in the following paragraphs.

(a) Africa-Eurasia Plate Margin: The African and Eurasian Plates are converging
across a wide zone in the Mediterranean Sea. The effects of the plate inter-
action are mainly north and remote from the Egyptian coastal margin. The
zone is characterized by folding within the Mediterranean Sea floor and
subduction of the Northeastern African Plate beneath Cyprus and Crete
(Maamoun et al. 1980). Some evidences of secondary deformation appear to
be occurring along the Northern Egyptian coast as represented by moderate
earthquake activity. The earthquake activities constitute a belt parallel to the
Hellenic and Cyprian Arcs (Abou Elenean 2007). Some of the largest events
located to the south of Crete and Cyprus Islands were felt and caused few
damage on the northern part of Egypt (e.g., August 8, 1303, intensity VIII
offshore Mediterranean earthquake, February 13, 1756, intensity VI and June
26, 1926, M 7.4 Hellenic Arc earthquakes, October 9, 1996, My, 6.8 Cyprus
earthquake, and October 12, 2013, Mg 6.4 Crete earthquake).

(b) Gulf of Suez-Red Sea Plate Margin: The Arabian Plate is continuing to rotate
away from the African Plate along the Red Sea spreading center. The earth-
quake activity along that boundary is related to the Red Sea rifting, plutonic
activity and the intersection points of the NW (Gulf of Suez-Red Sea Faults)
with the NE DST Faults (Abou Elenean 2007). Active sea-floor spreading has
been identified as far as about 20° to 22°N latitudes, from the continuous
presence of basaltic crust in the axial rift of the Red Sea and the geophysical
signatures of newly emplaced oceanic crust (Cochran 1983). The extension of
this deformation zone toward the north (Suez-Cairo shear zone) is considered
as the most active part of Northern Egypt. Some evidences of an extension of
the Suez-Cairo-Alexandria shear zone to the north, towards the Mediterranean
Sea, were described (Kebeasy et al. 1981; Ben-Avraham et al. 1987). The
largest earthquakes along this zone caused some damage in Northern Egypt
(e.g., July 11, 1879, intensity VI and March 6, 1900, Mg 6.2 Gulf of Suez
earthquakes, and March 31, 1969, My, 6.8 Shedwan Island earthquake).
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(¢c) Gulf of Agaba-Dead Sea Transform Fault: It is a major left-lateral strike-slip
fault that accommodates the relative motion between Africa and Arabia
(Salamon et al. 2003). It connects a region of extension in the Northern Red
Sea with the Taurus collision zone to the north. This fault zone consists of en
echelon faults with extensional jogs, with the largest such step over being the
Dead Sea pull-apart basin. The main faults of this zone are trending N-S to
NNE-SSW. They are found on the Sinai and Arabian deformed coastal areas,
as well as within the Gulf of Aqaba (Ben-Avraham 1985). The seismic activity
of this shear boundary is relatively high and appeared to be clustered in some
places where there is intersection of two or more faults (NNE-SSW and
WNW-ESE) or attributed to upwelling of magma (Abou Elenean 2007). Some
larger events were reported along this fault trend and caused damage in
Northern Egypt (e.g., March 18, 1068, intensity VIII Elat earthquake, May 20,
1202, intensity VIII Lebanon earthquake, and November 22, 1995, My, 7.2
Gulf of Agaba earthquake).

Based on the geophysical studies in the territory of Egypt, Youssef (1968)
classified the main structural elements of Egypt into the following fault categories:
(a) Gulf of Suez-Red Sea, (b) Gulf of Agaba, (c) E-W, (d) N-S, and (e) N45°W
trends. However, Meshref (1990), from the magnetic tectonic trend analysis,
showed the tectonic trends which influenced Egypt throughout its geologic history
as: (@) NW (Gulf of Suez-Rea Sea), (b) NNE (Aqgaba), (c) E-W (Tethyan or
Mediterranean Sea), (d) N-S (Nubian or East African), (¢€)WNW (Drag), (f) ENE
(Syrian Arc), and (g) NE (Aualitic or Tibesti) trends.

3 Seismicity of Egypt

The seismicity of Egypt was also studied by many authors (e.g., Sieberg 1932a, b;
Ismail 1960; Gergawi and El-Khashab 1968; Maamoun et al. 1984; Kebeasy 1990;
Ambraseys et al.1994; Abou Elenean 1997, 2007; Badawy 1999, 2005). Although
Egypt is an area of relatively low to moderate seismicity, it has experienced some
damaging local shocks throughout its history, as well as the effects of larger
earthquakes in the Hellenic Arc and Eastern Mediterranean area. It has also been
affected by earthquakes in Southern Palestine and the Northern Red Sea
(Ambraseys et al. 1994).

Some of the most significant earthquakes in the last decades that took place in
Egypt are discussed in some detail in the following:

e September 12, 1955 offshore Alexandria earthquake (Mg 6.8): This earthquake
was felt in the entire Eastern Mediterranean Basin. In Egypt, it was felt strongly
and led to the loss of 22 lives and damage in the Nile Delta, between Alexandria
and Cairo. Destruction of more than 300 buildings of old brick construction was
reported in Rosetta, Idku, Damanhour, Mohmoudya and Abu-Hommos.
A maximum intensity (Z,,.,) of VII was assigned to a limited area in the Bihira



An Earthquake Catalogue (2200 B.C. to 2013) for Seismotectonic ... 103

province, where five people died and 41 were injured. In addition, intensity
between V and VII was reported in 15 other localities (Kebeasy 1990).

e March 31, 1969 Shedwan earthquake (Mg 6.9): This event occurred to the
northwest of Shedwan Island, in the surroundings of the Gulf of Suez. In this
island, fissures and cracks in the soil were found. Ten kilometers west of the
fractured area in the sea, a submerged coral reef was raised above sea level after
the event. This earthquake was preceded by 35 large foreshocks during the last
15 days of March 1969. This event was also felt in Saudi Arabia (Kebeasy 1990;
El-Sayed et al. 1994).

e December 9, 1978 Gilf El-Kebeir earthquake (m;, 5.3): It is the largest instru-
mental earthquake in the southwestern region of Egypt. Its epicenter was located
in the Gilf El-Kebeir area. The southern part of Egypt was an unpopulated desert
and the intensity distribution of this earthquake was not estimated. The nearest
station to the epicenter was Helwan, 850 km away. Neither foreshocks nor
aftershocks were recorded for this earthquake (Riad and Hosney 1992).

e November 14, 1981 Aswan (Kalabsha) earthquake (my 5.3, Mg 5.6):. This
earthquake occurred in the Nubian Desert of Aswan. It is of great significance
because of its possible association with Nasser’s Lake. Its effects was strongly
felt to the north of its epicenter (Kalabsha, about 60 km southeast of Aswan) up
to Assiut (440 km to the north) and to the south up to Khartoum (870 km to the
south). The epicentral intensity was VII-VIIL. Eleven buildings were damaged
and surface faulting was reported in the epicentral area. Several cracks on the
western bank of the Nasser’s Lake, and several rock-falls and minor cracks on
the eastern bank were reported. The largest crack was about 1 m in width and
20 km in length. This earthquake was preceded by three foreshocks and fol-
lowed by a large number of aftershocks. This event caused a great alarm due to
its proximity to the Aswan High Dam (Kebeasy 1990; El-Sayed et al. 1994).

e July 2, 1984 Abu-Dabbab earthquake (my, 5.1): It was felt strongly in Aswan,
Qena and Quseir. Large numbers of foreshocks and a large sequence of after-
shocks were recorded (Kebeasy 1990).

e October 12, 1992 Cairo (Dahshour) earthquake (my, 5.8, Mg 5.9): Its epicenter
was about 40 km south of Cairo, in Dahshour, causing a disproportional amount
of damage (estimated at more than 500 million of Egyptian Pounds) and the loss
of many lives. The shock was strongly felt and caused occasional damage and
life loss in the Nile Delta, around Zagazig. Damage extended throughout
Fayoum and as far as south of Beni-Suef and Minia. The area mostly affected
was Cairo, in particular the old suburbs of Cairo, Bulaq and the region to the
south, along the western bank of the Nile to Gerza (Jirza) and El-Rouda. In all,
350 buildings collapsed completely and 9000 were irreparably damaged, 545
people died and 6512 people were injured. Many of the causalities in Cairo were
victims of panic-stricken stampedes of pupils rushing out of schools. About 350
schools and 216 mosques were ruined, and about 50,000 people were left
homeless. It was considered as one of the largest earthquakes in Egypt during
the last century (El-Sayed et al. 1994; Abou Elenean et al. 2000).
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e November 22, 1995 Gulf of Agaba earthquake (My/7.2): It was a strong
earthquake located in the southern part of the Gulf of Aqaba, 350 km southeast
of Cairo. Most of the reported damage was concentrated in Sinai Peninsula,
where a certain number of hotels were damaged leading to loss of three lives and
the injury of ten people (Al-Ahram newspaper, 23/11/1995) in Nuweiba, on the
Gulf of Agaba. Damage was also reported in the platforms of the port facilities
in Nuweiba (Fat-Helbary 1999; Riad and Yousef 1999).

o May 28, 1998 Ras El-Hikma earthquake (m;, 5.5): It was located offshore, on the
northwestern part of Egypt, and it was widely felt in Northern Egypt. The I,,,,, of
VII was reported at Ras El-Hikma village (~300 km west of Alexandria) and
intensity of V-VI at Alexandria. Ground fissures were observed along the beach,
and some cracks also in the concrete buildings (Hassoup and Tealeb 2000).

In Egypt, mostly population settlements are concentrated along the Nile Valley
and Nile Delta, so, the seismic risk is generally related to the occurrence of
moderate-size earthquakes at near distances (e.g., 1992, Mg 5.9 Cairo earthquake),
rather than bigger earthquakes that are known to occur at far distances along the
Northern Red Sea, Gulf of Suez, and Gulf of Agaba (e.g., 1969, Mg 6.9 Shedwan,
and 1995, My, 7.2 Gulf of Aqgaba earthquakes), as well as the Mediterranean off-
shore (e.g., 1955, Mg 6.8 Alexandria earthquake) (Abou Elenean et al. 2010).

4 Seismic Record in Egypt

The assessment of seismic hazard and mitigation of seismic risk in Egypt are very
important tasks due to the fast growth, and the development of giant and strategic
projects (e.g., New Suez Canal). The preparation of basic data for the SHA starts
immediately after evaluating the seismic record (complete and unified earthquake
catalogue). In evaluating earthquake hazards for a given region, it is necessary to
know its earthquake history. For Egypt, the seismic record is mainly divided into
two main periods: (a) the historical or the pre-instrumental part (prior to 1900), and
(b) the instrumental period (from 1900 until the moment). The last period can be
subdivided at the same time into: (i) the early instrumental era (1900-1997), until
the establishment of the Egyptian National Seismic Network (ENSN), and (ii) the
modern instrumental era (post 1997 until the moment).

4.1 The Pre-instrumental Era (Pre-1900)

Instrumental record of earthquakes has been started by the beginning of the
twentieth century. The earthquake information up to 1900 is compiled mainly from
historical documents and books. Therefore, this kind of records is known as his-
torical earthquake information. The location of those earthquakes provides a
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reasonable indicator for future events, and in order to forecast earthquake activity, it
is necessary to determine the ancient history of faults. The completeness and
accuracy of available information on earthquakes have evolved with time. Since the
large-magnitude earthquakes with large recurrence periods are rare events, it is
important to extend the seismic catalogues as far as possible back in time.

The chief sources of historical earthquake data in Egypt are inscriptions, papyri
and archeological evidences provided by temples and monuments in the pre-Islamic
Period (before 622 A.D.). Arabic chronicles and literature are also an important and
rich source of macro-seismic data in the Islamic Period (from 622 A.D.). Other
sources also include diplomatic correspondence, especially during the Ottoman
Rule over Egypt, starting from 1517. Hence, it is obvious that, Egypt is rich in
historical sources to furnish the mass of macro-seismic data, thanks to its pros-
perous culture, strategic location at the intersection of trade routes, in addition to its
political importance since ancient times. Due to these reasons, Egypt is one of the
few regions of the world which has long been known to have seismological records
dating back to 2200 B.C.

The historical seismicity of Egypt was studied by many authors. Among the
most earliest and most important of these studies are those given by Lyons (1907),
Sieberg (1932a, b), Karnik (1968), Maamoun (1979), Poirier and Taher (1980),
Maamoun et al. (1984), Kebeasy (1990), Ambraseys et al. (1994), El-Sayed and
Wabhlstrom (1996), Badawy (1999), Fat-Helbary (1999), Riad and Yousef (1999),
Riad et al. (2004), and Badawy et al. (2010). According to them, many earthquakes
were reported to have occurred in and around Egypt causing great damage in
different localities.

The following is a brief discussion for some important historical earthquake
databases mentioned above, showing their limitations:

e As-Souty, an Egyptian polymath, collected a catalogue of about 130 earth-
quakes in the Islamic World (from Spain to Transoxania) in his work “Kashf
El-Salsala fi Wasf El-Zalzala”, considered the first published chronology of
historical earthquakes in the Middle East region. As-Souty frequently names his
information sources, and cites them accurately. This work contains an earth-
quake list for the period between the years 712 A.D. to 1499 A.D.; which
translated into English by Spenger in 1843 from Arabic manuscripts of the
National Library at Paris. Thanks to the devotion of two of As-Souty’s disciples,
an invaluable continuation extends the list of events affecting Egypt down to
1588 (Badawy 1999).

e The first catalogue devoted to the earthquakes in Egypt is Lyons (1907) “pre-
liminary list”, which included 27 events between 27 B.C. and 1906, some of
them are duplicated, generally giving its sources of information. Lyons cata-
logue has a large gap between 1303 and 1698, into which Sieberg (1932a, b)
was able to insert only two events, both erroneous.

o Willis (1928) presented a list of earthquakes, which contains 130 shocks
compiled on the authority of As-Souty. Willis’s list was compiled in part by
Sieberg (1932a, b) and others, but they did not bother to convert into A.D. the
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Muslim Calendar which were given by As-Souty. Ambraseys (1962) correlated
these calendar dates against another manuscript of the same work at British
Museum, and suggested that this list is dated about six centuries too early.

e Rothé (1969) adopted Sieberg’s work that is quoted again by Maamoun (1979)
and Maamoun and Ibrahim (1978).

e Taher (1979) presents a full corpus of text and a summary from Arabic sources.
Taher’s work is the starting point for the retrieval and reassessment of historical
information. Summary results of Taher’s research were published by Poirier and
Taher (1980), whose catalogue unfortunately passes on the inaccuracies in the
original work.

e Ambraseys et al. (1994) made an attempt to include an accurate compilation of
macroseismic information for a region defined at its greatest extent from 0° to
34°N and 10° to 60°E. Concerning Egypt, many of the events included in the
previous catalogues have been excluded by Ambraseys et al. (1994) and have
been proven to be false.

According to different authors (e.g., Sieberg 1932a, b; Karnik 1968; Maamoun
1979; Poirier and Taher 1980; Savage 1984; Maamoun et al. 1984; Ambraseys et al.
1994; Badawy 1999), about 83 historical earthquakes were reported to have
occurred in the Egyptian territory, and have caused some damage in different
localities. The uneven distribution of population in Egypt creates inaccuracy in the
proper identification of the origin and effects of the Egyptian historical earthquakes.
This yields some spurious events which have not seismic origin.

Badawy (1999) describes the time distribution of those earthquakes: (a) seven
earthquakes have been reported in the period Before Christ (B.C.), (b) a number of
three events were reported up to the end of the ninth century, (c) eight earthquakes
have been reported in the tenth century, (d) a dramatic decline in earthquake
number has been notified in the eleventh and twelfth centuries (Fatimid Period),
(e) in the fifteenth and sixteenth centuries (Mamluk Period), the number of earth-
quakes re-increased and reaching ten events, (f) when Egypt was a province of the
Ottoman Empire, in the seventeenth and eighteenth centuries, another dramatic
decline was present, and finally, (g) the maximum number of the reported earth-
quakes was seventeen in the nineteenth century.

Furthermore, Badawy (1999) describes the spatial distribution of those earth-
quakes. Earthquake epicenters are located almost exclusively in Cairo, the Nile
Valley and the Nile Delta. He referred that most of the earthquakes affected these
areas originated from epicenters at the subduction zone in the north and rifting zone
in the east, but the distribution of population in a narrow band along the Nile Valley
and Delta creates challenging problems toward locating and assessing the origin
and true effects of the historical earthquakes in Egypt.

In the present study, all the references mentioned previously are chronologically
searched and all the available historical events were inserted and compiled into the
new catalogue. This is to go back as far as possible into historical times, critically
review and summarize the pre-instrumental seismic data in Egypt and its surround-
ings, and create a new unified version of the historical earthquake catalogue for Egypt.
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4.2 The Instrumental Period (Post-1900)

The early instrumental period of 1900-1997 is still poorly understood, even for
basic parameters such as earthquake locations. In some cases, this is the result of
inherent limitations in the distribution, response characteristics, and timing of the
instruments. Therefore, locations for most of the pre-1964 earthquakes are poorly
determined.

Recording of instrumental earthquakes in Egypt started as early as 1899 with the
establishment of Helwan Observatory (HLW: 29.85°N, 31.33°E, 115 m elevation
on limestone bedrock). This site was selected for both geophysical and astronomical
investigation. An E-W component of a Milne-Shaw seismograph was the only
instrument used initially. Another N-S component of a Milne-Shaw and a vertical
component of a Galitzin-Willip seismograph were added in 1922 and 1938,
respectively, in the same location. In 1951, the first episode of modernization,
started by adding another set of short-period Sprengnether seismographs in Helwan.
Before 1960, the seismic monitoring was carried out by using an individual seis-
mograph station consisting of a three-component sensor. The observations of each
individual seismograph station were collected in a data analysis center for location
and source parameters determination of every seismic event. The time lag between
the recording and processing was so long (Badawy 2005).

In May 1962, the Helwan Seismological Station was chosen by the U.S. Coast
and Geodetic Survey to be part of the World-Wide Standardized Seismograph
Network (WWSSN). All systems were then replaced by the standardized set of
Benioff short-period and Sprengnether long-period seismographs. This station is
still on operation nowadays. In December 1972, a Japanese seismograph system
with visual recording and frequency analyzer was installed also in Helwan. In late
1975 the first seismograph was installed in Southern Egypt that was able to record
small local earthquakes. This seismograph was one of three stations installed at the
Egyptian territory at Aswan (ASW), Abu-Simbel (ABS), and Matruh (MAT). These
stations were equipped with Russian standard short-period SKM-3 seismometers
and GK-VII M galvanometers (Abou Elenean et al. 2000).

Following the November 14, 1981, Mg 5.3 -m;, 5.1 Aswan earthquake, portable
micro-earthquake recorders were installed around the northern part of Aswan res-
ervoir area by the Egyptian Geological Survey (EGS) from December 1981 to June
1982 to study the possible induced seismicity in Nasser’s Lake. In late June 1982,
and after the occurrence of the Nasser’s Lake earthquake on 14 November 1981, the
portable seismic field stations were replaced by a telemetered network including
eight stations. Those seismic stations were erected by the Helwan Observatory and
Lamont-Doherty Geological Observatory (USA) around the northern part of Aswan
Reservoir. Furthermore, it was enlarged to eleven stations in 1984 and to thirteen
stations in 1985. Complete playback and analysis systems were installed at Helwan
for analysis of the digital data. An analog strong-motion accelerograph network also
was installed at different levels of the High Dam and Old Aswan Dam (Abou
Elenean et al. 2000).
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On July 2, 1984 a m;, 5.1 earthquake happened in Abu Dabbab area, along the
Red Sea. It was the maximum recorded magnitude of the earthquake swarm
observed since 1970. During the period from June 19, 1984 to January 4, 1985, the
National Research Institute of Astronomy and Geophysics (NRIAG) installed a
temporary three-station network (MEQ-800) including Abu Dabbab station, around
Wadi Abu Dabbab, along the Red Sea coast, to study earthquake-swarms activity.
Four short-period (MEQ equipped with SS-1 ranger) single vertical-component
seismograph stations were added to the national network during 1986-1990 at
Kottamia (KOT), Hurghada (HUR), Tell-El-Amarna (TAS), and Marsa Alam
(MRS) (Badawy 2005).

In August 1991, a very broad-band station (KEG) was erected at Kottamia, as a
part of MEDNET Project. In cooperation with the International Institute of
Seismology and Earthquake Engineering (IISEE), from Japan, and the NRIAG, a
local network including ten telemetered short period (L4C, Markproduct) seismic
stations was installed in August 1994, around the southern part of the Gulf of Suez
(Hussein et al. 2008).

After the occurrence of the October 12, 1992, My, 5.8 earthquake in Dahshour
area, 35 km to the southwest of Cairo, which caused 561 deaths, 9832 injured and
left a damage of more than 35 million US$ (Abou Elenean et al. 2000), the Egyptian
government financed the NRIAG to construct the ENSN, which covers the whole
Egyptian territory to detect and record mostly of local and regional earthquakes, as
well as teleseismic events. The institute upgraded the data communication system
from telephone lines to satellite to increase the efficiency of the ENSN.

By the end of 2002, the installation of the ENSN was completed covering whole
Egypt, and five sub-centers have been constructed and equipped. Moreover, a new
Earthquake Disaster Reduction Data Center (EDRDC) was established and sup-
ported by Geographic Information System (GIS) technology. This network had to
be a technologically-sophisticated system to meet the needs of public safety and
emergency management, providing improved data for better quantification of
hazard and risk associated with both natural and artificial seismic sources and
related engineering applications, as well as basic research. The ENSN is a digital
network with duplex communication that stands essentially on three major ele-
ments: a high-resolution digitizer (HRD series) providing a resolution of 24 bits
(132-dB dynamic range) and Global Positioning System (GPS) timing, NAQS32-P
acquisition and monitoring software, and monitoring of the required technical
parameters of the remote and repeater stations (Abou Elenean et al. 2000).

The ENSN consists of 60 remote stations transmitting data to the main center at
Helwan and to five subcenters at Burg El-Arab, El-Kharga, Marsa Alam, Hurghada
and Aswan. All instruments are short-period velocity sensors (43 stations have one
component and 13 stations have three-component sensors) with 24-bit digital
recording systems and a sampling rate of 100 Hz. It also has four broadband
seismograph stations equipped with STS-1 seismometers. Most of the data are
received at the main center from remote stations and subcenters via satellite com-
munication. Data from stations close to processing centers are sent through
telemetry or telephone lines. The distribution of the seismic stations and
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strong-motion units was chosen to cover known seismicity sources, as well as cover
some regions with known historical earthquakes but little instrumental seismicity
(e.g., Siwa Oasis). With this dense network of instruments it is possible to record
most ongoing earthquake activity in Egypt (Badawy 2005).

5 Earthquake Catalogue Compilation

In the current study, the collection, analysis and completeness of the historical and
instrumental earthquake data, compiled from different local and international
sources, is performed. The initial data suffered from incompleteness, duplication,
and large epicentral and hypocentral location errors. Large efforts and time were
required to evaluate different datasets, eliminating duplicate records after recon-
ciling differences, and sorting out aftershocks.

As mentioned above, in developing this catalogue, the authors investigated and
employed published and unpublished sources, covering different time periods with
different magnitude scales, and several papers and reports on historical seismicity.
The following are the different used sources arranged according to their preference:

e The regional catalogue given by Ambraseys et al. (1994), which cover the
period from 1900 to 1992. Thier investigation is concerned with a large and
irregular area defined at its greatest extent by the coordinates 0° to 34°N latitude
and 10° to 60°E longitude. They attempt to provide a uniform account of the
seismicity of the region mentioned above, based on the retrieval and assessment
of original sources of macroseismic information.

e EHB (Engdahl et al. 1998) catalogue, which is a revised version of the
International Seismological Centre (ISC) bulletin, containing data from 1960 to
2008 (http://www.isc.ac.uk/ehbbulletin/). The Engdahl et al. (1998) algorithm
has been used to improve routine hypocenter determinations made by the
International Seismological Summary (ISS), the ISC and the Preliminary
Determination of Epicenters (PDE), before a new and location algorithm
(Bondéar and Storchak 2011) was introduced. The EHB algorithm does not
recalculate magnitudes. Mostly body-wave (m;) and surface-wave (My) values
are taken from the ISC bulletin, and My, values from the global Global Centroid
Moment Tensor (CMT) catalogue.

e The ISC online bulletin (http://www.isc.ac.uk/), which includes earthquake data
in digital format from 1964 until 2014. It is updated periodically. It has been the
basic international seismic bulletin, completed and corrected with the other
sources. It includes checked and unchecked data from national and local
agencies from around the world. These data, which include hypocenters, phase
arrival-times, focal mechanism solutions, etc., are automatically grouped into
events, which form the basis of the ISC Bulletin.

e The National Earthquake Information Center (NEIC) global earthquake bulletin,
also called the PDE bulletin. The PDE is an online bulletin covering the period
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from 1900 to 2007 (http://earthquake.usgs.gov/earthquakes/). The word
“Preliminary” was used for the final bulletin because the bulletin of the ISC is
considered to be the final global archive of parametric earthquake data (phase
pick times and amplitudes).

e Global CMT catalogue provided by Harvard University, which has been the main
source for the focal mechanism solutions data (http://www.globalcmt.org/). Its
main database runs from January, 1976, until the present moment (Dziewonski
et al. 1981; Ekstrom et al. 2012). Furthermore, it includes the My computed
according to Kanamori (1977).

e Another important source of the focal mechanism solutions data is the
European-Mediterranean Regional Centroid Moment Tensor (RCMT)
Catalogue (http://www.bo.ingv.it/RCMTY/) for the European and Mediterranean
area. The main product of RCMT is a routinely updated catalogue of seismic
moment tensors (Pondrelli et al. 2002, 2004, 2006, 2007, 2011).

e All the available published and unpublished texts both local and international
(Poirier and Taher 1980; Maamoun et al. 1984; Riad and Meyers 1985; Kebeasy
1990; Ambraseys et al. 1994; El-Sayed and Wahlstrom 1996; Badawy and
Horvath 1999; Ambraseys 2001; Riad et al. 2004) were used to cover the
pre-instrumental and the early-instrumental periods, in addition to provide
macroseismic intensity for the historical events.

e The annual bulletin of the ENSN for events occurred after 1982 till the end of
2010, and the annual bulletin of the Aswan Regional Earthquake Research
Centre (from 1982 until the end of 2012).

