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19When compiling a database of active and capable faults, ormore in general when collecting data for Seismic Haz-
20ard Assessment (SHA) purposes, the exploitation of the numerous and different sources of information represents
21a crucial issue. Also the understanding of their potential and limitations is essential. For example, using only in-
22formation deriving from historically and/or instrumentally recorded earthquakes, as it has been commonly ap-
23plied in the past, it is not sufficient and it could be, sometimes, even misleading in terms of SHA. In the present
24paper, the importance of using geological information for better defining the principal seismotectonic parameters
25of a seismogenic source is discussed and emphasized. In order to show this, four case studies of active faults re-
26cently reactivated by strong earthquakes have been selected from the Greek Database of Seismogenic Sources
27(GreDaSS). Each seismogenic source is analysed twice and separately for the two sources of information: firstly,
28on the basis of the single-event effects asmainly provided by historically or instrumentally recorded data, and sec-
29ondly, on the basis of the cumulative effects consisting of any, mainly geological, evidence caused bymultiple and
30repeated fault reactivations of the specific seismogenic source. The quality and accuracy of the produced results
31from both sources of information are then discussed in order to define the reliability of the outcomes and especial-
32ly for calibrating the methodological approaches based on geological data, which have not only Q10an intrinsically
33different degree of uncertainty and resolution, but also a greater potential in exploitability. As a matter of fact,
34an improved geological, in its broader sense, knowledge will help to fill in the gap of the geodetically and/or
35seismologically determined tectonic activity of hazardous regions. Moreover, including also Q11in a catalogue the
36seismogenic sources that are not associatedwith historical and/or instrumental earthquakes will have a remark-
37able impact in future SHA analyses either probabilistic or deterministic ones.

38 © 2015 Published by Elsevier B.V.
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65

66 1. Introduction

67 Large earthquakes often attract the interest of many researchers and
68 consequently the literature corresponding to the causative faults be-
69 comes rich and abundant. Among the several reasons for this particular
70 attention devoted by the scientific community there is the need of
71 i) soon investigating the evanescent co-seismic ruptures and other
72 secondary effects, ii) improving the SHA of the affected areas, iii) better
73 understanding the reactivated tectonic structure and the broader
74 geodynamic processes undergoing at a larger scale and iv) exporting
75 the collected information to similar geological and tectonic settings.
76 On the other hand, silent faults and/or minor earthquakes are much
77 less analysed or they are generally investigated at a broad regional
78 scale with different methodological approaches. This discrepancy has
79 two effects on the collected information of potential seismogenic faults
80 that have not been recently (viz. historically) reactivated: firstly, data
81 are scattered and sometimes ‘hidden’ in various studies and hence
82 difficult to be mined; secondly, data are sometimes inconsistent be-
83 cause of deriving from the application of not always proper investi-
84 gation methods. On the other hand, consistency and uniformity of
85 information represent a crucial issue for enabling the comparison
86 between seismogenic sources at a regional scale and especially for
87 SHA analyses.
88 The early efforts of systematic collection of seismogenic sources for
89 Greece and surroundings were focused on faults that were related to ei-
90 ther historically or instrumentally recorded earthquakes. For example,
91 Ambraseys and Jackson (1998) have listed and analysed historical and
92 instrumental events associated with surface faulting that occurred in
93 the East Mediterranean, while Papazachos et al. (1999) compiled a
94 map of ‘rupture zones’ representing seismogenic volumes responsible
95 for the recent events affecting the broader Aegean Region. It is notewor-
96 thy that both papers were almost exclusively based on historical and
97 instrumental seismological data.
98 During the same period, the first parametric databases of active faults
99 were compiled for Italy (Valensise and Pantosti, 2001) and Southern
100 Europe (FAUST, 2001), including ca. 50 sources for the Aegean Re-
101 gion. Although these were the first databases including all principal
102 seismotectonic parameters, most seismogenic sources were associ-
103 ated with recently reactivated faults, with few exceptions where
104 geological information was also considered.
105 A step forward in the direction of including also geological informa-
106 tion is represented by the map of capable faults in Greece and the
107 broader Aegean Region compiled by Pavlides et al. (2007), which in-
108 cludes all fault scarps and traces with a clear morphological expression
109 meeting one or more of the criteria commonly used for identifying ac-
110 tive faults (e.g. Burbank and Anderson, 2001; Bull, 2009; McCalpin,
111 2009). As an innovative result, most of the faults included in the map
112 are not related with known earthquakes. However, a strong limitation
113 of this map is the lack of any parametric information except for the geo-
114 graphical ones, which makes it of little use for SHA analyses.
115 More recently, Karakaisis et al. (2010) provide a re-assessment of
116 previous seismologically-based compilations (Papazachos et al., 1999),
117 whereasMountrakis et al. (2006) using geological and seismological ev-
118 idences present an interesting reviewof active faults though limited to a
119 small sector of northern Greece (from Rhodope to West Macedonia).
120 Additionally and like other similar ‘local’ compilations, these works
121 are generally rather descriptive without quantitative parametric
122 information.

123In summary, past inventories of seismogenic sources for the Aegean
124Region either show the paucity of crucial seismotectonic information or
125are unsatisfactory in terms of completeness of seismogenic sources. On
126the one side, neotectonicmaps do not contain anyother parametric data
127except the geographic ones; on the other hand, the seismologically-
128based catalogues generally provide additional information relative to
129some geometric and kinematic parameters, but are largely deficient es-
130pecially as concerns the number of recognised capable faults, which are
131probably the potential seismogenic sources of more concern for SHA
132analyses.
133In order to carry outmore realistic and reliable SHAanalyses, the im-
134portance and the need of systematically parameterizing active and ca-
135pable faults within Mediterranean and other European seismogenic
136regions were definitely realized during the last decade (e.g. DISS WG,
1372010; Basili et al., 2013; Lunina et al., 2014). Similarly motivated is the
138GreDaSS (Greek Database of Seismogenic Sources) Project (Caputo
139and Pavlides, 2013) devoted to create a fully parametric repository of
140potential seismogenic sources (Mw N 5.5) for the broader AegeanRegion
141(Fig. 1). Like all open-files of this kind, research activities in the frame of
142the GreDaSS Project are still in progress (Pavlides et al., 2010; Caputo
143et al., 2012; Q12Sboras et al., 2014).
144The principal aim of this paper is not to present and describe
145GreDaSS or its rationale, neither its informatic structure kindly provided
146by the DISS WG (see Basili et al. (2008) and references therein), but to
147focus on some crucial methodological issues and problems which are
148commonly coped with during such compilation works including
149GreDaSS.
150For the purpose of this paper, firstly, we review the different sources
151of information that could potentially provide a useful input for this kind
152of databases and, secondly, we present and discuss four case studies
153from GreDaSS (Fig. 1). In particular, we will focus on four individual
154seismogenic sources (ISSs) which are characterized by a full set of geo-
155metric (geographic fault location, strike, dip, length, width, minimum
156and maximum depth), kinematic (rake and slip-per-event), dynamic
157(maximum expected magnitude) and chronological parameters (date
158of last major earthquake, slip-rate and mean recurrence interval)
159(Fig. 2 and Table 1). ISSs are implicitly assumed to behave according
160to a characteristic earthquake model (Schwartz and Coppersmith,
1611984), though it can be seldomdocumented to be the real case forMed-
162iterranean active faults. In order to overcome this problem, whose dis-
163cussion is however well beyond the goals of this paper, since several
164years the composite seismogenic sources, CSSs, have been introduced in
165databases like GreDaSS (Caputo and Pavlides, 2013), DISS (DISS WG,
1662010) and EDSF (Basili et al., 2013). The latter represent generally
167broader tectonic structures which are not assumed to be capable of a
168specific-size earthquake, but their seismic potential (viz. maximum
169expected magnitude) can be estimated from existing earthquake cata-
170logues or based on geological and seismotectonic considerations. The
171introduction of the CSSs effectively enhanced the completeness of
172potential seismogenic sources included in these databases, although
173this may imply a smaller accuracy in their description.

1742. Two different sources of information

175It is worth mentioning that the creation of a parametric database of
176potential seismogenic sources like GreDaSS (Caputo and Pavlides,
1772013), essentially stands on the systematic collection and critical analy-
178sis of all available information which could enable to quantify the
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179 principal seismotectonic parameters (Fig. 2 and Table 1; Basili et al.,
180 2008). As mentioned above, the first databases of this type for Italy
181 and Greece (e.g. FAUST, 2001; Valensise and Pantosti, 2001) included
182 almost exclusively faults unquestionably associated with historical and
183 instrumental earthquakes (M N 5.5). Indeed, Historical Seismology
184 for these two countries was already quite advanced at that time
185 (Galanopoulos, 1960, 1961; Postpischl, 1985; Guidoboni, 1989;
186 Papazachos and Papazachou, 1989, 1997; Ambraseys and Jackson,
187 1990; 1998; Guidoboni et al., 1994; Boschi et al., 1997; Camassi and

188Stucchi, 1997; Ambraseys, 2001; Stucchi et al., 2001), while earthquake
189catalogues from the seismological networks of the Aristotle University
190of Thessaloniki (http://geophysics.geo.auth.gr/ss/), the National Obser-
191vatory of Athens (http://www.gein.noa.gr/services/cat.html) and the
192Istituto Nazionale di Geofisica e Vulcanologia (http://csi.rm.ingv.it/;
193http://www.bo.ingv.it/RCMT/) were also available.
194It is Q13worthless to stress that the more intensely investigated faults
195were those related with the strongest seismic events that generally oc-
196curredduring the fewpast decades, that is to say during the instrumental

Fig. 1. Seismotectonic map of the Aegean Region showing the composite seismogenic sources (CSSs) included in GreDaSS (Caputo and Pavlides, 2013). Black boxes indicate the four case
studies containing the individual seismogenic sources (ISSs) considered and discussed in the present paper (a: 1861 Valimitika earthquake and South Gulf of Corinth Fault System; b:
1954 Sophades earthquake and Domokos Fault System; c: 1978 Stivos earthquake and Mygdonia Fault System; d: 1995 Kozani–Grevena earthquake and Aliakmonas Fault System).

