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Preface

Preface

This dissertation has been a great opportunity to participate in a project that was almost
lacking from the seismotectonic research field of Greece: the assembly of all proven and
potential seismogenic sources in a database that will be applicable to any use. Following the
examples of other similar and advanced national databases, the Greek Database of Seismogenic
Sources (GreDaSS) project was set off in the pilot area of North Greece and was soon expanded
in the rest Aegean Region. Based on the infrastructure of the Italian DISS database, GreDaSS
will be available to any user and will provide the appropriate level of information according to
his/her needs.

For the parameterization purposes of the database, two important parameters will be
calculated: the maximum depth of the faults, which can be represented by the seismogenic layer
thickness, and the slip rate. These two problems are based on two entirely different approaches.
On one hand, the base of the seismogenic layer, which is reflected by the Brittle-Ductile
Transition (BDT) zone, can be estimated by calculating the lithospheric strength through the
rheological profiles. On the other hand, slip rate calculations rely on various geodetic strain rate
field datasets, from which, by following the fundamental relationships of strain, it is feasible not
only to calculate the short-term slip rate, but the rake as well.

During the parameterization process, a large amount of literature data becomes available,
deriving from various types of investigations. Thus, a reliability issue for these data emerged.
For this reason, two types of ‘sources of information’ will be distinguished that involve the
results that come from two different investigational approaches: the single-event effects-based
and the cumulative effects-based investigations. The review of four case studies will provide a
qualitative comparison of the two approaches in order to set the standards of confidence for the
parametric information.

The completeness of GreDaSS in North Greece allows the usage of the database as a tool for
various multi-disciplinary investigations, basically emphasising in the Seismic Hazard
Assessment (SHA). The enhancement of SHA has a direct impact in society and economy by
reducing the seismic risk. Towards this direction, two examples will be given in which
GreDaSS has the leading role. These two examples include i) the proposal of a seismogenic
zonation map for Greece, and ii) earthquake triggering scenarios based on the Coulomb stress
change. Beyond SHA, GreDaSS contributes towards geodynamic modelling and seismotectonic
interpretations. The homogeneity of the database can allow observations and comparisons
between the seismogenic sources in every scale, from which it will be possible to comprehend
or make suggestions about, for example, the pattern of the sources (e.g. clustering) or the
tectonic structure of some areas (e.g. the existence of detachment faults).



Preface

Although the initial target is GreDaSS to cover the area of Northern Greece, the database
will be able to expand in the broader region, supported by the SHARE project. SHARE
(Seismic Hazard Harmonization in Europe; http://www.share-eu.org) is a European project
which is running under the 7" Research program of the European Union. The project aims at

delivering measurable progress in all steps, leading to a harmonized assessment of seismic
hazard - in the definition of engineering requirements, in the collection and analysis of input
data, in procedures for hazard assessment and in engineering applications. It has created a
unified framework and computational infrastructure that will produce an integrated European
probabilistic SHA (PSHA) model and specific scenario based modelling tools. Its results aim to
deliver a long-lasting structural impact in areas of social and economic relevance; they will
serve as a reference for the Eurocode 8 application, and will provide homogeneous input for the
correct seismic safety assessment for critical industry, such as the energy infrastructures and the
re-insurance sector. The structure of the SHARE project is divided into seven work packages,
covering different steps and parts of studies of probabilistic seismic hazard assessment. The
contribution of GreDaSS is involved in Work Package 3 (WP3), entitled “Earthquake sources
and activity rates”, and especially in Tasks 3.2 and 3.4 that deal with the identification and
parameterization of active faults and the compilation of seismic zones, respectively.

The structure of this dissertation includes seven chapters accompanied with an appendix. The
first chapter is introductory, briefly describing the geological, geodynamic and seismotectonic
setting of the study area, giving some general definitions and setting the primary targets of the
thesis. The second chapter describes the structure and the management of the database and how
the latter is navigated by the end-user. The following two chapters, the third and the fourth, deal
with the calculation of the two seismotectonic parameters: the maximum fault depth and the slip
rate, respectively. The contents of the database, i.e. the seismogenic sources of North Greece,
are described and discussed in the fifth chapter, whereas the final discussion and the concluding
remarks are included in the sixth chapter. The latter also encloses the discussion and
conclusions of the reliability issue of the two ‘sources of information’ and two applications that
use the database as a tool for the enhancement of SHA (seismogenic zonation and earthquake
triggering scenarios). The seventh chapter summarises the results and briefly presents the
general conclusions. The appendix contains the parametric information of all the seismogenic
sources that are included in the fifth chapter.

Vi
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CHAPTER 1

Introduction

1.1 Geotectonic setting

The geotectonic setting of the Aegean Region and its evolution mainly begins during the
Mesozoic, when the discontinuous southwestward migration of the Alpidic orogenic process,
characterized by intense collisional tectonics, caused successive subductions of the Tethyan
oceanic basins producing a complete stack of several nappes (Brunn, 1956; Aubouin, 1959;
Godfriaux, 1968; Mercier, 1968; Smith, 1971; Dewey et al., 1973; Smith and Moores, 1974;
Robertson and Dixon, 1984; Mountrakis, 1985; 1986). The plate tectonics theory changed the
palaeogeographic and tectonic evolutionary models of the broader Aegean Region. Various
models have been proposed arguing about the tectonic and palaecogeographic evolution of
Tethys and the emplacement of the ophiolites, most of which are discussed by Robertson et al.
(1996; see also Dercourt, 1972; Dewey et al., 1973; Smith and Woodcock, 1976; Robertson and
Dixon, 1984; Sengdr et al, 1984; Smith and Spray, 1984; Steininger and Rogl, 1984;
Mountrakis, 1985; 1986; 2006; Dercourt ef al., 1986; 1993; Ricou et al., 1986; 1998; Robertson
et al., 1991; Stampfli ez al., 1991; Jacobshagen, 1994; Garfunkel, 2004; Bortolotti and Principi,
2005; van Hinsbergen et al., 2005a). Based on its palacogeographic, environmental and
structural evolution, the Aegean Region is divided into several isopic or else structural zones
(fig. 1.1). The description of the zones following next is obtained from Mountrakis (1985;
2010), who supports the gradual rifting of various continental fragments from the Gondwana at
the beginning of Mesozoic, their independent motion towards Eurasia that create a new oceanic
crust to the rear, and their final collision with the Eurasia at the end of the Mesozoic. Additional
information about the lithostratigraphy and structure of the Hellenides can be found in the
IGRS-IFP (1966) monograph as well as in the paper of Smith and Moores (1974). The structural
zones are (from east to west):

i) The Hellenic Hinterland: the Rhodope and Serbomacedonian Massifs represent an old
continental crust affected by Alpidic metamorphism. Both zones mainly consist of
crystalline rocks bearing few neritic deposits and also document Late Eocene — Early
Oligocene granitoid intrusions.

ii) The Internal Hellenides: The Circum-Rhodope zone represents the continental slope of
the Hellenic Hinterland towards the ocean that was ending up in a trough where the
subduction of the Tethys was taking place. The general Alpidic lithostratigraphic
succession includes volcanoclastic deposits, sea deposits ending up in deep-sea
sediments westwards, and flysch. The Vardar zone corresponds to the ocean of
Tethys characterized by the presence of deep-sea sediments and the obducted
ophiolites. The Pelagonian zone is envisaged as a fragment of the Cimmerian
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microcontinent and mainly consists of neritic sediments. The most characteristic
lithological unit of the Subpelagonian zone are the obducted ophiolites. This zone is
considered as the continental slope of the Cimmerian continent towards the ocean
whose sedimentary remnants form the Pindos zone. Both zones consist of sea
deposits showing a progressively deepening sea towards the west. The Attico-
Cycladic zone, similar to the Pelagonian, is envisaged as a continental fragment
having undergone neritic sedimentation.

iii) The External Hellenides: as part of the Apulian microplate, the External Hellenides
correspond to a neritic continental sea depositional environment. They consist of the
Parnassos, Gavrovo-Tripolis, lonian and Paxos zones. A palaeogeographic
difference of the lonian zone is that, during the Middle-Upper Jurassic, it stood for
an intracontinental basin with pelagic sediments. According to Doutsos et al. (2006),
three major rift structures occurred during Mesozoic within the eastern margin of the
Apulian continent, that were reactivated in the Tertiary by forming intracontinental
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Fig. 1.1: Structural zones of the Hellenides after Mountrakis (1986).
For further description see text.
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All three groups of zones have undergone various tectonic phases that affected them
diversely during geological time. The Alpidic orogenetic procedure documents two
compressional stages (Mountrakis, 2006). The first one took place during the Late Jurassic and
Cretaceous with the Meso-Tethys subduction, while the second one occurred during the
Paleogene (Eocene-Oligocene-Miocene) with the final continental collision of the Apulia
microplate with the Eurasia. According to the same author, the stacking of the nappes and the
thickening of the crust, are attributed to the second Alpidic stage. Indeed, the broader Pindos
Mountain chain documents a thick cover of successively repeated carbonate sedimentary layers.

The following late- to post-Alpidic tectonics and their effects are superimposed on the
Alpidic structures. However, the limits of the Alpidic and post-Alpidic deformations are not
discrete. While the orogenic front was reaching the westernmost part of Greece in the Middle
Miocene, the Present day’s regime started to develop behind it with the subduction zone of the
modern Hellenic Arc migrating southwards. Thus, compression was progressively giving its
place to extension possibly caused by gravitation collapse and crustal thinning (e.g. Caputo and
Pavlides, 1993; Doutsos et al., 1994; Mountrakis, 2006; Jolivet et al., 2010), core complexes
exhumation and detachment faults in the Rhodope, Cyclades, Menderes (West Turkey), Crete
(e.g. Dinter and Royden, 1993; Gautier and Brun, 1994; Jolivet et al., 1994; 2010; Kilias et al.,
1994; Forster and Lister, 1999; Bonev and Beccaletto, 2007; Brun and Sokoutis, 2007; Dilek et
al., 2009) and the formation of back-arc basins (e.g. Boccaletti et al., 1974; Horvath et al.,
1981). One of the most significant structures of the late- to post-orogenic extensional tectonics
is the Mesohellenic Trough, which is considered as a back-arc basin (Papanikolaou ez al., 1988)
or a piggy-back basin (Doutsos et al., 1994; Ferricre et al., 1998; Vamvaka et al., 2006),
consisting of a flyschoid sequence at the bottom and a flyschoid to molassic sequence at the top
(e.g. Brun, 1956; Papanikolaou et al., 1988). The elongated trough, developed from the Late
Eocene to the Late Miocene, is situated on the backbone of the Hellenides in northwestern
Greece, running parallel to the Alpine isopic zones (Papanikolaou ef al., 1988; Doutsos et al.,
1994; Ferriére et al., 1998; Vamvaka et al., 2006).

NORTH ANATOLIAN FAULT| MEDITERRANEAN RIDGE
SYSTEM [ BACKARC EXTENSION | ACCRETIONARY COMPLEX|
Cyclades  Santorini

Moesian Platlorm  Srednogorie Rhodope  North Aegean Trough Tinos-Mykonos Naxos-Paros los Cretan Sea  Crete Mediterranean Ridge Africa
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Fig. 1.2: Compiled lithospheric-scale cross-section of the Aegean region from the Balkan foreland to the
African passive margin. This section is based upon surface geological observations as well as geophysical
data from the litaerature (Jolivet and Brun, 2010).

The neotectonic evolution of the Aegean Region basically starts from the Late Pliocene-
Early Pleistocene, when a roughly N-S crustal stretching regime develops. One of the most
important key-features is the evolution of the Hellenic Arc (fig. 1.2). According to structural,
seismological and paleomegnetic investigations (Le Pichon and Angelier, 1979; 1981; Laj et al.,
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1982; Kissel et al., 1985; Kissel and Laj, 1988; Taymaz ef al., 1991; Walcott and White, 1998),
the present Aegean tectonic regime with the subduction of the African plate and Eurasia began

13 Ma ago and has undergone a clockwise rotation around a pole situated in the southern
Adriatic Sea.

1.2 Geodynamic setting
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Fig. 1.3: Schematic map of the principal tectonic settings in the Eastern Mediterranean
(Taymaz et al., 2007). Hatching shows areas of coherent motion and zones of distributed
deformation. Large arrows designate generalized regional motion (in mm/a) and errors
(recompiled after McClusky et al., 2000; 2003). NAF, North Anatolian Fault; EAF, East
Anatolian Fault; DSF, Dead Sea Fault; NEAF, North East Anatolian Fault; EPF,
Ezinepazari Fault; CTF, Cephalonia Transform Fault; PTF, Paphos Transform Fault.

The Aegean Region

The broader Aegean Region is among the most tectonically active areas of the Mediterranean
realm. The tectonic regime is rather complex producing earthquakes with many different
orientations of P/T axes (Papazachos and Kiratzi, 1996; Hatzfeld, 1999; Kiratzi and Louvari,
2003) and a large variety of fault types both in terms of dimensions and kinematics (Kokkalas et
al., 2006; Mountrakis, 2006). The recent evolution of the broader Aegean is characterised by the
westward motion of the Anatolian plate along the North Anatolian Fault (Jolivet, 2001; Armijo
et al., 2003; Flerit et al., 2004) which in turn pushes the Aegean plate southwards (McKenzie,
1978; Taymaz et al., 1991; Le Pichon et al., 1995). This motion is related at the same time to
the active lithospheric subduction of the retreating African plate beneath the Hellenic Trench
(Caputo et al., 1970; McKenzie, 1978; Jackson et al., 1992) that formed the Aegean Sea since at
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least Oligocene times (Le Pichon and Angelier, 1981; Gautier et al, 1999; Jolivet and
Faccenna, 2000; Jolivet and Brun, 2010). However, the tectonics of the Aegean cannot be
described so simply, since the inner part undergoes internal deformation according to
geological, geodetic, seismological and palacomagnetic investigations (Angelier, 1979; Kissel
and Laj, 1988; Hatzfeld, 1999; Papazachos, 1999; 2002; van Hinsbergen et al., 2005b). The
advance of the GPS technology and the enhancement of the seismographic networks have
greatly contributed to the definition and quantification of the relative motions of the
‘microplates’ (fig. 1.3) as well as to the modelling of the strain rate accumulation in the Aegean
Region (figs. 1.4, 1.5 and 1.6) (Meijer, 1995; Reilinger et al., 1997; 2006; 2010; Kahle et al.,
1998; Cocard et al., 1999; El-Fiky, 2000; McClusky et al., 2000; 2003; Jenny et al., 2004; Nyst
and Thatcher, 2004; Hollenstein et al., 2008; Caporali et al., 2009; Floyd et al., 2010).
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Fig. 1.5: Principal horizontal axes of the a) total geodetic strain rate field from fitting
GPS velocities, and b) total seismic strain rate tensor obtained by combining the seismic
moment rates of a combined 500-year catalogue. After Jenny et al. (2004).

Thus, the three large-scale tectonic structures that dominate the Aegean are: i) the Hellenic
subduction zone, where the African plate is subducted underneath the Aegean; it is associated
with a compressive stress field all along the arc (e.g. McKenzie, 1970); ii) the Inner Aegean
region characterized by widespread, mainly N-S trending, crustal extension (e.g. Mercier,



Chapter 1: INTRODUCTION

1981); iii) the North Aegean Trough which represents a transtensional stress regime (e.g.
Pavlides et al., 1990) due to overlapping contribution of the western propagation of the purely
strike-slip North Anatolian Fault and the Aegean extension (Pavlides and Caputo, 1994).

Fig. 1.6: Arcal dilatation (a),
maximum shear strain (b) and
principal strain axes (c) of the
Eastern Mediterranean and Middle
East region, deriving from geodetic
data (El-Fiky, 2000).
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The Northern Greek mainland

Northern Greece lies in the inner part of the Hellenic orogen and consists of zones belonging
to both Internal and External Hellenides. The Present-day tectonic regime is characterized by
intra-continental brittle deformation (Mercier et al., 1979). The roughly N-S extensional domain
is superposed to the NW-SE-trending collapsed Early Cenozoic mountain belts of Rhodope and
the Hellenides (Doutsos et al., 1994; Jolivet and Brun, 2010).

The Present-day tectonic stress pattern in Macedonia and Rhodope (North Greece) is active
since Pleistocene (Mercier et al., 1979; Pavlides and Mountrakis, 1987; Caputo, 1990;
Mountrakis, 2006), showing a slightly radial crustal extension varying from NNE-SSW in
Rhodope (Lybéris, 1984; Mercier et al., 1989), N-S to NNW-SSE in Central and East
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Macedonia (Brooks and Williams, 1982; Mercier ef al., 1983; 1989; Lybéris, 1984; Pavlides
and Kilias, 1987; Mercier and Carey-Gailhardis, 1989; Voidomatis et al., 1990; Papazachos et
al., 2001b; Vamvakaris et al., 2006) and almost NW-SE in Western Macedonia (Pavlides and
Mountrakis, 1987; Mercier et al., 1989; Mountrakis et al., 1998). The fault pattern is almost
perpendicular to the stress field, cross-cutting the older NW-SE Alpine structures.

Thessaly and the broader Central Greece are also characterised by a stretching direction
similar to Central Macedonia: an almost pure N-S extension with E-W-striking normal faults
(Caputo and Pavlides, 1993; Papazachos et al., 1993a; Caputo, 1996). However, like in
Macedonia, it is not unusual to find old thrust faults reactivated as secondary inherited
structures before the E-W-striking faults start dominating.

Epirus demonstrates a more complex pattern. In the mainland and along to the Pindos
Mountain chain, the prevailing extension has a rough NW-SE direction being part of the same
extensional regime of West Macedonia (Doutsos and Koukouvelas, 1998). Moving westwards
to the Ionian Sea, the tectonic regime and the stress trajectories progressively change turning
into ESE-WNW compression (Hatzfeld ef al., 1995; King ef al., 1983; Mugo, 1994; Tselentis et
al., 2006; Baker et al., 1997), due to the increasingly affecting subduction zone. Moreover, the
thick evaporitic layer at the base of the Mesozoic stratigraphic succession creates different
mechanical behaviour between the upper and lower layers (Tselentis ez al., 2006).

The North Aegean Sea

The North Aegean Sea is dominated by two regional-scale tectonic structures that are
directly connected: the North Aegean Basin (NAB) and the North Aegean Trough (NAT). The
NAB is situated between the Chalkidiki peninsula, Thessalian coast and Sporades Islands,
forming a triangular-shaped basin situated next to the western end of the NAT. The latter is
represented by a crustal-scale negative flower structure affecting the sea bottom between the
Callipoli peninsula (Gulf of Saros), the islands of Lemnos and Imbros to the south, and the
island of Samothraki to the north (Cagatay et al., 1998; Yaltirak et al., 1998; Kurt et al., 2000;
Koukouvelas and Aydin, 2002; Yaltirak and Alpar, 2002; McNeill et al., 2004; Ustadmer et al.,
2008). The fault zone also continues onshore cutting through the Callipoli peninsula and
reaching the western part of the Marmara Sea (Ambraseys and Finkel, 1987; Tiysiiz et al.,
1998; Armijo et al., 1999; Altunel et al., 2004; Kaya et al., 2004; Aksoy et al., 2010). This
transtensional shear zone marks the mechanical-stress transition from the purely transcurrent
tectonic regime of the North Anatolian Fault, to the east, and the prevailingly extensional
regime towards the west (NAB) (Pavlides et al., 1990; Taymaz et al., 1991; Pavlides and
Caputo, 1994; Papanikolaou et al., 2006). Due to this lateral variation, the basin of the NAB
progressively widens and deepens westwards (Papanikolaou et al., 2002). This transition is also
documented by the faulting character of the NAB, which changes from almost pure right-lateral
strike-slip eastwards, to almost pure extensional westwards. The combination of these complex
tectonic processes produces an intense lithospheric fracturing and the formation of a large
number of active faults.

Seismicity of North Greece

Seismicity in North Greece is not homogeneously distributed, either in frequency or density
(fig. 1.7). Consequently, historical information is not uniform all over the region and even the
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most complete and updated earthquake catalogues (Ambraseys and Jackson, 1990; 1998;
Guidoboni et al., 1994; Papazachos and Papazachou, 1997; 2003; Guidoboni and Comastri,
2005; Ambraseys, 2001; 2009) are in some cases contradicting or doubtful in describing past
events, especially the older ones. In other words, the quantitative exploitation of the data and the
correlation of the events with any recognized fault, sometimes become hard (Caputo et al.,
2008). For example, a quick view of the Aegean Region (fig. 1.7) and specifically the study area
of Northern Greece, shows a sparse and infrequent seismicity in Eastern Macedonia and Thrace
Region, where no significant seismicity is instrumentally recorded. On the contrary, Central
Macedonia and Chalkidiki show intense activity including instrumentally recorded events (e.g.
the 1932, Ierissos and the 1978, Thessaloniki earthquakes) and plenty records of historic events.
West Macedonia was demonstrating extremely low seismicity (Voidomatis, 1989; Papazachos,
1990) until May 15, 1995, when a M,, = 6.5 earthquake occurred in the vicinity of Kozani. The
pattern then changed back to sparse and infrequent seismicity with few instrumentally recorded
moderate events in the area of Epirus and generally the broader northwestern Greece. A possible
explanation for this difference is that the historical record is obviously richer in densely
populated areas, while mountainous regions like Epirus and Western Macedonia were always
sparsely populated. Nevertheless, instrumental seismicity seems to verify this difference,
although the time window is too narrow. Finally, the North Aegean Sea shows the most intense
and frequent seismicity. The highly active structures of the NAT and NAB have produced
numerous strong to major events, many of which have been instrumentally recorded. However,
historical events are hard to be associated with specific seismogenic sources, given that the sea
prevents the intensity distribution documentation and any observation.

/Aegean séismicity g
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Fig. 1.7: Historical and instrumental seismicity of the Aegean Region, taken from the
online catalogue of the Seismological Station of AUTh (http://geophysics.geo.auth.gr/ss/;
Papazachos et al., 2000; 2009).
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1.3 Seismogenic Sources and Active faults

Definitions

The commonly used terminology for defining a fault is more or less similar and simple, e.g.
“fault is any surface or zone in the Earth across which measurable slip (shear displacement)
develops” (van der Pluijm and Marshak, 2004), or “[faults are] discrete surfaces or planes
across which two bodies of rock have moved or slid past each other” (Kusky, 2005). However,
faults have different derivatives according to their characteristics. For the purposes of this
thesis, the fault zone definition of van der Pluijm and Marshak (2004) is used: “fault zone is
either a band of finite width across which the displacement is partitioned among many smaller
faults, or the zone of rock bordering the fault that has fractured during faulting”. However, a
shear zone is defined as the zone of finite width along which displacement is attributed to major
shear forces.

Generally, the common terminology for defining active faults and capable faults varies in
the sense of the time window used. In the current thesis, the term of active fault is preferred
instead of capable fault, since the former is considered also as capable of producing a future
earthquake. Machette (2000), after revising various definitions given by various authors,
organisations and committees, concludes that the time window used for characterizing faults
should depend on the regional tectonic setting and the range of completeness of the regional
seismic hazards. Thus, the term of active fault is applied when a fault shows evidence of recent
reactivation and/or is capable of being reactivated in the future. The definition of recent is quite
relative and can be very subjective, but it is always comparable to the seismotectonic regime of
the Aegean Region. Moreover, activity can be implied by and constrained from the evidences.
Therefore, according to the evidences, some criteria can be assigned to the active faults, all
adapted suitably for the faulting character of the Aegean. The criteria described below, are
based on the general guidelines of Pavlides ef a/. (2007) and they are hierarchically sorted,
starting from the most irrefutable ones:

1. Recorded Seismicity: this is the most undeniable criterion of fault’s activity. Records can
be either instrumental or historical. Concerning the former ones, not only large events
are useful, but also microseismicity. However, this criterion is applicable only for a
limited number of faults, given that historical seismicity in Greece starts from 550 BC
and uncertainty is high.

2. Geological and stratigraphic features: the age and type of stratigraphic unit(s) affected
by a fault scarp or a fault trace are crucial for estimating and constraining the last re-
activation of a tectonic structure. The displacement of very recent sediments is a key
indicator of recent activity. In this regard, the contribution of palacoseismological
investigations is essential.

3. Geomorphological and morphotectonic features: surface morphology can be strongly
affected by active tectonics and hence many such features can be recognized and
characterized based on field work and laboratory analyses. Among the most important
and commonly used morphotectonic features are fault scarps, triangular facets and the
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tilting of Quaternary sediments (e.g. Caputo, 1993b; Caputo and Helly, 2005b; Kokkalas
and Koukouvelas, 2005). With the aid of remote sensing techniques and dedicated
software, also many qualitative and quantitative morphometric parameters are generally
considered, like the drainage pattern, stream orders, efc. (Zovoili et al., 2004;
Michailidou et al., 2005; Sboras et al., 2010). A less explicit indicator is the occurrence
of a free-face developed in bedrock. In this case, it is not the age of the affected rocks,
usually Palaeozoic or Mesozoic in the Greek territory, to be indicative of a recent
activity, but the freshness of the morphological feature as well as the geometry and
texture of the fault scarp (Caputo, 1993a; Stewart, 1996a). Steep, sleek and polished
surfaces indicate a young fault. Even difference in colour can be a guideline for
estimating successive co-seismic reactivations by linear morphogenic events. On the
other hand, metamorphic rocks show poor evidence not only because of their greater
erodibility, but also due to the internal fabric, like for example schistosity, which could
generate differential erosional features morphologically convergent with the tectonic
ones.

4. Geodynamic setting: the orientation of the fault plane with respect to the active stress
field of the broader area is also an indication of possible activity (e.g. Pavlides ef al.,
2007). However, this approach could be somehow misleading in specific areas, where
the tectonic regime can be relatively complex showing lateral variations following
contrasting reconstructions by different authors. Areas like the North Aegean Sea or the
Ionian Sea belong to this complex regime.

Active faults in Greece show a large variety at all scales. However, small individual faults
are insignificant for the aims of Seismic Hazard Assessment (SHA). For this reason, the
structures studied in this thesis are the seismogenic sources. Based on the definition of Kastelic
et al. (2008) for the DISS, seismogenic sources are active faults capable of generating M, > 5.5
earthquakes. The latter definition is also suitable for the case of the study area, given that
Pavlides and Caputo (2004) suggest that a magnitude larger than 5.5 is needed in order to have
linear morphogenic earthquakes (sensu Caputo, 2005) in the Aegean Area.

1.4 Fault inventories: an historical review

Worldwide national concepts

Having foreseen the importance to hold and manage all collected data from active fault
investigations, many research institutes worldwide have built databases at the national scale. For
example, the Geological National Survey in New Zealand (GNS Science;
http://data.gns.cri.nz/af/), the Institute of Advanced Industrial Science and Technology in Japan
(AIST; http://riodb02.ibase.aist.go.jp/activefault/index e.html), the Geological Survey in the
United States (USGS; http://pubs.usgs.gov/fs/2004/3033/fs-2004-3033.html) and the Istituto
Nazionale di Geofisica e Volcanologia in Italy (INGV; http:/diss.rm.ingv.it/diss/) have

certainly the most developed databases of active faults. Basili et al. (2008) discuss that although
some of the main philosophical features (national coverage, total completeness), methodological
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approaches (use of all available literature data) and using purposes (SHA) are quite much in
common, many qualitative differences can be observed in the main structure (representation
style, variety of information) and the scientific content and approach (fault, characterization,
parameterization).

Other concepts in Greece

During the late 1990s it was realized that documenting the active faults of Greece is of great
importance for SHA analyses. The early efforts were focused on faults that were related with
either historically or instrumentally recorded earthquakes. Ambraseys and Jackson (1998)
associated historical and instrumental events with faulting for the East Mediterranean area,
while Papazachos et al. (1999; 2001a) compiled a map of “rupture zones” representing faults
responsible for recent events (fig. 1.8), also suggesting their geometric (strike, dip) and
kinematic (rake) parameters. Nevertheless, their work was almost exclusively based on
historical and instrumental seismological data. At the same time, in the frame of the European
project “FAUST” (Faults as a Seismologists’ Tool, Mucciarelli and FAUST Working Group,
2000), the first, though preliminary, version of a database with fully parameterized active faults
was compiled for the Aegean Region including ca. 50 sources. Although this was the first
database complete of all principal seismotectonic parameters, most seismogenic sources were
associated with recently reactivated faults, with few exceptions where geological information
was also partially considered.

Fault type
> Thrust
> Strike-slip

< Normal 100 200

18° 20° 22° 24° 26° 28° 30°

Fig. 1.8: The map of the rupture (fault) zones in the Aegean area as compiled
by Papazachos et al. (1999).
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From a geographic point of view, a more enriched and detailed study was the map of capable
faults in Greece and the broader Aegean Region (fig. 1.9), compiled by Pavlides ez al. (2007). A
main difference to the previous compilations is represented by the fact that this map delineates
in detail the scarps of all active faults with a clear morphological expression that meet one or
more of the criteria concerning the identification of active faults, whether they are related with a
known earthquake or not. The map, however, gives no other parametric information except the
geographical one.

Normal Fault
******* Normal Fault (Possible)
Aaaaaa Reverse Fault
-4-4-4_s_s.. Reverse Fault (Possible)
34°] ——— Strike Slip Fault
»»»»»»»»»»»»» - Strike Slip Fault (Possible)
20° 24°

Fig. 1.9: The map of capable faults in Greece, as proposed by Pavlides et al. (2007).

More recently, Karakaisis et al. (2010) reassessed and enriched the previous seismologically-
based compilations of Papazachos (1999; 2001a), while Mountrakis et al. (2006), using
geological and seismological evidences, presented a review of the active faults of a limited
sector of northern Greece (from Rhodope to West Macedonia; fig. 1.10). Like other
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compilations, this is rather descriptive without containing any quantitative parametric
information.
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Fig. 1.10: The main active fault zones of North Greece (Mountrakis et al., 2006). Al: Aliakmonas; An:
Anthemountas; My: Mygdonia; Of: Ofrino; So: Sochos; Str: Stratoni; V: Vourvourou; Ve: Vergina.

It is obvious that in all previous works, crucial information was lacking, e.g. maps do not
contain any other parametric data except of the geographic ones, while catalogues and
compilations provide (and not always) only partial information, exclusively concerning some
geometric and kinematic parameters.

1.5 GreDaSS: the birth of

Needs and Usage

Large earthquakes in Greece have attracted the interest of many researchers for two main
reasons: i) for investigating the co-seismic rupture process and behaviour and the local
secondary effects in order to contribute to the SHA of the region, and ii) for understanding the
structure and the geodynamic process of the crust, usually for large-scale studies. Active faults
are often studied individually or in a very regional scale. This causes two effects: firstly, data
are scattered and sometimes “hidden” in various studies and secondly data are sometimes
inconsistent when they derive from investigations carried out with different approaches and
different authors. It is important thus, to have consistent and uniform information for all faults
(location, geometry and kinematics) so as to be able to make a comparison between them at a
regional scale.
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The intensive and dense population of active faults has been a strong motivation for many
scientists to perform different kinds of investigations, providing information that can be found
in a large number of publications. After collecting all available information, the need came up
for combining and organising these data in a unique environment that could contain both
geographic and parametric information. The most modern and complete way to achieve this was
to build a GIS-based database with a common set of formats, standards and methods that will be
always updateable and could be placed in the public domain. Moreover, the database itself
should be a useful tool for practical purposes, like SHA analyses and earthquake scenarios, and
for scientific purposes, like building structural models or testing fault-based earthquake activity
models against those based exclusively on smoothed seismicity. These goals are the primary
targets of the recently set up Greek Database of Seismogenic Sources (GreDaSS).

General features

The GreDaSS is a continuously updatable open-file based on GIS software environment
(MaplInfo®™). The overall database structure and informatics derive from the well tested, time-
proven and worldwide acknowledged DISS proposed by the INGV, which represents the result
of almost twenty years research experience of its Working Group (e.g. Valensise and Pantosti,
2001; Basili et al., 2008). In the first stage, only shallow (crustal) tectonic structures have been
considered, leaving the deeper structures of the Hellenic subduction for future investigations.
Shallow structures are more important in terms of SHA since they are distributed all over the
Aegean Region, close to and sometimes even directly affecting inhabited areas. Not only does
GreDaSS contain and combine all kind of information that previous studies dealt with, but it
also provides many basic and various levels of data that can be either independent or directly
correlated.

Philosophical Approach

Initially, the GreDaSS was compiled with faults certainly or at least tentatively associated
with historically and instrumentally recorded earthquakes (M > 5.5). For the historical period,
all available catalogues for the broader Aegean Region were used (Ambraseys and Jackson,
1990; 1998; Guidoboni et al., 1994; Papazachos and Papazachou, 1997; 2003; Guidoboni and
Comastri, 2005; Ambraseys, 2001; 2009), while for the instrumental period, catalogues from the
seismological networks of the Aristotle University of Thessaloniki (AUTh)
(http://geophysics.geo.auth.gr/ss/; Papazachos et al, 2000; 2009) and the Institute of
Geodynamics  (IG) of  the  National  Observatory  of  Athens (NOA)
(http://www.gein.noa.gr/services/cat.html) were also used. Scientific papers and internal reports
focusing on single or few specific seismic events were also systematically analyzed.

The mostly investigated active faults are usually the ones related with large events that
occurred during the past few decades, or in other words during the instrumental recording
period. The quantity and quality of the recent seismological network and its instruments allow
systematic analyses either of significant events or of microearthquake sequences. In particular,
recent instrumental data commonly provide accurate constraints about the focal depth,
magnitude, nodal planes and aftershock distributions and hence the geometry and kinematics of
the source at depth. However, most of the seismological investigations provide information only
for seismogenic sources that have been recently reactivated, leaving a huge gap to the
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knowledge of fault activity for the pre-historical period. Furthermore, the incompleteness,
ambiguity and lack of precision of historical events that are included in earthquake catalogues,
especially for the very old ones (prior to the 19" century), make this gap even larger (Pavlides
and Caputo, 2004; Pavlides et al., 2007). Even for the instrumental period, which is not older
than 100 years, accuracy started to be significant only after the 1970s when the Greek
seismographic network was definitely improved. One typical example is the 1954, Sophades
earthquake which was produced by a WNW-trending NNE-dipping fault according to
geological investigations (Ambraseys and Jackson, 1990; Caputo, 1990; 1995; Pavlides, 1993)
and not by a N-S up to NW-SE-trending plane as suggested by the focal mechanism proposed
by McKenzie (1972).

Following the discussion above, it is obvious that observations and data collection for the
creation of a database of seismogenic sources cannot be limited to the analysis of instrumental
or historical events. But probably the most important reason for searching alternative and
complementary investigation approaches is due to the fact that a recently reactivated fault (i.e. a
fault that has generated an instrumental or historical event) is unlikely to be reactivated again in
the near future. In contrast, tectonic structures which can be geologically recognized as active
(especially without instrumentally or even historically documented activity) might be mature
enough to rupture in the next future as suggested, for example, for Northern Thessaly (Caputo,
1995). For the finalities of any serious SHA estimate, the degree of maturity of an active fault in
the frame of its seismic cycle certainly represents the most crucial aspect. Two characteristic
examples can be referred for Greece. The first is the 1995 Kozani earthquake that occurred in
Western Macedonia, an area considered as a typical 'aseismic' or 'low seismicity’ block
(Voidomatis, 1989; Papazachos, 1990) exactly due to the lack of seismicity. The second is the
1999 Athens earthquake that occurred on the borders of the metropolitan city of Athens and
caused many damages and human losses. This area was also considered as one of low seismic
activity, given that important historical or instrumental seismic records were missing
(Papadimitriou et al., 2002; Pavlides et al., 2002). Both cases clearly show that seismicity, as a
stand-alone tool for appreciating the seismic hazard, is certainly inadequate.

In order to examine this issue and show the importance of the geological data, the
seismotectonic information is described and discussed, that can be obtained from the analysis of
single-event effects with those obtained from cumulative effects of multiple co-seismic
reactivations. The distinction between the two types of sources of information is not only a
terminological issue but mainly a methodological one implying that the investigation tools used
in the two cases are generally different (Caputo and Helly, 2008). Indeed, single-event effects
are inherently associated with the re-activation of a fault mainly in historical and/or instrumental
times, while all observations focus on, and are limited to, the specific co-seismic effects and
associated features. Accordingly, commonly applied investigation methods are seismological
studies, epicentral area surveys, palaeoseismological trenching, critical analysis of oral and/or
written witnesses (historical seismology), investigations on 'disturbed' artefacts, like buildings
and settlements (Archaeoseismology), geodetic surveys and DinSAR analyses (Caputo and
Helly, 2008). It is obvious that all these methodological approaches have significant time
constraints for their application because most of the investigations rely on technologically
sophisticated instruments (seismographs, satellite products ezc.) while surficial evidences (e.g.
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co-seismic ground ruptures) are highly vulnerable to weathering and erosion and quickly fade
away.

Conversely, cumulative effects represent all the evidences that derive from multiple and
repeated fault reactivation(s) during the Quaternary. Investigating methods include several
typical geological approaches (morphotectonic surveys, structural mapping, stratigraphic and
pedological analyses, palacoseismological trenching, efc.), remote sensing analyses of air
photos and satellite imageries and several geophysical methods (electrical resistivity
tomographies, ground penetrating radar, seismic profiles, microearthquake surveys, efc.).

From a practical point of view, the major difference between the two approaches is that a
historically or instrumentally recorded earthquake generally makes evident the occurrence of a
fault, therefore already addressing the scientists to investigate a specific structure making
specific single-event effects-based observations. In contrast, most active faults not associated
with recent strong events, need to be firstly recognised in the field and then investigated
following a cumulative effects-based approach. A similar theoretical and practical distinction
between sources of information and corresponding investigation approaches has been applied by
Caputo er al. (2008), when analysing the magnitude distribution of 'linear morphogenic
earthquakes' within the Mediterranean Region.

The reliability of both single-event effects-based and cumulative effects-based investigation
methods is discussed in chapter 6, after the presentation of the database’s contents.

1.6 Aims and expected results

Completing the GreDaSS is a work that needs both dedication and multitasking. The time
constrain of the Ph.D. programme is substantial for fully completing all recognized seismogenic
sources of North Greece, but not sufficient for reaching the highest level of completeness for the
whole Aegean Region. This can be expected if it is compared with other worldwide databases.
In more particular, despite the time needed for the software development, the four databases
mentioned before count at least one decade of dedicated work so as to reach a high level of
completeness, a task usually performed by large groups of researchers and scientists, even
though there was an already existing background in some cases. A second issue that should be
considered is the high density of active faults in the Aegean which comes in contrast with the
small number of the well investigated seismogenic sources. It is consequential that highly
technologically advanced countries, like the US and Japan, can afford sophisticated equipment
and large budgets for dedicated investigations, explicitly providing large amount and variety of
data.

Taking into account the difficulties described above, the expected results concerning the
GreDaSS development are i) to reach the highest level of completeness both in terms of
seismogenic sources occurrence and included information for North Greece, and ii) to achieve
the geographic representation of the majority of the existing faults for the rest of the Greek
territory, including also at least a basic level of available information.
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By accomplishing these two targets, data and information that were previously scattered and
sometimes hidden among a large number of literature material will be homogenized and
grouped. As a result, the direct comparison of the seismogenic sources will be available in local
as well as in regional scale. Based on these outcomes, the database could reveal common
similarities and/or differences that can be used for seismotectonically or geodynamically
characterizing different areas or volumes. In any case, the database can be also a very useful
tool for SHA analyses. The GreDaSS will be hopefully used for modifying and improving the
current national seismic zonation map of Greece (Papaioannou and Papazachos, 2000), which
strongly relies only on seismological data.

However, during the description of the database development, some issues will be assessed
concerning the generally missing parametric data, such as the seismogenic layer thickness
(related to the maximum fault depth; chapter 3) and slip rate (chapter 4). Moreover, by the end
of the description of the seismogenic sources of GreDaSS for North Greece (chapter 5), the two
sources of information (single-event effects-based and cumulative effects-based approaches) will
be available for comparison (chapter 6), in order to define the confidence of the provided data
and their calibration if needed.
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GreDaSS$S

2.1 Methodology

In order to develop a database of seismogenic sources, there are two basic steps that should
be followed: first, all active faults affecting a specific region should be recognized, and second,
each seismogenic structure should be seismotectonically parameterized. Both steps require
systematic search and collection of all available literature data either published as papers or
unpublished (e.g. reports, personal communications, efc.). Collected data are investigated
through a critical revision before entering the multi-parametric fields of the database. For
structures with ambiguous or lacking data, and for missing parameters, original investigations
have been carried out as well, and further will be performed in the future.

A common practice for recognising seismogenic sources is to start analyzing the historical
and instrumental seismicity affecting the specific area, especially in regions like the Aegean
where earthquake catalogues cover a very long time period (ca. 2500 years) and are particularly
rich and relatively complete for at least major events. In particular, major events are
systematically taken into account and are tentatively associated with the likely causative faults.
Following the discussion of the 'philosophical' approach in §1.5, active faults not related with
any historically and instrumentally recorded earthquake must be recognised as well. This task
requires a more detailed analysis of the available investigations in order to define whether faults
qualify for being active based on the criteria described in the first chapter.

However, before entering into more details about the input and the parameterization
procedure of the seismogenic sources, it would be better to have a summarized and condensed
description of the GreDaSS structure and the environment in which the end-user will navigate
the database.

2.2 The seismogenic sources

According to Basili et al. (2009), the seismogenic sources are divided into three main types:
the Individual Seismogenic Sources (ISSs), the Composite Seismogenic Sources (CSSs) and the
Debated Seismogenic Sources (DSSs). Their description below has been slightly modified to
match better the philosophy of GreDaSS.

o The “Individual Seismogenic Sources” (ISSs) are obtained from geological and
geophysical data and are characterized by a full set of geometric (strike, dip, length,
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width and depth), kinematic (rake, average displacement per event) and
seismological parameters (, magnitude, slip rate, return period). ISSs are assumed to
exhibit “characteristic” behaviour with respect to rupture length/width and expected
mean and maximum magnitude. They are tested against worldwide databases for
internal consistence in terms of length, width, average displacement and magnitude.
Moreover, ISSs can also be considered as fault segments of larger fault zones when
there are evidences of individual rupture. This means that in case of earthquake-
related seismogenic sources, more than one segment can be considered as the
causative fault. However, to identify if a fault array is open, linked or fully breached
(terms after Soliva and Benedicto, 2004) is a difficult and complicated task, based
sometimes on expert judgement when data are either lacking or are poor. The ISSs
favour accuracy of the information supplied over the completeness of the sources
themselves. As such, they can be used for deterministic assessment of seismic
hazard, for calculating earthquake and tsunami scenarios, and for tectonic and
geodynamic investigations.

o The “Composite Seismogenic Sources” (CSSs) are also obtained from geological
and geophysical data and characterized by geometric (strike, dip, width, min/max
depth) and kinematic (rake) parameters, but their sliding surface geometry is more
loosely defined and can contain an unspecified number of ISSs. They are not
assumed to be capable of a characteristic earthquake but their potential can derive
from existing earthquake catalogues or other geological considerations. A CSS is
essentially inferred on the basis of regional surface and subsurface geological data
that are exploited well beyond the simple identification of active faults or youthful
tectonic features. Opposite to the previous case, this category of sources favours
completeness of the record of potential earthquake sources over accuracy of source
description. In conjunction with seismicity and modern strain data, CSSs can thus be
used for regional probabilistic seismic hazard assessment and for investigating large-
scale geodynamic processes. A CSS can represent a large fault zone which can
consist of one or more well defined ISSs. However, it can also be ‘empty’ of ISSs if
none can be recognized. The seismic behaviour of the CSSs can be completely
independent for the ISSs, given that a potential event may rupture the total length of
the source, whether it contains none, one or more ISSs. Like discussed in the ISSs
description above, predicting the rupture behaviour is not straightforward and many
times is based on expert judgement.

e The “Debated Seismogenic Sources” (DSSs) can be considered as potential
seismogenic sources that contain large uncertainties and ambiguities. Ambiguities
may concern the degree of activity of the source, or to put it differently, sources that
barely follow the criteria of active faults. Additionally, uncertainties may involve the
exact position and size of a source, the lack of literature support, the contradictions
of literature information and the absence of most parametric data.

The styles (shape, colours, efc.) with which all three categories of seismogenic sources are
graphically shown in the database are different in each case, but they are always based on the
concept of a 3D perspective (fig. 2.1). A short description follows also based on the INGV’s
technical report (Basili et al., 2009).
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Fig. 2.1: Schematic representation of an ISS (a) and a CSS (b). For further explanations see
the text. After Basili ez al. (2009).

The ISSs are represented by a rectangular (polygon) with a vector located in its central part
(fig. 2.1a). The rectangular is the vertical projection of the fault plane on the earth’s surface.
That means that one parallel pair of its sides represents the top and the bottom edge of the plane
and therefore the fault length, while the other pair delimits the down-dip dimensions and equals
to the width of the fault. The top edge coincides with the fault trace if the fault is emergent. On
the contrary, if the fault is blind, a line parallel to the top edge appears as the section between
the hypothetical continuation of the fault plane and the ground surface. The vector inside the
rectangular represents the slip vector of the fault’s motion.

The CSSs do not follow the strict rules of the ISSs, although their 3-D visual concept is
similar (fig. 2.1b). Due to their capability of containing several ISSs (fault segments) and their
data incompleteness, the shape of the CSSs is looser. The produced polygon has again two
roughly parallel long sides corresponding to the top and bottom edges of the fault plane, and
two short lines parallel to the width. The top edge is drawn with a thicker line which does not
necessary reflects a surficial trace when it is about blind faults. Conversely, when the fault
reaches the surface, the top edge smoothly follows the fault traces or scarps.
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The DSSs are even looser in shape reflecting the lack of any data and information. The
approximately rectangular shape of the DSSs is placed with the one roughly parallel side (top
edge) along the ambiguous fault trace.

It is noteworthy to mention that the representation of the fault plane as an absolute geometric
shape, especially in the case of the ISSs, does not accurately reflect nature’s complexity. A
rectangular shape is preferred because i) it is the simplest way to graphically plot the strictly
constrained geometric parameters, and ii) it can easily be distinguished and understood,
especially due to its 3-D perspective. However, two different scientific views exist about the
shape that faults should have. Examples from 3-D seismic analysis and analogue modelling
show that large-scale faults have a ‘rough’ rectangular shape (e.g. Childs et al., 1995;
Guglielmo et al., 2000; Marchal et al., 2003). On the contrary, an elliptical geometric shape is
proposed by other authors for single isolated faults (e.g. Rippon, 1985a; 1985b; Watterson,
1986; Barnett et al., 1987; Walsh and Watterson, 1987; 1991; Nicol et al., 1996). Comparing
the two different aspects about the fault plane shape, Benedicto ef al. (2003) suggest that the
architecture and physical properties of large crustal faults depend on the mechanical
heterogeneity of the stratigraphic sequence, as well as on the seismogenic layer thickness.

Beyond the three main categories of seismogenic sources, there is also a supplementary layer
of information (geographic and parametric) which can be directly connected with either ISSs, or
CSSs, or both. The “Active faults and folds” (AFF) layer contains the morphological expression
of the sources. Although it has not get equal attention in technical development like it has
happened with the main categories, an effort has been made in GreDaSS to input fault scarps,
which are the typical features of normal faults within the Aegean region (Caputo et al., 2008).

2.3 Navigating GreDaSS

The end-user can navigate the database in a web browser (fig. 2.2) or in Google Earth (fig.
2.3). The standalone developers’ interface, hosted by the MapInfo® software, has a similar
navigating concept (fig. 2.4). The discussion that follows is a mixed description of both web-
and developers’-based environments.

By opening the first webpage (homepage) of GreDaSS in a web browser (fig. 2.2), the user
sees two frames. The main one (map frame) contains a pre-set map of the developer’s choice
(e.g. plain geographic map, shadow relief, etc.) and the features/objects (vector information) or
images (raster information) that the user has selected to be visible in the other frame; all
seismogenic sources are visible by default. The second frame, placed next to the map frame,
consists of the main toolbox and the layers/objects list. The toolbox holds the necessary tools
that allow the map navigation and the layers list that gives the ability of deciding which layers
should be selectable and/or visible.

Except the default map-view, several sets of topographic, geological or any other available
raster rectified thematic maps can be used. If any of the features is in vector format (e.g. rivers,
cities, roads, etc.), then it can easily be set as visible and/or selectable from the main toolbox.
Many useful additional vector data can be loaded, such as seismic catalogues. By choosing the
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identifier tool and clicking on any object of our interest, a corresponding information window
pops out.
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Fig. 2.2: Example from the web interface for Italy, based on ArcIMS GIS engine (Basili et al.,
2008). The main map frame is at the right side of the image. At the left side, the frame with the
map navigation tools and the layer list is shown.
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Fig. 2.4: The standalone developers’ interface is hosted by the MapInfo® GIS software. The red ellipsis
with the letter D shows the menu of the DISS 3.2 extension with the primary commands in the main
toolbar of MapInfo®. The rest main features are the map window (A), the floating toolbox (B) and the
browser window (C). The rest letters are explained in the text.

In both web browser and MapInfo®, the properties of a seismogenic source (ISS, CSS or
DSS) can be obtained by clicking on the object with the identifier tool (e.g. £ in fig. 2.4). Then,
a new web browser window pops out (information window) containing four different levels of
metadata separated in to four html subpages. The informational window is similar for both ISSs
and CSSs metadata. Only the DSSs window differs because of their lacking information.
Starting from the main page of the informational window of both ISSs and CSSs, the four
metadata pages are (fig. 2.5):

i. “Source Info Summary”: this page contains the principal parameters (fig. 2.5a), which
are the “General information” (Code, Name, Compilers, Contributors, Latest update
date), the “Parametric information” (all geometric, kinematic and seismotectonic
information) and the “Associated earthquake” (for ISSs only; latest and penultimate
events that are associated with the specific source). Every parametric or seismic
information is complemented by qualification keys that will be explained later and
short comments (“evidence”) about the origin of the data (e.g. if data derive from
morphotectonic mapping, focal mechanisms, etc.).

ii. “Commentary”: this page contains three sections (fig. 2.5b): the “Comments”, “Open
Questions” and “Summaries”. The first one contains comments that can help to

24



better describe the source, for instance, more details about the data acquisition, its
interaction with adjacent faults, its seismotectonic behaviour, etc. Whichever
parameter remains doubtful, or if there is a conflict between literature data, or if
there are implications for the general seismotectonic behaviour, then these comments
address to the open questions. The Summary includes all information relative to the
source that can be extracted from the available literature. The strongest feature of the
latter is that the user can get information from literature that was not preferred for
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the specific source, being able thus to make his own decision.

iii. “Pictures”: the third page encloses in all pictures, images, figures and maps relative to

the source and can be from both literature and original collections (fig. 2.5¢).

iv. “References”: in the last page the list with all the related literature used for the source
is hosted (fig. 2.5d). If the literature (journal papers, reports, maps, efc.) exists in
electronic version and more particular in portable document format (pdf), then a

respective icon appears and the document can be available for viewing.
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Code GRISOS50
Name Palaeochori Fault
Compiled By Sboras S.P.(1)
With contributions :
e Pavlides S.(2), Caputo R.(1)
Latest Update 10/01/2010
Parameter
Location (Lat/Lon) 40.0857 / 21.6684
Length (km) 21
Width (km) 18

Min Depth (km) 0
Max Depth (km) 14.7

Strike (deg) 246
Dip (deg) 55
Rake (deg) 255

Slip Per Event (m) 0.57

slip Rate (mm/y) 0.3-0.3
Recurrence (y) 2000 - 30000
Magnitude (Mw) 6.6

Q-keys:

Latest Eq 1995/05/13
Penultimate Eq 7000 BC

Elapsed Time 5
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AR
LD

El
LD
=

LD
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LD
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derived from other parameters (dip, minimum and maximum depth)
direct field observations (several authors)

inferred from aftershock spatial distribution (Hatzfeld et al., 1997;
1998)

based on geological data (several authors)

inferred from aftershock spatial distribution and geological data
(several autho

based on kinematic indicators (several authors)
estimated from multiple empirical relationships

estimated from cumulative displacement (Doutsos and Koukouvelas,
1998)

estimated from cumulative displacement and palaeoseismological data
(several aut

based on empirical and analytical relationships (various authors)

LD = Literature Data; OD = Original Data; ER = Empirical Relationship; AR = Analytical
Relationship; EJ = Expert Judgement

Associated earthquake

Mw=6.5 event produced by two fault segments

thermoluminescence dating of palaeoseismological data (Chatzipetros
et al., 199

as of year 2000 (assigned datum)

1) Universita di Ferrara; Scienze della Terra; Via Saragat 1, 44100 Ferrara, Italy
2) Aristotle University of Thessaloniki; Geology; 54124 Thessaloniki, Greece

Fig. 2.5: The main four pages containing information about the ISSs. (a) The Source Info Summary
contains general information and important parameters. (b) The Commentary contains important
comments, open questions and the summaries of relative literature. (¢) The Pictures contains all relative
figures, maps, photos efc. By clicking the desired photo a new window pops out with the picture and the

caption. (d) The References contains all published data related to the specific source.
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Source Info Summary Commentary Pictures References
COMMENTS

The Palacochori Fault is the westernmost segment of a larger fault zone, the Aliakmonas CS (GRCS050). The fault was
reactivated along with the Rymnio Fault segment (GRGGO51) during the May 13, 1995 Kozani earthquake. An old strike
slip antithetic structure, the Chromio Fault (GRGG053), was also reactivated as a dip-slip fault according to spatial
aftershock distribution (Hatzfeld et al., 1997; 1998; Resor et al., 2005) and field observations showing co-seismic
surface ruptures (Pavlides et al., 1995; Mountrakis et al., 1998; Doutsos and Koukouvelas, 1998). Although many
studies refer to the co-seismic results of the event, very few things were known before. According to morphotectonic
mapping and field observations from many authors before and after the event, the fault was not very clearly exposed
on surface in contrast with the prominent easternmost Servia segment (GRGG052) which however was not reactivated
at all. The co-seismic ground ruptures followed most of the fault scarps filling occasionally the gaps between the
branches. Strike, length and rake are based on morphotectonic mapping and field observations from Pavlides et al.
(1995) and Mountrakis et al. (1998). Maximum depth is inferred from spatial aftershock distribution of the May 13,
1995 after Hatzfeld et al. (1997; 1998). It is largely accepted that the dip of the fault plane is relatively steep
between surface and 9 km depth and progressively decreases in its deeper parts section (Mountrakis, et al., 1998;
Meyer, et al., 1996; Drakatos, et al., 1998). The average dip is inferred from geological data (Pavlides et al., 1995;
Mountrakis et al., 1998) and the aftershock spatial distribution (Hatzfeld et al., 1997; 1998). Slip per event and Mw
are based on analytical and empirical relationships (Kanamori and Anderson, 1975; Hanks and Kanamori, 1979, Wells
and Coppersmith, 1994).

OPEN QUESTIONS

There is ambiguity about the fault's herizontal extension at both ends and the possible connection with other adjacent
faults. Some authors (Meyer et al. 1996 and 1998; Hatzfeld et al., 1997, 1998; Chiarabba and Selvaggi, 1997;
Goldsworthy and Jackson, 2001) suggest that the Palacochori Fault is a parallel branch or a northward migration of the
Deskati Fault, which is located 12 km southwards, and that the two structures join in depth. However, all authors
agree on the lack of any evidence for the re-activation of the Deskati Fault during the 13 May, 1995 earthquake.
There is also a suggestion by Doutsos and Koukouvelas (1998) that fault activity migrates westwards.

SUMMARIES

Mountrakis et al. (1995; 1996; 1998)

According to the authors, the total length of the fault segment is about 30 km and the dip is steeper at the surface
than at depth. They suggest the occurrence of a geometrical segment boundary near the village of Goules associated
with a right-stepping geometry with a small change in strike and separating the re-activated fault from the Servia
Fault segment. Additionally, a series of sub-parallel antithetic surface fractures mainly striking E-W or ENE-WSW and
south dipping were produced during the earthquake. These co-seismic ruptures follow older strike-slip faults but
behave as normal ones antithetic to the principal seismogenic fault. The most important of these structures is the
Chromio Fault which was partlv. The authors divide the main activated fault into two seaments: The Palaeocheri and

Source Info Summary Commentary Pictures References

Number of pictures: 28

Picture Title
2 - Tectonic sketch map of the Aliakmonas Fault Zone showing the epicentres of the 1995, Kozani
Eigres L1 event and the coseismic ruptures

. - Structural map of the Aliakmonas Fault Zone showing also the coseismic ruptures of the 1995,
e Kozani event

Eigure 03 - Geologic-tectonic map
- Focal mechanism of the main shock of the May 13, 1995 Kozani earthquake and structural

tgure 04 analyses from sklickensides
Eigure 05 - Map of main shock and aftershock distnbution of the 13 May 1995 event
Figure 06 - Vertical aftershock distribution of the 13 May 1995 event
Figure 07 - Fault model derived from earﬂ'lquake tomographtes and aftershock distribution
Eigure 08 - Fault model and surface gmen g InSAR
Figure 09 - Fault model derived -
Eigure 10 - Fault model derived — — ——
Eigure 11 - Fault model derived
o Figure 14 - Palacoseismelogical trench sketch on the Palacochori fault segment
Eigure 12 - Experimental model fi
b - Horizontal site dlspl :‘o?.c:'smg :':ulnm!l(m wall of PAL-2 trench at Palacochori village. Note the pottery fragments (small imegular shapes
1 cugh 7) that indicate deposi tion of gome of the colluvial units duning histoncal times. Mm of them
— section of the i -

consist of lam unstratified pebbles supported with coarse grained sand. Numbered sokid triar te sampling
ts for thermoluminescence and C14 dating. Amows indicate ground surface at the time of the parmanmqmns
[trom Chatzipatros et al. (1998)].

- Palacoseismological
- Morphelogy and drai

¢ Current grovnd surface.

Eigure 16 - Fault-drainage map Vo P
Figure 17 - Seismic moment dist peaultimats eveat. 3
Eigure 18 - Displacement distribi l* Gromdarace beore

13 May 1995
fautt vais

Figure 19 - Isoseismal map of 19

Eigur: - Accelerograms of thi
Figure 21 - Photograph of the

Figure 22 - Photographs of a gra

Figure 23 - Photograph of the
Eigure 24 - Fault and aftershock

i - DEM with aerial photi
Eigure 25 ST
Figure 26 - Panoramic photograp
Eigure 27 - Photographs on fault's

Fig. 2.5: continued
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Pictures

Number of references: 38

Year Title

Early earthquakes in the Kozani Area,

d

References
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Faulting associated with historical and
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active deformation in Greece

Understanding the 13 May 1995 western
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J. Geodynamics, 40, 170-188

b Chatzipetros A.A.,_Pavludes 1998 Macedonia earthquake: A palecseismological J. Geodynamics, 26(2-4), 327-
“£ 5.B. and Mountrakis D.M. 339
approach
Structural control on fault geometry:
"L Chiarabba C. and Selvaggi G. 1997 Example of the Grevena Ms 6.6, normal ;-2322?;;359?5., 102(B10),
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- Geodetic investigation of the 13 May 1995 Geophys. Res. Lett., 24, 6, 707~
- Clarke P.J. et al. 1997 Kozani-Grevena (Greece) earthquake 710
ow Doutsos T. and Koukouvelas 1008 Fractal analysis of normal faults in J. Geodynamics, 26{2-4), 197-
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H. and Stavrakakis G. the Polyphyto artificial lake
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2000
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Quaternary deformation in Grevena Basin (W.
Mareadonia Gresca): Tmnortance nf shear

Fig. 2.5: continued
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Ann. Geol. Pays Hell., 38, Fasc.

Only small differences exist between the parametric information of ISS and CSS, because

the former are more complete and well defined sources by definition. Thus, while the ISSs have
a unique value of geometric and kinematic parameters, the CSSs use a range of values.
Moreover, the CSSs cannot be directly associated to any well known earthquake because in this
case an ISS would be the appropriate type of source.

2.4 The parameters

Before describing the database development, the parametric fields should be defined and
qualitatively described. Due to the small differences between the ISSs and CSSs, the description
will start with the former, taking into account the completeness and precision needed. The DSSs
are excluded, since they lack data. Besides the definition and description of the parameters, the
procedure and general criteria will also be discussed that are used for the best data acquisition
and selection in the Aegean seismotectonic realm.

Individual Seismogenic Sources (ISSs)

o Location [degrees|: it corresponds to the coordinates of the centre of the

object/source, or in simpler terms, the fault’s location on the map. It is calculated
automatically once it is drawn on the map.
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Acquisition: when the fault is onshore, whether it is related or not with
historical/instrumental seismicity, location is largely based on morphotectonic and
geological mapping. Almost all crustal structures in the Aegean Region have a more
or less clear fault trace allowing thus a detailed cartographic reconstruction. Pavlides
and Caputo (2004) conclude that, for the broader Aegean Region, the minimum
magnitude for an earthquake associated with crustal normal faulting and capable to
produce a 'linear seismogenetic feature' (sensu Caputo, 2005) is around 5.5. For the
offshore faults, detailed bathymetric maps and seismic profiles are generally used for
recognizing a fault scarp and displacement at depth. Also the occurrence of
seismicity, both micro- and major earthquakes, help constraining the location of
active faults especially for multi-segmented CSSs.

Length [km]: it corresponds to the length the fault plane. A unique value is
required.

Acquisition: if a seismogenic source is well documented on Earth’s surface, length is
mainly measured on the basis of field mapping. Due to its simple geometry, length
in ISSs coincides with the upper fault tip, while for the CSSs the value is measured
along the smoothed fault trace. In case of earthquake-related faults, the length can be
also estimated from various empirical relationships, like magnitude versus surface
fault length (e.g. Wells and Coppersmith, 1994; Pavlides and Caputo, 2004). The
latter procedure is usually followed for the offshore ISSs, where direct observations
are not possible for capturing the entire rupture length. Nevertheless, the CSS length
can be well inferred from the sea-floor morphology based on swath bathymetry or
high-resolution seismic reflection profiles.