When merging different catalogues it is necessary to avoid the duplication of
events eventually reported in more than one of the source catalogues. This can be
achieved by carefully checking the possible double events (i.e., records which could
be associated to the same earthquake) in the obtained catalogue (Primakov and
Rotwain 2003). Accordingly, the merging procedure has been performed as fol-
lows. The possible common events, with origin time differences less than
one minute and location differences less than one degree for latitude and longitude,
have been first identified. All the records satisfying such conditions have been
examined manually, to analyse specific cases. If the same event was listed with
different coordinates and origin time, the parameters estimated from local records
(i.e., national and regional catalogues) have been used. Otherwise, the parameters
from the global catalogues have been considered. The depth wasn’t taken into
consideration, due to the large errors affecting this quantity (Hussein et al. 2008).

Moreover, the straightforward merging of the data sources mentioned above
would yield a heterogeneous earthquake catalogue, with different magnitude types,
not always comparable. For Egypt and its surroundings, the most frequently
reported size estimates are the magnitude types given by the local catalogues, that
is, local (M) and duration (mp) magnitudes, which come from the annual bulletins
of the ENSN and Aswan Regional Earthquake Research Centre. In addition to these
magnitudes, m;, and Mj, as reported in the United States Geological Survey (USGS)
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and ISC global catalogues, are also listed for moderate to large events. Furthermore,
My, values for the biggest events, from CMT and EHB bulletins, were obtained.

In order to unify magnitudes, the different magnitude scales were selected
according to the following preference: My, My, m;, and local magnitudes (M; and
mp), respectively. The initial compilation spanning a spatial region from 21° to 38°
N and from 22° to 38°E, and includes all the events having an assigned magnitude
of 3.0 and above for international sources, and any magnitude for local sources, on
any magnitude scale. The initially compiled catalogue comprised more than 64,000
earthquakes (historical and instrumental events), covering the time period from
2200 B.C. to the beginning of 2014.

6 Catalogue Analysis

In order to produce an earthquake catalogue with a unified magnitude scale, it is
necessary to follow and perform the following two important steps, upon the de-
clustered earthquake data (Peresan and Rotwain 1998): (a) study the relationships
between the different kinds of magnitude reported in the catalogue, in order to have
a formal rule for the choice of any relationship that can be applied for magnitude
conversion, resulting into an acceptable unity of the catalogue, and (b) study the
completeness of the catalogue to find the magnitude thresholds above which the
different data sets, as well as of the resulting catalogue over the investigated time
period 2200 B.C.-2013, are complete. The completeness analysis can be checked
using the following: (i) drawing plots of the cumulative number of earthquakes
against time, and (ii) drawing plots of the frequency of earthquakes versus mag-
nitude, in accordance with the magnitude-frequency relationship by Gutenberg and
Richter (1942):

logioN(m) = a — bm (1)

6.1 Converting Intensities and Reported Magnitudes
to Moment Magnitude

One of the main goals of this work was to obtain a unified earthquake catalogue.
The My, was used as the unifying magnitude scale, because it is the most commonly
used in recent seismic hazard studies. Also, the reason is that this type of magnitude
do not saturates when increase earthquake size or seismic moment. Several
empirical regression relationships between the different reported magnitudes, 1,,,,,
and My have been employed. These relationships are those considered after
establishing specific relationships from our database or to use the most reliable ones
after studying the available magnitude relationships in the scientific literature. In the
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final catalogue, in addition to the unified My, the initially reported magnitude has
been included. This will allow users to use other type of magnitude to unify the
catalogue or to use other relationships to calculate unified magnitude if they wish.

The equivalent moment magnitude (My*), i.e., the final unified My, was
computed for each set of reported magnitude data. For earthquakes with reported
My, this value was the equivalent magnitude. Events which have reported M or m,,
magnitudes, a conversion of the reported magnitude to My is performed using
empirical relationships (Eqgs. 2 and 3, respectively) developed directly from the
current catalogue. The first relationship is a second degree polynomial fit between
reported Mg and My, magnitudes, using to it 355 events (4.0 < Mg < 7.3). The
second one is a linear fit between m,, and My, using 816 events (3.5 < m;,, < 6.7).
Both of them show a general agreement with widely used relationships as devel-
oped by Johnston (1996a) (Figs. 2 and 3).

M;, = 3.97(£0.61) — 0.13(40.24)Ms + 0.080(=0.023)M? )
M, = —1.314(£0.097) + 1.262(+0.020)m, 3)

For events in the catalogue with reported mp or M; magnitudes (Fig. 4), the
relationships of Hussein et al. (2008) for the local magnitude scales were used here
to convert mp and M; values to My (Eqs. 4 and 5, respectively). The authors prefer
to use the Hussein et al. (2008) relationships rather than developing their own

Fig. 2 Relationship between
Mg and My, magnitudes

. This work
A = = = Johnston (1996a)

4.0

4.0 5.0 6.0 7.0 8.0
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relations, because the current data have some gaps in the magnitudes distribution
that make an obstacle to construct a good fit.

2
My =3 [1.35(£0.11)My + 16.3(0.53)] — 107 (4)
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Fig. 5 Relationship between 8.0
Loy and My
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My =3 [1.45(40.07)Mp + 16.3(40.30)] — 10.7 (5)

Finally, when 1,,,, was the reported earthquake size, My* was computed from
the empirical polynomial second-degree relationship between I, and seismic
moment developed by Johnston (1996b) (Eq. 6 and Fig. 5).

2
My =3 (19.36 + 0.48 - Inyax + 0.0244 - I

ra) — 107 =077 (6)

In the compiled database, there are few earthquakes with assigned 1, and
reported magnitude. Mostly large earthquakes having these two values have a Mg
macroseismic magnitude computed by Ambraseys et al. (1994), that do not allows
to establish a robust regression analysis (Fig. 5). Furthermore, the relationships
developed by Ambraseys (1985) and D’Amico et al. (1999) appear to be unsuitable
for the current study because of its behaviour at high intensity values.

In the final catalogue, a code is employed to inform users about the method used
to obtain the My ™ for each event.

6.2 Catalogue Declustering

Declustering process attempts to identify time and space-dependent earthquakes
(aftershocks, foreshocks and swarm-type activity). After compiling the unified
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catalogue, dependent (non-Poissonian) earthquakes were removed. This is a nec-
essary step in any time-independent SHA. For most hazard-related studies, it is
assumed that the seismicity behaves in a time-independent fashion (e.g., Reiter
1990; Giardini et al. 1999; Frankel 1995).

Two main declustering algorithms are normally in use: (a) the approach pro-
posed by Gardner and Knopoff (1974), which identify dependant events when they
are included in the same space and time window, and (b) the approach provided by
Reasenberg (1985), who defines the interaction windows in space-time in a
somewhat more sophisticated way attempting to introduce physical properties
behind triggering. The spatial and temporal extent of a cluster is not fixed, as it is in
the windowing method, but it depends on the development of an individual
sequence.

In the current work, the authors follow the same procedure as the Moroccan and
Algerian main earthquake catalogues prepared by Peldez et al. (2007) and
Hamadche et al. (2010), respectively. All dependent earthquakes were identified
using the classic routine, and essentially using the same parameters, proposed by
Gardner and Knopoff (1974). Given an earthquake with a certain My, a scan within
a characteristic distance L(Myy) and time T(My,) was performed for the entire cat-
alogue. The largest earthquake in this search is considered to be the mainshock. In
the current study, window sizes of 900 days and 100 km were used for a given My,
8.0 event, and 10 days and 20 km for a My, 3.0 event. For in-between magnitudes,
proportional values for L and T were used. After this process, the catalogue was cut
off below magnitude My, 3.0. These magnitudes are not significant for SHA studies
and its period of completeness is very low. For example, Table 1 shows earthquakes
above My, 6.0 in the Egyptian territory and surroundings, that is, the most energetic
ones in the final catalogue. Furthermore, maps showing the distribution of earth-
quakes of the declustered catalogue, for events My, > 3.0, are depicted in Figs. 6
and 7.

6.3 Catalogue Completeness

Modelling the seismicity in each seismic zone needs knowledge on the magnitude
of completeness below which only a fraction of all events that have been taken
place are documented (e.g., Kijko and Graham 1999; Rydelek and Sacks 2003;
Wiemer and Wyss 2000, 2003). The authors estimated the degree of completeness
firstly for the whole set of date in the entire catalogue,and then for the Egyptian
territory and surroundings (area between latitudes 22° to 33.5°N and longitudes 22°
to 36°E), without data from the Mediterranean Sea region. The procedure used to
identify the completeness levels of the catalogue is the usual one, to plot the
cumulative number of events above a certain magnitude versus time. This permits
to identify the epochs in which the rates of events are constant.
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Fig. 6 Catalogued crustal (h < 30 km) earthquakes

The results of the completeness analysis, for both the whole catalogue and the
Egyptian territory and its surroundings are shown on Table 2, and Figs. 8 and 9.
Those figures depict the cumulative number of earthquakes above magnitudes My,
3.0 to My, 7.0 at intervals of 0.5. For example, we obtained that the earthquake
catalogue of the Egyptian territory and surroundings (Fig. 9) is complete for
earthquakes above My, 3.0, 4.0, and 5.0 since 1993, 1983 and 1950, approximately,
with seismicity rates of 67.0, 5.74, and 0.646 events/year, respectively. However,
the whole catalogue appears to be complete, for the previous magnitude values,
since 2003, 1993 and 1980, approximately, with rates of 1071, 69.0, and 9.76
events/year, respectively.
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Fig. 7 Catalogued deep (2 > 30 km) earthquakes

Some of the observed completeness periods are clearly related to the estab-
lishment and improving of the local and international networks: (a) 1900 is the
appropriate date in which is established the Helwan Observatory, (b) 1960 coin-
cides approximately with the deployment of the WWSSN, (c) 1983 is the year
related to the installation of the Aswan Seismological Network after November 14,
1981, M 5.3 Kalabsha earthquake, (d) 1993 coincides with the installation of a
large number of seismic stations in Egypt after October 12, 1992, My, 5.8 Cairo
earthquake, and finally, (e) 2003 reflects the final improvement and development of
the ENSN.
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Table 2 Completeness period and seismicity rate for different magnitude values

My, The whole catalogue The Egyptian territory
Year Rate (events/year) Year Rate (events/year)
>3.0 2003 1071 1993 67.0
235 1993 206 1983 16.9
24.0 1993 69.0 1983 5.74
245 1980 304 1977 1.86
>5.0 1980 9.76 1950 0.646
255 1960 2.46 1950 0.187
26.0 1920 0.591 700 0.0166
26.5 1900 0.186 700 0.00446
7.0 200 B.C. 0.00911 0 0.00207
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Fig. 8 Cumulative number of earthquakes above different magnitude values for the whole
catalogue
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territory and its surroundings

7 Magnitude-Frequency Relationship

As it was mentioned before, Gutenberg and Richter (1942) noted that the
magnitude-frequency relationship obeys a power law given by Eq. 1, where N is the
number of earthquakes of magnitude M or larger, and @ and b are parameters. The
a-value depends on the period of observation, the size of the investigated area, and
the level of seismicity. The b-value is generally assumed to be related to the degree
of the fracturing and the heterogeneity of the materials and stress regime, among
other factors, depicting the relationship among large and small earthquakes.
A b-value equals to 1.0 means that the number of earthquakes in the area decreases
by tenfold when magnitude increases in a unit.

Figure 10 displays the recurrence (magnitude-frequency) relationship for
earthquakes in both the whole catalogue and the Egyptian territory, in the time
period likely complete for magnitudes above My 3.5, from 1993 and 1983,
respectively. There is a good fit in both plots, with a typical b-value equal to 0.94
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and 1.08, respectively. These values emphasize the fact that, for those time inter-
vals, the catalogue is likely complete and Poissonian, for the quoted magnitudes. In
the recurrence relationship for Egypt and its surroundings (Fig. 10), the November
22,1995, My, 7.2 Gulf of Agaba earthquake do not follow the magnitude-frequency
relationship. It must be investigated if it could be considered a characteristic
earthquake (Youngs and Coppersmith 1985).

8 Focal Mechanism Solutions Database (1940-2013)

Earthquake source mechanisms or fault-plane solutions are of prime importance in
monitoring local, regional and global seismicity and seismotectonics. They have
proven to be of great importance in defining the nature of earthquake faulting and
its causative stresses in many regions of the world. They reflect the stress pattern
acting in the area under study and may help to map its tectonic structure, which
causes the earthquakes. Instrumental recordings provide an ever-expanding source
of data for understanding earthquakes and their locations, source properties, and
radiated seismic waves. Focal mechanism solutions help us to identify the fault
plane (with the aid of geological information and/or aftershocks distribution), the
type of faulting, the direction of slip and the compatibility of our solution with the
general sense of ground motion in the area. Furthermore, the use of earthquake
focal mechanisms or seismic stress tensors for analysis of seismotectonic defor-
mation is a fundamental goal of the modern geodynamics. As such, it has been
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widely used to evaluate, in a more or less independent manner, the nature of recent
crustal deformations on scales ranging from global to regional and local scale.
The insufficient coverage of seismic stations until the 1980’s limited the number
of fault-plane solutions that have been computed in the Egyptian territory (Badawy
2005). In the current study, different local and international sources were examined,
and focal mechanism solutions data were compiled into a single database. Those
sources are the following: Constantinescu et al. (1966), Huang and Solomon
(1987), Hussein (1989), Eck and Hofstetter (1990), Riad and Hosney (1992), Abou

24'E 28°E 32°E 36°E

36°'N 36°N
32'N 32°N
28°'N 28'N
24'N 24°N

24'E 28'E 32°E 36°E

Fig. 11 Distribution of the catalogued focal mechanism solutions in and around Egypt for
earthquake events included in the current database. Sphere sizes are in proportion to the My,.
Different colours refer to different faulting mechanisms (Blue strike slip. Green normal. Red
reverse)



An Earthquake Catalogue (2200 B.C. to 2013) for Seismotectonic ... 125

31°E 32°E 33E 34E 35°E 36E
—— — —

Mediterranean Sea

31°N

30°N 30°N

{ ‘\{ 29°'N
l 28°N
" 27°N

31°E i H . ’ 36°E

29°N

28'N

SAUDI ARABIA

Fig. 12 Distribution of the catalogued focal mechanism solutions in Sinai Peninsula. Sphere sizes
are in proportion to the My,. Different colours refer to different faulting mechanisms

Elenean (1993, 1997, 2007), Abdel Fattah et al. (1997), El-Sayed et al. (2001),
Badawy (2001, 2005), Badawy and Abdel Fattah (2001, 2002), Salamon et al.
(2003), Hofstetter (2003), Hofstetter et al. (2003), Fat-Helbary and Mohamed
(2003), Abou Elenean et al. (2004), El-Sayed et al. (2004), Korrat et al. (2005),
Badawy et al. (2006, 2008), Hussein et al. (2006, 2013), Marzouk (2007),
Abdel-Rahman et al. (2009), Abou Elenecan and Hussein (2007, 2008), ENSN
(1998-2010), Morsy et al. (2011, 2012), Abu El-Nader (2013).

In addition, the solutions of the Global CMT Harvard catalogue, the
International Seismological Centre (2011), the NEIC, the RCMT Catalogue in the
Mediterranean region, as well as ZUR-RMT catalogue of the Institute of
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Fig. 13 Distribution of the catalogued focal mechanism solutions around Cairo area. Sphere sizes
are in proportion to the My,. Different colours refer to different faulting mechanisms

Technology (ETH) of Zurich, were also included in the final catalogue. Hence, a
total number of 688 focal mechanism solutions were collected covering different
active seismogenic zones (Figs. 11, 12, 13 and 14) in Egypt and surroundings,
including Eastern Mediterranean, spanning the spatial area from 21° to 38°N, and
from 22° to 38°E. Most of them have a magnitude greater than or equal to My, 3.0,
occurring in the time period 1940-2013. Table 3 shows the focal mechanism
parameters for some selected biggest events which taken place in and around Egypt,
and their related My, values.

9 Discussion

The seismicity distribution of the compiled catalogue is depicted in Figs. 6 and 7.
Most of the crustal seismicity (Fig. 6) is concentrated and released within specific
seismogenic belts that are mainly related to the different plate boundaries
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Fig. 14 Distribution of the catalogued focal mechanism solutions in Aswan region. Sphere sizes
are in proportion to the My,. Different colours refer to different faulting mechanisms

surrounding Egypt. These seismic belts are: the DST, the Cyprian and the Hellenic
Arcs, and the Gulf of Suez-Red Sea Rift. Thus, Egypt is characterized by a unique
tectonic situation including the convergence of the African and Eurasian Plates
across a wide zone of deformation in the Eastern Mediterranean to the north,
strike-slip movement along the DST to the east and the Gulf of Suez-Red Sea Rift.
In addition, there is a moderate seismic activity inside the Egyptian territory and
away from the surrounding plate boundaries. This seismicity is mainly due to
different fault systems: (a) around Nasser’s Lake, (b) Red Sea Coast, especially in
Abu Dabbab area, (c) Cairo-Suez region, and (d) Mediterranean Sea Coastal zone.

However, there is a significant difference between the distribution of the deep
(h > 30 km) seismicity (Fig. 7) and the crustal one (Fig. 6). Deeper earthquake
events are concentrated along the Hellenic and the Cyprian Arcs, in the
Mediterranean region. This is due to the convergence and subduction which take
place between the African and the European Plates. In addition, a few deep
earthquakes are also observed along the DST, and in the triple junction point, at the
northern part of the Red Sea, which represents the intersection between the Gulf of
Suez and Gulf of Aqaba. Furthermore, there is a few activity along the Pelusium
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and Qattara lines, which extend in the direction NE-SW to the northern part of
Egypt.

On the other hand, regarding the focal mechanism solution plots (Figs. 11, 12,
13 and 14), it can be concluded that:

e The focal mechanism solutions of the events occurred in the southern side of the
Hellenic Arc (Fig. 11) show a behaviour either pure reverse faults or reverse
faults with strike-slip components. However, the dominant mechanisms of the
northern side of the arc are normal focal mechanisms which are related to the
extensional stress field, due to the back arc activity. Some events, which occur
either in the southern side or in the northern side, show normal faulting or
normal faulting with strike-slip component behaviour.

e The Cyprian Arc (Fig. 11) is generally characterized by thrusting and shear
mechanisms. Reverse faults or reverse faults with small strike-slip components
are also obtained for some events in Southern Cyprus. Strike-slip mechanisms
with small reverse or normal components are located to the west of the Cyprian
Arc.

e FEarthquakes along the DST zone (Figs. 11 and 12) have left-lateral to normal
mechanisms, in general agreement with the tectonic model given by Mart and
Hall (1984).

e FEarthquake focal mechanisms in Northern Egypt (Fig. 13) indicate
normal-faulting mechanisms with strike-slip component, suggesting a probable
extension of the stress field of the Red Sea and Suez Rifts beneath the Nile Delta
(Meshref 1990; Badawy 1998, 2001; Badawy and Horvath 1999; EI-Sayed et al.
2001).

e In Southern Egypt (Fig. 14), focal mechanisms show relatively pure right-lateral
with a few normal-faulting mechanisms, perhaps suggesting a relatively
homogeneous stress field. This is in a good agreement with recent GPS analyses
(Badawy et al. 2003; Mahmoud 2003).

10 Conclusions

In the current study, a Poissonian catalogue of 16,642 main shocks, with a mag-
nitude above or equal to moment magnitude 3.0 was obtained after compiling all
the available national and international sources. The catalogue span the years from
2200 B.C. to the end of 2013, within a region bounded by 21° to 38°N and 22° to
38°E. This study represents an extension and upgrading of different databases on
Egyptian seismicity. Tabulated data contain origin time, coordinates, depth,
reported magnitudes and/or maximum intensity, and unified moment magnitude.
The reported size is also included in the database in reference to those scientists
who might prefer to use relationships other than those employed in the current
work.
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From the compilation of the entire catalogue, the following conclusions can be
drawn:

(a) The occurrence of both aftershocks and swarm-type activities represents a
large number of events in the initial compilation of the current catalogue.

(b) It is clearly appeared that after the deployment of both the World-Wide
Standardized Seismograph Network, Aswan Seismological Network, and the
establishment of the Egyptian National Seismic Network, the number of
recorded earthquakes increased abruptly, and the magnitude threshold was
reduced, which it is shown clearly in the catalogue completeness analysis in
the different epochs.

(c) A general concentration of the historical earthquake activity is quite clear
around the Nile Valley and Nile Delta. This is due to the settlement patterns,
as well as a potential amplification of sediments.

(d) Both of historical and instrumental earthquakes show a clear concentration in
Northern Egypt, being distributed in relatively similar ways, showing that
these areas have witnessed activity for many centuries.

(e) Egypt is suffering both interplate and intraplate earthquakes. Intraplate
earthquakes are less frequent, but still represent an important component of
seismic risk in Egypt. Shallow seismicity is concentrated mainly in the sur-
rounding plate boundaries and on some active seismic zones, like Aswan, Abu
Dabbab, and Cairo-Suez regions, while the deeper activity is concentrated
mainly along the Cyprian and Hellenic Arcs due to the subduction process
between Africa and Europe.

(f) Different fault-plane solutions are distributed in different locations in and
around Egypt, and all have a general agreement with the geology and tectonics
of the studied regions, and also with previous studies.

In conclusion, the authors are confident that the resulting databases cover some
gaps and lack of homogeneity observed in previous catalogues for the region.
Compiled catalogues are available to download from http://www.ujaen.es/investiga/
rnm024/Egypt-catalog.pdf.
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1 Introduction

The probabilistic seismic hazard analysis (PSHA) for a specific site is performed by
considering the contribution of all possible earthquakes having any possible mag-
nitudes (ranging from a lower bound minimum magnitude to an upper bound
maximum magnitude, if any) and occurring, within the considered seismic source
(s), at any possible sources-to-site distances, along with the associated uncertainties.
The PSHA integrates both the aleatory uncertainties (associated to the seismicity
and to the ground motions parameters) and the epistemic uncertainties (through the
use of the logic tree approach).

The major part of the seismic hazard in Southern and Eastern Romania is dom-
inated by the Vrancea subcrustal seismic source (Lungu et al. 2000). In addition to
this intermediate-depth seismic source, the seismicity of Romania is attributed
to thirteen other crustal seismic sources (Vacareanu et al. 2013a). More details on the
seismic sources considered in this study are presented in Sect. 4 of this chapter.

This chapter presents a seismic hazard model for Romania and the results
obtained within the framework of the BIGSEES national research project (http:/
infp.infp.ro/bigsees/default.htm) financed by the Romanian Ministry of Education
and Scientific Research in the period 2012-2016. One of the most important
objective of the BIGSEES Project is to provide a refined and updated seismic hazard
map for a further revision of the seismic design code in Romania. The content of this
chapter represents an updated, revised and collectively integrated view of the papers
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of Aldea et al. (2014), Pavel et al. (2014a) and Vacareanu et al. (2014a) that were
published in Romania in the Proceedings of the 5th National Conference of
Earthquake Engineering and the Ist National Conference on Earthquake
Engineering and Seismology (Material used with kind permission by CONSPRESS.
All rights reserved).

The first part of this chapter deals with the selection and the grading of the
ground motion prediction equations applicable to strong ground motions generated
by both crustal and subcrustal sources that contribute to the seismic hazard of
Romania. The influence of the input data on the results of the probabilistic seismic
hazard analysis is evaluated in the second part of this chapter. The seismicity
parameters for all the concerned seismic sources are obtained and discussed. The
main assumptions, the input data and the structure of the logic tree used in the
seismic hazard analysis are presented in the third part along with the main results
expressed in terms of mean hazard curves and seismic hazard maps.

2 Selection of GMPEs

The first part of this chapter focuses on an evaluation of the four ground motion
prediction models proposed within the SHARE project for the Vrancea subcrustal
seismic source (Delavaud et al. 2012). These four ground motion prediction
equations (GMPEs) are: Youngs et al. (1997 —YEA97, Zhao et al. (2006)—
ZEAO06, Atkinson and Boore (2003)—ABO03 and Lin and Lee (2008)—LLO08.
A previous testing of the four models was performed in (Vacareanu et al. 2013b)
using a strong ground motion database of 109 recordings. The grading of the
candidate GMPEs was performed using the goodness-of-fit parameters given by
Scherbaum et al. (2004, 2009) and Delavaud et al. (2012). In addition, the distri-
bution of the inter-event and intra-event residuals was also checked using the
procedure given in Scassera et al. (2009). The results showed that the Youngs et al.
(1997) and Zhao et al. (2006) GMPEs produced a good fit with the available strong
ground motion database.

A summary of the main characteristics of the four above-mentioned ground
motion prediction models is given in Table 1. Some of the data shown in Table 1
were taken also from Douglas (2011). In addition to these four ground motion
prediction models, a GMPE (Vacareanu et al. 2014b)—VEA14—derived using
strong ground motion recorded during intermediate-depth Vrancea and alogene
earthquakes is tested, as well. This ground motion model has distinct coefficients
for the region in-front of the Carpathian Mountains (termed fore-arc region, situated
to the East and to the South with respect to the Carpathians) and for the region
behind the Carpathian Mountains (termed back-arc region, situated to the West and
to the North of the Carpathians).

