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[1] We model interevent times and Coulomb static stress transfer on the rupture segments
along the Corinth Gulf extension zone, a region with a wealth of observations on
strong-earthquake recurrence behavior. From the available information on past seismic activity,
we have identified eight segments without significant overlapping that are aligned along the
southern boundary of the Corinth rift. We aim to test if strong earthquakes on these segments are
characterized by some kind of time-predictable behavior, rather than by complete randomness.
The rationale for time-predictable behavior is based on the characteristic earthquake hypothesis,
the necessary ingredients of which are a known faulting geometry and slip rate. The tectonic
loading rate is characterized by slip of 6 mm/yr on the westernmost fault segment, diminishing
to 4 mm/yr on the easternmost segment, based on the most reliable geodetic data. In this study,
we employ statistical and physical modeling to account for stress transfer among these fault
segments. The statistical modeling is based on the definition of a probability density distribution
of the interevent times for each segment. Both the Brownian Passage-Time (BPT) and Weibull
distributions are tested. The time-dependent hazard rate thus obtained is then modified by the
inclusion of a permanent physical effect due to the Coulomb static stress change caused by
failure of neighboring faults since the latest characteristic earthquake on the fault of interest. The
validity of the renewal model is assessed retrospectively, using the data of the last 300 years, by
comparison with a plain time-independent Poisson model, by means of statistical tools
including the Relative Operating Characteristic diagram, the R-score, the probability gain and
the log-likelihood ratio. We treat the uncertainties in the parameters of each examined fault
source, such as linear dimensions, depth of the fault center, focal mechanism, recurrence time,
coseismic slip, and aperiodicity of the statistical distribution, by a Monte Carlo technique. The
Monte Carlo samples for all these parameters are drawn from a uniform distribution within their

uncertainty limits. We find that the BPT and the Weibull renewal models yield comparable
results, and both of them perform significantly better than the Poisson hypothesis. No clear
performance enhancement is achieved by the introduction of the Coulomb static stress change

into the renewal model.
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1. Introduction

[2] Crustal movement within the Aegean region is accom-
modated by slip on a large number of mapped faults, and
probably also on many unmapped ones. The deformation is
concentrated on a few narrow, more intensely deforming
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zones, for example the Gulf of Corinth (denoted by the yel-
low rectangle in Figure 1), which is one of intense seismic
activities, mostly associated with faulting and crustal
extension. The Gulf has the general shape of an asymmetric
half-graben with the southern footwall being uplifted
[Roberts and Jackson, 1991; Armijo et al., 1996]. The
western end of the Gulf of Corinth is connected through the
Rio-Antirrio strait to the Gulf of Patras, which does not have
any major faults comparable to those affecting the Gulf of
Corinth. The eastern part of the Gulf of Corinth truncates
the Megara basin through a complex pattern of faults with a
more NE-SW strike [Leeder et al., 1991]. Faults also affect
the deepest part of the Gulf, which is located underwater
[Brooks and Ferentinos, 1984].

[3] The deformation of the Gulf of Corinth has been mea-
sured by comparing GPS measurements with old triangulations
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Figure 1. Main structures, spatial distribution of the earthquakes with A/>4.0 since 1964, and available
focal mechanisms during the last five decades in the region of Greece and Aegean Sea. The arrows indicate
the different kinematics (contractional, strike-slip, and extensional) that dominates in the region. The study
area is shown by a yellow rectangle. CTF: Cephalonia Transform Fault, NAT: North Aegean Trough, NAF:

North Anatolian Fault.

conducted in 1890 or between 1966 and 1972 [Billiris et al.,
1991; Clarke et al., 1997, Davies et al., 1997, Briole et al.,
2000]. The geodetically measured N-S extension is about
15 mm/yr in the western part of the Gulf around Rio, and about
10 mm/yr in the eastern part of the Gulf, around Corinth. A
comparison between several GPS surveys measured over
shorter duration gives slightly higher values, but with the same
difference between the western and eastern ends of the Gulf. It
therefore seems clear that the present deformation is faster
around Rio than around Corinth. This deformation is relatively
well confined in the center of the Gulf on a very narrow
deforming zone.