Fig. 2. Schematic representation of an individual seismogenic source (ISS) and corresponding geometric and kinematic parameters listed in Table 1. Redrawn from Basili et al. (2008).
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197 recording period. As a matter of fact, the quantity and quality of seismo-
198 logical information obtained either from major events or microseismic
199 sequences progressively increase with the increasing density of the
200 seismographic networks and the used instrumental technology. For
201 example, recent instrumental data commonly provide more precise
202 seismological constraints, with respect to the past, about the focal
203 depth, magnitude, nodal planes and aftershock distributions, therefore
204 improving our knowledge on the geometry and kinematics of the source.
205 Also pre-instrumental earthquakes could provide important in-
206 formation relative to seismogenic sources for the aim of compiling
207 a parametric database. However, incompleteness, ambiguity and
208 lack of precision rapidly increases with the age of the event. In prac-
209 tice, for most earthquakes before the 19th century, the information
210 that could be possibly obtained is quite limited and poor in terms
211 of seismotectonic parameters. It is noteworthy that also during the
212 instrumental period, which is not longer than ca. 100 years, accuracy
213 in the Aegean Region started to be significant only after the 1970s,
214 when the Greek seismographic network was regionally expanded
215 and technically improved.
216 The repeated ‘surprises’ in location and/or magnitude of recent
217 earthquakes, like the 1995 Kozani and 1999 Athens events for Greece,
218 but also the 2001 Bhuj for India, the 2002 San Giuliano di Puglia for
219 Italy, the 2003 Bam for Iran, the 2010 Yushu for Eastern Tibet, the
220 2004 Sumatra–Andaman for Indonesia, the 2011 Van for Turkey,
221 the 2011 Tohoku for Japan, the 2011 Christchurch for New Zealand
222 (e.g. Lekkas, 2001; Mucciarelli, 2005; Hanks et al., 2012; Li et al., 2012;
223 Wyss et al., 2012; Kagan and Jackson, 2013; Mulargia, 2013; Utkucu,
224 2013; Silverii et al., 2014; Steacy et al., 2014; and many other), made
225 the scientific community aware that the creation of a database of poten-
226 tial seismogenic sources to be used in SHA analyses cannot be based
227 solely on the analysis of instrumental and historical events and correlat-
228 ed information. Among the severalmotivations for searching alternative
229 and complementary investigation approaches, most important is prob-
230 ably the fact that a recently reactivated fault (i.e. a fault that has gener-
231 ated an event in instrumental or historical times, say the last decades or
232 few centuries) is unlikely to be reactivated again in the near future at
233 least in the Aegean region where slip-rates are relatively low and recur-
234 rence intervals relatively long. In contrast, tectonic structureswhich can
235 be geologically recognised as active (especially without instrumentally
236 or even historically documented activity) might be mature enough to
237 rupture in the next future as suggested, for example, for Northern
238 Thessaly (Caputo, 1995). For the finalities of any serious SHA estimate,
239 the degree of maturity of an active fault in the frame of its seismic
240 cycle would be certainly the most crucial aspect. A classic example for
241 Greece would be the 1995 Kozani earthquake that occurred in Western

242Macedonia, which was earlier considered as a typical ‘aseismic’ or ‘low
243seismicity’ region (Voidomatis, 1989; Papazachos, 1990), exactly due
244to the lack of seismicity.
245In order to better examine this issue and to show the importance of
246geological data for SHA analyses, in this paper we describe, discuss and
247compare – deliberately in a separate way – the seismotectonic informa-
248tion that can be obtained from the analysis of single-event effectswith re-
249spect to that obtained from cumulative effects of multiple coseismic
250reactivations. The distinction between the two types of sources of infor-
251mation is not just a terminological matter but mainly a methodological
252one implying that the investigation tools used in the two cases are gen-
253erally different (Caputo and Helly, 2008). Indeed, single-event effects are
254inherently associated with the reactivation of a fault that took place
255mainly in historical and/or instrumental times, for which all observa-
256tions focus on, and are limited to, the specific coseismic effects and asso-
257ciated features. Accordingly, the commonly applied investigation
258methods are represented by seismological studies, post-event epicen-
259tral area surveys, palaeoseismological trenching (trying to detect the
260last displacement, e.g. Palyvos et al., 2010), critical analysis of oral
261and/or written witnesses (Historical Seismology; e.g. Papazachos
262and Papazachou, 1997), investigations on ‘disturbed’ artefacts like
263buildings and settlements (Archaeoseismology; e.g. Stiros and
264Jones, 1996; Caputo and Helly, 2005; Caputo et al., 2010), geodetic
265surveys (e.g. Stiros and Drakos, 2000; Resor et al., 2005) and satellite
266analyses (e.g. Meyer et al., 1996; Kontoes et al., 2000). It is obvious
267that almost all of these methodological approaches (except the
268palaeoseismological and archaeoseismological ones) have significant
269time constraints for their application because, on the one side, most of
270the investigations rely on technologically sophisticated instruments
271not available in the past (seismographs, satellite products, etc.) and,
272on the other hand, surficial evidences (e.g. coseismic ground ruptures)
273are highly vulnerable to weathering, erosion or anthropogenic modifi-
274cations and quickly fade away.
275Conversely, cumulative effects represent all the evidences that
276derive from multiple and repeated recent fault reactivation(s), say
277during Middle–Late Pleistocene or Holocene. In this case, investi-
278gating methods include several typical geological approaches
279(morphotectonic surveys, structural mapping, stratigraphic and
280pedological analyses, palaeoseismological trenching, etc.; Caputo
281and Helly, 2008), remote sensing analyses of air photos and satellite
282imageries and several geophysical methods, such as electrical resis-
283tivity tomographies, ground penetrating radar, high-resolution
284seismic profiles, and microearthquake surveys.
285From a practical point of view, themajor difference between the two
286approaches is that a historically or instrumentally recorded earthquake

t1:1 Table 1
t1:2 Synthetic table showing the numerical values obtained from the analysis of single-event effects (“s.e.e.” columns) and cumulative effects (“c.e.” columns) for the four case studies. For the
t1:3 definition of each parameter see Fig. 2 and Basili et al. (2008). Numerical values for ‘location’ are not reported here but graphically shown in the corresponding figures. A qualitative index
t1:4 shown in parentheses, from “A” (greater accuracy and/or lowest uncertainty) to “E” (lowest reliability and/or largest uncertainty), is attributed to each numerical value and indicated in
t1:5 brackets. The “elapsed time” is conventionally considered from last event to 2000 AD.

t1:6 South Corinth Fault
System

Domokos Fault System Mygdonia Fault System Aliakmonas Fault System

t1:7 Source of information s.e.e. c.e. s.e.e. s.e.e. c.e. s.e.e. c.e. s.e.e. c.e.

t1:8 Location Box A (B) Box B (A) Box A (C) Box B (D) Box C (B) Box A (A) Box B (A) Box A (B) Box E (B)
t1:9 Length [km] 15 (D) 25 (B) 23 (C) 25 (E) 30 (B) 24 (B) 23 (B) 26 (B) 33 (B)
t1:10 Width [km] 12 (E) 15.5 (C) 16 (D) 15 (E) 17 (C) 16 (B) 18 (C) 18 (C) 20 (C)
t1:11 Min depth [km] 0 (A) 0 (A) 1 (C) 0 (C) 0 (A) 0 (A) 0 (A) 1 (C) 0 (A)
t1:12 Max depth [km] 10 (E) 10 (C) 15 (E) 7.5 (E) 15 (C) 12 (B) 15 (B) 14 (A) 15 (B)
t1:13 Strike [deg] 280 (B) 277 (A) 295 (C) 353 (D) 285 (A) 280 (B) 265 (B) 246 (A) 242 (B)
t1:14 Dip [deg] 60 (D) 40 (C) 60 (D) 29 (D) 60 (C) 49 (B) 57 (B) 42 (B) 45 (B)
t1:15 Rake [deg] 270 (D) 280 (B) 270 (E) 300 (D) 285 (B) 286 (B) 280 (C) 264 (B) 265 (C)
t1:16 Slip per event [m] 1.0 (C) 0.80 (B) 1.0 (C) 0.9 (B) 1.0 (C) 0.5 (B) 0.5 (C) 0.7 (B) 0.5 (D)
t1:17 Slip-rate [mm/a] n.a. 0.5–2.0 (C) n.a. n.a. 0.3–1.0 (B) n.a. 0.3–0.7 (B) n.a. 0.01–0.3 (D)
t1:18 Recurrence [ka] n.a. 0.2–1.6 (D) n.a. n.a. N3.2 (C) n.a. 1.0–1.5 (B) n.a. 2–10 (D)
t1:19 Maximum expected magnitude [Mw] 6.6 (C) 6.6 (B) 6.7 (C) 6.7 (C) 6.8 (C) 6.6 (B) 6.5 (C) 6.6 (A) 6.7 (B)
t1:20 Last ethq [AD] 1861 (A) N1300 (D) 1954 (A) 1954 (A) N500 (D) 1978 (A) N1500 (D) 1995 (A) N5 ka BP (E)
t1:21 Elapsed time [years] 139 (A) b600 (D) 46 (A) 46 (A) b1500 (E) 22 (A) b570 (D) 5 (A) b5 ka (E)
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287 generally makes evident the occurrence of a fault, therefore guiding the
288 scientists to investigate a specific seismogenic structure and making
289 specific single-event effects-based observations. In contrast, most active
290 faults not associated with recent strong events, need to be firstly
291 recognised in the field and only subsequently be investigated by focus-
292 ing on the associated cumulative effects.

293 3. Comparison between single-event effects and cumulative effects

294 In this chapterwe consider four case studies of active faults causative
295 ofmoderate-to-strong seismic eventswhich affected the AegeanRegion
296 in the recent past. For the purpose of this paper, we separately follow
297 the two investigating approaches; that is to say, we firstly examine
298 the seismogenic sources using only single-event effects-based tools and
299 exclusively relying on single-event effects information, therefore deliber-
300 ately ignoring any cumulative effects information. Secondly, we analyse
301 the same seismogenic structures limiting the observations to the
302 cumulative effects as if the major earthquake did not occur (i.e. deliber-
303 ately ignoring the single-event effects and associated information)
304 and consequently applying the specific investigation tools previously
305 mentioned.
306 The selected four case studies (Fig. 1) are represented by well
307 expressed faults, which have been reactivated by earthquakes in differ-
308 ent epochs, therefore allowing also to investigate the variable (in time)
309 quality and degree of uncertainty regarding the seismotectonic infor-
310 mation that can be obtained from the analysis of single-event effects. In
311 Table 1, the seismotectonic parameters for the considered case studies
312 are listed, giving a synthetic view and allowing a direct comparison
313 and brief analysis of the differences and similarities between the two
314 sets of results as obtained by applying the two methodological ap-
315 proaches. According to the reliability and accuracy of the results, a qual-
316 ity factor is also attributed to each parameter. It varies fromA, indicating
317 fully reliable and accurate results, to E, representing poorly documented
318 values generally tentatively inferred from empirical relationships and/
319 or with large uncertainty.
320 In the following chapter (Section 4. Discussion), similarities and es-
321 pecially differences between the numerical results and associated un-
322 certainties obtained following the two approaches and based on the
323 two different sources of information are discussed in order to emphasize
324 advantages and limitations.

3253.1. South Corinth Gulf Fault System

326The Gulf of Corinth is one of the most tectonically active regions
327worldwide, showing an intense seismicity both in terms of magnitude
328and frequency. The gulf corresponds to an asymmetric graben which
329is likely characterized underneath by a low-angle N-dipping fault
330(Rigo et al., 1996; Bernard et al., 1997; Exadaktylos et al., 2003; Flotté
331et al., 2005; Gautier et al., 2006; Q14Sachpazi et al., 2007; Skourtsos and
332Kranis, 2009, and many others). The southern side of the gulf close to
333the northern coast of Peloponnesus is affected by an important compos-
334ite seismogenic source: the South Corinth Gulf Fault System (a in Fig. 1;
335sometimes referred to in the literature as Egion or Aigion Fault). One of
336themajor individual active structures (ISS) of this complex shear zone is
337the East Heliki Fault (Fig. 3; Rigo et al., 1996; Le Meur et al., 1997; Sorel,
3382000; Chéry, 2001; Flotté and Sorel, 2001; Cianetti et al., 2008), which
339was re-activated during the December 26, 1861 Valimitika earthquake
340(Fig. 4). This case study has been selected because it represents the
341first example for Greece of penecontemporaneous systematic field
342investigations complete of a detailed ground ruptures map (Fig. 5)
343and a scientific report of many seismically induced effects (Schmidt,
3441867; 1879).