Minimum depth [km]: it is the depth of the fault’s top edge from the ground
surface or the sea floor. It is important to mention that DISS uses a different
reference level for this parameter (zero value corresponds to the mean sea level). A
unique value is required.

Acquisition: like mentioned before, all continental faults affecting the Aegean
Region and capable of generating moderate to strong (M > 5.5) events commonly
reach the surface. Accordingly, this value is generally set to zero. However, for few
exceptions minimum depth can only be obtained from geophysical (e.g. seismic
reflection profiles) or seismological methods (e.g. microseismic spatial distribution).

Maximum depth [km]: it is the depth of the bottom edge of the fault plane from the
surface, generally reflecting the brittle-ductile transition (BDT) zone (Sibson, 1982;
Meissner and Strehlau, 1982) and hence the seismogenic layer thickness. In most
cases, it cannot be directly entered, but it can be automatically computed by the
software using a trigonometric relationship involving width, dip-angle and minimum
depth, and has a unique value.

Acquisition: defining maximum depth is not always straightforward. It can be
estimated from microseismic or aftershock spatial distribution. Accuracy, however,
is not very high and depends also on the density and general architecture of the
seismographic network. Even in the best conditions, errors of 1-2 km in depth are
the rule. For inferring this parameter, we focus on the deepest seismic clusters,
though deeper isolated events are usually ignored. Nevertheless, these data are
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generally rare and cover only few areas of interest. In order to apply a uniform
estimation of the seismogenic layer thickness for the rest cases, and consequently of
the BDT zone, strength profiles will be calculated and tested in this thesis. Both
procedure and results will be discussed in the next chapter.

Width [km]: it is the distance between the top and bottom edges of the fault plane.
A unique value is required.

Acquisition: width is adjusted in such a way that the desired maximum depth is
achieved, which is usually easier to be defined (see the corresponding parameter
discussed before). Alternative methods for estimating width, based for example on
empirical relationships, are less used because of their larger uncertainty.

Strike [degrees]: it has no difference with the definition of fault’s strike. Values
belonging to the eastern semicircle (0-180°) have a dip direction (plunge) inside the
southern semicircle (90-270°), while values belonging to the western semicircle
(181-360°) have a dip-direction inside the northern semicircle (271-90°). Again, a
unique value is required.

Acquisition: for onshore faulting, similar criteria to the location parameter are used.
However, for offshore — and not only — sources, the nodal planes suggested by focal
mechanisms, usually of a major event, play an important role in determining the
strike of a seismogenic source. Sometimes they can even be the only evidence. Also
in this case, the availability of very detailed bathymetric maps and/or serial high-
resolution seismic profiles has been demonstrated useful for the purpose.

Dip [degrees]: it is the dip-angle of the fault plane. The database requires a unique
value representative of the whole plane and which directly affects the maximum
depth parameter.

Acquisition: information for the dip-angle is usually hard to find; a puzzling
restriction is the assumed planar geometry of the fault, which is in contrast with the
listric shape of many normal faults. In this case, a compromise between surface
structural measurements and the setting of the focal planes at depth is considered.
For the offshore ISSs, the same method is followed, but instead of field
measurements, seismic profiles can be used. The most reliable evidences come from
microearthquake investigations (when available), from which the fault surface can
be sometimes easily delineated. An alternative way for estimating dip would be the
simple trigonometric relationship between the hypocentral location and the nearest
point of the fault’s surficial expression. Large errors of the hypocentral location
though, produce large errors in dip; thus, this procedure is generally avoided.
However, if none of the above information sources exists but there is a nearby fault
showing similar characteristics, then the dip-angle of the latter is adopted.

Rake |[degrees]: it is the angle formed between the strike and the slip vector
measured counter-clockwise. The range of rake is between 0° and 360°.
Accordingly, rake would be 0° (or 360°) for the left-lateral strike-slip faults, 90° for
the reverse dip-slip faults, 180° for the right-lateral strike-slip faults and 270° for the
normal dip-slip faults. Only a unique value is required.
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Acquisition: rake 1is obtained either from kinematic indicators from field
measurements, or from focal mechanisms. If none is available, then rake is inferred
from the local stress field pattern. In case of recent and cumulative displacements,
morphological and/or stratigraphic information can be also used.

Slip-per-event [m]: it represents the mean co-seismic displacement on the fault
plane. It can be set directly or it can be suggested by the database software based on
seismological scaling relationships. A unique value is required.

Acquisition: it can be obtained directly from seismological investigations or
indirectly from palaeoseismological trenching. The latter captures the surface
displacement of the fault. By comparing several cases, the maximum surface
displacement of normal faults is certainly much smaller than maximum displacement
at depth, but it is comparable with the mean value commonly used for the calculation
of the seismic moment. Alternatively, the proposed co-seismic displacement of the
software can be used. Obviously, slip-per-event values obtained with this procedure
are affected by a larger uncertainty.

Slip rate [mm/a]: by definition, slip-rate is the ratio between a displacement and the
time necessary to produce it. Given that its estimation is many times based on rough
calculations, a range of values is required.

Acquisition: Sometimes these data are obtained from palacoseismological
investigations, but in order to be meaningful, many earthquake cycles must be
recorded and observed in the trench(es). Palacoseismologically inferred slip rates are
commonly referred to as 'short-term’. The cumulative displacement of
morphotectonic markers, like post-last glacial maximum surfaces (e.g. Caputo et al.,
2010a), could be also used for calculating a mean slip rate for the last ca. 15 ka. The
displacement of stratigraphic horizons, like sedimentary or volcanic layers, is also
largely used for obtaining information on the long-term slip rate of a fault. In
general, the longer the considered period, the larger the number of seismic events
and the more 'averaged' is the slip rate. Consequently the more uncertain is the real
value associated with the very last seismic cycle, which would more probably apply
to the next event. In the literature, it is rare to find slip rates explicitly stated. For this
reason, an effort is made in the current thesis to uniformly calculate the slip rates
based on geodetic strain rates. Both procedure and results will be discussed during
the next chapters.

Recurrence [years]: it is the recurrence interval time between two characteristic
events. For the same reasons with slip rate, a value of ranges is required.
Acquisition: In order to define recurrence interval, several events are needed. Such
kind of information can derive from historical catalogues (although old events can
be hardly associated with the specific causative faults), dating of samples from
palacoseismological surveys and morphotectonic techniques. This information is
usually rare. Recurrence could be tentatively estimated based on slip rate and
assuming characteristic event behaviour by using empirical relationships between
magnitude and co-seismic displacement (see Caputo et al., 2006b for discussion on
the approach).
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e Magnitude [M,]: it can represent either the magnitude produced by a specific event,

or the potential magnitude of the fault based on seismological scaling relationships.
This parameter strongly depends on fault’s dimensions and slip-per-event (see also
the discussion that follows the parameters’ description) as well as on few physical
parameters (e.g. rigidity modulus). A unique value is required.
Acquisition: it is important to mention that in the case of earthquake related sources,
magnitude sometimes appears greater than the literature magnitude. This means that
the rest of the parameters affecting magnitude (length, width and slip-per-event)
provide different magnitude estimation. An explanation of this is based on the fact
that the source is capable of producing larger event. In any case, the instrumentally
calculated (literature) magnitude is referred in the “Last earthquake” field.

o Last earthquake [years]: this field includes the date or the time elapsed (if it is an
event based on dating methods) of the last characteristic earthquake. In the
“Evidences” field next to it, the magnitude and the type of the record
(historical/instrumental/palacoseismological) are also discussed.

e Penultimate earthquake [years]: this information is rarely available, usually
deriving from palacoseismological investigations and rarely from historical
references.

e Elapsed time [years]: it is the time interval between the last known earthquake and
the year 2000 used as a reference.

It is obvious from the descriptions above that some of the parameters affect the others and
vice versa. Indeed, this is a significant feature of the database, concerning only the ISSs and
their require for completeness. In more detail (following the discussion of Basili ez al., 2008),
length, width, single event displacement and magnitude are interconnected by seismological
scaling relationships. Therefore, the internal consistency of these parameters can be verified by
the compiler. When all these parameters are known from independent observations, the different
estimations can be used alternately with the scaling relationships, and the consistency of a
seismogenic source with some generalized model can be analyzed. However, the most common
occasion is that only few, or even one, of these parameters are known and thus, they are the
ones that should determine the others.

Composite Seismogenic Sources (CSSs)
e Minimum depth [km]: similar to the ISSs.
e Maximum depth [km]: similar to the ISSs.

e Strike [degrees]: same philosophy with the ISSs, with the only difference that in
this case a range of values is required.

e Dip [degrees]: the definition is the same with the ISSs. A range of values is
required.
Acquisition: the range of values usually reflects the variable dip-angle which is
frequently steeper near to the ground surface and shallower at depth (listric
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geometry). The range can become larger with very low values of dip-angle where
low-angle normal shear zones occur. The range can also imply a gradual geometry
change along the strike of the structure (e.g. the NAB). Nevertheless, general
uncertainties also contribute to the range.

Rake [degrees]: same definitions and considerations with the ISSs. However, a
range of values is required.

Slip-rate [mm/a]: same definitions and considerations with the ISSs.

Maximum magnitude [My]: this parameter represents the potential magnitude, or
else the maximum expected magnitude that the CSS can produce.

Acquisition: maximum magnitude can be only obtained from seismological scaling
relationships, usually the ones that involve fault dimensions (e.g. Wells and
Coppersmith, 1994) or sometimes surface fault rupture (e.g. Pavlides and Caputo,
2004; Wells and Coppersmith, 1994). It is important to mention that in most cases
only a part of the CSSs length is used for estimating the maximum magnitude. This
is due to the fact that the larger structure might contain segment barriers that likely
prevent a total rupture (e.g. DePolo et al., 1991). The occurrence of ISSs as fault
segments and the consideration of their in-between linkage conditions, like, for
instance, soft/hard linkage or open/linked/fully breached fault arrays (Soliva and
Benedicto, 2004), can both give a different rupture model involving any of the
included segments. In any case, such occasions and scenarios are always discussed
in the “Comments” field of the “Commentary” html page.

Approximate location [degrees]: similar to the ISSs, this is approximately the
centre of the object/source. It is calculated automatically.

Total length [km]: it is also calculated automatically and directly from the length of
the top edge of the source.

Total width [km]: it is calculated automatically based on the dip-angle information
and the maximum depth.

Typical fault length [km]: this parameter is calculated from seismological scaling
relationships, based on the maximum magnitude field. It helps checking the
consistency of the total length.

Typical fault width [km]: this field derives from internal calculations between
seismological scaling and analytical relationships, based on the maximum magnitude
field, the dip angle range and the typical length.

Typical fault slip [m]: Similar to the previous two parameters, typical fault slip is
the average displacement per event and it is based on seismological scaling and
analytical relationships, as well as the maximum magnitude field.
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General remarks

Almost all of the parameters have qualification keys; these are: LD for Literature Data, OD
for Original Data, ER for Empirical Relationship, AR for Analytical Relationship and EJ for
Expert Judgement. A complementary field is also required to be filled in for many parameters.
That is the evidences, a field shortly referring to the investigation method(s) from which the
parameter is obtained.

It is obvious that there is a different level of confidence for each parameter. The most well
defined are generally the geometric ones (location, length, width, minimum and maximum
depth, strike and dip), as well as rake and magnitude. For these parameters a large variety of
investigations are commonly available to support them. In contrast, it is often hard to estimate
the other parameters. In order to fill in some debated or poorly constrained parameters, the use
of 'expert judgement' approach is a common practice. In any case, this practice is always
explicit so that the end-user of the database is able to decide the reliability of the information. If
no estimations can be made then it is preferred to leave the parameter blank.

The two parameters with the most missing information were the maximum depth, which
anyway could be roughly inferred from the seismogenic layer thickness of nearby known areas,
and the slip rate. In order to avoid having these two fields poorly covered or missing throughout
the database, original investigations have been carried out. For the first one, strength profiles are
calculated, while for the second, the geodetic strain rate field is used. Respective information
and descriptions about the procedures are discussed in chapters 3 and 4.

A special attention should be also given to focal mechanisms, which can play an important
role not only in defining the location of a source, but also for constraining strike, dip and rake.
In case of several existing foci and almost completely missing field observations (e.g. in case of
offshore sources), a selection of the appropriate nodal plane has to be made, especially when
foci show great divergence. When they show small variations, then an average value is usually
selected. In any case the quality of the fault plane solutions should be taken into account. Thus,
focal mechanisms can be distinguished into two quality levels. The lower one generally
corresponds to the first motion polarities method. The results sometimes can be totally wrong,
especially for the old events that were recorded by a sparse seismological network. Moreover, it
should be considered that the source parameters describe the initial rupture which can be
different from the orientation of the whole rupture surface. The example of the 1954, Sophades
earthquake, described in §1.5, can be recalled again. Higher quality results are provided by the
body-wave inversions, a more recent method that can describe the whole rupture behaviour.
Significant errors however, can also occur. The highest level of confidence occurs when both
body-wave inversion focal mechanisms and well documented field observations are available.

2.5 The GreDaSS development procedure

The database software has been developed as a plug-in/extension (a MapBasic application)
of the MaplInfo” GIS software. It mainly consists of two independent, but interconnected,
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extensions: the FaultStudio v1.2 (Basili, 2006) and the core plug-in of DISS v3.2 (DISS working
group, 2011).

Since the database is built in a GIS environment, a collection of topographic and geologic
material is used to geologically and geographically locate and plot the sources accurately.
According to the desired detail, the following datasets are mainly used: various DEMs for both
land elevation data, like the Shuttle Radar Topography Mission (SRTM; Bamler, 1999; Becker
et al., 2009) and the ASTER Global Digital Elevation Map (GDEM), and bathymetric data, like
the Global Multi-Resolution Topography (GMRT); topographic maps of the Hellenic Military
Geographical Service (HMGS) in various scales; maps of the geological and neotectonic series
published by the Greek Institute of Geology and Mineral Exploration (IGME); various
bathymetric maps (e.g. the International Bathymetric Chart of the Mediterranean; [OC, 1981);
satellite images mainly obtained from Google™ Earth; airphotos obtained from HMGS. Many
morphotectonic maps included in literature have also been used (e.g. the map for the NAB
compiled Papanikolaou et al., 2006). All maps had to be rectified to the appropriate coordinate
projection system before they become ready for use.

Other complementary data used for GreDaSS are the seismicity catalogues of AUTh
(http://geophysics.geo.auth.gr/ss/;  Papazachos et al, 2000; 2009) and IG-NOA
(http://www.gein.noa.gr/services/cat.html). Moreover, catalogues of aftershock sequences for

specific events found in various papers have been also used.
Fault Studio

Fault Studio is the main tool to create/modify a new/old ISS with all its geographic,
geometric and kinematic information. The respective commands in the toolbox open a window
with all the control fields (fig. 2.6). As mentioned in a previous session, length, width, single
event displacement and magnitude are interconnected by seismological scaling relationships,
while minimum/maximum depth, width and dip-angle are interconnected by geometric
relationships. This means that if, for example, dip-angle or width is increased, maximum depth
will be increased accordingly. With these constrains, we can be confident that our source is
geometrically correct in terms of parameters and map projection as well.

After entering the desired parameters, the object/ISS is saved and then exported in a format
that the DISS software can read. It is obvious that FaultStudio can only manage the ISSs
because they use unique parameters on a strict geometric shape.

The DISS software

The DISS extension is the main workspace for creating, managing and viewing the
seismogenic sources and their related information (fig. 2.4). A full description of all commands
and abilities would be out of the scope of this paper; for this reason, only a brief description of
the main tools and procedure will follow.

When DISS loads, the map window opens (4 in fig. 2.4) containing a set of rectified maps
and features (in raster and/or vector format) that we have previously selected as default and
which can be changed any time by the “change theme” button (K in fig. 2.4) in the main DISS
floating toolbox (B in fig. 2.4). Adding supplementary material (e.g. seismicity, morphotectonic
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maps, efc.) is available at any time during this procedure, by opening the desired table from the
File menu of MapInfo®. The DISS floating toolbox also contains buttons for managing the
visibility of the seismogenic sources layers (ISSs, CSSs, DSSs and AFFs; F in fig. 2.4), the
additional data (e.g. seismicity; J in fig. 2.4) and the additional map compilations (e.g.
geological maps; / in fig. 2.4). The choice between various database versions (H in fig. 2.4) and
the database maintenance (G in fig. 2.4) are also available.

The ISSs are always imported from the FaultStudio output files containing the principal
geometric and kinematic parameters. In the DISS software only the descriptive information is
entered (code, source name, compilers and contributors, slip-rate, recurrence, last and
penultimate events and elapsed time), together with all the gualification keys and evidences.

The CSSs, DSSs and AFFs are created and managed in the DISS software exclusively. The
making of new CSSs or DSSs is performed by manually drawing in free hand the polygon. All
attributes are entered in the browser window of each layer/table (C in fig. 2.4). An important
tool is available for controlling the consistency of the shape of the polygon against its geometric
parameters. The “CSSchecker” as it is called, uses an algorithm to compare shape and data and
accordingly suggests corrections and modifications.

AFFs are manually drawn as polylines and their attributes are entered in the respective
browser. AFFs are connected with ISSs and/or CSSs.

The final step for publishing the data is to export the database in a format that can be read by
web browsers (html), Google™ Earth, GMT and 3D Move. The export can be performed easily
from the DISS 3.2 menu.
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Fig. 2.6: FaultStudio is an additional extension hosted by the MapInfo® GIS software, available to the
developers for manipulating the ISSs before they enter the DISS software (after Basili et al., 2008).
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CHAPTER 3

Seismogenic layer thickness

3.1 Seismogenic layer thickness and BDT estimation

Introduction

In the effort of parameterizing the maximum depth of the seismogenic sources a problem
often emerged: which is the thickness of the seismogenic layer and how can it be defined? This
problem was common especially for all faults and/or fault zones that are lacking of
microearthquake investigations from which the maximum seismogenic depth can be somehow
constrained. Thus, a uniform criterion was needed to estimate the seismogenic layer thickness at
least for the pilot area of North Greece.

( )

Strength

BDT

Depth

Fig. 3.1: A simplified rheological
profile model for the lithosphere
L J (modified after Scholz, 1988).

Near to the beginning of the 1980s, Goetze and Evans (1979), Brace and Kohlstedt (1980)
and Kirby (1980) assembled laboratory data to produce a simple model of the rheology of the
continental lithosphere. This model consists of two curves (fig. 3.1), the upper one
corresponding to a friction law, whereas the lower part is the extrapolation of a high
temperature steady-state flow law. The depth where the two curves intersect is taken to be the
brittle-ductile transition (BDT) in the lithosphere, while this model is commonly referred to as
rheological profile or yield stress/strength envelope. A little later on, Sibson (1982; 1983; 1984)
observed the coincidence of the depth distribution of aftershocks, taken from many events in the
western continental US, with the thickness of the brittle layer as suggested by the previous
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model. He also observed that large ruptures were nucleated near to the BDT zone extending
lateral and upwards. Similar observations were also made by Meissner and Strehlau (1982) for
few regions worldwide, by Doser and Kanamori (1986) for the Imperial Valley (Western USA)
and by many others later on, confirming that generally the location of the BDT zone (roughly)
coincides with the bottom of the seismogenic layer and thus with the maximum depth of the
faults. Many investigations followed trying to define the seismogenic layer thickness based on
the depth of the BDT zone (e.g. Dragoni and Pondrelli, 1991; Lamontagne and Ranalli, 1996;
Déverchére et al., 2001; Tejero and Ruiz, 2002; Aldersons et al., 2003; Boncio et al., 2007,
Boncio, 2008; Albaric ef al., 2009; etc.). However, two different concepts exist concerning the
structure of the lithosphere and its effect to the strength profiles and the seismogenic layer
thickness. Both theories will be discussed later in this chapter.

One-dimensional rheological profiles or yield stress/strength envelopes represent the plotting
of the lesser value between the brittle and ductile strength. The strength of the lithosphere as a
function of depth depends upon the deformation mechanism (e.g. Stein and Wysession, 2003).
Strength, failure strength or shear strength are terms used to describe the critical value that
differential stress must reach in order to cause rupture and sliding (e.g. Stiiwe, 2007). At
shallow depths, rocks fail either by brittle fracture or else frictional sliding usually on pre-
existing faults. Both processes depend on the normal stress, with the rock strength increasing
according to depth. Normal stress varies with overburden load (i.e. confining pressure) and pore
fluid pressure (Sibson, 1974). At greater depths, where rocks show a prevailing plastic
behaviour, the ductile flow strength is lower than the brittle (or frictional) strength and
decreases with depth as temperature increases (Kirby, 1983; Ranalli, 1987; 1995). This means
that the maximum strength is encountered in a zone where the BDT occurs (fig. 3.1). The BDT
is better characterised as a zone because transition is gradual rather than sharp. However,
behaviour depends on external parameters such as pressure, temperature and time (i.e. strain-
rate), as well as on the rheological parameters of the material itself (Ranalli, 1987; 1995).

The commonly given definition of rheology is that it comprises the science of the
deformation and flow characteristics of materials (Ranalli, 1987; 1995; Stiwe, 2007; van der
Pluijm and Marshak, 2004). The rheological properties of the lithosphere have a strong effect on
the resulting tectonic deformation (Kusznir and Park, 1987; Ranalli, 1997a; 1997b). The
strength envelopes, used for estimating the strength of the lithosphere, depend strongly on these
properties. Like mentioned before, strength as a function of depth changes differently in brittle
and ductile regimes, with the depth of the highest strength being also the depth of the BDT
zone. Moreover, it was also mentioned that strength of most rocks is lowered by increasing
temperature. It is then obvious that strength strongly depends on temperature which, as a
function of depth, can be expressed by the geothermal gradient (or geotherm) (Sibson, 1982;
1983; 1984; Kusznir and Park, 1987; Ranalli, 1987; 1995; 1997a; 1997b). But geotherms also
depend on the rheological properties of the lithosphere. Although rheological properties and
geotherms are the key parameters of strength calculations, it is noteworthy to mention that both
of them are based on assumptions and approximations which limit their resolving power.
However, strength profiles comprise a first order representation of the mechanical behaviour of
the lithosphere (Lobkovsky and Kerchman, 1991; Ranalli, 1987; 1995; 1997a; 1997b).
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Deformation mechanisms: an overview

But which are the deformation mechanisms and what is their meaning? According to Stiiwe
(2007), five mechanisms exist:

1. Brittle deformation is no really a deformation mechanism at all. It is the state when the
stresses applied to rocks cannot be compensated elastically and thus permanent
deformation will occur. The laws of brittle deformation only describe a stress state and
not a relationship between stress and strain. The deformation law usually used to
describe rocks in a brittle fashion is plastic deformation. Brittle failure is commonly
described with the Mohr-Coulomb-criterion. The nucleation of an earthquake is most
probable to initiate in the brittle part of the crust.

2. Plastic deformation law states that a constant stress is required to deform the rock.
Irregardless how much or how fast we deform, the required force is all the same.
Deforming sand is a good analogue model.

3. Ductile deformation is a term used when the deformation is not elastic and not brittle.
It is therefore an extremely useful term for the field geologist who does not want to
specify himself by using words like “viscous”, “plastic” or “dislocation creep” - all of
which have very rigorously defined meanings.

4. Elastic deformation is the law that states that the strain of a rock is proportional to the
applied total stress. As such, it is the only deformation mechanism which is not
permanent: As soon as the stress is released, the strain is gone as well.

5. Viscous deformation is the law that is most commonly used to describe ductile
deformation on the crustal scale. Viscous means that the strain rate of a rock is
proportional to the applied deviatoric stress.

Rheological models in theory

Two basic theoretic models exist in order to define where strength in mainly accumulated
(fig. 3.2). The earliest suggested model is widely known as “jelly sandwich” and describes the
lithospheric structure as rheologically multi-layered with a strong upper crust overlying, a soft
lower crust and a stronger (under most conditions) uppermost mantle (Chen and Molnar, 1983;
Ranalli and Murphy, 1987; Burov and Diament, 1992; Ranalli, 1995; Watts and Burov, 2003;
Handy and Brun, 2004; Burov and Watts, 2006; Burov, 2010). This model is based on the fact
that even though the seismogenic layer potentially extends to the BDT, the level of stress may
not be sufficiently large to cause failure at such depths. Therefore, in cases in which earthquakes
might extend deeper into the brittle part of the mantle, two seismogenic layers should exist with
an aseismic interposed layer. The second model, that usually meets the term “creme briilée”,
encloses all lithospheric strength in the upper (seismogenic) crust which overlies a softer upper
mantle (Maggi et al., 2000; Jackson, 2002; Priestley et al., 2008). The suggestion of this model
is based on the absence of seismicity that was observed in the (weak) lithospheric mantle of the
studied areas (Iran, Tien-Shan and northern India), implying that seismic activity and strength
are concentrated in the upper and lower crust. While discussing the dilemma between “jelly
sandwich” and “créeme brillée”, Afonso and Ranalli (2004) suggest that this problem is far from
being completely solved and that neither of the two models can have general applicability.
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Thus, each lithosphere should be modelled according to its composition variation and tectono-
thermal history which cause the lateral variability in rheological properties. While discussing
the structural differences between continental and oceanic crust, Watts and Burov (2003)
suggested that continental lithosphere, unlike its oceanic counterpart, is associated with a multi-
layer rheology and small plate flexures, resulting in such stress levels that are unlikely to
approach the very high brittle strength limits below the Moho.

The methodology used for defining the BDT zone in North Greece is independent from both
main concepts and it is based on the discussion of Afonso and Ranalli (2004), that is focusing
on the local lithospheric and thermophysical conditions.
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Fig. 3.2: Schematic diagram illustrating different models for the long-term strength of continental
lithosphere. In the creme-briilée model, the strength is confined to the uppermost brittle layer of the crust,
and compensation is achieved mainly by flow in the weak upper mantle. In the jelly sandwich model, the
mantle is strong and the compensation for surface loads occurs mainly in the underlying asthenosphere.
(A) Models of deformation. Arrows schematically show the velocity field of the flow. (B) Strength
envelopes for a thermo-tectonic age of 150 Ma, a weak, undried granulite lower crust, a uniform strain
rate of 10™"° 57!, and either a dry (jelly sandwich) or wet (créme briilée) olivine mantle. H,, is the short-
term mechanical thickness of the lithosphere; T, is the long-term elastic thickness. The two envelopes
yield a 7, of 20 km, which is similar to the thickness of the most competent layer. This is because the
competent layers are mechanically decoupled by weak ductile layers and so the inclusion of a weak lower
crust or strong mantle contributes little to 7,. (C) Strength envelopes for a thermo-tectonic age of 500 Ma.
Other parameters are as in (B) except that a strong, dry, Maryland diabase has been assumed for the lower
crust. The two envelopes show other possible rheological models: in one, the upper and lower crusts are
strong and the mantle is weak (upper panel); in the other, the upper and lower crusts and the mantle are
strong (lower panel). The assumption of a strong lower crust in the weak mantle model again contributes
little to 7, because of decoupling, although 7, would increase from 20 to 40 km if the upper crust was
strong at its interface with the lower crust. In contrast, a strong lower crust contributes significantly to the
T, of the strong mantle model. This is because the lower crust is strong at its interface with the mantle and
so the crust and mantle are mechanically coupled. From Burov and Watts (2006).
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3.2 The deformational equations

The frictional sliding equation

Sibson (1974) modified the Anderson’s theory of faulting defining the effective overburden
pressure as a function of depth classified for three different faulting regimes (thrust, normal and
strike-slip faulting). The argument is applied for both occasions, sliding along pre-existing
faults and formation of new faults, provided that internal friction is approximately the same as
sliding friction and cohesive strength is negligible when compared with normal stress.

The equation describing the stress status, or else the frictional sliding equation, is (Sibson,
1974):

(01 —03)f = apgz(1— 1) [3.1]

where, z is depth, p is the rock density, g the gravity acceleration and A the ratio of pore fluid
pressure to lithostatic (overburden) pressure. In this study, the suggested 'hydrostatic' value 1 =
0.4 is adopted (Ranalli and Murphy, 1987; Fadaie and Ranalli, 1990; Albaric et al., 2009). The
symbol o represents the numerical parameter of fault type and equals to (Ranalli, 1995):

a=R-1
_R—l
“=7R
(R-1)

“T1vBR-1

for thrust, normal and strike-slip faulting, respectively, where R is the ¢3/0, ratio and, in the last
equation, S is the stress ratio (o, — g3)/(o; — 03) (Ranalli, 1997a). In terms of internal friction y

R can be expressed as:
2 ’,
R = < ’1 +u”c—u )

According to Ranalli (1997a), the friction coefficient range is 0.5<u <0.8, while the commonly
used values of a for the three fault regimes are (Ranalli, 1995; Fadaie and Ranalli, 1990):

-2

o = 3.0 for thrust faulting,

o= 0.75 for normal faulting, and
o = 1.2 for strike-slip faulting,
assuming x = 0.65 and f = 0.5.

The frictional slide is a linear function of pressure and is independent of temperature and
strain rate.
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The creep-law equation

The ductile regime is described by the power-law creep function, and in more detail, by the
Dorn empirical equation (Ranalli, 1995):

: \Un
i) e(nR?(z)) [3.2]

(01 - 03)0 = (
where € is the strain-rate, R is the gas constant and T is temperature which depends on depth.
Ap, n, and E are material parameters (Dorn parameter, stress exponent and creep activation
energy, respectively).

It is obvious from the previous equation [3.2] that the only parameter that correlates strength
with depth is temperature. This means that the geothermal gradient plays an important role
which in turn depends from material parameters as well.

The high-pressure brittle failure equation

Models based only on the two previous equations usually ignore the brittle fracture
deformation. Experiments show that the stress causing the brittle fracture of an intact rock will
be less than that causing frictional sliding on fractures at some temperatures, pressures and
strain rates (Shimada and Cho, 1990; Stesky et al., 1974; Wei and Zang, 2006). Although
frictional sliding depends linearly on pressure and is independent of temperature and strain rate,
with increasing pressure, the critical stress difference in the brittle regime becomes nonlinearly
dependent on all these factors (Ord and Hobbs, 1989; Shimada, 1993; Wei and Zang, 2006;
Zang et al., 2007). The high-pressure brittle failure (Pauselli et al., 2010) is described by the
following empirical equation (Wei and Zang, 2006; Zang et al., 2007):

] [1 + ylog( )] (3.3]

where By, K, m, o,  and y are empirical failure parameters listed in table 3.1; P is the confining

(oq —03)b—BO[1+K ”1+alog

pressure (in MPa), T(z) is the temperature as a function of depth in degree (Kelvin), € is the

strain rate (in s™); 7, = the room temperature (298 °K) and €, = 10” s are the normalizing
parameters. The effects of the size of the rock sample, confining pressure, temperature and

strain rate on the fracture strength are all included (Wei and Zang, 2006).

Rocks B, (MPa) K m a p y
Granite 34.1 4.57 0.52 -1.128 1.732 0.035
Gabbro 36.1 3.18 0.55 -2.536 2.340 0.035
Basalt 48.5 2.98 0.51 -2.536 2.340 0.035
Peridotite | 28.3 3.35 0.68 -1.875 1.310 0.035

Table 3.1: Brittle fracture parameters of some rock types in the lithosphere (Zang et al., 2007 and
references therein). K, m, o, f and y are dimensionless.

Pauselli et al. (2010) note the following remarks concerning the usage of the equation above:
the high-pressure brittle failure equation results in a critical stress difference less than the
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frictional strength as pressure increases. However, this equation is experimentally validated only
for P <0.8 GPaand 7<900 and 7 < 1100 °C, for crustal and upper mantle rocks, respectively.
The temperature limitation is particularly severe for upper mantle rocks. As can be seen from
the temperature term, the (6, — o3) for peridotite becomes negative for 7 > 1240 °K, which
prevents the application of equation [3.3] to hot volumes of the lithospheric mantle. Moreover,
Wei and Zang (2006) also mark the following possible limitations of the equation: i) the
temperature effect is deduced from a small number of data, and ii) the fracture parameters of
only few rocks are provided.

3.3 Lithospheric stratification and composition

Lithosphere and rheological modelling: an introduction

The knowledge of lithospheric structure is important for calculating geotherms and hence
strength (e.g. Kusznir and Park, 1987). Lithosphere, by definition, is divided into two major
layers, the crust and the lithospheric mantle. Stratification used in various rheological models is
usually conventional. The basic information that is needed concerns the number of layers, their
thickness and their general composition. In ‘simple’ models, continental lithosphere is divided
into three parts: the upper (UC) and lower (LC) crust and the lithospheric (or upper) mantle
(LM). An additional subdivision within the UC is possible if a sedimentary layer (SL) exists.
This layer is easier to be defined, even by surface observations, as it occupies a small topmost
part of the crust. Obviously, more detailed and precise models need more detailed and precise
data, considering also that composition inside lithosphere and its layers is neither uniform, nor
is directly detectable, nor can it be abruptly separated from layer to layer since the change is
gradual. For this reason, in most of rheological models found in the literature, either they deal
with continental or local scale areas, it is preferred to use few layers with an average
composition defined between principal (i.e. more diffuse) rock types (e.g. Steckler and ten
Brink, 1986; Fadaie and Ranalli, 1990; Dragoni et al., 1996; Fernandez and Ranalli, 1997;
Ranalli, 1997a; 1997b; 2000; Pasquale et al., 1997; Moisio et al., 2000; Porth, 2000;
Mouthereau and Petit, 2003; Watts and Burov, 2003; Afonso and Ranalli, 2004; Gueydan ef al.,
2008). An example of a standard profile of the European continental crust is shown in fig. 3.3
(Wedepohl, 1995).

An average composition of each layer can be inferred from the correlation of P- and S-wave
velocities (Vp and Vs respectively) with the density and the type of rocks, as this has been
suggested by Pakiser and Robinson (1966), Rybach and Buntebarth (1984), Christensen and
Mooney (1995) and Christensen and Stanley (2003). For this reason, a synthesis of several
studies is carried out, including 1-D, 2-D or even 3-D velocity models of local and/or large scale
areas of the Aegean (Papazachos et al., 1966; Makris, 1978; Drakatos and Drakopoulos, 1991;
Ligdas and Lees, 1993; Papazachos and Nolet, 1997; Drakatos ef al., 1997; 1998b; 2005; Melis
and Tselentis, 1998; Papazachos, 1998; Makris et al., 2001; Bourova ef al., 2005; Karagianni et
al., 2005; Di Luccio and Pasyanos, 2007; Karagianni and Papazachos, 2007; Raykova and
Nikolova, 2007; Endrun et al., 2008; Peter et al., 2008; Molinari and Morelli, 2011; Ormeni,
2011). For each case study, different combinations of available data are generally used.
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Fig. 3.3: Standard profile of the continental crust derived from the 3000 km-long European GeoTraverse
(EGT) generalized on the basis of worldwide mapping, petrological studies and chemical balances. After
Wedepohl (1995).

Lithosphere and thickness

Lithosphere is the uppermost rheological layer of the Earth and comprises the crust and the
upper part of the mantle, also called lithospheric mantle. Although a unique definition does not
exist, descriptions of its properties can be easily found in literature (e.g. Turcotte and Schubert,
1982; Hawkesworth et al., 1999; White, 1999; van der Pluijm and Marshak, 2004; Stiiwe, 2007;
Zang and Stephansson, 2010). Lithosphere can be described by two different approaches: from a
mechanical point of view, the strongest and rigidly behaving lithosphere floats up on the weak
and plastically behaving asthenosphere, while from a thermal point of view, the base of the
lithosphere is universally posed at the isotherm where the weakening (melting) temperature of
the mineral olivine (mantle solidus) which dominates in the mantle peridotite occurs (7, =
1350° C). According to White (1999), the continental lithosphere, which is the case of this
study, may be extremely old, reaching an age of several gigayears in the oldest known areas,
and thus may accumulate a long and complex history. It is likely to have suffered multiple
episodes of decompression melting as it responded to tectonic deformation, and to have been
enriched by the accumulation of metasomatic melts throughout its long history. Buoyancy of
continental lithosphere is a function of density, which is dependent on composition and, to a
lesser extent, temperature (Hawkesworth ez al., 1999).

Few global-scale and local-scale maps of lithospheric thickness exist, all showing a variety
in values. Calcagnile et al. (1982) and Calcagnile and Panza (1990) suggested a map of the
lithosphere-asthenosphere isobaths for the Mediterranean area based mainly on the inversion of
available surface-wave dispersion data. Conrad and Lithgow-Bertelloni (2006) produced a
global lithosphere thickness map with a resolution of 1° x 1°, based on the method of Gung ef
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al. (2003). Sodoudi ef al. (2006) computed the Aegean lithosphere-asthenosphere boundary
from S receiver functions taken from seismograms of teleseismic events recorded at 65
temporary and permanent stations in the Aegean region. Cloetingh ef al. (2010) produced an
integrated model of lithospheric thickness in Europe with an error envelope of 25 km, based on
a combined seismic, thermal, MT, electromagnetic and gravity interpretation. All proposed
models for the broader area of North Greece generally show a lithospheric thickness > 100 km.
Differences in thickness between the various models for a specific location can reach 50 km.
However, no greater values than ca. 180 km have been suggested for the study area. For the
Central-Eastern Mediterranean, Viti et al. (1997) rheologically estimated the lithospheric
thickness for the two different types of lithospheric nature: the mechanical and thermal
lithosphere. In the former case an average thickness of 154 km and 46 km is suggested for NW
Greece and Macedonia regions respectively, with corresponding intervals of 75-261 km and 12-
70 km. In the latter case, the suggested thickness for NW Greece and Macedonia regions is 67
km and 12 km respectively, with corresponding intervals of 15-127 km and 7-18 km. The
authors point out that only the thermal lithospheric thicknesses are comparable with the ones
obtained from surface wave analyses studies.

Crust and thickness

The crustal — lithospheric mantle boundary is defined by the Mohorovic¢i¢ discontinuity or
else the Moho. Moho is a seismic transition boundary where P-wave velocities, as measured by
seismic refraction data, increase from crustal to mantle values. The broadly tonalitic
composition of the continental crust has been assessed in detail in a number of recent reviews
(Taylor and McLennan, 1995; Rudnick and Fountain, 1995; Plank and Langmuir, 1998).
Hawkesworth ef al. (1999) indicate that the strength of the continental lithosphere is likely to be
largely dictated by the mantle part of the lithosphere rather than the crust. According to them,
the continental crust generally has a low density, and its rheology is usually approximated by
quartz and/or plagioclase, which, like the authors note, is clearly an oversimplification.
Nevertheless, they also suggest that even if the lower crust is quite mafic in composition (e.g.
Rudnick and Fountain 1995), any compositional increases in strength will be mediated by
thermal weakening due to increasing temperatures at depth.

Concerning the available data of the Moho depth in the study area and their acquisition
methods, a brief discussion follows below.

A broad-scale averaged picture of the crustal structure in the Aegean region is given by
Panagiotopoulos and Papazachos (1985) and later on by Papazachos (1993), based on travel-
time inversions of local and regional earthquakes. In earlier papers, refraction profiles were used
to map the shallow structure beneath specific areas in the Aegean (Makris, 1978; Makris and
Stobbe, 1984; van der Meijde et al., 2003), but data are few and of varying quality (Sodoudi et
al., 2006). Aegean-scale tomographic images based on large-scale teleseismic and regional
studies (Spakman et al., 1988; 1993; Spakman, 1990; Drakatos and Drakopoulos, 1991;
Alessandrini et al., 1997; Papazachos and Nolet, 1997), and local-scale images based on more
detailed local tomographic studies using travel-time arrivals recorded by local networks
(Christodoulou and Hatzfeld, 1988; Ligdas et al., 1990; Ligdas and Main, 1991; Ligdas and
Lees, 1993; Papazachos, 1998; Sachpazi et al., 2007), show more homogeneity in results
(Sodoudi et al., 2006). According to Sodoudi ef al. (2006), tomography as used by all the
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studies above, is not the most appropriate tool to map the Moho depth over a large area. This is
ascribed to the fact that tomographic investigations assume a layered starting velocity structure
divided into blocks of various sizes in which the lateral variation in the velocity structure is
computed; therefore, a travel-time delay for a specific block could be due to either a real low
relative velocity zone in the block or a variation in the thickness of the block. The same authors
combined P and S receiver functions from seismograms of teleseismic events, recorded at
temporary and permanent stations in the Aegean region, to map the geometry of the subducted
African and the overriding Aegean plates. Similar methodology was followed by Papazachos
and Scordilis (1998) in order to produce tomographies of the crustal structure.

Other Moho depth maps derive from gravity investigations (Makris and Stobbe, 1984;
Tsokas and Hansen, 1997; Tiberi et al., 2001; Tirel et al., 2004). However, Sodoudi et al.
(2006) note that the maps produced by gravity data for the Aegean suffer severe limitations due
to the corrections made for the subducted slab and the thickness of the shallow sediments,
showing thus considerable differences.

The dispersion of the Rayleigh and Love waves are also used to either infer 3-D tomographic
images of the shear wave velocity structure of the crust and upper mantle in the Aegean Region,
or to produce Moho topography models (Kalogeras and Burton, 1996; Karagianni et al., 2005;
Karagianni and Papazachos, 2007; Bourova ef al., 2005; Di Luccio and Pasyanos, 2007;
Raykova and Nikolova, 2007). These investigations are in agreement with the general
characteristics estimated from the previous works in this area.

Based on seismological and other geophysical data, a gross stratification and thickness
estimation is presented by Viti et al. (1997) for the two areas in NW Greece and Central
Macedonia. The authors suggest a depth of 45 km of the base of the lower crust for both
regions.

Small-scale and more integrated studies have been published for the Moho topography,
including the European Region (Grad et al, 2009; Molinari and Morelli, 2011) and
Mediterranean Sea (Marone et al., 2003; Ozeren and Holt, 2010). Usually, these studies
combine many already existing data taken from various types of investigations (e.g. P and S
wave velocities, gravity data, etc.).

After summarising from all published papers and maps (few examples are shown in fig 3.4),
it seems that the thickest crust is located along the Hellenides, with the Moho depth ranging
between 33 and 53 km. An abrupt shallowness in depth occurs between Central-Western
Macedonia and Thrace (Sodoudi et al., 2006; Raykova and Nikolova, 2007; Grad et al., 2009).
A crustal thinning is also imaged in the vicinity of North Aegean Trough (Makris and Stobbe,
1984; Tsokas and Hansen, 1997; Tirel et al., 2004; Raykova and Nikolova, 2007). A further
analysis of the two crustal layers is discussed below.
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Fig. 3.4: Three samples of the available Moho depth maps for the Aegean Region. See text for more
details.

Sedimentary layer and thickness

The sedimentary layer in North Greece varies along a rough E-W direction. The thickness of
the sediments increases from few hundred metres of post-alpine deposits in the Thrace Basin, to
several kilometres of Mesozoic carbonates and sea-ocean sediments in the Pindos Mountain
chain. Depending on the location of the sites where the geotherms and strength profiles are
applied, various suggestions and estimations are used for defining the general composition and
thickness of the sediments (e.g. Smith and Moores, 1974; Ferriére et al., 2004; Di Luccio and
Pasyanos, 2007; Molinari and Morelli, 2011). Furthermore, the V» and Vs of the upper parts of
the crust are also taken under consideration.

Radiogenic heat production in the sedimentary layer is sometimes considered negligible and
heat mainly transfers via conduction. In this case the temperature versus depth function is
expressed linearly. However, for the calculations of the geotherms this small contribution of the
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sediments is taken into account. Therefore, the temperature versus depth function is exponential
(as it is shown in the following chapter), but close to linear.

Upper/lower crust and thickness

The upper-lower crust limit, also known as Conrad discontinuity, is the most hardly defined
modelling parameter. In the broader Aegean Region, the synthesis of the crust is not clear,
especially southwards, due to the presence of the subduction zone. Information is poor and
contains large uncertainties in both results and interpretation. The gross stratification of Viti et
al. (1997), based on seismic and other geophysical data, suggests a depth of the upper-lower
crust limit down to 20 km for NW Greece (including 10 km of sediments thickness) and 30 km
for Macedonia (without any presence of sediments). Moreover, based on crustal velocity
structures (e.g. Makris, 1978; Novotny ef al., 2001; Drakatos et al., 2005; Di Luccio and
Pasyanos, 2007; Ormeni, 2011) the limit of the upper-lower crust can also be inferred.
However, the recently published study of Molinari and Morelli (2011) provides a better view of
the crustal structure of the study area.

Chapman (1986) notifies that the position of the upper-lower crust boundary is a relatively
insensitive parameter for temperature calculations in the lower crust. In fact, the author suggests
that, for a 20% increase of the Conrad depth, when the latter is assumed at 16 km, the
temperature increases 1% for the continental shields and 3% for the continental rifts. This
amount can be considered neglectful and consequently the temperature depending strength
profiles are rather insensitive from the upper-lower crust boundary.

Given that both crustal layers produce radiogenic heat, the exponential function of
temperature versus depth is applied for calculating the geothermal gradient (see in the following
chapter).

Lithospheric mantle and thickness

Lithospheric mantle is the lowest part of the lithosphere where seismic wave velocities
increase significantly. This layer consists of basic rocks of higher density. Its thickness is
calculated by the subtraction of the lithospheric thickness minus the crustal one. The
contribution of radiogenic heat production is negligible and heat mainly transfers by convection.
Thus, temperature increases linearly along depth until it reaches the mantle solidus temperature
of ca. 1350° C at the base of the layer.

3.4 Geothermal gradients

The connection between temperature and depth are expressed by the geothermal gradient
(also simply called geotherm), or in other words the vertical temperature profile. Geotherms
vary significantly between oceanic and continental lithospheres. Generalized global geotherm
models of steady state continental lithospheres are shown in fig. 3.5. However, steady-state
continental geothermal gradients may vary significantly in local-scale regions because they
strongly depend on the lithospheric composition.
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Fig. 3.5: (a) A set of steady state-static geotherms for continental lithosphere. Geotherm
parameter is the characteristic surface heat flow ¢, in mW m™; heat flow at a depth of 55 km
(¢s5) 1s also shown. Solid lines marked by labels ‘granite’ and ‘andesite’ show possible solidii
brackets for wet (minimum) and dry (maximum) melting in the crust. Heavy dashed line
encloses PT field appropriate for metamorphic rocks; solid line polygon encloses steady state
PT field of lower crust in stable regions. Lack of complete overlap in temperature space can be
explained by dynamic crustal forming processes. After Chapman (1986). (b) Typical
continental geotherms constrained by heat flow data for stable regions and by xenolith data for
active regions. Five groups of typical geotherms include (from the coldest to the warmest): 1)
Archean terranes younger than 3.0 Ga; 2) older Archean cratons (which include mostly cratons
of Gondwana-continents) and early Proterozoic terranes; 3) reworked Archean cratons that
have mantle temperatures similar to middle Proterozoic terranes (shown by line with bars); 4)
Paleozoic and late Proterozoic regions; 5) Meso-Cenozoic regions. Thin lines — conductive
geotherms of Pollack and Chapman (1977), values are surface heat flow in mW m™. After
Artemieva (20006).

Temperature depends on various factors and parameters, most of which are attributed to the

rock properties. Before describing the basic concept of the geothermal gradients, a brief

description of these factors would be useful.

Heat flow q

Heat flow q is the rate of heat energy transfer through a given surface; accordingly, its SI

unit is W m™. It is usually confused with the heat flux, though the latter represents the time rate

of the former (W m?s™).

The basic relationship of conductive heat transfer is given by Fourier’s law, which states

that the heat flux or heat flow g at a point within a medium, is directly proportional to the
temperature gradient at this point (Turcotte and Schubert, 1982). For one dimension it is

expressed as:
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dT
dz

or else:

T(z)=—-z [3.4]

el B

where £ is the coefficient of thermal conductivity, T the temperature and z the spatial coordinate
(e.g. depth in the crust). The significance of minus is to show that heat flows towards the
decreasing temperature.

Surface heat flow q is a considerable parameter for producing a 1-D steady-state geothermal
gradient. Practically, it represents the vertical component of the heat being conducted through
the outer few kilometres of the Earth’s crust (Ranalli and Rybach, 2005). The mean measured
heat flow for all continents is 56.5 mW m™ (Turcotte and Schubert, 1982; Ranalli, 1987).
Turcotte and Schubert (1982) suggest that regions of high surface heat flow in the continents are
generally limited to active volcanic areas, which like the areas of active tectonics, they do not
contribute significantly to the mean global heat flow. Viti et al. (1997), during their rheological
calculations for the Central-Eastern Mediterranean, excluded areas of very high heat flow values
(> 200 mW m™) since the latter might be representative of volcanic regions or be associated to
convective heat transfer.
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Fig. 3.6: Surface heat flow maps of Europe based on interpolated heat flow data. The inset (b) zooms in
the Aegean Region. (a) after Cloetingh et al. (2010), (b) after Hurter and Haenel (2002).
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Chapman (1986) quoted that the calculated temperatures in the geothermal gradient are
overall most sensitive to surface heat flow. In fact, he specified that a 10% increase of the
surface heat flow value in either a shield (40 mW m™) or a rift (80 mW m™) can cause 13% and
11% increase of temperature values at a depth of 50 km respectively.

Concerning the available heat flow data for the study area, only global or continental scale
maps are usually found in literature (e.g. fig. 3.6). Several heat flow maps of such scale have
been published (Haenel and Staroste, 1988; Pollack et al., 1993; Artemieva and Mooney, 2001;
Hurter and Haenel, 2002; Artemieva, 2006; Cloetingh et al., 2010). However, a national-scale
map has been proposed by Taktikos (2001) for the onshore area of Greece.

Heat production A

Heat is produced by three fundamentally different geological mechanisms, shortly described

below: radioactive heat production, mechanical heat production and chemical heat production
(e.g. Stiiwe, 2007).

e Radioactive or radiogenic heat is produced in the Earth predominantly by the
naturally occurring radioactive isotopes B8y, U, *’Th and K. Although the
concentrations of these elements in rocks are quite low, the crustal heat production is
significant. Radiogenic heat production in the continental crust is responsible for about
half of the heat flow that can be measured on the earth’s surface.

e Mechanical heat production derives from the forces that deform rocks. The mechanical
energy that is added to the rock will be transformed into other form of energy like
dislocation energy in crystal lattices, potential energy, noise and other forms of energy.
However, it is widely accepted that the majority of this mechanically produced energy
will be transformed into friction heat.

e Chemical heat production is represented by the internal heat of the rocks, defined by
the strength of bonding of the atoms in the crystal lattices in the rock-forming minerals.

Specifying heat production of rocks, especially in the lower crust, is difficult and cannot be
defined by a unique value. An indirect estimation method is represented by the experimental
relationship between P-wave velocity (V) and heat production (Rybach and Buntebarth, 1984).
This relationship was later filtered from the pressure and temperature effects on seismic
velocities by Cermak et al. (1991).

Heat production can be also predicted from experimental models. For example, Lachenbruch
(1968) proposed a geothermal model in which heat production exponentially decreases with
depth (fig. 3.7). This model is expressed by the following equation:

A(z) = Age~"/p [3.5]

where A is the surface heat production and D is the exponential decay constant. A, belongs to
the thermophysical properties of the rocks and is experimentally estimated (table 3.2); its units
are [uW m”]. D has length dimensions and reflects the depth distribution of heat producing
elements. Pollack and Chapman (1977) quote a restricted range for the D value for several heat
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flow provinces. According to their estimations, a value of 8.5 £1.5 km encompasses most of
their results.

HEAT PRODUCTION { uW/m?)
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E | Fig. 3.7: A heat production model proposed
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, rus three diverse types of surface geology found
on exposed shields (Allis, 1979). The solid
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Rock (layer) Ay [0W m”]
various sediments 1.59, 1.4509
limestone 0.627
metasediments 1.7-1.97,1.36 +0.68"”
metasediments (sandstone) | 1.5707
marble 1.0
granite (UC) 0.7 (Archaean)”, 3.57, 0.7 -3.2%, 3.0 +0.7°, 4.0 - 10.0°, 3.6 1.6,
22-45%1.4-339 2.6-5.523 Ma)'?, 1.1 - 3.5(< 20Ma)"?,
2319 282+1.0")
granodiorite (UC) 0.8 1.7+0.47,2.07, 2.45 1.3
quartzite dry and wet (UC) | 1.07, 1.4 (wet)®, 2.5®
diorite (UC) 0.2-0.5%, 0.5 (wet)™, 1.00 £0.4%, 0.8 — 1.6, 0.9 —1.0"", 0.88
+0.3"%)
gneiss (IC) 2.1+0.6"
diabase dry (LC) 0.2—-0.5%,0.49
diabase wet (LC) 0.49
anorthosite (LC) 0.2-0.57,0.2% 0.1"7 0.01 —0.09""
amphibolite (LC) 0.37 £0.19™
granulite felsic (LC) 0.4—-0.87,0.4% 0.4-0.5%
granulite mafic (LC) 0.21,0.25-0.49,0.17
peridotite (LM) 0.002?,0.006%, 0.01 +0.01™

Table 3.2: The surface heat production rate (4,) for various rock types (UC for upper crust, IC for
intermediate crust, LC for lower crust and LM for lithospheric mantle). Numbers in parentheses refer to:
1. Kukkonen and J3eleht (1996) and references therein, 2. Moisio ef al. (2000) and references therein, 3.
Afonso and Ranalli (2004) and references therein, 4. Cloetingh ef al. (2010) and references therein, 5.
Lucazeau and Mailhé (1986), 6. Forster and Forster (2000), 7. Forster et al. (2010), 8. Verdoya et al.
(1998), 9. Fernandez et al. (1998), 10. Fountain (1986), 11. Ashwal et al. (1987), 12. Jaupart and Provost
(1985), 13. Waples (2002), 14. Doser and Kanamori (1986). 15. Beardsmore and Cull (2001).

Regional and local differences in the chemical composition and age of similar rock types
create a range of values, like in granites, which display variable, but usually high, radiogenic
heat production (table 3.2 and fig. 3.7). For example, the low value of 4, (0.7 pW m”) in
granites, derives from an Archaean crust (Kukkonen and Joeleht, 1996) which is expected to be

colder. Going deeper towards the mantle from acid to basic chemical compositions, heat
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generation decreases significantly, with values becoming nearly zero in the lithospheric mantle.
According to table 3.2, in the UC the typical heat production rate is greater than 1.0 pW m™ and
in the LC less than 1.0 pW m™. Heat production in the SL is generally very low and in the LM
can be considered practically negligible.

Thermal conductivity k and rock density p

The most important thermophysical parameters for vertical temperature calculations are the
thermal conductivity k and rock density p. Their SI units are [W m' K'] and [kg m™]
respectively. Although thermal conductivity of rocks in the lithosphere strongly depends on
temperature and pressure (Birch and Clark, 1940; Seipold, 1992; 1998), it is a common practice
in rheological investigations to assume it constant. In table 3.3, the k£ and p values are shown for
various types of rocks, as they have been collected from literature.

Rock | p [kg m”] | k[Wm'K"]

Sedimentary

Sandstone 2200-27007 1.5-42

Limestone 2200-28007, 2605- | 2.0 —3.4M 2.0, 3.3 2 36@D

2688

Dolomite 2200-2800" 3.2-5.00

Marble 2200-2800, 2688 | 2.5 3.0V

Metamorphic

Metasediments 2780"D 3.2

Metasediments (sandstone) | 2650% 3.3

Gneiss 2700, 2680-3080"" | 2.1 —4.2 3.09, 1.5-3.97

Amphibolites 3000 2.5-3.8",25-3.09

Quartzite 2650% 2.59,6.09, 547 53 -8.0"7 5.0+24" 59
+0.8"%, 3.5 +0.4"9, 5.6 +1.9"9, 6.0"7

Granulite felsic 27229 3.0-3.59,3.009

Granulite intermediate 27799 3.0—3.59,3.09

Granulite mafic 29709, 2950-3150 | 3.0 —3.59,2.59

Igneous

Basalt 2950 1.3-2.9D

Granite 26507, 2580-2610” | 2.4—3.8"7 25-3.5® 2.6-2.99 33—
3.8 34 +1.213.5+0.4", 2.8 +0.6"'9,
2.7

Diabase 2900 1.7-2.5D

Diorite 2800 2.8-3.60,25-2.8®

Anorthosite 27500, 27100 1.7-2.5M 2569

Granodiorite 2700-2740, 26907 | 2.6 —3.51,3.09, 2.6 —2.99, 239 22 2.7

Mantle

Peridotite 32500 2.3-3.00

Dunite 32500 3.7-4.60

Table 3.3: The thermophysical parameters of thermal conductivity k£ and density p for various rock types.
More than one range of values is given according to the source of the literature data. The numbers in
parentheses correspond to the following references: 1. Turcotte and Schubert (1982), 2. Cloetingh et al.
(2010), 3. Kukkonen and Joeleht (1996) and references therein, 4. Rao et al. (2006), 5. Joeleht and
Kukkonen (1998), 6. Arndt et al. (1997), 7. Ray et al. (2007), 8. Moisio et al. (2000) and references
therein, 9. Forster et al. (2010), 10. Davis et al. (2007), 11. Fountain (1986), 12. Forster and Forster
(2000), 13. Roy et al. (1981) after Beardsmore and Cull (2001), 14. Reiter and Tovar (1982) after
Beardsmore and Cull (2001), 15. Drury (1986) after Beardsmore and Cull (2001), 16. Barker (1996) after
Beardsmore and Cull (2001), 17. Raznjevic (1976) after Beardsmore and Cull (2001), 18, Dragoni et al.
(1996), 19, Birch and Clark (1940). 20: Fernandez et al. (1998), 21: Lucazeau and Mailhé (1986), 22:
Doser and Kanamori (1986).
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Geothermal gradient equations

According to Jaupart and Mareschal (2007) the vertical temperature profile must be divided
into two main parts: an upper part where heat is transported by conduction and a lower part
where heat is transported by convection. In a steady-state conductive upper part without any
heat-producing (radiogenic) elements, heat flow is constant implying a constant temperature
gradient for constant thermal conductivity, described by the Fourier’s law. In contrast, if heat-
producing elements are present, heat flow and temperature gradient are exponentially expressed.
On the other hand, the temperature gradient in a convective layer is not constant and
progressively tends to decrease in the underlying mantle. However, in a steady-state regime, the
lithosphere is characterized by a nearly linear temperature-depth profile (e.g. Pollack and
Chapman, 1977; Sleep, 2005).

Birch et al. (1968) proposed that, within a heat flow province, there is a linear relationship
between the observed 4eat flow g and the local heat production A of rocks of the crystalline
basement:

q=q,+AD [3.6]

In the equation above, D is the exponential decay constant and g, represents the reduced heat
flow, which characterizes the outflow of heat below a certain layer, in which the local variations
of radioactivity produce the variations of surface heat flow g, (Rudnick et al., 1998; Jaupart and
Mareschal, 1999). Based on the meaning of the parameter D, two basic models have been
proposed (after Cermak and Lastovickové, 1987):

a) the exponential model of Lachenbruch (1968), that characterizes the Earth's crust as a
product of magma solidification when the distribution of heat sources was governed by
geochemical laws, and

b) the step model of Roy ef al. (1968) in which the crust is assumed to be composed of a
series of blocks of vertically constant but horizontally varying radioactivity.

The preferred model is the first one because it is independent of the differential erosion of the
surface rocks (Lachenbruch, 1970). From equation [3.4], if we replace heat production 4 with
the exponential function of depth (equation [3.5]), the temperature profile of a variable layer
will be (Lachenbruch, 1970):

AyD?

z
1) =224+ 2= (1= e )

If the same layer is beneath another one that produces heat, the boundary condition (at z = 0) is
T = Ty. Therefore, the latter equation takes the form of (Cermék, 1982; Cermak and
Lastovickova, 1987):

z AgD?
T(z)=T0+%+ 0

(1 - e‘Z/D)

Replacing the reduced heat flow ¢, with the one of equation [3.6], and for g, = gy and 4 = A,
we obtain:
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— DA AoD? 5
T@) =T, +2° 0,4+ 2 (1-e~) 3.7]

The latter equation can be broadly used in geotherm calculations for heat transfer due to
conduction. If a layer does not produce heat (4, = 0), then the above equation turns back to a
linear function of depth (Fourier’s Law).

Heat in the lithospheric mantle is transported mainly by convection. For this reason, temperature
change versus depth is a linear function as suggested by Dragoni et al. (1996):

Ty —To,y ) [3.8]

T(z) =Ty, +
(2) =Ty, thickness,y

(z — thicknesscy)

where T, is the mantle solidus, 7y, is the Moho temperature and thickness; is the thickness of
the crust.

A temperature sensitivity test for the heat productive crust: the contribution of the
thermophysical parameters k and A,

Since the temperature distribution in the lithosphere is the key-element for computing
strength envelopes, it is important to understand its behaviour along depth for different rock
types. Although surface heat flow ¢, is known for being the strongest affecting parameter, there
are also others that show variability and can also affect the geotherm significantly. Such
parameters are the thermal conductivity & and surface heat production 4,, two thermophysical
attributes of rocks which are defined from laboratory experiments on samples and usually show
not a unique, but a range of values that sometimes vary significantly (tables 3.1 and 3.2). Thus,
before proceeding to any further calculations, it would be important to perform a sensitivity test
and define the temperature limitations based on these factors.

Heat production is solely associated with crustal rocks, so temperature 7 as a function of
depth is described by equation [3.7]. The geothermal gradient in the crust strongly depends on
the thermal conductivity coefficient £ and the surface heat production rate 4,. Since these two
parameters belong to the rock properties and the two layers of upper and lower crust may
consist of different lithologies, the sensitivity tests should be applied to both layers individually.