An additional testing of two ground motion prediction models for the Vrancea
subcrustal seismic source—YEA97 and ZEAO6 was also performed in Pavel et al.
(2014b) using an increased strong ground motion database of 233 recordings.
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Subsequently, an investigation on the performance of several GMPEs developed
for crustal seismic sources is also performed in this section. In this respect, three
GMPEs are tested—Cauzzi and Faccioli (2008)—CF08, Akkar and Bommer (2010)
—AB10 and Idriss (2008)—I08. The characteristics of the considered GMPEs for
crustal sources are given in Table 2. These three ground motion prediction models
were selected because the parameters of their functional form are readily available.
More recent state of the art ground motion models were not selected for test-
ing because parameters like depth-to-top of rupture (Z7,,), down-dip rupture width
(W), average shear wave velocity over the top 30 m of subsurface (v, 3¢) or the depth
to vy = 1.0 or 2.5 km/s (Z; ¢ and Z; 5) could not be computed or the data needed for
their estimation (Kaklamanos et al. 2011) are not available at this moment.

All the candidate GMPEs are tested using the goodness-of-fit parameters pro-
posed by Scherbaum et al. (2004, 2009) and Delavaud et al. (2012). In addition, the
ranking procedure proposed by Kale and Akkar (2013) is also used for the eval-
uation of the candidate ground motion prediction models.

2.1 Strong Ground Motion Database

The strong ground motion database used for testing and grading of GMPEs consists
of 431 recordings from 10 intermediate-depth Vrancea earthquakes and of 125
recordings in Romania from 25 crustal earthquakes. Only subcrustal seismic events
with My, > 5.0 were selected in the database since smaller magnitude events have
relatively minor structural effects. The distribution of the epicentral distance vs.
magnitude of the recorded strong ground motions is represented in Fig. 1 for both
subcrustal and crustal earthquakes. All the analysed strong ground motions were
collected for the BIGSEES national research project and were recorded by three
seismic networks: INCERC (Building Research Institute), INFP (National Institute
for Earth Physics) and CNRRS (National Centre for Seismic Risk Reduction). The
soil conditions for the recording seismic stations were taken from borehole data
assembled within the BIGSEES national research project and, for the sites with no
borehole information, were inferred from the topographic slope method proposed
by Wald and Allen (2007). The seismic stations were divided into three categories
—A, B or C—according to the corresponding soil conditions defined as in EN
1998-1 (CEN 2004). The database consists of both analogue and digital recordings
(the later corresponding to earthquakes after 1999). The raw recordings were
available only for the digital data. The processing of all the raw analogue strong
ground motion recordings was performed originally with an Ormsby band pass
filter having the low-cut frequency of 0.15-0.25 Hz and the high-cut frequency of
25-28 Hz. The digital recordings were processed according to the procedures given
in the literature (Akkar and Bommer 2006; Boore and Bommer 2006) and using a
band-pass Butterworth filter of 4th order with cut-off frequencies of 0.05 Hz and
50 Hz.
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Fig. 1 Distribution of the epicentral distances of the recording seismic stations with respect to the
earthquake magnitude for subcrustal earthquakes (leff) and crustal earthquakes (right). The
recording seismic stations are divided according to their corresponding soil conditions

2.2 Evaluation of the GMPEs

The study of Vacareanu et al. (2013b) grades the four ground motion prediction
models recommended within the SHARE research project (Delavaud et al. 2012)
using a strong ground motion database of 109 recordings from Vrancea subcrustal
earthquakes and using the goodness-of-fit parameters given in Scherbaum et al. (2004,
2009) and Delavaud et al. (2012). The results show that the Youngs et al. (1997)
GMPE fits the best with the available strong ground motion database. In addition, in
the study of Pavel et al. (2014b), two ground motion models—Youngs et al. (1997)
and Zhao et al. (2006)—are again tested using an increased strong ground motion
database of 233 recordings from Vrancea intermediate-depth earthquakes. The results
show again that the YEA97 GMPE is graded better than the ZEA0O6 GMPE.

In this study, the four GMPEs recommended in SHARE project are re-evaluated
and, in addition, the ground motion prediction model of Vacareanu et al. (2014b)—
VEA14—is also tested. The grading is performed using some of the goodness-of-fit
parameters given in (Scherbaum et al. 2004, 2009; Delavaud et al. 2012); moreover,
the testing procedure of Kale and Akkar (2013) is employed, as well. The meth-
odology of Kale and Akkar (2013) is called Euclidean distance-based ranking
(EDR) and it relies on the Euclidean distance concept (DE). This methodology
considers separately the ground motion variability (standard deviation) and the bias
between the median predictions of the model and the observed data. The testing is
performed separately for the fore-arc region and for the back-arc region for the
strong ground motions recorded during Vrancea subcrustal earthquakes. The same
testing procedures are applied subsequently for the ground motion prediction
models developed for the crustal seismic sources.

The average results of the grading process using all the GMPEs’ spectral periods
for some of the goodness-of-fit measures are shown in Table 3, separately for the
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Table 4 Values of grading Grading parameter Ground motion prediction

parameters for GMPEs model

applied for the crustal seismic Crustal sources

sources—1

CF08 108 AB10

MEANNR 0.304 | 0.078 1.697
MEDNR 0.494 | —0.088 2214
STDNR 1.530 1.920 2.379
MEDLH 0.283 |0.202 0.010
LLH 2.741 2.748 7.821
Model ranking based on LLH 1 2 3

Bold represents the rank of the corresponding GMPE

fore-arc region and back-arc region; the average results for crustal sources are
reported in Table 4. The parameters are the following: median of the likelihood
LH-MEDLH, the mean MEANNR, median MEDNR and standard deviation STDNR
of the normalized residuals and the average sample log-likelihood LLH. LLH can be
defined as a measure of the distance between the tested model and the actual data.

Tables 5 and 6 show the results of the grading procedure using the methodology
of Kale and Akkar (2013). VMDE parameter takes into account the variability, while
Jx accounts for the bias between the predicted and the observed values. The overall
goodness-of-fit parameter is termed Euclidean distance-based ranking (EDR).

In order to investigate in-detail how well the selected ground motion prediction
models fit with the available dataset of observed strong ground motions, the vari-
ations of the goodness-of-fit parameters—/MDE, vk and EDR with spectral period
are plotted in Figs. 2, 3 and 4.

One can notice the large variation of the goodness-of-fit parameters with the
spectral period of the ABO3 model for the fore-arc region, as well as the large
values of EDR computed for all GMPEs applied for the back-arc region, except
ABO3 and VEA14 models. In the case of the crustal GMPEs, it appears that the
lowest variability is encountered for the CFO8 and 108 ground motion models.

Subsequently, the analysis of the residuals (inter-event and intra-event) for the
spectral period 7 = 0.0 s is performed with respect to the earthquake magnitude and
epicentral distance (Scassera et al. 2009). The distributions of the peak ground
acceleration inter-event residuals with the earthquake moment magnitude (magni-
tude scaling) and of the intra-event residuals with the epicentral distance (distance
scaling) are checked for both fore-arc and back-arc regions (for subcrustal earth-
quakes) and crustal earthquakes, as well, in Figs. 5 and 6.

The bias in the magnitude scaling is checked through the slopes of the linear
trendlines fitted against the inter-event residuals. One can notice from Fig. 5 that the
VEA14 ground motion prediction model has the lowest slope of the fitted trendline for
both fore-arc and back-arc regions. In the case of the GMPE:s for crustal seismic sources,
it appears that the CFO8 and 108 models have the lowest slopes of the fitted trendlines.

The variation of the intra-event residuals with the epicentral distance of the
recording seismic station (distance scaling) is checked in Fig. 6 for the same
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Table 6 Values of grading Grading parameter Ground motion prediction
parameters for GMPEs model
applied for the crustal seismic Crustal
sources2 rustal sources
CFO08 108 AB10
JMDE’ 1.38 182 221
e 1.02 .03 |1.12
EDR 1.47 1.88 2.47
Model ranking based on EDR 1 2 3
Bold represents the rank of the corresponding GMPE
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Fig. 2 Variation of yMDE?, i and EDR parameters with spectral period for the ground motion
prediction models used in the fore-arc region
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Fig. 3 Variation of VMDE?, Jx and EDR parameters with spectral period for the ground motion
prediction models used in the back-arc region
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Fig. 4 Variation of yMDE?, Yi and EDR parameters with spectral period for the ground motion
prediction models used for the crustal seismic sources
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spectral period of T = 0.0 s. The differences in the slopes of the fitted trendlines are
much lower than in the case of the inter-event residuals. Neither of the analysed
ground motion prediction models either for the fore-arc, back-arc or crustal sources
does not appear to grossly under-predict or over-predict the observed ground
motion. The largest slopes are encountered for the ABO3 GMPE in the fore-arc
region, for LLO8 GMPE in the back-arc region and AB10 GMPE for the crustal
seismic sources. As such, it appears that the magnitude scaling determines
mainly whether a particular GMPE can be reliably applied or not for Vrancea
subcrustal seismic source and for the crustal seismic sources, as well.

Several weighting factors have been proposed for the GMPEs selected in the
SHARE project for the Vrancea subcrustal seismic source, in order to be used in the
probabilistic seismic hazard assessment (Delavaud et al. 2012; Vacareanu et al.
2013b). The weighting factors shown in the two references are reported in Table 7.

In this study, a new weighting scheme involving the tested ground motion
prediction equations is proposed. The weighting factors given in Table 8 are
obtained based on the values of the goodness-of-fit parameters LLH and EDR
shown previously and on the evaluation of the distribution of inter-event and
intra-event residuals for each spectral period.
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Table 7 Weighting factors for PSHA from previous studies

Ground motion prediction model Weighting schemes
(Delavaud (Vacareanu et al. 2013b)
et al. 2012)
WS 1 WS 2

ZEA06 0.40 0.25 0.30

ABO3 0.20 0.25 0.15

YEA97 0.20 0.25 0.40

LLO8 0.20 0.25 0.15

Table 8 Proposed weighting factors for PSHA

Fore-arc Back-arc Crustal

GMPE Weighting GMPE Weighting GMPE | Weighting
factors factors factors

VEA14 |0.40 VEA14 |0.60 ABI10 0.15

YEA97 |0.25 ABO3 0.20 CFO08 0.45

ZEA06 0.25 YEA97 |0.10 108 0.40

LLO08 0.10 ZEA06 0.10

3 Sensitivity Analysis

This section presents an overview of the sensitivity of the PSHA results for 4 cities
in Romania (Bucharest, Focsani, Iasi and Craiova), located in the fore-arc of the
Carpathian Mountains, in the area of influence of Vrancea subcrustal seismic
source. The sensitivity analysis is performed for different assumptions and values of
the input data, aiming at the proper selection of the final choices for the PSHA
presented in Sect. 4.

The sensitivity analysis considers PSHA computations performed solely for
Vrancea subcrustal (intermediate depth) seismic source. The earthquake catalogue
considered for the Vrancea source is ROMPLUS (http://www.infp.ro/catalog-
seismic) revised for SHARE Project (Stucchi et al. 2013). The a and b seismicity
parameters of Vrancea subcrustal source are obtained through maximum likelihood
method given in (McGuire 2004).

The ground motion prediction equation (GMPE) used in the sensitivity analysis
is the one developed for Vrancea subcrustal source by Vacareanu et al. (2014b). In
the present sensitivity analysis the GMPE is applied for the geometric mean of the
two orthogonal horizontal components of peak ground acceleration (PGA).
The selected GMPE depends on the following parameters: moment magnitude
(M), source to site (hypocentral) distance, focal depth and soil class. The selected
GMPE takes into consideration the location of the analyzed site with respect to the
Carpathian Mountains (back-arc and fore-arc sites) and considers the uncertainties
in predicting the ground motion parameters through the inter-event standard
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deviation (representing the earthquake to earthquake variability of ground motions)
and the intra-event standard deviation (representing the variability of ground
motions within the earthquakes).

The sensitivity analysis focuses on the effect of different choices of PSHA input
data: earthquake catalogue duration, minimum and maximum magnitude, focal
depth and the number (¢) of logarithmic standard deviations (¢) by which the log-
arithmic ground motion deviates from the mean of the predicted logarithmic value.

The probability of exceedance of a certain level of PGA is obtained by inte-
grating the probabilities of all possible magnitudes, source-to-site distances and
focal depth and associated exceedance probabilities of PGA, through the total
probability formula (McGuire 1999). It must be mentioned that the peak ground
acceleration and/or spectral acceleration values given in this chapter represent the
geometric mean of the two orthogonal horizontal components of motion, as pro-
vided by the GMPEs used in the analysis.

3.1 Influence of Earthquakes Catalogue Duration

Even the earthquake catalogue for Vrancea subcrustal source has data starting with
year 984, the early centuries have a lack of reported seismic events due to the
scarcity of written information; consequently, for satisfying the catalogue com-
pleteness criteria, only the more recent period can be used. Two possible choices
were considered: (a) period 1802-2014 and (b) period 1901-2014. The Maximum
Curvature technique from Wiemer and Wiss (2000) is applied for assessing the
magnitude of completeness for each earthquake catalogue duration. The maximum
earthquake magnitude, M.« (i.e., the upper limit of magnitude that cannot be
exceeded) was evaluated based on seismic data, using the procedure presented in
Kijko (2004). The obtained results are as follows: (a) 1802-2014—Myy i, = 5.7;
My max = 8.2, and (b) 1901-2014—M i, = 4.8; My jpax = 8.1. The seismic hazard
curves (probabilities of exceedance in 50 years as function of PGA) are presented in
Fig. 7 for Bucharest (average epicentral distance to Vrancea subcrustal source,
A = 135 km), Focsani (A = 45 km), Iasi (A = 190 km) and Craiova (A = 260 km).

In civil engineering, the domain of interest of probability of exceedance ranges
down to the value of 2 % in 50 years (corresponding to a 2475 yr mean return
period). The standard recommended probability of exceedance in 50 yr is 10 %
(corresponding to a mean return period of 475 yr). In all the comparisons shown in
Fig. 7, the results indicate that in this range of interest the seismic hazard curves are
practically identical, regardless of the catalogue duration. The differences start to be
significant at very low probabilities of exceedance, lower than 1 % in 50 years
(corresponding to 4950 yr mean return period).

Finally, the weights for the catalogue duration are decided based on expert
judgment, considering a larger weight for the catalogue with the seismic events
starting from 1901 up to 2014, due to the more reliable information on position of
focus and magnitude of earthquakes.
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Fig. 7 Influence on the PSHA results (PGA) of the earthquake catalogue duration for four selected
sites

3.2 Influence of the Maximum Magnitude

Since the period 1802-2014 includes the strongest known earthquake in Romania’s
documented history (October 26th, 1802 eq., My, ~ 7.9), the sensitivity analysis for
the maximum magnitude was performed using this catalogue period. The minimum
magnitude is the completeness one: My ,,;, = 5.7.

The results obtained using the analitically evaluated My, = 8.2 are compared
in Fig. 8 with the less conservative values of the maximum magnitude: Myy,,,,o, = 8
and My 4y = 8.1.

As expected, higher the maximum magnitude, higher the hazard values. One can
remark that for exceedance probabilities in 50 yr down to 10 %, the hazard curves
have quite close values; after that, the difference start to be somehow significant
(approaching 10 %).
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Fig. 8 Influence on the PSHA results (PGA) of the maximum magnitude for four selected sites:
Bucharest (top left), lasi (top right), Focsani (bottom left) and Craiova (bottom right)

This result is incorporated in the PSHA logic tree, presented in Sect. 4, by
considering a branch corresponding to My, ., = 8.1, supplementary to the one for
the computed My, = 8.2. Since the later value is considered as the best estimate,
it received a higher weighting factor, while the branch with a smaller maximum
magnitude received a lower weighting factor. In a similar way, for the branch
corresponding to the catalogue period 1901-2014, two branches for the maximum
magnitude were considered: Myy,,,, = 8.1 (higher weighting factor) and My,
max = 8.0 (lower weighting factor).
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3.3 Influence of the Minimum Magnitude

A study of the influence of the minimum magnitude was performed using the 1802—
2014 catalogue. The computations are compared for 3 values of minimum magnitude:
the magnitude of completeness My .., =5.7, a magnitude slightly higher My, .., =5.8
and a magnitude slightly lower My, ,,,;,, = 5.6. The maximum magnitude is the same in
all three cases My, = 8.2. The results are comparatively presented in Fig. 9.

The results from the cases with My,,;, = 5.7 and My,,,.;, = 5.8 are quite close
(slightly smaller in the second case), while the seismic hazard is significantly higher
when using My, i, = 5.6.

The hypothesis My,,,.., = 5.8 satisfies the catalogue completeness criteria, but it
reduces the number of seismic events in the catalogue. Because of this and of the
limited effect on the seismic hazard results, this hypothesis was disregarded for
further PSHA computations. The hypothesis My,,;, = 5.6 does not satisfy the
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Fig. 9 Influence on the PSHA results (PGA) of the minimum magnitude for four selected sites:
Bucharest (top left), lasi (top right), Focsani (bottom left) and Craiova (bottom right)
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catalogue completeness criteria, the empirical distribution largely departing from
the Gutenber-Richter magnitude distribution law; thus, it was also disregarded for
further PSHA computations.

In the PSHA computations presented in Sect. 4, the minimum magnitude was
not considered as a logic tree parameter/branch. For the catalogues considered in
the PSHA, the minimum magnitude is the completeness magnitude.

3.4 Influence of the Focal Depth Range

Earthquakes from Vrancea subcrustal source have focal depths mainly in between
60 and 180 km. The two hazard curves presented in Fig. 10 for the four selected
cities are computed in two hypothesis:
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Fig. 10 Influence on the PSHA results (PGA) of the focal depth for four selected sites: Bucharest
(top left), lasi (top right), Focsani (bottom left) and Craiova (bottom right)
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1. “magnitude versus depth independent” (the earthquake catalogue is considering
all events with focal depths in the range 60 + 180 km; the completeness mag-
nitude, the maximum magnitude and the frequency-magnitude distribution
analysis are based on the full data set), and

2. “magnitude versus depth dependent” (the earthquake catalogue is splitted in four
bins corresponding to four depth ranges: 60 = 90 km, 90 + 120 km,
120 + 150 km and 150 + 180 km; the completeness magnitude, the maximum
magnitude and the frequency-magnitude distribution analysis are based on data
in each bin).

When one splits the earthquake catalogue in bins based on the focal depth, the
seismic hazard decreases almost for all the range of exceedance probabilities.
Considering such an approach might be an attractive option in some instances, since
the effects at ground surface are lower. But, in the present case, the bins resulting
from splitting the earthquake catalogue have low numbers of events in each cate-
gory; consequently, the uncertainties related to the completeness magnitude and to
the maximum magnitude are increased; thus it is unreliable to propose weighting
factors for each logic tree branch corresponding to each depth bin. Due to these
reasons and to the fact that the focal depth influence is directly incorporated in the
GMPE (through the terms involving the hypocentral distance and the focal depth
itself), the hypothesis of dividing the seismic events catalogue in bins based on the
focal depth was disregarded in the PSHA study presented in Sect. 4.

3.5 Influence of ¢

An important parameter that influences the PSHA results is the number (¢) of
logarithmic standard deviations (o) by which the logarithmic ground motion
deviates from the mean of the logarithmic value of the observed predicted value
(i.e. the normalized residual). In Fig. 11 are presented the seismic hazard curves for
the four selected cities for three values: ¢ = 1, ¢ = 2 and ¢ = 3. One can notice the
remarkable numerical influence on the results of the number of logarithmic standard
deviations considered in the analysis, for the whole range of exceedance proba-
bilities. These results are in agreement with those from the paper of Strasser et al.
(2008).

3.6 PSHA Results Versus Observed Values

This sub-section is about the possibility (if any) to compare the PSHA results with
observed data over a limited period of time.
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Iervolino (2013) reminds in his paper that the hazard level for a given site
located in the epicentral region may be exceeded during individual seismic events.
However, one has to consider the fact that PSHA accounts for all possible epi-
centers within a certain seismic zone. So, in the case of comparisons of the seismic
hazard analysis results with observed values in individual seismic events, the proper
comparison is between the observed ground motions and the predicted ground
motion levels from an earthquake originating in the given epicenter (obtained
through a deterministic approach using ground motion prediction models and by
taking into consideration the variability of the obtained results).

Beauval et al. (2008) obtained the minimum time windows required for a reliable
estimation (with a specified degree of uncertainty) of the occurrence rate of peak
ground accelerations for a given site, values that are valid irrespective of the level of
seismicity of the area.
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These values range from a two year time window for peak ground accelerations
with mean return period of one month up to 250,000 years for peak ground accel-
erations with a mean return period of 10,000 years. In the case of a mean return
period of 475 years, the minimum observation time is 12,000 years (for an uncer-
tainty level of 20 %). Consequently, the comparison of predicted and observed
values for a given site can be performed only for peak ground accelerations with
short mean return periods, since the first strong ground motion recordings were
obtained in the later first half of the 20th century.

If one considers the peak ground acceleration corresponding to a mean return
period of 100 years, the minimum time windows for comparison with recorded data
are (Beauval et al. 2008):

e 1000 years for a 30 % uncertainty level,
e 2500 years for a 20 % uncertainty level and
e 10,000 years for a 10 % uncertainty level.

The analysis performed by Beauval et al. (2008) for El Centro site in California,
operating since 1934, and for Lefkada site in Greece, operating since 1973, show
acceptable uncertainty levels (up to 30 %) for peak ground accelerations up to 0.1 g.
As such, comparisons between observed and predicted values (rates) can be per-
formed up to these levels of peak ground acceleration. The same type of analysis
was performed for a seismic station in Mexico-City by Ordaz and Reyes (1999) and
the results yield an even lower level of peak ground acceleration—0.05 g.

A similar analysis is performed in this study for two seismic stations in Romania
—Vrancioaia (epicentral region) and Carcaliu (south-east from Vrancea subcrustal
seismic source), Fig. 12 (left). The results show for a 40 % uncertainty level a PGA
value around 0.05 g.
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Fig. 12 Analysis of recorded ground motions for two seismic stations in Romania—Carcaliu and
Vrancioaia: uncertainty level for PGA—Ieft, and annual rate of occurrence for PGA—right
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One can also notice in Fig. 12 (right) that the corresponding levels of PGA for an
annual rate of occurrence of 0.1 (i.e., a mean return period of 10 years) are 0.07 g
for Carcaliu seismic station and 0.12 g for Vrancioaia seismic station.

The results in Fig. 12 are in agreement with the studies of Ordaz and Reyes
(1999), Beauval et al. (2008) and Iervolino (2013). Even if ground motion
recordings at a given site are available for a very long time span, a significant
uncertainty level still remains. The study of Beauval et al. (2008) “demonstrates that
the comparisons between observations and predictions can provide only limited
constraints on probabilistic seismic hazard estimates”.

4 Seismic Hazard Analysis

The seismic hazard analysis can be approached in a deterministic or a probabilistic
manner, the latter being fully established and described in some seminal textbooks
and papers such as: Cornell (1968), McGuire (1976, 1999, 2004), Reiter
(1990), Kramer (1996). The PSHA for a site is performed by considering all the
ground motions occurring from earthquakes having any possible magnitudes
(ranging from a lower bound magnitude to an upper bound magnitude, if any)
and/or sources-to-site distances within the seismic source(s) influencing the site,
along with their associated uncertainties.

The probabilistic seismic hazard analysis PSHA has the advantage of fully
integrating all the aleatory uncertainties arising from seismicity and ground motions
parameters expected in a future earthquake on a particular site. The epistemic
uncertainties are included in the analysis, as well, through the use of the logic tree
(Bommer et al. 2005; Bommer and Scherbaum 2008).

According to our limited knowledge, several studies on deterministic and
probabilistic seismic hazard assessment for Romania, in terms of horizontal peak
ground acceleration and/or macro-seismic intensities, were published by Lungu
et al. (1999, 2006), Musson (2000), Miantyniemi et al. (2003, 2004), Radulian et al.
(2000b), Ardeleanu et al. (2005), Leydecker et al. (2008), Marza et al. (1991),
Sokolov et al. (2009).

The first type of uncertainties we considered in the PSHA are the aleatory ones.
To this aim, we revisited the seismicity analysis of the sources that influence the
Romanian territory. The magnitude of completeness and the maximum magnitude
are obtained for each seismic source based on the ROMPLUS catalogue (http:/
www.infp.ro/catalog-seismic) revised in the framework of the SHARE Project
(Stucchi et al. 2013). Then, the influence of the ground motion prediction equations
GMPEs on the seismic hazard assessment is accounted using the best graded
ground motion models for Vrancea intermediate-depth seismic source and crustal
sources selected in Sect. 2.

The epistemic uncertainty is accounted for in this study using a logic tree
(Bommer et al. 2005; Bommer and Scherbaum 2008). The sensitivity of the out-
come of the PSHA due to various models and parameters’ values (i.e. earthquake
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catalogue, completeness and maximum magnitudes etc.) is presented in Sect. 3.
Finally, the results of the PSHA for Romania are presented in terms of seismic
hazard curves and maps. In the following, the amplitude of the ground motion
parameter obtained in PSHA represents the geometric mean of the two orthogonal
horizontal components of the motion.

4.1 Seismic Sources Influencing Romanian Territory

The seismic sources contributing to the earthquake hazard of Romania are defined
in the studies of the National Institute for Earth Physics, INFP. In Fig. 13, the
seismic sources influencing the Romanian territory are presented: 13 sources of
crustal depths and one of intermediate-depth seismicity in Vrancea region. The
contours of the seismic source’s areas, established in BIGSEES project by
INFP, are refined, keeping the same stress field characteristics, starting from the
study of Radulian et al. (2000a), such as to take into account the distribution of
recent seismicity and the revision of historical earthquakes, recently carried out
within SHARE Project.