3453.1.1. Single-event effects
346The 1861 earthquake had a maximum intensity X (MCS) and a
347macroseismic field suggesting an E(SE)-W(NW) trending fault (Fig. 4).
348The estimated magnitude is 6.7 (Papazachos and Papazachou, 1997)
349or 6.6 according to Ambraseys and Jackson (1997) and Papadopoulos
350(2000). The latter magnitude could be considered the maximum ex-
351pected event for this seismogenic source, given that it also matches
352the maximum recorded magnitudes from the broader Corinth Gulf
353(Papadopoulos, 2000). It should also benoted, however, that themagni-
354tude obtained by inversion of the seismic moment ( Q15Aki, 1966) calculat-
355ed from the inferred parameters (see Table 1) would be somehow
356smaller (6.5).
357As mentioned above, the 1861 earthquake represents the first case
358in Greece of systematic field investigations carried out within the epi-
359central area soon after the event thus providing many descriptions
360and observations about the coseismic effects, like liquefaction, ground
361ruptures and damages to buildings (Fig. 5; Q16Schmidt, 1867, 1879).
362The ground ruptures are considered the surface expression of the

Fig. 3.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
1861 ground ruptures (Schmidt, 1867; 1879), theNeotectonic fault traces (Poulimenos andDoutsos, 1996; Roberts andKoukouvelas, 1996; Kokkalas and Koukouvelas, 2005; Koukouvelas
et al., 2005), the location of the palaeoseimological trenches (Koukouvelas et al., 2001; Pavlides et al., 2004) and the results of mesostructural analyses (Doutsos and Poulimenos, 1992;
Stewart, 1996;Micarelli et al., 2003) are also represented. For reference, theWest Heliki Fault (box C) is alsoQ1 drawn, separated by a right-stepping geometry possibly representing a ‘strong’
barrier. Seismotectonic parameters of the analysed ISSs (boxes A and B) are reported in Table 1.
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363 seismogenic fault (i.e. minimum depth = 0 km) and are aligned in an
364 E(SE)-W(NW) direction, in agreement with the macroseismically in-
365 ferred fault orientation (assumed strike = 280°).

366Accordingly, the surface rupture length was 13–15 km. Howev-
367er, based on magnitude and empirical relationships (Wells and
368Coppersmith, 1994; Pavlides and Caputo, 2004), this value is

Fig. 4. Isoseismals (MM) and macroseismic epicentre of the 1861 Valimitika earthquake (redrawn from Papazachos et al. (1997).

Fig. 5. Reproduction of the original map of Schmidt (1867) relative to the macroseismic area of the 1861 Valimitica earthquake.
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369 certainly underestimated. Accordingly, the fault rupture likely con-
370 tinued offshore for some more kilometres, but no specific informa-
371 tion is available from historical sources (assumed value 15 km, see
372 Table 1). The surface displacement was normal (south up, north
373 down) and the maximum observed value was about 1 m. No direct
374 information is available for the dip-angle (assumed value 60° as
375 typical for normal faults), maximum depth and width. The latter
376 parameter could be tentatively inferred from empirical relation-
377 ships, although the use of different correlated parametres (e.g.
378 width vs magnitude = 16 km; Wells and Coppersmith, 1994; or
379 width vs length = 9 km; Wesnousky, 2008) provides quite differ-
380 ent outputs, thus suggesting a large uncertainty for the assumed
381 mean value (12 km) and hence for the maximum depth (10 km).
382 The 1861 earthquake obviously represents the last event on the East
383 Heliki Fault and therefore the elapsed time is perfectly constrained. Box
384 A in Fig. 3 represents the horizontal projection of the individual
385 seismogenic source as obtained from the above values.

386 3.1.2. Cumulative effects
387 The trace of the East Heliki Fault has beenmapped in detail by sever-
388 al authors (Poulimenos and Doutsos, 1996; Roberts and Koukouvelas,
389 1996; Koukouvelas et al., 2001, 2005; Kokkalas and Koukouvelas,
390 2005) and hence the mean strike (277°) is well constrained (Table 1).
391 Morphometric analyses document the linear morphogenic activity
392 (Q17 Caputo, 2005) of the fault (Koukouvelas et al., 2001; Verrios
393 et al., 2004) which has also deflected the flow path of the Kerynitis,
394 Vouraikos and Selinous Rivers (Fig. 3; Pavlides et al., 2004; McNeill
395 et al., 2005) and thus the minimum depth is posed 0 km.
396 The South Corinth Gulf Fault System (a in Fig. 1) consists of two
397 major segments, the East Heliki and West Heliki faults (boxes B and C,
398 respectively, in Fig. 3), characterized by a right-stepping partially over-
399 lapping geometry. Although the issue is still debated in the literature,
400 the stepping distance of about 3 km represents an ‘open relay’ (e.g.
401 Soliva and Benedicto, 2004) and hence a ‘strong segment barrier’ (Kato
402 and Hirasawa, 1996) likely halting the coseismic rupture starting from
403 any of the two segments (dePolo et al., 1991; Yeats et al., 1997). Accord-
404 ingly and focusing only on the East Heliki Fault as the ISS associatedwith
405 the 1861 earthquake, the geologically and morphotectonically mapped
406 trace on land showing evidences of recent activity is at least 20 km-
407 long (Roberts and Koukouvelas, 1996; Stewart, 1996; Koukouvelas
408 et al., 2001; Micarelli et al., 2003; Verrios et al., 2004). However, the oc-
409 currence of uplifted marine terraces and notches on limestone cliffs un-
410 doubtedly documents the offshore continuation of the fault (Figs. 6 and
411 7; Stewart, 1996;Q18 Stewart and Vita-Finzi, 1996; McNeill and Collier,
412 2004), which is further confirmed by seismic profiles (Fig. 8; Stefatos
413 et al., 2002; Lykousis et al., 2007; Bell et al., 2008; Taylor et al., 2011).

414Based on the combined information obtained from these cumulative
415effects, the total length of the East Heliki Fault is estimated to be ca.
41625 km.
417Structural analyses on fresh slickensides clearly showanalmost pure
418dip-slip normal kinematics (assumed rake 280°) associated with a N-S-
419trending tensile stress field (Fig. 3; Doutsos and Poulimenos, 1992;
420Stewart, 1996; Micarelli et al., 2003).
421Microearthquake investigations in the broader area (Rietbrock et al.,
4221996; Rigo et al., 1996; Gautier et al., 2006; Bourouis and Cornet, 2009),
423help in constraining the seismogenic layer thickness, the geometry at
424depth and the possible interactionwith a low-angle detachment under-
425lying the Corinth Gulf (Fig. 9). Taking into account the overall geometry
426and considering a likely mechanical continuity with the low-angle
427segment, we could estimate some parameters like the maximum
428depth (ca. 10 km), the width (15.5 km) and a mean dip-angle value
429(40°; assuming a simplified planar fault plane as required for the ISSs
430of GreDaSS; Fig. 2; see also Basili et al. (2008)).
431Slip-per-event has been obtained from several palaeoseismological
432trenches (Koukouvelas et al., 2001; Pavlides et al., 2001, 2004;
433Chatzipetros et al., 2005) and ranges from 0.5 to ca. 2.0 m (Fig. 10)
434suggesting a mean value of 0.8 m (Table 1).

Fig. 6.Map of the marine terraces uplifted in the footwall block of the East Heliki Fault (redrawn from McNeill and Collier (2004)) documenting the recent activity and the cumulative
effects along the eastern offshore portion of this seismogenic source. Values in mm/a refer to uplifted Holocene notches and beaches.

Fig. 7. Coastal profiles at Paralia Platanou and Aegira showing the inferred position
(arrow-heads) of prominent erosional levels cut into limestone cliffs (bmsl: biological
mean sea level; novertical exaggeration). Redrawn fromStewart (1996). These cumulative
effects help in constraining a mean uplift-per-event (viz. slip-per-event), a mean recur-
rence interval and hence a short-term slip-rate.
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435 The determination of the slip-rate is based on different investigation
436 methods that provide data for both short- and long-term values. For ex-
437 ample, direct measurements, like palaeoseismological trenches or seis-
438 mic reflection profiles (Koukouvelas et al., 2005; Chatzipetros et al.,
439 2005; McNeill et al., 2005;Q19 Bell et al., 2009) suggest values varying be-
440 tween 0.3 and ca. 5 mm/a. On the other hand, indirect inferences, like
441 using the coastal uplift or GPS extension rates (De Martini et al., 2004;
442 McNeill and Collier, 2004; Pirazzoli et al., 2004) generally provide
443 higher values (3–11 mm/a) that are commonly explained by the au-
444 thors due to aseismic ‘creep’ and/or displacement partitioned on
445 multiple subparallel faults. Palaeoseismological investigations sug-
446 gest that during the Holocene, seismic reactivations were clustered
447 in short periods of higher slip-rate separated by long periods of qui-
448 escence. Moreover, both trenches and raised marine notches docu-
449 ment higher values during the Holocene with respect to the Late

450Pleistocene, confirming a variable seismotectonic behaviour and a
451recently increased slip-rate (e.g. Stewart, 1996; Koukouvelas et al.,
4522005). Based on the critical analysis of the above information, we as-
453sume 0.5–2.0 mm/a as a tentative range of values for the slip-rate,
454while considering also geomorphological results ( Q20Mouyiaris et al.,
4551992; Stewart, 1996) a possible recurrence interval between 200
456and 1600 years could be inferred.
457For the purpose of this paper devoted to test the reliability of the two
458different sources of information, we hypothetically assume to ignore the
459exact date of the 1861 event. Notwithstanding, palaeoseismological in-
460vestigations somehow contribute to constrain the timing of the last
461event (b700 years BP) and therewith the elapsed time (b600 years).
462Using the obtained length, width and slip-per-event and assuming a
463realistic value for rigidity, a maximum expected magnitude of 6.6 (Mw)
464can be finally estimated by means of the seismic moment ( Q21Aki, 1966).

Fig. 8. Interpreted air-gun profile carried out offshore the Akrata village showing that the southern limit of the Corinth Gulf (see inset map for location) is actually controlled by the East
Heliki Fault (modified from Stefatos et al. (2002)); these cumulative effects document the eastern offshore continuation of the ISS.