In order to test how variations in the two layers affect each other, on the top surface of the
UC (which can be also directly exposed on the ground), temperature (7)) is equal to the
maximum temperature (max 7y.,) at the bottom of the overlying sedimentary layer, or equal to
the ground temperature 7, if no sediments exist. At the Conrad interface, the maximum
temperature of the UC (max Tyc) and the surface temperature of the LC (7)) are equal.
Practically, the temperature of the lower crust 7;¢ at every depth is equal to the maximum 77
plus the temperature produced by the heat production of the LC itself (as if it was isolated). In
other words, for every layer, the temperature at any specific depth is the sum of the maximum
reached temperature of the overlying layer, which occurs at the bottom of the layer, and the
temperature, as it is expressed by the heat production function (linear or exponential) of the
layer itself. According to all above, the behaviour of the geotherms in the lower crust can be
independently analysed from the other layers of the lithosphere.
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Testing the UC

In order to test the geotherms behaviour, the modelling of the UC is carried out based on the
most common rock types: granite, granodiorite, diorite and quartzite. The formula used is
equation [3.7], for 7, = T = 286° K and D = 8.5 km. The UC thickness is assumed equal to 30
km (the maximum thickness that can be found in the Aegean). In order to understand the
importance of g, two relatively extreme values are taken, representative of the study area; these
are 40 and 100 mW m™. The mean, minimum and maximum values of k and 4, (table 3.4) are
combined to define the maximum difference of temperature, max AT. There should be an
appropriate combination that will produce the highest and lowest temperatures, or else the
‘warmest’ and ‘coolest’ UC curves (fig. 3.8).

Rock . k[Wm' K" . Ay [pW m]

min max mean min max mean
Granite 2.5 3.5 3.0 2.0 4.0 3.0
Granodorite 2.2 32 2.7 1.0 2.0 1.5
Diorite 2.5 35 3.0 0.6 1.4 1.0
Quartzite 5.0 7.0 6.0 1.0 1.4 1.2

Table 3.4: The minimum, mean and maximum values of £ and A4, (taken from tables 3.2 and 3.3) used to
define the temperature difference that they can produce in the UC.

The characterization of the crust as ‘warm’ or ‘cool’ is relative. The first refers to crusts
where temperature generally increases fast with depth, while the second refers to crusts where
temperature increases slower. This also means that the same temperature is met at shallower
depths in a warm crust than in a coo/ one. Results show that in order to acquire a warm UC, the
minimum values of k and A4, are required and vice versa. This means that the max AT can be
obtained by using the minimum of & and 4, (warm UC) and the maximum of £ and 4, (cool UC)
(table 3.5). This sounds logical if we consider that inside a material with high conductivity and
heat production (warm crust), a shorter distance (shallow depth) is needed in order for the
temperature to be increased by 1°.

3
ke [W/m K| Ao W]y ih | max AT €) max AT (° C)
Rock type Perturbation Perturbation — 2 — 2
o o (km) | ¢p=40 mW/m" | ¢,=100 mW/m
(%) (%)
10 57 124
. 3.0 3.0
Granite 20 127 263
+ +
16.67 33.33 30 200 405
10 62 146
. 2.7 1.5
Granodiorite 20 131 300
+ +
18.52 33.33 30 202 456
10 51 119
.. 3.0 1.0
Diorite 20 107 244
+ +
16.67 40.00 30 166 371
10 23 56
. 6.0 1.2
Quartzite n n 20 45 113
16.67 16.67 30 68 71

Table 3.5: The maximum difference of temperature (max AT) as it is calculated at the main depths of 10,
20 and 30 km, in a 30 km-thick UC, after simultaneously perturbing the mean values (%) of k and 4, to
their extreme values (see also fig. 3.8). This method is applied for both minimum and maximum values of
g that can be met in the Aegean.
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Both fig. 3.8 and table 3.5 indicate that when heat flow increases, the temperature spans

between warm and cool UC increase, and consequently the sensitivity of k and 4, increases. For
the same heat flow regions, the shortest temperature difference is associated to quartzite, while
the largest to granodiorite, which is almost similar to diorite.

Testing the LC

The LC test is carried out by applying the same approach and using the same model
parameters (7, = 286° K, D = 8.5 km, layer thickness = 30 km and ¢, = 40 and 100 mW m).
Again, two hypothetical surface heat flow values are selected, one with ¢, =40 mW m™ and the
other with ¢, = 100 mW m™. The basic change in the LC model concerns the composition of the
layer. The rock types used for modelling LC are felsic and mafic granulite, diabase and
anorthosite. Their k£ and 4, values are given in table 3.6.

Rock kW m’ K] Ay [uW m]

min max mean min max mean
Felsic granulite 3.0 34 3.2 0.4 0.6 0.5
Mafic granulite 2.5 3.5 3.0 0.1 0.3 0.2
Diabase 1.7 2.5 2.1 0.3 0.5 0.4
Anorthosite 2.5 2.5 2.5 0.1 0.3 0.2

Table 3.6: The minimum, mean and maximum values of £ and A4, (taken from tables 3.2 and 3.3) used to
define the temperature difference that they can produce in the LC.

Setting and approach are similar to the UC test. For this reason, only the warm, cool and
average curves are shown in fig. 3.9, as well as the max ATs at the depths of 10, 20 and 30 km
(also in table 3.7).

k [W/mK] Ay [pW/m’]
h . Depth max AT (° C) max AT (° C)
Rock type Pertu:‘batlon Pertu(l)‘batlon (km) o= 40 mW/m® ¢o =100 mW/m’
(%) (%)
Granulite 32 0.5 ;8 ;Z gg
i + +
felsic 6.25 20.00 30 55 125
Granulite 3.0 0.2 ;8 gg ;;
+ +
mafic 16.67 50.00 30 145 350
10 76 187
. 2.1 1.0
Diabase 20 153 377
+ +
19.05 33.33 30 230 -
10 1 3
Anorthosite " o 20 8 8
' 30 15 15

Table 3.7: The maximum difference of temperature (max AT) as it is calculated at the main depths of 10,
20 and 30 km, in a 30 km-thick LC, after simultaneously perturbing the mean values (%) of k& and 4, to
their extreme values. The method is applied for both minimum and maximum values of ¢, that can be met
in the Aegean.
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Comparing with the UC, the max ATs in LC are smaller. The smallest differences are
observed in the anorthosite, whilst in contrast the diabase shows the largest temperature
difference. Moreover, LC seems to be generally warmer than the UC.

3.5 The calibration of the strength envelopes

Parameters and conditions

Following the discussion above, geotherms strongly depend on the rock type of the crust, its
thermal conductivity and its surface heat production. Consequently, the strength envelopes
depend on all these factors, plus the creep parameters which are characteristic of each rock type
(table 3.8). Thus, the choice of the appropriate rheological model for all lithospheric layers is
essential for the correct calculation of the yield stress envelopes.

Rock type Ap [MPa™ s n E [kJ mol]
Limestone (SL) 4.00 10° 2.1 210
Solnhofen limestone (SL) 2.50 10° 4.7 298
Yule marble (SL) 25010 7.7 256
Carrara marble (SL) 1.30 10° 7.6 418
Metasediments (sandstone) 5.00 10° 3.0 190
Granite (UC) 1.26 10" 2.9 106
Granite dry (UC) 1.80-10” 3.2 123
Granite wet (UC) 2.00-107 1.9 137
Quartzite dry (UC) 6.70-10° 2.4 156
Quartzite wet (UC) 3.20-107 2.3 154
Granodiorite to quartz diorite (UC) 1.30 10” 2.4 219
Quartz diorite dry (UC) 1.30-10” 2.4 219
Quartz diorite wet (UC) 3.20-10” 2.4 212
Anorthosite (LC) 3.20-10™ 3.8 238
Granulite felsic (LC) 8.00-10” 3.1 243
Granulite mafic (LC) 1.40-10" 4.2 445
Diabase dry (LC) 8.00 4.7 485
Diabase wet (LC) 2.00-10" 34 260
Olivine (LM) 4.00-10° 3.0 510
Peridotite dry (LM) 2.50-10" 3.5 532
Peridotite wet (LM) 2.00-10° 4.0 471
Dunite dry (LM) 9.55 10° 3.35 444
Dunite wet (LM) 2.00 10° 4.0 471

Table 3.8: The creep parameters of various rock types commonly found in the lithosphere:
Ap is the Dorn parameter, n is the power-law exponent and £ is the activation energy
(Schmid et al., 1980; Chopra and Paterson, 1981; Kirby, 1983; Doser and Kanamori, 1986;
Carter and Tsenn, 1987; Kirby and Kronenberg, 1987; Ranalli, 1987 and references therein;
1995 and references therein; Ranalli and Murphy, 1987; Wilks and Carter, 1990; Karato
and Wu, 1993; Porth, 2000 and references therein).

Most of the modelling parameters can be either directly acquired (e.g. gy, creep parameters,
etc.) or indirectly inferred (e.g. the composition of the lithospheric layers from the elastic waves
velocities). In order to evaluate and calibrate the initial models, three study areas are selected
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where seismic spatial distribution is well known. Aftershock and microseismic studies can
provide estimation about the allocation of the events along depth, and therefore constrain the
BDT zone. It is noteworthy to mention that the brittle part of the lithosphere can be equal or
greater than the maximum depth of the observed hypocentres. The occurrence of an earthquake,
especially if it is of small magnitude, does not necessary mean that the seismogenic layer has
been totally ruptured. On the contrary, the opposite scenario is not valid: the brittle part cannot
be shallower than seismic distribution.

At a certain temperature and pressure, one of the main rheological deformation mechanisms
will become the dominant one. An unconventional division of the strength envelope models can
be found in the literature. The first one, called “conventional model” (e.g. Pauselli et al., 2010),
involves the two older equations of frictional sliding and creep-law deformational behaviours
(equations [3.1] and [3.2]). In this case the rock will be deformed by the dominant mechanism
that satisfies the following condition:

01 — 03 = minif{o; — a3)f, (01 — 03)c|

The second one, which will be called as three-deformational model in this thesis, involves all
three deformational behaviours described in §3.2 (equations [3.1], [3.2] and [3.3]). In this case
the rock will be deformed by the dominant mechanism that satisfies the following condition:

01 — 03 = mini{{o; — 03)f, (01 — 03)¢, (01 — 03) |

The selected study cases belong to the Kozani, South Thessaly and central Mygdonia Basin
regions. These areas have been the investigational field of several seismological studies that
have provided earthquake spatial distribution graphs and data. These data can be used to either
calibrate and/or validate the rheological models based on the calculation of the strength
envelopes. During this procedure, only the three main thermal types of crust discussed before
(cool, medium and warm crust) will be used in the rheological models. In this way, it will be
succeeded to calculate the lithospheric strength according to the extreme and average thermal
conditions of the crust. In order to facilitate the calculations and the visualization of the results,
a routine was programmed in the Matlab” software.

The Kozani region case study

The aftershock sequence of the May 13, 1995 (M,, = 6.5) Kozani earthquake was well
studied (Hatzfeld et al., 1997; 1998; Drakatos et al., 1998a; Papanastassiou et al., 1998;
Papazachos et al., 1998) by using temporary seismographic networks (Hatzfeld et al., 1997; IG-
NOA). The profiles indicate that the majority of the events occurred above the hypocentral
depth of the mainshock (ca. 14.5 km), while fewer and sparse shocks occurred down to a
maximum depth of ca. 17 km.

The rheological model for the Kozani area consists of four layers (SL, UC, LC and LM). The
parameters of the rheological model used for the Kozani area are shown in table 3.9. The
selection of composition and thicknesses are based on the geophysical investigations discussed
in the ‘Lithospheric composition and models’ section. However, the choice of wet peridotite
instead of dry in the LM is preferred also for two other reasons: i) if we consider the study area
as an old subduction zone (Tethys), then the water incorporated in the subducting slab of the
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oceanic lithosphere, in hydrous minerals or as interstitial fluid, may be forced out of the slab by
compaction or by breakdown of the hydrous minerals, migrating upwards into the warmer,
overlying rocks of the LM (e.g. Wyllie, 1971; Boettcher, 1973; Davies and Bickle, 1991;
Peacock, 1991; Katayama et al., 2005), and ii) dry peridotite is more brittle causing a deepening
of the BDT where seismicity is far from being present. Surface heat flow is obtained from the
synthesis of all available literature data in the broader region (Haenel and Staroste, 1988;
Pollack et al., 1993; Taktikos, 2001; Hurter and Haenel, 2002; Cloetingh et al., 2010). Local
strain rate is estimated from various maps (e.g. Hollenstein et al., 2008; Jenny et al., 2004; El-
Fiky, 2000; (figs. 1.4b, 1.5a and 1.6, respectively). The calculation of the geothermal gradients
(fig. 3.10) is based on the same approach used in the geotherms tests.

Kozani Region

qo: 50 mW m™

Strain rate &: 1107 sec’

Fault-type a: 0.75 (extensional tectonic regime)

pore fluid / lithostatic pressure

. 0.36

ratio A:

Lithospheric thickness: 125 km

SL: thickness: 12 km low radiogenic heat production
rheology: limestone / Carrara k=23/28/32Wm'K'
marble / metasediments Ay=0.62/1.0/1.5 uyW/m’

ucC thickness: 13 km radiogenic heat production
rheology: granodiorite warm / for k and 4, see table 3.4 and
medium / cool text

LC thickness: 15 km radiogenic heat production
rheology: mafic granulite warm / | for k and 4, see table 3.6 and
medium / cool text

LM thickness: 85 km heat producti
rheology: peridotite wet 1o hieat production

Table 3.9: Rheological model and parameters used to calculate the strength envelopes in the Kozani
region.

The results (fig. 3.10) show a variation in the depth of the BDT zone which is dependent on
the temperature and the rheology of the layers, as well as on the strength envelope model that is
used (conventional or three-deformational). It is important to notice that the strength values
shown in the diagrams of fig. 3.10 and in the diagrams of the following case studies are the
absolute ones. This selection was made simply for visualization reasons, given that for normal
faulting the strength values should be negative.

In the conventional model, the limestone-granodiorite-granulite mafic-peridotite wet
rheological model has the closest match with the observed aftershock spatial distribution of the
1995 event. The suggested BDT depths range between 17.1 and 19.7 km with the preferred
model that corresponds to a medium geotherm showing 18.4 km of depth. A narrow area of
possible ductile behaviour is observed between the depths of 9.2 and 12 km, but it is considered
too narrow to halt rupture propagation. It is noteworthy that the soft layer can become even
narrower if we use a limestone’s & more than 2.3 W m™ K™ than the one used in the previous
example (the geotherm becomes colder and the behaviour more brittle). The next closely
matching results derive from the other two rock combinations, but with the warm crusts. The
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Carrara marble-warm granodiorite-warm granulite mafic-peridotite wet combination suggests a
BDT depth of 19.3 km while, while the metasediments-warm granodiorite-warm granulite
mafic-peridotite wet combination suggests a depth of 21 km. A significant characteristic of both
combinations is that they do not show any gap of ductile behaviour until the BDT depths.

The three-deformational model shows some differences in the LC of all the rheological
models. A brittle sector appears whose thickness increases from warm to cool crust and from
limestones to Carrara marble and metasediments. In some cases this sector is thin and probably
does not participate to the seismogenic layer thickness. However, the rheological model with the
metasediment-consisting SL seems to be the most inappropriate model.

The South Thessaly case study

A similar procedure is followed for the definition of the BDT zone in the broader Pagasitikos
Gulf area. In fact, based on the microseismic spatial distribution data of Kementzetzidou (1996)
and Hatzfeld et al. (1999), the area can be divided into three sub-regions (fig. 3.11): the eastern,
the central and the western sector. The profiles of the previous authors show a deepening of the
seismogenic layer thickness from ca. 12 km to the east to ca. 18 km to the west.

215

& & &8 P ;\s:
(b) 003 0 15220 25° : s do 15 $20 45
N AR Y4 W7/ W
? % &g % | e o
g g Q-,‘Tb . . ..
310 " g 310 O OO Flg.. 3..11:. Mlcroselsmlc
- © spatial distribution of South
A B’ Thessaly (modified after
20 Kementzetzidou, 1996;
Hatzfeld et al., 1999). (a)
Map view of the epicentres,
(c) major faults, profile traces
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and the frame location of
(c). (b) Profiles showing the
vertical distribution in the
eastern-central part of the
study area. (¢) 3D-view of
microseismic distribution in
the western part of the study
area.
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The rheological models (tables 3.10, 3.11 and 3.12) consist of four layers, like in the Kozani
region. However, the Moho depth shows a gradual deepening from east to west (32 to 40 km

respectively). Surface heat flow also changes accordingly, from 85 to 65 mW m™, with few
localities of high heat flow (Haenel and Staroste, 1988; Pollack et al., 1993; Taktikos, 2001;
Hurter and Haenel, 2002; Cloetingh et al., 2010). The rheological properties of the crust and
LM have been assumed similar to the Kozani region, according to the V» and Vs velocities.
Meanwhile, the composition of the uppermost layer (SL) may be variable from metasediments
towards the east to carbonate rocks towards the west. Southern Thessaly undergoes a faster
deformation with an estimated strain rate of 5.0 10™° sec™ (e.g. Hollenstein et al., 2008; Jenny et
al., 2004; El-Fiky, 2000; (figs. 1.4b, 1.5a and 1.6, respectively).

South Thessaly region — eastern section

q0: 85 mW m”

Strain rate: 5107 sec!

Fault-type a: 0.75 (extensional tectonic regime)

pore fluid / lithostatic pressure

. 0.36

ratio A:

Lithospheric thickness: 125 km

SL: thickness: 6 km low radiogenic heat production
rheology: limestone / k=25/32Wm'K"
metasediments Ap=10.62/1.5uW m>

ucC thickness: 13 km

radiogenic heat production

rheology: granodiorite warm / for k and A, see table 3.4

medium / cool

LC thickness: 13 km

rheology: mafic granulite warm /
medium / cool

LM thickness: 93 km

rheology: Peridotite wet

radiogenic heat production
for k and A4, see table 3.6

no heat production

Table 3.10: Rheological model and parameters used to calculate the strength envelopes in the eastern
sector of the South Thessaly.

South Thessaly region — central section

qo: 70 mW m>

Strain rate: 510" sec”

Fault-type a: 0.75 (extensional tectonic regime)

pore fluid / lithostatic pressure

. 0.36

ratio A:

Lithospheric thickness: 125 km

SL: thickness: 8 km low radiogenic heat production
rheology: limestone k=25Wm'K"

Ay=0.62 pW m™
ucC thickness: 14 km

radiogenic heat production

rheology: granodiorite warm / for k and A, see table 3.4

medium / cool

LC thickness: 14 km

rheology: mafic granulite warm /
medium / cool

LM thickness: 89 km

rheology: peridotite wet

radiogenic heat production
for k and A, see table 3.6

no heat production

Table 3.11: Rheological model and parameters used to calculate the strength envelopes in the central
sector of the South Thessaly.
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South Thessaly region — western section
qo: 60 mW m™
Strain rate: 510" sec”
Fault-type a: 0.75 (extensional tectonic regime)
pore fluid / lithostatic pressure
. 0.36
ratio A:
Lithospheric thickness: 125 km
SL: thickness: 10 km low radiogenic heat production
rheology: limestone k=25Wm'K"
Ay=0.62 pW m™
ucC thickness: 15 km . . .
heolosy: aranodioniie radiogenic heat production
:Var m/r%l}c;dfm Jeool for k and A4, see table 3.4
LC thickness: 15 km . . .
heoloev: mafic aranulitc radiogenic heat production
:Var m/r%l}c;'dium /cog; | for k and A, see table 3.6
M thickness: 85 km no heat production
rheology: peridotite wet P

Table 3.12: Rheological model and parameters used to calculate the strength envelopes in the western
sector of the South Thessaly.

The results of the geotherms and the strength envelopes are illustrated in fig. 3.12. In the
conventional model, the rheological model with the carbonate SL shows a gradual deepening of
the BDT zone towards west, being in accordance with the suggested hypocentral depths of the
microearthquake survey of Kementzetzidou (1996) and Hatzfeld et al. (1999). The BDT depth
for the eastern sector ranges between 11.4 and 13.8 km, for warm and cool crusts respectively,
having a 12.6 km BDT depth for a medium crust. At the central part of the study area, the same
lithological combination suggests a respective BDT depth spanning between 13.7 and 16.5 km,
for a warm and cool crust respectively, with a medium crust providing a depth of 15.1 km. At
the western part, the BDT depth ranges between 16.0 and 19 km for warm and cool crusts
respectively, while depth reaches 17.5 km for a medium crust. It is noteworthy that the
metasediments-granodiorite-mafic granulite-wet peridotite stratific succession in the eastern
sector provides BDT depths close to the observed hypocentral distribution. In particular, the
suggested range is between 12.5 and 15.7 km for warm and cool crust respectively, and the
depth of the medium crust is suggested to 14.1 km.

The three-deformational model of the cool crust thermal state rheological model shows a
brittle sector in the LC. Its maximum thickness is around 6 km. In fact, in the case of limestone-
consisting SL, this brittle sector can be considered negligible for the rheological model of the
eastern sector. Due to its great distance from the upper brittle part of the lithosphere (4-8 km),
any real seismogenic contribution is unlikely.
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Fig. 3.12: Geotherms and yield stress envelopes of South Thessaly for the three sectors
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temperature [°C]

strength [MPa]

(eastern, central and western part). Symbols are similar to fig. 3.10.

The central Mygdonia Basin case study

For the third experimental area both aftershock sequence and microseismic surveys are
available. Indeed, the July 20, 1978 Thessaloniki event was followed by several aftershocks
(Carver and Bolinger, 1981; Soufleris et al. 1982), while in the subsequent decades many
microearthquake investigations were carried out in the broader area (Hatzfeld et al., 1986/87;
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Hatzidimitriou et al., 1991; Galanis et al., 2004; Paradisopoulou et al., 2004; 2006). The
hypocentral distributions obtained from all the studies above, are not deeper than ca. 17 km,
with the only exception the one of Galanis et al. (2004) who suggest depths down to 20 km (fig.
3.13). The latter, however, seems to be rather overestimated.
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Fig. 3.13: Profiles of seismic vertical distribution in the Mygdonia Basin. Top: map of the
profiles locations by (1) Soufleris et al. (1982), (2) Carver and Bollinger (1981), (3)
Hatzfeld et al. (1986/87), (4) Paradisopoulou et al. (2006), and (5) Hatzidimitriou et al.
(1991). Bottom: the profiles corresponding to the numbers in the map above.
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The rheological model comprises four layers (table 3.13), which according to the V» and Vs,
consist of (from top to bottom): metasediments (also dominating as outcrops), granodiorite,
felsic granulite and wet peridotite. The choice of felsic, instead of mafic, granulite in the LC is
justified by the occurrence of a continental crust different from the Kozani area, as far as
Central Macedonia was belonging to a different continental fragment. Surface heat flow varies
inside the basin, with few localities showing high values due to the occurrence of geothermal
fields. Nevertheless, an average value of 65 mW m™ can be confidently estimated. The
Mygdonia Basin undergoes an extensional deformation with an estimated strain rate of 5.0 10"
! (e.g. Hollenstein et al., 2008; Jenny et al., 2004; El-Fiky, 2000; (figs. 1.4b, 1.5a and 1.6,
respectively).

Mygdonia Basin

q0: 65 mW m”

Strain rate: 510" sec”

Fault-type a: 0.75 (extensional tectonic regime)

pore fluid / lithostatic pressure

o 0.36

ratio A:

Lithospheric thickness: 125 km

SL: thickness: 3 km low radiogenic heat production
rheology: metasediments k=32Wm'K"

Ay=15uWm”
uc :‘lllllec(l:ll;ess': ISIim(;i - radiogenic heat production
gy: granodiorite for k and 4, see table 3.4

warm/medium/cool

LC thickness: 15 km - radiogenic heat production
rheology: felsic granulite for k and A, see table 3.6
warm/medium/cool 0 -

M thickness: 92 km no heat production
rheology: peridotite wet P

Table 3.13: Rheological model and parameters used to calculate the strength envelopes in the Mygdonia
Basin.

Both diagrams of the geotherms and the strength envelopes are illustrated in fig. 3.14.
According to the conventional model, the BDT zone depth for a cool and warm crust is 20.0 and
14.9 km respectively. The corresponding BDT zone for a medium crust is 18 km. The
hypocentral depth distribution is within and very close to the depth range of the suggested BDT.
The model containing the high-pressure brittle failure equation shows a small differentiation
only in the cool crust model, in which at the depth of around 30 km and for ca. 7.5 km the LM
behaves again in a brittle way. However, even in this case, this brittle layer is too thin and too
distant from the upper brittle section to allow a continuous rupture of the whole crust.
Moreover, the lack of seismicity at such depths further supports this interpretation.
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Fig. 3.14: Geotherms and yield stress envelopes of the Mygdonia Basin. Symbols are similar to fig. 3.10.

Discussion

In the three test areas, the BDT zones obtained from the strength envelopes as described
above are in good agreement with the suggested seismogenic layer thickness inferred from
seismic distributions. The results of these tests are promising as far as the same methodology
could be also applied to regions where microseismicity distribution is not available neither
aftershock sequences. Following this approach and based on a careful selection of the most
suited rheological model and its thermophysical parameters it could be thus possible to
constrain the BDT depth and therefore the maximum depth and width of the seismogenic
sources affecting these crustal volumes.
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CHAPTER 4

Slip rate

4.1 Strain rate and slip rate

Slip rate definitions and theoretical approach

Slip rate represents the amount of strain that accumulates and then is released across a fault
in a given time period (McCalpin, 2009). Slip rates can be computed over spans of millions of
years (many seismic cycles) to hundreds of years (a single seismic cycle, or a part of a cycle)
(fig. 4.1). Most slip rates published to date have been calculated from the cumulative
displacement of dated landforms or deposits, over multiple seismic cycles, and are termed mean
slip rates, long-term slip rates, or geologic slip rates. Of more use to palacoseismology are the
slip rates of individual seismic cycles, called closed-cycle slip rates, short-term slip rates, or
inter-event slip rates (McCalpin, 2009; Chang and Smith, 2002). According to Shimazaki and
Nakata (1980), there are three recurrence models (fig. 4.2): i) a strictly periodic model, where
slip on fault and time interval between large earthquakes are fixed, ii) a time-predictable model,
where time between large earthquakes is proportional to the amount of slip preceding the
earthquake, and #ii) a slip-predictable model, where time interval between large earthquakes is
proportional to the slip amount of earthquake about to occur. Nonetheless, it is not uncommon
for earthquake events to be clustered in time and then be separated by relatively long periods of
low activity (e.g. Coppersmith, 1988; Dieterich, 1994). This means that estimated short-term
slip rates might be much different from the long-term ones. Another aspect of the geologically
measured slip rate is the difficulty and uncertainty of assessing average slip rates from typically
only a few data points along the fault. Along-strike variations in fault displacement patterns can
be significant and often slip rate data are only available from a few selected sites, typically
where the fault is best expressed in the youngest deposits. Thus, whether data from these sites
are representative of average rates or are closer to maximum values is difficult to assess.

Slip rates are usually the result of palacoseismic investigations and/or surficial studies (such
as scarp morphology). The former provide the best determined results for well-defined,
complete seismic cycles (e.g. Machette et al., 1992; McCalpin, 2009), whereas the latter include
unknown open-ended time periods that can bias results. These open-ended periods include i) the
time since the most recent event and ii) the time between the age of the surface that the
displacement is measured on and the time of the first event to offset the surface. Inclusion of
large open-ended periods in long-term slip rate data from surficial studies may, in part, explain
why observed short-term slip rates are much higher than long-term rates (Wong and Olig,
1998).
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Methods of Calculating Slip Rate

Total slip on Geomorphic Evidence Stratigraphic
SLIP Structure/ Basin| Faceted Spur | Quaternary Evidence;
(A) Height (B) fault scarps on | discrete
Surfaces (C) Displacements
AGE D
(D)

Time Since A1 (Ex: 2000 m throw

Initiation of since 20 ’:’)'a =01 mhka =

Faulting (1) o

Ages of B2 (dePolo, 1998) C2 (scarp height D
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Landforms (2)

AgeS Of D3 (D3a, open and
Displacement closed cycles: D3b, closed
Events (3) cycles only)
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(temporal variability assessed) (temporal variability unknown)
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(Measurement Error, (Measurement Error,
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Fig. 4.1: Comparison of methods for calculating slip rates, based on the datum on which
slip is measured (SLIP), and the time period over which it is measured (AGE). Methods Al
and B2 describe landscape elements that formed over hundreds of ka to a few Ma, and do
not distinguish individual palacoearthquakes or seismic cycles; thus they belong more to
neotectonics than to palacoseismology. Method C2 may be based on late Quaternary fault
scarps produced by a small, known number of palacoearthquakes. Method D3 is based on
trenching investigations that date individual palacoearthquake displacements directly. After
McCalpin (2009).
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As slip rates are usually measured over longer time periods than recurrence intervals, they
may not reflect the most recent palacoseismic behaviour of a fault or its short-term variations.
Because in performing probabilistic SHA, the intent is usually to assess the hazard in the near
future for engineering applications, a characterization of the most recent behaviour of seismic
sources is often desired. Unfortunately, detailed slip rate data to characterize possible short-term
variations in activity is lacking for most faults. In the present research, it is attempted to
estimate the short term slip rate from geodetic strain rates. The strain rate field, usually provided
as maps, can be considered as the result of i) strain generated by faulting which is practically
spread around in a buffer zone corresponding to the damage zone of the fault (fig. 4.3d), and ii)
strain accumulated in the interposed volumes, which is produced by elastic or plastic
deformation, part of which is taken up by diffuse micro-fracturing producing minor seismicity.
Considering that the strain accumulated during the inter-seismic period is concentrated in a
restricted volume surrounding the fault zone, a buffer zone can be defined across the fault trace
(fig. 4.3d). During a seismic event, most of the so far accumulated elastic strain is suddenly
released on the fault plane and transformed into relative slip, leaving a small, practically
neglectful amount of plastic deformation (fig. 4.3¢).
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4.2 Strain

Strain rate definitions and formulae

In homogeneous deformation, the infinitesimal change in length normalised by the original
length is expressed by the dimensionless /inear strain ¢:

1=l Al

=— 4.1

&

where /y, / and A/ are the initial length, the final length and their difference, respectively.

Angular strain y measures the change in angle between two lines that were initially
perpendicular (fig. 4.4a). This deformation parameter is commonly expressed by the tangent of
this angle and is called shear strain y:

y =tany [4.2]

y
A s
~ -
~ -
T ~o P
-
~ -
~. -
~ -

Q

a) simple shear
Y

A1'A3
X

A1' 3 i -
> sin26 -3

sin26 -4

¢) Mohr circle and ellipsoid for strain

Fig. 4.4: Examples of deformation and strain: a) simple shear (B represents the buffer zone), b) pure
shear, and ¢) Mohr circle and ellipsoid for strain (modified from Leeder and Pérez-Arlucea, 2006; van der
Pluijm and Marshak, 2004). Displacement from A to A’ in (a) is equal to the strike-slip displacement (s).
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For any strained body, shear strain can be calculated for any line forming an angle 6 with
respect to the maximum principal strain axis ¢, if the orientation and values of ¢; and ¢; are
known (fig. 4.4). In case of finite strain, a quantity called the quadratic elongation A is
preferred, which is defined as:

z:(éf=(1+@2 [4.3]

From the representation of the finite deformation on the 2-y Mohr plane (fig. 4.4c) and based
on the maximum and minimum quadratic elongations 4, and 43, it is possible to obtain both the
quadratic elongation A and the shear strain y for any generic direction as a function of its
relative angle 6 with one principal strain axis:

M+ A4—1
e S B S

2 4.4
> 2costS’ [4.4]

=2
y = L5 sin26 [4.5]

213

Volume change A is expressed by the following equation:

V-V
A= 0
Vo

= /11/12/13 - 1

where V) is the initial and V' is the final deformed volume. In case of plane strain, the previous
equation is reduced to:

A:m_l [4.6]

As well known (fig. 4.4¢), the maximum shear strain 7y,,., occurs when 6 = 45° and equation
[4.5] becomes:

i) o
0 A ‘

Available datasets

Three strain rate datasets are available for the Aegean, all deriving from GPS velocities. Two
of them, published by Hollenstein et a/. (2008) and Jenny et al. (2004), consist of maps showing
both principal strain axes & and &3 (figs. 1.4b and 1.5a, respectively). The third dataset,

provided by El-Fiky (2000), consists of maps showing areal dilatation, maximum shear strain
and principal strain axes orientation (fig. 1.6). Regarding the data shown in fig. 1.4b
(Hollenstein ez al., 2008), these were kindly provided in ASCII format by Prof. Em. Hans-Gert
Kahle and Ph.D.c. Michael Miiller of the ETH Ziirich University. In this way, accuracy and
computation speed were facilitated.
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Fig. 4.5: 3D sketch showing how the principal strain axes ¢; and ¢; are
related with the complete slip vector st. Angle ¢ is the azimuth of ¢;.that can
provide angle € (see text and fig. 4.4).

Both datasets of Jenny et al. (2004) and Hollenstein ez al. (2008) needed further process in
GIS environment: the principal strain axes &; and €3 and the azimuth of &; shown as angle ¢ in
the example of fig. 4.5, were interpolated into three distinct grids (by using the natural
neighbour interpolation method) in order to be processed by the ‘zonal statistics’ tool of the
‘spatial analyst’ extension in ArcGIS software. With this procedure, the average values of all
three parameters were computed within each fault’s buffer zone. After converting the ¢ angle to
0 angle (based on the fault strike), the data were ready to be used for the further calculations.
The dataset of El-Fiky (2000) needed no further processing, except from the measurement of the
@ angle and its conversion to 6.

4.3 Methodology

Case 1: principal axes and their orientation are known

If the strain tensor (principal axes and their orientation) is known for a seismogenic area, it is
possible to calculate either the quadratic elongation parallel to the dip-direction of the fault (eq.
[4.4]) and the shear strain parallel to the strike of the fault (equation [4.5]; fig. 4.5). If both
parameters are then multiplied by the width of the buffer zone (B) where strain concentrates, it
is therefore possible to calculate the fault's heave (s,.) and the strike-slip component (s,,) (fig.
4.5):

S, =A-B

Subsequently, from heave, strike-slip component and dip-angle (J in fig. 4.5), the complete
slip vector s7 can be easily computed using trivial trigonometric relationships (viz. rake; fig.
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4.5). If the available starting values are strain-rates instead of strains and all the above
parameters are divided by unit time the procedure will provide the slip rate of the seismogenic
sources.

Case 2: areal dilatation, maximum shear strain and principal axes orientations are
known

From areal dilatation and maximum shear strain we need to calculate the maximum and
minimum quadratic elongations 4; and 4;. Solving equations [4.6] and [4.7] according to 4; and
As;, we get:

M =Vimar A +D)2 4+ (A +A) - VVimar 21+ D)2+ 1 [4.8]

Following this step, the procedure is similar to the one described in the previous case.

4.4 Results and discussion

Results

Both slip rate and rake for each CSS in North Greece are listed in table 4.1, based on the
three datasets of Jenny et al. (2004), El-Fiky (2000) and Hollenstein et al. (2008). In order to
compare the results obtained from the three different strain datasets, the calculated slip rate
values of all CSSs which are at present included in GreDaSS (fig. 6.1) have been interpolated
by the natural neighbour method. Thus, based on this facilitation, we can observe that i) the
three maps show the lateral variability of the slip rate in the different sectors of the broader
Aegean Region emphasising the sectors characterised by more intense deformation (fig. 4.6),
and ii) the major features and overall trends of the three maps do not differ significantly as
expected being the very original GPS datasets largely overlapping. The slip rates found in the
literature are also shown in table 4.2 for direct comparison with the geodetically calculated
ones.

Concerning the results deriving from the Hollenstein ez al. (2008) dataset, these might show
irregular values for the northernmost part of Greece. Indeed, the data coverage in this area is not

complete and CSSs located near to the boundary might not have geologically meaningful results
(fig. 1.4b; table 4.1).

El-Fiky 2000) | Jenny eral. 2004) | Hollensteineal.
Haul Fault name CAULL,
code Slip-rate | Rake Slip-rate | Rake Slip-rate | Rake
(mm/a) (deg) | (mm/a) (deg) (mm/a) (deg)
GRCS001|Tyrnavos* 0.62 290 0.4 262 1.02 268
GRCS002|North Tyrnavos Basin* |  0.66 285 0.49 266 1.18 261
GRCS004|South Tyrnavos Basin* |  0.52 286 0.42 256 0.91 257
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Fault

El-Fiky (2000)

Jenny et al. (2004)

Hollenstein et al.
(2008)

code Fault name Slip-rate | Rake Slip-rate | Rake Slip-rate | Rake
(mm/a) | (deg) | (mm/a) | (deg) (mm/a) | (deg)

GRCS010|Pagasitikos Gulf* 0.50 257 0.52 238 0.97 238
GRCS015|Vasilika 0.55 284 0.56 260 0.90 260
GRCS020|Domokos* 0.47 302 0.54 282 0.39 304
GR(CS025|Karditsa 0.54 276 0.43 273 0.36 305
GRCS040|Omolio 0.46 310 0.39 292 0.91 273
GRCS048|Deskati 0.43 271 0.28 276 0.56 249
GRCS050|Aliakmonas* 0.46 243 0.35 265 0.31 244
GRCS058|Vergina 0.47 271 0.31 287 0.12 222
GRCS060[North Almopia* 0.57 264 0.36 267 0.23 300
GRCS068|South Almopia Fault 0.34 247 0.25 259 0.24 266
GRCS070(Amyndeo 0.30 236 0.19 276 0.05 231
GRCS072|Ptolemaida 0.25 222 0.20 259 0.05 228
GRCS077|Komanos 0.33 233 0.28 264 0.11 260
GRCS080|Florina 0.31 247 0.16 285 0.03 172
GRCS090|Kastoria 0.37 282 0.12 306 0.13 231
GRCS100|Mygdonia* 0.45 295 0.37 292 0.16 39
GRCS110|Stratoni-Varvara 0.95 281 1.06 275 0.28 308
GRCS120[Sochos 0.78 266 0.68 270 0.15 12
GRCS130|Belles 0.34 272 0.24 270
GRCS140|Drama 0.37 302 0.23 255
GRCS145|Serres* 0.47 284 0.40 273 0.15 322
GRCS150|Thrace 0.44 228 0.24 209 0.32 224
GRCS155|Symvolon 0.41 192 0.28 161 0.33 170
GRCS160|Maronia 0.51 263 0.44 240 0.66 262
GRCS170|Doxipara 0.33 207 0.32 228
GRCS240|Pylaea 0.42 283 0.32 291 0.13 42
GRCS245| Asvestochori 0.39 312 0.26 313 0.14 82
GRCS250|Anthemountas 0.46 285 0.37 292 0.15 4
GRCS260|Gomati 0.68 300 0.78 291 0.35 352
GR(CS270|Singitikos Gulf 0.62 296 0.70 291 0.61 308
GRCS280 (S)t‘ff‘gggrihalkld‘kl 0.98 254 1.43 249 173 241
GRCS285 (S)t‘?t};g;iassa“dm 0.76 268 0.81 264 1.34 265
GR(CS288|Samothraki 0.59 257 0.77 248 1.26 238
GRCS290(North NAT 1.96 261 2.51 252 3.15 252
GRCS300|Konitsa 0.37 227 0.20 257 0.10 191
GRCS310|Petoussi* 0.84 86 3.02 89 3.60 96
GRCS390|Kerkyra 0.59 263 0.39 283 0.45 28
GRCS800|South NAT 0.73 220 1.05 166 1.26 166
GRCS810|North Aegean Basin 0.54 159 0.92 150 1.23 152
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El-Fiky 2000) | Jenny eral. 2004) | Hotlensteineral.
s Fault name CAULL,
code Slip-rate | Rake Slip-rate | Rake Slip-rate | Rake
(mm/a) (deg) (mm/a) (deg) (mm/a) (deg)
GRCS815|Mavrovouni offshore 0.71 293 0.79 279 1.56 289
GRCS820|Pelion offshore 0.72 306 0.92 296 1.39 303
GRCS825|Lemnos 0.82 131 1.45 115 2.70 107
GRCS831|Aghios Efstratios* 0.78 131 1.20 122 1.56 126

Table 4.1: Slip-rate and rake values calculated for each seismogenic source in North Greece, deriving
from the three geodetic strain rate datasets (El-Fiky, 2000; Jenny et al., 2004; Hollenstein et al., 2008).
Sources with asterisks refer to faults with already existing slip-rates in literature (table 4.2). Some sources
which are based on the strain rate of Hollenstein et al. (2008) have blank values because the provided grid
does not cover the very northern parts of Greece. This issue might also cause problem to sources that are
near to the edge of the covered area.

Fault code Fault name S.hp rate (mm’a)
min max
GRCS001 Tyrnavos 0.05 0.4
GRCS002 North Tyrnavos Basin 0.1 1.0
GRCS004 South Tyrnavos Basin 0.1 0.5
GRCS010 Pagasitikos Gulf 1.0 3.0
GRCS020 Domokos 0.3 0.5
GRCS050 Aliakmonas 0.3 2.0
GRCS060 North Almopia 1.0 1.0
GRCS100 Mygdonia 0.1 0.7
GRCS145 Serres 0.05 0.1
GRCS310 Petoussi 0.1 0.3
GRCS831 Aghios Efstratios 5.0 5.0

Table 4.2: Slip rates of the seismogenic sources for which literature data are
available.

Discussion

Focusing on the study area (North Greece), the geodetically obtained slip-rates show
reasonable values according to the regional tectonic regimes and the overall geodynamic setting.
The reliability of the applied approach could be tested by comparing the results with the few
geological slip rates defined or at least constrained for some of the seismogenic sources in
Northern Greece (sources marked by an asterisk in table 4.1; see next chapter for each specific
source). For the ten available sources (Tyrnavos, North and South Tyrnavos Basin, Pagasitikos
Gulf, Domokos, Aliakmonas, North Almopia, Mygdonia, Serres and Aghios Efstratios) the
geodetic slip rates are either similar to or at least they have the same order of magnitude of the
geological ones. However, the calculated geodetic rates are usually less than the geological
ones. This can be explained by the fact that GPS stations measure velocities during a very short
period of a seismic cycle. Strain accumulation is not necessarily linear with time, so it cannot be
inferred that its rate is steady during the seismic cycle. And since GPS stations are not dense
enough to isolate measurements across specific faults, information is rather diffused. In other
words, an ideal measurement would be at least two stations monitoring the footwall and
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hanging-wall at the central part of a seismogenic source for at least one seismic cycle.
Nonetheless, even if the first condition is satisfied, the second one is not realistic and would be
pointless in terms of SHA. In summary, this preliminary approach is quite encouraging and the
homogeneity of the results provides a uniform comparison of slip rates between various
seismogenic sources.
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Fig. 4.6: Slip rate lateral variation maps of the study area (highlighted) and the broader Aegean
Region, based on geodetically induced strain rate data taken from a) El-Fiky (2000), b) Jenny et
al. (2004), and c) Hollenstein et al. (2008). The CSSs represent the state-of-the-art of GreDaSS
(see also fig. 6.1).

The geodetically calculated rake in this study shows greater consistency with the ones
geologically-seismologically determined for the CSSs of North Greece. The majority of the
calculated values rarely fall outside the previously constrained range and when this happens the
difference is lower than 10°. These latter cases are usually found in the transition areas between
the transtensional region of NAT and NAB and the extensional surroundings. Larger
discrepancies can be found in the westernmost part of Northern Greece (Kerkyra and Petoussi
CSSs), where the calculated rake for the Petoussi CSS implies an almost purely reverse faulting,
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while the geological information suggest a prevailing transcurrent kinematics. This discrepancy
can be expected for this region if we consider its geodynamic and seismotectonic complexity
due to the close presence of the Aegean-Apulian convergence zone.
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Fig. 4.6 continued.

Although the compilation of GreDaSS in central and southern Aegean is beyond the goals of
this research, a preliminary version of the database was available during the final preparation
stages of the Ph.D. thesis. By comparing the calculated rake values with the ones taken from
GreDaSS outside the investigated area (North Greece), we may observe a similarity for northern
Greece (from Gulf of Corinth and northwards), but an evident inconsistency in southern Greece
and especially in the areas surrounding the subduction zone. For example in Crete, the
calculated rakes suggest mostly reverse faulting, while geological-morphotectonic
investigations (Angelier, 1979; Angelier et al., 1982; ten Veen and Postma, 1999; Fassoulas,
2001; Ring et al., 2001; Papanastassiou et al., 2004; Peterek and Schwarze, 2004; Caputo et al.,
2006b; 2010a; 2010b) as well as focal mechanisms of shallow events (Delibasis et al., 1999;
Jost et al., 2002; Kiratzi and Louvari, 2003), clearly show an extensional tectonic regime

&3



Chapter 4. SLIP RATE

affecting the upper crust. One possible answer about this inconsistency could be the fact that
GPS stations in the South Aegean are sparse due to the sea. In all GPS campaigns, the closest
stations north of Crete are positioned in the Cyclades, and more specifically on Melos and Thera
Islands. Given that both islands belong to the volcanic arc of the Aegean and stand over
magmatic chambers, it is not unlikely that these two stations could record 'local' movements not
linked to the geodynamics and tectonics of the area. If both these stations are removed, the
velocity difference between the Cyclades and Crete becomes significantly lower. Another
possible explanation could be the fact that the contraction recorded by the GPS stations could
reflect lithospheric-scale deformation that might not behave similarly to the shallower sector of
the crust. The lack of a denser network cannot resolve this problem yet.
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Fig. 4.6 continued.
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CHAPTER 5

The seismogenic sources of North Greece

5.1 Introduction

The most completed parameters and metadata of GreDaSS are included in the seismogenic
sources of North Greece. After observing the geometry and kinematics of the sources in this
area, a rough division in 5 sectors can be inferred (fig. 5.1): i) a northern E-W trending fault belt
in Thrace and Eastern Macedonia (§5.2), i) a complex E(SE)-W(NW) trending fault system
affecting the Chalkidiki peninsula and possibly associated with low-angle detachments (§5.3),
iii) the NE-SW trending ‘anti-Hellenides’ fault system in Western Macedonia and Epirus (§5.4),
iv) the E(SE)-W(NW) trending Thessalian fault system (§5.5), and v) the (E)NE-(W)SW
trending North Aegean Sea fault system, which is almost exclusively located offshore (§5.6).
Based on this discrimination, in the following sections seismogenic sources will be synthetically
described and discussed, in terms of seismotectonic parameters, relations with historical and
instrumental earthquakes and seismotectonic behaviour wherever it differentiates. However,
DSSs are excluded since they practically do not contain any useful information. It is important
to mention that there are few CSSs that are either in progress or in debate. These sources,
symbolized differently in the respective maps, are the Symvolon (GRCSI155), Vergina
(GRCSO058), Florina (GRCS080), Kastoria (GRCS090), Deskati (GRCS048) and Karditsa
(GRCS025). Moreover, seismogenic sources are also present near to, but out from, the borders
of Greece. These sources can affect vital constructions or populated areas in the Greek territory
and should be taken into account when estimating SHA. However, this exceeds the purposes of
the thesis and it was decided not to be included.

In the following descriptions, each sector has an introductory text. Seismogenic sources are
presented grouped when a CSS spans one or more ISSs. The discussion in such cases is
cumulative and, like in individual cases, it includes reviews and critical analyses of data and
non-parametric information that might concern fault’s behaviour, interaction, earthquake
associations, etc. Furthermore, some minor fault segments might be discussed even if they do
not qualify to be included in the database individually due to their small size and their low
potential magnitude capability (below M 5.5). Their discussion, however, might contain useful
information about their behaviour (interaction, linkage, efc.) inside the fault zone. Concerning
earthquakes, fig. 5.2 shows the events that are associated, discussed or referenced in the
descriptions that follow. All geometric and seismotectonic numerical parametric information are
included in appendix /.

The geodetically calculated slip rates from the previous chapter have been taken into account
for the CSSs. However, when literature (“geological”) information is also available (see §4.4),
both data are revised and the best combination is selected for these specific sources.
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Fig. 5.2: Map showing earthquakes that are associated, discussed or referenced in the description of the
seismogenic sources. The epicentres have been taken from the catalogue of Papazachos et al. (2000;
2009; http://geophysics.geo.auth.gr/ss/). Any doubts about epicentral locations (e.g. the 1978,
Thessaloniki earthquake) are discussed in the text.

5.2 The northern fault belt

Northern continental Greece and particularly Thrace and Eastern Macedonia are affected by
several roughly E-W trending normal faults forming an almost continuous regional-scale fault
belt extending for more than 300 km starting from the border with Turkey to the Vardar Valley
(fig. 5.3). In the database are included five CSSs some of which also contain well defined
segments (ISSs).

Some historical seismic events, among which are the Komotini 1784, Drama 1829 and
Xanthi 1829, occurred in this region and are discussed in the following together with the
causative faults. However, no moderate-to-strong earthquakes have hit the area since then and
certainly not during the instrumental period.

Doxipara CSS170

Relatively less explored, the Doxipara CSS probably exceeds the Greek borders from both
sides inside the Bulgarian and Turkish territory (e.g. Goriir and Okay, 1996). Having only few
published data from Chatzipetros and Pavlides (2009) and more unpublished from Pavlides and
his colleagues, the fault zone is characterized by normal dip-slip kinematics. It mainly dips
towards NNW, but many antithetic faults also occur. The fault has uplifted Neogene sediments,
forming a roughly oriented E-W set of hills on its footwall that have been smoothed due to
erosion. Although morphology is not tectonically well formed, palacoseismological evidences
imply the connection of this structure with the 1752 Edirne earthquake. An older event that
occurred between 960 BC and 2™ century AD might also be a possible candidate. Moreover,
surface displacement is calculated to approximately 1 m, while recurrence interval should be
quite long. Fault’s historical activity is also evidenced by its effect on an archaeological site that
consists of a tumulus of the 2™ century AD. In more detail, one of the two brick-built altars was
found heavily deformed by a system of normal faults showing a total net displacement of ca. 0.9
m.
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Maronia CSS160

The Maronia CSS has been studied by Chatzipetros and Pavlides (2004) and Mountrakis et
al. (2006). It possibly continues offshore to the west, as suggested by bathymetric maps, while
to the east, a microseismic sequence during June and July, 2004 (Kiratzi e al., 2005) as well as
some morphological evidences suggest that the fault probably extends eastwards to the Evros
Valley. Chatzipetros and Pavlides (2004) recognize three segments. i) The Marmaritsa Fault, to
the west strongly controls the shoreline by creating an impressive N110°-120° striking scarp
associated with a southwards dipping (55°-60°) fault. This segment is characterised by an up to
5 m-thick brecciation zone, showing evidence of recent reactivations (corrugations, striations,
etc.). ii) The central Messimvria Fault, striking E-W and dipping southwards (70°-75°) mainly
extends offshore and is based on bathymetry. iii) The eastern Makri Fault, partially overlapping
the Messimvria Fault, is associated with a group of minor south-dipping sliding planes affecting
young (Late Quaternary?) sediments and elongated marine terraces. The latter is the most active
segment among the three, but the dimensions are not sufficient to produce at least an
intermediate event (M > 5.5), and therefore they have been not included in the database as ISSs.
The investigation of the microseismic sequence in 2004 (Kiratzi et al., 2005) suggests nodal
planes of similar orientation (approximately E-W) and moderate dip-angles. It is also worth
mentioning that the behaviour and interaction of the segments have not been sufficiently
investigated.

The suggested maximum expected magnitude from the empirical relationships represents the
worst case scenario which is a rupture of the entire fault length.

Thrace CSS150 (Komotini ISS150, lasmos ISS151 and Xanthi 1SS152)

This long S-dipping tectonic structure separates the Rhodope Mountain, to the north, from
the Kavala-Xanthi-Komotini basin, to the south. The strike of the fault trace varies forming
significant angular bends. Extensional faulting has been occurring since at least the Miocene
and striations bear evidence of three tectonic phases (Lybéris, 1984; Lybéris and Sauvage,
1985). The trace has been well mapped by several researchers (Lybéris, 1984; Mountrakis and
Tranos, 2004; Rondoyanni et al., 2004). Based on sea bottom seismic reflection profiles
(Martin, 1987), the structure likely continues offshore westwards within the Gulf of Kavala.

This CSS is divided in four major segments (Mountrakis and Tranos, 2004; Mountrakis ef
al., 2000), but only the three easternmost ones show clear morphological evidence of recent
activity and they have been classified as distinct ISSs: Komotini, lasmos and Xanthi (from east
to the west, respectively). The fault barriers between segments are due to change in strike and
dip generating overall zig-zag geometry. The dip seems to progressively decrease towards the
west (Mountrakis and Tranos, 2004; Mountrakis et al., 2006; Rondoyanni et al., 2004). This
probably implies that maximum depth of the fault zone also progressively decreases westwards.
The slip vectors measured on fault outcrops indicate a generally dip-slip normal kinematics,
though oblique-slip displacements locally prevail (Lybéris, 1984; Mountrakis and Tranos, 2004;
Mountrakis et al., 2006; Rondoyanni ef al., 2004). Taking into account the characteristics of the
geometrical barriers and assuming the possibility of a dynamic triggering model, the worst case
scenario implies the contemporaneous rupture of more than one segment. The “softest” barrier
is probably the one between the Xanthi and lasmos segments which some authors already

&9



Chapter 5: THE SEISMOGENIC SOURCES OF NORTH GREECE

describe as a unique structure (Lybéris, 1984; Rondoyanni et al., 2004). The maximum expected
magnitude is obtained by assuming a 44 km-long potential rupture and using empirical
relationships (Wells and Coppersmith, 1994; Pavlides and Caputo, 2004).

The Komotini ISS has been tentatively associated with the 1784, November 6 earthquake
(Papazachos and Papazachou, 1997; 2003; Mountrakis et al., 2006), though the estimated
magnitude (6.7; Papazachos and Papazachou, 1997; 2003) could be much lower (e.g.
Ambraseys, 2009). The more recent earthquake that occurred on April 11, 1829 in Xanthi is
lively debated. Indeed, Papazachos and Papazachou (1997; 2003) consider it as a foreshock of
the May 5, 1829 Drama earthquake (see the Drama CSS following), while the description in
Ambraseys’s (2009) catalogue mentions that the area near Xanthi town was mainly ruined, in
contrast with the surrounding area of Drama that was mostly damaged by the second event. If
this is the case, then the April 11 earthquake was not a foreshock of the same seismogenic
source, but a distinct event that probably triggered the Drama earthquake ca. one month later, as
also suggested by Pavlides and Caputo (2004). Accordingly, the April 11, 1829 earthquake has
been associated with the Xanthi ISS.

Drama CSS140 (Drama ISS140 and Prosotsani 1ISS141)

The Drama CSS, bounding the Drama Basin to the north, is a S-dipping fault zone that
consists of two major segments: the Drama and Prosotsani 1SSs. Both segments are discerned
based on detailed morphotectonic mapping (Mountrakis et al., 2006) and show a right-stepping
geometry with a significant overlap. Most geometric and kinematic parameters proposed by the
same authors are in agreement with the focal mechanism of a moderate event (M,, = 5.2) that
occurred on November 9, 1986 (Dziewonski et al., 1986; Vannucci and Gasperini, 2003; 2004).
In particular, where the overlap occurs both segments probably join at depth into a single
shallow-angle fault plane.

Papazachos and Papazachou (1997; 2003) characterise the May 5, 1829, Drama earthquake
as a catastrophic event with a magnitude of 7.3. Probably, this is an overestimated magnitude
due to the occurrence of the strong nearby April 11 earthquake (see discussion in Thrace CSS).
The May 5 event has been associated with the Drama CSS (Mountrakis ef al., 2006), but not to
any of the two segments. The maximum expected magnitude of 7.0 is suggested after applying
several empirical relationships (Wells and Coppersmith, 1994; Pavlides and Caputo, 2004) and
confirms the overestimated earthquake of 1829 in Drama.

Serres CSS145

The Serres fault zone dips to the south and shows a slight curvature and consequent strike
variation from WSW-ENE to NW-SE, from west to east, respectively (Tranos and Mountrakis,
2004; Mountrakis et al., 2006). Four segments are suggested for the whole shear zone, but the
length of each proposed segment is probably not sufficient to produce at least moderate events;
additionally the geometric characteristics of the segment boundaries are not well defined.
Accordingly, no specific ISSs have been included in the GreDaSS. The western E-W trending
sector (ca. 20 km) shows the most prominent fault trace, while a subtle scarp in Pleistocene
deposits continues SE-wards, possibly making the total length more than 30 km.
Morphotectonic evidence of recent activity is not homogeneous along strike and it is mainly
represented by a 7 m-high fault scarps affecting Late Pleistocene deposits in the central sector
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(Tranos and Mountrakis, 2004). No historical nor instrumental earthquakes are associated with
this fault zone, but this crustal scale tectonic structure is certainly capable of generating
moderate (to strong) seismic events as far as it is optimally oriented with respect to the present-
day stress field. Moreover, it fills a structural gap between the Drama CSS, to the east, and the
Belles CSS, to the west, thus contributing to accommodate the regional N-S lithospheric
stretching affecting the Southern Aegean.

Belles CSS130 (Petritsi ISS130 and Kastanoussa 1SS131)

The Belles CSS is a long fault zone bordering an impressive linear mountain front and is
characterized by thick multi-generation alluvial fans accumulated in the hanging-wall block
(Psilovikos and Papaphilippou, 1990; Mariolakos et al., 2004; Pavlides et al., 2004a). The
whole Mount Kerkini (commonly referred to as Belles), which represents the border between
Greece and Bulgaria-FYROM, has been considered a recent tectonic horst by Psilovikos (1984).
On the basis of morphotectonic mapping and morphometric analyses, the fault zone has been
active during Quaternary and especially the Holocene, while the observed striations are
mechanically compatible with the present-day extensional stress field (Pavlides et al., 2004a).

Mountrakis et al. (2006) separated the fault zone into two major segments that were
approximately adopted in the database: the Petritsi (to the east) and Kastanoussa (to the west)
1SSs. Both segments have similar lengths and a slight right-stepping geometrical relationship.
Lateral variations in the degree of activity are debated. For example, based on several
geomorphic features (well-developed fault scarps with accelerated erosion, deposition of
younger generations of alluvial fans upon older fan heads close to the fault zone, more extensive
fan deposits, slightly entrenched torrents and much higher elevations of the fan heads),
Psilovikos and Papaphilippou (1990) suggest a higher activity on the western segment, while
based on the deflection of the Strymon River (Pavlides et al., 2004a; Mariolakos et al., 2004)
and a low value of the mountain front sinuosity index, the eastern sector is suggested to be more
active.

No major historical earthquakes are reported in the catalogues. It is noteworthy that
immediately N-NW of Lake Doirani an instrumentally recorded seismic sequence (May-
October 2009) with a M,, = 5.2 event as the strongest shock (Kiratzi, 2010) suggests the
occurrence of an antithetic NNE-dipping normal fault. This implies that the Belles CSS comes
to an end close to the Greece-FYROM border. The spatial distribution of this sequence provides
a minimum suggested thickness of the seismogenic layer to ca. 12-13 km.

The worst case scenario of a possible reactivation involves a combined rupture of the two
segments, given that their separation distance is not very long. Thus, a larger earthquake (ca. M
7.0) is a possible scenario.

5.3 The Chalkidiki fault system

The active faults affecting the Chalkidiki peninsula (fig. 5.4) are grouped separately from the
northern E-W trending fault belt due to their slightly different mean orientation, which is ESE-
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WNW, but especially because they form two fault sets consisting of shortly spaced subparallel
synthetic highly-dipping normal faults possibly linked at depth by a low-angle shear zone
(Sboras and Caputo, 2010). The eastern fault set is mainly SSW-dipping, while the western one
is NNE-dipping. Both fault sets are delimited by an antithetic structure, south and north,
respectively, also included in the database. The eastern set is formed by the Stratoni-Varvara,
Gomati and Singitikos Gulf CSSs and the Vourvourou ISS, while the western set of faults by
the Sochos-Mavrouda, Mygdonia, Asvestochori, Pylaea and Anthemountas CSSs.

Y M=65 4 M<65

Fig. 5.4: The seismogenic sources of the ‘Chalkidiki fault system’ (fig. 5.1). Orange
sources and numbers: CSSs and their codes, read sources and numbers: ISSs and

their numbers, blue sources: DSSs. The epicentres (stars) have been taken from the
catalogue of Papazachos et al. (2000; 2009; http://geophysics.geo.auth.gr/ss/).

In the area, three major earthquakes occurred during historical and recent times (fig. 5.2 and
5.4; 1932, lerissos; 1978, Thessaloniki; 1933, May 11, Thessaloniki). For the former two events
the causative fault is well established, while the latter has been tentatively associated with the
Gomati CSS. All of them will be discussed in the following paragraphs. However, prior to the
20™ century several moderate events are listed in the historical catalogues (Papazachos and
Papazachou, 1997; 2003; Ambraseys, 2009). For example, in the western Mygdonia Basin are
reported the following events (Papazachos and Papazachou, 1997; 2003): i) in 700 AD of M, =
6.5, which is characterized as a ‘spurious’ event according to Ambraseys (2009), ii) in July,
1420 (M, = 6.0), a quite destructive event for the city of Thessaloniki (Ambraseys, 2009), iii) on
March 26, 1430 (M, = 6.0), an event that caused some damage to the city walls (Ambraseys,
2009). At the eastern part of the basin only one event of magnitude 6.4 is reported in the
catalogue of Papazachos and Papazachou (1997) in the year 677 AD, but is considered
‘spurious’ by Ambraseys (2009). The available historical information for all these events
however is not sufficient to accurately locate the epicenter, to estimate the real magnitude and
therefore to associate them to any specific causative fault.