The Serbia source is defined taking into account the known fault distribution and
the epicenters of events as reported in SHARE catalogue (Stucchi et al. 2013). The
sources in North Eastern Bulgaria are defined after Simeonova et al. (2006).

{RAS, CAMPU
G&@‘@ -
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Fig. 13 Sources contributing to the seismic hazard of Romania
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Out of the 14 seismic sources presented in Fig. 13, Vrancea subcrustal seismic
source is the most active and powerful and is influencing more than two thirds of
the Romanian territory as well as parts of Republic of Moldova and Bulgaria. The
Vrancea subcrustal seismic source, located at the bend of the Carpathian Mountains
in the Eastern part of Romania, is a region of concentrated intermediate-depth
seismicity, far from any active plate boundaries (Ismail-Zadeh et al. 2012). This
seismic source is limited to a volume having a horizontal area of about 30 x 70
km? (Ismail-Zadeh et al. 2012) and spanning in depth between 60 and 170 km
(Marmureanu et al. 2010). Beyond the depth of 170 km the seismicity decreases
very sharply. The Vrancea seismic zone is bounded to the east by an area of shallow
seismicity which extends in the Focsani basin (Ismail-Zadeh et al. 2012). The
distribution of the epicentres is elongated in the NE-SW direction, bordered to the
NE by the Trotus fault and to the SW by the Intramoesic fault (Ismail-Zadeh et al.
2012). A more thorough description of the seismological features of the Vrancea
intermediate-depth seismic source is beyond the scope of this chapter and can be
found elsewhere (Ismail-Zadeh et al. 2012; Radulian et al. 2000a).

Beauval et al. (2006) proposed a measure called fractal dimension (D-value) for
quantifying the degree of clustering of the earthquakes within a certain seismic
zone. The values of D range from 0, corresponding to a point source, to 2, corre-
sponding to a uniform distribution of earthquakes in space. In the case of a line
source, the value of D is around 1. The computations performed for the catalogues
of the Vrancea crustal and subcrustal seismic zones reveal D-values around 2,
confirming the assumption of uniform distribution of seismicity in space adopted
for PSHA in this study. D-values around 1.8 are obtained for Banat and Fagaras
crustal seismic zones, while in the case of the catalogue for the Pre-Dobrogea basin
a value around 1.3 is obtained, showing a more clustered distribution of earth-
quakes. However, the influence of the Vrancea subcrustal seismic source is by
far dominant for the sites situated in the Pre-Dobrogea basin, thus rendering as
negligible the influence of the uniformly distributed seismicity assumed for the
Pre-Dobrogea Basin seismic source.

The earthquake catalogues used in the seismicity analysis are recently revised by
the National Institute of Earth Physics of Romania, INFP for the SHARE Project
(Stucchi et al. 2013).

Assessing the magnitude of completeness, Mc of earthquake catalogues is an
essential and compulsory step in the seismicity analysis. The completeness mag-
nitude, Mc is theoretically defined as the lowest magnitude at which 100 % of the
earthquakes in a space-time volume are detected (Rydelek and Sacks 1989). M is
often estimated by fitting a Gutenberg-Richter model to the observed
frequency-magnitude distribution. The magnitude at which the lower end of the
frequency-magnitude distribution departs from the Gutenberg-Richter law is taken
as an estimate of M (Zuniga and Wyss 1995). The Maximum Curvature technique
(Wiemer and Wyss 2000) is applied in this study for assessing the magnitude of
completeness for each earthquake catalog used in PSHA.

The maximum earthquake magnitude, M.y, is defined as the upper limit of
magnitude for a given seismic source so that, by definition, no earthquakes are
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Table 9 Earthquake catalogues, number of seismic events, magnitude of completeness, maximum
magnitude and seismicity parameters used in PSHA

Catalogue of Year of # of Magnitude of | Maximum |a b
seismic source completeness | earthquakes | completeness, | magnitude,

Mc Minax
Banat 1843 57 3.8 6.4 2.19 |0.69
Barlad Basin 1894 40 32 5.8 2.96 |1.07
Crisana 1823 57 3.5 6.6 1.78 |0.65
Danubius 1879 54 32 6.0 0.73 10.34
Fagaras 1826 31 3.5 6.8 1.01 |0.51
Pre-Dobrogea 1900 54 3.1 5.7 2.51 {091
Basin
Serbia 1901 122 4.2 6.1 537 | 1.26
Transilvania 1523 11 4.5 6.2 0.81 |0.52
Vrancea crustal 1893 40 3.8 6.3 3.04 |0.89
Vrancea 1802 97 57 8.2 4.40 |0.83
intermediate-depth
Dulovo 1892 21 32 7.1 0.59 043
Shabla 1900 17 4.5 7.8 2.88 |0.82
Gorna 1900 46 4.1 74 2.56 |0.70
Shumen 1850 19 4.5 6.7 2.33 10.70

possible with a magnitude exceeding M,,,x. A procedure for the evaluation of M.,
which is free from subjective assumptions and depends only on seismic data, is
given in Kijko (2004) and is applied in this study.

The magnitude and year of completeness, the maximum magnitude and the
number of seismic events considered in the analysis are given in Table 9.

The a and b seismicity parameters, obtained for all the seismic sources, through
the maximum likelihood method (McGuire 2004), are also reported in Table 9.

4.2 GMPEs Used in the PSHA

The ground motions prediction equations (GMPEs) initially considered for the
probabilistic seismic hazard analysis for Vrancea intermediate-depth seismic source
are the ones given in (Delavaud et al. 2012), where four GMPEs selected within the
SHARE regional project of Global Earthquake Model (GEM) are recommended for
Vrancea subcrustal seismic source, namely: Youngs et al. (1997)—YEA97, Zhao
et al. (2006)—ZEAO06, Atkinson and Boore (2003)—ABO03 and Lin and Lee (2008)
—LLO08. Besides these GMPEs, the ground motion prediction model proposed in
Vacareanu et al. (2014b), named VEA14, for intermediate-depth earthquakes and
average soil conditions, is used for the analysis of the seismic hazard of Romania.
The GMPEs are applied with different weights in the fore-arc region of Romania
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Fig. 14 The influence of GMPE on PSHA results for Bucharest. The results are given as mean
annual rate of exceedance (leff) and exceedance probability in 50 years (right). The GMPEs
considered are YEA97, ZEAO6 and VEA14

(to the east and to the south with respect to the Carpathians Mountains) and in the
back-arc region (to the north and to the west with respect to the Carpathians
Mountains). The first generation of GMPE (Lungu et al. 1994) developed purposely
for Vrancea intermediate depth seismic source was not considered in this study
since it is a ground motion model only for peak ground acceleration and the present
analysis is considering the spectral accelerations as well.

The influence of the GMPEs used in the analysis of seismic hazard from Vrancea
intermediate-depth seismic source is shown in Fig. 14 for the city of Bucharest
(situated in the fore-arc region). The ground motion parameter used for comparison
in Fig. 14 is the geometric mean of the two orthogonal horizontal components of
the peak ground acceleration. The GMPEs used in this comparison are: Youngs
et al. (1997 —YEA97, Zhao et al. (2006)—ZEA06 and Vacareanu et al. (2014b)—
VEA14. One can notice from Fig. 14 that ZEAO6 and VEA14 produce the same
PGA value for 10 % exceedance probability in 50 years, while YEA97 and VEA14
lead to almost equal PGA values for 1 % exceedance probability in 50 years.

For the crustal seismic sources, the GMPEs of Cauzzi and Faccioli (2008)—
CFO08, Akkar and Bommer (2010)—AB10 and Idriss (2008)—I08 are considered.

4.3 Logic Tree

The logic trees are used in PSHA to incorporate the epistemic uncertainties in the
modeling of seismic sources and ground motion prediction (Bommer et al. 2005;
Bommer and Scherbaum 2008). The branches of the logic trees represent alternative
models or values of the parameters considered in the analysis. The epistemic uncer-
tainties are expressed as branches’ weights representing either the goodness-of-fit of,
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Fig. 15 Aggregate logic tree used in the PSHA for Romania

or the degree of belief in the models and/or parameters assigned to the corresponding
branches. The logic tree approach was introduced in the PSHA for the first time by
Kulkarni et al. (1984).

The logic tree used in this study is presented in Fig. 15 and aggregates altogether
the crustal and subcrustal seismic sources, as well as the situation when a given site
is situated in the fore-arc or back-arc region with respect to Vrancea subcrustal
seismic source. The weighted branches of the logic tree refers to the catalogue
duration and the maximum magnitude for Vrancea intermediate-depth seismic
source, and to the GMPEs used in PSHA for all the seismic sources. The weights
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for the catalogue duration are based on expert judgment, considering a larger weight
for the catalogue with the seismic events from 1901 up to 2014 due to the more
reliable information on position of focus and magnitude of earthquakes. The
weights for the GMPEs are based on goodness-of-fit indicators and are detailed in
Sect. 2. The GMPEs used in the analysis and their weights given in Sect. 3 are
shown in Fig. 15.

Also, one can notice in Fig. 15 that there are branches without weights assigned,
as it is the case for the seismic sources and position of the analyzed site. These
branches are just differentiating, in the overall PSHA, between the crustal and
intermediate-depth seismic sources and between the sites that are considered to be
in the fore-arc region or in the back-arc region with respect to the Carpathians
Mountains for Vrancea subcrustal source.

4.4 PSHA Results and Seismic Hazard Maps

The PSHA is performed for the following ground motion parameters: geometric
mean of the two orthogonal horizontal components of either peak ground accel-
eration or spectral accelerations at vibration periods 7= 0.2 s; 0.4 s; 1.0 s; 2.0 s and
3.0 s. The selected vibration periods are common for all the GMPEs used in the
analysis. The computer program CRISIS2008 (Ordaz et al. 2013) was used for
performing PSHA. The following results for the seismic hazard of Romania are
based on the largest database of earthquakes and strong ground motions used so far
towards this aim.

The seismic mean hazard curves for two selected cities, Bucharest (average
epicentral distance with respect to Vrancea subcrustal source of 130 km towards
S-SW) and Galati (average epicentral distance with respect to Vrancea subcrustal
source of 115 km towards E-SE) are presented in Fig. 16.
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Fig. 16 Seismic hazard curves for two selected cities: Bucharest (leff) and Galati (right)
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Fig. 17 Seismic hazard maps of Romania. The results are given as peak ground acceleration (fop)
and spectral acceleration for 7 = 0.4 s (bottom) with 10 % exceedance probability in 50 years (the
acceleration values are expressed as the geometric mean of the two orthogonal horizontal
components of the motion). The contribution to seismic hazard of all seismic sources that influence
the Romanian territory is considered
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Some results of the PSHA for Romania are presented in a concise form in
Fig. 17. The seismic hazard maps for the geometric mean of the two orthogonal
horizontalcomponents of the peak ground acceleration and of the spectral accel-
eration for 7 = 0.4 s with 10 % exceedance probability in 50 years are given in
Fig. 17, considering the aggregate contribution of all the seismic sources included
in the analysis. The strong influence of Vrancea intermediate-depth seismic source
for the S-E of Romania is obvious. The contribution to the seismic hazard of the
sources situated in N-E of Bulgaria and of the Fagaras-Campulung and Transilvania
seismic sources is noticeable from Fig. 17.

5 Conclusions

This study focuses on the probabilistic seismic hazard assessment for Romania. Four
GMPEs recommended within the SHARE project (Delavaud et al. 2012), as well as
a GMPE developed purposely for Vrancea subcrustal seismic source (Vacareanu
et al. 2014b), are tested using some procedures given in the literature (Delavaud et al.
2012; Scherbaum et al. 2004, 2009; Kale and Akkar 2013). The testing is performed
separately for the region in front of the Carpathian Mountains (fore-arc region) and
for the region behind the Carpathian Mountains (back-arc region). The strong
ground motion database consists of over 400 strong ground motion recordings from
ten intermediate-depth Vrancea seismic events. The strong ground motions recorded
in October 6, 2013 Vrancea earthquake with My, = 5.2 are also included in the
database. In addition, three ground motion prediction models developed for crustal
seismic sources are evaluated using the same testing procedures against a strong
ground motion database of 125 recordings in Romania from 25 earthquakes. The
results show that for Vrancea subcrustal seismic source the VEA14, YEA97 and
ZEAQ06 ground motion prediction models are graded the best in the case of the
fore-arc region, while in the back-arc region the VEA14 and AB03 GMPEs provide
the most reliable estimates of the observed ground motions. In the case of the crustal
seismic sources, the CFO8 and I08 ground motion models fit the best with the
available strong ground motion database. A new weighting scheme to be used for the
probabilistic seismic hazard assessment (PSHA) of Romania is given, considering
only the best four ground motion prediction models in both the fore-arc and the
back-arc regions for subcrustal earthquakes and the three GMPEs selected for crustal
erathquakes. The weighting schemes are based on the computed values of several
goodness-of-fit measures (LLH and EDR), as well as on the distribution of the
inter-event and intra-event residuals and on expert judgement.

Next, a sensitivity analysis performed for four cities in Romania (in the fore-arc
region of the Carpathian Mountains) allowed the proper selection of the input data
for the PSHA presented in Sect. 4. For the exceedance probabilities of interest in
civil engineering, the earthquake catalogue duration proved to have a negligible
influence, the minimum and maximum magnitudes a relatively small influence, and
the number of normalized residuals (¢) a significant influence.
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The results presented in this chapter are obtained within the framework of
BIGSEES national research project (http://infp.infp.ro/bigsees/default.htm) and
represents a preliminary outcome, as of 2014. The final results are expected by the
end of 2016 and will represent the basis for the revision of the seismic action
calibration in the earthquake resistant design code of Romania.
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Practicality of Monitoring Crustal
Deformation Processes in Subduction
Zones by Seafloor and Inland Networks
of Seismological Observations

Keisuke Ariyoshi and Yoshiyuki Kaneda

1 Introduction: A Review of Previous Studies
on the Locked Region off Tokai

1.1 The Seismic Gap off Tokai, Central Japan

The seismic gap off Tokai (Ishibashi 1981) is well known, and the last Tokai
earthquake (M8.4) occurred there in 1854. This Tokai seismic gap has had a large
social impact on seismologists worldwide and also the general public in Japan, and
many researchers have investigated the risk occurrence of another earthquake from
seismological and geological aspects.

Figure 1b reviews previous studies of the seismic gap. Ishibashi (1981) proposed
fault models for the 1944 Tonankai earthquake (F1, F2) and the next Tokai
earthquake (F3) on the basis of seismological tectonics. Yoshioka et al. (1993),
Sagiya (1999) estimated the back slip (Savage 1983) region of the Tokai earthquake
using benchmarks and triangulation and GPS, respectively. Matsumura (1997)
estimated the locked region on the basis of fault mechanisms for small earthquakes,
as shown in Fig. 1d. Taking these results into account, the Central Disaster
Management Council (2001) proposed the source region of the next Tokai earth-
quake. The Geographical Survey Institute has continued dense observations of
inland leveling changes in the Tokai district since 1979.

Some seismologists have considered these continuous leveling observations
useful data to evaluate long-term changes in crustal deformation resulting from the
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<« Fig. 1 a Historical megathrust earthquake activity along the Nankai—Suruga trough (slightly
modified from Hori (2006)). Roman and italic numerals indicate earthquake occurrence years and
time intervals between two successive series, respectively. Thick solid, thick broken, and thin
broken lines show certain, probable, and possible rupture zones, respectively. Thin dotted lines
mean unknown. b Overview of the Tokai district with previous studies superimposed. Broken
contour lines indicate the depth of the plate interface fixed by Noguchi (1996). Rectangles (F1-F3)
represent the fault model of the Tonankai earthquake (F1, F2) and the next Tokai earthquake (F3)
proposed by Ishibashi (1981). The enclosed regions indicated by blue, magenta, green, and purple
lines represent the locked region, as estimated by Sagiya (1999), Matsumura (1997), Yoshioka
et al. (1993), and the Central Disaster Management Council (2001). ¢ Close-up of the target area
showing the horizontal dip direction (X-axis) and benchmark points. d The 2D model for plate
subduction in the Tokai district used in the numerical simulation. The plate boundary is shown by
a solid line, the thick line represents the zone of (a — b) < 0. Hypocenters and the locked region on
the plate interface determined by Matsumura (1997) are shown by dots and by the segment shown
as a line along the dip, respectively. Stable sliding at 4.0 cm/year is assumed for plate boundary
deeper than 60 km. Figure 1b, c, and d are modified from Ariyoshi et al. (2003)

Tokai earthquake because GPS and InSAR observations have only recently started,
whereas the recurrence interval of the Tokai earthquake is expected to be more than
100 years. In this section, we review an example of trial estimation to forecast
crustal deformation on the basis of the leveling data set and discuss problems from
previous studies that need to be solved.

1.2 2D Preliminary Model of the Tokai Earthquake

To understand the present coupling state of the plate interface and forecast crustal
deformation, we formulate a 2D model (Fig. 1d) of recurrent megathrust earth-
quakes in the Tokai area along dip direction, as in Fig. lc, based on the back slip
direction. Using results from Sagiya (1999), Matsumura (1997), as shown in
Fig. 1b, we erected two models (Cases A and B), as shown in Fig. 2, for which the
frictional parameters of the rate- and state-dependent aging law (Dieterich 1979;
Ruina 1983) are listed in Table 1. We adopt a quasi-dynamic equilibrium (Rice
1993) between frictional resistance and shear stress driven by dip slip on each
divided subfault. As all cases represent characteristic megathrust earthquakes, we
calculate the recurrence interval (7,) and coupling ratio (CR) (slip faster than 1 cm/s
over total slip), as listed in Table 1.

1.3 Trial Fitting of Simulated Leveling Changes to Observed
Data at Benchmarks

In this study, we use two data sets of leveling changes at Hamaoka, Ogasa,
Kikugawa, Kakegawa, and Morimachi (Fig. 1c) from 1994 to (i) 2001 and (ii) 2003
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Fig. 2 Depth variations in friction parameters after Ariyoshi et al. (2001). The value of (@ — b)gejs
is defined as the most negative and different among models. The depth range with this value is
fixed from 13 to 17 km and from 18 to 22 km for Cases A and B, respectively. Cases A-2 and B-2
are shown as examples

Table 1 Assumed values of  case | (a-b)ys [107] | d, [em] |7, [year] | CR [%]

frictional parameters and

results of numerical A-2 6.1 1.0 115.3 70.2

simulations (7, and CR) A-3 6.02 3.0 115.7 40.3
B-2 5.38 3.0 116.7 50.4

in which Kakegawa is treated as a reference point. By converting the horizontal
distance between the five benchmarks along the X-axis, we also calculate the time
history of the simulated leveling changes at the five benchmarks using a grid search
of two unknown parameters (D,, T>oo; and T»go3), as shown in Fig. 3.

Before fitting to the observed data, we extract trend components using a sta-
tionary autoregressive component model, as shown in Fig. 4. To estimate the values
of D,, Troo1, and Trpp3 with the residual prediction, we adopt the least squares
method between the trend component and observed data at Hamaoka and
Morimachi relative to Kakegawa.

The results are summarized in Table 2, and Fig. 5 shows the fitting data at
Hamaoka as an example. As the Tonankai earthquake has not yet occurred, our trial
estimation of both T5y; and T3 in Table 2 fails; this indicates several problems
as follows:

Kakegawa

1977 2000

Fig. 3 Schematic illustration of the fitting method used. There are two unknown parameters:
(I) distance between the oceanic trench and benchmark point of Kakegawa (D,) and (II) occurrence
time of the next megathrust earthquake when using the observed data until 2001 and 2003 (750
and Tz903)



Practicality of Monitoring Crustal Deformation Processes ...

Uplift(m)

0.08
0.06
0.04
0.02
0.00

-0.02
-0.04
-0.06
-0.08
-0.10
-0.12
-0.14
-0.16
-0.18

—— ---Raw

—— ---Noise

--Seasonal

—— ---Trend at Hamaoka

1978

1980 1982 1984 1986 1988 1990 1992 1994

Time(year)

1996 1998 2000

175

Fig. 4 An example of filtering of leveling data between Hamaoka and Kakegawa (reference)
classified from raw data (red) into trend (black), seasonal (green) and noise (blue) components

Table 2 Results of estimated unknown parameters with residual minimum square (R.m.s.)

Case D, [km]* Ts00; = 20 [A.D.] Ts003 = 26 [A.D.] R.m.s. [cm]*
A-2 71.4 2001.1-2002.4 2003.4-2003.8 1.0
A-3 65.0 2010.9-2011.4 2011.5-2011.9 0.2
B-2 80.5 2006.5-2008.5 2007.7-2009.3 1.0

D, and R.m.s. values are almost the same between Thoo; and Troo3

(1) The values of T>o9; and T»go3 tend to be shorter in cases with shorter critical
distance because pre-seismic slip becomes smaller for a shorter critical dis-
tance (Kato and Hirasawa 1999).
When the rate of change of uplift is quite small, the difference between T5q;
and T,oo3 should be 2003-2001 = 2. This means that the reliability of esti-
mation should be based on the convergence of T, (xxxx: the latest year of

(i)

(iii)

available data) rather than the R.m.s.

This long-term uplift is driven by slow slip events in the western Tokai region
centered on Lake Hamana, adjacent to the anticipated Tokai earthquake source
area from 2000 to 2005 (Ozawa et al. 2002), which is not considered in our 2D

model.

Therefore, it is necessary to formulate a 3D model of the subduction plate
boundary and fit various types of observational data in addition to leveling changes.
We develop this model in the following sections.
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2 Trial Estimation of the Stress Field Using Inland
Observation Networks

To assess the validity of the fitting analysis, we also calculate the stress changes of
small intraplate earthquakes during the observational period by applying the T5g;
(or T50p3) value to the numerical simulation. Figure 6 shows a comparison between
the P-axes of microearthquakes observed between 1980 and 1992 and simulated
principal stress changes during that time using T5((;. From Fig. 6, we find that most
of the small intraplate earthquakes reflect the estimated stress field change in the
interseismic stage of the Tokai earthquake, which means that the assumed location
of the locked region of the Tokai earthquake and shape of the subduction plate
boundary in our 2D model are largely consistent with the observational results and
analysis of small intraplate earthquakes is useful to monitor the stress field change.
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Fig. 7 Precursory changes in stress rate at Points 1-3 of Fig. 6. Compressional directions are
shown by solid lines with the left vertical scale. The rates are shown by dashed lines with the right
vertical scale. This figure is modified after Ariyoshi et al. (2001)

This result is largely similar for all cases in Table 2. As this result is also similar
when changing the value of T, (or T5p93) from 2003 to 2060, the stress field in
Fig. 6 is sufficiently robust because of the interseismic stage for the Tokai
earthquake.

On the basis of this consistency at Points 1-3 in Fig. 6, where small intraplate
earthquakes are locally active, Ariyoshi et al. (2001) also calculated the stress
change in the pre-seismic stage to discuss detectability in advance of the occur-
rence. Figure 7 shows the stress rate with rotation along the dip direction as the
principal direction at the three points in the pre-seismic stage. At Points 2 and 3,
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approximately five years before the occurrence, Fig. 7 shows that the principal
stress at the down-dip edge of the locked region is nearly tensional and compres-
sional along the dip direction in the upper and lower parts of the intraplate,
respectively. As its change rate increases exponentially several years before the
occurrence, large foreshocks may occur, as observed for the 1978 earthquake off
Miyagi for which several M6-class foreshocks occurred about one year to six
months before the earthquake (Takagi 1980). At point 1, Fig. 7 shows that the rate
of stress change has decreased several years before the occurrence, which suggests
that shallow earthquakes in the continental plate become inactive or quiescent.
From these results, monitoring of intraplate earthquakes is important to estimate the
state of plate coupling around megathrust earthquakes.

3 Modeling of the Earthquake Cycle for the 1944
Tonankai Earthquake

Following the 2004 Sumatra-Andaman Earthquake (e.g., Lay et al. 2005), the
Japanese government has established the Dense Oceanfloor Network system for
Earthquakes and Tsunamis (DONET) along the Nankai Trough (Fig. 8). In the
Tonankai district, M8-class (M 8.1-8.5) megathrust earthquakes will probably
occur in the near future (e.g., The Headquarters for Earthquake Research Promotion
2013); DONET-I has now operated since August 2011.

In this section, we develop the modeling of a subduction plate boundary around
the Tonankai earthquake source region by modeling shallower slow earthquakes, as
well as deeper ones around a megathrust earthquake in order to understand the
long-term cycle of the shallower slow earthquake in terms of detectability by
DONET-L.

From the possible location of the Nankai Trough estimated by Coffin et al.
(1998), Bird (2003), we use two ways of setting a model region, as shown in Fig. 8.
For simplicity, we assume that the direction of the relative plate motion is in a
purely dip direction at a rate of 4 cm/year over the whole model region. Although
the observed direction of relative plate motion differs horizontally by as much as
20-30° from the dip direction (Sella 2002) and estimated back slip rate in the
corresponding region appears to be in the range 3-5 cm/year (Ito et al. 1999;
Miyazaki and Heki 2001), we ignore these differences in the present simple model.
Using the result of Nakanishi et al. (2008) for the dip angle of the plate boundary,
we consider a 3D model of the Tonankai district in a uniform elastic half-space, as
shown in Fig. 9a, b. Because of the short length along the trench direction, as an
approximation we assume that the shape of the subduction plate boundary is bent
only along the dip direction. We also assume as an approximation a periodic
boundary condition along the strike direction because the source region of the
Tonankai earthquake is sandwiched between the Tokai and Nankai earthquakes and
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Fig. 8 a Map of Japan showing DONET-I (red) and DONET-II (orange) observation points.
Trench lines are based on Bird (2003). The pink star and contours show the epicenter and slip
isograms (4 m increment) of the 2011 Tohoku earthquake (Ozawa et al. 2011). The four blue
regions along the Nankai Trough represent the estimated source regions of (from east to west) the
Tokai, Tonankai, Nankai, and Hyuganada earthquakes. b Map of the area around the Tonankai
district showing the target area of this study (rectangle with dashed line in a). Trench marks with
orange and white colors are based on Coffin et al. (1998), Bird (2003), respectively. Rectangles
with dashed lines along the trench represent the target area of this study. Pink stars and contours
show the epicenter and slip isograms (0.5 m increment) of the 1944 Tonankai earthquake estimated
by Kikuchi et al. (2003). Red circles with lines represent the observation points and science nodes
of DONET-IL. This figure is slightly modified from Ariyoshi et al. (2014)

because VLF event migration along the strike direction straddles the Tokai and
Tonankai areas (Ito et al. 2007; Obara and Sekine 2009; Obara 2010).