Fig. 9.Hypocentral distribution of themicroseismic activity across thewestern sector of the Eliki Fault (Bourouis and Cornet, 2009) constraining the geometry of the structure, its connec-
tion with a low-angle detachment (dashed line), the maximum seismogenic depth and hence the fault width.
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465 3.2. Domokos Fault System

466 The second case study is represented by a major fault zone affecting
467 southwest Thessaly and referred to as Domokos Fault System (b in
468 Fig. 1; Caputo, 1995). This structure runs along the boundary between
469 the Karditsa Plain, to the NE, and the Pindos mountain range, to the
470 SW (Fig. 11). The geological and tectonic complexity of the structure
471 is certainly due to its poly-phased evolution and the present-day
472 seismogenic source likely developed by exploiting several inherited
473 sliding surfaces represented by NW-SE trending Oligocene–Miocene
474 thrust planes, mainly inverted during the Pliocene (-Early Pleistocene)
475 NE-SW extensional post-collisional collapse and further reactivated in
476 the frame of the still active N-S crustal stretching (Caputo and
477 Pavlides, 1993). As a consequence, in Middle–Late Quaternary these

478structures started branching and linking with newly generated, E-W
479trending, fault segments. The Domokos Fault System was largely re-
480activated during the April 30, 1954 Sophades earthquake (Fig. 12).

4813.2.1. Single-event effects
482Although the Sophades earthquake occurred during the instrumen-
483tal period, at that time the European and especially the Greek seismo-
484graphic networks were not particularly developed and hence the
485available seismological information is relatively poor. According to the
486recordings of the National Observatory of Athens (after Papastamatiou
487and Mouyiaris (1986)), the originally reported magnitude was Ms =
4887.0, while a revised surface waves magnitude of 6.7 was proposed by
489Ambraseys and Jackson (1990). The latter value has been considered as
490a more reliable maximum expected magnitude for this ISS (Table 1). As

Fig. 10. Example of palaeoseismological trench across the Eliki Fault trace providing information on the slip-per-event, the recurrence interval and hence the (short-term) slip-rate (mod-
ified from Pavlides et al. (2004)). Alphabetic codes refer to the Nelson's (1992) classification for colluvial deposits, while Fn and Cn are stratigraphic units codes referred to in the original
paper.

Fig. 11.Mapof theDomokos Fault System, Southern Thessaly, showing the seismogenic sources obtained from the analysis of single-event effects (two alternative solutions: boxesA and B)
and of cumulative effects (box C). The 1954 ground ruptures (Papastamatiou andMouyaris, 1986), the Neotectonic fault traces (Caputo, 1990; Valkaniotis, 2005; Palyvos and Pavlopoulos,
2008), the location of thepalaeoseismological trenches (Palyvos et al., 2010), the sites ofmesostructural analysis (Caputo, 1990; Caputo and Pavlides, 1993) and theproposed epicentres (1
=McKenzie, 1972; 2=National Observatory of Athens; 3=Papazachos et al., 1982) are also represented togetherwith a hypothetical, but discarded, alternative ‘geological’ solution (box
D; see text for discussion). Seismotectonic parameters of the analysed ISSs (boxes A, B and C) are reported in Table 1.
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491 concerns the geographical location of the source, different epicentres
492 have been proposed, all located well north the morphological boundary
493 between mountain range and alluvial plain (Fig. 11).
494 Themacroseismicfield has beenfirstly reconstructed byGalanopoulos
495 (1955, in Galanopoulos, 1959) and revised by Papazachos et al. (1982,
496 1997); (Fig. 12). Notwithstanding the large number of intensity points
497 considered during the revisions (152), the isoseismal patterns largely
498 differ both in orientation and shape (Fig. 12), thus suggesting the large
499 uncertainty intrinsic in the proposed maps and hence in the possible
500 location and orientation of the causative fault.
501 The first field observations of the coseismic ground ruptures took
502 place five days after themain shock (see notes by Yannis Papastamatiou
503 in Papastamatiou andMouyiaris (1986)), describing amajor NNW-SSE-
504 trending fracture only few kilometres-long (7–8 km; Fig. 11). This
505 length is certainly not appropriate for a strong (assumed magnitude
506 6.7) upper-crust normal fault earthquake that should be associated
507 with an emergent rupture plane (i.e. ‘linear morphogenic earthquake’;
508Q22 Caputo, 2005) more than 20 km-long (Pavlides and Caputo, 2004). At
509 this regard and speculating on some isolated ground fractures observed
510 almost 15 kmWNW of Ekkara and 6 km ESE of Domokos (Fig. 11), and
511 tentatively assuming a possible blind (or unmapped?) continuity of the
512 coseismic rupture, the total surface length would be ca. 23 km.
513 Maximum observed dislocation was 90 cm, characterized by a large
514 heave and a left-lateral strike-slip component of relative motion, caus-
515 ing the subsidence of the northeastern block (Fig. 13). Papastamatiou
516 and Mouyiaris (1986) hesitantly associate these surface fractures with
517 the seismogenic fault, therefore suggesting a minimum depth of the
518 ISS (i.e. top of the fault) greater than 0 km (we conventionally assigned
519 1 km).
520 Using length-to-width empirical relationships (Wesnousky, 2008;
521 Leonard, 2010) the width is in the range 14–15 km, while taking into
522 account the preferred magnitude and length (Table 1) and assuming a
523 reasonable value for rigidity and average slip (say, 1m for aM6.7 earth-
524 quake), a width of 17.5 km is obtained. All these values are in contrast
525 with the proposed epicentral locations as far as the horizontal projec-
526 tion of any of these fault planes would not include them (Fig. 11). If
527 we i) disregard this seismological information (i.e. epicentral locations),
528 ii) consider a preferredwidth value of 16 km and iii) assume a dip angle

529of 60° typical for normal faults, the maximum depth could thus be
530estimated (15 km). Accordingly, the proposed ISS is represented by
531box A in Fig. 11 (inferred strike 295°).
532The proposed seismogenic source could justify the Q23Galanopoulos
533(1955) and Papazachos et al. (1982) macroseismic fields, but not the

Fig. 12. Isoseismals and macroseismic epicentre of the 1954 Sophades earthquake fromQ2 Galanopoulos (1955; in Galanopoulos (1959); Papazachos et al. (1982) and Papazachos et al.
(1997).

Fig. 13. View of the 1954 co-seismic ESE-WNW-trending ground rupture cutting the allu-
vial deposits few hundred metres NW of Kato Agoriani village (actually named Ekkara;
photo from Papastamatiou and Mouyaris (1986)). See Fig. 11 for location.
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534 most recent revision (Papazachos et al., 1997) and above all it is not in
535 agreement with the focal mechanism of the main shock (McKenzie,
536 1972; Fig. 14). Indeed, the preferred fault plane solution based on first
537 motion polarities from short period seismic records indicates a NNW-
538 SSE-trending nodal plane (assumed strike, dip and rake of 353°, 29°
539 and 300°, respectively). Following the above approach procedure
540 based on existing empirical relationships, it could be also possible to
541 tentatively constrain the geometrical parameters (Table 1). This alterna-
542 tive solution (box B in Fig. 11) would be in better agreement with the
543 major ground ruptures observed during the post-seismic field survey
544 (Papastamatiou andMouyiaris, 1986) and bearing an oblique-slip kine-
545 matics, but itwould be conflictingwith the epicentral location and espe-
546 cially the inferred maximum depth is likely too shallow for a strong
547 earthquake.
548 In conclusion, information provided by single-event effects are some-
549 howcontradicting because some field observations and themacroseismic
550 field suggest an ESE-WNW trending almost blind plane (box A in Fig. 11),
551 while the focal mechanism and the major ground ruptures indicate a
552 NNW-SSE-trending oblique-slip (normal and left-lateral) fault (box B in
553 Fig. 11). By default, single-event effects do not provide information regard-
554 ing the recurrence interval nor the slip-rate.

555 3.2.2. Cumulative effects
556 Based on detailed geological and morphotectonic mapping (Caputo,
557 1990, 1995; Caputo and Pavlides, 1993; Valkaniotis, 2005), a geometri-
558 cally complex fault zonewith clear evidences of Quaternary activity has
559 been recognised. The fault strike is almost E-W, in the eastern sector,
560 and WNW-ESE, in the western sector. The cumulative length of the

561whole fault zone bearing clear evidence of neotectonic activity
562(Caputo et al., 2008) is ca. 50 km (box D in Fig. 11). Accordingly, the
563minimum depth is assumed = 0 km.
564The structure is composite, probably still evolving (i.e. in a phase of
565alternating growing and connecting segments; Q24Schultz and Fossen,
5662002; Q25Kim and Sanderson, 2005) and characterized by several minor
567segments on the way to be interconnected by the coalescence and re-
568activation of inherited sliding planes (Figs. 11 and 15). The different
569segment boundaries show a left-stepping geometry and sometimes a
570partial overlap; these two parameters likely determine the occurrence
571of a hard- versus a soft-boundary (e.g. Soliva and Benedicto, 2004, and
572references therein). In particular, the two central segments (Leondari
573and Velessiotes; Fig. 15) could likely behave as a unique seismogenic
574source due to the large overlapping geometry and an offset of less
575than 1 km (i.e. ‘fully breached relays’; Soliva and Benedicto, 2004) po-
576tentially not sufficient for arresting a coseismic rupture (Yeats et al.,
5771997). Accordingly, the total length of the considered ISS is ca. 30 km,
578while the strike is 285° (box C in Fig. 11).
579Maximum depth (~15 km) is constrained according to microseis-
580micity distribution (Fig. 16; Kementzetzidou, 1996; Hatzfeld et al.,
5811999) and geological–geophysical considerations on the local crustal
582thickness, crustal rheology and the brittle–ductile transition depth
583(Sboras, 2012). Assuming a typical dip-angle for normal faults (60°),
584thewidth could be also estimated (ca. 17 km) based on trivial trigonom-
585etry providing a value in good agreement with empirical relationships
586between geometric parameters (16 and 17 km; from Q26Wesnouski,
5872008, and Leonard, 2010, respectively).
588Palaeoseismological investigations recently carried out by Palyvos
589et al. (2010) provide evidence that part of the ground ruptures observed
590after the 1954 Sophades earthquake near Ekkara village were likely

Fig. 14. The focal mechanism proposed by McKenzie (1972) for the 1954 Sophades
earthquake based on first motion polarities from short period seismic records suggesting
a NE-dipping nodal plane oriented NNW-SSE.

Fig. 15. Distribution of the cumulative displacement measured along strike of the Domokos Fault System showing the occurrence of four major segments separated by hard- and soft-
boundaries (black and grey arrows, respectively). Bars below the graph indicate location of the segments and schematically show the relative overlapping and overstepping geometry.
Modified from Valkaniotis (2005).

Fig. 16.Depth distribution of themicroseismicity in southern Thessaly showingmaximum
values at ca. 15 km. The arrow on the bottom indicates the north direction. Modified from
Kementzetzidou (1996).
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Fig. 17. Log of a palaeoseismological trench excavated across the 1954 ground ruptures near Ekkara showing the occurrence of pre-1954 linearmorphogenic earthquakes (Q3 Caputo, 2005).
Modified from Palyvos et al. (2010). Numbers/letters indicate different stratigraphic units referred to in the original paper.

Fig. 18. Inferred timing of the pre-1954 event as obtained from a palaeoseismological investigation and enabling to estimate a mean recurrence interval. Modified from Palyvos and
Pavlopoulos (2008).