Stratoni-Varvara CSS110 (Varvara 1SS110, West Stratoni ISS111 and East Stratoni
ISS112)

The Stratoni-Varvara CSS is a S-SW dipping fault zone affecting the eastern coast of
Chalkidiki peninsula, bordering the south side of Mount Stratoniki and largely continuing
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offshore. The CSS ruptured on September 26, 1932 by a strong linear morphogenic event with
magnitude 7.0 (Papazachos and Papazachou, 1997; 2003) or 6.9 (Ambraseys and Jackson,
1998). Co-seismic effects were plentiful enough to confirm that the Stratoni-Varvara CSS was
the causative tectonic structure. Ground ruptures (Floras, 1933), many of which coincided with
the mapped geological fault, were preserved even decades afterwards (Pavlides and Tranos,
1991). A coastal subsidence of 1.6 m was also reported by Floras (1933) and a downthrow of
approximately 1.8 m across the fault scarp can be inferred from photographic archives (e.g.
Georgalas and Galanopoulos, 1953).

Although the co-seismic ruptures and the large recorded magnitude suggest that the 1932
event ruptured the largest portion of the fault surface, morphotectonic investigations indicate
that the Stratoni-Varvara CSS is segmented into three parts showing independent
seismotectonic evolutions (Chatzipetros et al., 2005b; Michailidou et al., 2005; Pavlides et al.,
2010). The Varvara ISS is the westernmost segment, 6.5 km-long and probably consisting of
several parallel sliding planes with a general WNW-ESE strike. It forms an angular barrier with
the adjacent West Stratoni ISS (10 km). The last segment (East Stratoni ISS) mainly runs
offshore and clearly controls the E-W trending coastline up to the Eleftheronesos Island (10
km). Based on the observed maximum displacement documented near Stratoni and caused by
the 1932, lerissos earthquake (Floras, 1933; Georgalas and Galanopoulos, 1953; Pavlides and
Caputo, 2004), the CSS probably continues further eastwards, thus producing a total length of
ca. 37 km. Field measurements along the fault trace (Pavlides and Tranos, 1991) and the
microseismicity distribution at depth (Galanis e al., 2004) indicate a steeply dipping fault
plane. On the basis of the available seismological information, the maximum depth of the
structure is likely 16-18 km. The 1932 event (M = 6.9-7.0) likely corresponds to the worst case
scenario and represents the maximum expected magnitude for this CSS.

Gomati CSS260

Roughly parallel to and synthetic with the Stratoni-Varvara CSS is the Gomati fault zone.
Available information is generally scant and uncertainty for many parameters is consequently
high. Mainly based on morphotectonic investigations and meso-structural analyses (Pavlides
and Kilias, 1987; Michailidou, 2005; Chatzipetros et al., 2005b; Michailidou et al., 2005), this
tectonic structure is characterized by a major linear escarpment striking dipping towards the
SSW. Field observations of slickenlines indicate a normal to oblique-slip motion with a left-
lateral component (Pavlides and Kilias, 1987). The 3-D relocation of a set of earthquakes in the
Chalkidiki peninsula (Galanis ef al., 2004), indicate seismogenic depths up to 16-17 km for this
zone, while a relocated seismic cluster by the same authors implies an eastward continuation of
the fault zone offshore and north of the Island Amoliani.

In concomitance with the 1932 lerissos seismic crisis, a large number of strong foreshocks
and aftershocks were also recorded in the broader area (Papazachos and Papazachou, 1997;
2003). It is usually assumed that the magnitude M = 6.3 event which occurred on May 11, 1933
belongs to this seismic sequence and represents an aftershock of the Ierissos mainshock.
However, based on a recent relocation of this event several kilometres southwards (Papazachos
et al., 2009) and taking into account the long time period elapsed since the mainshock, we
tentatively associate the 1933 event with the Gomati CSS which was partly reactivated due to a
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triggering effect. The maximum expected magnitude for the Gomati CSS is obtained from
various empirical relationships (Wells and Coppersmith, 1994; Pavlides and Caputo, 2004).

Singitikos Gulf CSS270

The Singitikos Gulf CSS also belongs to the same system of SSW-dipping normal faults
affecting the eastern sector of the Chalkidiki peninsula. However, its total length is double than
the Gomati CSS and also greater than the Stratoni-Varvara CSS. The onshore part of this
tectonic structure has been morphotectonically mapped (Pavlides and Kilias, 1987) showing
oblique-slip kinematics with normal and left-lateral components. On the basis of detailed
bathymetric maps, the CSS probably continues offshore running south of the Island Amoliani
and generating the E-W trending coastal escarpment in the Athos Peninsula. It possibly
continues eastwards across the Athos Peninsula, though specific field investigations have been
not carried out. Information is also scant as concerns possible segmentation. Assuming the
worst case scenario, a maximum expected magnitude of 7.1 is estimated from various empirical
relationships (Wells and Coppersmith, 1994; Pavlides and Caputo, 2004).

Vourvourou 1SS265

The southernmost structure of the east Chalkidiki peninsula fault set is represented by the
Vourvourou 1SS (Tranos, 1998; Mountrakis et al., 2006); it is also referred to as Sithonia Fault
by Goldsworthy et al. (2002). Although the strike of the fault is similar (ESE-WNW) to the
nearby structures, this ISS is north-dipping, that makes antithetic with respect to the Singitikos,
Gomati and Stratoni-Varvara CSSs. Morphotectonic investigation and meso-structural analyses
across the Sithonia peninsula (Tranos, 1998) document a Quaternary activity for ca. 15 km and
the occurrence of two minor segments, small enough to generate only moderate events. The
assumed total length of 27 km for this seismogenic source also includes the offshore
continuation as it has been documented by the sea-floor morphology and an earthquake cluster
(Galanis et al., 2004).

Sochos CSS120 (Mavrouda ISS120 and Sochos ISS121)

As mentioned above, another important fault set consisting of several subparallel and largely
overlapping CSSs affects the central-western sector of the Chalkidiki peninsula. The
northernmost structure, north of the Mygdonia Basin, is the Sochos CSS, which is antithetic with
respect to the other ones, being the only one with a southward dip. This structure is responsible
for the formation of small intra-mountain basins (Maravelakis, 1936). Its activity was
constrained on the basis of morphotectonic analysis of the mountain front and of the thick
Quaternary scree and fan sediments accumulated in the hanging-wall (Mountrakis et al., 1996a;
2006). At least two fault segments have been recognized: the Sochos and Mavrouda ISSs
(Goldsworthy et al., 2002; Mountrakis et al., 2006). The segment boundary is represented by a
marked gap with a right-stepping underlapping geometry, therefore making a continuous
rupture unlikely. Based on their length, each of the two segments are considered capable of
producing a maximum earthquake of magnitude 6.3 (after the empirical relationships of
Pavlides and Caputo, 2004). However, Zervopoulou (2004) suggest a maximum expected
magnitude of 6.6 after taking into account a possible reactivation of more than one segments.
The westernmost section of the fault zone is characterized by microseismic activity (Galanis et
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al., 2004; Paradisopoulou et al., 2004). According to 3-D re-location of the local seismicity
(Galanis et al., 2004) the seismogenic layer thickness is approximately 13-15 km. The Sochos
CSS is a possible candidate for the 1902, July 5, Assiros earthquake (M = 6.5; Papazachos and
Papazachou, 1997), though the latter is tentatively attributed to the Langadhas ISS (see
Mygdonia CSS) according to a critical revision of the available historical information.

Mygdonia CSS100 (Gerakarou 1SS101, Langadhas 1SS102 and Apollonia 1SS103)

South of the Sochos CSS and bordering the southern margin of the Mygdonia Basin, the
major Mygdonia CSS lies, with an antithetic north-dipping setting. The fault trace follows the
mountain front and shows important strike variations due to segmentation. The fault zone was
initially mapped by Kockel and Mollat (1977), but most of the structural and morphotectonic
investigations were carried out after the 1978, June 20, Thessaloniki earthquake (M,, = 6.5),
which reactivated the central segment of the Mygdonia CSS (Mercier et al., 1979; 1983;
Mountrakis et al., 1996a; Tranos et al., 2003). Three main segments can be recognised (from
east to west): the Apollonia, Gerakarou and Langadhas ISSs.

The eastern Apollonia Fault segment, has sculptured a linear prominent morphology which
is interrupted by the alluvial fan of the Megalo Rema seasonal river. A conservative value for
the fault length is 20 km and the segment boundary with the Gerakarou Fault to the west is
marked by a change in strike. Microearthquake surveys (Hatzfeld et al., 1986/87) document dip-
slip motion on the Apollonia ISS, while the 3-D relocation of the seismicity (Galanis et al.,
2004) shows activity down to a depth of 18 km and delineates a steeply dipping fault plane.

The central sector of the Mygdonia CSS is represented by the Gerakarou ISS which is the
causative fault of the 1978 earthquake. This earthquake has been thoroughly studied due to its
location very close to the city of Thessaloniki. Extended co-seismic ground ruptures were
produced that splayed out in the Mygdonia Basin (Mercier et al., 1979; 1983; Papazachos et al.,
1979; Soufleris and Stewart, 1981; Mountrakis et al., 1996a). The most significant ones
occurred along the southern margin of the basin, coinciding with the principal N-dipping fault
escarpment. Two other groups of aligned ruptures were observed near to the centre of the basin,
between lakes Koronia and Volvi. In particular, the northernmost one strikes NW-SE, shows a
south-dipping normal displacement and it probably represents a secondary accommodation
structure. Seismotectonic parameters are well constrained on the basis of focal mechanisms,
source parameters of the mainshock and aftershock distribution (Kulhanek and Meyer, 1979;
Papazachos et al., 1979; Barker and Langston, 1981; Carver and Bollinger, 1981; Soufleris and
Stewart, 1981; Soufleris et al., 1982; Soufleris and King, 1983; Dziewonski et al., 1987;
Vannucci and Gasperini; 2003; 2004; Roumelioti et al, 2007). Additionally, several
morphotectonic investigations and meso-structural analyses have been carried out (Mercier et
al., 1979; 1983; Mountrakis et al., 1996a; Tranos et al., 2003). The ruptured fault plane strikes
almost E-W, dips northwards with shallow to moderate angle and is characterized by an almost
pure dip-slip normal motion associated with a N-S direction of crustal extension.
Microearthquake surveys suggest listric fault geometry with a kink-point at 8 km depth and a
seismogenic layer thickness ranging between 14 and 16 km (Hatzfeld ez al., 1986/87; Tranos et
al., 2003; Paradisopoulou et al., 2006), which is shallower with respect to the eastern segment.
Based on geodetic models, Stiros and Drakos (2000) suggest blind faulting during the 1978
event, considering the observed surface ruptures as only secondary effects. In contrast,
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palacoseismological trenches confirm the occurrence of repeated linear morphogenic events
before the 1978 earthquake (Cheng et al., 1994; Chatzipetros, 1998; Chatzipetros et al., 2004)
with a mean slip-per-event of 6.5-16 cm, a slip-rate of 0.06-0.7 mm/a and a recurrence interval
ranging between 1000 and 1500 years. Slip-per-event at the fault-scale is probably
underestimated considering the magnitude of the 1978 earthquake; based on seismic waveforms
joint inversion and levelling data a value of 0.6 m is preferred (Roumelioti et al., 2007).

The westernmost segment (Langadhas ISS) borders a sharp mountain front trending NW-SE.
Although this structure has been clearly inherited from previous tectonic events (both alpine
thrusting and Miocene-Pliocene NE-SW extension) and it is not ideally oriented with the
present-day regional stress field, it shows evidences of recent reactivations with an oblique-slip
kinematics (Mercier et al., 1979; 1983) which are also supported by morphometric parameters
(very low mountain-front sinuosity index). Quite the opposite is suggest by Tranos et al. (2003)
who support that this portion of the Mygdonia CSS has been abandoned and that activity has
migrated to the south towards the Asvestochori CSS (see next CSS). Microseismic activity
(Galanis et al., 2004; Paradisopoulou et al., 2006) indicates a maximum depth of 14-16 km. As
previously mentioned and according to the available historical information, the 1902, July 5,
Assiros earthquake (M = 6.5; Papazachos and Papazachou, 1997; 2003), has been tentatively
attributed to the Langadhas ISS.

Asvestochori CSS245

This fault zone lies very near to the urban area of Thessaloniki; it runs parallel to, and is
synthetic with, the western segment (Langadhas ISS) of the Mygdonia CSS. The fault is
reported in several morphotectonic and geological maps (Mountrakis er al., 1996a; 1996b;
Tranos et al. 2003; Zervopoulou, 2004). According to Mercier e al. (1983), the Asvestochori
Fault was partially reactivated during the 1978 Thessaloniki earthquake. According to Tranos et
al. (2003), the recent growth of this structure has progressively de-activated the Langadhas ISS
and is going to produce a direct linkage with the central sector of the Mygdonia CSS.
Information for the deeper parts of the fault is provided by microearthquake investigations
(Paradisopoulou ez al., 2006) and geological considerations (Tranos et al., 2003), both implying
the existence of a listric geometry with a dip varying from 80° at the surface to 35° at depth.
The maximum seismogenic depth, constrained to 15-16 km, is based on microseismic
distribution (Galanis et al., 2004; Paradisopoulou et al., 2004).

Pylaea CSS240

This seismogenic structure is important because directly crosses the urban area of
Thessaloniki and its gulf. The fault trace has been mapped by Tranos ez al. (2003), Zervopoulou
(2004) and Valkaniotis et al. (2005), providing constraints on its location, surface geometry and
strike. Considering that this tectonic structure belongs to the broader normal fault set that affects
the central-western Chalkidiki peninsula and that it possibly represents an upwards splay of a
deeper low-angle normal detachment (Tranos et al., 2003), the other principal seismotectonic
parameters have been inferred accordingly.
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Anthemountas CSS250 (Angelochori ISS251 and Souroti 1SS252)

The Anthemountas fault zone is also an important structure for the Thessaloniki urban area
because it bounds the southern side of the gulf (Mountrakis ef al. 1996b; 2006; Tranos et al.,
2003; Zervopoulou, 2004; Zervopoulou and Pavlides, 2005; Zervopoulou et al., 2007) and has
been mapped for a total length of at least 40 km (Zervopoulou, 2004; Zervopoulou and Pavlides,
2005; Zervopoulou et al., 2007). It possibly extends more to the west, offshore in the
Thermaikos Gulf. According to Tranos et al. (2003) this structure represents the southernmost
north-dipping steep splay fault joining at depth a regional-scale low-angle extensional shear
zone kinematically linked to the Pylaea, Asvestochori and Mygdonia CSSs. The fault has been
tentatively separated into two segments according to morphotectonic criteria (Zervopoulou,
2004; Zervopoulou and Pavlides, 2005; Zervopoulou et al., 2007): the Souroti and Angelochori
1SSs, east and west, respectively, both characterized by a length of ca. 17 km.

In 1759 an important seismic sequence affected the city of Thessaloniki (Papazachos and
Papazachou, 1997; 2003; Ambraseys, 2009). The date of the major shock is debated.
Papazachos and Papazachou (1997) suggest the 22" of June, while Ambraseys (2009) states
that during the same day, two ‘violent” shocks indeed occurred, but the destructive event took
place on the 3 of July. The macroseismic magnitude was 6.5 and the aftershock sequence was
intensive (Papazachos and Papazachou, 1997). According to the tentative location of the
macroseismic epicenter the causative fault could be the Angelochori ISS. In 1677 another
earthquake with estimated macroseismic magnitude 6.2 caused damages in several villages east
of Thessaloniki (Papazachos and Papazachou, 1997; 2003; Ambraseys, 2009). Based on the
suggested macroseismic epicenter and considering that approximately 80 years later the western
segment was probably reactivated (1759 event), the 1677 earthquake is tentatively associated
with the Souroti ISS (eastern segment). It is noteworthy that aseismic creep has been observed
along the Angelochori Fault (Zervopoulou et al., 2007). An entire fault rupture is a quite
possible (worst) scenario for the Anthemountas CSS; in this case, the maximum expected
magnitude, calculated from various empirical relationships (Wells and Coppersmith; Pavlides
and Caputo, 2004), would be M = 7.0.

5.4 The 'anti-Hellenides' fault system

West of the Axios Valley, in Western Macedonia and Epirus, the orographic and
morphological first-order texture of the region is characterized by the NW-SE trending Hellenic
fold-and-thrust belt which has generated elongated mountain chains and interposed valleys (fig.
5.5). In this sector of northern Greece, all major active faults that have been recognized at
present and included in the GreDaSS are oriented (E)NE-(W)SW, therefore showing a typical
'anti-Hellenides' setting. It is worth noting that stress trajectories reconstructed for this region
showa NNW to NW orientation ofthe o5 stress axis (e.g. Mercier et al., 1989; Jenny et al.,
2004).

Within this fault system GreDaSS includes several 'isolated’ CSSs and ISSs, like the North
Almopia, South Almopia, Goumenissa, Aliakmonas, Konitsa and Petoussi. In contrast, the
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Ptolemaida Basin is affected by a group of sub-parallel, synthetic and antithetic, seismogenic
structures which are possibly linked at depth by a low-angle shear zone, showing a
seismotectonic setting similar to that described in the Chalkidiki peninsula (Sboras and Caputo,
2010).
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Fig. 5.5: The seismogenic sources of the ‘anti-Hellenides fault system” (fig. 5.1). Orange
sources and numbers: CSSs and their codes, read sources and numbers: ISSs and their
numbers, blue sources: DSSs. The epicentres (stars) have been taken from the catalogue of
Papazachos et al. (2000; 2009; http://geophysics.geo.auth.gr/ss/).

North Almopia CSS060 (Pozar I1SS060, Promachi ISS061 and Aetochori 1SS062)

The North Almopia fault zone bounds the northern margin of the Almopia Basin and a
smaller adjacent basin to the northeast (Pavlides et al., 1990; Goldsworthy ef al., 2002;
Vougioukalakis, 2002; Mountrakis et al., 2006). The development of the Almopia Basin took
place during Pliocene and was accompanied by significant volcanic activity (Mercier, 1981).
Vougioukalakis (2002) however, suggests that the subsidence of the basin occurred only after
the end of the volcanism (1.8 Ma).

The zone can be divided into three major segments (Goldsworthy ez al., 2002; Mountrakis et
al., 2006): the Pozar, Promachi and Aetochori ISSs (from east to west), forming an overall left-
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stepping geometry. Meso-structural analyses provide important geometric and kinematic
information (Mercier et al., 1989; Pavlides et al., 1990) indicating that two slightly different
extensional tectonic phases took place from Middle Pleistocene to Present, with the most recent
stress field characterized by a NNW-SSE direction of extension, similar to the azimuth of the
slip-vector (~160°) that is measured on the Mesozoic limestones of the Promachi Fault free-face
by Goldsworthy et al. (2002). Using electrical resistivity tomographies, borehole data and field
observations, Vougioukalakis (2002) carried out a 3-D structural reconstruction of the basin and
estimated for the central sector vertical and horizontal extension rates of 0.92 mm/a and 0.36
mm/a, respectively. Based on these rates, a slip-rate of ca. 1 mm/a can be estimated. The worst
case rupture scenario of the fault zone involves the joint reactivation of the two western
segments (Pozar and Promachi ISSs), given that the Aefochori ISS shows a great overstep and
underlap, probably representing a strong barrier.

Goumenissa 1SS069

Information for this seismogenic structure mainly derives from the December 21, 1990 (M, =
6.0 according to Panagiotopoulos et al., 1993; M,, = 6.1 according to Dziewonski et al., 1991;
Vannucci & Gasperini, 2003; 2004) Goumenissa earthquake (Panagiotopoulos et al., 1993). The
fault evidence at the surface is somehow questionable; the fault is possibly blind due to the fact
that neither co-seismic ground rupture were observed, nor a prominent fault scarp is detectable.
The estimated focal depth is ca. 16 km, whereas the macroseismic one is estimated to 12 km;
similarly, the aftershock distribution in not deeper than 12 km (Panagiotopoulos et al., 1993).
This could imply that only a smaller patch was ruptured during the 1990 event. Focal
mechanisms show a SE-dipping, NE-SW trending dip-slip normal fault (Dziewonski et al.,
1991; Panagiotopoulos ef al., 1993; Baker et al., 1997; Vannucci and Gasperini, 2003; 2004).

In the vicinity of the Goumenissa ISS, the so-called Edessa earthquake (Ambraseys, 1999;
2009) occurred in October 1395, with a possible magnitude of 6.7 (Papazachos and Papazachou,
1997; 2003). However, the tentative location of the macroseismic epicenter is similarly close to
the South Almopia CSS and not very far from the North Almopia CSS (see previous CSS).
Accordingly, the state-of-knowledge does not allow associating this strong earthquake with any
recognized structure.

South Almopia CSS068

The South Almopia CSS dips towards the south, showing a marked arcuate fault trace.
Information about the fault derives from morphotectonic investigations (Pavlides, 1998), which
document ENE-WSW-striking, dip-slip normal faults affecting the pyroclastic sediments
deposited about 4.8 Ma ago. The mesostructural analysis of these deposits reveals a NNW-SSE
direction of the o3 axis. The measured dip of the faults is high. The structure is considered
active also due to its ideal orientation with respect to the regional stress field. Assuming a
complete reactivation of the whole fault zone, a maximum magnitude of 6.7 can be expected,
calculated by various empirical relationships (Wells and Coppersmith, 1994; Pavlides and
Caputo, 2004). However, due to the geometry of the fault, a smaller rupture is more possible,
decreasing the maximum expected magnitude.
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Amyndeo CSS070 (Nymfeo ISS070 and Petron ISS071)

As mentioned before, the Ptolemaida Basin is a tectonically controlled area characterized by
alternating sub-parallel ridges and basins, all elongated in a NE-SW direction (Pavlides, 1985)
and associated with subparallel fault zones possibly linked at depth by a low-angle SE-dipping
shear zone. Several major fault zones, controlling large morphological structures, and smaller
individual ones, but not less significant, have been recognised and studied (Pavlides, 1985;
Pavlides and Mountrakis, 1987; Doutsos and Koukouvelas, 1998; Goldsworthy et al., 2002).
Field measurements of all the active tectonic structures in the Ptolemaida Basin indicate a
(N)NW-(S)SE direction of the slip vector (Pavlides, 1985; Pavlides and Mountrakis, 1987,
Doutsos and Koukouvelas, 1998). Although the morphotectonic features of the area indicate
intensive and recent activity, neither historical nor instrumental significant seismic activity is
recorded. The seismogenic layer thickness of ca. 14 km is inferred from seismotectonic
considerations (e.g. thickness of nearby areas).

The northernmost structure is the Amyndeo CSS showing clear geological and morphological
evidence of recent activity (Pavlides, 1985; Pavlides and Mountrakis, 1987; Doutsos and
Koukouvelas, 1998; Goldsworthy et al, 2002). The Amyndeo fault zone borders and
tectonically controls the mountain front along a SW-trending ridge that separates the Ptolemaida
Basin from the Florina Basin to the north and connects the two mountains of Voras, to the east,
and Vernon, to the west. All along its almost 40 km of total length, it has produced a discrete
morphological slope as a result of a major dip-slip normal motion with a slight right-lateral
strike-slip component as documented by slickenlines (Pavlides, 1985). However, the fault zone
is not entirely uniform. West of Petron village, the relief locally becomes subdued, while a
slight change of the mountain front orientation is observed. Accordingly, the fault zone is
divided into two segments: the Petron and Nymfaeo ISSs, to the NE and SW respectively.

The Petron ISS is a fault segment that controls the local depression where Lake Petron is
located. The fault has shaped a linear and steep coastline on Mesozoic limestones, characterized
by evident slickensides affecting scree deposits and cataclastic breccias (Pavlides, 1985).
According to the same author, the fault trace continues northeastwards for 2-3 km along a small
narrow valley. Towards the southwest the fault cuts through Neogene sediments (upper
Miocene-lower Pliocene), while NNE-trending secondary structures affect also Pleistocene
deposits (Pavlides, 1985). The southwestern fault-tip is covered by Pliocene-Pleistocene
sediments suggesting that the Petron-Nymfaeo segment boundary likely corresponds to a
permanent barrier.

The Nymfaeo ISS is a larger NE-SW trending structure showing angular segment boundary
geometry. Near to its northeastern tip, the fault affects and downthrows Pliocene sediments
(Pavlides, 1985). Towards the SW, a major escarpment possibly documents a cumulative
displacement up to 700-800 m. The fault has been also detected by Vertical Electrical
Soundings (VES) and boreholes (Atzemoglou et al., 2003).

The two ISSs are capable of producing 6.0 and 6.2 earthquakes, respectively. However, both
ISSs could possibly extend further NE and SW, respectively (worst case scenario); therefore the
maximum expected magnitudes could be as high as 6.6-6.7.
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Chimatidis ISS075

Parallel and antithetic to the Nymfaeo ISS, a nearly 12 km-long active tectonic structure lies
along the southern shore of Lake Chimaditis (Pavlides, 1985; Pavlides and Mountrakis, 1987).
The NW-dipping dip-slip normal Chimaditis ISS has generated a low elongated terrace on its
footwall consisting of uplifted Neogene, Pleistocene and Holocene deposits (Pavlides, 1985).
This structure probably joins the Nymfaeo ISS at depth constraining its maximum depth to ca.
7.5 km. Accordingly, the maximum expected magnitude is probably below 6.0.

Ptolemaida CSS072 (Vegora ISS072 and Vegoritida 1S5073)

Parallel to and synthetic with the central-northern sector of the Amyndeo CSS, there is the
25 km-long Ptolemaida CSS. The fault zone shows clear morphotectonic evidences of recent
activity and consists of two segments: the Vegoritida and Vegora ISSs, to the NE and SW
respectively. Probably constrained by the Amyndeo CSS, the maximum depth of the fault zone
should not exceed 11.5 km.

The ca. 10 km-long, (N)NE-trending Vegoritida ISS shows an impressive morphology with a
high limestone cliff, bordering the homonymous lake. A minimum cumulative downthrow of
500 m is morphologically inferred (Pavlides, 1985), whereas high-resolution Boomer profiles
carried out in the lake, suggest a vertical stratigraphic displacement of about 600-700 m
(Sakellariou ef al., 2001). Mesostructural analyses document a recent NNW-SSE trending
direction of stretching (Pavlides, 1985; Pavlides and Mountrakis, 1987; Doutsos and
Koukouvelas, 1998; Mountrakis ef al., 2006).

The Vegora ISS continues for at least 12 km southwestwards forming an arcuate escarpment
(Pavlides, 1985; Pavlides and Mountrakis, 1987; Doutsos and Koukouvelas, 1998). The absence
of limestones in the footwall causes a more subtle morphology. Nevertheless, a few scattered
limestone scarps bear striations that indicate a roughly dip-slip normal kinematics associated
with a NW-SE direction of extension (Pavlides, 1985). Neogene and Quaternary sediments are
also affected by the fault. The high-resolution Boomer profiles of the lake bottom suggest an
offshore continuation of the fault (Sakellariou ef al., 2001). As a result, the fault seems to
overlap the Vegoritida ISS, reaching probably a total length of more than 14 km.

The rupture of the entire fault zone is a possible (worst case) scenario, given that the segment
boundary does not seem strong enough to prevent it. In this case, the maximum estimated
magnitude, according to various empirical relationships (Wells and Coppersmith, 1994;
Pavlides and Caputo, 2004), would be 6.6.

Perdika ISS076

Sub-parallel to and synthetic with the Chimatidis Fault (see §5.5), lies the Perdika ISS at a
distance of about 6 km to the south (Pavlides, 1985; Pavlides and Mountrakis, 1987;
Goldsworthy et al., 2002; Mountrakis et al., 2006). The Perdika ISS borders the northern
hillside of the Bordeaux Heights, separating the Pliocene(?) sediments outcropping in the
footwall from the Quaternary deposits of the plain. For similarity with the other structures of the
broader Ptolemaida Basin and according to the regional stress field, the kinematics of the
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Perdika Fault is basically dip-slip normal. Similar constrains to the other faults of the basin
have been also applied for maximum depth.

Komanos CSS077 (Mesovouni ISS077 and Proastio ISS078)

The (N)NE-(S)SW trending and NW-dipping Komanos CSS bounds the southeasternmost
margin of the Ptolemaida Basin (Pavlides, 1985; Pavlides and Mountrakis, 1987; Mountrakis et
al., 2006). Two major segments have been recognized: the Mesovouni and Proastio ISSs, to the
NE and SW respectively (Mountrakis et al., 2006). The fault zone has a total length of ca. 36
km, though morphological evidence in the central sector is poor and introduces some
uncertainty in the location of the segment boundary. Both segments have a moderate to steep
NW-dip.

The Mesovouni ISS runs along the northwestern front of the Mount Vermion (Pavlides,
1985; Pavlides and Mountrakis, 1987; Doutsos and Koukouvelas, 1998; Mountrakis et al.,
2006), showing a low value of the mountain front sinuosity index. Quaternary deposits have
been mainly accumulated within a secondary accommodation structure (a 1.5 km-wide
symmetric graben) thus suggesting the recent activity of this fault (Pavlides, 1985; Pavlides and
Mountrakis, 1987; Mountrakis et al., 2006). The measured cumulative displacements in
Pliocene lignite deposits, deriving from borehole data, range from 20-40 m to up to 70 m
(Pavlides, 1985). On July 9, 1984 a moderate earthquake (M,, = 5.2) occurred between the
Mesovouni and the Peraca ISSs (see next subchapter; Pavlides and Simeakis, 1987/88;
Dziewonski et al., 1985; Anderson and Jackson, 1987). The obtained focal mechanisms are
generally in agreement with the local tectonic setting and specifically with the seismotectonic
features of the Mesovouni Fault (Dziewonski et al., 1985; Anderson and Jackson, 1987).
However, the low dipping angle suggested by the foci possibly corresponds to the deepest part
of the fault where it probably merges with the antithetic normal dip-slip shear zone (Sboras and
Caputo, 2010).

The Proastio ISS lies on the northern borders of the lignite mines (Pavlides, 1985; Pavlides
and Mountrakis, 1987; Doutsos and Koukouvelas, 1998; Mountrakis et al., 2006). It is
expressed by a group of parallel minor fault scarps affecting Quaternary sediments (Pavlides,
1985). Northwards in the hanging-wall it has been detected by boreholes showing a down-
stepping throw of the Pliocene lignite deposits with a cumulative displacement of almost 300-
400 m (Pavlides, 1985). Secondary antithetic structures were also observed on the footwall
forming a minor tectonic horst (Pavlides, 1985; Diamantopoulos, 2006). Kinematic indicators
document an almost pure dip-slip normal motion (Pavlides, 1985; Pavlides and Mountrakis,
1987) and a NW-SE direction of extension.

Since the boundary between the two segments is not clearly observed and especially its
nature (i.e. strong or soft boundary), the possible rupture of the entire fault zone cannot be
excluded a priori. In this case (worst case scenario), the maximum expected magnitude would
be 6.8, according to various empirical relationships (Wells and Coppersmith, 1994 ; Pavlides and
Caputo, 2004).
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Peraea ISS074

The Peraea ISS is an active structure close to but antithetic with the Komanos CSS (see
previous CSS) and at the same time synthetic to the Ptolemaida CSS (see previous subchapters;
Pavlides, 1985; Pavlides and Mountrakis, 1987; Goldsworthy and Jackson, 2000; 2001;
Mountrakis et al., 2006). The SE-dipping fault is marked by a discontinuous escarpment that
extends for a total length of ca. 14 km. Well preserved slickensides and free faces put in contact
the Mesozoic substratum with Holocene deposits (Pavlides, 1985; Goldsworthy and Jackson,
2000; 2001).

Aliakmonas CSS050 (Palaeochori 1SS050, Rymnio 1SS051, Servia ISS052 and
Chromio 1SS5053)

The Aliakmonas fault zone is a NE-SW-trending, NW-dipping major tectonic structure
controlling a large extent of the homonymous river. Geological and morphotectonic
investigations suggest the occurrence of three major segments (Pavlides et al., 1995; Doutsos
and Koukouvelas, 1998; Mountrakis et al., 1998; Meyer et al., 1996; 1998): the Palaeochori,
Rymmnio and Servia ISSs (from SW to NE). The aftershock spatial distribution (Hatzfeld et al.,
1997; 1998) of an event that occurred during 1995 documents a maximum seismogenic depth of
17 km, which possibly becomes gradually shallower from the south-western to the north-eastern
part of the fault zone. Moreover, based on morphological evidence, Doutsos and Koukouvelas
(1998) suggest a recent westward migration of the tectonic activity.

The Palaeochori ISSs is marked by discontinuous escarpment that fades away towards the
SW (Pavlides et al., 1995; Doutsos and Koukouvelas, 1998; Mountrakis et al., 1998). It
ruptured during the May 13, 1995 Kozani earthquake (M,, = 6.5) producing aligned, but not
continuous, co-seismic ground ruptures all along its length (Pavlides et al., 1995; Mountrakis et
al., 1998). Based on nodal planes from focal mechanisms (Papazachos et al., 1998; Dziewonski
et al., 1996; Kiratzi and Louvari, 2003; Vannucci and Gasperini, 2003; 2004), earthquake
tomographies from the aftershocks (Chiarabba and Selvaggi, 1997), aftershock spatial
distributions (Hatzfeld et al., 1997; 1998; Drakatos et al., 1998a; Papanastassiou et al., 1998;
Papazachos et al., 1998), stress tensor inversions (Kiratzi, 1999), forward modelling of the
source from strong motion waveforms (Suhadolc et al., 2007) and InSAR images analyses
(Meyer et al., 1996; 1998; Rigo et al., 2004; Resor et al., 2005) it is possible to constrain
several seismotectonic parameters. Based on palacoseismological investigations a recurrence
interval of 10-30 ka is tentatively suggested (Chatzipetros et al., 1998). Taking into account the
size of the Palaeochori Fault, its potential magnitude after the application of empirical
relationships (Wells and Coppersmith, 1994) is higher than the magnitude of the 1995
mainshock. Moreover, given that co-seismic ruptures fade out towards the western tip but are
also observed eastwards, along the adjacent Rymnio Fault, it can be then implied that during the
1995 event, parts from both faults were ruptured but not in all their extent. During the same
seismic crisis, the aftershock spatio-temporal distribution also revealed the occurrence of a
secondary antithetic structure, the Chromio ISS (Hatzfeld et al., 1997; 1998), which also
produced south-dipping co-seismic ground ruptures aligned in an E-W direction (Pavlides et al.,
1995; Mountrakis et al., 1998). This fault is considered as an inherited S-dipping right-lateral
strike-slip fault reactivated in the new tectonic regime as dip-slip normal fault antithetic to the
Palaeochori ISS (Pavlides et al., 1995; Mountrakis et al., 1998; Hatzfeld et al., 1997; 1998).
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The Rymmnio ISS falls northeast of the Palaeochori ISS and it is separated by an angular
barrier. The fault is marked by a distinct escarpment especially in the northeastern sector
(Pavlides et al., 1995; Doutsos and Koukouvelas, 1998; Mountrakis et al., 1998). The
northeastern boundary of the Rymnio segment corresponds to a strong geometric (right-stepping
underlapping geometry) barrier as well (Pavlides et al., 1995; Doutsos and Koukouvelas, 1998;
Mountrakis et al., 1998; Meyer et al., 1996; 1998). A partial rupture of this structure during the
1995 earthquake has been claimed based on some ground ruptures observed near to the Rymnio
village. However, their occurrence along the lakeshore is likely caused by gravitational
phenomena. Morphotectonic investigations (Pavlides et al., 1995; Doutsos and Koukouvelas,
1998; Mountrakis et al., 1998; Meyer et al., 1996; 1998) indicate similar geometry and
kinematics with the nearby tectonic structures.

Next to Rymnio Fault is the Servia ISS, which represents the most prominent neotectonic
structure of the Aliakmonas CSS. The fault is outcrops with a long, well polished sliding surface
on limestones, which bears a set of fresh striations documenting a (N)NW-(S)SE direction of
extension (Pavlides et al., 1995; Meyer et al., 1996; 1998; Mountrakis et al., 1998; Goldsworthy
and Jackson, 2000). There was no sign of reactivation during the 1995 earthquake. The
northeastern tip of the fault is not well defined. Based on the asymmetric shape of the along-
strike displacement profile, Doutsos and Koukouvelas (1998) suggest a possible linkage
between the Servia and Rymnio ISSs. Based on geomorphic markers a slip-rate of 1-2 mm/a
and a mean recurrence interval of 1-2 ka are suggested (Meyer ef al, 1996). A maximum
cumulative displacement of 2100 m has been proposed by Doutsos and Koukouvelas (1998)
across the fault. On September 26, 1695 an earthquake (M. = 6.5) struck the area with
macroseismic epicentre tentatively located in the hanging-wall of the Rymnio Fault (Papazachos
and Papazachou, 1997; 2003; Ambraseys, 1999; 2009). However, the lack of details prevents
any straightforward correlation with any specific segments of the Aliakmonas CSS.

It is noteworthy that the Aliakmonas CSS continues northeastwards, following the valley that
separates Mount Vermion from the Pieria Mountain chain. For this sector has been tentatively
suggested a fourth distinct 25 km-long fault segment (referred to as Polyphytos-Polydendri by
Mountrakis et al., 2006), which however does not show definite evidence of recent seismogenic
activity. Accordingly, this structure is included in the CSS without defining any specific ISS in
GreDaSS.

Konitsa CSS300/ISS301

The Konitsa 1SS is a NW-dipping structure bordering the mountain front of Mount Tymfi.
Although the best evidence of recent activity is limited along the southern margin of the
elongated Aoos Basin, there are some implications for a northeastern continuation
(Goldsworthy et al, 2002; Doutsos and Koukouvelas, 1998). In particular, Goldsworthy et al.
(2002) suggest a possible connection with the fault system of the Ptolemaida Basin to the east,
whereas Doutsos and Koukouvelas (1998) support that the fault is mechanically bounded by a
roughly perpendicular Neogene thrust which causes displacement to decrease rapidly eastwards.
Taking also into account a possible western prolongation, the Konitsa ISS gave birth to the
homonymous CSS.
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Based on several morphotectonic and structural investigations (Doutsos and Koukouvelas,
1998; Doutsos and Kokkalas, 2001; Goldsworthy et al., 2002; Galanakis et al., 2007) the
Konitsa ISS is associated with a major escarpment delimited by a linear mountain front.
Observations include many fresh slickensides, bearing also corrugations, on the Mesozoic
limestone, usually delimiting the Miocene flysch, but sometimes also Quaternary deposits.

On July 26, 1996 a moderate earthquake of M = 5.4 (according to Papanastassiou, 2001) or
M,, = 5.1 (according to EMMA catalogue: Vannucci and Gasperini, 2003; 2004) occurred near
Konitsa town. A couple of weeks later, another moderate but stronger event of My = 5.7
(according to Papanastassiou, 2001) or M,, = 5.3 (according to Dziewonski et al., 1997)
occurred in the same seismogenic volume. Observed co-seismic ruptures (Galanakis er al.,
2007) and focal mechanisms (Dziewonski et al., 1997; Papanastassiou, 2001; Vannucci and
Gasperini, 2003; 2004) are in agreement with the mesostructural analyses (Doutsos and
Koukouvelas, 1998; Doutsos and Kokkalas, 2001; Galanakis et al., 2007) showing a normal
dip-slip motion in a NW-extensional field. An average dip of 55° and a maximum depth of ca.
11 km are inferred from the aftershock spatial distribution, which also suggest a listric shape at
depth (Papanastassiou, 2001). Although the largest instrumentally recorded magnitude during
the 1996 sequence was the My, = 5.3 shock, the maximum magnitude is expected to be greater
for the Konitsa ISS, not only because of the estimations through the empirical relationships
(Wells and Coppersmith, 1994), but also due to the size of the fault. If we also consider the
longer and probably deeper (maximum depth of more than 12 km) structure of the Konitsa CSS,
the maximum expected magnitude could be as high as 6.7 (calculated by the empirical
relationships of Pavlides and Caputo, 2004).

Petoussi CSS310 (Souli ISS310 and Tomaros 1SS311)

The Petoussi CSS is mainly inherited from the Mesozoic evolution and the Alpine tectonics
(Caputo and Zouros, 1993; Boccaletti et al., 1997). Although the fault zone has a different strike
(~E-W) with respect to the other seismogenic sources included in the Western Macedonia-
Epirus fault system, a regional-scale undulation of the orogene makes also this fault zone a
typical anti-Hellenic structure. The Petoussi CSS is a sub-vertical fault zone with local changes
in dip direction, bearing kinematic indicators that indicate a prominent left-lateral strike-slip
motion (Caputo and Zouros, 1993). This geological setting has formed positive and negative
flower structures as well as secondary splay faults (Boccaletti et al., 1997). Based on these
differences, we divided the fault zone into two major segments, the Tomaros and Souli ISSs,
east and west respectively. The recent activity of the Pefoussi CSS is based on morphotectonic
investigations and palaeoseismological trenches which document along the Souli Fault at least 3
palaco-events during the last ca. 30 ka BP (Boccaletti ef al., 1997), therefore suggesting a
recurrence interval of several thousand years.

Microearthquake surveys (King et al., 1983; Hatzfeld ef al., 1995; Tselentis et al., 2006)
document i) an eastward increase of the seismogenic depth from less than 12 km to more than
15 km, and ii) the occurrence of both strike-slip and normal dip-slip focal mechanisms. The
worst case scenario would be an earthquake rupturing the whole length of the Pefoussi CSS; in
that case on the basis of scaling laws (Wells and Coppersmith, 1994) the maximum expected
magnitude would be 6.9.
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Kerkyra CSS390 (Makrades I1SS390 and Spartylas 1SS391)

The Kerkyra CSS is a large that crosses the homonymous island from west to east and
continues inside the Albanian coast (Pavlides ef al., 2001a), by crossing the Kerkyra strait. The
on-island part of the fault zone had already been recognised during petroleum investigations
(IGRS-IFP, 1966), while later on, geological and morphotectonic investigations (Caputo, 1984;
1986; 1987/88; unpublished data; Lekkas, 1995; Pavlides er al., 2001a) verified its recent
activity, which is characterized by a normal (dip-slip)-oblique motion rather than the older
right-lateral strike-slip one. Two fault segments can be recognised along this part: the Makrades
and Spartylas 1SSs. Both segments show left-stepping underlapping geometry that can prevent a
possible continuous rapture along their cumulative length. In other words, the largest segment
(Spartylas ISS) can produce the maximum magnitude.

Palaeokastritsa 1SS392

Lying on the western side of the Corfu Island, near to the Palaeokastritsa village and
antithetically to the previously described Makrades ISS, the Palaeokastritsa ISS shows similar
geometric and kinematic characteristics with the Kerkyra CSS (Caputo, 1984; 1986; 1987/88;
unpublished data; Lekkas, 1995).

5.5 The Thessalian fault system

The first-order topographic texture of Thessaly is characterized by a NW-SE-trending basin-
and-range-like tectonic system of latest Miocene-Early Pleistocene age, affecting the region
between the Pindos mountain chain, to the west, and the Aegean Sea, to the east (fig. 5.1).
However, since the Middle Pleistocene the area has been in a N(NE)-S(SW) extensional regime
that created mainly normal E-W-trending fault systems generally overprinting the older basins
but locally exploiting inherited structures (Caputo and Pavlides, 1991; 1993). As a consequence,
the mean direction of the active faults is (E)SE-(W)NW. On land, structures are concentrated in
the northern Larissa plain where they form the Tyrnavos Basin-Gonnoi Horst (South Tyrnavos
Basin, Tyrnavos, North Tyrnavos Basin and Omolio CSSs) and in southern Thessaly
(Pagasitikos Gulf, Vasilika and Domokos CSSs) generating an almost continuous belt from the
Pagasitikos Gulf, to the east, to the Karditsa plain, to the west (Caputo, 1995). There is an
important differentiation though, between the northern and southern sectors. Indeed, southern
Thessaly has been struck by several strong earthquakes during historical as well as instrumental
recording period (Papadopoulos, 1992), while in northern Thessaly no strong events have
occurred during the last 2-3 centuries, with the only exception of the 1941 Larissa earthquake
(Caputo and Helly, 2005a). Nevertheless, geological, paleoseismological, archaecoseismological
and morphotectonic investigations clearly document the occurrence of strong linear
morphogenic events also in the Tyrnavos Basin (Caputo et al., 1994; 2003; 2004a). Based on
this difference a seismic gap in northern Thessaly has been suggested (Caputo, 1995).

Three more CSSs belong to this geodynamic sector, which thus extends eastwards offshore
the Thessalian coast (South Cassandra offshore, Mavrovouni offshore and Pelion offshore
CSSs). These seismogenic sources are grouped here because of their parallelism with those
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onland and especially due to the sharp angular relationship with the CSSs described in the
Northern Aegean Sea fault system (see §5.6).

1N W A
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a

Fig. 5.6: The seismogenic sources of the ‘Thessalian fault system’ (fig. 5.1). Orange sources and
numbers: CSSs and their codes, read sources and numbers: ISSs and their numbers, blue sources:
DSSs. The epicentres (stars) have been taken from the catalogue of Papazachos et al. (2000; 2009;
http://geophysics.geo.auth.gr/ss/).

Pagasitikos Gulf CSS010 (Volos ISS010 and Nea Anchialos 1SS011)

As above mentioned, the southern Thessaly fault belt consists of three major CSSs. The
easternmost is the ENE-WSW trending Pagasitikos Gulf CSS. It dips southwards, controlling
the northern coastline of the homonymous gulf and the margin of the Almyros Basin. Its total
length is estimated to be ca. 50 km, taking into account that the zone probably extends further to
the east, across the southern Pelion peninsula. The morphological expression of the fault zone,
its morphotectonic features and the two strongest events of the 1980 Magnesia earthquake
sequence, document the existence of two distinct segments, the Volos and Nea Anchialos ISSs,
which form a right-stepping partly overlapping geometry.

The Volos ISS is the eastern segment, almost totally lying offshore, controlling the northern
coastline of the gulf, whilst morphological indications suggest onshore continuation across the
Pelion peninsula. The roughly E-W-trending fault scarp is well-documented on the sea-floor
from bathymetric surveys, seismic profiles and Holocene sediment distribution (Perissoratis ef
al., 1991). The Volos ISS is responsible for the first strong shock (M, = 6.5; July 9) of the 1980
seismic sequence. Calculated focal mechanisms of both the 1980 sequence and the April 30,
1985 (M, = 5.5) event (Jackson et al., 1982; Papazachos et al., 1983; Dziewonski et al., 1988;
Ekstrom and England, 1989; Taymaz et al., 1991; Vannucci and Gasperini, 2003; 2004)
generally fit the geological observations, showing ENE-WSW-striking planes, shallow-dipping
towards SSE with a normal dip-slip motion.

The western segment of the fault zone is the Nea Anchialos 1SS, which borders the northern
margin of Almyros Basin partly controlling the northern coastline of the Pagasitikos Gulf. It is
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the causative fault of the second strong earthquake (M,, = 6.1) of the 1980 sequence which
occurred 24 minutes after the first one, suggesting a triggering phenomenon. The mapped fault
trace and co-seismic ruptures (Papazachos et al., 1983; Ambraseys and Jackson, 1990; Caputo,
1996) indicate an ENE-WSW strike and a SSE dip (Papazachos et al., 1983; Caputo and
Pavlides, 1991; Mountrakis et al., 1993a; Caputo, 1995; 1996; Galanakis et al., 1998; Zovoili et
al., 2004). Microearthquake surveys (Kementzetzidou, 1996; Hatzfeld et al., 1999) delineate a
south-dipping fault plane at ca. 55°, which is the average of the suggested listric geometry
(Papazachos et al., 1983), and a seismogenic layer thickness of ca. 12 km. Both meso-structural
analyses (Caputo and Pavlides, 1991; 1993; Caputo, 1996) and focal mechanisms (Jackson et
al., 1982; Papazachos et al., 1983; Dziewonski et al., 1988; Ekstrom and England, 1989;
Taymaz et al., 1991; Vannucci and Gasperini, 2003; 2004) indicate normal faulting associated
with a N-S extension. Based on geomorphic markers, a slip-rate between 1 and 3 mm/a is
estimated (Caputo, 1996) and based on historical seismicity, a recurrence interval of 1500 years
is suggested (Zovoili et al., 2004).

Vasilika CSS015 (Righeo ISS015 and Dasolofos 1SS016)

Northwest of the Pagasitikos CSS (previous CSS) is the Vasilika CSS which obliquely
crosses the Pliocene-Early Pleistocene Central Hills horst in an E-W to ESE-WNW direction,
drawing a slightly curved fault trace (Caputo, 1996). The fault zone disappears under the
Quaternary sediments of the Karditsa plain and its westward continuation is uncertain. In the
central-eastern sector, two major fault segments have been defined (Caputo, 1995): the Righeo
and Dasolofos ISSs, to the east and west respectively. The two segments have left-stepping
partly overlapping geometry and show clear morphotectonic evidences of recent activity by
affecting Late Pleistocene deposits (Caputo, 1995; Caputo and Pavlides, 1993). Meso-structural
analyses indicate a SSW-dipping setting and a normal dip-slip kinematics compatible with a
roughly N-S direction of extension. A microearthquake cluster has been instrumentally recorded
within the seismogenic volume (Kementzetzidou, 1996; Hatzfeld et al., 1999), thus
documenting a seismogenic depth of at least 13-14 km and 60°-70° of mean dip.

On March 8, 1957 two strong earthquakes (Mg = 6.5 and 6.6 respectively, according to
Ambraseys and Jackson, 1990, or M, = 6.4 according to Vannucci and Gasperini, 2003; 2004)
occurred near Velestino and which can both be associated with this fault zone (Caputo, 1995).
Although the poor seismological recordings and especially the time difference of 7 min between
the two shocks hamper a separate reconstruction of the two macroseismic fields, a possible
triggering effect could be tentatively suggested. Considering the magnitudes, it is likely that
both segments (partly) ruptured. Ground ruptures are reported by local people only along the
Righeo ISS (Ambraseys and Jackson, 1990).

Domokos CSS020 (Ekkara 1S5020)

The westernmost seismogenic structure of the southern Thessaly fault belt is represented by
the Domokos CSS, which is antithetic (i.e. NNE-dipping) with respect to the Pagasitikos and
Vasilika CSSs (see previous CSSs). The fault trace is marked by a curvilinear scarp, varying in
strike from E-W to (W)NW-(E)SE, moving westward. This is due to the interaction and linkage
of an inherited WNW-ESE trending fault system with a more recent one trending E-W. Based
on geological and morphotectonic investigations (Caputo and Pavlides, 1993; Pavlides, 1993),
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the total length can be roughly estimated to be 48 km, while meso-structural analyses document
dip-slip to oblique-slip motion compatible with a NNE-SSW direction of extension (Caputo,
1995). The central sector of the fault zone (Ekkara ISS) was reactivated during the April 30,
1954, Sophades earthquake, producing several km-long ground ruptures (Papastamatiou and
Mouyiaris, 1986). The initially assessed surface magnitude was 7.0 (Papastamatiou and
Mouyiaris, 1986), but it was likely overestimated (M; = 6.7, Ambraseys and Jackson, 1990; M,
= 6.6, Vannucci and Gasperini, 2003; 2004). Recent palacoseismological investigations clearly
document that this structure ruptured in the past and suggest a minimum slip-rate of 0.3-0.5
mm/a and a recurrence interval greater than 3 ka (Palyvos et al., 2010). The focal mechanism
proposed by Vannucci and Gasperini (2003; 2004) suggests a WNW-tending NNE-dipping
rupture plane, which is slightly different from that proposed by McKenzie (1972).

South Tyrnavos Basin CSS004 (Larissa ISS005 and Asmaki 1SS004)

As mentioned before, northern Thessaly is characterized by very low historical and
instrumental seismicity, but prominent neotectonic structures that show evidences of recent
activity. The geological similarity and the contrasting seismological record suggest the
occurrence of a seismic gap in the northern Larissa plain (Caputo, 1995). One of these
neotectonic structures is the South Tyrnavos Basin CSS bordering to the south the homonymous
graben and showing a NNE-dipping setting with a normal dip-slip kinematics (Caputo et al.,
1994). Two segments have been recognized: the Larissa and Asmaki ISSs (to the west and east
respectively).

The Larissa ISS is associated with a prominent fault scarp separating the Pliocene-Early
Pleistocene deposits of the Central Hills in the footwall from the recent alluvial sediments of the
Pinios River filling thehanging-wall basin. Based on geological and morphotectonic
investigations, as well as geophysical surveys (Caputo and Pavlides, 1993; Caputo et al., 2003),
a length of 19 km is suggested with a mean ESE-WNW orientation. The eastern tip corresponds
to an angular barrier and a left-stepping underlapping geometry with the nearby structure.

In the eastern sector, morphological evidence is more subtle, probably due to an overall
lower slip-rate. However, recent tectonic activity is well documented by the occurrence of few
meters-high, but several km-long, E-W trending scarps affecting the Holocene sediments of the
Larissa plain (Caputo et al., 1994) and documenting three sub-parallel overlapping sub-
emergent fault planes. One of these structures, the Asmaki ISS, has been probably ruptured in
the March 1, 1941 Larissa earthquake based on the occurrence of co-seismic ground ruptures
along one of these morphological alignments (Ambraseys and Jackson, 1990; Caputo, 1995).
The focal mechanism indicates a NNE-dipping slightly oblique-slip nodal plane, while the
magnitude of this event was M,, = 6.1 (Vanucci and Gasperini, 2003; 2004) or M. = 6.3
according to Papazachos and Papazachou (1997; 2003). Although the eastern sector of the
South Tyrnavos Basin CSS is longer than the Asmaki Fault, due to the above mentioned slip
partitioning the 1941 possibly represents the maximum expected magnitude.

Tyrnavos CSS001 (Tyrnavos 1SS001)

The Tyrnavos CSS is parallel to and synthetic with the South Tyrnavos Basin CSS (see
previous CSS). With the latter structure it forms a largely overlapping right-stepping geometry
that trends ESE-WNW with a total length of at least 20 km. The best defined section of the fault
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is constrained to a length of 14 km and is conservatively represented by the Tyrnavos ISS which
forms a prominent scarp affecting the Triassic rocks as well as Pliocene and Late Quaternary
sediments (Caputo, 1993a; 1995). A continuous unweathered fresh scarp and 10-15 cm-high
free-faces likely document recent co-seismic ruptures (Caputo, 1993a). The displacement of
latest Pleistocene-Holocene alluvial deposits along a 8-10 m-high scarp as well as borehole data
suggest a long-term slip-rate ranging between 0.1 and 0.4 mm/a (Caputo, 1993b; Caputo et al.,
2004a; 2006a). The fault surface has been also detected from geophysical surveys: GPR
(Caputo and Helly, 2000), ERTs (Caputo et al., 2003) and HSVR (Oliveto et al., 2004). The
results of several palaeoseismological trenches document the occurrence of at least 12-13 events
during the last 25-30 ka and a mean recurrence interval of 1.5-2.5 ka (Caputo and Helly, 2007).

North Tyrnavos Basin CSS002 (Rodia ISS002 and Gyrtoni ISS003)

The Tyrnavos Basin is bounded to the north by another major CSS, the North Tyrnavos
Basin, which is facing the previously described structures as an antithetic one. The fault zone is
characterized by an articulated geometry due to the linkage of inherited NW-SE trending
segments and newly formed E(SE)-W(NW) trending ones (Caputo, 1993b; Caputo and Helly,
2005b). Geological, structural, morphotectonic and geophysical investigations allowed detailed
mapping of the CSS and documentation of its recent activity (Caputo, 1993b; 1995; Caputo and
Pavlides, 1993; Caputo et al., 1994; 2003), which is further confirmed by the results of
palacoseismological trenches (Caputo and Helly, 2000; 2005b; Caputo et al., 2004b). Meso-
structural analyses indicate a NNE-SSW direction of extension (Caputo, 1993b). Two major
fault segments have been recognized (Caputo, 1993b; 1995; Caputo and Pavlides, 1993; Caputo
et al., 1994; Goldsworthy and Jackson, 2000): the Rodia and Gyrtoni ISSs, bearing the best
evidence of recent activity.

The Rodia ISS separates the Palacozoic metamorphic rocks of the Pelagonian Zone to the
north, from the Pleistocene and Holocene sediments to the south. The latters consist of scree
deposits coming from the mountain front interfingering with the alluvial deposits of the Pinios
River. Palaeoseismological investigations document a Holocene linear morphogenic earthquake,
dated at 2-3 ka BP, that bears a vertical displacement of 25-30 cm and a possible magnitude of
6.4 +£0.2 (Caputo and Helly, 2005b). With the addition of morphotectonic and stratigraphic data,
a slip-rate ranging between 0.1 and 1.0 mm/a has been suggested.

The Gyrtoni ISS is parallel to and synthetic with the Rodia ISS showing a right-stepping
underlapping geometry. Along its 13 km of length, it is mainly marked by a morphological
scarp separating Villafranchian lacustrine deposits (footwall) from Holocene alluvial sediments
(Caputo et al., 1994). Further evidence of its recent activity derives from high-resolution
geophysical investigations (Caputo et al., 2003).

The seismogenic layer thickness of the area is assumed to be 12.5 km by interpolation
between the areas of the Aliakmonas and Pagasitikos CSSs. The complex geometry of the CSS
suggests scenarios of total rupturing are unlikely.

Omolio CSS040

The Omolio CSS is the northernmost active structure of the Thessalian fault system. It
separates the Palacozoic-Mesozoic bedrock from the Holocene alluvial and deltaic deposits of
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the Pinios River (eastern sector; Caputo, 1990). Together with the antithetic and diverging
North Tyrnavos Basin CSS (see previous CSS) it delimits the Gonnoi Horst, which was strongly
uplifted in recent times (Stiros ez al., 2004). The CSS is associated with a 38 km-long fault zone
showing evidence for recent tectonic activity, such as a major linear escarpment and several
suspended wine-glass valleys. On June 9, 2003 a moderate earthquake (M,, = 5.3) hit the area,
showing a focal mechanism coherent with CSS geometry and kinematics (Pavlides et al.,
2004b). The event was probably associated with this seismogenic volume, but was too deep and
small to produce a clear surface expression. On the basis of the CSS dimensions the maximum
expected magnitude is 6.5.

South Kassandra offshore CSS285

The South Kassandra offshore CSS is located on the western prolongation of the South
Chalkidiki offshore CSS (see in the following seismogenic source description). Partially defined
by several authors (Brooks and Ferentinos, 1980; Lybéris, 1984; Papanikolaou et al., 2002;
2006), the fault is characterized by a marked orientation change along strike, from E-W to ESE-
WNW, while the motion is likely pure dip-slip normal (Papanikolaou et al., 2002). It is
associated with a major submarine escarpment following the coastline of the Kassandra
peninsula, while its recent activity is inferred from high-resolution seismic reflection profiles
(Papanikolaou et al., 2006), which show a clear downthrown of the southern block and the
deformation of the sea-floor sediments.

Mavrovouni offshore CSS815

Located at the western margin of the North Aegean Basin, the Mavrovouni offshore CSS
shows similar characteristics with the southern, parallel and synthetic Pelion offshore CSS (see
next source). Identified as a slightly oblique-slip with a prevailing normal dip-slip component
structure (Papanikolaou and Papanikolaou, 2007), this CSS clearly affects the seafloor
morphology (Papanikolaou et al., 2002). Seismic reflection profiles carried out across this fault
(Papanikolaou et al., 2006), clearly document displacements and deformations of the sea floor
sediments. The fault complexity towards the basin does not allow a good constrain of the fault’s
extension further to the east.

Pelion offshore CSS820

The Pelion offshore CSS follows the southwestern border of the NAB, offshore from the
Pelion peninsula and north of Skiathos and Skopelos Islands and is represented by a (W)NW-
(E)SE trending fault zone. This tectonic structure is ca. 36 km-long and NE-dipping as
emphasized by a steep morphological submarine slope (Papanikolaou et al., 2002). The location
and geometry of the fault zone and its recent activity is also clear in the seismic reflection
profiles showing clear displacements and deformations of the sea-bottom sediments (Laigle et
al., 2000; Papanikolaou et al., 2006). Based on its orientation, geodynamic setting and
sediments downthrow, the motion should be slightly oblique-slip, but with a prevailing normal
dip-slip component.
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5.6 The North Aegean Sea fault system

A strong limitation in investigating offshore faults is represented by the complete lack of
direct observations; in terms of morphotectonic and geological approaches, only detailed
bathymetric maps (e.g. Maley and Johnson, 1971; IOC, 1981; Papanikolaou et al., 2002) and
seismic reflection investigations (e.g. Brooks and Ferentinos, 1980; Mascle and Martin, 1990;
Roussos and Lyssimachou, 1991; Papanikolaou ez al., 2006) are available. Accordingly, most of
the information concerning offshore faults is provided by seismic data like focal mechanisms
and microseismic distribution (e.g. Dziewonski et al., 1983; 1984; Rocca et al., 1985; Kiratzi,
1991; Taymaz et al., 1991).
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Fig. 5.7: The seismogenic sources of the ‘North Aegean Sea fault system’ (fig. 5.1). Orange sources and
numbers: CSSs and their codes, read sources and numbers: ISSs and their numbers, blue sources: DSSs.
The epicentres (stars) have been taken from the catalogue of Papazachos et al. (2000; 2009;
http://geophysics.geo.auth.gr/ss/).