As shown in Fig. 9c, the length along the strike direction and width along the dip
direction are 200 and 215 km, respectively. These are discretized into 2048 (strike)
and 452 (dip) cells in which the cell size along the strike component is uniform
(200 km/2048 cell) and the size along the dip component changes based on the
frictional stability (Ly,) (Rubin and Ampuero 2005). The slip in the target area of the
plate boundary is assumed to obey the quasi-static equilibrium relationship between
shear and frictional stresses,

N G dui
1oi = ZlKv(uj(f) — Vpit) — W (1)
=
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Fig. 9 (top) (a) (b) 3D views of a subduction plate boundary model with frictional parameter
y = a — b for trench locations based on a Bird (2003) and b Coffin et al. (1998). ¢ Depth and
frictional parameters as functions of distance along the dip direction from the surface, where
(a1, @) = (2, 5) [x 1073, (y1, 2, v3, y4) = (0.7, 0.01, —0.3, 4.9) [x 107%], (d,, d.,, d.a,
d.y) = (10, 0.3, 0.4, 400) [mm], and (x;, k>, x3) = (1.0, 0.07, 0.13). The values for frictional
parameters are based on rock laboratory results. This figure is based on Ariyoshi et al. (2014)

where i and j denote location indices of a receiver and source cell, respectively. The
left hand side of the equation describes frictional stress, where x and ¢ are the
friction coefficient and effective normal stress, respectively. The right hand side
describes the shear stress in the i-th cell due to dislocations, where K; is the Green’s
function for the shear stress (Okada 1992) in the i-th cell, N is the total number of
cells, Vy is the relative speed of the continental and oceanic plates, ¢ denotes time,
G denotes rigidity, and £ is the shear wave speed. K;; is calculated from the
quasi-static solution for uniform pure dip-slip u relative to the average slip
Vot (Savage 1983) over a rectangular dislocation in the j-th cell. The part of the
plate boundary deeper than 47 km is assumed to slip at the constant rate of V,,
which approximately ignores shear stress on the right hand side of the equation
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(Savage 1983). Parts of the first term on the right hand side are written as con-
volutions under a periodic condition on the planar surface divided into an even size
along the strike direction, which allows us to take advantage of a fast Fourier
transform convolution on the strike component, thus saving the calculation cost
(Rice 1993; Ariyoshi et al. 2007, 2009, 2012).

In Eq. (1), the effective normal stress o is given by,

O-i(z) - K(Z) (prock - Pw)gz, (2)

where p..cx and p,, are densities of rock and water, respectively, g is the acceleration
due to gravity, and z is the depth. The function x(z) is a superhydrostatic pore
pressure factor, as given in Fig. 9c.

The frictional coefficient x is assumed to obey the RSF law given by,

1= o +alog(V/Vo) + blog(Vob/d.), 3)
do/dr =1 - vo/d., (4)

where a and b are friction coefficient parameters, d,. is the characteristic slip dis-
tance associated with b, @ is a state variable for the plate interface, V is the slip
velocity, and y, is a reference friction coefficient defined at a constant reference slip
velocity of V.

The constant parameters used in this study are V, = 4.0 x 107 m/yr
(or 1.3 x 10™° m/s), G = 30 GPa, B = 3.75 km/s, proek = 2.75 x 10° kg/m’,
pw = 1.0 x 10° kg/mS, g=98 IIl/Sz, Vo = 1 pm/s, py = 0.6, and Poisson’s ratio
e =0.25.

Our simulation results show that megathrust earthquakes occur periodically and
that the recurrence interval (7,) and magnitude (M,,) are nearly constant
(T, =113 years, M,, = 7.9). One of the resulting spatial distributions of co-seismic
slip (>3 cm/sec) accompanied by a megathrust earthquake is shown in Fig. 10. The
asymmetric slip distribution is caused by the asymmetric distribution of SA and
DA, as shown in Fig. 9. The fluctuation of co-seismic slip behavior in a recurrent
megathrust earthquake is so small that the locations of the slip peak and rupture
initiation point can almost be considered characteristic. The small amount of slip on
the edge of the southwest side is due to the periodic boundary condition along the
strike component, which is negligible in calculations of the seismic moment
magnitude.

Compared with the co-seismic slip distribution of the 1944 Tonankai earthquake
shown in Fig. 8, the simulated co-seismic slip distribution in Fig. 10 has a similar
peak value (~ 3.5 m) approximately (34°N, 137°E). In addition, the 1944 Tonankai
earthquake has a similar magnitude (M,, 7.9; Kikuchi et al. (2003)) and its recur-
rence interval is approximately 100-150 years (Ishibashi 1981). From these results,
we consider this simulated megathrust earthquake to be the likely scenario for a
future Tonankai earthquake to investigate the crustal deformation caused by slow
earthquakes for the megathrust earthquake cycle.
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Fig. 10 (left) Slip isograms
(0.5 m increments) of the
simulated Tonankai
earthquake. The red star
represents the epicenter of the
1944 Tonankai earthquake.
This figure is based on
Ariyoshi et al. (2014)
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4 Detectability of Crustal Deformation Driven by Slow
Earthquakes

Around the source region of the simulated Tonankai earthquake, if shallower slow
earthquakes occur in the belt of small asperities along a depth of approximately
5 km, DONET-I is expected to respond significantly to these slow earthquakes
because of the short distance between the source of VLF events and observation
points, as shown in Fig. 9. We analytically estimate the leveling change at
DONET-I observation points from

Hy = Zijuj(t)a (5)
=

where H is the amount of leveling change and L is the Green’s function for the
leveling change due to dip slip in the j-th source cell (Okada 1992) on the k-th
DONET-I observation point depending on the Coffin or Bird Model, as shown in
Fig. 9a, b. Note that the product of Lyu,(?) is significant only in the source regions
of shallower slow earthquakes in the pre-seismic stage of LA.

Figure 11 shows the leveling change at DONET-I observation points for the Bird
and Coffin models (Fig. 9a, b) from ten years before to the onset of the simulated
Tonankai earthquake. In Fig. 11, long-term uplift is derived from the pre-seismic
slip of the Tonankai earthquake, while short-term uplift/depression is from
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Fig. 11 Leveling change at DONET-I from ten years before to the onset of the simulated
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windows for the E-node are shown in Fig. 8. Dark green curves show the time history in the green
time windows magnified by four. The two red lines represent rates of 10 and 100 Pa/year. This
figure is based on Ariyoshi et al. (2014)

shallower slow earthquakes. In this section, we investigate the characteristics of
each type of crustal deformation.

Figure 11 illustrates the differences between science nodes (A-E in Fig. 8b):
long-term (longer than several years) leveling changes and temporal acceleration of
the uplift at nodes closer to the LA (A- and E-nodes) are greater than at nodes closer
to the trench (C-node), mainly because of the shorter distance from the LA as
shown in Fig. 10.
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The node closer to the LA shows greater differences between leveling obser-
vation points in the same node (E-18 and E-20 in Fig. 8b) than for points closer to
the trench (C-9 and C-12), which is more significant after the time indicated by
broken lines in Fig. 11. This is because the difference in distance from the LA to
leveling observation points in the same node closer to the trench (<C-9 to
LA> and <C-12 to LA>) is relatively smaller than in a node closer to the LA (<E-18
to LA> and <E-20 to LA>).

These characteristics are common to both Coffin and Bird models. As the Bird
model has a shorter distance from the LA to observational points compared with the
Coffin model, crustal deformation in the Bird model tends to be greater than that in
the Coffin model. This result suggests that precise determination of the subduction
plate structure plays an important role in quantitative evaluation of the crustal
deformation at ocean floor observation points.

For the E-node, Fig. 11 shows short-term (shorter than several days) leveling
changes due to slow earthquake swarms for both Coffin and Bird models. However,
its characteristics are different between the two models. In the B-node, significant
short-term leveling changes appear only in the Bird model (B-8), and leveling
changes are only seen in the A-node (A-2, A-3, and A-4) for the Coffin model.
These results mean that the crustal deformation is localized because of the short
distance between the sources of the slow earthquake swarms and DONET-I
receivers. A denser network is required around the epicenters of shallower slow
earthquakes for detection by stacking data on the short-term leveling changes.

At points E-17 and E-18, the short-term leveling change is uplift for the Coffin
model and depression for the Bird model. These differences can be generally
explained on the basis of a dislocation theory for dip slip on a buried fault (Segall
2010), where the vertical displacement on the free surface is uplift with a relatively
steep slope around the up-dip edge of a fault and depression with a relatively slight
slope around the down-dip edge of a fault. For the Coffin model, as shown in
Fig. 9b, E-17 and E-18 are located on the up-dip part of SA and E-19 and E-20
(which show no significant change because of being too far from the SA belt) are on
the down-dip part of the SA belt. Conversely, all the observation points for the
E-node are on the down-dip part for the Bird model, as shown in Fig. 9a, which is
consistent with the theoretical analysis. Therefore, precise determination of slow
earthquake hypocenters and trench locations is very important for advance esti-
mation of short-term leveling changes at DONET using numerical simulations.

For nodes responding significantly to slow earthquake swarms in Fig. 11, the
rate of leveling change tends to be higher toward the origin of the simulated
Tonankai earthquake. In the pre-seismic stage of a megathrust earthquake, the
moment release rate of slow earthquakes, which is expected to be proportional to
the average slip velocity in SA or DA under the condition of a fixed fault area,
becomes higher as a result of pre-seismic slip around the LA (Ariyoshi et al. 2012),
which explains the higher rate of leveling change.

To detect leveling changes using hydraulic pressure gauges, it is necessary to
remove noise and drift components from raw data. From previous long-term sea-
floor measurements using a Paroscientific pressure gauge (Polster et al. 2009),
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which is used for DONET, the estimated noise level is approximately 10-20 Pa and
the drift rate is approximately 5—10 kPa/year with a time constant of approximately
50-200 days. Figure 11 illustrates the long-term leveling change at DONET-I: the
rate of the long-term leveling change is shown to be approximately 10 (C-node) to
100 (A, E-nodes) Pa/year, which is lower than the estimated drift component.
Figure 11 also shows that the time constant of long-term leveling change is
significantly longer than one year. These results mean that it is possible to estimate
the drift component by subtracting the crustal deformation calculated in Fig. 11 if
the simulation results can quantitatively reproduce the pre-seismic slip, while it may
be difficult to extract long-term crustal deformation from hydraulic pressure gauge
data at a single DONET-I point if the simulation results only explain crustal
deformation qualitatively. As the trend of long-term change in all nodes is uplift,
stacking data in the same node and/or combination of several nodes (which should
remove sensor drift and noise components individually for each hydraulic pressure
gauge) may be helpful for detection of long-term crustal deformation.

Figure 12 illustrates the short-term leveling changes caused by slow earthquake
swarms and shows a close-up of the leveling change for the E-node from 2.5 to
2.0 years before the onset of the simulated Tonankai earthquake. Focusing on E-17,
the simulation result shows a maximum rate of leveling change of about
1.5%x 107 m/s (4.4 x 10*> kPa/year) with a duration time of about 0.74 s, which is a
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Fig. 12 Leveling changes (blue lines) and their rates (red lines) at the E-node of DONET-I for
about half a year as a close-up of the green colored time windows in Fig. 11. The origin time is set
as the start time of the green windows. This figure is based on Ariyoshi et al. (2014)
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sufficiently higher rate and shorter duration than the estimated drift component
(Polster et al. 2009), as described above. However, the amount of short-term
leveling change at E-17 is expected to be about 2 mm (20 Pa), which suggests that
the short-term leveling change could be obscured by the noise component. This
small leveling change driven by shallower VLF swarms is caused by a low dip
angle (about 5° on SA, as shown in Fig. 9¢) in our model.

For real-time monitoring of crustal deformation near the trench before the
occurrence of the next Tonankai earthquake in the near future, it would be desirable
to deal with DONET data rather than conduct detailed analysis of long-term
measurements.

Figure 13 shows a test sample of the daily processed data at DONET-I for one
month. The data processing interval will be much shorter than 1 day when the
processed data are used for real-time monitoring. In this test, we calculate a moving
average of 100 Hz data detided by using the Tide4n code (Tamura et al. 1991) at
intervals of 6 h in a time window of 12 h (hereafter referred to as filtered data).
Next, we obtain stacked data by averaging the filtered data at four points in the
same node. The stacked data is used to reduce electromagnetic noise and amplify
the systematic response to changes in the sea temperature and ocean flow, in
addition to long-term leveling changes resulting from large pre-seismic slip around
the LA. The stack data is more robust for use as a reference than single filtered data
at a nearby observation point because of the short range between four observation
points in the same node. Then, we construct a differential component (hereafter
referred to as differential data) by removing the stacked data from the filtered data.
The differential data are used to extract local crustal deformation, such as slow
earthquake swarms, as shown for the E-node in Fig. 11, and relative long-term
leveling change, which is significantly observed for the A-node of the Bird model in
Fig. 11. As both the stack and differential data are updated individually from new
sampling, it is possible to conduct these processes in real time.

Focusing on the differential data in Fig. 13, we find that the fluctuation is about
several tens of Pa (several millimeters of leveling change), which is comparable
with the leveling amount of short-term change shown in E-17 of the Coffin model in
Fig. 8 (about 2 mm: 20 Pa). From Fig. 12, we observe that the short-term leveling
change is incoherent in the same node. If a hydraulic pressure gauge responds to
shallower VLF swarms at only one observation point in a node, as seen for E-17 of
the Coffin model in Fig. 12, the differential data would be expected to contain
three-quarters of its value (15 Pa in the case of 20 Pa at E-17 in Fig. 12 when the
change at E-20 is negligible). This estimate suggests that short-term local leveling
change driven by shallower VLF swarms might be concealed by fluctuations when
using only hydraulic pressure gauges.

As shown in Fig. 13, we now have a continued daily solution of hydraulic
pressure gauge data as a simple test run using a moving average from 100 Hz
sampling data in a 6 h time-interval. As some VLF events may have a duration time
shorter than 1 s, as shown at E-17 in Fig. 12, in the future it will be necessary to
enhance the sampling of the differential data from daily to higher than 1 Hz to
detect the temporal and local leveling changes caused by shallower VLF swarms.



Practicality of Monitoring Crustal Deformation Processes ... 187

] ! ] ] I +1000 ] 1 Ll
— AD Jre A - o - E17
i 1 L L ! ki ) +1000 - L I
E o P bl T i s f e1s
3 L .I 1 1 1 L 110'00 | 1 1 Ll
g AD3 N —— i, 0 P A N et L EAG
o Lo L L I [ L +1000 i . . 1 Ll
8 A0d Jrra ey et o 4 . et i, el B0
w Ll ISP NP NI T EPTVV . W - " P PRI N B
stack_A - - 0 |- stack_E
L I [ i L Leasal . AP L pll
AD1-stack_A - 0 - - E17-stack_E
L L | ol | " L tm . | L Ll n
AD2-stack_A ] = 0 - |- E18-stack_E
L | 1 1 1 +500 1 1 L Ll
AD3-stack_A - o - E19-stack_E
o L ] | 1 1 15{)0 1 L Ll
AD4-stack_A 3 Q < - E20-stack_E
T T T T T T =500 T T TT
12006 1211 1216 12721 12126 01101 12/06 1211 1216 1221 1226 01/01
il L L L | | +1000 | | L L L
~ Bos J- e SO S P - o0 7 S e f D13
g 1 1 1 I I £1000 I I 1 I I
5 L I I I L 1000 L 1 I I
@ I
3 BO7 e e - 0 4 — S D15
a ! I | I L +1000 I | ! ! 'R &
2 B0B T : 0 M e et D16
w L L ! pal 1 1 - +1000 1 I ! L L [N}
stack_B ] - 0 - - stack_D
| | | L | 1 | | L L L Ll
BOS-stack_B ] E o ] L D13-stack_C
PR PR PP I PR N 2500 e liaa el 11y
BO6-stack_B = 0 E- D14-stack_C
h PP PN PPN IPEA P B 500 1 P I N I
BO7-stack_B - 0 - E- D15-stack_C
1 " L L " 1 1 Ll i 1500 1 1 1 1 i 1 Ll
BO8-stack_B - 0 - D16-stack_C
T T T T - -500 T T T - T
12006 12111 1216 12121 1226 01701 12006 1211 12116 1221 1228 0101
Date Date
+1000 L L - L
o o~~~ CO9
®  +1000 - . . . -
a P I M i 1]
g +1000 . et L L L L
a 0} e R W B ot
S P A
4 0 J i ol G2
g +1000 L 1 L ]
0 - |- stack_C
_1Dw " & | n | " Il . " +500
C08-stack_C & 0
il L. | - ] " +500
C10-stack_C ] = 1]
i i i ol | i L. ] ism
C11-stack_C 3 0
| | L Il 2500
C12=-stack_C ] E- 1]
= T T T T -500

12006 1211 1216 12021 1226 0101
Data



188 K. Ariyoshi and Y. Kaneda

<« Fig. 13 Daily analyzed data from hydraulic pressure gauges observed at DONET-I for one month.
The time series plotted as black (upper four columns), blue (middle column), and red (lower four
columns) circles represent filtered data (moving average of 100 Hz data at intervals of 6 h in a time
window of 12 h), stacked data (average of the filtered data at the same node), and differential data
(removal of the filtered data from the stack data), respectively. This figure is based on Ariyoshi
et al. (2014)

Water temperature gauges are also installed in the DONET hydraulic pressure
gauges, which assists in reducing the noise component in the stacked and differ-
ential data by temperature correction (Inazu and Hino 2011).

DONET has broadband seismometers buried in the ocean floor at nearly the
same locations as the hydraulic pressure gauges (Nakano et al. 2013a, b), which
enables estimation of fault parameters of shallow VLF events. As the dip angle of
the basal plane of the overriding wedge (décollement) is steeper than that of the
oceanic plate near the trench (Ikari and Saffer 2012), shallow VLF events on a
décollement (Sugioka et al. 2012) or megasplay faults (Ito and Obara 2006) are
expected to cause leveling changes higher than our simulation results (Fig. 12) for a
dip angle of a VLF event significantly steeper than five degrees. When we also use
the origin time and hypocenter location of a VLF event automatically detected by
seismometers, the accuracy of detection of VLF events based on leveling changes
of DONET is expected to become higher.

5 Discussion and Conclusions: Social Impact
of Seismological Studies on the Public and Toward
Disaster Mitigation of Megathrust Earthquakes

On the basis of our simulation results, we discuss the social impact of seismological
studies on the public. From Table 2 and Fig. 5, our trial forecast of the next Tokai
earthquake has an estimation range of about 1.5-2 years. On the other hand, eco-
nomic losses are estimated to be about 7 billion dollars per day, if economic
activities were to be temporarily halted in the Tokai district. If economic activities
were to cease for two years, the loss would increase to at most about 5 trillion
dollars, which is too great for Japanese society in reality.

Conversely, let us discuss the necessity of precision in the forecast. The Cabinet
Office reported that the economic loss resulting from megathrust earthquakes along
the Nankai Trough, including the Tokai and Tonankai earthquakes, is estimated to
be between 0.37 and 2 trillion dollars. If we adopt the strategy of disaster mitigation
by simply adopting the lower economic cost, the estimation range of forecasting
earthquake should be shorter than 1.8-9.6 months at least. This is an example of
why forecasting of megathrust earthquakes has been difficult in practice so far. To
enhance the forecasting precision, it is important to develop numerical modeling of
earthquake cycles and observation detectability, including seismicity and crustal
deformation, by comparing both types of data quantitatively, as shown in Fig. 3.
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Our conclusions can be summarized as follows.

(@)
(ii)

(iii)

(@iv)

Multidirectional analyses including GPS, inland benchmark, triangulation, and
seismometers are necessary to enhance the validity of prediction analysis.
Geological surveys of the 3D subduction plate structure and location of the
oceanic trench are important to estimate crustal deformation due to plate
motion from numerical simulations for data assimilation.

Analysis of the fault mechanism for intraplate earthquakes, as well as interplate
ones is useful to monitor the stress field caused by a megathrust earthquake in
both the pre-seismic and interseismic stage, which was also pointed out by
Hasegawa et al. (2011) after the 2011 Tohoku earthquake.

Ocean floor observations, such as DONET and inline cable off Tohoku, are
useful for monitoring crustal deformation near the trench on the basis of slow
earthquake activity and leveling changes at hydraulic pressure gauges. As
DONET-II and the inline cable off Tohoku are scheduled to be installed in a
few years (Fig. 14), detectability of pre-seismic change near the trench is
expected to be enhanced.

DONET and Long-term Borehole Observatory

Dense Oceanfloor Network system for Earthquakes and Tsunamis

Fig. 14 Overview of dense oceanfloor network system for earthquake and Tsunamis (DONET) in
the Tonankai and Nankai regions (DONET-II in Fig. 8)
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Neo-deterministic Definition of Seismic
and Tsunami Hazard Scenarios
for the Territory of Gujarat (India)

A. Magrin, L.A. Parvez, F. Vaccari, A. Peresan, B.K. Rastogi,
S. Cozzini, D. Bisignano, F. Romanelli, Ashish, P. Choudhury,
K.S. Roy, R.R. Mir and G.F. Panza

1 Introduction

Seismic risk mitigation is a worldwide concern and the development of effective
mitigation strategies requires sound seismic hazard assessment. The performances
of the classical probabilistic approach to seismic hazard assessment (PSHA), cur-
rently in use in several countries worldwide, turned out fatally inadequate when
considering the earthquakes occurred worldwide during the last decade. When
dealing with the protection of critical structures (e.g. nuclear power plants) and
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cultural heritage, where it is necessary to consider extremely long time intervals, the
standard PSHA estimates are by far unsuitable, due to their basic heuristic limita-
tions. Moreover, it is nowadays widely recognized by the engineering community
that probabilistic Peak Ground Acceleration estimates alone are not sufficient for
the adequate design of special buildings and infrastructures, since displacements
play a critical role and the dynamical analysis of the structure response requires
complete time series of ground motion. In view of the mentioned limits of PSHA
estimates, it appears preferable to resort to a scenario-based approach to seismic
hazard assessment that may turn out to be necessary to complement and validate the
results that will be eventually produced by large scale projects like GEM (http://
www.globalquakemodel.org/).

Current computational resources and physical knowledge of the seismic waves
generation and propagation processes, along with the improving quantity and quality
of geophysical data (spanning from seismological to satellite observations), allow
nowadays for viable numerical and analytical alternatives to the use of probabilistic
approaches. A set of scenarios of expected ground shaking due to a wide set of
potential earthquakes can be defined by means of full waveforms modelling, based
on the possibility to efficiently compute synthetic seismograms in complex laterally
heterogeneous anelastic media. In this way a set of scenarios of ground motion can
be defined, either at national and local scale, the latter considering the 2D and 3D
heterogeneities of the medium travelled by the seismic waves.

The considered scenario-based approach to seismic hazard assessment, namely
the Neo-Deterministic Seismic Hazard Assessment approach (NDSHA) (e.g. Panza
et al. 2012, 2013), builds on rigorous theoretical basis and exploits the currently
available computational resources that permit to compute realistic synthetic seis-
mograms. The NDSHA approach intends to provide a fully formalized operational
tool for effective seismic hazard assessment, readily applicable to compute com-
plete time series of expected ground motion (i.e. the synthetic seismograms) for
seismic engineering analyses and other mitigation actions.

The NDSHA methodology has been successfully applied to strategic buildings,
lifelines and cultural heritage sites, and for the purpose of seismic microzoning in
several urban areas worldwide (e.g. Panza et al. 1999, 2002; Mourabit et al. 2014).
Recently the NDSHA method has been enabled on different computational plat-
forms, ranging from GRID computing infrastructures to HPC dedicated cluster up
to Cloud computing. Such e-infrastructures provide an innovative and unique
approach to address this problem (Magrin et al. 2012). They demonstrated to be an
efficient way to share and access resources of different types, which can effectively
enhance the capability to define realistic scenarios of seismic ground motion.
Intensive usage of these infrastructure enable scientists to compute a wide set of
synthetic seismograms, dealing efficiently with variety and complexity of the
potential earthquake sources, and the implementation of parametric studies to
characterize the related uncertainties.

The need for a reliable assessment of the earthquake hazards is especially rel-
evant in Gujarat, which is the industrial hub of India (hosting one of the world’s
largest refineries, chemical industries and large maritime facilities) and is now
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developing a number of special economic and investment area. Gujarat region
witnessed many destructive earthquakes in the past. The severe seismic hazard to
the region has been confirmed by the 2001 Bhuj earthquake, which caused more
than 20,000 victims and extensive damage (Shanker 2001). We describe here the
preliminary results obtained for the definition of NDSHA scenarios for the Gujarat
region. The applied methodology, integrated with advanced computational infra-
structures, naturally supplies realistic time series of ground motion, which represent
also reliable estimates of ground displacement readily applicable to seismic design
and isolation techniques, useful to preserve historical monuments and relevant
man-made structures. The study aims to provide the community (e.g. authorities
and engineers) with advanced information for seismic and tsunami risk mitigation,
which is particularly relevant to Gujarat in view of the rapid development and
urbanization of the region.