12 R. Caputo et al. / Earth-Science Reviews xxx (2015) xxx–xxx

Please cite this article as: Caputo, R., et al., Comparison between single-event effects and cumulative effects for the purpose of seismic hazard
assessment. A review from Greece, Earth-Sci. Rev. (2015), http://dx.doi.org/10.1016/j.earscirev.2015.05.004

http://dx.doi.org/10.1016/j.earscirev.2015.05.004


U
N
C
O

R
R
E
C
T
E
D
 P

R
O

O
F

591 connectedwith the seismogenic surface (Fig. 11). They also clearly doc-
592 ument the occurrence of at least three linear morphogenic events, and
593 possibly four, during the last 17–20 ka (Fig. 17). The measured slip-
594 per-event ranges between 1 and 2 m, but considering their hypothesis
595 of additional events, the preferred value is about 1 m. The calculated
596 slip-rate is 0.3–1.0 mm/a, while the suggested recurrence interval is
597 N3.2 ka (Fig. 18; Palyvos et al., 2010).
598 For the purpose of this paper, if we suppose to ignore the date of
599 the last event (e.g. 1954), the palaeoseismological investigations
600 would have provided only a weak chronological constraint for the
601 last event (post 500 AD) and hence of the elapsed time (b1.5 ka
602 BP), within the uncertainties of the applied archaeological dating
603 technique (Palyvos et al., 2010), but well below the suggested recur-
604 rence interval.
605 Systematic mesostructural analyses within the broader area
606 (Caputo, 1990; Caputo and Pavlides, 1993) document for the (Middle–
607 Late) Quaternary a prevailing dip-slip kinematics with a slight left-
608 lateral component associated with a ca. N-S direction of extension
609 (Fig. 19a–c). This is also confirmed by observations within the
610 palaeoseismological trenches (Fig. 19d). The assumed rake is 285°.
611 Finally, the above parameters as obtained from the analysis of cumu-
612 lative effects allow estimating the maximum expected magnitude
613 (Mw=6.8), as aworst-case scenario assuming that the two central seg-
614 ments of the Domokos Fault (Leondari and Velessiotes), for a total
615 length of 30 km, are reactivated (box C in Fig. 11).

6163.3. Mygdonia Fault System

617The southern border of theMygdonia Basin is characterized by an im-
618portant fault zone mainly striking in a rough E-W direction (c in Fig. 1).
619The fault system crosses obliquely the Cimmerian and Alpine orogenic
620features though it locally follows some NW-SE-trending inherited dis-
621continuity (Mountrakis et al., 1983; Pavlides and Kilias, 1987; Fig. 20).
622As a third case study, we focus on a major segment of this fault system,
623the Gerakarou Fault, which has been re-activated by the June 20, 1978
624Stivos earthquake, heavily affecting the city of Thessaloniki, the second
625largest metropolitan urban area of Greece (Fig. 21).

6263.3.1. Single-event effects
627The epicentral area of the Stivos earthquake is located in the centre
628of the Mygdonia Basin, between the Lakes of Koronia and Volvi, about
62930 km E(NE) of Thessaloniki (Figs. 20 and 21). The estimated seismic
630moment ranges between 2.7·1018 and 8.7·1018 (corresponding to
631Mw = 6.2–6.6) and differences generally depend on the applied meth-
632od, like P-wave spectrum analysis, trial-and-error waveformmodelling,
633generalized inversion of teleseismic P and Sh waves or CMT (Kulhánek
634and Meyer, 1979; Barker and Langston, 1981; Soufleris and Stewart,
6351981). A mean conservative value of 6.6 could be considered the maxi-
636mum expected magnitude (Table 1).
637Several focal mechanisms of the main shock have been proposed by
638different authors (Fig. 21; Barker and Langston, 1981; Soufleris and

Fig. 19. Results of quantitativemesostructural analyses based on faults ((a) and (c)) and extensional joints (b) collected in the broader area of the Domokos Fault System and attributed to
theMiddle Pleistocene–Present extensional phase (from Caputo (1990)). The principal stress axes obtained from numerical inversions (Caputo and Pavlides, 1993) are also reported (tri-
angles: σ1; rhombs: σ2; stars: σ3). d) Slickensides measured in the palaeoseismological trenches excavated by Palyvos et al. (2010), where black curves with arrows indicate the average
striated plane observed in each trench (T1, T2 and T3); grey arrows and small circles represent all measured slip-vectors and poles to plane, respectively (redrawn from Palyvos and
Pavlopoulos (2008)).
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639 Stewart, 1981; Dziewonski et al., 1987; Vannucci and Gasperini, 2003,
640 2004). They substantially agree showing roughly E(SE)-W(NW)-strik-
641 ing nodal planes (273°–289°), dipping between 43° and 55°, with a pre-
642 vailing dip-slip kinematics and some left-lateral component (rake 272°–
643 300°). According to the occurrence of coseismic ground ruptures, the
644 preferred seismic plane is the N-dipping one. The assumedmean values
645 are reported in Table 1.
646 Proposed hypocentral depths are 8 km (Soufleris and Stewart,
647 1981), 10 km (Dziewonski et al., 1987), 11 ± 1 km (Barker and
648 Langston, 1981), 12–15 km (according to NEIS and CSEM agencies, see
649 Carver and Bollinger (1981)) and 16 ± 5 km (Kulhánek and Meyer,
650 1979). Also the aftershock distribution, was monitored soon after the
651 major event by a local temporary network (Fig. 22; Carver and

652Bollinger, 1981; Soufleris et al., 1982). However, the results published
653in the literature are not sufficient for better defining shape and dimen-
654sions at depth of the fault surface. This was probably due to the odd ge-
655ometry and density of the seismographic network, the technological
656limitations of the used instrumentation, or the velocity model applied
657for the inversion of the data. In conclusion, a preferred value for the
658maximumdepth of the seismogenic source could be 12 km. Considering
659the case of an emergent fault (i.e. minimum depth = 0 km); as sug-
660gested by the ground ruptures, the assumed maximum depth and the
661dip-angle of the preferred nodal plane, a fault width of 16 km could be
662calculated (box A in Fig. 20).
663Fault dimensions have been constrained based on the inversion of P
664and Shwaveforms (Roumelioti et al., 2007) suggesting a ca. 25 km-long

Fig. 20.Map of theMygdonia 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 palaeoseimological trenches and the results of mesostructural analyses are also represented. The other
major segments of the fault system are: Lagadhas Fault (box D), Apollonia Fault (box C) and Asvestochori Fault (box E). See text for discussion and full reference list. Seismotectonic
parameters of the analysed ISSs (boxes A and B) are reported in Table 1.

Fig. 21. a) Isoseismal curves, macroseismic and instrumental epicentres of the 1978 Stivos earthquake. Foreshocks and aftershocks are also represented as light and dark grey cirlces, re-
spectively. The location of the ground ruptures and some focal mechanisms of the main shock are also represented. See text for discussion and full reference list.
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665 rupture plane and confirming the above-mentioned preferred width
666 value (Fig. 23). The coseismic ground ruptures followed three major
667 alignments (Fig. 20) characterized by different strike and kinematics
668 but showing amechanical consistency and an overall NNW-SSE length-
669 ening direction (Fig. 24; Mercier et al., 1979, 1983; Papazachos et al.,
670 1979). The most important set of fractures, trending ENE-WSW, runs
671 parallel to the southernmargin of the basin for ca. 23 km and likely cor-
672 responds to the surface expression of the causative fault. A mean value
673 (24 km) between seismological inferences and field observations has
674 been assumed. It is worth notingQ27 that a blind faulting model has been
675 proposed (Stiros and Drakos, 2000) on the assumption that the ob-
676 served ground ruptures represent secondary coseismic effects.
677 The average and maximum displacements observed in the field are
678 8–10 cm and 25 cm, respectively (Fig. 25; Pavlides and Caputo, 2004)
679 in agreement with seismological data (Fig. 23). The mean displacement
680 for the whole fault plane estimated on the basis of seismological data
681 varies from 0.25 to 0.95 m (Kulhánek and Meyer, 1979; Soufleris and
682 Stewart, 1981; Soufleris et al., 1982;Q28 Soufleris and King, 1983;
683 Roumelioti et al., 2007), while the geodetic models suggest a mean
684 coseismic motion of 0.45 or 0.57 m (Stiros and Drakos, 2000). Based
685 on the above, a mean value of 0.5 m has been assumed (Table 1).

686 3.3.2. Cumulative effects
687 Geological andmorphotectonic mapping of the Mygdonia Fault Sys-
688 tem clearly documents the occurrence of recent fault scarps (i.e. mini-
689 mum depth = 0 km) and associated faults running along the southern

690margin of the plain (Fig. 20; Kockel and Mollat, 1977; Mercier et al.,
6911979; Mountrakis et al., 1996; Chatzipetros, 1998; Tranos et al., 2003).
692The structure is composed of few major segments trending between
693E(NE)-W(SW) and (W)NW-(E)SE. The central sector of the fault system
694is represented by the Gerakarou Fault (box B in Fig. 20), which is
695delimited to the east by an angular boundary connecting with the
696Apollonia Fault (box C in Fig. 20), while showing to the west either an
697angular boundary with the (W)NW-(E)SE trending Langadha Fault
698(box D in Fig. 20) and possibly a left-stepping geometry with the
699Asvestochori Fault (box E in Fig. 20). With the latter structure, Tranos
700et al. (2003) suggest the occurrence of a possible linkage zone (question
701mark in Fig. 20). Assuming hard segment boundaries at both sides, the
702Neotectonic fault length (Caputo et al., 2008) of the Gerakarou Fault is
703therefore ca. 23 km and its mean strike 265° (Table 1).
704Mesostructural analyses within the seismogenic volume document a
705Quaternary NNW-SSE-trending extensional field (Fig. 26; Mercier et al.,
7061983; Pavlides and Kilias, 1987) from which a mean rake of 280° could
707be inferred.
708Microearthquake investigations (Hatzfeld et al., 1986/87; Tranos
709et al., 2003; Galanis et al., 2004; Paradisopoulou et al., 2006) constrain
710the seismogenic layer thickness down to a maximum depth of ca.
71115 km (Fig. 27), also suggesting a listric fault surface characterized by
712a dip-angle varying between 70° (upper 8 km) and 46° (deeper

Fig. 22. Depth distribution of the 1978 seismic sequence (left: redrawn from Soufleris et al. (1982); right: histogram data from Carver and Bollinger (1981)) showing a maximum
seismogenic depth of 12 km with just few exceptions.

Fig. 23. Slip distribution on the fault plane as computed from the joint inversion of P and S
waveforms and geodetic data. Modified from Roumelioti et al. (2007).