The North Aegean Sea is dominated by two regional-scale tectonic structures: the North
Aegean Basin (NAB) and the North Aegean Trough (NAT) directly connected and representing
the western continuation of the North Anatolian Fault (fig. 5.7). The NAB is situated between
the Chalkidiki peninsula, Thessalian coast and Sporades Islands. Along strike, it is bordered by
two major fault zones which are mainly characterized by a oblique-slip kinematics: the South
Chalkidiki offshore and North Aegean Basin CSSs. Minor structures affect the interposed
region, but the lack of sufficient data, their likely reduced dimensions (hence limited maximum
expected magnitude) and their location far from the Greek coastlines, make at present their
recognition more problematic and precise seismotectonic definition less urgent. For these
reasons they have not yet been included in the database.
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The other regional-scale tectonic structure, the NAT, is represented by a crustal-scale
negative flower structure affecting the sea floor between Kallipoli (Gelibolu) peninsula, Lemnos
and Imbros islands to the south, and Samothraki Island to the north. In this transtensional shear
zone two CSSs have been recognized (North NAT and South NAT), marking the mechanical-
stress transition between the purely transcurrent tectonic regime of the North Anatolian Fault to
the east, and the prevailingly extensional regime (NAB) towards the west (Pavlides ez al., 1990;
Taymaz et al., 1991; Pavlides and Caputo, 1994; Papanikolaou et al., 2006). Due to this lateral
variation, the NAT basin progressively widens and deepens westwards (Papanikolaou et al.,
2002). The description is constrained inside the Greek territory, skipping the part eastern from
the Gulf of Saros.

Other active tectonic structures also occur in the North Aegean region, which are synthetic or
kinematically associated with those of the NAB and NAT; these are the Aghios Efstratios and
Samothraki ISSs and the Lemnos CSS.

South Chalkidiki offshore CSS280 (Athos 1SS282)

The South Chalkidiki offshore CSS represents the northern boundary of the NAB. Its trace
runs immediately south of the Sithonia and Athos peninsulas forming a NE-SW trending steep
submarine slope for a total length of ca. 90 km as documented by bathymetric surveys (Maley
and Johnson, 1971; Papanikolaou et al., 2002) and seismic profiles (Ferentinos et al., 1981;
Roussos and Lyssimachou, 1991; Papanikolaou et al., 2006). Based on slight strike variations
and especially on the occurrence of a large earthquake likely associated with this fault zone, the
Athos 1SS is distinguished. The event occurred on November 8, 1905 and the macroseismic
magnitude was 7.5 (Papazachos and Papazachou, 1997; 2003) or M = 7.3 (Ambraseys, 2001).
This fault segment is ca. 54 km-long (Papanikolaou et al., 2006). The maximum expected
magnitude for the whole CSS is between 6.9 and possibly 7.2 as worst case scenario.

North Aegean Basin CSS810 (NAB segment A 1SS810 and segment B 1SS811)

The North Aegean Basin CSS is one of the longest structures of the region striking NE-SW
and dipping to the NW. It represents the southern boundary of the NAB, running from north of
Lemnos to the Sporades Islands. The fault zone is well expressed morphologically, as it has
formed a deep and steep NW-dipping slope, clearly imaged in detailed bathymetric maps
(Maley and Johnson, 1971; IOC, 1981; Papanikolaou et al., 2002). The cumulative downthrown
of the sea-bottom is ca. 1300 m. The fault zone is also clearly imaged in the seismic reflection
profiles indicating significant cumulative displacements and especially the deformation of the
sea-bottom sediments (Brooks and Ferentinos, 1980; Ferentinos et al., 1981; Mascle and
Martin, 1990; Roussos and Lyssimachou, 1991; Papanikolaou et al., 2006). Along this zone,
two strong earthquakes, likely produced by two adjacent fault segments, are well-documented.
Accordingly, two ISSs are distinguished: the NAB Segments A and B (eastern and central,
respectively).

The NAB Segment A ISS was responsible for the August 6, 1983 (M = 6.8 after Kiratzi et al.,
1991) earthquake that reactivated the northeastern portion of the NAB CSS. Based on the
aftershock spatial distribution (Rocca et al., 1985; Taymaz et al., 1991) and the magnitude of
the mainshock, a length of 44 km is inferred. The NAB Segment B ISS is associated with the
January 18, 1982 (M,, = 6.6 after Dziewonski ef al., 1983) earthquake. Again, a length of 33 km
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is inferred from the aftershock spatial distribution (Taymaz ef al., 1991) and the magnitude of
the mainshock. There are many other focal mechanisms calculated for both the 1982 and 1983
seismic crises (Dziewonski et al., 1984; Papazachos et al., 1984; Rocca et al., 1985; Ekstrom et
al., 1987; Ekstrom and England, 1989; Kiratzi et al., 1991; Taymaz et al., 1991; Jackson et al.,
1992; Vannucci and Gasperini, 2003; 2004) all suggesting a very steep (NW-dipping) to sub-
vertical nodal planes and an almost pure right-lateral strike-slip kinematics. The proposed
segmentation is in agreement with the seismogenic source segments proposed by Papanikolaou
and Papanikolaou (2007).

The 1982 and 1983 events likely represent the maximum expected magnitudes for the two
segments, while in case of a unique rupture event (worst case scenario) the expected magnitude
is 7.6 (Papanikolaou and Papanikolaou, 2007). Nevertheless, many older strong events (June 1,
1366; November 12, 1456; 1471; August 12, 1564; April 12, 1572; June 28, 1585; December 5,
1776; February 3, 1779; June 4, 1947) are reported in the vicinity of the NAB CSS, especially to
the central and northeastern part (Papazachos and Papazachou, 1997; 2003), but they are either
ambiguous or loosely located in order to be connected with a specific ISS or CSS. In order to
highlight this uncertainty, two examples of historical events are given, one occurred on June 1,
1366 (M = 6.6) and the other in 1471 (M = 7.0). Both events are absent from Ambraseys’s
(2009) catalogue, while only the second one is included in the catalogue of Guidoboni and
Comastri (2005) as an event that occurred sometime between June 1470 and 1472, in the area
north of Lemnos Island. However, a conflict might be also possible regarding the November §,
1905 Athos earthquake. According to the descriptions though, it is preferred to be assigned to
the Athos ISS (see the previous South Chalkidiki offshore CSS).

South NAT CSS800

The South NAT CSS is probably the longest active structure in the Aegean Sea. It is oriented
ENE-WSW, running north of Lemnos and Imbros Islands, controlling the Saros Gulf and
crossing the Kallipoli peninsula (Stanley and Perissoratis, 1977; Lybéris, 1984; Ambraseys and
Finkel, 1987; Mercier et al., 1989; Kiratzi, 1991; Tuystiz et al., 1998; Yaltirak et al., 1998;
Armijo et al., 1999; Saatcilar et al., 1999; Papadimitriou and Sykes, 2001; Rockwell et al.,
2001; Ambraseys, 2002; Koukouvelas and Aydin, 2002; Yaltirak and Alpar, 2002; Altunel et
al., 2004; McNeill et al., 2004; Kaya et al., 2004; Janssen et al., 2009; Koral et al., 2009). This
structure is hard to be separated from its mechanical continuity, the North Anatolian Fault. The
fault segment that ruptured the Kallipoli peninsula (August 9, 1912; M,, = 7.4), from the Saros
Gulf to the Marmara Sea (Ambraseys and Finkel, 1987; Tuysliz et al., 1998; Yaltirak et al.,
1998; Rockwell et al., 2001; Ambraseys, 2002; Yaltirak and Alpar, 2002; Altunel ez al., 2004;
Kaya et al., 2004; Janssen et al., 2009), its prosecution will not be further discussed as it is
getting far from the study area. The fault zone geometry is relatively well constrained based on
bathymetric data, seismic reflection profiles, microseismic distributions and focal mechanisms
of moderate and strong events (Maley and Johnson, 1971; Mascle and Martin, 1990; Kiratzi et
al., 1991; Papazachos ef al., 1991; Taymaz et al., 1991; Cagatay et al., 1998; Saatgilar et al.,
1999; Coskun, 2000; Kurt et al., 2000; McNeill et al., 2004; Karabulut et al., 2006; Ustadmer et
al., 2008). Focal mechanisms document a prevailing strike-slip motion with some dip-slip
component, while the distribution of microseismicity suggests a steep (to sub-vertical) fault
plane. The total length of the fault zone probably exceeds 200 km. Based on the overall
geometry, several segments certainly occur but the lack of specific data does not allow to
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determine segment boundaries and especially their nature. Accordingly, the maximum expected
magnitude could range between 6.5 and probably more then 7.5.

North NAT CSS290 (Saros Gulf 1SS290 and Samothraki SE 1SS291)

Mechanically associated with the South NAT CSS (see previous CSS) is the North NAT CSS,
which runs sub-parallel and antithetic (SSE-dipping) to the former. The two fault zones
progressively converge eastwards probably merging into a unique crustal-scale flower structure
at the entrance in the Saros Gulf (Cagatay et al., 1998; Yaltirak et al., 1998; Coskun, 2000; Kurt
et al., 2000; Yaltirak and Alpar, 2002). The total length is probably more than 120 km
demonstrating oblique-slip (to strike-slip) kinematics, according to available focal mechanisms
of moderate to large earthquakes. Based on the slightly articulated geometry, at least two
segments have been recognized and included in GreDaSS: the 26 km-long Saros Gulf ISS and
the 24 km-long Samothraki SE ISS. These faults ruptured in M, = 6.6 and M,,= 5.7 earthquakes,
which occurred on March 27 1975 and July 6 2003 respectively, north of the Kallipoli peninsula
and east of Samothraki Island (Kiratzi et al., 1985; Taymaz et al., 1991; Papazachos et al.,
1991; Jackson et al., 1992; Papazachos and Papazachou, 1997; 2003; Vannucci and Gasperini,
2003; 2004; Karabulut et al., 2006). Focal mechanisms suggest an oblique-slip motion (normal
and dextral components) on a moderate SE-dipping fault plane for the Saros Gulf ISS (Kiratzi et
al., 1985; Taymaz et al., 1991; Papazachos et al., 1991; Jackson et al., 1992) and an almost pure
dextral strike-slip motion on a steeply SE-dipping fault plane for the Samothraki SE ISS
(Karabulut et al., 2006). The investigation of the 2003 sequence (Karabulut et al, 2006)
indicates a thick seismogenic layer of ca. 19 km and a structure of more than 20 km-long.
However, according to the dimensions, the potentional magnitude of the Samothraki SE ISS
should be approximately 6.6, although the greatest shock of the 2003 sequence was only M,, =
5.7. Two historical large events are also reported in this area (Papazchos and Papazachou, 1997;
2003): the first on July 23, 1719 (M, = 6.7) and the second on August 6, 1860 (M, = 6.2).
Although both events cannot be accurately located, at least one (1719) could be related with the
Samothraki SE fault segment. A total reactivation of the North NAT CSS seems impossible.
Nevertheless, based on the fault zone’s geometry and the empirical relationships of Wells and
Coppersmith (1994), a maximum magnitude of 7.1 could be the result of the worst case
scenario.

North Samothraki ISS288

The fault crosses the northern coast of the Samothraki Island and continues on both sides
offshore. From a mechanical point of view, this fault can be interpreted as a normal dip-slip
secondary structure of the NAT. According to morphotectonic investigations (Pavlides et al.,
2005), the fault is characterized by discrete scarps most of them aligned in an ESE-WNW
direction and dipping northwards. The scarps form a steep morphology that controls the
drainage pattern and cause deposition of massive colluvial and alluvial deposits. The North
Samothraki ISS is probably the causative structure for the homonymous earthquake occurred on
February 9, 1893 (Papazachos and Papazachos, 1997; 2003; Ambraseys, 2009). Based on the
macroseismic magnitude of 6.8 (Papazachos and Papazachos, 1997; 2003), a conservative
length of at least 22 km can be estimated.
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Lemnos CSS825

Lemnos CSS is a NE-SW-striking, sub-vertical strike-slip right-lateral structure running
across the homonymous island (Koukouvelas and Aydin, 2002; Pavlides et al., 2009). It consists
of several smaller segments, some of them controlling the coastline of the northeastern part of
the island. The location, geometry and kinematics of this structure imply a possible connection
with the South NAT CSS to the north. Even though regional instrumental seismicity is rather
low, a strong (M. = 7.0) historical (197 BC) earthquake is reported in the catalogue of
Papazachos and Papazachou (1997; 2003) based on scripts of Pausanias, who refers to the
sinking of Chrysi Island northeast from Lemnos. According to the empirical relationships
(Wells and Coppersmith, 1994) the maximum expected magnitude of a total rupture of the fault
zone is estimated to be M,, 6.8.

Aghios Efstratios CSS/ISS831

The Aghios Efstratios ISS is a NE-SW-striking, strike-slip tectonic structure, running south
of the Lemnos Island and crossing the small Aghios Efstratios Island (Pavlides et al., 1990;
Pavlides and Tranos, 1991). Although it is parallel to the North Aegean Basin CSS (see
previous CSSs of §5.6) its motion is mainly transcurrent based on the available focal
mechanism of the 1968 event which ruptured most of the structure (McKenzie, 1972; Kiratzi et
al., 1991; Taymaz et al., 1991; Vannucci and Gasperini, 2003; 2004). The field mapping
indicates a NW-dipping steep to sub-vertical fault with significant right-lateral motion (Pavlides
et al., 1990; Pavlides and Tranos, 1991). Fault length is based on the aftershock distribution
(Drakopoulos and Economides, 1972; North, 1977), while width and average displacement are
based on North’s (1977) estimations over the aftershock distribution and the Mg = 7.1
magnitude of the 1968 earthquake, respectively. However, more recent studies (Nalbant et al.,
1998; Papadimitriou and Sykes, 2001) suggest different dimensions and displacements (see
discussion in Pavlides et al., 2009). This uncertainty is represented by the homonymous CSS.
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CHAPTER 6

Discussion and applications

6.1 General remarks

At present, GreDaSS counts ca. 90 ISSs, 180 CSSs and 10 DSSs for the Aegean Region (fig.
6.1). These sources do not have the same level of analysis and hence, confidence. In the
meantime, all sources contain a minimum level of information; that is the principal geometric
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Fig. 6.1: The seismogenic sources (CSSs in orange and ISSs in black colour) of the broader
Aegean Region as they have been developed (until today) for both GreDaSS and SHARE
projects. The dashed line separates the thesis study area (northern Greece) and the area in
which sources are still in progress (southern Greece).
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and kinematic parameters which have been obtained after a preliminary, but thorough, revision
of most available literature. These sources have been also included in the SHARE project (see
Preface for more details). However, the sources discussed in the present thesis, limited to the
northern part of Greece (fig. 6.1), have been revised thoroughly and have a high informational
level in contrast with the other ones.

The homogenization of the seismogenic sources in North Greece provides a more
comprehensive view of its geodynamic setting. Accordingly, sources can be grouped following
common characteristics and similar seismotectonic behaviour as shown, for example, in chapter

5 (fig. 5.1).

In particular, the area of Thrace and eastern Macedonia shows normal faulting with a rough
E-W trend, sparse seismicity and low slip rates (fig. 4.6). The northern part of Central
Macedonia also shows a similar pattern. However, by moving southwards to the Chalkidiki
peninsula, the density of both seismic occurrences and number of sources increase, with the
latter showing locally higher slip rates. In West Macedonia, the orientation of the faults changes
from E-W to NE-SW, partly following the change of the regional stress field. Kinematics
maintains its character (dip-slip normal faulting), but slip rate is rather low with an increasing
tendency towards the south. Besides the 1995 Kozani earthquake, strong instrumental events are
lacking. In Epirus, seismogenic sources are quite sparse. Infrequent seismicity and local
lithology are the main reasons that possible faults might not have been well recognized until
now. Moreover, sparse population in mountainous areas might be an additional reason for the
lack of historical reports. On the other hand, the erodibility of flysch is relatively high which
means that this lithology does not preserve seismogenetic geomorphic features. Moving
westwards and closer to the subduction zone out form the lonian coast, the tectonic regime
becomes more complex. The regional stress field changes gradually as we move away from a
purely extensional (east) towards a compressional (west) regime. Although the prevailing E-W-
striking faults (e.g. Petoussi and Kerkyra CSSs) show that they have been reactivated as strike-
slip faults, superimposed striations document recent normal dip-slip motions. Slip rates locally
show high values, which can be interpreted as the effect of the nearby subduction zone. The
interference of the evaporitic layer in the area is not clear yet. Thessaly, on the other hand, more
or less follows similar characteristics to the area of Central Macedonia. Faults appear in clusters
with one located in the northern part and a second one located in the southern part. The northern
fault system consists of subparallel CSSs that lie along a roughly N-S axis. The southern fault
system lies along a major E-W trending zone. Seismicity appears to be different within the two
sectors. In contrast with Southern Thessaly, the lack of significant historically and
instrumentally recorded earthquakes in the northern part suggests the existence of a seismic gap
(Caputo, 1995). Two offshore sources (Mesovouni and Pelion offshore CSSs) bordering the
NAB to the west, likely belong to the same Thessalian fault system. In the North Aegean Sea
the geodynamic setting changes significantly, a difference that is also reflected by the existence
of large dominating tectonic structures, the NAB and the NAT. These structures belong to a
transtensional regime (Pavlides and Caputo, 1994) that is evidenced by the gradual changing of
the kinematics from oblique (normal dip-slip and right-lateral components) to the west to almost
pure dextral kinematics to the east.

Another observation that comes out from fig. 5.1 is that many seismogenic sources are
grouped in clusters (e.g. in Mygdonia Basin, East Chalkidiki, Ptolemaida Basin, North and
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South Thessaly, NAB). What are the reasons for this phenomenon? A possible explanation
could be that seismogenic sources in these regions affect areas that are characterised either by
large tectonic basins. These areas have been recently shaped by extensional crustal activity, with
the oldest one taking place since late Oligocene-Miocene (e.g. Psilovikos, 1984; Pavlides and
Kilias, 1987; Pavlides and Mountrakis, 1987; Pavlides et al., 1990; Caputo and Pavlides, 1993;
Papanikolaou et al., 2002). During all this time, tectonic activity never ceased, although few
changes have occurred as far as the extensional direction of the field concerns (e.g. Mercier et
al., 1979; 1989; Pavlides and Kilias, 1987; Pavlides et al., 1990; Caputo and Pavlides, 1993).
Therefore, tectonic processes have mechanically weakened and thinned the upper crust
providing a convenient place for regional deformation to concentrate. Interactions between
seismogenic sources within the same crustal volume are quite possible. In this case, these
sources can define a volume in which fault activity migrates from source to source. How
interactions take place in these seismogenic volumes, for example if faults are randomly
reactivated or not, is not clear and certainly needs further investigation. Moreover, the
earthquake records are far too short, regarding the time span, in order to study successive
reactivations. However, a preliminary study of few cases (Sboras and Caputo, 2010) implies the
possible occurrence of low-angle normal faults at the base of these seismogenic volumes
branching upwards into several steep fault planes. This structural model has some major
consequences in terms of seismic hazard, because if the nucleation point is located on the low-
angle segment, then the rupture, during the upwards propagation, could propagate along any of
the steep faults that depart from the detachment fault. Therefore, the maximum expected
magnitude could be greater compared to a distinct single fault plane crossing the seismogenic
layer thickness with an approximately constant (steep) dip-angle. This is due to the fact that the
rupture area is larger since it includes both the steep segment and part of the low-angle plane.
Furthermore, it is not easily predictable which segment will be the next to rupture during a
future seismic event. Accordingly, it could be not straightforward performing a probabilistic
fault displacement hazard analysis (PFDHA). In terms of earthquake geology, the occurrence of
such complex extensional fault systems could have strong implications because subsequent
seismic reactivations could rupture different branches towards the surface. Accordingly, when
performing palacoseismological and morphotectonic investigations, researchers should clearly
bear in mind the possibility of slip partitioning characterising such seismogenic volumes. For
example, any estimation of the regional stretching and geological strain rate and especially of
the earthquake recurrence interval should take into account the contribution provided by all the
fault branches potentially connected with the low-angle fault plane at depth.

A final comment on the map of fig. 5.1 concerns the completeness of the database. Indeed,
cumulative effects-based investigations (see §1.5 and §6.2) are less applied offshore, whereas
single-event effects-based investigations are not useful unless an earthquake occurs (‘typical’
examples are the 1995 Kozani and 1999 Athens earthquakes). At this regards, a major problem
is that the offshore seismogenic sources are hard to be explored. Moreover, all types of
investigations have been advanced quite recently giving insufficient time for extended surveys.
This means that there are still unexplored regions, like it was for the Kozani (1995) and Athens
(1999) earthquakes.
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6.2 Reliability of single-event effects-based and cumulative effects-based
investigation methods

In §1.5 two types of sources of information were defined according to the investigation
methods from which data and information are acquired. It is time now to check the reliability of
single-event effects-based and the cumulative effects-based investigating methods. For this
purpose, four case studies are selected, all involving well expressed faults which have been
recently reactivated by earthquakes, but in different epochs. In this way, the variable quality and
degree of uncertainty may also be investigated regarding the seismotectonic information that
can be obtained from the analysis of single-event effects caused by historical events or fully
instrumental ones. Although the first case study (East Heliki Fault and the 1861 event) does not
belong to the study area, it is the best example of early systematic field investigations in Greece
and becomes a reference point for the further evolution of such kind of investigations. The other
three cases, although they are described in the 5" chapter, information in this discussion is
analyzed in a different way, in order to compare the two investigation methods. In table 6.1 at
the end of this session, the seismotectonic parameters for the considered case studies are listed
allowing a concise view and brief analysis of the differences and similarities between the results
obtained by applying the two methodological approaches. According to the reliability and
accuracy of the results, a summarizing quality factor is also attributed. The quality scale varies
from A, indicating fully reliable and accurate results, to E, representing poorly documented
values generally tentatively inferred from empirical relationships and with large uncertainty.

East Heliki Fault (South Corinth Gulf Fault System)

The Gulf of Corinth is one of the most tectonically active regions worldwide, showing an
intense seismicity both in terms of magnitude and frequency. The gulf is an asymmetric graben
which is likely characterized underneath by a low-angle N-dipping master fault (detachment
fault; Rigo et al., 1996; Bernard et al., 1997; Exadaktylos et al., 2003; Sachpazi et al., 2003;
Flotté et al., 2005; Gautier et al., 2006; Skourtsos and Kranis, 2009). The southern side of the
gulf near to the northern coast of Peloponnesus is affected by an important composite
seismogenic source: the South Corinth Gulf Fault System. One of the major individual active
structures of this complex shear zone is the East Heliki Fault (Rigo et al., 1996; Le Meur et al.,
1997; Sorel, 2000; Chéry, 2001; Flotté¢ and Sorel, 2001; Cianetti et al., 2008), which was re-
activated during the December 26, 1861 Valimitika earthquake (fig. 6.2). This case study has
been selected because it represents the first example for Greece of penecontemporancous
systematic field investigations complete of a detailed ground ruptures map and scientific report
of many seismically induced effects (Schmidt, 1867; 1879).

Single-event effects: The 1861 earthquake had a maximum intensity X (MCS) and a
macroseismic filed suggesting an E(SE)-W(NW) trending fault. The estimated M. is 6.6
(Ambraseys and Jackson, 1997; Papadopoulos, 2000) or 6.7 according to Papazachos and
Papazachou (1997; 2003). This magnitude could be considered the maximum expected event for
this seismogenic source, given that it also matches the maximum recorded magnitudes from the
broader Corinth Gulf (Papadopoulos, 2000). It should be noted, however, that on the basis of the
inferred seismotectonic parameters (see table 6.1) the moment magnitude calculated via seismic

moment would be smaller (~6.4).
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Fig. 6.2: a) Isoseismals and macroseismic epicentre of the 1861 Valimitika earthquake.
b) Map of the South Corinth Gulf Fault System showing the East Heliki seismogenic
source obtained from the analysis of single-event effects (box A) and cumulative effects
(box B). The Neotectonic fault traces, the 1861 ground ruptures, the location of the
palacoseimological trenches, the results of meso-structural analyses and the area
characterized by uplifted marine terraces and notches are also represented as well as the
West Heliki Fault (box C) separated by an overstepping geometry, likely representing a
'strong' barrier. See text for discussion and full reference list. See table 6.1 for the
seismotectonic parameters.

As above mentioned, the 1861 earthquake represents the first case in Greece of systematic
field investigations carried out within the epicentral area soon after the event thus providing
many descriptions and observations about the co-seismic effects, like liquefaction, ground
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ruptures and damages to buildings (Schmidt, 1867; 1879). The ground ruptures are aligned in an
(E)SE-(W)NW direction being in agreement with the macroseismically inferred fault strike. The
surface rupture length was 13-15 km. However, based on magnitude and empirical
relationships, this value is certainly underestimated. Accordingly, the fault rupture likely
continued offshore some more kilometres, but no specific information is available for this
epoch. The surface displacement was normal (south up, north down) and the maximum
observed value was about 1 m. No direct information is available for the maximum depth, dip-
angle and hence width. The latter could be also tentatively inferred from empirical relationships
(table 6.1).

The 1861 earthquake obviously represents the last event on the East Heliki Fault and
therefore the elapsed time is 50 years. Box A in fig. 6.2b represents the seismogenic source as
obtained from the above values.

Cumulative effects: The trace of the East Heliki Fault has been mapped in detail by several
authors (Poulimenos and Doutsos, 1996; Roberts and Koukouvelas, 1996; Kokkalas and
Koukouvelas, 2005; Koukouvelas et al., 2001; 2005). Morphometric analyses document the
recent activity of the fault (Koukouvelas et al., 2001; Verrios et al., 2004) which has also
deflected the flow path of the Kerynitis, Vouraikos and Selinous rivers (Pavlides et al., 2004c;
McNeill et al., 2005).

The South Corinth Gulf Fault System consists of several segments, among which is the East
Heliki Fault (box B in fig. 6.2b). This structure shows a right-stepping partially overlapping
geometry with the West Heliki Fault (box C in fig. 6.2b). The stepping distance is about 3 km
and, though this issue is debated, it could represent a stable segment boundary definitely halting
the co-seismic rupture started from one segment. Considering only the East Heliki Fault, the
geologically and morphotectonically mapped trace showing evidences of recent activity is at
least 20 km (Roberts and Koukouvelas, 1996; Stewart, 1996b; Koukouvelas et al., 2001;
Micarelli et al., 2003; Verrios et al., 2004). However, the uplifted coast to the east documents
the offshore continuation of the fault (fig. 6.2b; Stewart, 1996b; Stewart and Vita-Finzi, 1996),
which is further confirmed by seismic profiles (Bell ef al., 2008). Accordingly, the total length
of the East Heliki Fault is estimated to ca. 25 km.

Structural analyses on fresh slickensides show clearly an almost pure dip-slip normal
kinematics associated with a N-S-trending tensile stress field (Doutsos and Poulimenos, 1992;
Stewart, 1996b; Cowie and Roberts, 2001; Micarelli et al., 2003).

Microearthquake investigations in the broader area (Rietbrock et al., 1996; Rigo et al., 1996;
Gautier et al., 2006; Bourouis and Cornet, 2009), help constraining the seismogenic layer
thickness (ca. 10 km), the geometry at depth and the possible interaction with the normal
detachment underlying the Corinth Gulf. The merging between the steep East Heliki Fault and
the low-angle fault plane occurs at 7-10 km-depth. Taking into account the overall geometry
and assuming a joint rupture process with the detachment, a minimum width of 18 km and a
mean dip-angle of 40° can be inferred (assuming a flat fault plane as required for GreDaSS).

Slip-per-event has been obtained from several palaeoseismological trenches (Koukouvelas et
al., 2001; Pavlides et al., 2001b; 2004c; Chatzipetros et al., 2005a) and ranges from 0.5 to ca.
2.0 m.
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The determination of the slip rate is based on different investigation methods that provide
data for both short- and long-term values. Direct measurements, like palaecoseismological
trenches or seismic reflection profiles (Koukouvelas et al., 2005; Chatzipetros et al., 2005a;
McNeill et al., 2005; Bell et al., 2009) suggest values varying between 0.3 and ca. 5 mm/a.
Indirect inferences, like using the coastal uplift or GPS extension rates (Pirazzoli et al., 2004;
McNeill and Collier, 2004; De Martini et al., 2004) generally provide higher values (3-11
mm/a) that are commonly explained due to aseismic 'creep' and displacements on multiple
subparallel faults. Palacoseismological investigations suggest that during the Holocene, seismic
reactivations were clustered in short time periods of higher slip-rate separated by long time
periods of quiescence. Moreover, both trenches and raised marine notches document higher
values during the Holocene with respect to the Late Quaternary, confirming a variable
seismotectonic behaviour and a recently increased long-term slip rate (e.g. Stewart, 1996b;
Koukouvelas et al., 2005).

Hypothetically assuming to ignore the date of the 1861 event, palacoseismological
investigations could also contribute to constrain the timing of the last event (< 700 year BP) and
therefore the elapsed time. A recurrence interval ranging between 200 and 1600 years can be
inferred from geomorphological (Mouyiaris et al,, 1992; Stewart, 1996) and
palaeoseismological analyses (Chatzipetros et al., 2005a; McNeill et al., 2005).

A maximum expected magnitude of 6.7 (M,,) can be estimated via seismic moment using the
above values.

Domokos Fault System

The second case study is represented by a major fault zone, referred to in the literature as
Domokos Fault System, which affects southwest Thessaly (Caputo, 1995). This structure runs
along the boundary between the Karditsa plain, to the NE, and the Pindos mountain range, to the
SW. The geological and tectonic complexity of the structure is certainly due to its poly-phased
evolution and the present-day seismogenic source likely developed by exploiting several
inherited sliding surfaces represented by NW-SE trending Oligocene-Miocene thrust planes,
mainly inverted during the Pliocene (-Early Pleistocene) NE-SW extensional post-collisional
collapse, which recently (Middle-Late Quaternary) started branching and linking with E-W
trending, newly generated, fault segments. The Domokos Fault System was reactivated during
the April 30, 1954 Sophades earthquake (fig. 6.3).

Single-event effects: Although the Sophades event occurred during the instrumental period,
at that time the Greek and European seismographic network was not much developed and hence
the available seismological information is relatively poor. According to the recordings of the
National Observatory of Athens (after Papastamatiou and Mouyiaris, 1986), the originally
proposed magnitude was M = 7.0, while a revised surface waves magnitude of 6.7 has been
obtained by Ambraseys and Jackson (1990) and it is considered here as the maximum expected
magnitude. Different epicentres have been proposed, all located north from the geological fault
trace in the middle of the Karditsa plain (fig. 6.3b).

The focal mechanism of the main shock was proposed by McKenzie (1972), however based
on first motion polarities from short period seismic recordings. It describes a N(W)-S(SE)-
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trending nodal plane (box A in fig. 6.3b), in apparent agreement with the post-seismic field
observations, with an oblique-slip kinematics (rake 300°).
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Fig. 6.3: a) Isosecismals and macroseismic epicentre of the 1954 Sophades earthquake.
b) Map of the Domokos Fault System, Southern Thessaly, showing the seismogenic
sources obtained from the analysis of single-event effects (two alternative solutions: boxes
A and B) and cumulative effects (box C). The Neotectonic fault traces, the 1954 ground
ruptures, the location of the palacoseimological trenches, the results of meso-structural
analyses and the proposed epicentres (1: McKenzie, 1972); 2: National Observatory of
Athens; 3: Papazachos ef al., 1982) are also represented together with a hypothetical, but
discarded, alternative 'geological' solution (box D). See text for discussion and full
reference list. See table 6.1 for the seismotectonic parameters.

124



Chapter 6: DISCUSSION AND APPLICATIONS

The macroseismic field has been investigated by Papazachos et al. (1982; 1997), which
documented a maximum epicentral intensity MCS = IX-X and reconstructed the isoseismals of
the event. Notwithstanding the large number of intensity points (152), in the two versions of the
catalogue proposed by the authors (1982 and 1997), the intensity isolines are quite different
both in orientation and shape (fig. 6.3a), possibly suggesting the large uncertainty intrinsic in
the proposed maps and hence in the inferred fault strike.

Indeed, the first field observations of the co-seismic ground ruptures took place five days
after the main shock (Papastamatiou and Mouyiaris, 1986), describing a major NNW-SSE-
trending fracture only few kilometres-long (7-8 km; fig. 6.3b). This length is certainly not
appropriate for an upper-crust normal fault strong event that should be associated with an
emergent plane (i.e. linear morphogenic earthquake) more than 20 km-long (Pavlides and
Caputo, 2004). Speculating on some small ground fractures observed more than 10 km ESE,
near the Domokos village (fig. 6.3b), and tentatively assuming the partly blind continuity of the
co-seismic rupture, the total surface length would be ca. 23 km, but in a direction not consistent
with the proposed focal mechanisms and the macroseismic field (box B in fig. 6.3b).

Maximum observed dislocation was 90 cm, characterized by a large heave and a left-lateral
strike-slip component of relative motion, causing the subsidence of the eastern block. The
authors hesitantly associate these surface fractures with the seismogenic fault (i.e. minimum
depth >0 km).

In conclusion, information provided by single-event effects are somehow contradicting
because the focal mechanism and some field observations suggest a NNW-SSE-trending almost
blind oblique-slip (normal and left-lateral) fault, while the macroseismic field an E-W or even
NE-SW trending plane. Geometric parameters, like width and maximum depth (see table 6.1)
can be only tentatively inferred based on the dip-angle of the preferred nodal plane and using
empirical relationships (Wells and Coppersmith, 1994; Pavlides and Caputo, 2004). The
reported magnitude, My = 7.0 (equivalent to M,, = 7.0) would be considered the maximum
expected magnitude of this seismogenic source and the Sophades earthquake the last occurred
event. By default, single-event effects do not provide information regarding the recurrence
interval and the slip-rate.

Cumulative effects: Based on detailed geological and morphotectonic mapping (Caputo,
1990; 1995; Caputo and Pavlides, 1993; Valkaniotis, 2005), a geometrically complex fault zone,

certainly active during Quaternary, has been clearly documented. The structure is mechanically
composite, probably still evolving and characterized by several minor segments interconnected
due to the coalescence and reactivation of inherited sliding planes. The different segment
boundaries are either angular or overstepping (fig. 6.3b). The fault strike is almost E-W, in the
eastern sector, and NW-SE, in the western sector, therefore suggesting an overall mean WNW-
ESE trend. The cumulative length of the fault zone bearing clear evidence of neotectonic
activity (Caputo et al., 2008) is ca. 50 km. However, considering only the segments showing a
large overlapping geometry and distances of less than 1 km, therefore with 'soft' boundaries
potentially not sufficient for arresting a co-seismic rupture, the total length of a potential
seismogenic structure is ca. 30 km (box C in fig. 6.3b).
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Maximum depth (~15 km) is constrained according to microseismicity distribution from
nearby areas (Kementzetzidou, 1996; Hatzfeld er al, 1999) and geological-geophysical
considerations on the local crustal thickness. Assuming typical dip-angle for normal faults (i.e.
40°-60°), fault width parameters can be also estimated (ca. 19 km). The suggested value is in
agreement with empirical relationships between geometric parameters.

Palaeoseismological investigations recently carried out by Palyvos et al. (2010) provide
evidence that part of the ground ruptures observed after the 1954 Sophades earthquake near
Ekkara village were likely connected with the seismogenic surface (fig. 6.3b). They also clearly
document the occurrence of at least three linear morphogenic events, and possibly four, during
the last 17-20 ka. The measured slip per event ranges between 1 and 2 m, but considering their
hypothesis of additional events, the preferred value is about 1 m. The calculated slip-rate is 0.3-
1.0 mm/a, while the suggested recurrence interval is >3.2 ka (Palyvos ef al., 2010).

Supposing to ignore the date of the last event (e.g. 1954), the same palacoseismological
investigations would have provided at least some chronological constraints for the elapsed time
(< 1.5 ka BP), within the uncertainties of the applied archaeological dating technique.

Systematic meso-structural analyses (Caputo, 1990; Caputo and Pavlides, 1993) document a
prevailing dip-slip kinematics with a slight left-lateral component associated with a N(NE)-
S(SW) direction of extension (fig. 6.3b). This is also confirmed by observations within the
palacoseismological trenches.

Finally, the above parameters as obtained from the analysis of cumulative effects allow to
estimate the maximum expected magnitude (M,, = 6.8), as a worst-case scenario assuming that
several segments of the Domokos Fault, for a total length of 30 km, are reactivated (box C in

fig. 6.3b).
Mygdonia Fault System

The southern border of the broad Mygdonia Basin is characterized by a large fault zone. This
tectonic structure mainly strikes in an E-W direction, crossing obliquely the Alpide system and
locally following NW-SE-trending inherited structures. A major segment of the fault system,
the Gerakarou Fault, has been re-activated by the June 20, 1978 Stivos earthquake, which
affected the city of Thessaloniki, the second largest metropolitan urban area of Greece.

Single-event effects: The epicentral area of the Stivos earthquake is located in the centre of
the Mygdonia Basin, between the Lakes of Koronia and Volvi, about 35 km ENE of
Thessaloniki (fig. 6.4a). The estimated seismic moment (M,) ranges between 2.7-10" and

8.7-10" (corresponding to M, = 6.2-6.6) and differences generally depend on the applied
method, like P-wave spectrum analysis, trial-and-error waveform modelling, generalized
inversion of teleseismic P and Sh waves or CMT (Kulhanek and Meyer, 1979; Soufleris and
Stewart, 1981; Barker and Langston, 1981). A mean value of 6.5 could be considered the
maximum expected magnitude (table 6.1).

Several focal mechanisms of the main shock have been proposed by different authors (fig.
6.4a; Barker and Langston, 1981; Soufleris and Stewart, 1981; Dziewonski et al., 1987,
Vannucci and Gasperini; 2003; 2004). They substantially agree showing roughly E(SE)-
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W(WN)-striking nodal planes (273°-289°), dipping between 43° and 55°, with a prevailing dip-
slip kinematics and some left-lateral component (rake 272°-300°). The preferred plane is always
the N-dipping one.
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palaeoseismological trenches

mesostructural data

Fig. 6.4: a) Isoseismals, macroseismic and instrumental epicentres of the 1978 Stivos
earthquake, showing the location of the ground ruptures and some focal mechanisms of the
main shock. Foreshocks and aftershocks are also represented as light and dark gray circles,
respectively. b) Map of the Mygdonia Fault System, Central Macedonia, showing the
Gerakarou seismogenic source obtained from the analysis of single-event effects (box A) and
cumulative effects (box B). The Neotectonic fault traces, the 1978 ground ruptures, the location
of the palacoseimological trenches and the results of meso-structural analyses are also
represented. The other major segments of the fault system are: Lagadhas (box D), Apollonia
(box C) and Asvestochori (box E). See text for discussion and full reference list. See table 6.1
for the seismotectonic parameters.
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Although seismic ruptures commonly start close to the brittle-ductile transition, focal depth
information joined with the dip-angle of the fault plane does not provide the exact fault width
but could help in constraining it. Proposed hypocentral depths are 8 km (Soufleris and Stewart,
1981), 10 km (Dziewonski et al., 1987), 11 =1 km (Barker and Langston, 1981), 12-15 km
(according to NEIS and CSEM agencies, see Carver and Bollinger, 1981) and 16 £5 km
(Kulhanek and Meyer, 1979). Accordingly, 15 km is here considered the preferred value for the
maximum depth of the seismogenic source. Also the aftershock distribution was monitored soon
after the major event by a local, temporary network (Soufleris et al., 1982). However, the results
published in the literature are not sufficient for better defining shape and dimensions at depth of
the fault surface. This was probably due to the odd geometry and density of the seismographic
network, the technological limitations of the used instrumentation, or the velocity model applied
for the inversion of the data. In conclusion, the fault width likely ranges between 18 and 22 km.

Fault length has been constrained on the basis of seismological data suggesting a 25 km-long
rupture plane (Roumelioti et al., 2007)

The co-seismic ground ruptures followed three major alignments characterized by different
strike and kinematics (Papazachos et al., 1979; Mercier et al., 1983). The most important set of
fractures, trending ENE-WSW, runs parallel to the southern margin of the basin for ca. 23 km
and likely corresponds to the surface expression of the causative fault, though Stiros and Drakos
(2000) propose a blind faulting model and consider the observed ground ruptures only
secondary co-seismic effects.

The average and maximum displacements observed in the field are 8-10 cm and 25 cm,
respectively (Pavlides and Caputo, 2004).

The inversion of P and Sh waveforms (Roumelioti ez al., 2007) provides the slip distribution
on the fault plane. The mean seismologically estimated co-seismic displacement varies from
0.25 to 0.95 m (Kulhanek and Meyer, 1979; Soufleris and Stewart, 1981; Soufleris et al., 1982;
Soufleris and King, 1983; Roumelioti e al., 2007), while the geodetic models suggest a mean
co-seismic displacement of 0.45 or 0.57 m (Stiros and Drakos, 2000). A mean value of 0.5 m
has been considered (see box A in fig. 6.4b and table 6.1).

Cumulative effects: Geological and morphotectonic mapping of the Mygdonia Fault System
clearly documents the occurrence of recent fault scarps and associated faults running along the
southern margin of the plain (fig. 6.4b; Kockel and Mollat, 1977; Mercier et al., 1979;
Mountrakis et al., 1996a; Tranos et al., 2003). The structure is composed by few major
segments trending between E(NE)-W(SW) and (W)NW-(E)SE. In the central sector of the fault
system the Gerakarou Fault is located (box B in fig. 6.4b) which is delimited to the east by an
angular boundary with the Apollonia Fault (box C in fig. 6.4b), while towards the west it shows
an angular boundary with the (W)NW-(E)SE trending Langadha Fault (box D in fig. 6.4b) and a
geometric gap with the Asvestochori Fault (box E in fig. 6.4b). The total Neotectonic fault
length of the Gerakarou Fault is ca. 22 km.

Mesostructural analyses along the mountain front show sliding planes in a general E-W
direction, bearing striations representative of the recent N-S-trending extensional field (Mercier
et al., 1979; Pavlides and Kilias, 1987).
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Aftershock distribution (Carver and Bollinger, 1981; Soufleris et al, 1982) and
microearthquake investigations in general (Hatzfeld ez al., 1986/87; Tranos et al., 2003; Galanis
et al., 2004; Paradisopoulou et al., 2006), constrain the seismogenic layer thickness down to a
maximum depth of 16 km, suggesting a listric fault surface characterized by a dip-angle varying
between 70° (upper 8 km) and 46° (deeper than 8 km; Hatzfeld et al., 1986/87). According to
maximum depth, dip-angle and overall geometry, the estimated width is ~19 km.

Palaeoseismological investigations (Cheng et al., 1994; Chatzipetros, 1998; Chatzipetros et
al., 2005a) confirm that the 1978 co-seismic rupture reached the surface with a dip-angle of 65°-
74°. They also document the occurrence of at least other four linear morphogenic earthquakes,
characterized by slip-per-event ranging between 10 and 25 cm and a mean recurrence interval of
1.0-1.5 ka. Supposing to ignore the date of the last earthquake (e.g. 1978), palacoseismological
trenches document the occurrence of two events after 910 AD. The older is tentatively
associated with the 1430 AD earthquake and therefore chronologically constrains the last event
occurred on this seismogenic source within the past 570 years, and similarly the elapsed time.

Based on the observed co-seismic slips and the constrained ages of the palacoevents, the
slip-rate varies between 0.26 and 0.7 mm/a (Chatzipetros, 1998; Chatzipetros et al., 2005a), thus
emphasizing the lateral variability of the fault behaviour and the possible occurrence of some
amount of post-seismic creep causing an over-estimation of this parameter (see discussion in
Caputo et al., 2008).

The maximum expected magnitude calculated on the basis of the above parameters is 6.5
(My).

Aliakmonas Fault System

Western Macedonia region is affected by an important fault system, which cuts across the
orographic and morphological first-order texture of the NW-SE trending Hellenic fold-and-
thrust belt. Although the broader region was considered a rigid 'aseismic' block (Voidomatis,
1989; Papazachos, 1990) the Aliakmonas Fault System (fig. 6.5) was partly reactivated by the
May 13, 1995 Kozani-Grevena earthquake, one of the strongest events affecting northern
Greece during the last decades.

Single-event effects: The causative fault of the 1995 (M,, = 6.4-6.5) earthquake has been
well located from the focal parameters and the co-seismic ground ruptures. Estimated seismic
moments derived from seismological data vary from 4.9-10" to 7.6:10"® N-m (Dziewonski et
al., 1996; Hatzfeld et al., 1997, Ambraseys, 1999; Vannucci and Gasperini, 2003; 2004)
corresponding to M,, = 6.4-6.5. Also InSAR modelling (Rigo et al., 2004) suggests M, =
7.8:10"® N'm (M,, ~ 6.5), while according to geodetic modelling the seismic moment was
16.3-10" N'm (M, ~ 6.7; Clarke et al., 1997). Assuming the 1995 ecarthquake was a
characteristic event, a preferred value of 6.5 is considered as the maximum magnitude of this

seismogenic source.

The seismogenic fault plane is well described by the proposed focal mechanisms
(Dziewonski et al., 1996; Papazachos et al., 1998; Hatzfeld et al., 1997; Kiratzi and Louvari,
2003; Vannucci and Gasperini, 2003; 2004; Suhadolc er al., 2007) documenting a (E)NE-
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(W)SW-striking (240°-243°), NW-dipping (38°-47°), almost purely dip-slip normal fault plane
(rake 259°-269°).
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Fig. 6.5: a) Isoseismals and macroseismic epicentre of the 1995 Kozani-Grevena
earthquake. Some focal mechanism of the main shock as well as the foreshocks and
aftershocks are also represented as light and dark gray circles, respectively. b) Map of the
Aliakmonas Fault System, Western Macedonia, showing the seismogenic source obtained
from the analysis of single-event effects (box A). Cumulative effects suggest the occurrence
of three segments (box B: Palacochori Fault; box C: Rymnio Fault; box D: Servia Fault) of
which the former two could represent a unique 'earthquake segment' (sensu dePolo et al.,
1991; box E). The Neotectonic fault traces, the 1995 ground ruptures, the location of the
palaeoseimological trenches and the results of mesostructural analyses are also represented.
See text for discussion and full reference list. See table 6.1 for the seismotectonic
parameters.
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As a consequence of the seismic event, several ground ruptures were formed between the
Rymnio and Sarakina villages, oriented ENE-WSW with a total length of 27 km, showing the
northern block subsided (Pavlides er al., 1995; Mountrakis et al., 1998), though according to
Meyer et al. (1996; 1998) the surface breaks were only 8-12 km-long. The surface ground
deformation was also captured by DInSAR imageries (Meyer et al., 1996; Rigo et al., 2004;
Resor et al., 2005) suggesting a comparable fault length.

The maximum slip observed at the surface was less than 20 cm (Pavlides et al., 1995; Meyer
et al., 1996; Mountrakis et al., 1998), while from geodetic modelling the maximum slip on the
fault plane was 1.2 m (Clarke ez al., 1997).

It should be noted that based on seismological data and geodetic modelling, it has been
suggested that the seismic process did not reach the surface (Papazachos et al., 1998; Hatzfeld
et al., 1997; Clarke et al., 1997) and the rupture tip (i.e. minimum depth) was at ca. 5 km. This
hypothesis is however in contrast with field observations (Pavlides et al., 1995; Mountrakis et
al., 1998) and InSAR models (Meyer et al., 1996; Rigo et al., 2004; Resor et al., 2005). The
latter also suggest a complex 3D rupture surface consisting of several variably oriented
segments. If strike, dip and rake are averaged out for resembling a planar fault model as
required in GreDaSS, the values obtained are in good agreement. Similarly, considering the
aftershocks distribution, the focal mechanisms and the location of both hypocentral location and
surface ruptures (Hatzfeld et al., 1997; Drakatos et al., 1998a; Rigo et al., 2004; Resor et al.,
2005), as well as stress tensor inversion (Kiratzi, 1999). The fault plane is shallow dipping at
depth and becomes steeper towards the surface.

Spatio-temporal aftershock distribution (Hatzfeld et al., 1997) and stress tensor inversion
(Kiratzi, 1999) suggest also the occurrence of an antithetic fault plane, the Chromio Fault, that
was probably reactivated as a secondary inherited structure. The antithetic fault also produced
ground ruptures (Pavlides et al., 1995; Mountrakis et al., 1998) showing its normal character.

A maximum depth of 15 km is inferred from hypocentral depths either of the mainshock and
the aftershock sequence (Hatzfeld et al., 1997; Papazachos et al., 1998).

Different fault’s dimensions have been suggested by combining the nodal plane’s geometry
and the aftershock spatial distribution (25 x 25 km, or 17 x 25 km if the rupture did not reach
the surface; Hatzfeld et al., 1997), by forward modelling of the strong motion waveforms (18 x
9 km or 25 x 17 km considering an antithetic fault; Suhadolc ez al., 2007) and geodetic
modelling (27 x 16 km; Clarke et al., 1997).

Cumulative effects: Geological and morphotectonic investigations indicate the Aliakmonas

Fault System as one of the major tectonic structures affecting Western Macedonia (fig. 6.5b).
The whole structure cuts perpendicularly across the mean orogenic trend of the Hellenides,
showing clear evidences of recent activity for more than 50 km along strike. Detailed mapping
emphasizes the occurrence of three major segments (Palacochori, Rymnio and Servia faults,
from SW to NE, respectively; boxes B, C, and D in fig. 6.5b). The Servia Fault shows the most
prominent features of recent activity being associated with a major escarpment developed in
carbonate rocks and bordering the Polyphytos Lake (Pavlides et al., 1995; Doutsos and
Koukouvelas, 1998; Mountrakis et al., 1998; Goldsworthy and Jackson, 2000), while the two
southwestern segments (Palacochori and Rymnio ISSs) show discontinuous and subdued scarps,
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as a consequence of the affected lithologies mainly belonging to the ophiolitic suite. The three
segments have been distinguished and separated in correspondence with a right-stepping
underlapping geometry (Rymnioi-Servia ISSs) and a slight angular boundary and possible
geometric gap (Palacochori-Rymnio ISSs). As far as the 1995 Kozani-Grevena earthquake
ruptured the southwestern portion of the fault system, this chapter is focused on these two
geologically defined segments (boxes B and C in fig. 6.5b). The ENE-WSW-striking scarps
composing the Palaecochori Fault extend for a length of ca. 21 km and progressively disappears
towards the SW, while the Rymnio Fault extends for a total length of 13 km.

Seismic tomographies obtained from the aftershocks of the 1995 event (Chiarabba and
Selvaggi, 1997), which could be considered equivalent to a typical microearthquake
investigation used in the cumulative effects approach, allow to delineate the deeper geometry of
the fault characterized by a shallow-dipping setting at depth becoming progressively steeper
upwards, therefore suggesting a mean dip-angle of 40°. The same dataset also helps
constraining a seismogenic layer thickness of ca. 15 km (Drakatos et al., 1998a; Hatzfeld et al.,
1997). Accordingly, based on minimum and maximum depth and the overall geometry, it is
possible to estimate a fault’s width of 23 km.

Mesostructural analyses along the Aliakmonas Fault System (Meyer et al., 1996; 1998;
Mountrakis et al., 1998), show a (N)NW-trending direction of extension similar to the one
measured in nearby structures (Ptolemaida Basin; Pavlides and Mountrakis, 1987) and
compatible with the observed ground fractures.

Palaeoseismological investigations carried out across the Palacochori segment (Chatzipetros
et al., 1998) reveal the occurrence of at least three older linear morphogenic events before the
1995 earthquake. The measured amount of slip largely varies for different events and from
trench to trench (10-80 cm) and suggests that previous co-seismic ruptures were not always
located on the same fracture line along the fault, but they can be distributed over subparallel
fault strands. A mean value of 0.5 m is assumed.

The poorly constrained TL-datings could suggest a very low slip-rate and a mean recurrence
interval longer than 10 ka (and less than 30 ka). However, based on geological and
morphological considerations Doutsos and Koukouvelas (1998) estimate a faster long-term slip-
rate (0.3 mm/a) also suggesting a much shorter recurrence interval (2 ka).

Based on the obtained values (see table 6.1), the moment magnitude calculated via seismic
moment would be 6.6 and 6.4, respectively. These values agree also with those derived by
empirical relationships (6.6-6.7 and 6.3-6.5; Wells and Coppersmith, 1994; Pavlides and
Caputo, 2004).

In this case study, the occurrence of the last event, and hence the elapsed time, supposing we
ignore the 1995 earthquake, is very poorly constrained due to the paucity of available and
reliable datings from the palacoseismological investigations. The last rupture observed in the
trenches clearly affects layers containing several pottery fragments, which are Neolithic at the
oldest (i.e. 5-6 ka BP), but unfortunately are not dated.
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Comparison of approaches

In this session, the numerical results obtained by separately exploiting the two sources of
information are analysed, and both similarities and differences among the principal
seismotectonic parameters are discussed. In this way, the advantages and limitations of the two
approaches will be emphasized. All values are synthetically reported in table 6.1.

East Heliki Fault | Domokos Fault Mygdonia Fault Aliakmonas Fault
System System System
parameters single- | cumul. | single- | cumul. single cumul. | single cumul.
event effects event effects event effects event effects
effects effects effects effects
location (B) (A) (©) (B) (A) (A) (B) (B)
length 17 25 20 30 23 22 27 34
[km] © B) © B) B) B) B) B)
width 8 15 20 19 20 19 23 23
[km] E) © (E) © © © © ©
min depth 0 0 1 0 0 0 1 0
[km] (A) (A) © (A) (A) (A) (E) (A)
max depth 10 10 14 15 15 16 15 15
[km] (E) © (E) © B) B) B) B)
strike 280 277 353 285 280 265 240 242
[deg] B) (A) D) (A) B) B) (A) (A)
dip 45 40 45 50 49 55 42 40
[deg] D) B) D) © B) B) B) B)
rake 270 280 300 285 286 260 264 270
[deg] D) B) D) © B) © B) ©
slip per event 1 0.80 0.9 1.0 0.5 0.25 0.2 0.5
[m] © B) B) © © B) B) ©
slip-rate n.a. 0.5-2.0 n.a. 0.3-1.0 n.a. 0.3-0.7 n.a. 0.01-0.3
[mm/a] © B) © D)
recurrence n.a. 0.2-1.6 n.a. 32 n.a. 1.0-1.5 n.a. 2-10
[ka] © B) B) ©
maximum 6.6 6.7 6.7 6.8 6.5 6.5 6.5 6.7
expected D) (B) ©) (B) (B) (B) (B) (B)
magnitude
last ethq 1861 >1300 1954 >500 1978 >1500 1995 >5000
[AD] (A) ©) (A) D) (A) D) (A) BP
(E)
elapsed time 50 <600 56 <1500 33 <570 15 <5000
[years] (A) D) (A) D) (A) D) (A) E)

Table 6.1: Synthetic table showing the numerical values obtained from the analysis of single-event effects
and cumulative effects for the four case studies. For the definition of each parameter see §1.5. Numerical
values for 'location' are not reported here but graphically shown in the corresponding figures. A
qualitative index, from A (best accuracy) to E (lowest reliability and largest uncertainty), is attributed to
each numerical value and indicated in brackets.

In the first case study (the Heliki Fault), both approaches give comparable results for
location, strike and minimum depth. Also kinematics can be grossly obtained by the single-
event effects, but it is certainly more accurate based on structural analyses (cumulative effects).
Similarly, the real fault length is poorly determined with the first methodological approach, but
better constrained with the second one. Palacoseismological data match, within uncertainties,
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the measured surface displacement of the co-seismic ground ruptures. In this example, other
parameters like width, maximum depth, dip and recurrence interval could be directly derived
from cumulative effects-based investigations, but they could be only tentatively and very
roughly inferred from the single-event effects, using e.g. empirical relationships. The major
difference is probably represented by the maximum expected magnitude based on the calculated
seismic moment: 6.4 and 6.7 according to the two different sources of information. On the
contrary the difference is reduced if we consider the historic information and the inferred
equivalent magnitude (M. = 6.6). Finally, slip rate and recurrence interval cannot be obtained by
the first approach and this is so also for the other case studies. Conversely, the timing of the last
event and hence the elapsed time are not precisely determined, but only chronologically
constrained using 'geological' data.

In the second case study, the Domokos Fault System, the difference in location, geometry
and kinematics, as obtained from the analysis of single-event effects with respect to the
cumulative effects, is evident. For the purpose of supplementing seismotectonic parameters in
GreDaSS, the former source of information is generally considered less reliable principally
because it provides contradicting seismogenic sources (compare boxes A and B in fig. 6.3b).
Taking into account the seismological solution (box A in fig. 6.3b) the problems are i) the left-
lateral NNW-SSE-trending ground ruptures were probably secondary conjugate structures, ii)
the similarly oriented nodal plane proposed by McKenzie (1972) is based on a poor
seismological network and especially on short-period recordings, and iii) the suggested rake is
not in agreement with the Present-day stress-field. By taking into account the other solution
(box B in fig. 6.3b), i) most ground ruptures should be not considered of co-seismic origin,
which would be strange for a crustal strong earthquake, and ii) the epicentres would be outside
the plane. On the other hand the slip rate, slip-per event and recurrence interval inferred from
cumulative effects observations (Caputo, 1995; Palyvos et al., 2010) are in good agreement with
the regional strain rate calculated from GPS measurements and other similar Aegean-type active
faults in the broader area (Clarke et al., 1998; Hollenstein et al., 2008). As concerns the
maximum expected magnitude, we should consider i) the likely immature stage of development
of the Domokos Fault System due to its young age (Middle Pleistocene-Present), ii) the
relatively low crustal deformation rate, and #ii) its oblique setting with respect to the first-order
tectonic texture of the Hellenides. As a consequence, linkage processes and lateral propagation
of minor sliding surfaces originally independent is still in progress and the assumption of a
partial co-seismic rupture only across the soft segment boundaries is probably most likely (i.e.
seismogenic length = 30 km; box C in fig. 6.3b), while considering the whole Neotectonic fault
length (~50 km) the calculated maximum magnitude (M, ~ 7.0) would be overestimated (box D

in fig. 6.3b).

In the third case study represented by the Gerakarou Fault which belongs to the Mygdonia
Fault System, both sources of information are able to provide most of the seismotectonic
parameters, with some slight differences in the degree of confidence and uncertainty though
(see table 6.1), possibly suggesting the reliability of the results from the two datasets and
associated investigation techniques.

The last case study is the Aliakmonas Fault System. A major difference in seismotectonic
information obtained from the two approaches seems to be represented by the fact that the
Palaeochori and the Rymnio faults (boxes B and C in fig. 6.5b) have been described as two
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distinct segments on the basis of cumulative effects observations, while the analysis of single-
event effects clearly show that the 1995 Kozani-Grevena earthquake ruptured most of the
Palaeochori fault and part of the Rymnio structure (box A in fig. 6.5b). Nevertheless, fault's
dimensions and seismic moment based on seismological or geodetic models (single-event
effects) and proposed by various authors show a large variability and hence uncertainty.
Considering this variability by analysing single-event effects and taking into account that the
Palaeochori-Rymnio segment boundary is likely 'soft' due to the relatively small variation in
strike and limited geometric gap (cumulative effects observations), a geologically-based worst-
case scenario would also imply the likelihood of a unique rupture for the two segments (box E
in fig. 6.5b), therefore suggesting a larger fault and a stronger expected earthquake (M, ~ 6.7).

Concluding remarks

The four case studies have been selected diachronically starting from the 1861 Valimitika
earthquake, which represents the first complete example for Greece of penecontemporaneous
systematic field investigations including a detailed ground ruptures map and a scientific report
of all seismically induced effects (Schmidt, 1867; 1879). The subsequent three case studies not
only are more recent, but they all represent instrumentally recorded events occurred in different
stages of the technological evolution (1954 Sophades, 1978 Stivos and 1995 Kozani-Grevena
earthquakes). After that, it is possible to emphasize the differences, in both quality and quantity,
of the raw data provided by single-event effects-based investigations. For example, the
Sophades event occurred at the dawn of the Greek seismographic network development when
the international network was still in an embryonic phase. Conversely, during the 1995 Kozani-
Grevena event the national and regional networks were highly improved in terms of used
technology and architecture, whilst other single-event effects-based investigation techniques,
like GPS surveys and InSAR images, started to be available to researchers.

In practice, the key limitations of the two approaches are the following. On one side, single-
event effects cannot provide either the slip rate or the recurrence interval, unless the specific
seismogenic source is characterized by very short recurrence intervals, historically well
documented, which is commonly not the case for the Aegean Region. On the other hand, the
methodological approaches generally applied to analyse cumulative effects are usually not able
to sufficiently constrain the timing of the last linear morphogenic earthquake and consequently
of the elapsed time.

According to the above discussion and comparing the results shown in table 6.1, two major
conclusions follow. Firstly, the decreasing reliability and increasing degree of uncertainty with
increasing age of the historical and instrumental events is evident, relative to the seismotectonic
parameters obtained from single-event effects. Secondly, although the information inferred from
cumulative effects has in general a slightly larger uncertainty, if compared with the most recent
events, especially when these are recorded by multiple high-technology apparatuses. Thus, this
'geological' approach always gives a sufficient quality level, provided that specific
investigations have been carried out. The latter issue is obviously a matter of research funding,
but sometimes it is also a matter of bias which affects the researchers. Indeed, many capable
faults in the Aegean Region are to be recognized yet, while for researchers it is certainly more
attractive to investigate 'famous' seismogenic sources than poorly known ones.
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Another significant difference between the two sources of information is due to the fact that
the various cumulative effects-based investigations could be generally repeated as many times as
desired and, in principle, they can be carried out by any researcher for their possible scientific
falsification. Furthermore, the progressively improving technology and the increasing
geological and seismotectonic knowledge may further potentially reduce their degree of
uncertainty. In contrast, single-event effects-based data are unique, that is to say if a
seismometer or a satellite has some temporary failure (alternatively, the seismographic network
or the InSAR imageries are not sufficiently dense at the time of the earthquake) there is no
second chance to obtain again the specific information by the same method. In other words,
even if in the analysis of a specific seismic event the 'resolution' provided by cumulative effects
is somehow lower (but only if compared with recent earthquakes), its statistical
representativeness is potentially much larger. For these reasons, the analysis of cumulative
effects certainly represents a much more powerful tool for seismotectonic investigations and for
the compilation of a database like GreDaSS.