2 Regional Scale Neo-deterministic Seismic Hazard
Assessment in Gujarat

2.1 Method

The procedure for the neo-deterministic seismic zoning (Panza et al. 2001, 2012) is
based on the calculation of synthetic seismograms (ground motion scenarios).
Starting from the available information on Earth structure, seismic sources, and the
level of seismicity of the investigated area, it is possible to compute complete
synthetic seismograms and the related estimates on peak ground acceleration
(PGA), velocity (PGV) and displacement (PGD) or any other parameter relevant to
seismic engineering (such as design ground acceleration, DGA) which can be
extracted from the computed theoretical signals. NDSHA defines the hazard from
the envelope of the values of ground motion parameters determined considering a
wide set of scenario earthquakes; accordingly, the simplest product of this method
is a map where the maximum of a given seismic parameter is associated to each site.

In the NDSHA approach, the definition of the space distribution of seismicity
uses only the largest events reported in the earthquake catalogue at different sites.
At regional scale, on account of the quality of the available data we discretize the
study area with a 0.2° x 0.2° regular grid. Earthquake epicenters reported in the
catalogue are grouped into 0.2° x 0.2° cells, assigning to each cell the maximum
magnitude recorded within it. A smoothing procedure is then applied to account for
spatial uncertainty and for source dimensions (Panza et al. 2001). Only cells located
within the seismogenic zones are retained. This procedure for the definition of
earthquake locations and magnitudes for NDSHA makes the method pretty robust
against uncertainties in the earthquake catalogue, which is not required to be
complete for magnitudes lower than 5. A double-couple point source is placed at
the center of each cell, with a focal mechanism consistent with the properties of the
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corresponding seismogenic zone and a depth, which is a function of magnitude
(10 km for M <7, 15 km for 7 < M < 8, 20 km for M = 8).

To define the physical properties of the source-site paths, the territory is divided
into a set of structural models composed of flat, parallel anelastic layers that rep-
resent the average lithosphere properties at regional scale. Synthetic seismograms
are then computed by the modal summation technique for sites placed at the nodes
of the grid that covers the territory, considering the average structural model
associated to the regional polygon that includes the site. Seismograms are computed
for an upper frequency content of 1 Hz, which is consistent with the level of detail
of the regional structural models. In Parvez et al. (2003), to reduce the number of
computed seismograms, the source-site distance was kept below an upper threshold,
which is taken to be a function of the magnitude associated with the source.
Specifically, the maximum source-receiver distance was set equal to 300 km for
M = 8. The optimization of modal summation programs has made possible to
extend the distance threshold up to 150, 200, 400 and 800 km respectively for
M<6,6<M<7,7<M<8and M = 8.

In order to take account of source dimensions, in the standard procedure (e.g.
Parvez et al. 2003) seismograms are scaled using the spectral scaling laws proposed
by Gusev (1983), as reported in Aki (1987). Here we adopted a more realistic
source model, in which phase spectrum accounts for the duration and other features
of the rupture process (Parvez et al. 2011). In this representation, a combination of
extended (ES) and point sources exploiting the algorithm developed by Gusev and
Pavlov (2009) and Gusev (2011), is used. The time functions of the subsources that
constitute the ES are summed in order to obtain the equivalent single source rep-
resentative of the entire space and time structure of the ES and the related Green’s
function. A neutral directivity has been chosen in the computation of the synthetic
seismograms.

From the set of complete synthetic seismograms, various maps of seismic hazard
describing the maximum ground shaking at the bedrock can be produced. The
parameters representative of earthquake ground motion are maximum displacement,
velocity, and acceleration. The acceleration parameter in the NDSHA is given by
the design ground acceleration (DGA). This quantity is obtained by scaling the
chosen normalized design response spectrum (normalized elastic acceleration
spectra of the ground motion for 5 % critical damping) with the response spectrum
computed at frequencies below 1 Hz (for further details see Panza et al. 1996).
Besides DGA maps (which allow extrapolating the estimated acceleration from
1 Hz to higher frequencies), acceleration maps can also be defined from synthetic
seismograms computed up to 10 Hz, as shown by Panza et al. (2012); however
more detailed information about structural models should be used for a realistic
modelling of the ground shaking in this case. For the seismic assessment and design
of special buildings and infrastructures, a detailed local scale modelling can be
carried out by NDSHA accounting for the lateral heterogeneities of the medium
traveled by seismic waves and for the properties of seismic sources. The local scale
scenarios provide complete ground motion description over a wide range of
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frequencies, from the low frequencies relevant to tall buildings and seismically
isolated structures, and up to high frequencies, eventually exceeding 10 Hz.

2.2 Input Data

The computation of realistic synthetic seismograms in the process of NDSHA is
naturally dependent on the knowledge of the source and propagation effects.
Therefore, the input parameters describing the structural models and seismic
sources must be properly defined and assigned to the studied area, exploiting all
significant available information.

Earthquake catalogues are the most essential and important parameter for any
kind of seismic zoning or hazard studies. In the NDSHA approach the definition of
the space distribution of seismicity accounts essentially for the damaging events
(M = 5) reported in the earthquake catalogues. Therefore catalogues completeness
at moderate-to-low magnitudes is not necessary, contrary to PSHA. In the present
study, the earthquake data set spanning the time interval from 25 A.D. to 2011 has
been used for Gujarat from the catalogue compiled for the whole India. Starting
from the databases made available by the international agencies like NOAA, ISC,
NEIC, CNSS, CMT and national agencies like ISR, IMD and NDMA and several
published research papers (e.g. Rao and Rao 1984; Oldham 1883; Tandon and
Chaudhury 1968; Iyengar et al. 1999; Kumar et al. 2001), a comprehensive cata-
logue in terms of My, has been compiled (Fig. 1a).

The seismogenic zones defined by Parvez et al. (2003) for Gujarat region have
been modified, accounting for recent publications and new data. Fault plane solu-
tions in the present study are mainly taken from Harvard CMT Catalogues
(Dziewonski et al. 1981; Ekstrom et al. 2012). However, published focal mecha-
nism solutions by Fitch (1970), Molnar et al. (1973) and Chandra (1977, 1978)
have been used for the large earthquakes that occurred before 1977 and for the focal
mechanism solutions of Peninsular India events. A representative fault plane
solution is defined for each seismogenic zone by the average mechanism obtained
from the available moment tensor solutions (Fig. 1b).

In this study, the velocity structure used by Parvez et al. (2003) has been
substituted by a relatively higher resolution cellular model, with structures defined
for cells of 1° x 1°, based on updated bibliographic research. In order to propose a
suitable structural model, all available geophysical and geological information for
the investigated territory have been considered after an extensive bibliographic
research (Acton et al. 2010; Mandal 2006; Tewari et al. 2009). Most of the cells
have square shape except at the edges, which were terminated along political
borders of the country (Fig. 1c). Those cells where updated velocity models are not
available have been completed using the structural model given by Parvez et al.
(2003) checking for the similarity of the geological conditions. Figure 1c shows the
shear wave velocity (Vs) for the topmost layer of each cell. We have also updated
the attenuation model with respect to the previous study based on the attenuation
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Fig. 1 Input parameters describing the seismic sources and structural models: a seismicity map of
Gujarat region (25 A.D.-2011), with magnitudes expressed in terms of My; b seismogenic zones and
representative fault plane solutions considered in this study; ¢ shear wave velocity (Vs) in the topmost
layer for each cell of the structural models; d quality factor (Qs) in the uppermost layer for each cell

tomography across Eurasia for the lithosphere (Mitchell et al. 2008) and further
below from the study of Gung and Romanowicz (2004). Figure 1d illustrates the Qs
in the uppermost crustal layer considered for each cell. The high crustal Qs values
characterising Indian subcontinent, particularly in shield regions, are discussed in
Mitchell et al. (2008)

2.3 Results

The spatial distribution of design ground acceleration (DGA), peak ground velocity
(PGV) and peak ground displacement (PGD) extracted from the complete synthetic
seismograms are shown in Fig. 2a—c. The maximum values of ground shaking are
in north-western part of Gujarat where the biggest historical earthquake occurred.
The values reported in the maps are mostly due to sources in seismogenic zone
number 1. The main difference with maps shown in Parvez et al. (2003) is the
increase of expected ground motion in the south-eastern part of Gujarat, mainly in
Bhavnagar and surroundings.

The DGA values were converted to intensities using the relation between
acceleration and EMS intensity of Lliboutry (2000), as shown in Fig. 2d. We
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Fig. 2 Spatial distributions of the estimated peak ground displacement (PGD) in cm (a), peak
ground velocity (PGV) in cm/s (b), design ground acceleration (DGA) in g (¢) and of EMS
intensities computed from DGA shown in (c)

compared these preliminary results with the maximum observed intensities reported
in EMS scale by Martin and Szeliga (2010). For each cell of the same regular
0.2° x 0.2° mesh on the territory of Gujarat, used for the modelling, we find the
maximal observed intensity in the square centered at this point (Fig. 3a). We can see
that the modelled intensities are almost never exceeded by maximum observed
intensities. In a further step we applied a smoothing of three cells to observed
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Fig. 3 Spatial distribution of maximum observed intensities in EMS scale taken from Martin and
Szeliga (2010), discretized into cells of 0.2° x 0.2°: a and smoothed distribution of maximum
observed intensities in EMS scale taken from Martin and Szeliga (2010) b
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intensities, i.e. the same smoothing applied to magnitudes for the synthetic seismic
sources; the results of this procedure (Fig. 3b) and the map of DGA converted to
intensity (Fig. 2d) are very similar.

2.4 Comparing Neo-deterministic and Probabilistic Ground
Shaking Estimates

A preliminary comparative analysis is performed amongst the neo-deterministic
map proposed in this study and the probabilistic seismic hazard maps defined by
ISR (ISR 2012) for Gujarat territory. The comparison is carried out considering the
PGA given by the probabilistic method and the DGA given by the
neo-deterministic one, following Zuccolo et al. (2011). Specifically, the PSHA
hazard maps defined for 10 and 2 % probability of being exceeded in 50 years (i.e.
return period of 475 years and 2475 years, respectively) are considered. The PGA
values provided by the probabilistic maps for the Gujarat territory (ISR 2012) are
sampled at each node of the 0.2° x 0.2° grid (Fig. 4) where DGA values were
computed (Fig. 2c).

The NDSHA maps are generally intended to provide an upper bound for
expected ground motion, compatible with seismic history and seismotectonic of the
region. Therefore a better agreement is naturally expected with PSHA map defined
with a lower probability of exceedance, and thus corresponding to a rather long
return period (i.e. 2475 years).

The differences between NDSHA and PSHA hazard maps, calculated on the
common grid points, are shown in Fig. 5a, b. The upward triangles indicate that the
difference between NDSHA and PSHA is positive, while the downward triangles
indicate that the same difference is negative. In general, NDSHA is giving larger
values than PSHA in the areas where the strongest events have been observed; this
fact supports the idea that probabilistic estimates tend to underestimate the hazard
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Fig. 4 Probabilistic seismic hazard map of Gujarat (ISR 2012) expressed as PGA with: a 10 %
and b 2 % probability of being exceeded in 50 years. PGA values (in g) are plotted considering the
same grid nodes and color palette as in Fig. 2c
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where the largest earthquakes, which are characterized by a longer return period,
may occur.

The scatter plots showing the distribution of the PSHA values of Fig. 4 with
respect to the NDSHA values of Fig. 2c, as computed at each grid node, are shown
in Fig. 6a, b. The black thick line corresponds to identical values estimated by
PSHA and NDSHA. The map and the scatter plot obtained for a return period of
2475 years (Figs. 5b and 6b) highlight the fact that the PSHA provides estimates
larger than those given by the NDSHA for small values of ground shaking, while
the PSHA estimates are comparatively low where the largest events occurred in the
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Fig. 6 Scatter plots comparing the PGA from PSHA analysis and DGA values from NDSHA for
the common sites. PGA values correspond to estimates obtained for: a 10 % probability of being
exceeded in 50 years; b 2 % probability of being exceeded in 50 years. The solid black line
corresponds to the values for which PGA and DGA estimations coincide. The linear regression line
(dashed red line) is shown as well
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past and where the most severe ground shaking is expected. Therefore the standard
NDSHA, which does not depend upon the sporadicity of the earthquakes, gives
conservative estimates in high-seismicity areas. Such estimates are closer to PSHA
estimates for long return periods (T = 2475 years), with differences mostly within
one degree of intensity (i.e. a factor of about two in the ground shaking). The
differences between the maps obtained from the two different approaches are due to
many elements, among which we can mention the different criteria followed in the
compilation of the input earthquake catalogue, the simplified ground motion pre-
diction equations used in PSHA and the seismicity parametrisation adopted in the
two approaches. The NDSHA approach, in fact, accounts mainly for the largest past
earthquakes, whereas PSHA requires considering also moderate size earthquakes
for which the catalogue completeness is not always guaranteed.

3 Tsunami Hazard Assessment for Coastal Region
of Gujarat

3.1 Methodology

Modelling hazard scenarios has the main purpose to assess the maximum threat
expected from a studied phenomenon in a certain area and to give specific directives
to the local authorities in order to prevent and mitigate serious consequences on the
population, the infrastructures and the environment. To build scenario-based tsu-
nami hazard maps for a specific coastal area one has first to characterize the seismic
sources (or other tsunamigenic events, not considered in this study, like e.g.
landslides at sea) and select the earthquake scenarios that can drive the hazard. By
means of the modelling we then calculate the maximum amplitude of the vertical
displacement of the water particles at the sea surface since it is the most relevant
aspect of the tsunami wave and also is the only characteristic routinely recorded in
the chronicles and therefore in catalogues. The horizontal displacement field is
calculated too, and, on average, it exceeds the vertical one by an order of magnitude
approximately (this accounts for the great inundating power (run-up) of tsunami
waves with respect to wind driven ones). The extremely efficient analytical mod-
elling techniques (computation times are of the order of seconds and are bound to
decrease with the natural rate of improvement of computers) considered here for
simulations can be utilized also for a tsunami warning system. A modelling can be
performed as soon as real time incoming open-sea level data become available, in
order to validate, or close, an impending alarm.

Earlier studies about tsunami hazard in the region (e.g. Singh et al. 2008; Okal
and Synolakis 2008; Jaiswal et al. 2009; Patel et al. 2013) have been focused on
detailed numerical computations of inundation estimates, however they mostly
simulate and analyze single scenario events, such as the historical one (27th
November 1945) or a maximum credible one. The method applied in this study is
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based on the efficient analytical computation of a large number of synthetic
mareograms (Panza et al. 2000) from different sources and evaluates the tsunami
hazard for Gujarat in terms of offshore peak wave amplitude. This method permits
to account for a large number of possible tsunamigenic sources and to carry out a
number of parametric studies, which allow identifying the sources that can sig-
nificantly affect the studied zone, as well as the relevant magnitudes. The approach,
where the ocean and the solid Earth are fully coupled, is the extension, performed
by Panza et al. (2000), to the case of tsunami propagation, of the well-known modal
theory and therefore we simply refer to it as “modal method”.

From the mathematical point of view, in the modal approach the equations of
motion are solved for a multi-layered model structure, so the set of equations is
converted into a matrix problem where to look for eigenvalues and eigenfunctions.
In general, the modal theory gives a solution corresponding to the exact boundary
conditions, and so it can be easily extended to models with slightly varying
thickness of the water layer. Therefore, the modal method allows us to calculate
synthetic signals for both laterally homogeneous (1D) and laterally heterogeneous
(2D) structures. For the 2D case, the structural model is parameterized by a number
of 1D structures put in series along the profile from the source to the receiving site
(Panza et al. 2000). The parameterization of the bathymetry could be important for
the longer source-site paths, since it can significantly influence travel times.
However, in this study, in order to efficiently compute a large number of synthetic
signals, we adopted a simplified description of 2D media; specifically, for every
source-receiver path, we used just two different structures: one at the source and one
at the site. Our aim is to provide quick indications about the level of the wave we
can expect from different possible earthquake scenarios, rather than to compute
detailed inundation (run-up) maps. At this first order level, the fast calculation of a
very large number of scenarios, is more relevant than a very high level of precision.
Due to the use of simplified models, the mareograms are computed only along
straight segments from the source to the sites of interest, neglecting all
three-dimensional effects, such as refraction and diffraction. When analyzing the
results it is necessary to consider that the applied approach is linear, whereas
topographic and bathymetric effects not necessarily are; therefore the results have to
be considered as open sea approximation (i.e. for a fluid layer with thickness
ranging from deep ocean to about 50 m), which can be efficiently used as initial
conditions by numerical approaches for the computation of detailed inundation
scenarios. Moreover, in proximity of the coast a number of local effects can gen-
erally occur, due to the thinning of the liquid layer, strongly influencing both travel
time and maximum amplitude. The ensemble of these phenomena is often called
shoaling and it is the main responsible for the final tsunami run-up. The major
contribution is the amplification of the wave approaching the coast due to the
progressive thinning of the water layer. The principle of conservation of energy
requires that the wave energy, when the tsunami reaches shallow waters, is redis-
tributed into a smaller volume, this results in a growth of the maximum amplitude.
The linear theory gives for the shoaling amplification factor a simple expression,
known as Green’s law. Typically the shoaling factor ranges from 1 (no growth) up
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to several units (amplification) depending on the considered domain (e.g. Ward
2011). Shoaling amplification acts approximately until the wave amplitude is less
than half the sea depth (Ward and Day 2008). In such a case, nonlinear phenomena
cause the waves to break and eventually turn them backward. Ward and Day (2008)
suggest that, due to complications of wave refraction and interference, run-up is
best considered as a random process that can be characterized by its statistical
properties. Models and observations hint that run-up statistics follow a single
skewed distribution spreading between 1/2 and 2 times its mean value.

An example of this methodology, with a validation with Tohoku tsunami of 11th
march 2011 and the computation of tsunami hazard for Vietnam coasts, can be
found in Bisignano et al. (2011).

3.2 Selected Sources and Results

To calculate tsunami hazard scenarios we first investigate the available historical
data from the earthquake catalogues. Since for some areas the available earthquake
catalogues could be incomplete or contain errors, the choice of earthquake scenarios
has to include the geological and seismotectonic information as well: this leads to a
definition of a set of selected tsunamigenic zones with a distribution of focal
mechanisms. Once the earthquake scenarios and the structural models are chosen,
the modal method is used to compute the synthetic tsunami grams for the selected
sites, or for a gridded zone, to compute hazard maps. These maps report the
maximum wave amplitude, computed in the linear regime. The efficiency of the
modal method permits also to map the tsunami propagation in extended basins for
many earthquake scenarios and therefore permits to easily obtain a wide database of
pre-computed signals, which can be used with an offshore warning system (e.g.
Dart System) to be compared with real-time data.

The possibility to compute efficiently different tsunami scenarios is very
important in zones like the western coast of India and, in particular, for the Gujarat
coast, considering the rapid development of its activities; in fact, in this zone there
are about 20 active ports, 3 refineries, and a number of jetties, several oil storage
installations and chemical industries (Gujarat Maritime Board website) boosting the
economy of the region. For this zone there are few instrumental records and related
studies for tsunami impacts, and, to our best knowledge, the only well documented
and studied event is that of 27th November 1945, when an earthquake located in the
Makran region, with an estimated magnitude equal to 8.1, generated a tsunami that
hit the Gulf of Kachchh, with waves of 11-11.5 m and Mumbai, with waves with
maximum run-up of 0.7 m (Singh et al. 2008; Heidarzadeh et al. 2008; Jaiswal et al.
2009; Patel et al. 2013). The historical chronicles record other tsunamis that did hit
Gujarat region and, in particular, some authors (e.g. Singh et al. 2008; Rastogi and
Jaiswal 2006) indicate evidences of a seismic gap in the western part of Makran
region, suggesting a high tsunamigenic potential for this zone.
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Fig. 7 Location and focal mechanism of selected sources. Source 1 is located in correspondence
of the supposed location of the earthquake of 1008 that generated a tsunami in the northern Indian
Ocean. The location of Source 2 is related to the relatively well studied event of the 27th
November 1945. Sources 3 and 4 have been chosen considering the possible location of two older
events, 326 B.C. and 1524, respectively

Considering historical events and literature (in particular Heidarzadeh et al.
2008; Jaiswal et al. 2009) we have selected the 4 potential tsunamigenic sources
that are shown in Fig. 7. Some historical reports indicate other tsunami events (e.g.
1668, 1819, 1845); however, following again Heidarzadeh et al. (2008), we have
considered them not directly originated by earthquakes but by other tsunamigenic
events and, thus, they are not considered in this work, even if they can be relevant
for the aim of local tsunami hazard assessment.

Source 1 is located in correspondence of the supposed location of the earthquake
of 1008 that generated a tsunami in the northern Indian Ocean. The choice of
Source 2 location is related to the more studied event of the 27th November 1945.
In simulating this event we have used magnitude and focal mechanism indicated by
Dr. A.P. Singh (personal communication), i.e.: My, = 8.0, Strike = 246°, Dip = 7°
and Rake = 89°. As we will show later our results for off shore tsunami height are
compatible with other simulations and historical reports (e.g. Heidarzadeh et al.
2008; Jaiswal et al. 2009). Sources 3 and 4 have been chosen considering two older
events, 326 B.C. and 1524 respectively. In spite of the obvious difficulties to study
such old events both of them seem to be quite well confirmed as tsunami earthquake
events. In particular, for the 326 B.C. event Heidarzadeh et al. (2008) fix a mag-
nitude range between 7 and 8. Our simulation confirms that, due to their proximity
to the studied zone, these two sources can increase significantly the tsunami hazard
for the Gujarat coast and that many efforts should be done to understand their actual
seismic and tsunamigenic potential. As a starting point for our simulations we have
chosen three values of magnitude, 7, 7.5, 8, with focal depths equal to 15, 20 and
25 km, respectively. The strike angles of the chosen focal mechanisms follow the
known fault orientation for the region. For dip and rake we have chosen for all the 4
sources an inverse dip-slip mechanism, following both available information on the
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1945 event and a conservative approach that suggested us to use, in absence of
other information, the most tsunamigenic mechanism for the computations.

The results are shown in Figs. 8, 9 and 10: the maps indicate the values of the
maximum vertical amplitude of the tsunami wave (off shore) estimated for every
point in the grid, and the color palette emphasizes peak values exceeding about
40 cm; the scenarios that do not give significant values are not presented here.
Actually, a coastal amplification of one or more unit is to be expected for these
values, especially for what concerns the Gulf of Kachchh where the near-shore
bathymetry is steep up to —5 m, so the waves can be strongly amplified, and where
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Fig. 8 Hazard scenario due to Source 1 with M = 8.0 (a) and hazard scenarios due to Source 2
with M = 7.5 (b) and M = 8.0 (¢)
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Fig. 9 Hazard scenarios due to Source 3 with M = 7.5 (a) and M = 8.0 (b)

the near-shore topography is very low (1-5 m above msl) and covered with vast
intertidal areas, making those areas particularly prone to inundation (as confirmed
by the fact that here normal spring tides occasionally flood the region).

The presented scenarios indicate that the two sources that can mostly affect
Gujarat coasts are Sources 3 and 4; Source 3, in particular, may cause open sea
vertical amplitudes larger than 50 cm even for an earthquake with magnitude 7
(Fig. 9); these values can lead, due to bathymetric and topographic effects, to run-up
and inundation values that must be considered potentially dangerous for a popu-
lated and industrialized zone like Gujarat. For Source 2, when considering an
earthquake with magnitude 8.1, our computations produce results that are in quite
good agreement with historical records and other studies of the 27th November
1945 giving offshore peak values of about 1 m (e.g. Heidarzadeh et al. 2008;
Jaiswal et al. 2009; Patel et al. 2013).

Detailed geological and tectonic studies should be performed on the considered
tsunamigenic sources, especially when ancient and not instrumentally recorded
tsunami are reported by chronicles, to better constrain their tsunamigenic potential.
Accordingly, parametric studies are envisaged on the historical and other potential
sources (considering different magnitude, focal depth and rupture mechanism),
including the use of extended source models for earthquakes close to the study zone
(Bisignano et al. 2011), in order to have a more complete picture of the hazard. Our
results can also be used as input for the calculation of run-up and inundation values
integrating the detailed information for the local bathymetry and topography (e.g.
Singh et al. 2008; Patel et al. 2013) along the Gujarat coasts. Thus, the analytical
and numerical approaches can be usefully integrated to get a comprehensive
description of the tsunami hazard and to identify the appropriate measures (e.g.
warning systems, tsunami barriers, evacuation plans) to mitigate the related risk.



208 A. Magrin et al.

66° 68° 70° 72° 74° 66° 68° 70° 72° 74°
(a) — — (b) i - T
26° 26" 26° 26°
24° I 24 24 I 24°
FaRas) eanes
ooty
96329900, - I B I
22° "g99e9 Mo 22 "g98ed - oo
S, g
< 00000 I S I
20° 89 20" 20° 20°
18 G588 I1s 18 I1s°
DE (o}
16 16" 16° 16
66° 68° 70° 72° 74° 66° 68° 70° 72° 74°

Fig. 10 Hazard scenarios due to Source 4 with M = 7.0 (a), M = 7.5 (b) and M = 8.0 (c)

4 Discussion and Conclusion

The seismic hazard maps available before 2001 Gujarat earthquake proved dramat-
ically inadequate in predicting the losses of life and property, resulting into several
costly disasters. During the last decade a huge amount of high quality geophysical
and geotechnical data for the Gujarat territory have been collected at ISR and have
been already used for seismic hazard analysis by the standard methodologies for
probabilistic seismic hazard assessment (PSHA), widely applied in many countries.
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However, since the performances of PSHA in anticipating ground shaking turned out
very unsatisfactory for most of the large earthquakes worldwide (Wyss et al. 2012),
it seems essential for a reliable hazard estimate to consider the NDSHA approach, to
cross-check and validate the obtained maps.