Fig. 24.Numerical inversion of the 1978 ground ruptures showing an overall good consis-
tency with a NNW-SSE direction of extension (stress symbols as in Fig. 19; redrawn from
Mercier et al. (1983)).
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713 than 8 km; Hatzfeld et al., 1986/87). A mean value of 57° has thus
714 been assumed. According to minimum and maximum depths and
715 dip-angle, the estimated width of this ISS is ~18 km, though based
716 on width vs length relationships (Q29 Wesnouski, 2008; Leonard,
717 2010) it would be only 15 and 14 km, respectively. Considering the
718 maximum depth as seismologically well constrained, the latter
719 values probably underestimate this fault dimension and we keep
720 the above values.
721 Palaeoseismological investigations (Fig. 28;Q30 Pavlides, 1993; Cheng
722 et al., 1994; Chatzipetros, 1998; Chatzipetros et al., 2005) confirm that
723 the 1978 coseismic rupture reached the surface with a dip-angle of
724 65°–74°. Trenches also document the occurrence of at least other four
725 linear morphogenic earthquakes, characterized by local slip-per-event
726 values ranging between 10 and 25 cm. Taking into account the location
727 of the trenches with respect to the fault traces geometry, these values
728 likely underestimate the fault activity. Accordingly, a slip-per-event of
729 0.5 m and a mean recurrence interval of 1.0–1.5 ka are assumed as
730 more typical values of this seismogenic structure.
731 Supposing to ignore the exact date of the last earthquake (e.g. 1978),
732 palaeoseismological trenches document the occurrence of two events
733 after 910AD. The older is tentatively associatedwith the 1430 AD earth-
734 quake, therefore chronologically constraining the last event on this
735 seismogenic source during the past 570 years and accordingly the
736 elapsed time.

737Based on the observed coseismic slips and the constrained ages of
738the palaeoevents, the slip-rate varies between 0.26 and 0.7 mm/a
739(Chatzipetros, 1998; Chatzipetros et al., 2005), thus emphasizing the
740lateral variability of the fault behaviour and the possible occurrence of
741some amount of post-seismic creep causing an over-estimation of this
742parameter (see discussion in Caputo et al. (2008)).
743Themaximum expected magnitude calculated by means of the seis-
744mic moment is 6.5 (Mw). On the other hand, using empirical relation-
745ships (Wells and Coppersmith, 1994; Pavlides and Caputo, 2004) it
746would be 6.6–6.7 (length vs magnitude) or 6.4–6.6 (slip vs magnitude).
747Considering that the greater values come from inversion of surfacemag-
748nitudes (Pavlides and Caputo, 2004) the preferred maximum expected
749value remains 6.5 (Table 1).

7503.4. Aliakmonas Fault System

751Western Macedonia region is affected by an important fault system,
752which cuts across the orographic and morphological first-order texture
753of theNW-SE trendingHellenides fold-and-thrust belt (Fig. 1). Although
754the broader region was considered a rigid ‘aseismic’ block (Voidomatis,
7551989; Papazachos, 1990) the May 13, 1995 Kozani–Grevena earth-
756quake, one of the strongest events affecting northern Greece during
757the last decades, partly re-activated the Aliakmonas Fault System
758(Fig. 29).

7593.4.1. Single-event effects
760The causative seismogenic source of the 1995 earthquake has been
761clearly recognised and well located from either the macroseismic field
762(Fig. 30), the focal parameters (Dziewonski et al., 1996; Hatzfeld et al.,
7631997; Papazachos et al., 1998; Kiratzi and Louvari, 2003; Fig. 30) and
764the several kilometre-long coseismic ground ruptures (Fig. 31). Estimat-
765ed seismic moments derived from seismological data vary from
7664.9·1018 to 7.6·1018 N·m (Dziewonski et al., 1996; Hatzfeld et al.,
7671997; Ambraseys, 1999; Vannucci and Gasperini, 2003, 2004) corre-
768sponding to Mw = 6.4–6.5. Also numerical modelling based on DInSAR
769analyses (Fig. 32; Rigo et al., 2004), geodetic data (Fig. 33; Clarke et al.,
7701997), or seismological ones (Suhadolc et al., 2007) suggest M0 =
7717.8·1018 N·m (Mw ~ 6.5), M0 = 16.3·1018 N·m (Mw ~ 6.7) and
772Mw=6.6, respectively. Assuming that the 1995 earthquakewas a char-
773acteristic event, a conservative value of 6.6 is considered as the maxi-
774mum magnitude of this seismogenic source.
775It is noteworthy that seismological data inversions for both slip
776(Giannakopoulou et al., 2005) and seismic moment distributions
777(Suhadolc et al., 2007) suggest the rupture of distinct asperities,

Fig. 25. Example of co-seismic ground rupture in a tobacco field showing a typical vertical
displacement of ca. 10 cm.

Fig. 26. Examples of numerical inversion of Quaternary fault data providing the recent principal stress directions of the broader region of the Gerakarou Fault (stress symbols as in Fig. 19).
Redrawn from Fountoulis (1980) and Mercier et al. (1983).
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778 possibly corresponding to as many fault segments (Fig. 34). Some geo-
779 metrical complexities at depth are also suggested by DInSAR analyses
780 (Meyer et al., 1996; Rigo et al., 2004; Resor et al., 2005). However, all
781 proposed focal mechanisms (Fig. 30; Dziewonski et al., 1996; Clarke
782 et al., 1997; Hatzfeld et al., 1997; Papazachos et al., 1998; Kiratzi and
783 Louvari, 2003; Vannucci and Gasperini, 2003, 2004) clearly document
784 a (E)NE-(W)SW-striking (240°–253°), NW-dipping (38°–47°), almost
785 purely dip-slip normal fault plane (rake 259°–269°). Hypocentral after-
786 shocks distribution (Fig. 35) and a stress tensor inversion (Kiratzi, 1999)
787 are also in agreementwith the above values.We could therefore assume
788 that mean values (Table 1) and the possible complexities at depth are
789 taken into account by slightly downgrading the corresponding quality
790 factor.
791 As a consequence of the seismic event, several ground ruptures
792 formedwithin the epicentral area (Fig. 31). Themajor andmost contin-
793 uous ones generated an ENE-WSWmorphological feature, between the
794 Rymnio and Sarakina villages, showing the northern block subsiding
795 (Fig. 29). This independent information confirms the above parametres
796 inferred from focal mechanisms. However, in contrast with field

797observations (Pavlides et al., 1995; Mountrakis et al., 1998), both satel-
798lite (Fig. 32; Meyer et al., 1996; Rigo et al., 2004; Resor et al., 2005) and
799geodetic techniques (Fig. 33; Clarke et al., 1997) aswell as seismological
800data (Fig. 35; Hatzfeld et al., 1998; Papazachos et al., 1998) strongly sup-
801port blind faulting for the 1995 event and suggest a minimum depth of
802few kilometres. Accordingly, we have tentatively assumed 1 km, but
803assigning a low confidence level (Table 1).
804Within the uncertainty of the minimum depth and whether the
805faulting was blind or emergent, coseismic ground ruptures of 8–12 km
806(Meyer et al., 1996, 1998) or a cumulative value of ca. 27 km (Pavlides
807et al., 1995; Mountrakis et al., 1998) have been documented. The latter
808length is comparable with the fault length at depth inferred from
809DInSAR analyses (Meyer et al., 1996; Rigo et al., 2004; Resor et al.,
8102005), geodetic modelling (Clarke et al., 1997), aftershock spatial distri-
811bution (Hatzfeld et al., 1997) as well as forwardmodelling of the strong
812motionwaveforms (Giannakopoulou et al., 2005; Suhadolc et al., 2007).
813A mean value of 26 km has been considered (Table 1).
814As concerns the slip-per-event, the maximum displacement ob-
815served at the earth surface was less than 20 cm (Pavlides et al., 1995;
816Meyer et al., 1996; Mountrakis et al., 1998), but geodetic data suggest
817a total slip of 1.2 m (Clarke et al., 1997) and seismological inversions
818provide maximum and average fault slips of 2.2 and 0.7 m, respectively
819(Giannakopoulou et al., 2005). The latter could be considered a reason-
820able value (Table 1).
821Spatio-temporal aftershock distribution (Hatzfeld et al., 1997) and
822stress tensor inversion (Kiratzi, 1999) also suggest the occurrence of
823an antithetic fault plane, the Chromio Fault, that was probably
824reactivated as a secondary inherited structure. Also this fault was asso-
825ciated with ground ruptures (Pavlides et al., 1995; Mountrakis et al.,
8261998) showing a normal kinematics (south block subsiding). Its second-
827ary role relative to themajor seismogenic source is clear andwill not be
828further discussed.
829Amaximum depth of 14 km is obtained from hypocentral depths of
830both mainshock and aftershocks (Fig. 35; Hatzfeld et al., 1997;
831Chiarabba and Selvaggi, 1997; Papazachos et al., 1998). Awidth trigono-
832metrically calculated from depth values and dip-angle is 19.5 km; how-
833ever, geodetic (Clarke et al., 1997) and strong motion waveform
834modelling (Suhadolc et al., 2007) suggests a smaller width (16 and
83517 km, respectively). Considering the uncertainty relative to the blind/
836emergent behaviour and based on the above proposed values, a width

Fig. 27. Hypocentral distribution obtained from microearthquake studies within the
broader seismogenic volume of the 1978 Stivos earthquake (left histogram from Hatzfeld
et al. (1986/87); right from Paradisopoulou et al. (2006)) suggesting a more likely maxi-
mum depth of ca. 15 km (preferred value) with few exceptions.

Fig. 28. Palaeoseismological trench across the Gerakarou Fault documenting the occurrence of four linearmorphogenic events; numbers refer to stratigraphic units referred to in the orig-
inal paper. Palaeosoils (4), (6) and (8) represent event-horizons and have been dated at ca. 21.7±, 14.0 and 7.2 ka (fromQ4 Pavlides et al. (1995)).

17R. Caputo et al. / Earth-Science Reviews xxx (2015) xxx–xxx

Please cite this article as: Caputo, R., et al., Comparison between single-event effects and cumulative effects for the purpose of seismic hazard
assessment. A review from Greece, Earth-Sci. Rev. (2015), http://dx.doi.org/10.1016/j.earscirev.2015.05.004

http://dx.doi.org/10.1016/j.earscirev.2015.05.004


U
N
C
O

R
R
E
C
T
E
D
 P

R
O

O
F

837 of 18 km has been assumed (Table 1), enabling to calculate the seismic
838 momentwhich also confirms the preferredmagnitude (Mw=6.6) pre-
839 viously discussed.

840 3.4.2. Cumulative effects
841 Geological and morphotectonic investigations indicate the
842 Aliakmonas Fault System as one of the major tectonic features
843 affecting Western Macedonia (Fig. 29). The whole structure cuts
844 perpendicularly across the mean orogenic trend of the Hellenides,
845 showing clear evidences of recent activity for more than 50 km
846 along strike. Detailed mapping emphasizes the occurrence of three
847 major segments (Palaeochori, Rymnio and Servia faults, from SW

848to NE, respectively; boxes B, C, and D in Fig. 29). The Servia Fault
849shows the most prominent features of recent activity being associ-
850ated with a major escarpment developed in carbonate rocks and
851bordering the Polyphytos Lake (Pavlides et al., 1995; Doutsos and
852Koukouvelas, 1998; Mountrakis et al., 1998; Goldsworthy and
853Jackson, 2000), while the two southwestern segments (Palaeochori
854and Rymnio ISSs) show discontinuous and subtle scarps, as a conse-
855quence of the affected lithologies mainly belonging to the ophiolitic
856suite, less conservative from a morphological point of view. The
857three segments have been distinguished and separated respectively
858in correspondence with a right-stepping underlapping geometry
859(Rymnio/Servia ISSs), and a slight angular boundary with a possible

Fig. 29.Map of the Aliakmonas Fault System,WesternMacedonia, showing the seismogenic source obtained from the analysis of single-event effects (box A). The analysis of the cumulative
effects suggests the occurrence of threemajor segments: Palaeochori Fault (box B), Rymnio Fault (box C) and Servia Fault (boxD). The former two are separated by a soft segment boundary
and therefore they could represent a unique ‘earthquake segment’ (sensu dePolo et al. (1991); box E). The solid small black squares refer to the towns of Sarakina (S) and Rymnio (R). 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. Seismotectonic parameters of the analysed ISSs (boxes A and E) are reported in Table 1.