A major goal of this comparison is the calibration of the 'geological' approaches used in
seismotectonic investigation. This is because, most of the active faults or potentially active
faults (capable faults) affecting the broader Aegean Region have been not reactivated by a
recent earthquake included in historical and/or instrumental catalogues. Taking into account the
typical recurrence interval of the Aegean-type faults, such tectonic structures are likely
associated with a higher level of seismic hazard and hence are certainly much more dangerous
than recently reactivated ones. Accordingly, this research is an attempt to calibrate the different
methodological approaches based on the analysis of cumulative effects and particularly to
understand the degree of uncertainty of the several principal seismotectonic parameters. This
exercise is important for showing the importance of geological information for the compilation
of a database of seismogenic sources.

6.3 Application examples of GreDaSS

The purpose of GreDaSS is not supposed to be just an “encyclopaedia” of active faults, but
to be a useful multi-purposed tool, like e.g. for SHA, earthquake scenarios and geodynamic
modelling. Concerning the former, an improvement of the currently existing seismic zonation
map of the broader Aegean (Papaioannou and Papazachos, 2000) is suggested in this
dissertation. Stress transfer models related to earthquake triggering effects are just a sample of
earthquake scenarios that can be again used in SHA. Especially for the earthquake triggering
effects, the interpretation of the location, density, geometry and kinematics of the seismogenic
sources is facilitated with GreDaSS, given that data are eventually homogeneous and their
completeness is rather high. Even though interpretation can be rather subjective, the data
provided by GreDaSS maintain an objective nature. Nevertheless, since the database is always
updatable, all outcomes can be respectively updated.
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Seismogenic zonation map of Greece

Seismic zonation maps are crucial tools for SHA. The first seismic zonation map of the
broader Aegean was introduced by Papazachos (1990) based only on historically and
instrumentally recorded seismicity (fig. 6.6). The ignorance of significant seismogenic regions
is obvious, with the two areas where the most recently destructive earthquakes occurred not
being included in this map; these are the Kozani (May 13, 1995) and the Athens (September 9,
1999) events. This resulted in the revision of the map 10 years later (fig. 6.7) by Papaioannou
and Papazachos (2000). This latest edition was more enriched with the most updated — until
then — seismological data. However, as it can be seen in fig. 6.8, even this more recent seismic
zonation map brings major active tectonic structures into conflict.
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Fig. 6.6: The seismic zones (1, 2,..., 19) and seismic sources (la, 1b,..., 19) of
shallow earthquakes in Greece and the surrounding area, according to Papazachos
(1990). Take a notice of the two gaps in West Macedonia and Attica.

It then became clear that such maps are insufficient to describe seismogenic zones with
similar attributes. That is why the term of seismogenic zonation maps is preferred in this thesis.
In this occasion, a list of variously weighted factors is suggested that should be considered,
besides seismicity. These factors hierarchically are (from more to less important):
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Papaioannou and Papazachos (2000). The two regions that were out of the previous zonation
map (fig. 6.6) are now included after the two earthquakes of Kozani (1995) and Athens (2000).
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2000) versus the CSSs of GreDaSS. In many cases (e.g. NAB, NAT, Gulf of Corinth), cells cut
seismogenic sources unexpectedly (e.g. cells 59-64, 65-66 and 42-43-44, respectively).
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1. The seismogenic sources. The location and distribution of faults with similar
seismotectonic behaviour can define the shape of the zones. Large fault zones, like for
example the NAT and NAB, should not be split (see fig. 6.8). Therefore, GreDaSS
should have the highest priority.

2. The active stress field pattern. The stress field characterises the seismotectonic behaviour
of any possible fault. Even if there are no recognized faults, changes in the stress
trajectories should imply a change of zone.

3. The focal mechanisms. They represent the main source parameters and usually reflect
both previous factors. This kind of data, however, is not always available and sometimes
needs reconsideration.

4. Geomorphology. Almost all of the seismogenic sources in the Aegean that produce
shallow events have a strong impact on the relief. Large scale structures, like recently
formed basins, elongated valleys, and linear steep slopes are few indicators that reveal
the presence of similar tectonic structures (see also §6.2). For example, the separation of
an elongated basin or graben, especially when it is preferably oriented to the local stress
field pattern, is generally avoided, unless changes in shape and/or orientation occur.
Recent and detailed DEMs for onshore structures and bathymetric charts for offshore
structures are strong tools in order to distinguish tectonically active landscapes that can
help in defining zone boundaries.

5. Alpidic structure. The geotectonic division of the alpidic orogenesis is important, given
that it provides information about the origin, composition and thickness of the crust.
Such kind of variation causes changes in the mechanical behaviour of the seismogenic
layer and therefore affects the geometry and kinematics of the seismogenic sources.

6. Neogene-Quaternary sedimentation. Recent sediments usually fill in tectonically formed
basins and valleys. Their presence is a useful supplementary clue especially when they
are combined with the geomorphological structures.

7. Geothermal fields. The presence of geothermal fields is usually related with high
tectonic activity.

The first three factors can be stand-alone evidences in defining seismogenic zones. The
others are secondary ones and need a more thorough consideration before using them.

Based also on the latest edition of seismic zonation map (Papaioannou and Papazachos,
2000), a new (though still preliminary) seismogenic zonation map is proposed in this thesis (fig.
6.9b). The compilation of the map was carried out based on all criteria described above (e.g. see
fig. 6.9a to observe how zones are calibrated according to seismogenic sources), as well as the
earthquake density (fig. 6.9a) produced from the catalogue (1900-2007) submitted to the
SHARE project by Prof. Kostas Makropoulos. It is important to mention that the crucial
contribution of seismicity is missing, highlighting the need for further collaboration between
geologists and seismologists in the future.

In any case, the purpose of this preliminary modified seismogenic zonation map does not
intend to replace the old one; it only suggests an alternative approach that involves more
features/criteria than the seismological aspect. GreDaSS puts new standards for such maps
compilations.

139



Chapter 6: DISCUSSION AND APPLICATIONS

N .0t

kilometres

N 0%

N oS€

b

kilometres
20°E 25°E

Fig. 6.9: a) Map of the broader Aegean Region showing CSSs and earthquake
density. The red dashed lines delimit the seismic zones as they were taken out
from the previous data. b) The preliminary seismic zonation map (black outlined
polygons) of the Aegean Area.
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Stress transfer and earthquake triggering implications: an example from the
Pagasitikos Gulf

When an earthquake occurs, the average value of stress on the fault that slipped is reduced,
while stress is increased at the tips of its plane and at sites around it (e.g. Reasenbeg and
Simpson, 1992; Harris ef al., 1995). An immediate result of this stress transfer is the generation
of aftershocks (e.g. Toda et al., 2002).

The accumulation and release of stress on a fault are controlled not only by the regional
stress field and rock property, but also by its surrounding faults. That is to say, the interaction
among different faults offers their communications. Earthquake will cause stress to increase or
decrease at other faults, and thereby trigger or delay earthquake on them; this is called the effect
of earthquake triggering and delaying (King et al., 1994; Hodgkinson et al., 1996; King and
Cocco, 2001; Zhang et al., 2003).

The theoretical background of fault interaction by elastic stress changes can be found in the
article of King and Cocco (2001). In the present thesis, only the application of this methodology
on a specific example will be described, in order to show the importance of the GreDaSS and its
contribution to SHA.

a Uniform slip b Tapered slip (5 patches)
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Fig. 6.10: The two ISSs (Volos to the east and Nea Anchialos to the west) responsible for the two
largest shocks of the 1980 earthquake sequence (see text for more details). a) 3D view (towards
NW) of the two sources bearing uniform slip. In this example, the Nea Anchialos ISS has no slip
because it represents the receiver fault. b) Map view of the two sources which is similar to their
representation in GreDaSS. In order to make the slip on Volos ISS more realistic, it has been
tapered into 5 patches (decreasing slip from centre towards the tips).

The software used for the Coulomb stress transfer is the Coulomb 3.2, a Matlab-based
application developed by the Coulomb Team of USGS (Toda S., Lin J., Stein R.S. and Sevilgen
V.). The software can compute both stress change and deformation produced by a ruptured
fault. Stress change is based on the Coulomb failure criterion, while the deformation pattern is
based on the Okada model (elastic half-space with uniform isotropic elastic properties; Okada,
1992). Software’s requirements for the faults input are identical with the parametric information
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that GreDaSS provides, and more specifically of the ISSs. Indeed, the visualisation of the fault
plane and the slip vector (fig. 6.10) and the included parameters are similar, making the
application of the Coulomb software fast and easy. More details about the usage and potentials
of the software can be found in the user’s guide (Toda et al., 2011). As an example of possible
triggering effect, the Volos and Nea Anchialos ISSs (GRIS010 and GRISO11, respectively) are
selected, both participating in the 1980, Volos seismic sequence.

Modelling

During July 9, 1980, two strong events occurred with a difference of 24 minutes. The first
event, which was also the strongest one (M,, = 6.5), was probably produced by the Volos ISS,
while the second one (M, = 6.1) was probably produced by the Nea Anchialos ISS. Two models
will be described below dealing with the effects of the two rupture events.

The first model involves the Volos ISS as the 'source fault' and the Nea Anchialos ISS as the
'receiver fault'. This means that slip on the receiver fault is (set to) zero (fig. 6.10a). The Volos
ISS was the first to rupture and therefore its effects are modelled on the Nea Anchialos ISS. The
software allows to input slip on the source fault in two ways: i) a uniform slip, or in other
words, an average displacement (fig. 6.10a), and ii) a tapered slip (fig. 6.10b), which helps to
remove unrealistic stress considerations at the edges of the fault. Tapering slip is simulated by
dividing the fault plane into a number of homocentric patches in which slip is reduced from
edges towards the centre. Concerning the model, a linear tapering is selected with the following
settings: distance from edges along strike = 5 km, down dip = 4 km and number of nested
patches = 5. Stress change can be visualised into two dimensions, either on horizontal, or
vertical, or even oblique sections. Regarding this example, several horizontal sections at various
depths (12, 6 and 2 km) have been carried out for both cases of uniform and tapered slip (fig.
6.11). Moreover, various vertical cross sections perpendicular and parallel to both faults’ strike
have been performed, as well as inclined profiles parallel to the fault plane of both ISSs (fig.
6.12). Stress change can be also computed on the receiver’s fault surface. In order to get more
detail of the stress change distribution, the latter has been tiled into 10x6 cells (fig. 6.11 top).
Taking also advantage of the deformation calculations that the software offers, a set of 2D and
3D images of the displacement distribution, caused by the reactivation of Volos ISS, are also
produced (fig. 6.13). Relying on the fact that tapered slip produces more realistic displacement
fields.

The second model assumes both Volos and Nea Anchialos ISSs as source faults. This model
is useful to suggest if stress was accumulated on other existing nearby faults. As discussed
above, tapered slip is a more realistic approach and will be thus used for both ISSs keeping the
same tapering settings of the previous model. It is important to know the orientation/geometry
and kinematics of the faults in the surrounding because stress changes depend on them. The
broader area of South Thessaly is characterised by E-W-striking, normal faults similar to Volos
and Nea Anchialos ISSs. Based on this assumption, the stress changes are calculated for faults
striking 84°, dipping 55° and with a rake of 264° (fig. 6.14). As for the previous model, the
cumulative deformation pattern is also computed and represented in both 2D and 3D views (fig.
6.15a and b respectively).
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a) Uniform slip b) Tapered slip (5 patches)
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Fig. 6.11: (top) Stress change computed directly on the receiver’s (Nea Anchialos) fault plane for
both a) uniform slip, and b) tapered slip. The grid on the receiver’s plane is 10x6 cells. (bottom)
Horizontal distribution of stress change at various depths (12, 6 and 2 km) for the respective slip
variations. Lines numbered from 1 to 3 and rectangular No 4 in the lowest sections, correspond to
the paths of the cross sections and the oblique one, respectively, in fig. 6.12.
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a) Uniform slip
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the paths shown in fig. 6.11, showing how stress changes according to depth and around the fault tips of
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b) 2D view of deformation (m)

a) 3D view of deformation
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Computed deformation pattern after the reactivation of the Volos ISSs (tapered slip), based on

the Okada model. The left side (a) shows the surface displacement distribution (exaggerated) in 3-D
models, and the right side (b) shows surface vertical displacement (top), surface horizontal displacement

(middle), and vertical displacement (bottom) distributions. The trace of the cross section (AB) is shown in

the middle figure, whilst the fault plane is represented by a red line.

Fig. 6.13
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a) 2D views of deformation

Horizontal displacement [m] Vertical surface displacement [m]

401

30

20 »

L

1

;

]
S

P

~

x

1

)

I

I

]

]

]

I

yd

& 4
B/
Ll R e o S B B R R e
d N m
u f -
_30 -
{
Of
40 | = A
<7
40 30 20 10 0 10 20 30 40
X (km)

Displacement projected onto cross sections 1 (left) and 2 (right)

Volos ISS, Nea Anchialos ISS,
0 A\ 0 N\
) |
- S \
£ -5 -5 ] \
=3
< N \
810 N 10 1 N\
o :I 1m :| 1m
— —]
s T , , 1 LTI L ,
10 20 30 40 0 10 20

Distance(km)

Fig. 6.15: a) 2-D views of horizontal and vertical displacement pattern after the reactivation of both
Volos and Nea Anchialos ISSs, and perpendicular cross sections to the faults. b) 3-D model view of the
vertical surface deformation in various zoom levels, after the reactivation of both Volos and Nea
Anchialos ISSs. Depth is exaggerated.

Concluding remarks

The results of the first model show that after the reactivation of the Volos ISS, stress was
mainly accumulated at both lateral tips (figs. 6.11 bottom and 6.12). Seeing also the stress
change computed on the fault plane of the Nea Anchialos ISS (fig. 6.11 top), it seems logical to
expect that the nucleation of the second shock would be located towards this area. The detail
and the accuracy of the hypocentral location, however, are low enough to suggest this.
Unfortunately, neither there are accurately recorded aftershocks in order to see whether the

latter are accumulated in areas where stress has been accumulated.
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b) 3D view of surface zoom: 1.75x
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Fig. 6.15 Continued.

Stress change of the second model is also accumulated bilaterally from both ends of both
faults, but mainly towards the east. The extension of the stress increase is constrained into few
tens of kilometres. Thus, only faults very close to the two ones can be directly affected.
However, in order to see the cumulative effect of all adjacent faults that were reactivated in the
area (e.g. Righeo ISS), a more detailed study is needed.

6.4 Future expectations

In this chapter it is shown some possible ways GreDaSS can be exploited. As an open and
always updatable database, GreDaSS will never stop being enhanced. Nevertheless, at this point
the database is still in progress and needs to be enriched in terms of seismogenic sources, some
or many of which are yet undiscovered, as well as in terms of information in many of the
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existing ones. A large part of the existing literature remains to be reviewed and new
investigations should and will follow. In fact, GreDaSS provides the opportunity to check which
sources have lack of data and proceed to further investigations. But another advantage of
GreDaSS is its multi-layering provided information that can contribute differently in the
improvement of SHA. The three kinds of seismogenic sources representation (CSSs, ISSs and
fault traces/scarps) allows the user to chose the appropriate dataset for his/her needs (fig. 6.16).
However, the success of GreDaSS also depends on team work. Collaboration between
researchers of different disciplines is wanted and needed. Especially at the national level,
GreDaSS should be recognised among the scientific community and become the base of any
future SHA.
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Fig. 6.16: The various geographic information levels of GreDaSS as seen in the example of the Kozani
area: a) the general extension of the Aliakmonas CSS, b) the comprising segments of the Aliakmonas
CSS corresponding to ISSs (from east to west: Servia, Rymnio, Palacochori and its antithetic Chromio),
¢) the detailed mapping of the fault traces/scarps and/or co-seismic ground ruptures, and d) all layers
above combined together.

The constraint of maximum fault depth through the estimation of the BDT zone for the
selected study areas that was carried out in this thesis can be also expanded to the rest of the
Aegean Region. Rheological profiles have been broadly used in other regions worldwide, where
structural regimes are much simpler and data are richer. The variety of the enrolled parameters
requires data of various disciplines. In other words, regional integrated investigations are
needed so as to be confident of the produced results. These investigations can focus on
lithospheric seismic velocities (for defining the lithospheric structure), thermophysical rock
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properties and surface heat flow. If these parameters are well defined, then the method can be
applied to local areas and produce a map of interpolated data for at least the northern Aegean.

But beyond its own improvement, GreDaSS can be a powerful tool for other studies.
Concerning the examples that have been briefly shown in this chapter, GreDaSS has a lot to
offer. In more detail, improved or new geodynamic models can be introduced. For example,
following the discussion in §6.1 a cluster of seismogenic sources can define a seismogenic
volume in which faults might interact, making the prediction of the next candidate fault
impossible. A further study could require geophysical surveys to investigate the deeper parts of
the faults and seek for the existence of low-angle shear zones.

Seismic or seismogenic hazard zonation maps are important for both DSHA and PSHA and
the ones existing so for the Aegean Region rely only on seismological analyses. However, the
modified map introduced in §6.3 is mostly based on geological criteria. This means that in order
to have an integrated and more realistic seismogenic hazard zonation map, both disciplines need
to corporate.

The calculation of stress changes after fault reactivations is the basis for making earthquake
triggering scenarios. The example given in §6.3 is a simple one, based on the possible
interaction of two nearby faults. A more comprehensive study though, should take under
consideration previous reactivations of faults in the vicinity as well as the remote stress field.
Moreover, similar models and scenarios can be produced for further areas of the Aegean
Region. As more GreDaSS gets completed the more accurate the results will be.
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Summary and conclusions

7.1 An overview

Although Greece and the broader Aegean Region belong to the most tectonically and
seismically active places in the world, a GIS-based database of seismogenic sources was
lacking. Data and information concerning the occurrence and behaviour of numerous active
faults are usually scattered or hidden in the rich literature, making their acquirement a hard
and time-consuming task. On the other hand, such data and information are useful for several
purposes: SHA (and especially probabilistic SHA), geodynamic models and seismotectonic
interpretations are some of the disciplines for which such a database can be an irreplaceable
tool.

The core of this research is the development of GreDaSS which was started from North
Greece as a pilot area (Sboras et al., 2009a; 2009b; Pavlides et al., 2010). The compilation
procedure includes several stages. The first stage is the recognition of a seismogenic source
and the collection of its respective available data and information. The synthesis, critical
analysis and homogenization of the collected material follows, in order to define the
principal seismotectonic parameters, to plot the source in a geographic coordinate system
according to its geometric attributes and to fill in all the corresponding informational fields
(comments, open questions, summaries, pictures and references). The final stage includes a
processing of all informational levels in order to be linked and interactive. This procedure
was followed for 38 CSSs and 58 ISSs that belong to the study area (North Greece).
However, some of those steps were also followed for the rest sources of the broader Aegean
Region in the frame of the SHARE project (Basili ef al., 2010; Sboras et al., 2011).

During the parameterization process, an important issue came up: given that the majority
of the seismogenic sources in Greece is not connected with recently (historically or
instrumentally) recorded earthquakes — which is the more hazardous case, the only data to
rely on are the ones based on cumulative effects-based investigations (or generally
characterized as geological investigations). On the other hand, investigations based on
single-event effects (having the seismological investigations as the most prevailing method)
sometimes provide wrong information especially when it is about old events. The
comparison of these two different approaches is important to define the reliability of the
provided data and information. Based on four characteristic case studies which all involve a
major earthquake covering a wide period of the historical and instrumental era, it is shown
that i) the single-event effects-based investigations provide improved results as technology
advances, and ii) the cumulative effects-based investigations steadily provide reliable results
regardless if the seismogenic source is associated with recent earthquakes or not.
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Another important matter that emerged during parameterization is the determination of
two important SHA parameters: the maximum fault depth and the slip rate. Defining the
maximum fault depth is important because the faults dimensions can be constrained and
hence its maximum expected magnitude. For crustal faults, maximum depth is limited within
the seismogenic layer, which can be defined by the brittle-ductile transition zone (BDT).
Although it is not necessary that a fault will rupture the entire thickness of the seismogenic
layer, by estimating the depth of the BDT we can set the maximum depth which a possible
rupture can reach. The estimation of the BDT depth relies on the calculation of the strength
profiles that reflect the mechanical behaviour of the upper lithosphere. In the current
dissertation, the rheological models of three different areas are compared and calibrated
based on the local seismic distribution. Since temperature is the key-factor of lithospheric
strength, the geothermal gradients are also calculated. However, in the radiogenic heat
productive crust, the geotherm equations depend on some thermophysical parameters. For
this reason several sensitivity tests were run for various compositions of the upper and lower
crust which allowed distinguishing two relative thermal conditions of the crust: the coo/ and
warm crust. Based on these tests and on rheological modelling, the BDT depth of the three
case studies is calculated and it is compared with the available seismic distributions. The
results are in good match and verify the rheological models of each case study, giving
confidence for further application in the surrounding areas.

The calculation of the slip rate is based on the geodetic strain rate field that derives from
GPS measurements. Given that GPS measurements span only few decades, short-term slip
rate is actually calculated by this method. The theoretical approach relies on the fact that the
deformation between two GPS stations that move relatively to each other is not uniform, but
it is concentrated within a zone around the fault plane. During a seismic event, most of the so
far accumulated elastic strain is suddenly released on the fault plane and transformed into
relative slip, leaving a small, practically neglectful, amount of plastic deformation. The
calculation process is based on a series of strain fundamental formulas that can provide the
two slip rate components: the strike-slip component and heave which provides the dip-slip
component. The obtained results derive from three different datasets that provide either the
principal strain axes, or dilatation and maximum shear strain. The patterns coming from the
three results are quite similar, although some differences exist in their absolute values. The
geodetically calculated slip rates are also compared with the ones found in the literature
(wherever these are available), which are basically obtained by geological methods. The
comparison suggests that the former not only show reasonable values, but they are of the
same order of magnitude. The usually lower values of the geodetic slip rates can be
explained by the fact that GPS stations measure velocities during a very short period of a
seismic cycle, and that strain accumulation is not necessarily linear with time, so it could be
wrong to infer that its rate is steady. It is important to mention that during the calculation
process rake is also calculated as a collateral result.

The completeness of GreDaSS for North Greece, including all seismogenic sources that
are known so far, allowed the separation of the area into five sectors, each documenting an
internal uniform behaviour. Moreover, the pattern, geometry and the geodynamic setting of
some regions imply the presence of low-angle normal (detachment) faults defining a
seismogenic volume in which faults’ behaviour can change significantly (fault interaction,
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random rupture path, etc.). Nevertheless, beyond these qualitative observations, the database
can offer several other applications especially for the enhancement of SHA. Two examples
are given in this thesis. The first one concerns the improvement of the seismic zonation map
of Greece by introducing a new seismogenic zonation map. Until now, seismic zonation of
Greece was based only on seismological data. This method produces several inconsistencies
with major seismotectonic features in the Aegean. The proposed seismogenic zonation map
of this thesis relies on other geological criteria and especially the seismogenic sources of
GreDaSS. However, the best solution would be a map that would take into account both
geological and seismological criteria. The second application example involves earthquake
triggering scenarios that are based on Coulomb stress transfer. The Volos and Nea Anchialos
ISSs, both lying in the Pagasitikos Gulf, are selected as a case study. Each fault is
responsible for one of the two strongest shocks of the 1980 Volos earthquake sequence.
Coulomb stress change models based on the seismogenic sources of GreDaSS suggest that
earthquake triggering between these two ISSs is a possible scenario.

Concluding, the development and the state-of-the-art of GreDaSS for North Greece are
presented in this dissertation, along with the calculation of two basic parameters, the
observation of some seismotectonic features and the usage of the database as a SHA tool. It
is important to mention though, that the database is always updatable, which means that
whenever new data and information are available these will be included in GreDaSS.
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7.2 Sommario

La Grecia e tutta la regione Egea sono fra le aree tettonicamente e sismicamente piu attive
al mondo. Ciononostante, un database GIS basato sulle sorgenti sismogeniche ¢ le faglie
capaci di generare terremoti moderati-forti ¢ tuttora praticamente inesistente. Dati e
informazioni per riconoscere la presenza ed il comportamento di numerose faglie attive sono
generalmente dispersi o nascosti nella ricchissima letteratura scientifica, rendendo la loro
acquisizione un compito lungo e difficile. E' da notare che gli stessi dati possono trovare
diverse applicazioni; ad esempio, l'analisi di pericolosita sismica (SHA), la creazione od il
miglioramento di modelli geodinamici e le interpretazioni sismotettoniche sono alcune delle
discipline per le quali un simile database pud essere uno strumento insostituibile.

Il principale scopo di questa ricerca ¢ lo sviluppo di una banca dati delle faglie
sismogeniche della Grecia (Greek Database of Seismogenic Sources - GreDaSS) ed ¢
iniziato dalla Grecia settentrionale come area pilota. La procedura di compilazione
comprende diverse fasi. La prima fase ¢ il riconoscimento del maggior numero possibile di
sorgenti sismogeniche e la raccolta di tutti i dati disponibili. Segue una fase di sintesi, di
analisi critica e di omogeneizzazione del materiale raccolto, al fine di i) definire e
quantificare 1 principali parametri sismotettonici, i) tracciare le sorgenti sismogeniche in un
sistema di coordinate geografiche sulla base delle loro caratteristiche geometriche e iii)
compilare tutte le schede contenenti tutte le principali informazioni associate (commenti,
domande aperte, riassunti, immagini e riferimenti). La fase finale comprende un trattamento
di tutti i livelli informativi (metadati) per collegarli e renderli interattivi. Questa procedura ¢
stata seguita per 38 sorgenti sismogeniche composite (composite seismogenic sources -
CSSs) e 58 sorgenti sismogeniche individuali (individual seismogenic sources - ISSs)
presenti nell'area di indagine (Grecia Settentrionale). Inoltre, nell'ambito del progetto
europeo Seismic Hazard Harmonisation in Europe (SHARE), sono state analizzate e
preliminarmente incluse nella banca dati anche numerose altre sorgenti presenti in tutta la
regione Egea.

Un aspetto importante affrontato durante il presente lavoro di tesi ¢ il seguente.
Considerando che la maggior parte delle sorgenti sismogeniche in Grecia non ¢ associata a
terremoti recenti (storici o strumentali), gli unici dati su cui ¢ in generale possibiel contare
sono quelli provenienti dall'analisi degli effetti cumulativi e prevalentemente ricavati da
indagini di carattere geologico. In alternativa, le analisi sugli effetti di un singolo evento
(primariamente effettuate con approcci di tipo sismologico), possono fornire informazioni
non precise e/o di scarsa qualita soprattutto per gli eventi piu antichi. Il confronto tra questi
due diversi approcci ha permesso di stabilire il grado di affidabilita delle informazioni
fornite. Sulla base di quattro casi di studio, tutti associati ad un forte terremoto e che coprono
un ampio periodo sia storico sia strumentale, € possibile concludere che i) gli effetti associati
ad un singolo evento forniscono ottimi risultati soprattutto per i terremoti piu recenti e, in
generale, I'informazione ricavata migliora con il progredire della tecnologia, e ii) indagini
basate sugli effetti cumulativi offrono risultati piu che affidabili anche indipendentemente
dal fatto che la sorgente sismogenica sia associata a terremoti recenti o meno. Cid permette
di concludere l'importanza delle informazioni geologiche nella compilazione di una simile
banca dati.
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Un'altro aspetto che ¢ stato affrontato in dettaglio durante la parametrizzazione delle
sorgenti ¢ la determinazione di due parametri particolarmente importanti per la SHA: la
profondita massima di rottura e il tasso di scorrimento. Definire la profondita massima di
rottura risulta cruciale perché ¢ possibile vincolare le dimensioni massime delle faglie e
quindi la magnitudo massima attesa. Per rotture crostali, la profonditd massima ¢
normalmente delimitata dalla transizione fragile-duttile (BDT). Anche se non ¢ necessario
che un evento sismico rompa l'intero spessore a comportamento fragile, stimando la
profondita della BDT ¢ possibile vincolare la profondita massima di rottura. La stima della
profondita della BDT si basa sul calcolo dei cosiddetti profili di resistenza che descrivono il
comportamento meccanico della litosfera superiore. Nel presente lavoro di tesi, i modelli
reologici di tre diverse aree sono stati confrontati e calibrati sulla base della distribuzione
sismica locale. Poiche¢ la temperatura ¢ il fattore chiave per la resistenza litosferica, i
gradienti geotermici sono stati calcolati prestando particolare attenzione e tenendo conto del
calore radiogenico, delle equazioni geotermiche e dei diversi parametri termofisici. Per
questo motivo, sono stati eseguiti diversi test di sensibilita per varie composizioni della
crosta inferiore e superiore suddividendo il comportamento termico in freddo e caldo. Sulla
base di tali test e sulla modellazione reologica, la profondita della BDT nei tre casi di studio
¢ stato calcolata e confrontata con la distribuzione della sismicita in profondita. I risultati
mostrano un buon accordo permettendo cosi di avvalorare i modelli reologici proposti per i
diversi casi di studio e cio da fiducia per ulteriori applicazioni alle regioni circostanti.

11 calcolo del tasso di scorrimento a breve termine delle strutture sismogeniche si basa sul
campo di velocita di deformazione geodetica come comunemente ricavata dalle misurazioni
GPS. L'approccio teorico si basa sul fatto che la deformazione tra due stazioni GPS che si
muovono una rispetto all'altra non ¢ uniformemente distribuita, ma ¢ concentrata in un
volume nell'intorno del piano di faglia. Durante un evento sismico, la maggior parte della
deformazione elastica accumulata fino a quel momento viene improvvisamente rilasciata sul
piano di faglia e trasformata in uno slittamento relativo, lasciando soltanto una componente
trascurabile come deformazione plastica. Il processo di calcolo si basa su alcune equazioni
fondamentali della deformazione che permettono di ricavare le due componenti del vettore
scorrimento (trascorrente e dip-slip) per ogni singola struttura sismogenica. I risultati ottenuti
derivano da tre differenti set di dati che forniscono gli assi principali della deformazione, o la
dilatazione e la deformazione massima di taglio. I risultati ottenuti dai tre diversi dataset
mostrano soluzioni abbastanza simili fra loro, anche se esistono alcune differenze nei valori
assoluti. I tassi di scorrimento calcolati geodeticamente sono stati anche confrontati con
quelli presenti in letteratura (ove disponibili) e generalmente ottenuti con metodi geologici
(paleosismologia e morfotettonica). Il confronto mostra che i valori sono ragionevoli e hanno
lo stesso ordine di grandezza. Valori dei tassi di scorrimento geodetico talvolta inferiori di
quelli 'geologici' possono essere spiegati con il fatto che le stazioni GPS campionano un
periodo molto breve del ciclo sismico, mentre l'accumulo della deformazione non ¢
necessariamente lineare con il tempo. Pertanto, potrebbe essere sbagliato dedurre che il suo
tasso ¢ costante. E' importante infine ricordare che l'approccio utilizzato permette di
calcolare anche la direzione di movimento sul piano di faglia (rake).

La completezza di GreDaSS per la Grecia Settentrionale, tra cui tutte le sorgenti
sismogeniche finora note, ha permesso di suddividere l'area di indagine in cinque settori
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caratterizzati da un comportamento interno relativamente uniforme. La distribuzione, la
geometria e l'assetto geodinamico di alcune regioni implicano la presenza di faglie normali e
basso angolo (scollamenti) che definiscono volumi sismogenici dove il comportamento delle
faglie puo cambiare in modo significativo (interazione fra faglie, percorso di rottura casuale,
ecc.). Tuttavia, al di 1a di queste osservazioni qualitative, il database ¢ in grado di offrire
numerose altre applicazioni, specialmente per il miglioramento della SHA. Due esempi sono
stati brevemente investigati nell'ambito di questa tesi. Il primo riguarda il miglioramento
della zonazione sismica della Grecia con l'introduzione di una nuova mappa. Fino ad ora,
infatti, la zonazione sismica della Grecia era basata solo su dati sismologici. Tale metodo,
pero, produce una serie di incongruenze con le principali caratteristiche sismotettoniche
della regione Egea. La mappa di zonazione sismogenica proposta in questa tesi, seppur
preliminare, si basa invece su criteri geologici e soprattutto sulle sorgenti sismogeniche
incluse nel GreDaSS. La soluzione ideale sarebbe una mappa che tenga conto sia dei criteri
geologici che sismologici. L'esempio per una possibile seconda applicazione riguarda gli
scenari di riattivazione di faglie a causa di terremoti vicini e si basa sul frasferimento di
sforzo di Coulomb (Coulomb failure function - CFF). Le due sorgenti sismogeniche
individuali di Volos e di Nea Anchialos nel Golfo Pagasitikos, entrambe incluse in GreDaSS,
sono state selezionate come caso di studio. Ogni faglia ¢ responsabile di una delle due scosse
maggiori avvenute durante la sequenza sismica di Volos del 1980. Il cambiamento del
campo di sforzi ricavato dalla CFF e considerando le suddette sorgenti sismogeniche
supporta l'ipotesi che il secondo evento sismico sia stato scatenato dal primo.

In sintesi, lo sviluppo e lo stato dell'arte di GreDaSS per la Grecia Settentrionale sono
presentati in questo lavoro di tesi di dottorato, insieme al calcolo di due parametri
sismotettonici di base, 1'osservazione di alcune caratteristiche sismotettoniche e 1'utilizzo del
database come strumento di SHA. E' importante ricordare, pero, che il database ¢
continuamente aggiornabile, il che significa che ogni volta che nuovi dati e informazioni
saranno disponibili potranno essere inclusi in GreDaSS.
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7.3 Xovoyn

O EMadikog kat o euphtepog Atylakog yMPog VKOOV GTIG O TEKTOVIKG KOl GEIGUIKA
EVEPYEC TEPLOYEG TOYKOOUIMG, HE OMOTEAEGHO VO GLVOVTIOTOL Mo TANOmpa evepymdv
TEKTOVIK®OV 00UV a0 TIG 0moieg Kamoteg £xovv pehetn el evoeheydc, kdmoleg AMyoTEPO, EVD
Kamoleg GAAeg mapapévouy akopa aveEepedvnteg. Avtod €xel oG amoTéAecua TV VTopén
H0G HEYAANG TOIKIAOG OEOOUEVOV OO SLAPOPEG EPEVVEC, TOGO GE TOGOTNTA OGO KOl GE
ToLOTNTO, TO Oomoia eivar ite didyvta N KpuUpEVE péca oty molvdplun Piprioypapio. H
OVOUOLOYEVELDL OVTN KOVEL TNV OVEVPEST] TANPOPOPIDY, oL SVOKOAN Kot ypovoPopo
dwdkacio, pe amotéAespo 1 dnuovpyia piog Paong dedopévav vo eaivetol avaykaio. Mio
Tétolov &idovg Pdomn dev gival ypNoIUnN HOVO Yo ETMGTNHOVIKOVS GKOTOVS, OTMG 7.y, Y10 TN
dNUovpyics YEMIVVOUK®OV HOVIEA®V 1| TNV EPUNVEIN TNG GEIGUOTEKTOVIKNG GUUTEPLPOPAS
dpopwv meploydv. H extiumon g celoKig emKvouvotnTag, 1 onoio Kol £yl Gpeso
KOW®VIKOOIKOVOUIKO OVTIKTUTO, €ivol pio aikOpn ONUOVTIKY EPEVVA Yol TV omoio pio. Baon
OEJOUEV@V UTTOPEL VO OMTOTELEGEL OVATOGTOGTO EPYOAELD.

Kevtpwo 0éua g mapovoag épeuvag amotehel 1 dnuovpyio g KOPLOG SOUNG KoL 1
coumAnpwon g EAAnviknc Baong Asdopévav Xeiopoyevetikav [Inyav (GreDaSS) n oroia
Eexivnoe motikd 7mpwv amd Alya ypdvia Exovtog tn Bopewo EALGS0 w¢ mpdn Teployn
epappoyng (Sboras et al., 2009a, 2009b, Pavlides et al., 2010 ot Sboras et al., 2011). H
dwdkacio coumAnpmong e Paong mepriappdvetl apketd otddie. To TpdTo 6TAd10 CPopd
NV avVOyv@epIoN NG GEICUOYEVOLG TNYNG-PNYMOTOS KOl TN CLAAOYY T®V OVTIGTO YOV
OEJOUEV@V KOl TANPOPOPLDY TTOL O TTPOTN GAon meptopiletor otn Piiiopapio. ‘Emxerta
aKoAovOel 1 dodKaGio TG TOPOUETPOTOINGNG TOL TEPIAApUPAVEL TN GOVOEST), KPITIKN
avAALGN KOl OUOYEVOTOINGT TOL CLAAEXDEVTOC VAIKOL MoTe v optoBodv ot Pacikég
CEIGLOTEKTOVIKEG TOPAUETPOL, Vo yoptoypaendel kot va oyedwcbel kdbe piypo mwov
xopoKTNPileTal mg evepyd GOUPMVA LLE TO, TPLGOIACTOTO YEMUETPIKA YOAPOKTNPIGTIKG TOV KOl
vo. cupmAnpmbovy to omortodpeve medion TANPOoEopdY (GYOA, OVOLYTO EPMTAUATA,
TeEPUVYELS, €lkoveg Kot PipAoypaeikég avapopéc). To tehkd otdado meplhapupavel tnv
KOTAAANAN emeepyacio OA@V TOV TOPATAVEO TANPOQOPIOKAOV ETTES®Y OCTE OVTH VO
ouvdebobv peta&d tovg Kot va yivouv dwadpaotikd. H mopandve dudikacio akoiovdndnike
v kabe pio amd Tig 38 ovvbeteg cewopoyeveig myég (CSSs) ko Tig 58 drukpirég
oewopoyeveig myég (ISSs) mov Bpiokovtal ot meplomy pekéme. Qotdco, KUmo v omd To
TOPOTAV® 6TAS10 KAO®DS Ko 1) CUUTANPMGT KATOU®V ETYUEPOVS TAPOPOPLIKDY TES IOV TOL
OVAKOVV GTL VIOAOUTEG TNYEC TOL €VPVTEPOL ALyloKOL YDPOL (KOl KOTO GUVETEW GTO
evponaikd tpodypapupo SHARE), tapolieipmrav.

Kotd ™ oSwdwacio g mapapetporoinong tédnke to 0épo g adlomortiog ToV
eloayopevayv dedopévav (§1.5). T to A6 10 avtd daxpibniay dvo Pacikéc katnyopieg
dedopEV@V TPoEPYOLEVE AT avTioToryov gidovg épevveg. H mpmdtn katnyopia (single-event
effects) 0Qopd £PELVEC TOL ALGYOAOVVTOL OTOKAEICTIKA LE TIG EMMTMGEIS TOL TPOKOAOVVTOL
070 GUYKEKPIUEVEG GEICWIKES dpactnplomoocls. Tétoleg épevveg amoteAovv Kupimg ol
CEIGLOLOYIKEG, KOOMG EMIONG KOl TTLO TPOSPATESG, TEYVOLOYIKA aventuyuéveg, pébodot, Ommg
T.y. M wAemokdémmon. Eivar mpopavég 61t To ¥povikd €0POC OLTOV TOV EPELVAOV
mepopileton oMV TPOGPATO  KOTOYEYPOUUEVN (IOTOPIK 1M €VOPYOVY)  GEIGUIKN
dpaotnprotra. [Todiég dpmg celcpoyeveic myég oty EALGSG o GuvdéovTal e TPOGPATN

157



Chapter 7: SUMMARY AND CONCLUSIONS

dpaCTNPIOTNTO, TEPITTMON OV EVEXEL LEYAAVTEPT EMKIVOLVOTNTO oV AdPovpe vTdyn OTL O
CEIGKOC KOKAOG UTOPEl Vo EKTEIVETOL OO UEPIKEC EKOTOVINOEG £MC UEPIKES YIAAOES
XPOVIOL KOl EMOUEVAOC EVOL TPOOPATMG evePyomomuéEvo pnypa Bo emoavadpactnpromombei
oD apydtepa. Ta dedopéva, Aowmov, Tov TPOEPYOVTAL OO EPEVVEC TTOL UEAETOVV GUEGO N
EULLEDO TIC TEKTOVIKEG OOUEG O OTOlES TAPOVGIALOLY OAN T YOPAKTNPIOTIKA EVOC EVEPYOD
PNYMHOTOG OAAG OV GLVOLOVTOL LE GUYKEKPIUEVT] GEIGHIKT dpacTnpldTnNTa, OVIKOLV GTN)
devtepn katnyopia (cumulative effects). Onwg npoavapépOnie, o dedopuéva avTd PUmopei va
ocuvoéovtal Gueco e €va evepYd PNYMO Kol UTOPEl Vo Tpoépyovtol 7.y. amd vmaifpieg
LETPNOELS, TOCOTIKEG TEKTOVIKES KOl LOPPOTEKTOVIKEG OVOAVGELS, YEMPVGIKES SLOCKOTNGELS
K.0., | EUUECH, OMMOG 7T.x. OmWO TNV TOWKN UIKPOGEWOUIKO qTo. H ovykpion tev 6vo
Katnyopdv Paciletal 6T LEAETN TECCAP®V YOPOKTNPIOTIKOV TEPUTTMGEDMY Ol OTOIES OAEG
mepthopPavouy omd Evay 1oxvpd GEIGUO, KOADTTOVTAG Lo EVPEi TEPTOOO TG IGTOPIKNG Ko
evopyovng kataypapng (§6.2). Ta ocvumepdouato deivovv 0Tl a) Ol EPEVVEG TOV GVI|KOVV
oTNV TPOTN KOTYopio. TPOSPEPOLY dedoUEVO TOV YivovTal OA0 Kol o a&ldmeTo pe TV
TAPod0o TOv YPOVOL Kot TV eEEMEN TG TeXVOAO YOG, Kol ) Ol £PELVEC TOL OVIKOLV GTN
devtepn Kotnyopia divovv dwypovikd otabepd aiomioto dedopéva, aveSaptNT®mg OV TO
PNYMO. GUVOEETOL 1 OYL UE KOTOYEYPOUUEVO GEWGUO. Apa, M ¥PNOoTN TOV Sed0UEVOV NG
debtepng Katnyopiog pmwopovv vo ypnoyomombody pe peydio Pabud eumotosvvng 610
GreDaSS.

Kotd ™ dwdkacio tng mapaperporoinong dwomiotobnke 6t dvo Pacikol mapdpetpot
0moLGIALOVV  GLUOTNUOTIKA 1 OCULVOVI®VTOL OTAvie ot  oxeTiky  PiProypagio. O
TPOGIOPICUOS TV OVO VTV TOPAUETPOY, TOL HEYIGTOVL PBdOovg tv pnyudtov (kee. 3)
Kol Tov puOuod oiicOnong (kep. 4), ivor oNUOVTIKOG Yo TNV EKTIUNGY] TNG CEIGUIKNG
EMKIVOLVOTNTOG, YIOTL .. UTOPOVV Vo KaHoploTouy 01 S106TAGELG EVOG PNYUATOS Kol KO TG,
GUVETELD, TO UEYIOTO AVOUEVOUEVO UEyebog evdg pedloviikov oeiopov. o to priypata tov
@A0100, T0 UéYLoTOo PBAbog evog pryprotog meplopiletal evidg TOV GEIGUOYEVOLS GTPMOUATOS
TOL 0Toiov M PACT AVTITPOCOTEVETAL OO TO OPLo HPUVGTYEVOUG-TAUGTIKNG CLUUTEPIPOPAC.
Av Kot oev glvarl amopoaitnto €va pryHo vo doppnyvieL 020 TO THYOG TOV GEIGUOYEVOVG
OTPAOUATOS, 1| EKTIUNOT TOL 0piov OpaVGTYEVOVC-TANGTIKNG GUUTEPLPOPAS OETEL TO HEYIOTO
Babog oto omoio to pryno pmopetl vo dwppnybei. H extiunon tov opiov Poaciletor otov
VTOAOYIGUO TNG UNYOVIKNG OVTO MG TG avaTePNG AMOOcQUIPOS TOV EMITLYYAVETOL LE TOV
VTOAOYIGUO TV PEOAOYIKOV TPoPil. v mapovca datpiPr] cuykpifnkav to peoAoyIKA
LOVTELD TPLDV OL0POPETIKMV TEPLOYDYV PACEL TNG TOTIKNG YWOPIKNG CEIGUIKNG KOTOVOUNG TNG
KkG0e meploync. Amo T otiyun mov m Oepupokpacio emnpedlel dueco TV avtoyn NG
MO6cpapag, 0 VToAoyioudg g Yewbeppukng Pabuidag vanpée anapaitmroc. 61060, GTOV
Oeppukd padioyevi] erowd, 1 yewbeppikn Poabuida eEaptator and didpopeg Oeppropuoticég
napapétpous. [V avtd 1o Adyo mpaypatorombnke o cepd amd eAEyyovg evatcOnciog g
Oeppoxpaciog mg Tpog TV Oeprixn ayOYLOTNTO KOl TOPAYOYIKOTITO, TOV TETPOUATOV TOV
oLVOETOLY TOV OVAOTEPO KOl KATMTEPO QAOLO, Yo 0VO0 oKkpoieg TWEG TNG EMIPOVELNKNG
OepKfg PONG TOL GLVAVIMVTOL GTOV OIYl0KO Y®Po. Me avtd Tov Tpomo emitedybnke o
SOPIGHOG TOV PAOLOV, COUPOVE LE TIG Oeppikég Tov cuvinkeg, e Yoypo kot Deppd. Amd
TO. OTOTEAEGHOTO TMV PEONOYIKMDY TPOPIA TOL VTOAOYIGTNKOV OE TPEIS TEPOUOTIKEG
meployég, TV meployn g Kolavne-I'pefevav, v kevipikn meproyn e Muydoviag Aekavng
kot g Notog Oeccaiiog, cuykpiOnkay pe Ty y®POKUTUVOUT TNG TOTIKNG CEIGHKOTNTOS.
A7 TN GUYKPLION TPOKVTTEL OTL TOL PEOAOYIKG TPOPIA KOl 1) GEIGUIKT] Y®POKATOVOUN Eivon
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amoAOTOC cupPatd, emPefatd@voviog TNV opHITNTU TOV PEOAOYIKMDY LOVTEA®MV Kol divovTag
NV amapaitnT) OCQAAED Yoo T UEALOVTIKT yprom tng HeBddoVL o€ YeEITOviKEG TEPLOyEg
OTOV TOTIKEC GEIGUIKEG LEAETEG OITOVGLAL0VV.

O vroroyopog Tov pubuov oiictnong Paciletor 6To Ye®OOLTIKO TESIO KOTAUVOUNG TOL
pLOLOD TOPAUOPP®ONG TTOL TPOEPYETAL OO TOAVETElG petpnoelg otobumv GPS. Eivot
EUPaVEG OTL Aoy ot petpnoeig GPS kaAdmTouv ypovikd pepikés udvo dekaetieg, n néBodog
OV EPOPUOGTNKE GTNV TOPOLGA SaTPIP] aPopd TOV VITOAOYIGUO TOL Ppayvrpodesiiov
pvOpod oAicOnong. H Oswpntikny mpooéyyion g pebodov Paciletor oto yeyovdg Ot 1
TOPOUOPP®ON OV GLVTEAEITAL HeTaED 600 oTOOU®MY, Ol Omoiol PETOTOMILOVTOL GYETIKA O
€VOG ®C TPOG TOV GALO, OEV KOTAVEUETAL OO OHOPPO, OAAG GLYKEVIPMVETOL G€ [io {dvn
OV TTEPIKAEIEL TNV EMPAVELD TOL pRyratoc. Katd tn didpkela evog GEIGHOD, TO HEYOADTEPO
TOGOGTO NG MG TOTE GULOCMOPEVUEVNG EACCTIKNG TOPAUOPP®ONS, OTEAELOEPDVETAL
OOTOMO €Ml TOL PNYUOTOG G OAiGONGoM, aervovtog €vo GYedOV OUEANTED TOGOGTO VO
TOPOUEIVEL ®G TAOCTIK Tapapdpewon. H dadikacioo vroloyiwopod Pociletor otig
Oepermoelg eE16M0ELS TG TOPAUOPPOONG OO TIC OTOIEG TPOKVATOVY 1| TAPUAANAN TTPOg
v mapdTaén Tov PNYUOTOS GUVIGTMGO OAicOnong Kot 1 opilovTia, Katd ) devbvvon Tov
PNYHOTOG, GVVICTMGO OAIGON oG, ad TV omoio TPOKVTTEL 1) TOPAAANAN TTpog TV fudion
TOL PYHOTOG GVVIET®GA (). 4.5). Ta apykd dedopuéva TPoEpyovtal omd TPELS OUAES TOV
mepEyovv gite toug Pacikods doveg TapapdpE®ONG N TNV EPEAKVOTIKY| (EKTATIKN) Kot
péylon  SotpnTikn  wopopdpemon. Ot YOpTOYPOQIKEG  OMEIKOVIGES TOV  TPLOV
amoterecpudtov (o). 4.6) delyvouv Ot Kot T Tpia £xovv TapdUolo S1aTaEn Kol KATavoun,
SPEPOVTOG MOTOGO G TPOG TIG amdivteg TWéES Ttoug. Emiong, to omotehéopoto TV
YEOOOITIKG VTOAOYIGUEVEOVY pLOU®OY 0AlGONoNG cLYKPIONKAV LE TOVG TPOTEWVOUEVOVS, amd
mv vrapyovco PiPrloypapio, pvBuodg oricOnong ot omoiot mpoépyovial Kupimg omod
vewloyucég ueboddovg (mv. 4.1 kan 4.2). H cOykpion deiyvel mmwg ol TpdTOL deV EYOVV Al
KoL LOVO AOYIKES TIHES, aALG BpiokovTotl kKot oty 1010 Téén peyébovg pe toug devtepove. Ot
ocuvn g Yo pMAdTEPES TIEG TV VTTOAOYIGOEVTMY pLBUdY oAicOnong puropovv va e&nynbovv
amo o yeyovdg ott ot otafpoi GPS petpovv Tig ToydTNTES HMOG UIKPNG YPOVIKNG TEPLOOOV
TOV GEIGUIKOD KUKAOV, KOOMG Kol OTL 1] GLGCMOPEVCT] TNG TOPAUOPPMOOTG OEV CTLUOIVEL TG
glval YPOUUIKY G GUVAPTNOT UE TOV XPpOvo oTdTe Kot Bo tav Adbog va vtobécovpe 6T 0
pvOuog g eivor otabepoc. Eivor onuavtikd vo ovoeepbei 6t1 omd v dadikocio
VTOAOYIGHOD TOv pLOUOL OAGONONG TPOEKVYE EMONG KOL O VTOAOYICUOS NG YOViOG
oAoOnong.

H oloxMpwon tov GreDaSS yio ™ Bopeio EALGSa, mov mepthapPdvel OLeg TIG YVOOTEG
UEYPL ONUEPOL GELGUIKEG TNYEC, EMETPEYE TO JOYMPICUO TNG TEPLOYNG OE TEVTE TOUEIG (o).
5.1), 10 ecmtePKd TV OmoiV yopaktnpiletal omd pio. OUOLONOPPT GEIGLOTEKTOVIKY
ocoumeprpopd (§6.1). Emumiéov, m popon, M yeoupetpio. Kol TO YEOOLVOUIKSO KAOEGTMS
KOmolwv  meploy®v, vmodniovovy v wlhavi Vmopén pNYUOTOV  OTOX®PICUOD  TOV
oplobetovv celopoyeveic OyKovg, €viog TV OmoiV 1 PNEIYEVIC GUUTEPLPOPH UTOPEL Vo
oAraler onpovtikd (aAAnAemidpaocn prnypaTov, toyxoio Stadpoun dbppnéng, xiw., §6.1).
[Tépa dpmE amd TG TOLOTIKEG TOPATNPNGELS, M PAcn dedouévav umopel va Tpocseepbel Kot
®¢ ePYOLElD Yo TTO KIAEG EQUPUOYEG, OMMG 1 GLUUPOAT] GTOV TPOGIIOPIGUO TNG GEIGUIKNG
EMKIVOLVOTNTOG. ADO EMUEPOVS EQUPUOYES Olvoviol ¢ Topadeiypoto ota mAoic g
mopovoag dwtpiPrg (§6.3). H mpd epoappoyn apopd ™ Pertioon tov ¥GpTn GEIGUIKOV
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Lovav mg EALGdog cuotivoviag évav véo xaptn ociopoyevav {ovav. Méypt onuepo 1
ocewopky {ovoon g EARGdoc Pocildétov OmOKAEIGTIKA KOL UOVO GE GEIGHOAOYIKA
dedopéva. H pébodog dpmg avtn mpokaiel avakolovdieg Kot acuUPUTOTNTEG e ONUOVTIKESG
EVEPYA TEKTOVIKEC OOUEG. O TPOTEVOUEVOG YOPTNG GEICUOYEVAOY {OVMV NG SloTpiPhg avThg
Poaciletar Kvpimg o6& YEOAOYIKG KPITHPLO Kol EOIKOTEPO OTIC GEICUOYEVEIG TNYEG TOV
GreDaSS. IMapd tavta, 1 KoADTEPN AVGT Yoo T OMUovpyio. TETO BV YUPTOV 00 EAEL O
GLVOLOGUOC TOGO TOV YEMAOYIKOV OGO KOl TOV GEIGHKGOV Kpitnpiov. H debtepn epapuoyn
aeopd T oevipla. pnéryevong SadpacTikotnTog (1 0AM®G OAANAETIOpaoNC) OTMG oVTA
peietovvran amd ™ petofoin tdong tov Coulomb. Ta prypata tov Bérov kot g Néog
Ayyédiov wov Bpickovion otov [ayaontikd Koimo emiéydnkav g tomikd mtopaderypo. Ta
Vo avtd pRypoto evBvvovtal Yo TIG VO IGYLPOTEPEG GEICUIKES DOVNOELS TNG GEIGHIKNG
axoAovBiog Tov Bohov mov cuvéPn to 1980. Ot Topdpetpol Tov LOVIEA®MY TOL LEAETOVV TV
oAdoyn g taong katd Coulomb umopobdv gvkoia va eloayfovv Pact{OUeVol GTIS GEIGUIKES
mnyég tov GreDaSS. Katd v povtehomoinorn mpokdrtel 6Tl 1 aAAnAenidpact petald tmv
00 PNYUATO®V TOL TapadElyoTog eivat éva mlavo cevaplo.

Ev xotokAeidl, n exmovnon g mapodoog dtping mepiiapfdvel to Eekivnua, tv
e€EMEN kol T mapovsiooTn TS To TPOSPATNG EKO0YNS TS Paong dedopévmv GreDaSS yua
v Bopelon EALGSa. Katd tn didpkelo TG TopapeTponoincng vrorloyictnKoy eniong ot 600
Booikéc CEIGHOTEKTOVIKEG TTOPAUETPOL TOL peyioTov Pfabovg Kot Tov puBpod orichnong tmv
pNypaTev. Metd tnv odokAnpmaon g fAong Eyvay EQIKTEC TOLOTIKESG TOPOTNPTOELS EML TOV
CEIGLOTEKTOVIKMV YOPOKTNPICTIKOV TOV PHYLATOV KOl TG KOTOVOUNG TOVG GTO YMOPO.
Emiong, n Paon ypnoponomdnke TeEpapoTikd 68 EQAPUOYEG TOL EELANPETOHY TNV EKTIUNGOT
NG GEIGUIKNG EMKIVOLVOTNTAG, OT®G 1 OMLLOVPYIN TOV GEIGHOYEVOV (@VOV Kot 1) vtobeon
g aAAnAentidpaong pnéyevav tunudtov oty meployn tov [layoaontikcov Koimov. Eivor
ONUOVTIKO Ou®¢ va avoeepbel mwg n Pdon givar mavta avouyr kot avafaduicn, mov
ONUOIVEL TOG 1 EKACTOTE EUPAVIOT VE®V GTotyeiv B Aapfdvetat TavTo LITOYN Kot To, VEQ
dedopéva Oa givar mavta ot 6160eom tov GreDaSS yia ) cvveyn Peltioon tov.
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APPENDIX

The parametric information of the seismogenic sources in North Greece

This appendix contains the parametric information of the seismogenic sources in table form,
as they are discussed in chapter 4. The way the tables appear is similar to the one when
navigating the database (Source Info tab, §2.3, fig. 2.5a). The order of the tables is the same
with the order that sources are discussed in chapter 5, having CSSs first.

The abbreviations used in the following tables concern the qualification keys. These are: LD
= Literature Data, OD = Original Data, EJ = Expert Judgement, 4R = Analytical Relationship,
ER = Empirical Relationships.

The parametric information is preceded by a list of contents, while the respective maps of
CSSs and ISSs can be found before the tables (figs. A.1, A.2 respectively and A.3 for the
Ptolemaida Basin).
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A.1 List of sources

Name (code)
e The northern fault belt

o

Doxipara (GRCS170)
Maronia (GRCS160)

Thrace (GRCS150)

= Komotini F. (GRIS150)
= Jasmos F. (GRIS151)

= Xanthi F. (GRIS152)
Drama (GRCS140)

=  Drama F. (GRIS140)

=  Prosotsani F. (GRIS141)
Serres (GRCS145)

Belles (GRCS130)

= Petritsi F. (GRIS130)

= Kastanoussa F. (GRIS131)

e The Chalkidiki fault system

(e]

o O O O

Stratoni-Varvara (GRCS110)

= Varvara (GRIS110)

= West Stratoni (GRIS111)
=  East Stratoni (GRIS112)
Gomati (GRCS260)

Singitikos (GRCS270)
Vourvourou F. (GRIS265)
Sochos-Mavrouda (GRCS120)
= Mavrouda F. (GRIS120)

=  Sochos F. (GRIS121)
Mygdonia (GRCS100)

= Gerakarou F. (GRIS101)

= Langadhas F. (GRIS102)
= Apollonia F. (GRIS103)
Asvestochori (GRCS245)
Pylaea (GRCS240)
Anthemountas (GRCS250)

= Angelochori F. (GRIS251)
=  Souroti F. (GRIS252)

e The ‘anti-Hellenides’ fault system

o

North Almopia (GRCS060)
=  Pozar F. (GRIS060)

= Promachi F. (GRIS061)
= Aectochori F. (GRIS062)
Goumenissa F. (GRIS069)
South Almopia (GRCS068)
Amyndeo (GRCS070)

=  Nymfaeo F. (GRIS070)
=  Petron F. (GRIS071)
Chimaditis F. (GRIS075)
Ptolemaida (GRCS072)

= Vegora F. (GRIS072)

= Vegoritida F. (GRIS073)
Perdika F. (GRIS076)

Appendix
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205-211
205
205
206
206
207
207
208
208
209
209
210
210
211

211-220
211
212
212
213
213
214
214
215
215
216
216
217
217
218
218
219
219
220
220
221-236
221
221
222
222
223
223
224
224
225
225
226
226
227
227



o

Komanos (GRCS077)

= Mesovouni F. (GRIS077)
=  Proastio F. (GRIS078)
Peraea F. (GRIS074)
Aliakmonas (GRCS050)

= Palaeochori F. (GRIS050)
=  Rymnio F. (GRIS051)

= Servia F. (GRIS052)

= Chromio F. (GRIS053)
Konitsa (GRCS300)

= Konitsa F. (GRIS301)
Petoussi (GRCS310)

= Souli F. (GRIS310)

=  Tomaros F. (GRIS311)
Kerkyra (GRCS390)

= Makrades F. (GRIS390)
= Spartylas F. (GRIS391)
Palacokastritsa F. (GRIS392)

The Thessalian fault system

(e]

o O O O

The North Aegean Sea fault system

o

Pagasitikos Gulf (GRCS010)

= Volos F. (GRIS010)

= Nea Anchialos F. (GRIS011)
Vasilika (GRCS015)

= Righeo F. (GRIS015)

= Dasolofos F. (GRIS016)
Domokos (GRCS020)

=  Ekkara F. (GRIS020)

South Tyrnavos Basin (GRCS004)
= Larissa F. (GRIS005)

= Asmaki F. (GRIS004)
Tyrnavos (GRCS001)

= Tyrnavos F. (GRIS001)
North Tyrnavos Basin (GRCS002)
= Rodia F. (GRIS002)

=  QGyrtoni F. (GRIS003)
Omolio (GRCS040)

Appendix

South Kassandra offshore (GRCS285)

Mavrovouni offshore (GRCS815)
Pelion offshore (GRCS820)

South Chalkidiki offshore (GRCS280)

= Athos F. (GRIS282)

North Aegean Basin (NAB) (GRCS810)

= NAB segment A (GRIS810)
= NAB segment B (GRIS811)
South NAT (GRCS800)

North NAT (GRCS290)

= Saros Gulf F. (GRIS290)

= Samothraki SE F. (GRIS291)
North Samothraki F. (GRIS288)
Lemnos (GRCS825)

Aghios Efstratios F. (GRIS831)

200

228
228
229
229
230
230
231
231
232
232
233
233
234
234
235
235
236
236
237-246
237
237
238
238
239
239
240
240
241
241
242
242
243
243
244
244
245
245
246
246
A247-252
247
247
248
248
249
249
250
250
251
251
252
252



B¢V 91 03 S19Ja1 dwely oy [, ‘xrpuadde
) JO SSSD 2AN03dsar y) 03 191 soquINU YT, PAYSIYSIY I8 SSSD YL "A[UO BIIE APMIS Y} UL PIpN[oul I8 Jey) SI0IN0S Jrud3owsios oy} Jo depy 'V 81

@ - <y

0LE-
a b
\
o B
\.
Rl ¢ lV
2 A
SIS == N . e N) S SN S /4 may~pu [ . ge
~ LR QA .
() <
€ @
c e TN Zoz N
S9.J)aWo|Iy s
[ | zZ
00l 0S 0
ssa T
$SO %0
ssi [T

J.l¢ 3.0¢

1

20



G—M< mﬂ 0] mu@%@u DE&.@ OQH
"xipuodde oy o sSST 9A103dSAT Y} 0} 1JAI SIQUINY Y, "POIYSIYSIY a1 SSST Sy L, "ATUO IR APMIS Y} UL PAPN[OUL 1B JEY) SIIINOS dIUSFOWSIAS oY) Jo deA 7'V *SI

" %00 ~S0p
8% H L0o

)

Appendix

&o % S2.}9WO[I
- g [ ,
T 90 00l 05 0

Qw ssa i T
N SSO
: ssi (3%

3.¢¢ J.l¢ 3.,0¢

N .0

202

134

o



Appendix

‘pareqap
[[s ST 31 9snesaq 1aydeyo ¢ oy Jo suondirosap ayy ur papn[out Jou st (€) ur (BUlIo[q,,) 080SSD YL "(A[eanoadsar 7'y sue
[V SIJ Ul umoys sowely) uiseq eprewd[old oy} ur (q) SSST oY pue (8) sSSD oy} Jo woysAs xo[dwos o) Jo Woo7 €'V I

((0 €

Shpewiyo 1

203







Code:
Name:

Associated ISSs:

Min depth (km)

Max depth (km)

Strike (deg)

Dip (deg)

Rake (deg)

Slip rate (mm/a)

Max magnitude (Mw)
Approximate location (Lat/Lon)
Total length (km)

Total width (km)
Typical fault length (km)
Typical fault width (km)
Typical fault slip (m)

Code:
Name:

Associated ISSs:

Min depth (km)

Max depth (km)

Strike (deg)

Dip (deg)

Rake (deg)

Slip rate (mm/a)

Max magnitude (Mw)
Approximate location (Lat/Lon)
Total length (km)

Total width (km)
Typical fault length (km)
Typical fault width (km)
Typical fault slip (m)

GRCS170
Doxipara

None

Parameter
0
14
245 -260
45-80
240 -270
03-03
6.9
41.599 /26.446
38.6
17.0
372
18.8
1.34

GRCS160
Maronia

None

Parameter
0
14
80-120
45-75
230 -280
0.4-0.7
7.0
40.847 /26.000
53.9
17.1
41.7
20.4
1.56

Appendix

General information

Parametric information

Qual.