The NDSHA methodology has been successfully applied to strategic buildings,
lifelines and cultural heritage sites, and for the purpose of seismic microzoning in
several urban areas worldwide, including India. The first national scale NDSHA map
developed for the entire territory of India (Parvez et al. 2003) adequately described
the ground shaking recorded for the 2001 Bhuj earthquake, though such earthquake
was not yet included in the earthquake catalogue when the map was originally
computed. Recent strong earthquakes, occurred in other areas where neo-
deterministic maps were available, successfully confirmed the NDSHA predicted
ground shaking (e.g. Boumerdes (Algeria) earthquake, 2003), while the probabilistic
estimates turned out underestimated. The PSHA, by forecasting the expected value
of shaking over a specified time interval, underestimates the prediction of the actual
shaking if earthquakes with longer recurrence times occur (Zuccolo et al. 2011) and
often it does not even describe shaking from past, yet observed, large earthquakes. In
other words PSHA estimates are dramatically controlled by how sporadic are large
events.

When dealing with the protection of critical structures (e.g. nuclear power
plants), high rise buildings and cultural heritage, where it is necessary to consider
extremely long time intervals, the NDSHA approach appears preferable, since it
provides a more complete (i.e. realistic synthetic seismograms) and reliable
description of the ground shaking that may affect a given region. Moreover, the
NDSHA maps, which do not rely on the estimation of seismicity rates, allows the
use of independent indicators of the seismogenic potential of a given area like
active faults data and the seismogenic nodes (e.g. Panza et al. 2013), since the
available information from past events may well not be representative of future
earthquakes.

In this study the NDSHA has been applied to the Gujarat territory, considering a
refined structural model and making use of an updated and comprehensive earth-
quake catalogue, which combines information from different sources. The com-
parison of the seismic hazard maps produced for Gujarat by the probabilistic
(PSHA) and neo-deterministic (NDSHA) approaches shows that NDSHA provides
values larger than those given by the PSHA in high-seismicity areas and in areas
identified as prone to large earthquakes. Comparatively smaller values are obtained
in low-seismicity areas. This is a natural consequence of the smoothing property of
PSHA. The NDSHA values exceed PSHA estimates even for rather long return
periods (T = 2475 years); differences however do not exceed one degree of
intensity.

In addition a similar modelling approach (Panza et al. 2001) has been applied for
tsunami hazard assessment, based on the computation of a large number of syn-
thetic mareograms from different sources. The computed scenarios allowed us to
single out the tsunamigenic sources, along with the relevant magnitudes, which may
significantly affect the Gujarat coasts. The estimated wave amplitudes can be used
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as the boundary conditions for the numerical methods, allowing for a faster mod-
elling of the run-up and inundation maps that strongly depend on non-linear effects
and detailed bathymetry and topography data.

The results from this study provide the community (e.g. authorities and engi-
neers) with advanced information for seismic and tsunami risk mitigation, which is
particularly relevant to Gujarat in view of the rapid development and urbanization
of the region. The applied methodology naturally supplies realistic time series of
ground motion, which represent reliable estimates of ground displacement readily
applicable to seismic design and isolation techniques, useful to preserve historical
monuments and relevant man-made structures.
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Geophysical Characterization of Liquefied
Terrains Using the Electrical Resistivity
and Induced Polarization Methods:

The Case of the Emilia Earthquake 2012

Nasser Abu Zeid

1 Introduction

Massive surface fracturing, sand upwelling, sand volcanoes, limited blister for-
mation and lateral spreading liquefaction features took place immediately after the
main shock of May 20th, 2012 earthquake (ML = 5.9, depth: 6.3 km, max/min
hypocentral distance to the test sites: 15-20 km), that struck the Emilia-Romagna
Region, Northern Italy (Fig. 1). These phenomena, induced by the liquefaction of a
shallow, water-saturated sand and silty-sand layer, have resulted in the damage of
several buildings as well as of roads and sidewalks. In particular, the liquefied layer
(s) were clustered, mainly, along a narrow zone located between Sant’ Agostino and
Vigarano Mainarda towns (situated in the southwestern portion of Ferrara Province,
North Italy), in correspondence to the paleo-ridge of the old Reno River
(Papathanassiou et al. 2012).

Liquefaction in the last century had occurred in many parts of the globe following
moderate to strong earthquakes. However, this phenomenon gained the attention of
scientist and engineers only after the dramatic events following the 1964 earthquakes
that hit Alaska and Japan (Seed and Lee 1966; Seed and Idriss 1967). These events
provoked Seed (1979) to comment on these effects as follows: “...these events, more
than anything else, probably did more to stimulate geotechnical engineering studies
of earthquake-induced liquefaction than any other single factor”.

Liquefaction of saturated sand and silty-sand sediments represents one of the
most important co-seismic site effects in geotechnical studies that must be inves-
tigated for the correct mitigation of their effects (i.e. microzonation). In the recent
years, geotechnical engineers, in collaboration with other scientific disciplines,
started to particularly focus their attention on the liquefaction potential of sands
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with considerable fines content (of 25-45 %) (Seed et al. 2003; Boulanger and
Idriss 2006; Bray and Sancio 2006). Liquefaction is a well-known process that
refers to the loss of shear strength in saturated cohesionless sediments due to cyclic
stresses induced by moderate to strong earthquakes. The accumulation of the
induced shearing stress, under certain soil and shaking conditions, may trigger one
or more liquefaction modes due to a build-up of excess pore water pressure that
exceeds the total stress (or overburden pressure), hence, reducing the effective stress
to zero.

The phenomenon occurs in the ground below the water table, generally, at
depths less than 20 m. Liquefaction rarely occurs at greater depths due to the
increasing overburden pressure (and hence total stress), making it difficult to reduce
effective stress to zero as a result (Krinitzsky et al. 1993). However, exception do
exist for sites that contain exceptionally loose soils highly susceptible to lique-
faction at greater depths. In these cases special effective stress analysis techniques
are required to evaluate the potential for deeper liquefaction. In our study area this
is not the case. Densification is another mechanism by which a dry loose sand
sediment (i.e. above water table) may undergo volume changes when cyclic shaking
changes its volume (i.e. contracts), while on the contrary, a densely packed sand
increases its volume (Ishihara 1974) as its dilate on shearing.

Undesired liquefaction effects are represented by ground failure that represents
the main cause of damage to the built environment. These effects have been
observed since historical times and provided clues about the past occurrence of
moderate to strong earthquakes (Galli 2000). The author analyzed moderate to
strong historical earthquakes occurring in Italy in the period 1117 AD-1990 (Ms
range: 4.2-7.5 and estimated magnitude “Me” of 4.8-7.5) that was recently
reviewed after the 2012 Emilia earthquake (Galli et al. 2012). As an example the
reader’s attention is drawn to the well-documented 1570 earthquake that struck
Ferrara, North Italy, some 450 years ago (Me: 5.5, depth: 7 km) (Guidoboni 1997;
Guidoboni et al. 2007). Other, well-documented sites include, among many others,
the 1811/1812 (M: 7.7/7.5) New Madrid strong earthquake sequence (Ernstson and
Neumair 2011) and the 1906 San Francesco earthquakes (Mw: 7.7/7.8).

The liquefaction phenomenon has also been studied by many authors in order to
understand its causes and to provide tools for its prediction and mitigation.
Liquefaction related literature agrees on the principal triggering factors, related
mainly to soil conditions and dynamic characteristics of the seismic shaking. The
former include grain-size distribution, mineralogy, uniformity coefficient, fabric
and depositional environment (e.g., Mitchell and Soga 2005). The authors suggest
that the geotechnical properties of fine-grained sediments, typically the plasticity
index, can be used as a discriminating factor for judging the susceptibility of a
stratum to liquefaction.

Field subsurface characterization methods require the execution of at least one
borehole and/or a number of CPT/SPT/CPT in order to be able to determine a safety
factor against liquefaction potential (e.g. Seed and Idriss 1982; Robertson et al.
1985, 1992; Youd et al. 2001). These techniques are well-established for site
investigation normally disciplined in standard building codes (see also Eurocode 8).
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Although these methods are necessary, the gathered information has a local sig-
nificance that limits its spatial and depth extrapolation. The availability of punctual
and detailed information about sites that underwent liquefaction has led to the
development of a well-documented database, originally collected by Andrus et al.
(1999), where 225 case histories are reported. Of these, 96 belonging to liquefied
sites and 129 to non-liquefied ones. The analyzed sites were struck by 26 earth-
quakes (ML: 5.3-8.3) that occurred in the period between 1906 and 1995.
However, this study focused, among other parameters, on the analysis of the shear
wave velocities (Vs) to predict the liquefaction potential of soils in other areas of
similar lithology and hazard. The Vs is used to evaluate the shear resistance as the
determination of the small-strain rigidity modulus is straight forward (Stokoe and
Nazarian 1985; Tokimatsu and Uchida 1990; Yanguo and Yumin 2007; Yanguo
et al. 2009). Accordingly, the availability of indirect and non-invasive geophysical
methods that can help in sounding large subsurface volumes are highly appreciated.
Such methods can help in siting sites for direct collection of subsurface information.
Perhaps, it worth’s mentioning that shear wave velocities are influenced by initial
soil conditions, namely density and rigidity of the solid skeleton. These provide the
resistance to cyclic shearing induced by wave propagation. This explains why shear
wave velocity based seismic methods have become widely used and available for
site characterization, especially in highly urbanized areas. These are used for rou-
tine site characterization or during the post-seismic reconstruction phase.

Other geophysical methods, sensitive to texture (porosity), fabric and saturation
are represented by geoelectromagnetic methods as these methods can easily capture
volume contrasts in the subsurface physical properties related to subsurface litho-
logical heterogeneities. These comprise Electrical Resistivity Tomography (ERT),
Induced Polarization Tomography (IPT) and Ground Penetrating Radar (GPR). As
the name suggests, the former methods are used to map spatial and vertical variation
of the following physical properties: resistivity (p), polarzability (IP) and dielectric
permittivity (€). In the following, I shall discuss the first two methods as the last one
has been widely treated in the paleo-seismological/paleo-liquefaction related liter-
atures (e.g. Wolf et al. 1998; Tuttle et al. 1999; Wolf and Tuttle 2006; Gross et al.
2002; Improta et al. 2010; Ercoli et al. 2013; Nobes et al. 2013). Today, both ERT
and GPR methods can be considered consolidated tools for subsurface imaging in
palaeo-seismological investigations (McCalpin 2009), however, their employment
in the subsurface investigation of potentially liquefiable sites has received less
attention (e.g. al-Shukri et al. 2006; Liu and Li 2001; Maurya et al. 2006). An
interesting work was presented by Nakazawa et al. (2012), where both shear wave
velocity and Electrical Capacitive Tomography techniques (Timofeev 1994; Kuras
et al. 2006) were employed to investigate possible post-seismic liquefaction effects
beneath a runway in the Matsuyama Airport and the taxiway in Tokyo International
Airport. However, no IP measurements where conducted as the capacitive-based
resistivity equipment can’t register this effect.

To my knowledge, the use of the IP method in liquefaction related studies is
poorly documented in the literature, if not completely absent. The discussion shall
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focus on the use of high resolution ERT/IPT geophysical techniques as a tool in
aiding geologists to better reconstruct the conceptual subsurface geological model
and to pin point zones of diverse lithology that are prone to liquefaction. This shall
enhance, from one side our ability to forecast probable future liquefaction-induced
ground failure sites (i.e. zoning) and from the other to help engineers in considering
the reconstruction of existing non-critical structures in a way to withstand modest
deformations that may result in anticipated limited damage. Nevertheless, the
ERT/IPT images can also be useful for subsurface characterization of areas where
urban and/or industrial expansions are to be planned.

In this way, I think that the use of non-invasive geophysical methods can provide
a step forward towards filling the existing gap between available information about
the subsurface retrieved at a single point and usually employed for liquefaction
potential prediction (i.e. CPT, CPTu, SCPTu, borehole sampling) and the subsur-
face spatial continuity and distribution of lithological strata potentially prone to
liquefaction. To this end, results obtained from three case studies carried out at sites
that underwent liquefaction following the Emilia earthquake (May 20th, 2012) shall
be presented and discussed. The sites include three typologies of buildings: agri-
cultural warehouse, industrial and residential building located in the southwestern
part of Ferrara’s province, North Italy (Fig. 1).

Fig. 1 Simplified geomorphological map of the area showing, in green color, the traces of the
paleo-river ridges known to exist. Red dots indicate the position of observed liquefaction points,
shaded rectangle location of the test site: A, B and C, semi-circles equal distance from the
epicenter of the main shock of May 20, 2012 (ML:5.9), I Paleo-river ridge, 2 Paleo-river, 3 Sandy
fluvial forms (paleo-channels, fans), 4 other areas with prevalent sand deposits, 5 active flood
plains, 6 river banks, 7 observed liquefaction point and 8§ epicenter of the main events (ML > 5.0)
occurred in Emilia during the period: 20 May-3 June, 2012 (el: main event of ML: 5.9 occurred
on 20th of May 2012 and e4: the second event occurred on 29th of May 2012 ML: 5.8)
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2 Electrical Resistivity and Induced Polarization
Tomography (ERT/IPT)

The electrical resistivity method is one of the most widely used geophysical
techniques for the investigation of the near subsurface especially in alluvial plain
territories such as the Po River Plain in northern Italy. The method was developed
at the beginning of the 19th century by Schlumberger. Since then, it has been used
as a non-invasive exploration tool in many disciplines. These include: geology,
environment, engineering, archaeology, cultural heritage and lately also in forensic
investigations (e.g. Telford et al. 1990; Reynolds 2011). Schlumberger, also, was
the first to notice the associated capacitive effect during field electrical resistivity
measurements that he called as “provoked polarization”. In short, he noticed that
most often the measured potential difference did not vanish after switching off the
energizing current source, instead, it showed a gradual decrease with time. This
behavior later on led to the development of the Induced Polarization (IP) method. In
short, the method makes use of the capacitive action of the saturated subsurface to
locate zones where polarizable minerals (e.g. Pyrite, Chalcopyrite, Copper,
Graphite) and disseminated clays. In addition, the method was successfully
employed in tracing leachates from waste management facilities (e.g. Abu Zeid
et al. 2004) and in the localization of recently disrupted subsurface materials in
otherwise homogeneous undisturbed lithology. This latter fact is very important as
it indirectly invokes modifications in the sediments’ structure: porosity and tortu-
osity which indirectly control permeability. The influence of a wide range of
alluvial sediments (clay to sand lithologies) on the chargeability was thoroughly
studied by Iliceto et al. (1982). The authors showed, through laboratory tests on
loose samples, that the IP technique can be used to differentiate between sediments
of different texture.

From the technical point of view, the IP method is based on measuring the level
of polarizability of the subsurface materials (Sumner 1976; Schoen 1996).
Polarizability is defined as the ratio of the charging voltage to the measured voltage
after current switch off. This definition implicitly takes elapsed time in consider-
ation. Consequently, the IP is an electrical phenomenon which is independent of the
medium’s electrical properties. It can be measured either in time or in frequency
domain. In the former case, the polarizability, defined as chargeability (M), rep-
resents the time integration of the decaying voltage at discrete time-windows,
following current switch-off (Fig. 2). In the latter, polarizability is defined as a
“Phase Shift” measured (in mrad) at a pre-defined frequency or as a “Percent
Frequency Effect—PFE” (in %) where resistivity is measured at two different
current injection frequencies (normally 1 and 10 Hz). The “Phase” is simply
obtained by taking the arctangent of the ratio of the imaginary to real components of
the complex resistivity (Sumner 1976; Reynolds 2011). Modern resistivity meters
can easily handle the measurement of both properties simultaneously with a modest
increment in data acquisition and processing phases.
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Fig. 2 Induced Polarization measurements: a in the time domain: chargeability (M), b and ¢ in
frequency domain: PFE and phase

The origin of the IP phenomenon can be explained by three mechanisms of
which the first two are widely accepted: (1) electrode polarization, linked to the
presence of mineral grains in water filled pores; (2) membrane polarization, linked
to the presence of clay distributed within a coarse grained sediment saturated with
fresh water and (3) polarization due to constrictivity of fresh water saturated pores,
i.e. to the variation of their diameters (Schoen 1996; Zadorozhnaya 2008). The last
mechanism seems promising although more research has still to be done, especially
at field scale.

Both ERT and IPT data can be acquired using a set of 32 or more electrodes
disposed along a profile or distributed aerially in case of 2D and 3D surveys
respectively. Measurements are accomplished by sending a DC or very low fre-
quency AC currents into the ground through a couple of stainless steel electrodes
(AB) and measuring the developed potential between a second couple of electrodes
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Fig. 3 Electrode arrays. The one used in this study was the combined Wenner-Schlumberger. AB
current dipole, MN potential dipole, a electrode spacing, K geometric factor, p, apparent resistivity

(MN). To this end, different electrode arrays were developed with the aim to favor
the possibility to capture lateral and/or vertical resistivity/IP variations (Fig. 3). The
possibilities offered by modern georesistivity meters allow for the acquisition of a
large amount of data that can be contoured to produce the so-called apparent
resistivity/IP pseudo-sections (Fig. 4). Such representation is only informative and
provides only qualitative information about the subsurface, hence data must by
processed numerically (i.e., inversion) in order to get the best estimate of the
subsurface distribution of the model parameters (i.e. resistivity and chargeability).
To this end, numerous well-developed 2D/3D inversion codes are available that can
handle surface topography (e.g. Loke and Barker 1996) and complex data acqui-
sition geometries (e.g. Eartlab, http://www.ertlab.com/ last accessed on November
2014). The quality of the obtained models can be judged by observing the RMS
error that describes the difference between field and theoretically calculated data
based on model parameters (i.e. real resistivity and chargeability physical proper-
ties). Lateral resolution of the tomographic images corresponds roughly to half the
electrode spacing used in the near sub-surface layers.
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3 Geological and Paleo-Geographical Outline

The main earthquake of 20 May 2012 initiated a seismic sequence that comprised 7
earthquakes of ML > 5.0 occurred in an area of 50 km length and 10 km width. The
main shock (ML > 5.9) involved the frontal sector of the Northern Apennines and
in particular the buried front of the Romagna and Ferrara northward-verging active
thrust belt. It is represented by a fold-and-thrust belt underlying the Po Plain, buried
under a thick wedge-like Pliocene-Quaternary depositional succession. The
geometry of this hidden chain is relatively well defined by numerous seismic
reflection profiles and deep wells. The most important tectonic structures are rep-
resented by the Ferrara Arc and the minor Adriatic and Romagna Arcs, these blind
thrusts are likely to be still active (Toscani et al. 2009).

Superficial sediments of the test sites are composed mainly of alluvial materials
that have been deposited in different environments. These include channel and
proximal and distal levee, inter-fluvial, meander and swamp. These sediments also
form the main hydrogeological units overlying the Middle to Upper Pliocene
bedrock, which according to available subsurface information derived from past
seismic reflection sections and deep wells (Pieri and Groppi 1981) was placed at
700-800 m below ground level. As a consequence, the outcropping deposits are
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everywhere Holocene in age, substantially loose or poorly compacted in the first
15-20 m and in terms of grain size, could vary from clay to coarse sand with local
presence of organic materials, pebbles and gravels (Fig. 5).

The Reno paleo-river channel was formed after important crevasse episodes
during late Medieval times. From that time to the late 18th century, the Reno water
was able neither to reach directly the Adriatic Sea nor to directly inflow the Po
River, running about 10 km to the north of the study area, therefore generating wide
inland marshes and lakes. The depositional evolution of the area was punctuated by
a large number of unsuccessful artificial embankments and land reclamation efforts.
But it was only towards the end of the 18th century that the Reno River was
successfully diverted towards the Adriatic Sea through a former southern distrib-
utary channel of the Po River just to the south of the investigated site and any water
flow northwards of Sant’ Agostino was impeded (Cremonini 1988; Bondesan 1989).
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Fig. 5 Simplified geological map of the western portion of the Ferrara of the Province of Ferrara.
The map shows the location of the main earthquakes of the 20th of May 2012 (stars) and the
location of the Mirabello Town test site discussed in this paper (1) as well as the location of a
paleo-liquefaction site to the SW of Ferrara (Torre Fossa Village). The main lithologic units of
Holocene age are: @ medium to fine sand (channel and proximal levee deposits); b silty clay, clay
and clayey silt (interfluvial and swamp deposits); ¢ sandy silt, fine sand and silty clay (distal levee
deposits); d medium to coarse grained sand (alluvial plain and meander deposits); ¢ medium to fin
grained sand (distribution channel and levee deposits); f silt, clayey silt (swamp deposits).
Modified after Data Base of the Emilia-Romagna Region (URL: geo.regione.emilia-romagna.it/
geocatalogo/)
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Consequently, the former channel dried up leaving the ancient depositional mor-
phology well-preserved. Locally, it was wiped-out to accommodate industrial and
residential constructions. This act, however, contributed in incrementing the dam-
age severity. The former levee crests are still some 5 m higher than the surrounding
plain which contributed in inducing the formation of surface ruptures and lateral
spreading.

4 Data Collection and Processing

The geoelectrical survey was carried out at three sites that exhibit one form or
another of liquefaction induced features. The first site (A: agricultural warehouse),
located some 700 m NE of the paleo-river ridge, was investigated by two
orthogonal ERT profiles of 93 m length each. Here, the site suffered liquefaction
with no evident surface ruptures, however, one warehouse was heavily damaged
leading to its complete demolition. The second (B: industrial zone), located on the
paleo-river ridge course of the Reno River, was investigated by one ERT/IPT
profile of 126 m length. Here, surface ruptures were observed that lead to the
damage of a portion of the industrial building that was demolished later on. The
third site (C: residential building located in the eastern plain) was investigated by
three ERT/IPT profiles of 62 m length. Here, the site is believed to have undergone
both densification and liquefaction. These sites belongs to Vigarano Mainarda and
Mirabello towns, located to the SW of Ferrara, North Italy (A, B, C Figs. 1 and 5).
Field observations carried out after the earthquake showed that more than 50 % of
liquefaction features occurred in these municipalities.

Geoelectrial resistivity and IP data were collected using The ABEM
SAS1000/ES464 geo-resistivity-meter (Sweden, http://www.abem.se/products).
This equipment acquires, simultaneously the resistance data and the IP information
in the “time-domain” mode, i.e. by measuring the apparent chargeability (Fig. 2). In
all sites, the Wenner-Schlumberger electrode array was used for data acquisition.
This array represents an acceptable compromise between lateral and vertical reso-
lution. Electrode spacing ranged between 0.75 and 1.5 m. This allows to maintain
an horizontal resolution of less than 0.75 m. Resistance data was acquired with two
cycles of energization, while the IP were acquired using one time window of
100 ms length starting after a 10 ms delay, following current switch-off. It is to be
taken into consideration that all test sites are characterized by shallow water depth
(less than 2 m). This fact is important as the absence of saturated sediments shall
neither result in measurable IP nor liquefaction, although densification of loose
sediments due to shaking may still occurs (Toshiyasu et al. 2008).

The apparent resistivity and chargeability data were inverted using the
RES2DINV (2012) commercial software that implements an inversion algorithm
based on the smoothness-constrained least-squares method and wuses the
quasi-Newton approximation for optimization (Loke and Barker 1996a). The
inversion strategy is essentially of the Occam’s type (deGroot-Hedlin and Constable
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1990; Sasaki 1992). The inverted resistivity and chargeability 2D images showed
RMS relative errors, describing the discrepancy between field and predicted
apparent resistivity data, generally less than 2 and 1 % (absolute RMS) for resis-
tivity and chargeability inversion models respectively. This low fitting error was
achieved thanks to the good quality of field data.

5 Results

The inversion 2D images of the three test sites are reported in Figs. 6, 7 and 8, In
Fig. 6a—c, two resistivity models carried out at site A are shown. In this site, the
agricultural warehouse (rectangle in Fig. 6a) was heavily damaged following the
earthquake which led to its demolition. However, the nearby buildings, although
being constructed in the same period, suffered less damage. The question to answer
was if the damage was caused by the high vulnerability of the “A1” building with
respect to the others, or whether it was related to a different site response.

The inversion 2D resistivity model of the longitudinal profile (Fig. 6b) shows the
presence of a low resistivity layer (clay) of lenticular geometry sandwiched between
two high resistivity layers (S/SS). The perpendicular profile (Fig. 6¢) pointed out
the absence of the clay layer between 15 and 39 m. In fact, the resistivity values of
this particular zone, located beneath the damaged building, indicate the presence of
silt/fine sand sediments that most probably underwent liquefaction. The nearby
buildings did not suffer a similar level of damage probably due to two factors: the
buildings are less vulnerable or in the shallow subsurface the clay layer, as con-
firmed by the resistivity model of ERT-2, played an important role in containing the
level of deformation. It is known among geotechnical engineers, that the thickness
of the crust above potentially liquefiable sand layer may reduce liquefaction effects
(Sonmez 2005).

The 2D resistivity and chargeability inversion models in the second test site
(B) are illustrated in Fig. 7a—c. The resistivity model (Fig. 7b) identified two
resistivity levels denoted (al, a2). The first (al) is characterized by resistivity values
greater than 25 Q m, while the second (a2) shows low resistivity values intercalated
by local lateral heterogeneities (A). The low resistivity values (a2) can be associated
with a succession of clay and silt sediments, while the lateral heterogeneities (A?)
with resistivity values between 20 and 40 Q m, refer to the presence of silt and fine
sand. This interpretation is in accordance with the subsurface lithology obtained
from nearby boreholes where a sandy silt layer has been encountered at 10.5-11 m
b.g.l. (borehole level at —1.8 m with respect to the ground surface of the ERT/IPT
profile). It is believed that this layer has undergone liquefaction although very
modest quantities of sand reached the surface.