Fig. 30. Isoseismal curves, macroseismic and instrumental epicentres of the 1995 Kozani–Grevena earthquake. Some focal mechanism of themain shock as well as the foreshocks and af-
tershocks are also represented as light and dark grey cirlces, respectively. See text for full reference list.
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860 geometric gap (Palaeochori/Rymnio ISSs; Fig. 29). The latter could
861 be defined a soft segment boundary (e.g. Walsh and Watterson,
862 1991; Mansfield and Cartwright, 2001) and therefore the
863 Palaeochori and Rymnio faults could possibly behave as a unique
864 seismogenic source. In contrast, the 2 km-large overstep between
865 the Rymnio and Servia segments likely represents a hard boundary.
866 For the purposes of this paper, we will thus focus on the Palaeochori
867 and Rymnio segments. The former is characterized by ENE-WSW-
868 striking scarps extending for a length of ca. 18 km and progressively
869 disappearing towards the SW, while the latter fault extends for a
870 total length of 14 km (Pavlides et al., 1995). A cumulative value

871along strike of 33 km has thus been considered with a mean strike
872of 242° (box E in Fig. 29).
873Palaeoseismological investigations carried out across the Palaeochori
874segment (Chatzipetros, 1998; Q31Chatzipetros, 1998) reveal the occurrence
875of at least three linear morphogenic events older than the 1995 earth-
876quake (Fig. 36). Based also on the continuous ground ruptures along
877the morphotectonic fault trace (Fig. 29; Pavlides et al., 1995;
878Mountrakis et al., 1998), this seismogenic source is considered emergent
879and thus the minimum depth is posed at 0 km.
880Seismic tomographies obtained from the aftershocks of the 1995
881event (Chiarabba and Selvaggi, 1997), (however, here considered
882equivalent to a typicalmicroearthquake investigation used in the cumu-
883lative effects approach), allow to delineate the deeper geometry of the
884fault characterized at depth by a moderately-dipping setting becoming
885progressively steeper upwards, therefore suggesting a listric geometry
886from which the assumed mean dip-angle is 45°. The same dataset also
887helps in constraining a seismogenic layer thickness of ca. 15 km
888(Hatzfeld et al., 1997; Drakatos et al., 1998).
889Based onminimumandmaximumdepth and dip-angle, the trigono-
890metrically obtained fault's width is 21 km. Although empirical relation-
891ships ( Q32Wesnouski 2008; Leonard, 2010) provide smaller values
892(between 16 and 17 km), the former procedure is more reliable and
893therefore a mean value of at least 20 km is assumed (Table 1)
894Mesostructural analyses along the Aliakmonas Fault System (Fig. 37;
895Pavlides and Mountrakis, 1987; Mountrakis et al., 1998), show a
896(N)NW-trending direction of extension similar to the one measured in
897nearby structures (Ptolemaida Basin to the north; Pavlides and
898Mountrakis, 1987) and roughly perpendicular with the mapped fault
899trace, therefore constraining a mean overall dip-slip kinematics with a
900slight right-lateral component (i.e. rake ~265°).
901The above-mentioned palaeoseismological investigations show that
902the amount of slip varies for different events and from trench to trench
903(10–80 cm) and suggest that previous coseismic ruptures were likely
904not always located on the same segment surface and they were proba-
905bly distributed over subparallel fault strands (Fig. 36). A mean value of
9060.5 m is therefore assumed with a large uncertainty.
907The poorly constrained TL-datings obtained from trenches would
908suggest a very low slip-rate and a mean recurrence interval longer
909than 10 ka (and less than 30 ka; Fig. 38). However, based on geological
910andmorphological considerations Doutsos and Koukouvelas (1998) es-
911timate a faster long-term slip-rate (0.3 mm/a) also suggesting a much
912shorter recurrence interval (2 ka).
913Based on the above-defined values, the slip vsmagnitude and length
914vs magnitude empirical relationships (Wells and Coppersmith, 1994;
915Pavlides and Caputo, 2004) provide 6.4–6.6 and 6.9, respectively,
916while the moment magnitude calculated by means of the seismic mo-
917mentwould be between 6.6 and 6.7. Taking into account the overall un-
918certainties on the different parameters, a reasonable mean value of 6.7
919could be considered as the maximum expected magnitude.
920In this case study, the age of the last event, and hence the elapsed
921time, supposing to ignore the 1995 earthquake, would be very poorly
922constrained due to the paucity of available and reliable datings from
923the palaeoseismological investigations. The last rupture observed in
924the trenches clearly affects layers containing several pottery fragments,
925which are Neolithic at the oldest (i.e. 5–6 ka BP), but unfortunately have
926been not better defined chronologically.

9274. Discussion

928In order to emphasize advantages and limitations of the two
929approaches, we now analyse the numerical results and associated un-
930certainties obtained by separately exploiting the two sources of informa-
931tion, and discuss both similarities and differences for the principal
932seismotectonic parameters thus collected. All values are synthetically
933reported in Table 1 and have been lengthily discussed in the previous
934section.

Fig. 31. Example of surface rupture near Sarakina village, affecting Neogene molasse de-
posits and showing a local vertical displacement of about 10 cm.

Fig. 32. The subsidence (values inmm)associatedwith theKozani–Grevena earthquake as
obtained from DInSAR analysis (redrawn from Rigo et al. (2004)).
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935 In the first case study, the East Heliki Fault reactivated by the 1861
936 Valimitika earthquake (Figs. 3 and 4), both approaches give comparable
937 results for location, strike and minimum depth. If the kinematics can

938only be grossly obtained by the single-event effects, it is certainly more
939accurate based on mesostructural analyses (viz. cumulative effects).
940Similarly, the real fault length is poorly determined with the first

Fig. 33. Observed (dots) and modelled (solid line) horizontal site displacements along a profile normal to the Palaeochori Fault scarp (redrawn from Clarke et al. (1997)).

Fig. 34. Slip distribution on the fault plane relative to the 1995 Kozani–Grevena earthquake showing the ocurrence of twomajor slip patches (segments?) from (a) Giannakopoulou et al.
(2005) and (b) Suhadolc et al. (2007).
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941 methodological approach, but better constrained with the second one.
942 Palaeoseismological data match, within uncertainties, the measured
943 surface displacement of the coseismic ground ruptures. In this case
944 study, other parameters like width, maximum depth, dip-angle and re-
945 currence interval could be directly derived from cumulative effects-
946 based investigations, but they could be only tentatively and very rough-
947 ly inferred from the single-event effects, using e.g. empirical relation-
948 ships. Among the major differences isQ33 probably the overall size of the
949 fault plane. As previously discussed, slip-rate and recurrence interval
950 cannot be obtained by the first approach and this limitation stands
951 also for the other case studies. Conversely, the timing of the last event
952 and hence the elapsed time are not precisely determined, but they
953 could be only chronologically constrained using ‘geological’ data. Final-
954 ly, it is worth notingQ34 that themaximumexpectedmagnitude is however
955 equal within uncertainties though obtained in different ways. Themax-
956 imum magnitude issue will be further discussed in the following be-
957 cause it represents a crucial parameter in SHA analyses.
958 In the second case study, the Domokos Fault System reactivated by
959 the 1954 Sophades earthquake (Figs. 11 and 12), the analysis of the
960 single-event effects provides contradicting results whether we give em-
961 phasis to the macroseismic and field information or to seismological
962 ones (solutions represented by box A and B, respectively). Both solu-
963 tions, however, have large uncertainties. Indeed, in the former case,

964i) macroseismic information is relatively poor for seismotectonic pur-
965poses, ii) observed ground ruptures do not fit the length and lateral con-
966tinuity expected for a strong crustal earthquake on normal faults,
967especially in the Aegean domain (Pavlides and Caputo, 2004), and iii)
968two out of three of the proposed epicentres fall outside the projection
969of the plane. On the other hand, for the solution based on seismological
970information i) theproposed focalmechanism(McKenzie, 1972) is based
971on a poor seismological network and especially obtained from short-
972period recordings, ii) the location and particularly the orientation of
973box B is in manifest contrast with the first order orography of Thessaly
974characterized by a NW-SE trending basin-and-range-like morphology
975(Caputo, 1990), and iii) the suggested kinematics is not in agreement
976with the present-day stress-field affecting the region (Caputo and
977Pavlides, 1993).
978If we now compare the above results with those obtained from the
979cumulative effects-based analyses (box C in Fig. 11), solution B largely
980differs, while solution A shows a better match in location, geometry
981and kinematics and a comparable value for the maximum expected
982magnitude. Slip-rate, slip per event and the recurrence interval inferred
983from cumulative effects observations (Caputo, 1995; Palyvos et al., 2010)
984are in good agreementwith the regional strain-rate calculated fromGPS
985measurements and other similar Aegean-type active faults in the
986broader area (Clarke et al., 1998; Hollenstein et al., 2008). As concerns

Fig. 35. Aftershocks distribution at depth along a profile normal to the Palaeochori and Deskati fault traces. Th dashed lines represents the inferred geometry of the seismogenic fault.
Redrawn from Hatzfeld et al. (1998).

Fig. 36. Example of palaeoseismological trench across the Palaeochori fault trace associated with the 1995 earthquake (Q5 Chatzipetros et al., 1998), documenting the occurrence of older
linearmorphogenic events and allowing to constrain (though with different degree of uncertainty) several seismotectonic parameters (i.e. slip per event, slip-rate, recurrence, last earth-
quake and elapsed time).
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987 themaximumexpectedmagnitude, slightly greater for box C, we should
988 consider the likely immature stage of the Domokos Fault System due to
989 its relatively young age (Middle–Late Pleistocene to Present). As a con-
990 sequence, linkage processes, unification of minor sliding surfaces origi-
991 nally independent and smoothing of the fault plane are still in progress,
992 therefore the 1954 Sophades earthquake may have not ruptured the
993 whole surface of the two central segments (Leondari and Velessiotes;
994 Figs. 11 and 15) already behaving as a unique seismogenic source (i.e.
995 ‘fully breached relays’; Soliva and Benedicto, 2004). Future events will
996 be possibly able to do so (i.e. worst-case scenario), therefore slightly in-
997 creasing the overall amount of released energy and seismic moment.
998 In the third case study represented by the Gerakarou seismogenic
999 source belonging to the Mygdonia Fault System reactivated by the
1000 1978 Stivos earthquake (Figs. 20 and 21), the critical analysis of
1001 both sources of information can provide most of the investigated

1002seismotectonic parametres. Excluding as above-mentioned some
1003parameters (i.e. slip-rate and recurrence interval, on the one side,
1004and timing of the last event and elapsed time, on the other side),
1005only slight differences could be observed in the numerical values (al-
1006ways less than few percent) and in the degree of confidence and/or
1007uncertainty we have attributed (see Table 1). The latter are probably
1008intrinsic of the two followed approaches reflecting the different reli-
1009ability and content of the two sources of information and associated
1010investigation techniques.
1011Also in the fourth case study is the Aliakmonas Fault System
1012reactivated by the 1995 Kozani–Grevena earthquake (Figs. 29 and 30),
1013differences between the two preferred seismogenic sources (boxes A
1014and E in Fig. 29) could be considered secondary ones with the exception
1015of the fault length (26 km vs 33 km) and consequently of themaximum
1016expected magnitude (Mw 6.6 vs Mw 6.7; Table 1). Here, similar to the

Fig. 37. Examples of mesostructural data measured in the surroundings of the Aliakmonas Fault System. The numerical inversions (stress symbols as in Fig. 19) indicate a NNW-SSE di-
rection of extension fromwhich a mean rake of 265° can be calculated for the fault plane represented by box E in Fig. 29. Redrawn from Pavlides and Mountrakis (1987) andMountrakis
et al. (1998).