LD
EJ
LD
EJ
LD
AR
ER

55 55

ER

Evidence
palacoseismological investigation (Chatzipetros and Pavlides, 2009)
inferred from seismogenic layer thickness of nearby areas
morphotectonic map (Chatzipetros and Pavlides, 2009)
inferred from palacoseismological trenches (Chatzipetros and Pavlides, 2009)
palacoseismological trenches (Chatzipetros and Pavlides, 2009)
calculated from geodetic strain rate field
calculated from the empirical relationships of Wells and Coppersmith (1994)
map derived
map derived
derived from depth and dip
derived from maximum Magnitude
derived from maximum Magnitude

derived from Moment and Fault Size

General information

Parametric information

Qual.

LD
EJ
LD
LD
LD
AR
ER

55 55

ER

Evidence
geomorphic records (several authors)
inferred from seismogenic layer thickness of nearby areas
various geological/morphotectonic maps and field measurements
field measurements and focal mechanisms (various authors)
field measurements and focal mechanisms (various authors)
calculated from geodetic strain rate field
calculated from the empirical relationships of Wells and Coppersmith (1994)
map derived
map derived
derived from depth and dip
derived from maximum Magnitude
derived from maximum Magnitude

derived from Moment and Fault Size
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Code:
Name:

Associated ISSs:

Min depth (km)
Max depth (km)
Strike (deg)

Dip (deg)

Rake (deg)

Slip rate (mm/a)

Max magnitude (Mw)

GRCS150
Thrace

Appendix

General information

Komotini (GRIS150), lasmos (GRIS151) and Xanthi (GRIS152)

Parameter

0
14
40-115
3580
200 - 290
02-0.5

7.0

Parametric information

Qu
al.

LD
EJ
LD
LD
LD
AR

Evidence

geomorphic records (several authors)

inferred from seismogenic layer thickness of nearby areas
various geological/morphotectonic maps

field measurements (several authors)

kinematic indicators (several authors)

calculated from geodetic strain rate field

fault geometry considerations and application of empirical relationships (Wells and

EJ Coppersmith, 1994)

Approximate location

(Lat/Lon)
Total length (km)
Total width (km)

Typical fault length (km)
Typical fault width (km)

Typical fault slip (m)

Code:
Name:

Associated CSS:

Location (Lat/Lon)
Length (km)
Width (km)

Min depth (km)
Max depth (km)
Strike (deg)

Dip (deg)

Rake (deg)

Slip per event (m)
Slip rate (mm/a)

Recurrence (y)

Max Magnitude (Mw)

Latest Eq
Penultimate Eq

Elapsed Time

41.052/24.944

123.1

19.5

41.7

20.4

1.56
GRIS150
Komotini Fault
Thrace (GRCS150)

Parameter Qual.

41.094 /25.589 LD

29 LD
15.5 AR

0 LD
12.7 EJ
108 LD
55 LD
290 LD
0.9 AR
0-0 UN
0-0 UN
6.7 ER

AR map derived

AR 'map derived
AR
ER
ER
AR

derived from depth and dip
derived from maximum magnitude
derived from maximum magnitude

derived from moment and fault size

General information

Parametric information
Evidence

geological/morphotectonic maps (Mountrakis and Tranos, 2004)
geological/morphotectonic maps (Mountrakis and Tranos, 2004)
derives from other parameters (dip, minimum and maximum depth)
geomorphic records (various authors)
inferred from seismogenic layer thickness of nearby areas
various geological/morphotectonic maps
field measurements (several authors)
inferred from kinematic indicators (Mountrakis ez al., 2006)
calculated from Mo (Aki, 1966)
unknown
unknown
after the relationships of Wells and Coppersmith (1994) and Hanks and Kanamori (1979)

Associated earthquake

1784/11/06  historical event of M=6.7 (Papazachos & Papazachou, 2003)

N/A
216

unknown

as of year 2000 (assigned datum)
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Appendix

General information

Code: GRIS151
Name: Tasmos Fault
Associated CSS: Thrace (GRCS150)
Parametric information
Parameter Qual. Evidence
Location (Lat/Lon)  41.114/25.336 LD various geological/morphotectonic maps
Length (km) 16.7 LD various geological/morphotectonic maps
Width (km) 15.5 AR derives from other parameters (dip, minimum and maximum depth)
Min depth (km) 0 LD geomorphic records (various authors)
Max depth (km) 12.7 EJ inferred from seismogenic layer thickness of nearby areas
Strike (deg) 68 LD various geological/morphotectonic maps
Dip (deg) 55 LD field measurements (several authors)
Rake (deg) 265 LD inferred from kinematic indicators (various authors)
Slip per event (m) 0.55 AR calculated from Mo (Aki, 1966)
Slip rate (mm/a) 0-0 UN unknown
Recurrence (y) 0-0 UN unknown
Max Magnitude (Mw) 6.4 ER  after the relationships of Wells and Coppersmith (1994) and Hanks and Kanamori (1979)
Associated earthquake
Latest Eq N/A unknown
Penultimate Eq N/A unknown
Elapsed Time N/A unknown
General information
Code: GRIS152
Name: Xanthi Fault
Associated CSS: Thrace (GRCS150)
Parametric information
Parameter Qual. Evidence
Location (Lat/Lon) 41.091/25.050 LD geological/morphotectonic maps (Mountrakis and Tranos, 2004)
Length (km) 27.5 LD geological/morphotectonic maps (Mountrakis and Tranos, 2004)
Width (km) 16 AR derives from other parameters (dip, minimum and maximum depth)
Min depth (km) 0 LD field observations (several authors)
Max depth (km) 12.3 EJ inferred from seismogenic layer thickness of nearby areas
Strike (deg) 93 LD various geological/morphotectonic maps
Dip (deg) 50 LD based on geological considerations (Mountrakis ez al., 2006)
Rake (deg) 265 LD based on geological considerations (Mountrakis and Tranos, 2004)
Slip per event (m) 0.7 AR calculated from Mo (Aki, 1966)
Slip rate (mm/a) 0-0 UN unknown
Recurrence (y) 0-0 UN unknown
Max Magnitude (Mw) 6.6 ER  after the relationships of Wells and Coppersmith (1994) and Hanks and Kanamori (1979)
Associated earthquake
Latest Eq 1829/04/11 'Mw=7.3 (see text for discussion)
Penultimate Eq N/A unknown
Elapsed Time 171 as of year 2000 (assigned datum)
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Code:
Name:

Associated ISSs:

Min depth (km)

Max depth (km)
Strike (deg)

Dip (deg)

Rake (deg)

Slip rate (mm/a)

Max magnitude (Mw)

Approximate location (Lat/Lon) 41.169 / 24.187 AR map derived

Total length (km)
Total width (km)

Typical fault length (km)

Typical fault width (km)

Typical fault slip (m)

Code:
Name:

Associated CSS:

Location (Lat/Lon)
Length (km)
Width (km)

Min depth (km)
Max depth (km)
Strike (deg)

Dip (deg)

Rake (deg)

Slip per event (m)
Slip rate (mm/a)
Recurrence (y)

Max Magnitude (Mw)

Latest Eq
Penultimate Eq

Elapsed time

GRCS140

Drama

Drama (GRIS140) and Prosotsani (GRIS141)

Parametric information

General information

Appendix

Parameter Qual. Evidence
0 LD |geomorphic records (Mountrakis ef al., 2006)
15 EJ |inferred from seismogenic layer thickness of nearby areas
80 - 135 LD |geological/morphotectonic maps (Mountrakis ez al., 2006)
40 - 65 LD inferred from field descriptions (Mountrakis ez al., 2006)
265 - 280 LD inferred from field descriptions (Mountrakis ez al., 2006)
02-04 AR calculated from geodetic strain rate field
7.0 ER |calculated from the empirical relationships of Wells and Coppersmith (1994)

48.1
19.9
41.7
20.4
1.56

GRIS140

Drama Fault

Drama (GRCS140)

Parameter Qual.

41.150/24.129 LD

map derived

derived from depth and dip

55 %

derived from maximum magnitude
ER |derived from maximum magnitude

AR | derived from moment and fault size

General information

Parametric information
Evidence

geological/morphotectonic maps (Mountrakis ef al., 2006)
geological/morphotectonic maps (Mountrakis ef al., 2006)
derives from other parameters (dip, minimum and maximum depth)
geomorphic records (Mountrakis e al., 2006)
inferred from seismogenic layer thickness of nearby areas
geological/morphotectonic maps (Mountrakis ef al., 2006)
inferred from field descriptions (Mountrakis ef al., 2006)
inferred from field descriptions (Mountrakis ef al., 2006)
calculated from Mo (Aki, 1966)
unknown
unknown
after the relationships of Wells and Coppersmith (1994) and Hanks and Kanamori (1979)

Associated earthquake

Mw=7.3 (see text for discussion)

unknown

20 LD
10 AR
0 LD
9.7 EJ
90 LD
75 LD
275 LD
0.5 AR
0-0 UN
0-0 UN
6.3 ER
1829/05/05
N/A
171

as of year 2000 (assigned datum)
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Code:
Name:

Associated CSS:

Location (Lat/Lon)
Length (km)
Width (km)

Min depth (km)
Max depth (km)
Strike (deg)

Dip (deg)

Rake (deg)

Slip per event (m)
Slip rate (mm/a)
Recurrence (y)

Max Magnitude (Mw)

Latest Eq
Penultimate Eq

Elapsed Time

Code:
Name:

Associated ISSs:

Min depth (km)
Max depth (km)
Strike (deg)

Dip (deg)

Rake (deg)

Slip rate (mm/a)

Max magnitude (Mw)

Approximate location (Lat/Lon) 41.026 /23.650

Total length (km)
Total width (km)

Typical fault length (km)
Typical fault width (km)

Typical fault slip (m)

GRIS141

Prosotsani Fault

Appendix

General information

Parametric information
Evidence

geological/morphotectonic maps (Mountrakis ef al., 2006)
geological/morphotectonic maps (Mountrakis ef al., 2006)
derives from other parameters (dip, minimum and maximum depth)
geomorphic records (Mountrakis e al., 2006)
inferred from seismogenic layer thickness of nearby areas
geological/morphotectonic maps (Mountrakis ef al., 2006)
inferred from field descriptions (Mountrakis ef al., 2006)
inferred from field descriptions (Mountrakis ef al., 2006)
calculated from Mo (Aki, 1966)
unknown
unknown
after the relationships of Wells and Coppersmith (1994) and Hanks and Kanamori (1979)

Associated earthquake

Mw=7.3 (see text for discussion)

as of year 2000 (assigned datum)

General information

Drama (GRCS140)
Parameter Qual.
41.162/23.986| LD
27 LD
15 AR
0 LD
12.3 EJ
95 LD
55 LD
275 LD
0.7 AR
0-0 UN
0-0 UN
6.6 ER
1829/05/05
N/A unknown
171
GRCS145
Serres
none

Parametric information

Parameter Qual. Evidence
0 LD geomorphic records (Tranos and Mountrakis, 2004)
16 EJ |inferred from seismogenic layer thickness of nearby areas
80 - 140 LD geological/morphotectonic maps (Tranos and Mountrakis, 2004)
50 - 80 EJ inferred from field measurements and geological considerations
260 - 280 LD inferred from field descriptions (Mountrakis et al., 2006)
0.05-0.1 LD displacement of dated Quaternary sediments (Tranos and Mountrakis, 2004)
6.8 ER calculated from the empirical relationships of Wells and Coppersmith (1994)
AR 'map derived
31.1 AR 'map derived
18.6 AR derived from depth and dip
33.1 ER derived from maximum magnitude
17.4 ER derived from maximum magnitude
1.16 AR derived from moment and fault size
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Code:
Name:

Associated ISSs:

Min depth (km)
Max depth (km)
Strike (deg)

Dip (deg)

Rake (deg)

Slip rate (mm/a)

Max magnitude (Mw)

Approximate location (Lat/Lon) 41.281 /23.261

Total length (km)
Total width (km)

Typical fault length (km)
Typical fault width (km)

Typical fault slip (m)

Code:
Name:

Associated CSS:

Location (Lat/Lon)
Length (km)
Width (km)

Min depth (km)
Max depth (km)
Strike (deg)

Dip (deg)

Rake (deg)

Slip per event (m)
Slip rate (mm/a)
Recurrence (y)

Max Magnitude (Mw)

Latest Eq
Penultimate Eq

Elapsed Time

Appendix

General information

GRCS130
Belles
none
Parametric information
Parameter Qual. Evidence
0 LD | geomorphic records (various authors)
15 EJ |inferred from hypocentral distribution (Kiratzi, 2009)
50-115 LD |various geological/morphotectonic maps
45-170 EJ |inferred from field measurements and geological considerations
250 - 280 OD kinematic and geomorphic indicators
02-04 AR calculated from geodetic strain rate field
7.0 ER |calculated from the empirical relationships of Wells and Coppersmith (1994)
AR map derived
59.3 AR map derived
18.6 AR derived from depth and dip
41.7 ER |derived from maximum magnitude
20.4 ER |derived from maximum magnitude
1.56 AR |derived from moment and fault size
General information
GRIS130
Petritsi Fault
Belles (GRCS130)
Parametric information
Parameter Qual. Evidence
41.247/23.221 LD various geological/morphotectonic maps
26 LD various geological/morphotectonic maps
13 AR derives from other parameters (dip, minimum and maximum depth)
0 LD geomorphic records (various authors)
11.3 EJ | inferred from seismogenic layer thickness of nearby areas
90 LD various geological/morphotectonic maps
60 EJ | inferred from field observations (various authors) and geological considerations
270 LD kinematic indicators (various authors)
0.61 AR calculated from Mo (Aki, 1966)
0-0 UN  unknown
0-0 UN  unknown
6.5 ER  after the relationships of Wells and Coppersmith (1994) and Hanks and Kanamori (1979)
Associated earthquake
N/A unknown
N/A unknown
N/A unknown
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Appendix

General information

Code: GRIS131
Name: Kastanoussa Fault
Associated CSS: Belles (GRCS130)

Parametric information

Parameter Qual. Evidence

Location (Lat/Lon)  41.265/22.910 LD various geological/morphotectonic maps
Length (km) 25 EJ |various geological/morphotectonic maps and geological considerations
Width (km) 13 AR |derives from other parameters (dip, minimum and maximum depth)
Min depth (km) 0 LD |geomorphic records (various authors)
Max depth (km) 11.8 EJ |inferred from seismogenic layer thickness of nearby areas
Strike (deg) 90 LD |various geological/morphotectonic maps
Dip (deg) 65 EJ |inferred from field observations (various authors) and geological considerations
Rake (deg) 270 LD |kinematic indicators (various authors)
Slip per event (m) 0.60 AR calculated from Mo (Aki, 1966)
Slip rate (mm/a) 0-0 UN unknown
Recurrence (y) 0-0 UN |unknown
Max Magnitude (Mw) 6.5 ER |after the relationships of Wells and Coppersmith (1994) and Hanks and Kanamori (1979)

Associated earthquake
Latest Eq N/A unknown
Penultimate Eq N/A unknown
Elapsed Time N/A unknown

General information

Code: GRCS110
Name: Stratoni-Varvara
Associated ISSs: Varvara (GRIS110), West Stratoni (GRIS111) and East Stratoni (GRIS112)

Parametric information

Parameter Qual. Evidence

Min depth (km) 0 LD |geomorphic records (various authors)
Max depth (km) 17 EJ inferred from hypocentral distribution (Galanis ef al., 2004)
Strike (deg) 85-130 LD |various geological/morphotectonic maps
Dip (deg) 65-85 EJ inferred from hypocentral distribution and field observations (various authors)
Rake (deg) 270 -290 LD |kinematic indicators (Pavlides and Kilias, 1987)
Slip rate (mm/a) 03-1.1 AR |calculated from geodetic strain rate field
Max magnitude (Mw) 7.0 ER |calculated from the empirical relationships of Wells and Coppersmith (1994)
Approximate location (Lat/Lon) 40.522 /23.836 AR map derived
Total length (km) 36.9 AR 'map derived
Total width (km) 17.9 AR |derived from depth and dip
Typical fault length (km) 41.7 ER |derived from maximum magnitude
Typical fault width (km) 20.4 ER |derived from maximum magnitude
Typical fault slip (m) 1.56 AR |derived from moment and fault size
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Code:
Name:

Associated CSS:

Location (Lat/Lon)
Length (km)
Width (km)

Min depth (km)
Max depth (km)
Strike (deg)

Dip (deg)

Rake (deg)

Slip per event (m)
Slip rate (mm/a)

Recurrence (y)

Max Magnitude (Mw)

Latest Eq
Penultimate Eq

Elapsed Time

Code:
Name:

Associated CSS:

Location (Lat/Lon)
Length (km)
Width (km)

Min depth (km)
Max depth (km)
Strike (deg)

Dip (deg)

Rake (deg)

Slip per event (m)
Slip rate (mm/a)

Recurrence (y)

Max Magnitude (Mw)

Latest Eq
Penultimate Eq

Elapsed Time

Appendix

General information
GRIS110
Varvara Fault
Stratoni-Varvara (GRCS110)

Parametric information

Parameter Qual. Evidence
40.526 /23.662 LD various geological/morphotectonic maps

6.2 LD morphotectonic analysis and field observations (various authors)

17 AR derives from other parameters (dip, minimum and maximum depth)

0 LD geomorphic records (various authors)

15.9 EJ inferred from hypocentral distribution (Galanis et al., 2004)

124 LD various geological/morphotectonic maps

65 EJ | inferred from hypocentral distribution and field measurements (various authors)
290 LD kinematic indicators (Pavlides and Kilias, 1987)
0.33 AR calculated from Mo (Aki, 1966)
0-0 UN  unknown
0-0 UN  unknown

6.0 ER after the relationships of Wells and Coppersmith (1994) and Hanks and Kanamori (1979)

Associated earthquake

1932/09/26 ' Mw = 7.0 from instrumental recordings (see text for discussion)

N/A unknown
68 as of year 2000 (assigned datum)
General information
GRIS111

West Stratoni Fault
Stratoni-Varvara (GRCS110)

Parametric information

Parameter Qual. Evidence
40.495/23.765 LD various geological/morphotectonic maps

10.0 LD morphotectonic analysis and field observations (various authors)

17.5 AR derives from other parameters (dip, minimum and maximum depth)

0 LD geomorphic records (various authors)

15.9 EJ inferred from hypocentral distribution (Galanis et al., 2004)

103 LD various geological/morphotectonic maps

65 EJ | inferred from hypocentral distribution and field measurements (various authors)
285 LD kinematic indicators (Pavlides and Kilias, 1987)
0.43 AR calculated from Mo (Aki, 1966)
0-0 UN  unknown
0-0 UN  unknown

6.2 ER  after the relationships of Wells and Coppersmith (1994) and Hanks and Kanamori (1979)

Associated earthquake
1932/09/26 ' Mw = 7.0 from instrumental recordings (see text for discussion)
N/A unknown
68 as of year 2000 (assigned datum)
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Code:
Name:

Associated CSS:

Location (Lat/Lon)
Length (km)
Width (km)

Min depth (km)
Max depth (km)
Strike (deg)

Dip (deg)

Rake (deg)

Slip per event (m)
Slip rate (mm/a)
Recurrence (y)

Max Magnitude (Mw)

Latest Eq
Penultimate Eq

Elapsed Time

Code:
Name:

Associated ISSs:

Min depth (km)

Max depth (km)
Strike (deg)

Dip (deg)

Rake (deg)

Slip rate (mm/a)

Max magnitude (Mw)

Approximate location (Lat/Lon) 40.389 /23.81

Total length (km)
Total width (km)

GRIS112

East Stratoni Fault
Stratoni-Varvara (GRCS110)

Appendix

General information

Parametric information

Parameter Qual. Evidence
40.485/23.892) LD various geological/morphotectonic maps
10.0 LD morphotectonic analysis and field observations (various authors)
17.5 AR derives from other parameters (dip, minimum and maximum depth)
0 LD | geomorphic records (various authors)
15.9 EJ |inferred from hypocentral distribution (Galanis et al., 2004)
90 LD |various geological/morphotectonic maps
65 EJ |inferred from hypocentral distribution and field measurements (various authors)
275 LD |kinematic indicators (Pavlides and Kilias, 1987)
0.43 AR | calculated from Mo (Aki, 1966)
0-0 UN |unknown
0-0 UN |unknown
6.2 ER after the relationships of Wells and Coppersmith (1994) and Hanks and Kanamori (1979)
Associated earthquake
1932/09/26 ' Mw = 7.0 from instrumental recordings (see text for discussion)
N/A unknown
68 as of year 2000 (assigned datum)
General information
GRCS260
Gomati
none
Parametric information
Parameter Qual. Evidence
0 LD geomorphic records (various authors)
16 EJ inferred from hypocentral distribution (Galanis et al., 2004)
110 - 135 LD various geological/morphotectonic maps and field measurements
60 - 85 LD inferred from field measurements and hypocentral distribution (various authors)
300 - 325 LD kinematic indicators (various authors)
0.3-0.8 AR calculated from geodetic strain rate field
6.7 ER calculated from the empirical relationships of Wells and Coppersmith (1994)

Typical fault length (km)
Typical fault width (km)

Typical fault slip (m)

30.6
17.3
29.5
16
1.00

map derived
map derived

derived from depth and dip

5555

derived from maximum magnitude

ER derived from maximum magnitude

derived from moment and fault size
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Code:
Name:

Associated ISSs:

Min depth (km)

Max depth (km)
Strike (deg)

Dip (deg)

Rake (deg)

Slip rate (mm/a)

Max magnitude (Mw)

Approximate location (Lat/Lon)

Total length (km)
Total width (km)

Typical fault length (km)
Typical fault width (km)

Typical fault slip (m)

Code:
Name:

Associated CSS:

Location (Lat/Lon)
Length (km)
Width (km)

Min depth (km)
Max depth (km)
Strike (deg)

Dip (deg)

Rake (deg)

Slip per event (m)
Slip rate (mm/a)
Recurrence (y)

Max Magnitude (Mw)

Latest Eq

Penultimate Eq

Elapsed Time

Appendix

General information

GRCS270
Singitikos Gulf
none
Parametric information
Parameter Qual. Evidence
0 LD geomorphic records (Pavlides and Kilias, 1987)
16 EJ inferred from seismogenic layer thickness of nearby areas
90 - 130 LD geological/morphotectonic maps (Pavlides and Kilias, 1987)
45-75 EJ inferred from local geotectonic setting
280 - 320 EJ inferred from regional stress field pattern
0.6-0.7 AR calculated from geodetic strain rate field
7.0 ER calculated from the empirical relationships of Wells and Coppersmith (1994)

59.7
19.6
41.7
20.4
1.56

GRIS265
Vourvourou Fault

none

Parameter

40.200/23.865 LD

40.300/23.946

Qual.

AR
AR
AR
ER
ER
AR

map derived

map derived

derived from depth and dip
derived from maximum magnitude
derived from maximum magnitude

derived from moment and fault size

General information

Parametric information
Evidence

various geological/morphotectonic maps

27 LD various geological/morphotectonic maps, seismicity and bathymetry
14 AR derives from other parameters (dip, minimum and maximum depth)
0 LD geomorphic records (various authors)
12.7 EJ | inferred from seismogenic layer thickness of nearby areas
283 LD various geological/morphotectonic maps
65 EJ field descriptions (Tranos, 1998) and geological considerations
260 LD kinematic indicators (Tranos, 1998)
0.63 AR calculated from Mo (Aki, 1966)
0-0 UN  unknown
0-0 UN  unknown
6.6 ER  after the relationships of Wells and Coppersmith (1994) and Hanks and Kanamori (1979)
Associated earthquake
N/A unknown
N/A unknown
N/A unknown
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Code:
Name:

Associated ISSs:

Min depth (km)
Max depth (km)
Strike (deg)

Dip (deg)

Rake (deg)

Slip rate (mm/a)

Max magnitude (Mw)

Approximate location (Lat/Lon)

Total length (km)
Total width (km)

Typical fault length (km)
Typical fault width .($km)

Typical fault slip (m)

Code:
Name:

Associated CSS:

Location (Lat/Lon)
Length (km)
Width (km)

Min depth (km)
Max depth (km)
Strike (deg)

Dip (deg)

Rake (deg)

Slip per event (m)
Slip rate (mm/a)
Recurrence (y)

Max Magnitude (Mw)

Latest Eq
Penultimate Eq
Elapsed Time

GRCS120

Sochos

Appendix

General information

Mavrouda (GRIS120) and Sochos (GRIS121)

Parameter

0

15
70 - 100
60 - 85

0.1-0.8

6.6

41.1
16.2
26.3
14.8
0.86

260 - 280

40.813 /23.147

Parametric information
Qual.
LD
EJ
LD
EJ
LD
AR

Evidence
geomorphic records (various authors)
inferred from hypocentral distribution (various authors)
various geological/morphotectonic maps
inferred from hypocentral distribution (various authors)
kinematic indicators (Mountrakis ez al., 2006)
calculated from geodetic strain rate field

geological considerations and application of empirical relationships

LD (Zervopoulou, 2004)

AR
AR
AR
ER
ER
AR

map derived

map derived

derived from depth and dip
derived from maximum magnitude
derived from maximum magnitude

derived from moment and fault size

General information

GRIS120
Mavrouda Fault
Sochos (GRCS120)
Parametric information
Parameter Qual. Evidence
40.793 /23.472 LD |various geological/morphotectonic maps
9.5 LD |various geological/morphotectonic maps
15 AR derives from other parameters (dip, minimum and maximum depth)
0 LD | geomorphic records (various authors)
14.1 EJ |inferred from microseismic spatial distribution (various authors)
74 LD |various geological/morphotectonic maps
70 EJ |inferred from microseismic spatial distribution (various authors)
255 EJ |inferred from various focal mechanisms and regional stress field pattern
0.39 AR calculated from Mo (Aki, 1966)
0-0 UN unknown
0-0 UN unknown
6.1 ER after the relationships of Wells and Coppersmith (1994) and Hanks and Kanamori (1979)
Associated earthquake
N/A unknown
N/A unknown
N/A unknown
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Code:
Name:

Associated CSS:

Location (Lat/Lon)
Length (km)
Width (km)

Min depth (km)
Max depth (km)
Strike (deg)

Dip (deg)

Rake (deg)

Slip per event (m)
Slip rate (mm/a)
Recurrence (y)

Max Magnitude (Mw)

Latest Eq
Penultimate Eq

Elapsed Time

Code:
Name:

Associated ISSs:

Min depth (km)
Max depth (km)
Strike (deg)

Dip (deg)

Rake (deg)

Slip rate (mm/a)

Max magnitude (Mw)

Approximate location
(Lat/Lon)

Appendix

General information

GRISI21
Sochos Fault
Sochos (GRCS120)
Parametric information
Parameter Qual. Evidence
40.798 /23.346 LD various geological/morphotectonic maps
8.5 LD various geological/morphotectonic maps
15 AR derives from other parameters (dip, minimum and maximum depth)
0 LD geomorphic records (various authors)
14.1 EJ | inferred from microseismic spatial distribution (various authors)
82 LD various geological/morphotectonic maps
70 EJ | inferred from microseismic spatial distribution (various authors)
260 EJ | inferred from various focal mechanisms and regional stress field pattern
0.36 AR calculated from Mo (Aki, 1966)
0-0 UN  unknown
0-0 UN  unknown
6.1 ER  after the relationships of Wells and Coppersmith (1994) and Hanks and Kanamori (1979)
Associated earthquake
N/A unknown
N/A unknown
N/A unknown
General information
GRCS100
Mygdonia

Gerakarou (GRIS101), Langadhas (GRIS102) and Apollonia (GRIS103)

Parameter

0
17

6.6

250 -320
30-80
250 -315
0.1-0.7

40.754 /23.337

Parametric information

Qual.
LD
EJ
LD
EJ
LD
LD

Evidence
geomorphic records and co-seismic ruptures (various authors)
inferred from hypocentral distribution (various authors)
various geological/morphotectonic maps and focal mechanisms
inferred from hypocentral distribution and field observations (various authors)
kinematic indicators and focal mechanisms (various authors)
morphotectonic considerations (Tranos et al., 2003)

EJ geological considerations and application of empirical relationships (Wells and
Coppersmith, 1994)

AR map derived

Total length (km) 68.6 AR map derived

Total width (km) 25.6 AR derived from depth and dip
Typical fault length (km) 26.3 ER |derived from maximum magnitude
Typical fault width (km) 14.8 ER |derived from maximum magnitude
Typical fault slip (m) 0.86 AR |derived from moment and fault size
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Code:
Name:

Associated CSS:

Location (Lat/Lon)
Length (km)
Width (km)

Min depth (km)
Max depth (km)
Strike (deg)

Dip (deg)

Rake (deg)

Slip per event (m)
Slip rate (mm/a)
Recurrence (y)

Max Magnitude (Mw)

Latest Eq
Penultimate Eq

Elapsed Time

Code:
Name:

Associated CSS:

Location (Lat/Lon)
Length (km)
Width (km)

Min depth (km)
Max depth (km)
Strike (deg)

Dip (deg)

Rake (deg)

Slip per event (m)
Slip rate (mm/a)
Recurrence (y)

Max Magnitude (Mw)

Latest Eq
Penultimate Eq

Elapsed Time

Appendix

General information
GRIS101

Gerakarou Fault

Mygdonia (GRCS100)
Parametric information
Parameter Qual. Evidence
40.694 /23.246) LD various geological/morphotectonic maps and co-seismic ruptures
22.5 LD |co-seismic ruptures and seismological data (various authors)
17 AR derives from other parameters (dip, minimum and maximum depth)
0 LD | co-seismic ruptures and geomorphic records (various authors)
13 EJ |inferred from seismic spatial distribution (various authors)
272 LD |geological/morphotectonic maps, foci and co-seismic ruptures (various authors)
50 LD focal mechanisms (various authors)
270 LD |kinematic indicators and focal mechanisms (various authors)
0.60 LD |seismic waveforms joint inversion and levelling data (Roumelioti ez al., 2007)
0.1-0.7 LD palacoseismological data (Chatzipetros, 1998)
1000 - 1500 = LD palacoseismological data for magnitudes ~6.5 (Chatzipetros ef al., 2004)
6.5 ER  after the relationships of Wells and Coppersmith (1994) and Hanks and Kanamori (1979)
Associated earthquake
1978/06/20 ' Mw=6.5 (instrumental recordings)
1430 Ms=6.5 from palacoseismological data (Chatzipetros ef al., 2004)
22 as of year 2000 (assigned datum)
General information
GRIS102
Langadhas Fault
Mygdonia (GRCS100)
Parametric information
Parameter Qual. Evidence
40.742 /23.066) LD various geological/morphotectonic maps
16 LD |various geological/morphotectonic maps
15 AR derives from other parameters (dip, minimum and maximum depth)
0 LD | geomorphic records (various authors)
11.5 EJ |inferred from microseismic spatial distribution (various authors)
314 LD |various geological/morphotectonic maps
50 EJ |microseismic spatial distribution and field observations (various authors)
315 LD |kinematic indicators (Mercier et al., 1983)
0.51 AR | calculated from Mo (Aki, 1966)
0.0-0.0 UN |unknown
0.0-0.0 UN |unknown
6.4 ER after the relationships of Wells and Coppersmith (1994) and Hanks and Kanamori (1979)
Associated earthquake
1902/07/05 | M=6.5 historical record (Papazachos & Papazachou, 1997; 2003)
N/A unknown
98 as of year 2000 (assigned datum)
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Code:
Name:

Associated CSS:

Location (Lat/Lon)
Length (km)
Width (km)

Min depth (km)
Max depth (km)
Strike (deg)

Dip (deg)

Rake (deg)

Slip per event (m)
Slip rate (mm/a)
Recurrence (y)

Max Magnitude (Mw)

Latest Eq
Penultimate Eq

Elapsed Time

Code:
Name:

Associated ISSs:

Min depth (km)
Max depth (km)
Strike (deg)

Dip (deg)

Rake (deg)

Slip rate (mm/a)

Max magnitude (Mw)

Approximate location
(Lat/Lon)

GRIS103
Apollonia Fault
Mygdonia (GRCS100)
Parameter Qual.
40.671/23.500 LD
20.5 LD
18.5 AR
0 LD
16.8 EJ
286 LD
65 EJ
280 LD
0.65 AR
0.0-0.0 UN
0.0-0.0 UN
6.6 ER

N/A
N/A
N/A

GRCS245
Asvestochori

none

Parameter
0
16
280 - 320
35-80
270 - 300
0.1-0.4

6.3

40.732/23.042

Appendix

General information

Parametric information
Evidence

various geological/morphotectonic maps
various geological/morphotectonic maps
derives from other parameters (dip, minimum and maximum depth)
geomorphic records (various authors)
inferred from microseismic spatial distribution (various authors)
various geological/morphotectonic maps
microseismic spatial distribution (various authors) and geological considerations
focal mechanisms (Hatzfeld et al., 1986/87) and regional stress field pattern
calculated from Mo (Aki, 1966)
unknown
unknown
after the relationships of Wells and Coppersmith (1994) and Hanks and Kanamori (1979)

Associated earthquake

unknown
unknown
unknown

General information

Parametric information
Qual.
LD
EJ
LD
LD
LD
AR

Evidence
geomorphic records (various authors)
inferred from microseismic spatial distribution (various authors)
various geological/morphotectonic maps
inferred from seismotectonic considerations (several authors)
kinematic indicators and focal mechanisms (various authors)
calculated from geodetic strain rate field

LD geological considerations and application of empirical relationships
(Zervopoulou, 2004)

AR map derived

Total length (km) 21.5 AR map derived

Total width (km) 22.1 AR derived from depth and dip
Typical fault length (km) 18.6 ER | derived from maximum magnitude
Typical fault width (km) 11.6 ER | derived from maximum magnitude
Typical fault slip (m) 0.55 AR derived from moment and fault size
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Code:
Name:

Associated ISSs:

Min depth (km)
Max depth (km)
Strike (deg)

Dip (deg)

Rake (deg)

Slip rate (mm/a)

Max magnitude (Mw)

Appendix

General information
GRCS240
Pylaca
none

Parametric information

Parameter Qual. Evidence
0 LD  geomorphic records (various authors)
16 EJ |inferred from microseismic spatial distribution (various authors)
260 - 295 LD various geological/morphotectonic maps
35-70 LD inferred from seismotectonic considerations (Tranos ef al., 2003)
260 - 280 LD l;ilrtllelr:r:;ic indicators, focal mechanisms and regional stress field (various
0.1-04 AR |calculated from geodetic strain rate field

geological considerations and application of empirical relationships

6.0 LD (Zervopoulou, 2004)

Approximate location
(Lat/Lon)

Total length (km)

Total width (km)
Typical fault length (km)
Typical fault width (km)
Typical fault slip (m)

Code:
Name:

Associated ISSs:

40.600/23.013| AR 'map derived

20.3 AR 'map derived

22.5 AR derived from depth and dip

13.2 ER |derived from maximum magnitude
9.1 ER |derived from maximum magnitude
0.35 AR |derived from moment and fault size

General information
GRCS250
Anthemountas
Angelochori (GRIS251) and Souroti (GRIS252)

Parametric information

Parameter Qual. Evidence

Min depth (km) 0 LD | geomorphic records (various authors)

Max depth (km) 20 EJ gz)fggr)ed from microseismic spatial distribution (Paradisopoulou ez al., 2004;

Strike (deg) 265 - 295 LD various geological/morphotectonic maps

Dip (deg) 30-87 EI inferred from microseismic spatial distribution and field measurements (various
authors)

Rake (deg) 260 - 290 LD kinematic indicators, focal mechanisms and regional stress field (various
authors)

Slip rate (mm/a) 0.1-0.5 AR |calculated from geodetic strain rate field

Max magnitude (Mw) 7.0 ER |calculated from the empirical relationships of Wells and Coppersmith (1994)

Approximate location
(Lat/Lon)

40.499 /22.889 AR 'map derived

Total length (km) 40 AR map derived

Total width (km) 30 AR | derived from depth and dip
Typical fault length (km) 41.7 ER |derived from maximum magnitude
Typical fault width (km) 20.4 ER |derived from maximum magnitude
Typical fault slip (m) 1.56 AR |derived from moment and fault size
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Code:
Name:

Associated CSS:

Location (Lat/Lon)
Length (km)
Width (km)

Min depth (km)
Max depth (km)
Strike (deg)

Dip (deg)

Rake (deg)

Slip per event (m)
Slip rate (mm/a)
Recurrence (y)

Max Magnitude (Mw)

Latest Eq
Penultimate Eq

Elapsed Time

Code:
Name:

Associated CSS:

Location (Lat/Lon)
Length (km)
Width (km)

Min depth (km)
Max depth (km)
Strike (deg)

Dip (deg)

Rake (deg)

Slip per event (m)
Slip rate (mm/a)
Recurrence (y)

Max Magnitude (Mw)

Latest Eq
Penultimate Eq

Elapsed Time

Appendix

General information

GRIS251
Angelochori Fault
Anthemountas (GRCS250)
Parametric information
Parameter Qual. Evidence
40.540/22.923 LD various geological/morphotectonic maps
17.5 LD morphotectonic maps (Zervopoulou, 2004)
18 AR derives from other parameters (dip, minimum and maximum depth)
0 LD geomorphic records (various authors)
15.6 LD inferred from geological considerations (Tranos ef al., 2003)
272 LD various geological/morphotectonic maps
60 EJ | inferred from geological considerations (Tranos ez al., 2003)
270 LD kinematic indicators (Mountrakis ef al., 2006) and regional stress field pattern
0.59 AR calculated from Mo (Aki, 1966)
0.0-0.0 UN  unknown
0.0-0.0 UN  unknown
6.5 ER  after the relationships of Wells and Coppersmith (1994) and Hanks and Kanamori (1979)
Associated earthquake
1759/07/3 ' M=6.5 historical event (see text for further discussion)
N/A unknown
241 as of year 2000 (assigned datum)
General information
GRIS252
Souroti Fault
Anthemountas (GRCS250)
Parametric information
Parameter Qual. Evidence
40.509 /23.132° LD various geological/morphotectonic maps
17 LD morphotectonic maps (Zervopoulou, 2004)
18 AR derives from other parameters (dip, minimum and maximum depth)
0 LD geomorphic records (various authors)
15.6 LD inferred from geological considerations (Tranos ez al., 2003)
285 LD various geological/morphotectonic maps
60 EJ | inferred from geological considerations (Tranos ez al., 2003)
280 LD kinematic indicators (Mountrakis ef al., 2006) and regional stress field pattern
0.58 AR calculated from Mo (Aki, 1966)
0.0-0.0 UN  unknown
0.0-0.0 UN  unknown
6.5 ER after the relationships of Wells and Coppersmith (1994) and Hanks and Kanamori (1979)
Associated earthquake
1677 M=6.2 historical event (see text for further discussion)
N/A Unknown
323 as of year 2000 (assigned datum)
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Code:
Name:

Associated ISSs:

Min depth (km)
Max depth (km)
Strike (deg)

Dip (deg)

Rake (deg)

Slip rate (mm/a)

Max magnitude (Mw)

Approximate location

GRCS060
North Almopia

Appendix

General information

Pozar (GRIS060), Promachi (GRIS061) and Aetochori (GRIS062)

Parameter
0
12.0
50-85
60 - 85
230 -290
1.0-1.0

6.6

Parametric information
Qual. Evidence
LD geomorphic records (various authors)
EJ  |inferred from seismogenic layer thickness of nearby areas
LD various geological/morphotectonic maps
EJ  |inferred from field measurements and geological profiles (various authors)
LD kinematic indicators (various authors)
LD after the extension/subsidence rates of Vougioukalakis (2002)

fault geometry considerations and application of empirical relationships (Wells and

EJ Coppersmith, 1994)

(Lat/Lon) 41.044/22.078 = AR  map derived

Total length (km) 41.2 AR map derived

Total width (km) 13.0 AR derived from depth and dip
Typical fault length (km) 26.3 ER derived from maximum magnitude
Typical fault width (km) 14.8 ER derived from maximum magnitude
Typical fault slip (m) 0.86 AR derived from moment and fault size

General information

Code: GRIS060

Name: Pozar Fault

Associated CSS: North Almopia (GRIS060)
Parametric information

Parameter Qual. Evidence

Location (Lat/Lon)  40.958/21.970 LD various geological/morphotectonic maps

Length (km) 8 LD |various geological/morphotectonic maps

Width (km) 11 AR |derives from other parameters (dip, minimum and maximum depth)

Min depth (km) 0 LD |geomorphic records (various authors)

Max depth (km) 10 EJ |inferred from seismogenic layer thickness of nearby areas

Strike (deg) 60 LD |various geological/morphotectonic maps

Dip (deg) 65 LD |3-D structural model of the basin (Vougioukalakis, 2002)

Rake (deg) 285 LD |kinematic indicators (Mercier et al., 1989; Pavlides et al., 1990)

Slip per event (m) 0.3 AR |calculated from Mo (Aki, 1966)

Slip rate (mm/a) 1.0-1.0 LD | after the extension/subsidence rates of Vougioukalakis (2002)

Recurrence (y) 0.0-0.0 UN |unknown

Max Magnitude (Mw) 59 ER |after the relationships of Wells and Coppersmith (1994) and Hanks and Kanamori (1979)
Associated earthquake

Latest Eq N/A unknown

Penultimate Eq N/A unknown

Elapsed Time N/A unknown
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Code:
Name:

Associated CSS:

Location (Lat/Lon)
Length (km)
Width (km)

Min depth (km)
Max depth (km)
Strike (deg)

Dip (deg)

Rake (deg)

Slip per event (m)
Slip rate (mm/a)
Recurrence (y)

Max Magnitude (Mw)

Latest Eq
Penultimate Eq

Elapsed Time

Code:
Name:

Associated CSS:

Location (Lat/Lon)
Length (km)
Width (km)

Min depth (km)
Max depth (km)
Strike (deg)

Dip (deg)

Rake (deg)

Slip per event (m)
Slip rate (mm/a)
Recurrence (y)

Max Magnitude (Mw)

Latest Eq
Penultimate Eq

Elapsed Time

Appendix

General information

GRIS061
Promachi Fault
North Almopia (GRIS060)
Parametric information
Parameter Qual. Evidence
41.021/22.082 LD various geological/morphotectonic maps

18.2 LD various geological/morphotectonic maps
11.5 AR derives from other parameters (dip, minimum and maximum depth)
0 LD geomorphic records (various authors)
10.4 EJ | inferred from seismogenic layer thickness of nearby areas
67 LD various geological/morphotectonic maps
65 LD 3-D structural model of the basin (Vougioukalakis, 2002)
270 LD kinematic indicators (various authors)
0.47 AR calculated from Mo (Aki, 1966)
1.0-1.0 LD after the extension/subsidence rates of Vougioukalakis (2002)
0.0-0.0 UN  unknown
6.3 ER  after the relationships of Wells and Coppersmith (1994) and Hanks and Kanamori (1979)
Associated earthquake
N/A unknown
N/A unknown
N/A unknown
General information
GRIS062
Actochori Fault
North Almopia (GRIS060)
Parametric information
Parameter Qual. Evidence
41.097/22.248 LD various geological/morphotectonic maps
12 LD various geological/morphotectonic maps
10 AR derives from other parameters (dip, minimum and maximum depth)
0 LD geomorphic records (various authors)
9.1 EJ | inferred from seismogenic layer thickness of nearby areas
65 LD geological/morphotectonic maps (Goldsworthy ez al., 2002)
65 EJ inferred from adjacent faults
270 EJ | inferred from regional stress field
0.36 AR calculated from Mo (Aki, 1966)
0.0-0.0 UN  unknown
0.0-0.0 UN  unknown
6.1 ER  after the relationships of Wells and Coppersmith (1994) and Hanks and Kanamori (1979)
Associated earthquake
N/A unknown
N/A unknown
N/A unknown
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Appendix

General information

Code: GRIS069
Name: Goumenissa Fault
Associated CSS: none
Parametric information
Parameter Qual. Evidence
Location (Lat/Lon) 40.923 /22.487 EJ inferred from focal properties (various authors) and remote sensing
Length (km) 14 EJ |inferred from aftershock spatial distribution (Panagiotopoulos et al., 1993)
Width (km) 12.5 AR |derives from other parameters (dip, minimum and maximum depth)
Min depth (km) 1.0 EJ |absence of scarps and co-seismic ruptures
Max depth (km) 11.2 EJ |inferred from aftershock spatial distribution (Panagiotopoulos ef al., 1993)
Strike (deg) 54 LD |focal mechanisms (Panagiotopoulos et al., 1993; Baker et al., 1997)
Dip (deg) 55 EJ |inferred from foci (various authors) and geological considerations
Rake (deg) 257 LD |focal mechanisms (Panagiotopoulos et al., 1993; Baker et al., 1997)
Slip per event (m) 0.34 AR calculated from Mo (Aki, 1966)
Slip rate (mm/a) 0.0-0.0 UN unknown
Recurrence (y) 0.0-0.0 UN |unknown
Max Magnitude (Mw) 6.1 ER |after the relationships of Wells and Coppersmith (1994) and Hanks and Kanamori (1979)
Associated earthquake
Latest Eq 1990/12/21 ' Mw=6.1 (Vannucci & Gasperini, 2003; 2004; Dziewonski ez al., 1991)
Penultimate Eq N/A unknown
Elapsed Time 10 as of year 2000 (assigned datum)
General information
Code: GRCS068
Name: South Almopia
Associated ISSs: none
Parametric information
Parameter Qual. Evidence
Min depth (km) 0 LD geomorphic records (Pavlides, 1998)
Max depth (km) 16 EJ  inferred from seismogenic layer thickness of nearby areas
Strike (deg) 45-175 LD geological/morphotectonic maps (Pavlides, 1998)
Dip (deg) 45-170 EJ  field measurements (Pavlides, 1998) and geological considerations
Rake (deg) 245 - 265 LD kinematic indicators (Pavlides, 1998)
Slip rate (mm/a) 02-04 AR calculated from geodetic strain rate field
Max magnitude (Mw) 6.3 EJ %;J;t}) ij;r;:}t}ryy](;(;r;s)iderations and application of empirical relationships (Wells and
E‘L‘;‘:/r]‘jzig‘ate location 40.774/22.305 AR map derived
Total length (km) 20.1 AR map derived
Total width (km) 19.8 AR derived from depth and dip
Typical fault length (km) 18.6 ER derived from maximum magnitude
Typical fault width (km) 11.6 ER derived from maximum magnitude
Typical fault slip (m) 0.55 AR derived from moment and fault size
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Code:
Name:

Associated ISSs:

Min depth (km)
Max depth (km)
Strike (deg)

Dip (deg)

Rake (deg)

Slip rate (mm/a)

Max magnitude (Mw)

Approximate location
(Lat/Lon)

Appendix

General information
GRCS070
Amyndeo
Nymfaeo (GRIS070) and Petron (GRIS071)

Parametric information

Parameter  Qual. Evidence
0 LD geomorphic records (various authors)
13 LD schematic profile (Pavlides and Simeakis, 1987/88)
30-65 LD various geological/morphotectonic maps
45-70 LD schematic profile (Pavlides and Simeakis, 1987/88)
250 -270 LD kinematic indicators (various authors)
0.1-0.3 AR calculated from geodetic strain rate field

fault geometry considerations and application of empirical relationships (Wells and

6.6 EJ Coppersmith, 1994)

40.700 / 21.623

%

map derived

Total length (km) 38.2 AR map derived
Total width (km) 16.1 AR derived from depth and dip
Typical fault length (km) 26.3 ER | derived from maximum magnitude
Typical fault width (km) 14.8 ER | derived from maximum magnitude
Typical fault slip (m) 0.86 AR derived from moment and fault size
General information

Code: GRIS070
Name: Nymfaeo Fault
Associated CSS: Amyndeo (GRCS070)

Parametric information

Parameter Qual. Evidence

Location (Lat/Lon) 40.650/21.601 LD |various geological/morphotectonic maps
Length (km) 13 LD |various geological/morphotectonic maps
Width (km) 12.5 AR |derives from other parameters (dip, minimum and maximum depth)
Min depth (km) 0 LD |geomorphic records (various authors)
Max depth (km) 10.8 LD |schematic profile (Pavlides and Simeakis, 1987/88)
Strike (deg) 56 LD |various geological/morphotectonic maps
Dip (deg) 60 EJ field measurements (various authors) and geological considerations
Rake (deg) 260 LD |kinematic indicators (various authors)
Slip per event (m) 0.48 AR calculated from Mo (Aki, 1966)
Slip rate (mm/a) 0.0-0.0 UN unknown
Recurrence (y) 0.0-0.0 UN |unknown
Max Magnitude (Mw) 62 ER 'Ellft9e; 9t§1e relationships of Wells and Coppersmith (1994) and Hanks and Kanamori

Associated earthquake
Latest Eq N/A unknown
Penultimate Eq N/A unknown
Elapsed Time N/A unknown
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Appendix

General information

Code: GRIS071
Name: Petron Fault
Associated CSS: Amyndeo (GRCS070)

Parametric information

Parameter Qual. Evidence

Location (Lat/Lon) 40.718/21.704 | LD various geological/morphotectonic maps
Length (km) 8.5 LD various geological/morphotectonic maps
Width (km) 12 AR derives from other parameters (dip, minimum and maximum depth)
Min depth (km) 0 LD | geomorphic records (various authors)
Max depth (km) 10.4 LD schematic profile (Pavlides and Simeakis, 1987/88)
Strike (deg) 38 LD various geological/morphotectonic maps
Dip (deg) 60 EJ field measurements and schematic profile (various authors)
Rake (deg) 240 LD kinematic indicators (various authors)
Slip per event (m) 0.38 AR calculated from Mo (Aki, 1966)
Slip rate (mm/a) 0.0-0.0 UN unknown
Recurrence (y) 0.0-0.0 UN unknown
Max Magnitude (Mw) 6.0 ER 'Ellftge7r 9t;1e relationships of Wells and Coppersmith (1994) and Hanks and Kanamori

Associated earthquake
Latest Eq N/A unknown
Penultimate Eq N/A unknown
Elapsed Time N/A unknown

General information

Code: GRIS075
Name: Chimaditis Fault
Associated CSS: none

Parametric information

Parameter Qual. Evidence

Location (Lat/Lon) 40.598/21.575 | LD various geological/morphotectonic maps
Length (km) 115 LD various geological/morphotectonic maps
Width (km) 8 AR derives from other parameters (dip, minimum and maximum depth)
Min depth (km) 0 LD geomorphic records (various authors)
Max depth (km) 7.5 EJ inferred from seismotectonic considerations
Strike (deg) 233 LD various geological/morphotectonic maps
Dip (deg) 70 EJ inferred from field measurements (Pavlides, 1985; Pavlides & Mountrakis, 1987)
Rake (deg) 260 LD kinematic indicators (various authors)
Slip per event (m) 0.36 AR | calculated from Mo (Aki, 1966)
Slip rate (mm/a) 0.0-0.0 UN unknown
Recurrence (y) 0.0-0.0 UN unknown
Max Magnitude (Mw) 59 ER é(ilft;; 9t§1e relationships of Wells and Coppersmith (1994) and Hanks and Kanamori

Associated earthquake
Latest Eq N/A unknown
Penultimate Eq N/A unknown
Elapsed Time N/A unknown
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Code:
Name:

Associated ISSs:

Min depth (km)
Max depth (km)
Strike (deg)

Dip (deg)

Rake (deg)

Slip rate (mm/a)

Max magnitude (Mw)

GRCS072

Ptolemaida

Appendix

General information

Vegora (GRIS072) and Vegoritida (GRIS073)

Approximate location (Lat/Lon) 40.728 / 21.750

Total length (km)
Total width (km)

Typical fault length (km)
Typical fault width (km)

Typical fault slip (m)

Code:
Name:

Associated CSS:

Location (Lat/Lon)
Length (km)
Width (km)

Min depth (km)
Max depth (km)
Strike (deg)

Dip (deg)

Rake (deg)

Slip per event (m)
Slip rate (mm/a)

Recurrence (y)

Max Magnitude (Mw)

Latest Eq
Penultimate Eq
Elapsed Time

Parametric information

Parameter Qual. Evidence
0 LD | geomorphic records (various authors)
11.5 EJ inferred from seismotectonic considerations
15-50 LD |various geological/morphotectonic maps
50 - 65 LD |schematic profile (Pavlides and Simeakis, 1987/88)
250 -270 LD |kinematic indicators (various authors)
0.1-03 AR calculated from geodetic strain rate field
6.6 ER |calculated from the empirical relationships of Wells and Coppersmith (1994)
AR map derived
253 AR map derived
13.9 AR derived from depth and dip
26.3 ER |derived from maximum magnitude
14.8 ER |derived from maximum magnitude
0.86 AR |derived from moment and fault size
General information
GRIS072
Vegora Fault
Ptolemaida (GRCS072)
Parametric information
Parameter Qual. Evidence
40.676/21.745 = LD |various geological/morphotectonic maps
14 LD |various geological/morphotectonic maps
12 AR derives from other parameters (dip, minimum and maximum depth)
0 LD | geomorphic records (various authors)
10.4 EJ inferred from seismotectonic considerations
39 LD |various geological/morphotectonic maps
60 LD |schematic profile (Pavlides and Simeakis, 1987/88)
250 LD |kinematic indicators (various authors)
0.49 AR | calculated from Mo (Aki, 1966)
0.0-0.0 UN |unknown
0.0-0.0 UN |unknown
62 ER after the relationships of Wells and Coppersmith (1994) and Hanks and Kanamori
(1979)
Associated earthquake
N/A unknown
N/A unknown
N/A unknown

226




Appendix

General information

Code: GRIS073
Name: Vegoritida Fault
Associated CSS: Ptolemaida (GRCS072)

Parametric information

Parameter Qual. Evidence

Location (Lat/Lon) 40.764 /21.805 | LD various geological/morphotectonic maps
Length (km) 9.5 LD various geological/morphotectonic maps
Width (km) 12 AR derives from other parameters (dip, minimum and maximum depth)
Min depth (km) 0 LD | geomorphic records (various authors)
Max depth (km) 10.4 EJ inferred from seismotectonic considerations
Strike (deg) 20 LD various geological/morphotectonic maps
Dip (deg) 60 LD schematic profile (Pavlides and Simeakis, 1987/88)
Rake (deg) 250 LD kinematic indicators (various authors)
Slip per event (m) 0.40 AR calculated from Mo (Aki, 1966)
Slip rate (mm/a) 0.0-0.0 UN unknown
Recurrence (y) 0.0-0.0 UN unknown
Max Magnitude (Mw) 6.0 ER 'Ellftge7r 9t;1e relationships of Wells and Coppersmith (1994) and Hanks and Kanamori

Associated earthquake
Latest Eq N/A unknown
Penultimate Eq N/A unknown
Elapsed Time N/A unknown

General information

Code: GRIS076
Name: Perdika Fault
Associated CSS: none

Parametric information

Parameter Qual. Evidence

Location (Lat/Lon) 40.535/21.588 | LD various geological/morphotectonic maps
Length (km) 11.7 LD various geological/morphotectonic maps
Width (km) 8.5 AR derives from other parameters (dip, minimum and maximum depth)
Min depth (km) 0 LD geomorphic records (various authors)
Max depth (km) 8 EJ inferred from seismotectonic considerations
Strike (deg) 223 LD various geological/morphotectonic maps
Dip (deg) 70 EJ field measurements (various authors) and geological considerations
Rake (deg) 260 LD kinematic indicators (various authors)
Slip per event (m) 0.37 AR | calculated from Mo (Aki, 1966)
Slip rate (mm/a) 0.0-0.0 UN unknown
Recurrence (y) 0.0-0.0 UN unknown
Max Magnitude (Mw) 6.0 ER é(ilft;; 9t§1e relationships of Wells and Coppersmith (1994) and Hanks and Kanamori

Associated earthquake
Latest Eq N/A unknown
Penultimate Eq N/A unknown
Elapsed Time N/A unknown
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Code:
Name:

Associated ISSs:

Min depth (km)
Max depth (km)
Strike (deg)

Dip (deg)

Rake (deg)

Slip rate (mm/a)

Max magnitude (Mw)
Approximate location (Lat/Lon) 40.635/21.708

Total length (km)
Total width (km)

Typical fault length (km)
Typical fault width (km)

Typical fault slip (m)

Code:
Name:

Associated CSS:

Location (Lat/Lon)
Length (km)
Width (km)

Min depth (km)
Max depth (km)
Strike (deg)

Dip (deg)

Rake (deg)

Slip per event (m)
Slip rate (mm/a)

Recurrence (y)

Max Magnitude (Mw)

Latest Eq
Penultimate Eq
Elapsed Time

GRCS077

Komanos

Appendix

General information

Mesovouni (GRIS077) and Proastio (GRIS078)

Parametric information

Parameter Qual. Evidence
0 LD | geomorphic records (various authors)
14.0 EJ inferred from seismotectonic considerations
205 - 235 LD |various geological/morphotectonic maps
45-80 LD |schematic profile (Pavlides and Simeakis, 1987/88)
250 -270 LD |kinematic indicators (various authors)
0.1-03 AR calculated from geodetic strain rate field
6.8 ER |calculated from the empirical relationships of Wells and Coppersmith (1994)
AR map derived
355 AR map derived
17.0 AR derived from depth and dip
33.1 ER |derived from maximum magnitude
17.4 ER |derived from maximum magnitude
1.16 AR |derived from moment and fault size

General information

GRIS077
Mesovouni Fault
Komanos (GRCS077)
Parametric information
Parameter Qual. Evidence
40.649/21.814 | LD |various geological/morphotectonic maps
18 LD |various geological/morphotectonic maps
12 AR derives from other parameters (dip, minimum and maximum depth)
0 LD | geomorphic records (various authors)
10.9 EJ inferred from seismotectonic considerations
211 LD | geological/morphotectonic maps and foci (various authors)
65 EJ |inferred from field measurements and foci (various authors)
255 LD |kinematic indicators and foci (various authors)
0.48 AR | calculated from Mo (Aki, 1966)
0.0-0.0 UN |unknown
0.0-0.0 UN |unknown
63 ER after the relationships of Wells and Coppersmith (1994) and Hanks and Kanamori
(1979)
Associated earthquake
N/A unknown
N/A unknown
N/A unknown
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Appendix

General information

Code: GRIS078
Name: Proastio Fault
Associated CSS: Komanos (GRCS077)

Parametric information

Parameter Qual. Evidence

Location (Lat/Lon) 40.505/21.688 | LD various geological/morphotectonic maps
Length (km) 11 LD various geological/morphotectonic maps
Width (km) 11 AR derives from other parameters (dip, minimum and maximum depth)
Min depth (km) 0 LD | geomorphic records (various authors)
Max depth (km) 10 EJ inferred from seismotectonic considerations
Strike (deg) 223 LD various geological/morphotectonic maps
Dip (deg) 65 EJ inferred from field measurements (various authors) and geological considerations
Rake (deg) 265 LD kinematic indicators (various authors)
Slip per event (m) 0.35 AR calculated from Mo (Aki, 1966)
Slip rate (mm/a) 0.0-0.0 UN unknown
Recurrence (y) 0.0-0.0 UN unknown
Max Magnitude (Mw) 6.1 ER 'Ellftge7r 9t;1e relationships of Wells and Coppersmith (1994) and Hanks and Kanamori

Associated earthquake
Latest Eq N/A unknown
Penultimate Eq N/A unknown
Elapsed Time N/A unknown

General information

Code: GRIS074
Name: Peraea Fault
Associated CSS: none

Parametric information

Parameter Qual. Evidence

Location (Lat/Lon) 40.687/21.823 | LD various geological/morphotectonic maps
Length (km) 13.8 LD various geological/morphotectonic maps
Width (km) 9.5 AR derives from other parameters (dip, minimum and maximum depth)
Min depth (km) 0 LD | geomorphic records (various authors)
Max depth (km) 8.9 EJ inferred from seismotectonic considerations
Strike (deg) 27 LD various geological/morphotectonic maps
Dip (deg) 70 LD schematic profile (Pavlides and Simeakis, 1987/88)
Rake (deg) 250 LD kinematic indicators (various authors)
Slip per event (m) 0.43 AR calculated from Mo (Aki, 1966)
Slip rate (mm/a) 0.0-0.0 UN unknown
Recurrence (y) 0.0-0.0 UN unknown
Max Magnitude (Mw) 6.1 ER é(ilftge7r 9t§1€ relationships of Wells and Coppersmith (1994) and Hanks and Kanamori

Associated earthquake
Latest Eq N/A unknown
Penultimate Eq N/A unknown
Elapsed Time N/A unknown
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Appendix

General information

Code: GRCS050
Name: Aliakmonas
Associated ISSs: Palacochori (GRIS050), Rymnio (GRIS051), Servia (GRIS052) and Chromio (GRIS053)
Parametric information

Parameter Qual. Evidence
Min depth (km) 0 LD |geomorphic records, remote sensing (various authors)
Max depth (km) 17 EJ |inferred from aftershock spatial distribution (various authors)
Strike (deg) 210 - 255 LD |geological/morphotectonic maps and focal mechanisms (various authors)
Dip (deg) 40 - 80 EJ |inferred from field measurements and focal mechanisms (various authors)
Rake (deg) 250 - 280 LD | kinematic indicators and focal mechanisms (various authors)
Slip rate (mm/a) 03-2.0 LD |morphotectonic investigations (Doutsos and Koukouvelas, 1998; Meyer et al., 1996)
Max magnitude (Mw) 6.9 EJ fault geometry considerations and application of empirical relationships (Wells and

Coppersmith, 1994)

Approximate location 4021/21.930 AR 'map derived

(Lat/Lon)
Total length (km) 89.1 AR map derived
Total width (km) 21.9 AR derived from depth and dip
Typical fault length (km) 372 ER |derived from maximum magnitude
Typical fault width (km) 18.8 ER |derived from maximum magnitude
Typical fault slip (m) 1.34 AR |derived from moment and fault size
General information
Code: GRIS050
Name: Palacochori Fault
Associated CSS: Aliakmonas (GRCS050)
Parametric information
Parameter Qual. Evidence
Location (Lat/Lon) 40.086/21.668 | LD |geological/morphotectonic maps, co-seismic ruptures and remote sensing
Length (km) 21 LD |various geological/morphotectonic maps
Width (km) 18 AR |derives from other parameters (dip, minimum and maximum depth)
Min depth (km) 0 LD |geomorphic records, remote sensing (various authors)
Max depth (km) 14.7 EJ |inferred from aftershock spatial distribution (various authors)
Strike (deg) 246 LD |geological/morphotectonic maps and focal mechanisms (various authors)
Dip (deg) 55 EJ from various aftershock spatial distributions, foci and field measurements
Rake (deg) 255 LD focal mechanisms and kinematic indicators (various authors)
Slip per event (m) 0.65 AR calculated from Mo (Aki, 1966)
Slip rate (mm/a) 03-03 LD |morphotectonics (Doutsos and Koukouvelas, 1998)
Recurrence (y) 2000 - 30000 LD |morphotectonics and palacoseismology (various authors)
Max Magnitude (Mw) 6.6 ER 'Ellft9e; 9t§1e relationships of Wells and Coppersmith (1994) and Hanks and Kanamori
Associated earthquake
Latest Eq 1995/05/13 Mw=6.5 produced by partial reactivation of two segments
Penultimate Eq 7000 BC palacoseismology (Chatzipetros et al., 1998)
Elapsed Time 5 as of year 2000 (assigned datum)
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Code:
Name:

Associated CSS:

Location (Lat/Lon)
Length (km)
Width (km)

Min depth (km)
Max depth (km)
Strike (deg)

Dip (deg)

Rake (deg)

Slip per event (m)
Slip rate (mm/a)

Recurrence (y)

Max Magnitude (Mw)

Latest Eq
Penultimate Eq
Elapsed Time

Code:
Name:

Associated CSS:

Location (Lat/Lon)
Length (km)
Width (km)

Min depth (km)
Max depth (km)
Strike (deg)

Dip (deg)

Rake (deg)

Slip per event (m)
Slip rate (mm/a)

Recurrence (y)

Max Magnitude (Mw)

GRIS051

Rymnio Fault

Aliakmonas (GRCS050)
Parameter Qual.