Concerning the first level, the resistivity model suggests the presence of lateral
resistivity heterogeneities at the following distances: 12 m, 35-65 m and around
96 m. These are believed to be associated with subsurface fractures whose traces
were visible on the surface at the moment of data collection. One of the main
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Fig. 6 a Detailed location map of the two ERT profiles carried out at test site (A). b 2D resistivity
images of profile ERT-1 (b) and ERT-2 (c¢). Rectangle outlines the warehouse building limits that
was heavily damaged after the earthquake. Two CPT tests carried out before the geoelectrical

survey are projected on the ERT images
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Fig. 7 a Resistivity and Induced Polarisation inversion results of the ERT/IPT profile carried out
at the second test site (B in Fig. 1). 2D resistivity image (a) and chargeability (b). Rectangle
outlines the locations where liquefaction features are most visible (A). Indications about
liquefaction occurrence can be clearly seen on the IPT section (B)

Fig. 8 Paleo-liquefaction feature encountered in a trench excavated on the same branch of the
paleo-river-ridge about 3.6 km to the south of test site B. The feature has been linked to the
historical earthquake that hit Ferrara area on 17/11/1570 (Me: 5.5). More information about the
trench details can be found in Abu Zeid et al. (2012) and Papathanassiou et al. (2012). Photograph
courtesy of Riccardo Caputo (Papathanassiou et al. 2012)
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fractures (located at 35 m in Fig. 7a) has caused major damage to the industrial
building nearby, located some 25 m to the north. Moreover, the resistivity anomaly,
located at 48 m along the profile was associated with the expulsion of a modest
amount of fine sand that reached the surface. It is interesting to note that the
liquefied sand has moved horizontally towards NW and SE as suggested by the
resistivity and chargeability models (explained below). Towards these directions, a
high density of surface fissures were observed (rectangles in Fig. 7b, c). It worth’s
mentioning that the local ground topography slopes slightly towards NW where a
thick layer of saturated sand sediment is present between 35 and 95 m. Moving
towards SE, the resistivity model evidences the presence of at least two meters
thickness of low resistivity sediments (clay to clayey silt) beneath the surficial
sediments. It can be postulated that their presence has contributed in contrasting
pore pressure increment (i.e. being impermeable these sediments formed a barrier
which contributed in the dissipation of excess pressure horizontally towards NW
and SE).

The corresponding chargeability model (rectangles in Fig. 7c) evidences the
presence of anomalies, which are caused by variations in sediment texture (i.e.
presence of silt and fine sand). The location of these anomalies is very near to the
fractures (dykes) indicating the probable pathway followed by the sand/water
mixture following the liquefaction of the sand layer. The most significant feature is
the one located between chainages 45 and 64 m, where the trace of the nearly
vertical fractures can be clearly followed. Similar features indicating possible
upward movements of sediments can be seen at 7 m depth between chainages 75
and 90 m.

This fracture system has developed within the right levee of the Reno paleo-river
whose course in the past was artificially modified by the construction of numerous
hydraulic works to mitigate flood hazard and to maintain navigation active. These
hydraulic works are believed to have resulted in the deposition of intercalated sand,
sandy slits and clays resulting in the formation of local aquifers with limited
extension. These sand and silty sand layers have undergone liquefaction. According
to a recent paleoseismological study, Papathanassiou et al. (2012) have found
evidences of paleo-liquefaction features observed along the walls of a trench
excavated purposely 300 m to the south of the test site (Fig. 8). The features are
believed to have been produced following the historical earthquake that struck
Ferrara on 17/11/1570 AC.

The resistivity and chargeability inversion models of one profile running parallel
to the residential building in the third test site (C) are shown in Fig. 9a, b. This
residential building is situated outside the ancient course of the Reno river towards
east. The resistivity model (Fig. 9a) shows laterally articulated resistivity values in
the first two meters, especially beneath the right end of the profile (A? in Fig. 9b).
This horizon is followed by a laterally heterogeneous one showing alternating
resistive and conductive structures (A? in Fig. 9b). The corresponding chargeability
model (Fig. 9¢) confirms the presence of IP anomalies at the same locations that are
indicated by the letter B? These anomalies are geometrically elongated in the
vertical/sub-vertical direction suggesting the probable occurrence of densification of
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Fig. 9 a Detailed location map of the two ERT profiles carried out at the third (C) test site. 2D
resistivity images of profile ERT-2 (b) and IPT-2 (c). Rectangle outlines the locations where
liquefaction features are most visible (A). Indications about liquefaction occurrence can be clearly
seen on the IPT section (B). S1 borehole, dashed arrow probable sand ejection pathway

the dumped surface sand sediments used to raise the ground level and most
probably were not optimally compacted. Other IP anomalies (dashed rectangle with
arrow), delineate ruptures due to liquefaction that occurred at shallow depths
(around 5 m) beneath the first 30 m of the profile. A similar effect is observed also
at 33 m with a probable link to the high IP anomaly (B? Fig. 9c). This high
chargeability anomaly is likely to be caused by the presence of fine sand mixed with
dispersed organic clay. In fact, the borehole drilled in the same site indicated the
presence of silty clay sediments with sand mixed with organic materials between 2
and 5 m depth.
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6 Summary and Conclusions

Liquefaction phenomenon results in high water pressure being exerted on the soil
particles due to earthquake shaking. Under certain condition this may result in
permanent deformations leading to the formation of fractures, sand boils, lateral
spreading on gently sloping landforms and landslides in highly sloping terrains.
Some factors are known to affect liquefaction of saturated sands and silty sands
such as materials type (i.e. compositional characteristics: particle size, shape, gra-
dation, and relative density), in addition to, duration and amplitude of the dynamic
excitation of one or several successive earthquakes. The geo-lithological factors are
known also to affect other physical properties such as shear wave velocity, electrical
resistivity and polarizability which constitute the backbone of seismic and electric
geophysical methods. In this work, I highlighted the importance of subsurface
electrical imaging in liquefaction related studies. Special emphasis has been given
to usefulness of the IPT technique in localizing lithologic heterogeneities in alluvial
plain lands where their presence is the rule and not the exception.

The employment of the IPT completes and adds more independent information
about the subsurface lithology which aid in the reconstruction of realistic
geo-hydrogeological models. In addition, the gained information help in capturing
post-seismic modifications. In particular, the IPT succeeded in mapping ruptures
depth extension as well as the probable pathways followed during excess pore water
pressure dissipation. It was interesting to note, in the second example (site B), how
the liquefied sediments had moved horizontally due to the presence of a thick
impermeable crust. This crust has facilitated the lateral dissipation of excess pore
water pressure. Of course, this crust was removed to allow for the construction of
the industrial building that had suffered a lot of damage leading to its demolition.
The observed resistivity and IP anomalies are related to porosity and permeability
modifications following liquefaction. These modifications can be easily explained
by invoking the Archie (1942) empirical equation which explains that effective
porosity, related to permeability, is inversely proportional to the formation factor (F
defined as the ratio of formation resistivity and water resistivity) of clean sand (fine
percent <10 %). The intrusion of liquefied sand mixed with water and fine materials
has contributed in the increment of the IP response.

The ERT/IPT may also be used to map and control consolidation effects nor-
mally used to mitigate the liquefaction risk. This last issue, however, requires
further tests and analyses in order to evaluate possibilities and limitations. I think
that the IPT technique may be used as a permanent monitoring tool to complement
standard tools used for pressure monitoring in the future. The advantage of using
these techniques resides in the fact that they can cover large volumes of subsurface
materials. Hence reducing costs the society has to pay for post-seismic event
reconstruction phase. I do believe that the best way to mitigate earthquake risk is to
increase citizens perception to this type of risk that is related not only to the
construction and its continuous maintenance but also to the spatial distribution of
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subsurface sediments. Such integration contributes in the process of smart under-
ground monitoring of sites highly vulnerable to liquefaction.

Last, the possibility to use the IPT to investigate the subsurface conditions of
existing building is feasible and can be easily realized by installing the electrodes
around the building itself. In this case, full 3D data acquisition protocols can be set
up and acquired data can be processed using available 3D codes for data inversion.
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Working Strategies for Addressing
Microzoning Studies in Urban Areas:
Lessons from the 2009 1’Aquila
Earthquake

Giovanna Vessia, Mario Luigi Rainone and Patrizio Signanini

1 Introduction

The Italian territory is affected by frequent seismic events producing high intensity
in near-field areas. Although the maxima moment magnitudes are about 7, several
disasters were associated with historical strong earthquakes. Hence, the seismic
effects in Italy “can be considered as historical variables of the degree of intensity:
historical building techniques, economic levels and population size” (Guidoboni
and Ferrari 2000). Many are the historical documents collected by local authorities
and the Church since the Middle Age (among others Baratta 1901; Guidoboni et al.
2007) that systematically witness the consequences of the past earthquakes in terms
of fatalities, disruptions in urban centers and sometimes the economic losses.
Recently, Guidoboni et al. (2007) collected all this information in a Catalogue of
strong earthquakes in Italy from 461B.C. to 2000. This catalogue shows that cat-
astrophic seismic events occur every 5!/, year, on average, from the Middle Age up
to now: 4509 sites were hurt by seismic events causing Intensity degrees higher
than VII (MCS scale) (Guidoboni 2013), whereas over the whole Italian territory
11,440 sites suffered heavy damages and 4800 victims. Some crossed analyses on
economic and social effects of Italian earthquakes suggested that after strong
seismic events, the affected human communities suffered economic crises
(Guidoboni et al. 2011). For instance, the seismic event that occurred at Ferrara city
in 1570 (Guidoboni and Comastri 2005) destroyed many palaces and towers
boosting the first “Seismic Building code” written by the famous architect Pirro
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Ligorio (ed. Guidoboni 2006). In addition, five great events known as 1783
Calabrian earthquakes and 1908 Messina earthquake caused 80,000 fatalities on
both sides of Reggio Calabria and Messina plus a tsunami wave. This latter event
definitively changed the face of Messina city and produced a long lasting economic
crisis (Guidoboni 2013).

In recent years, the Department of Civil Protection estimated the economic
losses due to the strong earthquakes that occurred in Italy from 1968 to 2003
(Fig. 1). It is worth noticing that these losses rapidly increase over time maybe
because of the rapid urbanization of several portions of the territory where the
methods used to estimate the seismic hazard and risk were not effective at all. The
urgent need to improve the methods used for determining seismic hazard and risk
assessments is supported by a recent event: the April 6, 2009 L’ Aquila earthquake
(Equivalent Moment Magnitude Mw = 6.3). It is the third largest event recorded by
the Italian accelerometer seismic network after the Friuli earthquake in 1976
(Mw = 6.4) and the Irpinia earthquake in 1980 (Mw = 6.9). It can be considered one
of the most mournful seismic event occurred in recent time in Italy: 308 fatalities,
60.000 people displaced (data source http://www.protezionecivile.it) and estimated
damages for 1894 M€ (data source http://www.ngdc.noaa.gov). Nonetheless, the
signals recorded by the fixed and temporary seismic stations represent a valuable
source of information for earthquake scientists to test the knowledge about the near
field (the directivity, high frequency content and high vertical components of the
propagated seismic waves) and local amplification effects studied so far.

Forty years ago, the 1976 Friuli earthquake boosted quantitative microzoning
studies associated with the macroseismic maps of damages where differential local
site effects in near-field conditions were highlighted. Subsequently, after the 1980
Irpinia earthquake, the project “Geodinamica” was financed: it was the first research
project, in Italy, that tried to introduce numerical one- and two-dimensional (1D and
2D) finite element simulations to assess site effects (Postpischl et al. 1985). Then,
after the Umbria-Marche earthquake in 1997 (Mw = 5.9), some evidences of local
seismic effects (e.g. Nocera Umbra case study), due to both seismic impedance
contrasts between neighbor geological formations and their surface and subsurface
geometric shapes, suggested to deal with microzoning studies in order to reduce the
costs of strong Italian earthquakes in terms of structural damages and economic
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Fig. 1 Cumulative losses due to the strong earthquakes in Italy from 1968 to 2003 (in M€) (after
Guidoboni et al. 2013 modified)
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losses. Later on, the National Working Group against Earthquakes (GNDT), within
the framework of the project “ProgettoEsecutivo 1998, undertook novel studies on
probabilistic national seismic hazard (Galadini et al. 2000) and on microzonation
(Marcellini 1999). The 2002 Molise earthquake (M,, = 5.7) highlighted the need of
an up-to-date technical code for designing structures and infrastructures against
earthquakes as well as an up-to-date national reference map of seismic hazard.
Hence, the first edition of the New Italian Building Codes was published in 2003 by
the issue of the Decree of the President of the Council of Ministers (DPCM) 3274. It
implemented by law the New Italian Seismic Hazard Map calculated for a return
period of 475 years. In 2008, by means of the issue of the Ministerial Decree (DM 14
gennaio 2008), the new technical provisions became law after several revisions were
implemented from their first issue on 2003. At the same time, the Italian Department
of Civil Protection (DPC) published in 2008 the “national guidelines for executing
microzoning studies” (Gruppo di Lavoro 2008) related to liquefaction, instability
and amplification phenomena. The working scales vary between 1:5000 and
1:10,000 depending on the size of the municipal territory. Such activities can be
performed at three detail levels: level 1, by mapping homogeneous geological units
with respect to seismic behavior; level 2, by mapping numerical indexes for
homogeneous susceptible areas; level 3, by mapping homogeneous seismic
responses carried out by means of 1D, 2D and even three-dimensional (3D)
numerical analyses. The L’ Aquila earthquake of 2009 occurred when the discussion
on the best techniques for both measuring the seismic properties at the site and
representing seismic hazard scenarios at selected return periods was at its apex. Soon
after the terrible unpredicted main shock on April 6th, 2009, all the financial efforts
of the Italian government were devoted on one hand to face the emergency, and, on
the other hand, to check the effectiveness of the technical guidelines already pub-
lished. Many strong and weak motion records were available for the main shock and
its strong and weak after shocks. These records are now published on two public
databases: ITACA (for strong motion events) at http://itaca.mi.ingv.it/ItacaNet/
itacalO_links.htm and ISIDE (for weak motion and instrumental events) http://iside.
rm.ingv.it/iside/standard/index.jsp managed by the Italian National Institute of
Geophysics and Volcanology (INGV). In addition, all the microzonation studies
undertaken in the most damaged areas of the Aterno Valley have been collected in a
book published in 2010 (Working Group MS-AQ 2010). It aimed at providing
microzonation maps in terms of amplification factors for reconstruction purposes.
Twelve macro areas within the Aterno Valley that experienced higher than the VI
degree of seismic intensity measured on the Mercalli-Cancani-Sieberg (MCS) scale
(Fig. 2) were chosen for the microzonation. The present study focuses on micro-
zoning studies addressing the Aterno Valley after the 2009 L’ Aquila earthquake. The
authors discuss the role played by geo-lithological conditions in the amplification
effects occurred at different sections of the Aterno Valley and the most efficient
techniques to investigate them. Moreover, the authors provide suggestions to
quantify surface geology contribution to the overall amplification effects in
near-field conditions by means of 1D and 2D numerical simulations. Furthermore,
different aspects of the Italian strategy to tackle microzoning studies are discussed by
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Fig. 2 Twelve macroareas map where microzoning activities have been performed

means of seismic monitoring activities and noise measurements that are carried on in
five macroareas of the Aterno Valley, that are the Macroarea 1 (L’ Aquila city center),
Macroarea 5 (Onna city), Macroarea 6 (Villa Sant’ Angelo-Tussillo), Macroarea 7
(Arischia) and Macroarea 8 (Poggio di Roio) (Fig. 2).

Accordingly, after the Introductory Sects. 1, 2 briefly describes the features of
the recent and historical seismicity of L’Aquila and Onna; Sect. 3 outlines the
surface geology of the Aterno Valley. In particular, litho-technical descriptions of
the first 30 m under the five seismic stations that recorded the main shock on April
6th are reported. Section 4 presents the results of the seismic monitoring performed
between April and July 2009 in 5 sites of the Aterno Valley (Onna, Arischia, Villa
Sant’Angelo, Tussillo, Poggio di Roio and L’Aquila city). These measures are
discussed with respect to the microzoning maps drawn at the corresponding mac-
roareas in terms of amplification factors. Section 5 collects the authors’ experiences
on numerical simulations of local amplification phenomena—in free-field condi-
tions occurred in two parts of the Aterno Valley: 1D analyses performed at L’ Aquila
city center and 2D analyses along the Monticchio-Onna-San Gregorio alignment.
Finally, Sect. 6 presents noise measures recorded at Villa Sant’ Angelo and Tussillo
sites and four seismic stations (near L’Aquila city). The latter are used to derive the
natural frequencies at the sites through the Nakamura H/V ratios calculated for both
weak motions after the 2009 L’ Aquila earthquake and the noise measures recorded
some days after the main shock.
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2 Main Features of the Aterno Valley Seismicity

The Aterno Valley is an intermountain quaternary basin generated by the normal
fault tectonic regime within the central sector of the Apennine chain. It is located
between the Gran Sasso Mountain and the Monti Ocre-Velino-Sirente structural
units. The Aterno Valley is elongated NW-SE and it can be subdivided into three
areas: northern, southern and central area where L’ Aquila city is located. Before the
2009 L’Aquila earthquake, no active faults had been identified within the Aterno
Valley according to the Database of Individual Seismogenic Sources DISS3 (DISS
Working group 2009), that is a geo-referenced repository of seismogenic source
models for Italy. Nonetheless, Meletti and Valensise (2004) included the Paganica
Fault (responsible for the 2009 L’Aquila earthquake) within the inventory of the
active faults belonging to the central sector of the Apennine chain. On the 6th of
April, 2009, at 01:32 UTC, a MW = 6.3 earthquake struck the Aterno Valley,
especially L’Aquila city center and its surroundings causing 306 fatalities and the
displacement of more than 60,000 people, due to the heavy damages to civil
structures and buildings. Moreover, a large part of the historical buildings and
churches were severely affected: the old town of L’Aquila was strongly damaged
and Onna city (Fig. 3), South of L’Aquila, was fully destroyed. The MCS intensity
reached IX-X degree at the Onna site and L’Aquila city center. The main shock
followed a seismic sequence that had started in October 2008 and was followed by
thousands of aftershocks. The aftershock distribution (Chiarabba et al. 2009), as
well as DinSAR analyses (Atzori et al. 2009) in Fig. 4a, showed the reactivation of
Paganica fault, 15 km long, NW-SE striking (about 150°) and SW dipping structure
(about 50°). The fault plane was 28 and 17.5 km wide and the hypocenter was
located at 9.5 km (Ciriella et al. 2009). Furthermore, the joint inversion of SAR
interferometric and GPS data performed by Atzori et al. (2009), Fig. 4b, showed an
asymmetric deformation field with maximum displacements no greater than
10-12 cm, compared to a maximum slip of about 1 m recognized SE of L’ Aquila
town. Accordingly, Milana et al. (2011) recognized a decreasing trend in the
amplification factors from South to North. Such behavior suggested a relevant role
of the fault directivity effects (Atzori et al. 2009).

(a) p—— w —rga - (b)

Fig. 3 Onna city after the April 6, 2009 seismic event struck (a, b); L’Aquila city (c)
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L'Aquila

Fig. 4 a Fault plane solution by InSAR data inversion, corresponding to the theory of a
seismogenic and capable Paganica fault (Salvi et al. 2009); b COSMO-SkyMed ascending
interferogram (post-event image April 13), normal baseline 430 m, look angle 36° from an
ascending orbit. Green symbol indicates the Mw = 6.3 main shock location (INGV 2009)

Looking at Fig. 4b, each concentric fringe quantifies 1.5 cm of co-seismic
vertical deformation; in addition, Onna is placed where the settlement lines are
denser while L’Aquila city shows lower vertical displacement. As can be seen,
Onna city is less than 5 km far from the Paganica fault, whereas L’ Aquila city is
5.7 km far from it: the two cities fall within the Paganica fault hanging wall.
Unfortunately, main shock registrations are only available at L’Aquila city center
and in the northern part of the Aterno Valley. Nonetheless, Onna seems to have
experienced higher regime of vertical deformation than L’Aquila city. Does it
depend on its vicinity to the Paganica fault or could it be due to the deformability of
the sediments where Onna is settled? In the following, some clues will be collected
to show the prominent role of sediments on the damages occurred at Onna and
L’Aquila. Finally, it is worth noticing that the epicentral projection of the hypo-
center area (see Fig. 4b, the green point) doesn’t correspond to the most solicited
area. Thus, hereafter, the epicentral distance of seismic stations will not be taken
into consideration. Instead, the intensity values drawn from a Macroseismic map
(Fig. 5) will be taken as the reference for the following microzoning studies.

Considering the historical seismicity of Onna (Table 1) and L’ Aquila (Table 2)
there are only four seismic events that heavily struck both cities: two out of four had
Intensities as high as 9 MCS. Baratta (1901) collected documentary information on
the most ancient seismic events at Onda (the ancient name of Onna): in 1461 and
1703 he reported two strong earthquakes that caused several deaths and a complete
destruction of buildings at Onda. Baratta plotted the boundaries of the major
damaged areas due to some historical seismic events that affected the southern part
of the Aterno River Valley. Figure 6 shows the elliptical boundary of the 1703
earthquake centered at L’Aquila city. As reported by the author, this event was
characterized by several shocks with major damage registered South-eastward of
L’Aquila city. Thus, it seems to be an historically based idea that, as observed after
2009 L’Aquila earthquake, the damage features can be associated with amplified
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Fig. 5 Macroseismic map of the main shock on April 6, 2009 (Galli and Camassi 2009 modified)

Table 1 Historical seismicity at Onna

Intensity at the Year/month/day/hour | Epicentral Intensity at the Magnitude
Onna site area epicentral site moment
(MCS) (MCS) (Mw)

7-8 1915/01/13/06:52 Avezzano 11 6.99

7-8 1958/06/24/06:07 Aquilano 7-8 5.17

8 1703/02/02/11:05 Aquilano 10 6.65

10 1461/11/26/21:30 Aquilano 10 6.46

Source http://emidius.mi.ingv.itDBMI11


http://emidius.mi.ingv.it/DBMI11

240

Table 2 Historical seismicity at L’Aquila

G. Vessia et al.

Intensity at the Year/month/day/hour | Epicentral Intensity at the Magnitude
L’Aquila city area epicentral site moment
MCS) (MCS) (Mw)

9 1349/09/09 Aquilano 9 5.88 +0.31
9 1461/11/27/21:05 Aquilano 10 6.41 +0.34
9 1703/02/02/11:05 Aquilano 10 6.72 £0.17
8 1315/12/03 Castelli 8 5.57 £0.34

dell’Aquilano
7-8 1791/01 L’Aquila 7-8 5.35+0.34
7-8 1915/01/13/06:52 Avezzano 11 7.00 + 0.09
7 1703/01/14/18:00 Appennino 11 6.74 £ 0.11
umbro-reatino
7 1762/10/06/12:10 Aquilano 9 5.99 £ 0.34
7 1786/07/31 L’aquila 6 4.94 + 0.36
7 1958/06/24/06:07 L’Aquila 7-8 521 +0.11
6-7 1750/02/01 L’aquila 6-7 4.93 +£0.34
6-7 1805/07/26/21:00 Molise 10 6.62 +0.11
6-7 1916/04/22/04:33 Aquilano 6-7 5.10 £ 0.25
Source http://femidius.mi.ingv.it/DBMI1 1
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seismic signals on soft and thick surficial sediments and where morphology and
subsurface complex geometries are detected. Nonetheless, Table 2 shows 10 out of
13 seismic events that damaged L’ Aquila with an Intensity degree higher than 7 and
up to 9. Among others, the ones that damaged both L’ Aquila and Onna cities caused
higher degree of damages at Onna than at L’ Aquilacity.
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3 Main Features of the Surface Geology
of the Aterno Valley

The Aterno Valley is a river tectonic depression hosting continental deposits since
the Early Pleistocene. These deposits are constituted by mainly lacustrine, alluvial
and colluvial sediments as well as landslide accumulations (Bosi and Bertini 1970).
The Quaternary tectonic basin is elongated in the NW-SE direction and is bounded
by predominately NW-SE-striking and SW-dipping active normal faults (Bagnaia
et al. 1992) that generated elongated ridges in pre-Quaternary carbonate rocks and
emerging from the continental deposits. As shown in Fig. 7, continental sediments
were deposited inside the Valley, mainly belonging to lacustrine, fluvial and slope
environments. The geological sequences observed within the Aterno Valley
(Working Group MS-AQ 2010) consist of a sequence of units that can be detected
only by drilling. Recently, a borehole at the L’ Aquila downtown hill near the AQK
seismic station has been performed up to 300 m. It showed a 250 m thick homo-
geneous sequence formed by clayey silts and sands laid upon carbonate bedrock
(Amoroso et al. 2010). On the contrary, the Middle Pleistocene variably cemented
calcareous breccias and dense calcareous gravels (the so-called L’ Aquila Breccias)
outcrop in several areas of the Aterno Valley and form the L’ Aquila downtown hill.
They are superimposed to the clayey-sandy-igniferous upper unit and the
clayey-sandy unit. The L’ Aquila Breccias are composed by clasts, whose size may
reach even several cubic meters that came northward from the Gran Sasso chain.
The Quaternary sequence continues with terraced fluvial deposits from the Aterno
paleo-river (Vetoio Stream unit) that are laterally in contact with alluvial-debris fan
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Fig. 7 a Essential geological outlines of the Aterno Valley. I Continental deposits. 2 terrigenous
units (upper Miocene). 3 Mesozoic platform and mioceniclimestones (area of Aterno River).
4 Cretaceous platform and mioceniclimestones (Ocre Mts.) and calcareous-marly-detrital
lithologies. 5 Mt. Ruzza area. 6 Filetto-Pescomaggiore area. 7 Mt Pettino area.
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