Fig. 38.Timewindows for past events obtained from three different palaeoseismological trenches across the Palaeochori Fault allowing to constrain themean recurrence interval. Redrawn
fromQ6 Chatzipetros et al. (1998).
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1017 Domokos Fault Systemand possibly several other examples in the Aege-
1018 an Region (like the composite seismogenic sources Amyndeo,
1019 Ptolemaida, Anthemoundas, Stratoni–Varvara, Vasilika, Pagasitikos
1020 Gulf, Lokris, North Alkyonides Gulf, South Alkyonides Gulf, Sarandis
1021 Bay, and probably many others located in offshore settings; Caputo
1022 and Pavlides, 2013), it is likely a matter of ongoing linkage processes
1023 in young structures and a function of the evolutionary stage of these
1024 mechanically, geometrically and kinematically composite seismogenic
1025 sources. In the particular case, the 1995 Kozani–Grevena earthquake
1026 has probably ruptured most of the Palaeochori and Rymnio segments
1027 but as two major distinct asperities (Fig. 34), therefore releasing less
1028 energy (viz. smaller magnitude) than expected by a fault plane with a
1029 length corresponding to the simple sum of the two segments.

1030 5. Concluding remarks

1031 In this paper we presented four case studies of seismogenic sources,
1032 selected from GreDaSS (Caputo and Pavlides, 2013), which have been
1033 reactivated by historical or instrumental earthquakes. The principal
1034 aim is to discuss on some crucial methodological issues and problems
1035 typically faced in the compilation of this kind of databases. Indeed, in
1036 order to fill the lack of (good) instrumental data for events older than
1037 few decades and of historical data sufficient to provide the principal
1038 seismotectonic parameters of a specific seismogenic source, it is clear
1039 that geologically-based information must be fully exploited. For this
1040 reason, we have described and discussed how the necessary
1041 seismotectonic information can be obtained from two distinct sources
1042 of information, namely the single-event effects and the cumulative effects,
1043 analysing the two sets of data available for the four case studies sepa-
1044 rately and basically using different methodological approaches
1045 (Caputo and Helly, 2008). As amatter of fact the two sources of informa-
1046 tion focus on the same ‘object’, but from two distinct perspectives: the
1047 past seismic event, on the one side, and the corresponding physical
1048 source, on the other. This distinction is crucial as far as with the same
1049 methodological tools used for analysing the cumulative effects on
1050 seismogenic sources, it is also possible to suggest different scenarios of
1051 fault reactivation. For example, as previously discussed for theDomokos
1052 and Aliakmonas fault systems, the presence of segments, but especially
1053 their geometrical setting and the different type of segment boundaries
1054 (i.e. hard- versus soft-type) could allow the reactivation of surface rup-
1055 tures of variable size that generally do not correspond to a characteristic
1056 earthquake model (Schwartz and Coppersmith, 1984). This is obviously
1057 valid for past earthquakes and it could be possibly documented on the
1058 basis of detailed and systematic palaeoseismological investigations.
1059 However, such a behaviour has also a strong impact in SHA analyses
1060 as far as the choice of the maximummagnitude significantly influences
1061 the slope and shape of the Gutenberg–Richter curve (Wesnousky, 1994;
1062Q35 Kagan, 1996; Molchan et al., 1997) and therefore the probability distri-
1063 bution of future events (e.g. Nekrasova and Kosobokov, 2006). Only
1064 dedicated and extensive investigations on the cumulative effects associ-
1065 ated with seismogenic sources affecting a region may contribute to de-
1066 fine themore appropriate frequency–magnitude distribution and hence
1067 to decide between a gamma model (Q36 Kagan, 1991a, 1991b;Q37 Kagan,
1068 1996), a characteristic earthquake model (Schwartz and Coppersmith,
1069 1984; Wesnousky, 1994) or a multi-scale seismicity model (Caputo
1070 et al., 1973; Molchan et al., 1997; Nekrasova et al., 2011).
1071 For the exercise of this note, which ismainly devoted to compare the
1072 two approaches,we assumed a characteristic earthquakemodel and the
1073 tectonic structures here analysed, described and characterized in terms
1074 of seismotectonic parameters (see Table 1) correspond to individual
1075 seismogenic sources (Basili et al., 2008). As mentioned in Section 1,
1076 since several years the composite seismogenic sources, CSSs, have been
1077 introduced also in GreDaSS (Caputo and Pavlides, 2013). In this regard,
1078 three out of four CSSs which include the ISSs discussed in this paper are
1079 indeed associated with a greater value of the maximum expected
1080 magnitude (http://gredass.unife.it).

1081The case studies have been selected diachronically starting from the
10821861 Valimitika earthquake, which represents the first example for
1083Greece of penecontemporaneous systematic field investigations com-
1084plete of a detailed ground rupture map and scientific report of many
1085seismically induced effects (Schmidt, 1867, 1879). The subsequent
1086three case studies are not only Q38progressively more recent, but also all
1087represent instrumentally recorded events that occurred in different
1088stages of the technological evolution (1954 Sophades, 1978 Stivos and
10891995 Kozani–Grevena earthquakes). Thereupon, it was also possible to
1090emphasize the differences, in both quality and quantity, of the results
1091obtained from single-event effects-based investigations. For example,
1092the Sophades event occurred at the dawn of the Greek seismographic
1093network development when the international one was still in an
1094embryonic Q39phase. Conversely, during the 1995 Kozani–Grevena event
1095the national and regional networks were highly improved in terms of
1096used technology and architecture, while other single-event effects inves-
1097tigation techniques, like GPS surveys and InSAR analyses, started to be
1098available to researchers.
1099In practice the key limitations of the two approaches are the follow-
1100ing. On the one side, single-event effects cannot intrinsically provide ei-
1101ther the slip-rate or the recurrence interval, unless the specific
1102seismogenic source is characterized by very short recurrence intervals,
1103historically well documented, which is commonly not the case for the
1104Aegean Region and most active faults of the broader Mediterranean
1105realm. On the other hand, the methodological approaches generally
1106applied to analyse cumulative effects are usually not able to sufficiently
1107constrain the timing of the last linearmorphogenic earthquake ( Q40Caputo,
11082005) and consequently of the elapsed time.
1109According to the above discussion and comparing the results shown
1110in Table 1, two major conclusions follow. Firstly, the decreasing reli-
1111ability and increasing degree of uncertainty with increasing age of
1112the historical and instrumental event, relative to the seismotectonic
1113parameters obtained from the analysis of single-event effects are
1114evident

Q41

. De facto, instrumental information is not available for
1115events older than one century the maximum and even macroseismic
1116information rapidly fades with the past time. Secondly, if it is reason-
1117able that information inferred from the analysis of cumulative effects
1118for the most recent events, especially when recorded by multiple
1119high-technology apparati, has a slightly lower rank (see Table 1), it
1120is conversely noteworthy that this ‘geological’ approach always
1121gives a satisfactory quality level, even for older events either pre-
1122instrumental and pre-historic. In this regard, the degree of uncer-
1123tainty or reliability generally depend on the quality (and quantity)
1124of dedicated investigations carried out on the specific fault. The latter
1125issue is obviously a matter of research funding, but sometimes it is
1126also a matter of bias which affects the researchers. Indeed, in the
1127Aegean Region several faults capable of generating earthquakes
1128with Mw N 5.5 are probably to be recognised yet, but for researchers
1129it is certainly more appealing and apparently more gratifying to
1130investigate ‘famous’ seismogenic sources than poorly known ones.
1131Another important difference between the two sources of informa-
1132tion is due to the fact that the analysis of the various cumulative effects
1133could be generally repeated as many times as desired and, in principle,
1134they can be carried out by any researcher for their possible scientific fal-
1135sification. Also, the progressively improving technology and the increas-
1136ing geological and seismotectonic knowledge may further potentially
1137reduce the degree of uncertainty of the information obtained with this
1138approach. In contrast, single-event effects are fundamentally unique,
1139that is to say if a seismometer or a satellite has some temporary default
1140(alternatively, the seismographic network or the InSAR imageries are
1141not sufficiently dense at the time of the earthquake) there is no second
1142chance to obtain again the particular information belonging to the
1143single-event effects.
1144In conclusion, even if the analysis of cumulative effects could
1145provide a ‘resolution’ somehow lower than the other approach
1146(but only if compared with most very recent earthquakes), its
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1147 applicability is incomparably much larger and the associated tech-
1148 niques could be potentially and systematically applied to a huge
1149 number of seismogenic sources and capable faults. For these rea-
1150 sons, the analysis of cumulative effects certainly represents a
1151 much more powerful tool for seismotectonic investigations and
1152 for the compilation of a database to be fully exploited for SHA anal-
1153 yses, like DISS (DISSWG, 2010; Basili et al., 2013), GreDaSS (Caputo
1154 and Pavlides, 2013) and EDSF (Basili et al., 2013).
1155 This advantage becomes dominantwhen performing seismotectonic
1156 investigations in geodynamic regions like the Aegean characterized by
1157 numerous active or potentially active faults (capable faults) that have
1158 been not reactivated by a recent earthquake (i.e. included in historical
1159 and/or instrumental catalogues). This is mainly due to the generally
1160 long recurrence interval, say several centuries up to some thousands
1161 years, characterizing the Aegean Region. As a consequence, these tec-
1162 tonic structures are likely associated with a higher level of seismic haz-
1163 ard and hence are certainly much more dangerous than the recently
1164 reactivated seismogenic sources. From this point of view, this research
1165 could be also considered as an attempt to calibrate the reliability of
1166 the different methodological approaches applied to the analysis of cu-
1167 mulative effects and particularly for understanding the degree of uncer-
1168 tainty of the obtained seismotectonic parameters. We feel that this
1169 exercise was successful in definitely showing the importance and cru-
1170 cial role played by the ‘geological’ information and its full exploitation
1171 for the purpose of compiling a database of seismogenic sources. Indeed,
1172 focusing on geological investigations will progressively improve data-
1173 base completeness, both in terms of recognised seismogenic sources
1174 and their principal seismotectonic parameters, and therefore probabilis-
1175 tic SHA analyses will certainly improve and deterministic ones will like-
1176 ly proliferate more and more.
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