40.159/21.837 | LD

13 LD
16.5 AR

0 LD
13.5 EJ
231 LD
55 EJ
275 LD
0.48 AR
03-03 LD

2000 - 2000 LD

6.3 ER

Appendix

General information

Parametric information

Evidence
geological/morphotectonic maps, co-seismic ruptures and remote sensing
various geological/morphotectonic maps
derives from other parameters (dip, minimum and maximum depth)
geomorphic records, remote sensing (various authors)
inferred from aftershock spatial distribution (various authors)
geological/morphotectonic maps and focal mechanisms (various authors)
from various aftershock spatial distributions, foci and field measurements
focal mechanisms and kinematic indicators (various authors)
calculated from Mo (Aki, 1966)
morphotectonics (Doutsos and Koukouvelas, 1998)
morphotectonics (Doutsos and Koukouvelas, 1998)

after the relationships of Wells and Coppersmith (1994) and Hanks and Kanamori
(1979)

Associated earthquake

1995/05/13 Mw=6.5 produced by partial reactivation of two segments
N/A unknown
5 as of year 2000 (assigned datum)
General information
GRIS052
Servia Fault
Aliakmonas (GRCS050)
Parametric information
Parameter Qual. Evidence

40.236 /22.001 LD

16.9 LD
15 AR

0 LD

13 EJ
228 LD
60 EJ
280 LD
0.52 AR
1.0-2.0 LD

1000 - 2000 LD

6.4 ER

various geological/morphotectonic maps

various geological/morphotectonic maps

derives from other parameters (dip, minimum and maximum depth)
geomorphic records (various authors)

inferred from regional seismogenic layer thickness

various geological/morphotectonic maps

from regional seismotectonic setting and field measurements (various authors)
kinematic indicators (various authors)

calculated from Mo (Aki, 1966)

morphotectonics (Meyer et al., 1996)

morphotectonics (Meyer et al., 1996)

after the relationships of Wells and Coppersmith (1994) and Hanks and Kanamori
(1979)

Associated earthquake

Latest Eq N/A unknown
Penultimate Eq N/A unknown
Elapsed Time N/A unknown
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Appendix

General information

Code: GRIS053
Name: Chromio Fault
Associated CSS: Aliakmonas (GRCS050)

Parametric information

Parameter Qual. Evidence

Location (Lat/Lon) 40.098 /21.656 | LD |co-seismic ground ruptures and aftershock spatial distribution (various authors)
Length (km) 10 LD |co-seismic ground ruptures and geological/morphotectonic maps (various authors)
Width (km) 6.5 AR |constrained from the Palacochori ISS (GRIS050)
Min depth (km) 1.5 LD |co-seismic ground ruptures and geomorphic records (various authors)
Max depth (km) 6.5 AR |derives from other parameters (dip, width and minimum depth)
Strike (deg) 91 LD |co-seismic ground ruptures, focal mechanisms and aftershock spatial distribution
Dip (deg) 50 LD aftershock spatial distribution (various authors)
Rake (deg) 280 LD |focal mechanisms and co-seismic ground ruptures
Slip per event (m) 0.22 AR calculated from Mo (Aki, 1966)
Slip rate (mm/a) 0-0 UN unknown
Recurrence (y) 0-0 UN unknown
Max Magnitude (Mw) 53 ER 'Ellft9€:7r 9t;1e relationships of Wells and Coppersmith (1994) and Hanks and Kanamori

Associated earthquake
Latest Eq 1995/05/13 reactivated as a secondary structure (see Palacochori GRIS050)
Penultimate Eq N/A unknown
Elapsed Time N/A unknown

General information

Code: GRCS300
Name: Konitsa
Associated ISSs: Konitsa (GRIS301)

Parametric information

Parameter Qual. Evidence

Min depth (km) 0 LD geomorphic records (various authors)
Max depth (km) 14 EJ |inferred from aftershock spatial distribution (Papanastassiou, 2001)
Strike (deg) 220 - 240 LD various geological/morphotectonic maps
Dip (deg) 45-175 LD aftershock spatial distribution (Papanastassiou, 2001)
Rake (deg) 250 - 280 LD kinematic indicators and focal mechanisms (various authors)
Slip rate (mm/a) 0.1-04 AR calculated from geodetic strain rate field
Max magnitude (Mw) 6.6 ER calculated from the empirical relationships of Wells and Coppersmith (1994)
&"a‘g&’i;‘;‘ate location 40.002/20.681 AR 'map derived
Total length (km) 242 AR 'map derived
Total width (km) 17.1 AR derived from depth and dip
Typical fault length (km) 26.3 ER derived from maximum magnitude
Typical fault width (km) 14.8 ER derived from maximum magnitude
Typical fault slip (m) 0.86 AR derived from moment and fault size
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Appendix

General information

Code: GRIS301
Name: Konitsa Fault
Associated CSS: Konitsa (GRCS300)

Parametric information

Parameter Qual. Evidence

Location (Lat/Lon) 40.044 /20.678 | LD various geological/morphotectonic maps
Length (km) 11.3 LD various geological/morphotectonic maps
Width (km) 13 AR derives from other parameters (dip, minimum and maximum depth)
Min depth (km) 0 LD geomorphic records (various authors)
Max depth (km) 10.6 EJ inferred from spatial aftershock distribution (Papanastassiou, 2001)
Strike (deg) 232 LD geological/morphotectonic maps and focal mechanisms (various authors)
Dip (deg) 55 LD inferred from spatial aftershock distribution and foci (various authors)
Rake (deg) 280 LD kinematic indicators and focal mechanisms (various authors)
Slip per event (m) 0.39 AR calculated from Mo (Aki, 1966)
Slip rate (mm/a) 0-0 UN unknown
Recurrence (y) 0-0 UN unknown
Max Magnitude (Mw) 61 ER z(ilft9e7r 9t;1e relationships of Wells and Coppersmith (1994) and Hanks and Kanamori

Associated earthquake
Latest Eq 1996/08/05 Ms=5.7 mainshock preceded by a foreshock (Ms=5.4) on July 26
Penultimate Eq N/A unknown
Elapsed Time 4 as of year 2000 (assigned datum)

General information

Code: GRCS310
Name: Petoussi
Associated ISSs: Souli (GRIS310) and Tomaros (GRIS311)

Parametric information

Parameter Qual. Evidence

Min depth (km) 0 LD geomorphic records (various authors)
Max depth (km) 16 EJ |inferred from various microseismic surveys
Strike (deg) 80 - 260 LD various geological/morphotectonic maps
Dip (deg) 80-90 EJ field observations (various authors) and geological considerations
Rake (deg) 315 -355 LD kinematic indicators (various authors)
Slip rate (mm/a) 0.1-0.3 LD palacoseismological data (Boccaletti ez al., 1997)
Max magnitude (Mw) 6.7 EJ | calculated from the empirical relationships of Wells and Coppersmith (1994)
E‘L‘;‘:/r]‘jzig‘ate location 39.508/20.692 AR map derived
Total length (km) 39.1 AR 'map derived
Total width (km) 16.1 AR |derived from depth and dip
Typical fault length (km) 384 ER |derived from maximum magnitude
Typical fault width (km) 11.2 ER |derived from maximum magnitude
Typical fault slip (m) 1.10 AR |derived from moment and fault size
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Code:
Name:

Associated CSS:

Location (Lat/Lon)

GRIS310
Souli Fault
Petoussi (GRCS310)

Parameter

39.502/20.555 | LD

Qual.

Appendix

General information

Parametric information

Evidence

various geological/morphotectonic maps

Length (km) 14.6 LD |various geological/morphotectonic maps
Width (km) 12 AR |derives from other parameters (dip, minimum and maximum depth)
Min depth (km) 0 LD |geomorphic records (various authors)
Max depth (km) 12 EJ |inferred from various microseismic surveys
Strike (deg) 82 LD |various geological/morphotectonic maps
Dip (deg) 85 EJ field observations (various authors) and geological considerations
Rake (deg) 330 LD |kinematic indicators (various authors)
Slip per event (m) 0.51 AR calculated from Mo (Aki, 1966)
Slip rate (mm/a) 0-0 UN unknown
Recurrence (y) 0-0 UN unknown
Max Magnitude (Mw) 63 ER 'Ellftge7r 9t;1e relationships of Wells and Coppersmith (1994) and Hanks and Kanamori
Associated earthquake
Latest Eq 24000 BC palaecoseismological data from Boccaletti ef al. (1997)
Penultimate Eq N/A unknown
Elapsed Time 26000 as of year 2000 (assigned datum)
General information
Code: GRIS311
Name: Tomaros Fault
Associated CSS: Petoussi (GRCS310)
Parametric information
Parameter Qual. Evidence
Location (Lat/Lon) 39.512/20.732 | LD various geological/morphotectonic maps
Length (km) 16.1 LD |various geological/morphotectonic maps
Width (km) 14 AR derives from other parameters (dip, minimum and maximum depth)
Min depth (km) 0 LD | geomorphic records (various authors)
Max depth (km) 13.9 EJ |inferred from various microseismic surveys
Strike (deg) 263 LD |various geological/morphotectonic maps
Dip (deg) 85 EJ |field observations (various authors) and geological considerations
Rake (deg) 30 LD |kinematic indicators (various authors)
Slip per event (m) 0.59 AR | calculated from Mo (Aki, 1966)
Slip rate (mm/a) 0-0 UN |unknown
Recurrence (y) 0-0 UN |unknown
Max Magnitude (Mw) 6.4 ER é(ilft;; 9t§1e relationships of Wells and Coppersmith (1994) and Hanks and Kanamori
Associated earthquake
Latest Eq N/A unknown
Penultimate Eq N/A unknown
Elapsed Time N/A unknown
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General information

Code: GRCS390
Name: Kerkyra
Associated ISSs: Makrades (GRIS390) and Spartylas (GRIS391)
Parametric information

Parameter  Qual. Evidence
Min depth (km) 0 LD |geomorphic records (various authors)
Max depth (km) 12 EJ inferred from seismogenic layer thickness of nearby areas
Strike (deg) 65-90 LD |various geological/morphotectonic maps
Dip (deg) 65 -85 EJ field observations (various authors) and geological considerations
Rake (deg) 190-260 LD kinematic indicators (various authors)
Slip rate (mm/a) 0.4-0.6 AR |calculated from geodetic strain rate field
Max magnitude (Mw) 63 EJ fault geometry considerations and application of empirical relationships (Wells and

Coppersmith, 1994)

Approximate location 39.725/19.826 AR 'map derived

(Lat/Lon)
Total length (km) 36.9 AR 'map derived
Total width (km) 12.6 AR |derived from depth and dip
Typical fault length (km) 21.7 ER |derived from maximum magnitude
Typical fault width (km) 8.7 ER |derived from maximum magnitude
Typical fault slip (m) 0.62 AR |derived from moment and fault size
General information

Code: GRIS390
Name: Makrades Fault
Associated CSS: Kerkyra (GRCS390)

Parametric information

Parameter Qual. Evidence

Location (Lat/Lon) 39.701/19.703 LD various geological/morphotectonic maps
Length (km) 9.0 LD geological/morphotectonic maps (Caputo, 1984; 1986; 1987/88)
Width (km) 10.0 AR derives from other parameters (dip, minimum and maximum depth)
Min depth (km) 0 LD geomorphic records (various authors)
Max depth (km) 10.5 EJ inferred from seismogenic layer thickness of nearby areas
Strike (deg) 79 LD various geological/morphotectonic maps
Dip (deg) 85 LD field observations (Caputo, 1984; 1986; 1987/88)
Rake (deg) 20 LD kinematic indicators (Caputo, 1984; 1986; 1987/88)
Slip per event (m) 0.30 AR calculated from Mo (Aki, 1966)
Slip rate (mm/a) 0-0 UN unknown
Recurrence (y) 0-0 UN unknown
Max Magnitude (Mw) 59 ER ?lft9e7r 9t;1e relationships of Wells and Coppersmith (1994) and Hanks and Kanamori

Associated earthquake
Latest Eq N/A unknown
Penultimate Eq N/A unknown
Elapsed Time N/A unknown
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General information

Code: GRIS391
Name: Spartylas Fault
Associated CSS: Kerkyra (GRCS390)

Parametric information

Parameter Qual. Evidence

Location (Lat/Lon) 39.720/19.834 | LD various geological/morphotectonic maps
Length (km) 14.0 LD |geological/morphotectonic maps (Caputo, 1984; 1986; 1987/88)
Width (km) 10.0 AR |derives from other parameters (dip, minimum and maximum depth)
Min depth (km) 0 LD |geomorphic records (various authors)
Max depth (km) 10.5 EJ |inferred from seismogenic layer thickness of nearby areas
Strike (deg) 88 LD |various geological/morphotectonic maps
Dip (deg) 85 EJ field observations (Caputo, 1984; 1986; 1987/88) and geological considerations
Rake (deg) 30 LD |kinematic indicators (Caputo, 1984; 1986; 1987/88)
Slip per event (m) 0.30 AR calculated from Mo (Aki, 1966)
Slip rate (mm/a) 0-0 UN unknown
Recurrence (y) 0-0 UN unknown
Max Magnitude (Mw) 6.0 ER 'Ellft9€:7r 9t;1e relationships of Wells and Coppersmith (1994) and Hanks and Kanamori

Associated earthquake
Latest Eq N/A unknown
Penultimate Eq N/A unknown
Elapsed Time N/A unknown

General information

Code: GRIS392
Name: Palaeokastritsa Fault
Associated CSS: none

Parametric information

Parameter Qual. Evidence

Location (Lat/Lon) 39.678/19.712 | LD |various geological/morphotectonic maps
Length (km) 8.0 LD |various geological/morphotectonic maps
Width (km) 10.0 AR derives from other parameters (dip, minimum and maximum depth)
Min depth (km) 0 LD | geomorphic records (various authors)
Max depth (km) 10.5 EJ |inferred from seismogenic layer thickness of nearby areas
Strike (deg) 262 LD |various geological/morphotectonic maps
Dip (deg) 85 EJ field observations (Caputo, 1984; 1986; 1987/88) and geological considerations
Rake (deg) 25 LD |kinematic indicators (Caputo, 1984; 1986; 1987/88)
Slip per event (m) 0.20 AR | calculated from Mo (Aki, 1966)
Slip rate (mm/a) 0-0 UN |unknown
Recurrence (y) 0-0 UN |unknown
Max Magnitude (Mw) 57 ER é(ilft;; 9t§1e relationships of Wells and Coppersmith (1994) and Hanks and Kanamori

Associated earthquake
Latest Eq N/A unknown
Penultimate Eq N/A unknown
Elapsed Time N/A unknown
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Code:
Name:

Associated ISSs:

Min depth (km)

Max depth (km)
Strike (deg)

Dip (deg)

Rake (deg)

Slip rate (mm/a)

Max magnitude (Mw)

Approximate location
(Lat/Lon)

Appendix

General information
GRCS010
Pagasitikos Gulf
Volos (GRIS010) and Nea Anchialos (GRIS011)

Parametric information

Parameter Qual. Evidence
0 LD geomorphic records (various authors)

12.5 EJ  microseismic spatial distribution (Kementzetzidou, 1996; Hatzfeld ef al., 1999)

58 -104 LD various geological/morphotectonic maps and focal mechanisms

40-70 EJ  field measurements, foci and microseismic surveys (various authors)

232 -270 LD kinematic indicators and focal mechanisms (various authors)

1.0-3.0 LD  geomorphic markers (Caputo, 1996)
7.0 ER calculated from the empirical relationships of Wells and Coppersmith (1994)

39.278/22.779 ' AR map derived

Total length (km) 48.5 AR map derived
Total width (km) 16.4 AR derived from depth and dip
Typical fault length (km) 41.7 ER derived from maximum magnitude
Typical fault width (km) 20.4 ER derived from maximum magnitude
Typical fault slip (m) 1.56 AR derived from moment and fault size
General information
Code: GRIS010
Name: Volos Fault
Associated CSS: Pagasitikos Gulf (GRCS010)
Parametric information
Parameter Qual. Evidence
Location (Lat/Lon) 39.249/23.035 | LD seismic reflection survey (Perissoratis et al., 1991) and earthquake epicentre
Length (km) 21 EJ inferred from seismic reflection survey of Perissoratis et al. (1991)
Width (km) 15 AR derives from other parameters (dip, minimum and maximum depth)
Min depth (km) 0 LD seismic reflection survey of Perissoratis ez al. (1991)
Max depth (km) 12.3 EJ inferred from microseismic survey (Kementzetzidou, 1996; Hatzfeld et al., 1999)
Strike (deg) 85 LD seismic reflection survey (Perissoratis e al., 1991) and various foci
Dip (deg) 55 EJ seismic reflection survey, foci and microseismic survey (various authors)
Rake (deg) 266 LD various foci and seismic reflection survey (Perissoratis et al., 1991)
Slip per event (m) 0.63 AR calculated from Mo (Aki, 1966)
Slip rate (mm/a) 1.0-3.0 EJ assumed from the adjacent Nea Anchialos GRISO11 fault
Recurrence (y) 0-0 UN unknown
Max Magnitude (Mw) 6.5 ER ?ft9e7r 9t;1e relationships of Wells and Coppersmith (1994) and Hanks and Kanamori
Associated earthquake
Latest Eq 1980/07/09 Mw=6.5 (1% shock)
Penultimate Eq N/A unknown
Elapsed Time 20 as of year 2000 (assigned datum)
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Code:
Name:

Associated CSS:

Location (Lat/Lon)
Length (km)
Width (km)

Min depth (km)
Max depth (km)
Strike (deg)

Dip (deg)

Rake (deg)

Slip per event (m)
Slip rate (mm/a)

Recurrence (y)

Max Magnitude (Mw)

Appendix

General information
GRISO11
Nea Anchialos Fault
Pagasitikos Gulf (GRCS010)

Parametric information

Parameter Qual. Evidence
39.243/22.819 | LD various geological/morphotectonic maps
23 LD |various geological/morphotectonic maps
14 AR derives from other parameters (dip, minimum and maximum depth)
0 LD | geomorphic records (various authors)
11.5 EJ |inferred from microseismic survey (Kementzetzidou, 1996; Hatzfeld ef al., 1999)
83 LD |various geological/morphotectonic maps and focal mechanisms
55 EJ |geological/morphotectonic maps, foci and microseismic survey (various authors)
255 LD |kinematic indicators and focal mechanisms (various authors)
0.18 AR | calculated from Mo (Aki, 1966)
1.0-3.0 LD |geomorphic markers (Caputo, 1996)
1500 - 1500 LD |inferred from historical seismicity (Zovoili et al., 2004)
6.1 ER 'Ellftge7r 9t;1e relationships of Wells and Coppersmith (1994) and Hanks and Kanamori

Associated earthquake

Latest Eq 1980/07/09 Mw=6.1 (2™ shock)
Penultimate Eq N/A unknown
Elapsed Time 20 as of year 2000 (assigned datum)
General information

Code: GRCS015
Name: Vasilika
Associated ISSs: Righeo (GRIS015) and Dasolofos (GRIS016)

Parametric information

Parameter Qual. Evidence

Min depth (km) 0 LD | geomorphic records (Caputo, 1990; 1995)
Max depth (km) 14.5 EJ |inferred from microseismic survey (Kementzetzidou, 1996; Hatzfeld et al., 1999)
Strike (deg) 80-115 LD | geological/morphotectonic maps (Caputo, 1990; 1995)
Dip (deg) 45-70 ET ii:rll(iigzerzi?orz;nents/microseismic surveys (various authors) and geological
Rake (deg) 260 - 280 LD | kinematic indicators and regional stress field pattern (various authors)
Slip rate (mm/a) 0.6-0.9 AR | calculated from geodetic strain rate field
Max magnitude (Mw) 70 EJ fault geometry considerations and application of empirical relationships (Wells and

Approximate location
(Lat/Lon)

Total length (km)
Total width (km)

Typical fault length (km)
Typical fault width (km)

Typical fault slip (m)

Coppersmith, 1994)
39.356/22.582 | AR map derived

50.3 AR 'map derived

18 AR | derived from depth and dip

41.7 ER | derived from maximum magnitude
20.4 ER | derived from maximum magnitude
1.56 AR derived from moment and fault size
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Appendix

General information

Code: GRISO15
Name: Righeo Fault
Associated CSS: Vasilika (GRCS015)

Parametric information

Parameter Qual. Evidence

Location (Lat/Lon) 39.322/22.671 LD geological/morphotectonic maps (Caputo, 1990; 1995)
Length (km) 22 LD geological/morphotectonic maps (Caputo, 1990; 1995)
Width (km) 14 AR derives from other parameters (dip, minimum and maximum depth)
Min depth (km) 0 LD geomorphic records (Caputo, 1990; 1995)
Max depth (km) 12.7 EJ  microseismic spatial distribution (Kementzetzidou, 1996; Hatzfeld et al., 1999)
Strike (deg) 95 LD geological/morphotectonic maps (Caputo, 1990; 1995)
Dip (deg) 65 EJ microseismic spatial distribution (Kementzetzidou, 1996; Hatzfeld et al., 1999)
Rake (deg) 275 LD regional stress field pattern (various authors)
Slip per event (m) 0.8 AR calculated from Mo (Aki, 1966)
Slip rate (mm/a) 0-0 UN unknown
Recurrence (y) 0-0 UN unknown
Max Magnitude (Mw) 6.5 ER z(ilft9e7r 9t;1e relationships of Wells and Coppersmith (1994) and Hanks and Kanamori

Associated earthquake
Latest Eq 1957/03/08 large foreshock, mainshock and aftershock in the same day (M>6.0)
Penultimate Eq 1773/03/16 poor macroseismic data (in various catalogues)
Elapsed Time 43 as of year 2000 (assigned datum)

General information

Code: GRIS016
Name: Dasolofos Fault
Associated CSS: Vasilika (GRCS015)

Parametric information

Parameter Qual. Evidence

Location (Lat/Lon) 39.321/22.475 LD geological/morphotectonic maps (Caputo, 1990; 1995)
Length (km) 15 LD geological/morphotectonic maps (Caputo, 1990; 1995)
Width (km) 13 AR derives from other parameters (dip, minimum and maximum depth)
Min depth (km) 0 LD geomorphic records (Caputo, 1990; 1995)
Max depth (km) 11.8 EJ microseismic spatial distribution (Kementzetzidou, 1996; Hatzfeld ez al., 1999)
Strike (deg) 99 LD geological/morphotectonic maps (Caputo, 1990; 1995)
Dip (deg) 65 EJ microseismic spatial distribution (Kementzetzidou, 1996; Hatzfeld et al., 1999)
Rake (deg) 270 LD regional stress field pattern (various authors)
Slip per event (m) 0.6 AR | calculated from Mo (Aki, 1966)
Slip rate (mm/a) 0-0 UN unknown
Recurrence (y) 0-0 UN unknown
Max Magnitude (Mw) 63 ER ?ft9e7r 9t;1e relationships of Wells and Coppersmith (1994) and Hanks and Kanamori

Associated earthquake
Latest Eq 1942/06/01 Mw=5.6 (Papazachos et al., 2009)
Penultimate Eq N/A unknown
Elapsed Time 58 as of year 2000 (assigned datum)
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General information

Code: GRCS020
Name: Domokos
Associated ISSs: Ekkara (GRIS020)

Parametric information

Parameter Qual. Evidence
Min depth (km) 0 LD  geomorphic records and palacoseismology (various authors)
Max depth (km) 17.5 EJ  inferred from microseismic survey (Kementzetzidou, 1996)
Strike (deg) 270 - 300 LD various geological/morphotectonic maps
Dip (deg) 40 - 60 EJ  palacoseismology (Palyvos ef al., 2010) and geological considerations
Rake (deg) 270 - 280 LD kinematic indicators and regional stress field pattern (various authors)
Slip rate (mm/a) 03-05 LD palacoseismological data (Palyvos et al., 2010)
Max magnitude (Mw) 7.0 ER calculated from the empirical relationships of Wells and Coppersmith (1994)
E‘L"a‘;/rL"ﬁl’;‘ate location 39.294/22245 AR map derived
Total length (km) 48.1 AR map derived
Total width (km) 23.7 AR derived from depth and dip
Typical fault length (km) 41.7 ER derived from maximum magnitude
Typical fault width (km) 20.4 ER derived from maximum magnitude
Typical fault slip (m) 1.56 AR derived from moment and fault size
General information

Code: GRIS020
Name: Ekkara Fault
Associated CSS: Domokos (GRCS020)

Parametric information

Parameter Qual. Evidence

Location (Lat/Lon) 39232/22.152 | LD fleli)}ig%;)cal/morphotectonic maps, co-seismic ruptures, palacoseismology (various
Length (km) 29 EJ |inferred from co-seismic ruptures (Papastamatiou and Mouyiaris, 1986)
Width (km) 17 EJ inferred from epicentral location
Min depth (km) 0 LD |geomorphic records, co-seismic ruptures, palacoseismology (various authors)
Max depth (km) 13 AR |derives from other parameters (dip, width and minimum depth)
Strike (deg) 288 LD |geological/morphotectonic maps and co-seismic ruptures (various authors)
Dip (deg) 50 EJ | epicentral location, foci and palacoseismology (various authors)
Rake (deg) 285 LD |regional stress field pattern, palacoseismology and foci (various authors)
Slip per event (m) 0.75 AR calculated from Mo (Aki, 1966)
Slip rate (mm/a) 03-0.5 LD |palacoseismological data (Palyvos ef al., 2010)
Recurrence (y) 3195 - 3195 LD palacoseismological data (Palyvos et al., 2010)
Max Magnitude (Mw) 6.7 ER 'Ellft9e; 9t§1e relationships of Wells and Coppersmith (1994) and Hanks and Kanamori

Associated earthquake
Latest Eq 1954/04/30 Mw=6.6 (EMMA catalogue)
Penultimate Eq N/A unknown
Elapsed Time 46 as of year 2000 (assigned datum)
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Code:
Name:

Associated ISSs:

Min depth (km)
Max depth (km)
Strike (deg)

Dip (deg)

Rake (deg)

Slip rate (mm/a)

Max magnitude (Mw)

Approximate location
(Lat/Lon)

Appendix

General information
GRCS004
South Tyrnavos Basin
Larissa (GRIS005) and Asmaki (GRIS004)

Parametric information

Parameter Qual. Evidence
0 LD |geomorphic records and ERTs (various authors)
13 EJ |inferred from seismogenic layer thickness of nearby areas

255-300 LD |geological/morphotectonic maps (Caputo, 1990; Caputo et al., 1994)

40-170 EJ field measurements (Caputo, 1990; Caputo et al., 1994) and geological considerations
260 - 280 LD |regional stress field pattern (Caputo, 1990; Caputo et al., 1994)

0.1-0.5 LD 'morphotectonic estimations (Caputo, 1995)

fault geometry considerations and application of empirical relationships (Wells and

6.8 EJ Coppersmith, 1994)

39.695/22.533 AR |map derived

Total length (km) 39.9 AR 'map derived

Total width (km) 17 AR |derived from depth and dip

Typical fault length (km) 33.1 ER |derived from maximum magnitude

Typical fault width (km) 17.4 ER |derived from maximum magnitude

Typical fault slip (m) 1.16 AR |derived from moment and fault size
General information

Code: GRIS005

Name: Larissa Fault

Associated CSS: South Tyrnavos Basin (GRCS004)

Parametric information

Parameter Qual. Evidence

Location (Lat/Lon)

39.669/22.349 | LD geological/morphotectonic maps (Caputo, 1990; Caputo ef al., 1994)

Length (km) 19 LD geological/morphotectonic maps (Caputo, 1990; Caputo et al., 1994)

Width (km) 13 AR derives from other parameters (dip, minimum and maximum depth)

Min depth (km) 0 LD geomorphic records and ERTs (various authors)

Max depth (km) 11.8 EJ inferred from seismogenic layer thickness of nearby areas

Strike (deg) 284 LD geological/morphotectonic maps (Caputo, 1990; Caputo et al., 1994)

Dip (deg) 65 EJ ?;ﬁiﬁzﬁgﬁ?ems (Caputo, 1990; Caputo et al., 1994) and geological

Rake (deg) 270 EJ regional stress field pattern (Caputo, 1990; Caputo et al., 1994)

Slip per event (m) 0.4 AR calculated from Mo (Aki, 1966)

Slip rate (mm/a) 0.1-0.5 LD morphotectonic estimations (Caputo, 1995)

Recurrence (y) 500 - 1500 LD archaeoseismological evidences (Caputo & Helly, 2005a)

Max Magnitude (Mw) 63 ER ?lft967r 9t§1e relationships of Wells and Coppersmith (1994) and Hanks and Kanamori
Associated earthquake

Latest Eq N/A unknown

Penultimate Eq N/A unknown

Elapsed Time N/A unknown
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Code:
Name:

Associated CSS:

Location (Lat/Lon)
Length (km)
Width (km)

Min depth (km)
Max depth (km)
Strike (deg)

Dip (deg)

Rake (deg)

Slip per event (m)
Slip rate (mm/a)

Recurrence (y)

Max Magnitude (Mw)

Latest Eq
Penultimate Eq

Elapsed Time

Code:
Name:

Associated ISSs:

Min depth (km)

Max depth (km)
Strike (deg)

Dip (deg)

Rake (deg)

Slip rate (mm/a)

Max magnitude (Mw)

Approximate location

Appendix

General information
GRIS004
Asmaki Fault
South Tyrnavos Basin (GRCS004)

Parametric information

Parameter Qual. Evidence
39.677/22.542 | LD geological/morphotectonic maps (Caputo et al., 1994)
11 LD | geological/morphotectonic maps (Caputo ez al., 1994)
10 AR derives from other parameters (dip, minimum and maximum depth)
0 LD | geomorphic records (Caputo et al., 1994)
9.4 EJ |inferred from seismogenic layer thickness of nearby areas
273 LD | geological/morphotectonic maps (Caputo et al., 1994)
70 EJ |field observations (Caputo ef al., 1994) and geological considerations
270 EJ |regional stress field pattern (various authors)
0.25 AR | calculated from Mo (Aki, 1966)
0.1 -0.1 LD 'morphotectonic estimations (Caputo, 1995)
0-0 UN |unknown
59 ER after the relationships of Wells and Coppersmith (1994) and Hanks and Kanamori
(1979)
Associated earthquake
1941/03/01 M,=6.1 (Vanucci and Gasperini, 2003; 2004)
N/A unknown
59 as of year 2000 (assigned datum)
General information
GRCS001
Tyrnavos
Tyrnavos (GRIS001)
Parametric information
Parameter  Qual. Evidence
0 LD geomorphic records (Caputo, 1990; 1993a)
14 EJ | inferred from seismogenic layer thickness of nearby areas
275 -290 LD geological/morphotectonic maps (Caputo, 1990; 1993a)
50-75 EJ field observations (Caputo, 1990; 1993a) and geological considerations

260 - 280 LD
0.05-0.4 LD
6.3 LD

kinematic indicators (Caputo, 1990; 1993a)
palaeoseismology and morphotectonics (Caputo, 1993; Caputo et al., 2004a)

palaeoseismological investigations (Caputo ef al., 2004a; 2006)

(Lat/Lon) 39.766 /22.335 | AR 'map derived

Total length (km) 19.7 AR map derived

Total width (km) 16.4 AR derived from depth and dip
Typical fault length (km) 18.6 ER derived from maximum magnitude
Typical fault width (km) 11.6 ER derived from maximum magnitude
Typical fault slip (m) 0.55 AR |derived from moment and fault size
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Appendix

General information

Code: GRIS001
Name: Tyrnavos Fault
Associated CSS: Tyrnavos (GRCS001)

Parametric information

Parameter Qual. Evidence

Location (Lat/Lon) 39.737/22.249 | LD geological/morphotectonic maps (Caputo, 1990; 1993a)
Length (km) 14 LD geological/morphotectonic maps (Caputo, 1990; 1993a)
Width (km) 13 AR derives from other parameters (dip, minimum and maximum depth)
Min depth (km) 0 LD geomorphic records (Caputo, 1990; 1993a)
Max depth (km) 11.8 EJ inferred from seismogenic layer thickness of nearby areas
Strike (deg) 279 LD geological/morphotectonic maps (Caputo, 1990; 1993a)
Dip (deg) 65 EJ field observations (Caputo, 1990; 1993a) and geological considerations
Rake (deg) 280 LD kinematic indicators (Caputo, 1990; 1993a)
Slip per event (m) 0.3 LD palacoseismological investigations (Caputo et al., 2004a; 2006)
Slip rate (mm/a) 0.05-04 LD palacoseismology and morphotectonics (Caputo, 1993; Caputo et al., 2004a)
Recurrence (y) 1500 - 2500 LD inferred from palacoseismological investigations (Caputo ef al., 2006)
Max Magnitude (Mw) 6.1 ER 'Ellftge7r ;;Ie relationships of Wells and Coppersmith (1994) and Hanks and Kanamori

Associated earthquake
Latest Eq since 5.3 ka BP ' M=6.3-6.7 from palacoseismological investigations (Caputo et al., 2004;2006)
Penultimate Eq since 5.3 ka BP ' M=6.3-6.7 from palacoseismological investigations (Caputo et al., 2004;2006)
Elapsed Time N/A unknown

General information

Code: GRCS002
Name: North Tyrnavos Basin
Associated ISSs: Rodia (GRIS002) and Gyrtoni (GRIS003)

Parametric information

Parameter Qual. Evidence

Min depth (km) 0 LD |geomorphic records (Caputo, 1990; 1993b)
Max depth (km) 12.5 EJ |inferred from seismogenic layer thickness of nearby areas
Strike (deg) 70 -130 LD |geological/morphotectonic maps (Caputo, 1990; 1993b)
Dip (deg) 55-75 EJ field measurements (Caputo, 1990; 1993b) and geological considerations
Rake (deg) 260 - 290 LD |kinematic indicators (Caputo, 1990; 1993b)
Slip rate (mm/a) 01-10 LD gzgigg)seismology and morphotectonics (Caputo, 1993b; Caputo and Helly, 2005a;
Max magnitude (Mw) 62 EJ g;l)tp if;rrrllieﬂtiylg(;rgiderations and application of empirical relationships (Wells and
E‘L‘;‘:/rl‘jzig‘ate location ' 39 773/22300 AR map derived
Total length (km) 46.9 AR 'map derived
Total width (km) 14.1 AR | derived from depth and dip
Typical fault length (km) 16.6 ER |derived from maximum magnitude
Typical fault width (km) 10.7 ER derived from maximum magnitude
Typical fault slip (m) 0.47 AR |derived from moment and fault size
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Code:
Name:

Associated CSS:

GRIS002
Rodia Fault

Appendix

General information

North Tyrnavos Basin (GRCS002)

Parametric information

Parameter Qual. Evidence

Location (Lat/Lon) 39.798 /22323 | LD |geological/morphotectonic maps (Caputo, 1990; 1993b)
Length (km) 15 LD |geological/morphotectonic maps (Caputo, 1990; 1993b)
Width (km) 13 AR |derives from other parameters (dip, minimum and maximum depth)
Min depth (km) 0 LD |geomorphic records (Caputo, 1990; 1993b)
Max depth (km) 11.8 EJ |inferred from seismogenic layer thickness of nearby areas
Strike (deg) 109 LD |geological/morphotectonic maps (Caputo, 1990; 1993b)
Dip (deg) 65 EJ field observations (Caputo, 1990; 1993b) and geological considerations
Rake (deg) 280 LD  kinematic indicators (Caputo, 1990; 1993b)
Slip per event (m) 0.3 LD |palacoseismological investigations (Caputo and Helly, 2005b)
Slip rate (mm/a) 0.1-1.0 LD |palacoseismology and morphotectonics (Caputo, 1993; Caputo ef al., 2004b)
Recurrence (y) 0-0 UN unknown
Max Magnitude (Mw) 61 ER 'Ellft9€:7r 9t;1e relationships of Wells and Coppersmith (1994) and Hanks and Kanamori

Associated earthquake
Latest Eq N/A unknown
Penultimate Eq N/A unknown
Elapsed Time N/A unknown

General information

Code: GRIS003
Name: Gyrtoni Fault
Associated CSS: North Tyrnavos Basin (GRCS002)

Parametric information

Parameter Qual. Evidence

Location (Lat/Lon) 39.717/22.489 | LD geological/morphotectonic maps (Caputo, 1990; 1995)
Length (km) 13 LD |geological/morphotectonic maps (Caputo, 1990; 1995)
Width (km) 12 AR derives from other parameters (dip, minimum and maximum depth)
Min depth (km) 0 LD |geomorphic records (Caputo, 1990) and ERTs (Caputo et al., 2003)
Max depth (km) 113 EJ |inferred from seismogenic layer thickness of nearby areas
Strike (deg) 103 LD |geological/morphotectonic maps (Caputo, 1990; 1995)
Dip (deg) 70 EJ |inferred from geological considerations
Rake (deg) 270 EJ |regional stress field pattern (various authors)
Slip per event (m) 0.3 AR | calculated from Mo (Aki, 1966)
Slip rate (mm/a) 0.01-0.1 LD |geological considerations (Caputo, 1995)
Recurrence (y) 0-0 UN |unknown
Max Magnitude (Mw) 6.1 ER é(ilft;; 9t§1e relationships of Wells and Coppersmith (1994) and Hanks and Kanamori

Associated earthquake
Latest Eq N/A unknown
Penultimate Eq N/A unknown
Elapsed Time N/A unknown
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General information

Code: GRCS040
Name: Omolio
Associated ISSs: none
Parametric information

Parameter  Qual. Evidence
Min depth (km) 0 LD |geological/morphotectonic maps (Caputo, 1990)
Max depth (km) 14 EJ inferred from seismogenic layer thickness of nearby areas
Strike (deg) 280 -310 LD |geological/morphotectonic maps (Caputo, 1990)
Dip (deg) 40-70 EJ inferred from geological considerations
Rake (deg) 260 - 280 EJ |inferred from regional stress field pattern
Slip rate (mm/a) 04-09 AR |calculated from geodetic strain rate field
Max magnitude (Mw) 6.5 EJ fault geometry considerations and application of empirical relationships (Wells and

Coppersmith, 1994)

Approximate location 39.901/22.592 AR map derived

(Lat/Lon)
Total length (km) 38.7 AR 'map derived
Total width (km) 18.3 AR |derived from depth and dip
Typical fault length (km) 234 ER |derived from maximum magnitude
Typical fault width (km) 13.6 ER |derived from maximum magnitude
Typical fault slip (m) 0.74 AR |derived from moment and fault size
General information

Code: GRCS285

Name: South Kassandra offshore

Associated ISSs: none

Parametric information
Parameter Qual. Evidence

Min depth (km) 0 LD |various airgun seismic profiles and detailed bathymetry

Max depth (km) 14.5 EJ inferred from seismogenic layer thickness of nearby areas
Strike (deg) 70 - 115 LD |various airgun seismic profiles and detailed bathymetry

Dip (deg) 50-80 EJ inferred from seismic profiles and geological considerations
Rake (deg) 210 - 245 EJ inferred from seismic profiles and regional stress field pattern
Slip rate (mm/a) 0.8-14 AR |calculated from geodetic strain rate field

Max magnitude (Mw) 6.9 ER |calculated from the empirical relationships of Wells and Coppersmith (1994)

Approximate location 39.898/23.735 AR map derived

(Lat/Lon)

Total length (km) 46.0 AR |map derived

Total width (km) 16.8 AR |derived from depth and dip
Typical fault length (km) 37.2 ER |derived from maximum magnitude
Typical fault width (km) 18.8 ER |derived from maximum magnitude
Typical fault slip (m) 1.34 AR |derived from moment and fault size
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Code:
Name:

Associated ISSs:

Min depth (km)

Max depth (km)
Strike (deg)

Dip (deg)

Rake (deg)

Slip rate (mm/a)

Max magnitude (Mw)

Approximate location
(Lat/Lon)

Total length (km)

Total width (km)
Typical fault length (km)
Typical fault width (km)
Typical fault slip (m)

Code:
Name:

Associated ISSs:

Min depth (km)

Max depth (km)
Strike (deg)

Dip (deg)

Rake (deg)

Slip rate (mm/a)

Max magnitude (Mw)

Approximate location
(Lat/Lon)

GRCS815

Mavrovouni offshore

none

Parameter
0
14
280 - 300
50 - 80
270 -310
0.7-1.6
6.8

39.642 /23.453

352
16.2
33.1
17.4
1.16

GRCS820
Pelion offshore

none

Parameter
0
12.5
290 - 315
60 - 80
270 - 300
07-14
6.7

39.329/23.611

LD
EJ
LD
EJ
EJ
AR
ER

AR

AR
AR
ER
ER
AR

LD
EJ
LD
EJ
EJ
AR
ER

AR

Appendix

General information

Parametric information

Qual.

Evidence
swath bathymetric and seismic profiles (Papanikolaou et al., 2002; 2006)
inferred from seismogenic layer thickness of nearby areas
swath bathymetric and seismic profiles (Papanikolaou et al., 2002; 2006)
seismic profiles (Papanikolaou ef al., 2006) and geological considerations
seismic profiles (Papanikolaou ez al., 2006) and regional stress field pattern
calculated from geodetic strain rate field

calculated from the empirical relationships of Wells and Coppersmith (1994)
map derived

map derived

derived from depth and dip
derived from maximum magnitude
derived from maximum magnitude

derived from moment and fault size

General information

Parametric information

Qual.

Evidence
swath bathymetric charts and various seismic profiles
inferred from seismogenic layer thickness of nearby areas
swath bathymetric charts and various seismic profiles
various seismic profiles and geological considerations
various seismic profiles and regional stress field pattern
calculated from geodetic strain rate field

calculated from the empirical relationships of Wells and Coppersmith (1994)

map derived

Total length (km) 359 AR map derived

Total width (km) 13.0 AR derived from depth and dip
Typical fault length (km) 29.5 ER derived from maximum magnitude
Typical fault width (km) 16.0 ER derived from maximum magnitude
Typical fault slip (m) 1.0 AR derived from moment and fault size
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General information

Code: GRCS280
Name: South Chalkidiki offshore
Associated ISSs: Athos Fault (GRIS282)
Parametric information
Parameter  Qual. Evidence
Min depth (km) 0 LD |swath bathymetric charts and various seismic profiles
Max depth (km) 17 EJ inferred from seismogenic layer thickness of nearby areas
Strike (deg) 50-115 LD |swath bathymetric charts and various seismic profiles
Dip (deg) 65 -85 EJ | various seismic profiles and geological considerations
Rake (deg) 210 - 245 EJ various seismic profiles and regional stress field pattern
Slip rate (mm/a) 1.0-1.7 AR |calculated from geodetic strain rate field
Max magnitude (Mw) 79 EJ ?(1)1;; i:;)ﬂrﬁet:}tiyl;(;r;s;derations and application of empirical relationships (Wells and
‘&‘;ﬂfl‘jzil';‘a‘e location 40.092 /24383 AR 'map derived
Total length (km) 87.4 AR 'map derived
Total width (km) 17.9 AR |derived from depth and dip
Typical fault length (km) 52.5 ER |derived from maximum magnitude
Typical fault width (km) 24 ER |derived from maximum magnitude
Typical fault slip (m) 2.1 AR |derived from moment and fault size
General information
Code: GRIS282
Name: Athos Fault
Associated CSS: South Chalkidiki offshore (GRCS280)

Parametric information

Parameter Qual. Evidence
Location (Lat/Lon) 40.027 /24.258 | EJ bathymetry, seismic profiles, epicentral location
Length (km) 54 EJ bathymetry and various seismic profiles
Width (km) 17 AR derives from other parameters (dip, minimum and maximum depth)
Min depth (km) 0 LD swath bathymetric charts and various seismic profiles
Max depth (km) 16.6 EJ inferred from seismogenic layer thickness of nearby areas
Strike (deg) 55 LD detailed bathymetric maps (Papanikolaou et al., 2002)
Dip (deg) 71 EJ inferred from various seismic profiles
Rake (deg) 205 EJ inferred from regional stress field pattern (various authors)
Slip per event (m) 1.23 AR calculated from Mo (Aki, 1966)
Slip rate (mm/a) 0-0 UN  unknown
Recurrence (y) 0-0 UN  unknown
Max Magnitude (Mw) 70 ER 'Ellft9e; 9t§1e relationships of Wells and Coppersmith (1994) and Hanks and Kanamori
Associated earthquake
Latest Eq 1905/11/08 M=7.5, Papazachos and Papazachou (2003) - overestimated?
Penultimate Eq N/A unknown
Elapsed Time 95 as of year 2000 (assigned datum)
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Code:
Name:

Associated ISSs:

Min depth (km)

Max depth (km)
Strike (deg)

Dip (deg)

Rake (deg)

Slip rate (mm/a)

Max magnitude (Mw)

Approximate location
(Lat/Lon)

Appendix

General information
GRCS810
North Aegean Basin
NAB segment A (GRIS810) and segment B (GRIS811)

Parametric information

Parameter Qual. Evidence
0 LD swath bathymetric charts and various seismic profiles
17 EJ inferred from seismogenic layer thickness of nearby areas

200 - 240 LD swath bathymetric charts and various seismic profiles
60 - 85 LD various focal mechanisms and seismic profiles

170 - 190 LD various focal mechanisms and seismic profiles
1.0-2.5 AR calculated from geodetic strain rate field

7.6 LD worst case scenario estimated by Papanikolaou and Papanikolaou (2007)

39.680/24.329 AR map derived

Total length (km) 143.1 AR map derived
Total width (km) 18.3 AR | derived from depth and dip
Typical fault length (km) 138.7 ER | derived from maximum magnitude
Typical fault width (km) 19.6 ER derived from maximum magnitude
Typical fault slip (m) 3.88 AR derived from moment and fault size
General information

Code: GRIS810
Name: NAB segment A
Associated CSS: NAB (GRCS810)

Parametric information

Parameter Qual. Evidence
Location (Lat/Lon) 40.019/24.704 LD bathymetry, seismic profiles, epicentral location and aftershock distribution
Length (km) 44 EJ |detailed bathymetric maps and epicentral location
Width (km) 18 AR derives from other parameters (dip, minimum and maximum depth)
Min depth (km) 0 LD |swath bathymetric charts and various seismic profiles
Max depth (km) 17.7 EJ |inferred from seismogenic layer thickness of nearby areas
Strike (deg) 227 LD |seismic profiles, detailed bathymetry and foci (various authors)
Dip (deg) 79 LD |various focal mechanisms and seismic profiles
Rake (deg) 180 LD | various focal mechanisms
Slip per event (m) 0.88 AR calculated from Mo (Aki, 1966)
Slip rate (mm/a) 0-0 UN unknown
Recurrence (y) 0-0 UN |unknown
Max Magnitude (Mw) 69 ER é(ilft967r 9t§1€ relationships of Wells and Coppersmith (1994) and Hanks and Kanamori
Associated earthquake

Latest Eq 1983/08/06 Ms = 6.8 (Kiratzi et al., 1991)
Penultimate Eq N/A see text for discussion
Elapsed Time 17 as of year 2000 (assigned datum)
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Code:
Name:
Associated CSS:

Location (Lat/Lon)
Length (km)
Width (km)

Min depth (km)
Max depth (km)
Strike (deg)

Dip (deg)

Rake (deg)

Slip per event (m)
Slip rate (mm/a)

Recurrence (y)

Max Magnitude (Mw)

Latest Eq
Penultimate Eq
Elapsed Time

Code:
Name:

Associated ISSs:

Min depth (km)
Max depth (km)
Strike (deg)

Dip (deg)

Rake (deg)

Slip rate (mm/a)

Max magnitude (Mw)

GRIS811
NAB segment B
NAB (GRCS810)

Appendix

General information

Parametric information

Parameter Qual. Evidence
39.779 /24.371 EJ epicentral location, aftershock distribution, seismic profiles and bathymetry
33 EJ detailed bathymetric maps and epicentral location
17.5 AR derives from other parameters (dip, minimum and maximum depth)
0 LD swath bathymetric charts and various seismic profiles
16.4 EJ inferred from seismogenic layer thickness of nearby areas
222 LD foci, seismic profiles, detailed bathymetry and aftershock spatial distribution
70 LD various focal mechanisms and seismic profiles
188 LD various focal mechanisms
0.97 AR | calculated from Mo (Aki, 1966)
0-0 UN unknown
0-0 UN unknown
68 ER after the relationships of Wells and Coppersmith (1994) and Hanks and Kanamori
(1979)
Associated earthquake
1982/01/18 Mw = 6.6 (Dziewonski et al., 1983) or 6.5 (Taymaz et al., 1991)
N/A see text for discussion
18 as of year 2000 (assigned datum)
General information
GRCS800
South NAT
none
Parametric information
Parameter  Qual. Evidence
0 LD |various seismic profiles
18 EJ |hypocentres and aftershock distribution (various authors)
235-275 LD |bathymetry and various seismic profiles
65-90 LD | various focal mechanisms and seismic profiles

190 - 225 LD
1.0-35 AR

7.5 EJ

various focal mechanisms
calculated from geodetic strain rate field

fault geometry considerations and application of empirical relationships (Wells and
Coppersmith, 1994)

Approximate location
(Lat/Lon)

Total length (km)
Total width (km)

Typical fault length (km)
Typical fault width (km)

Typical fault slip (m)

40.455/26.396 AR

2753 AR
18.9 AR
120.2 ER
18.4 ER
3.37 AR

map derived

map derived

derived from depth and dip
derived from maximum magnitude
derived from maximum magnitude

derived from moment and fault size
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Code:
Name:

Associated ISSs:

Min depth (km)
Max depth (km)
Strike (deg)

Dip (deg)

Rake (deg)

Slip rate (mm/a)

Max magnitude (Mw)

Approximate location
(Lat/Lon)

GRCS290
North NAT

Appendix

General information

Saros Gulf (GRIS290) and Samothraki SE (GRIS291)

Parameter  Qual.
0 LD
18 EJ
60-110 LD
60 - 90 EJ

180 - 225 LD
20-32 AR

7.1 EJ

40.429 /25.780

Parametric information
Evidence
various seismic reflection profiles and sea-floor morphology
aftershock spatial distribution (Karabulut ez al., 2006)
seismic reflection profiles, sea-floor morphology and foci (various authors)
foci, seismic profiles and aftershock distribution (various authors)
various focal mechanisms

calculated from geodetic strain rate field

fault geometry considerations and application of empirical relationships (Wells and
Coppersmith, 1994)

map derived

Total length (km) 127.3 AR map derived
Total width (km) 19.4 AR derived from depth and dip
Typical fault length (km) 67.9 ER | derived from maximum magnitude
Typical fault width (km) 14.4 ER | derived from maximum magnitude
Typical fault slip (m) 1.92 AR derived from moment and fault size
General information

Code: GRIS290
Name: Saros Gulf
Associated CSS: North NAT (GRCS290)

Parametric information

Parameter Qual. Evidence

Location (Lat/Lon) 40.454/26.219 = EJ epicentral location, seismic profiles and bathymetry
Length (km) 26 ER after the relationships of Wells and Coppersmith (1994)
Width (km) 15 AR derives from other parameters (dip, minimum and maximum depth)
Min depth (km) 0 LD |various seismic reflection profiles and sea-floor morphology
Max depth (km) 13.6 EJ |aftershock distribution (Karabulut ez al., 2006) and focal depth
Strike (deg) 68 LD |seismic reflection profiles, sea-floor morphology and foci (various authors)
Dip (deg) 65 EJ |various focal mechanisms and seismic profiles
Rake (deg) 215 LD |various focal mechanisms
Slip per event (m) 0.78 AR | calculated from Mo (Aki, 1966)
Slip rate (mm/a) 0-0 UN |unknown
Recurrence (y) 0-0 UN |unknown
Max Magnitude (Mw) 6.6 ER ?lft9e; 9t§1e relationships of Wells and Coppersmith (1994) and Hanks and Kanamori

Associated earthquake
Latest Eq 1975\03\27 Mw = 6.6 (EMMA catalogue)
Penultimate Eq N/A see text for discussion
Elapsed Time 25 as of year 2000 (assigned datum)
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General information

Code: GRIS291
Name: Samothraki SE
Associated CSS: North NAT (GRCS290)
Parametric information
Parameter Qual. Evidence
Location (Lat/Lon) 40.407 /25917 | EJ |epicentral location, aftershock distribution and sea-floor morphology
Length (km) 24 EJ aftershock spatial distribution (Karabulut et al., 2006) and sea-floor morphology
Width (km) 15 AR derives from other parameters (dip, minimum and maximum depth)
Min depth (km) 0 LD various seismic reflection profiles and sea-floor morphology
Max depth (km) 14.5 EJ aftershock distribution (Karabulut ez al., 2006) and focal depth
Strike (deg) 83 LD foci, sea-floor morphology and seismic reflection profiles (various authors)
Dip (deg) 75 EJ various focal mechanisms and seismic profiles
Rake (deg) 185 LD various focal mechanisms
Slip per event (m) 0.75 AR calculated from Mo (Aki, 1966)
Slip rate (mm/a) 0-0 UN unknown
Recurrence (y) 0-0 UN unknown
Max Magnitude (Mw) 6.6 ER 'Ellftge7r 9t;1e relationships of Wells and Coppersmith (1994) and Hanks and Kanamori
Associated earthquake
Latest Eq 2003/07/06 Mw = 5.7 (Karabulut et al., 2006)
Penultimate Eq N/A see text for discussion
Elapsed Time -3 as of year 2000 (assigned datum)
General information
Code: GRIS288
Name: North Samothraki Fault
Associated CSS: none
Parametric information
Parameter Qual. Evidence
Location (Lat/Lon) 40.519/25.641 | LD geological/morphotectonic maps (Pavlides et al., 2005)
Length (km) 22 EJ inferred from magnitude and sea-floor morphology
Width (km) 15 AR derives from other parameters (dip, minimum and maximum depth)
Min depth (km) 0 LD geomorphic records (Pavlides ez al., 2005)
Max depth (km) 13 EJ inferred from seismogenic layer thickness of nearby areas
Strike (deg) 286 LD geological/morphotectonic maps (Pavlides et al., 2005)
Dip (deg) 60 EJ inferred from geological considerations
Rake (deg) 250 LD field observations (Pavlides et al., 2005)
Slip per event (m) 0.60 AR | calculated from Mo (Aki, 1966)
Slip rate (mm/a) 0-0 UN unknown
Recurrence (y) 0-0 UN unknown
Max Magnitude (Mw) 6.5 ER é(ilft;; 9t§1e relationships of Wells and Coppersmith (1994) and Hanks and Kanamori
Associated earthquake
Latest Eq 1893/02/09 M = 6.8 (Papazachos & Papazachou, 1997; 2003)
Penultimate Eq N/A unknown
Elapsed Time 107 as of year 2000 (assigned datum)
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Code:
Name:

Associated ISSs:

Min depth (km)

Max depth (km)
Strike (deg)

Dip (deg)

Rake (deg)

Slip rate (mm/a)

Max magnitude (Mw)

Approximate location
(Lat/Lon)

GRCS825
Lemnos

none

Parameter
0
16
210-235
75-90
180 - 215
0.8-2.7
6.8

39.931/25.273

Appendix

General information

Parametric information
Qual. Evidence
LD geomorphic records (Koukouvelas and Aydin, 2002; Pavlides et al., 2009)
EJ | inferred from seismogenic layer thickness of nearby areas
LD geological/morphotectonic maps (Koukouvelas and Aydin, 2002; Pavlides et al., 2009)
EJ field observations (Koukouvelas and Aydin, 2002; Pavlides ef al., 2009)
EJ various field observations and regional stress field pattern

AR calculated from geodetic strain rate field

ER calculated from the empirical relationships of Wells and Coppersmith (1994)

AR map derived

Total length (km) 39.2 AR map derived
Total width (km) 16.3 AR derived from depth and dip
Typical fault length (km) 443 ER derived from maximum magnitude
Typical fault width (km) 11.9 ER derived from maximum magnitude
Typical fault slip (m) 1.26 AR derived from moment and fault size
General information

Code: GRIS831
Name: Aghios Efstratios Fault
Associated CSS: Aghios Efstratios (GRCS831)

Parametric information

Parameter Qual. Evidence

Location (Lat/Lon) 39.516/25.003 = LD geological/morphotectonic maps (Pavlides et al., 1990; Pavlides and Tranos, 1991)
Length (km) 75 LD aftershock spatial distribution (Drakopoulos & Economides, 1972; North, 1977)
Width (km) 15 AR derives from other parameters (dip, minimum and maximum depth)
Min depth (km) 0 LD |geomorphic records (Pavlides et al., 1990; Pavlides and Tranos, 1991)
Max depth (km) 14.8 EJ |inferred from aftershock spatial distribution (North, 1977)
Strike (deg) 230 LD |geological/morphotectonic maps (Pavlides et al., 2005)
Dip (deg) 80 LD focal mechanisms (various authors)
Rake (deg) 180 LD |kinematic indicators and focal mechanisms (various authors)
Slip per event (m) 1.80 LD |calculated from Mo (North, 1977)
Slip rate (mm/a) 5.0-5.0 LD |estimated from seismological and GPS data (Papadimitriou and Sykes, 2001)
Recurrence (y) 0-0 UN |unknown
Max Magnitude (Mw) 71 ER é(ilft;; 9t§1e relationships of Wells and Coppersmith (1994) and Hanks and Kanamori

Associated earthquake
Latest Eq 1968/02/19 Mw = 7.2 (EMMA catalogue)
Penultimate Eq N/A unknown
Elapsed Time 32 as of year 2000 (assigned datum)
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