[4] Information on the strong earthquakes in the Corinth
Gulf, both historical and instrumental, is provided by
Ambraseys and Jackson [1990, 1997], Papazachos and
Papazachou [2003], Ambraseys [2009], and the regional cat-
alog compiled at the Geophysics Department of Aristotle
University of Thessaloniki (http://geophysics.geo.auth.gr/ss/).
Grunthal and Wahlstrom [2007] compiled a unified database
of large earthquakes (M,,>6.0) taken from local earthquake
catalogs for all of Europe and the near surrounding seas, among
which the catalogs compiled by Papazachos and Papazachou
[2003] are included. They considered the catalog completeness
for the Greek and surrounding areas, for M,,>6.0 and M, >7.0
since about 1850 and since about 1500, respectively. For the
scope of our work, we prefer using the above cited catalogs,
as they are well documented.

[s] We considered all the events with M, > 6.0 reported in
these catalogs [i.e., Ambraseys and Jackson, 1990, 1997;
Papazachos and Papazachou, 2003, and the regional catalog
compiled at the Geophysics Department of Aristotle
University of Thessaloniki] as characteristic, and, indepen-
dently of their epicentral uncertainties, we may assume that

they are associated with certain fault segments along the
Corinth Gulf. The temporal distribution of these events is
shown in Figure 2, evidencing that they are not regularly
distributed in time (Figure 2a), suggesting that there are
“missing” events at least until 1700 AD. After 1700 AD,
although earthquakes tend to occur in clusters, their number
is rather constant through time (Figure 2b). This suggestion
is confirmed by the cumulative distribution shown in
Figure 3, which shows a sharp increase in the rate of occur-
rence for events reported after 1700 AD. Based on the
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Figure 2. (a) Temporal distribution of the known earth-

quakes with M, >6.0 that were reported by Papazachos
and Papazachou [2003] and occurred inside the rectan-
gle of Figure 1. (b) As as in Figure 2a but for the period
1600-2010 AD.
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Figure 3. Cumulative occurrence rate of the earthquakes
shown in Figure 2a.

approximate linearity of the plot from 1700 AD on, we
assume our data to be complete for magnitudes M, >6.0,
from 1700 AD to the present.

[6] In the Gulf of Corinth, the largest magnitude observed
since 1700 AD is not greater than 6.8, and the strongest earth-
quake ever reported is hardly any greater, probably reflecting
the lack of continuity of faults [Roberts and Jackson, 1991].
Most of the determined focal mechanisms of strong events
indicate normal faulting with an N-S trending extension
[Jackson, 1987; Taymaz et al., 1991; Hatzfeld et al., 1996;
Bernard et al., 1997; Baker et al., 1997], and this is consis-
tent with microearthquake mechanisms [Hatzfeld et al.,
1990, 2000; Rigo et al., 1996]. Usually, the dimensions along
the strike of normal faults do not exceed 20-25 km [Jackson
and White, 1989], which implies an upper limit for the
magnitude of the earthquakes that can occur on an individual
fault segment. However, it is not clear whether the disconti-
nuities separating the different segments are stable and will
never break, or whether a rupture can occasionally jump from
one segment to another, thereby leading to an earthquake of

greater magnitude [Jackson and White, 1989; Hatzfeld
et al., 2000].

[7] We are aware that the hypothesis of characteristic
ruptures adopted in this study is causing lively debates.
Kagan et al. [2012] put in evidence that the “seismic gap”
model sends a false message of relative safety. It implies that
in the aftermath of a characteristic earthquake, a region is im-
mune from further large shocks. But comprehensive studies
[e.g., Kagan and Jackson, 1999] show that large earthquakes
increase the probability at all magnitudes. Moreover, the
characteristic earthquake model has not survived statistical
testing. As far as they know, neither this model nor the
seismic cycle model (which depends entirely on the "charac-
teristic" assumption) is being tested in the Collaboratory for
the Study of Earthquake Predictability centers in California,
Japan, Switzerland, and New Zealand. A problem for testing
these models is that they often address limited regions in
which definitive earthquakes may not occur for centuries.
The characteristic hypothesis is accepted by a few authors
only in the early stages of fault system evolution when fault
segments are still isolated from each other and the lateral
terminations of footwall mountains and hanging wall basins
coincide [Roberts, 1996 and references therein). This allows
one to define the length of fault segments by which to infer
the lengths and positions of future ruptures. On the contrary,
cumulative uplift/subsidence patterns become complex when
normal faults grow, link, and interact.

[8] The aim of this study is to assess if a time-predictable
model based on the characteristic earthquake hypothesis (like
the Brownian Passage-Time (BPT) or the Weibull distribu-
tion) is suitable for the interevent times of the strong
(M=>6.0) earthquakes observed in the study area, and if the
forecasts obtained from this model perform better than those
from a plain time-independent model. In other words, we
want to test if some predictability exists for the time of
occurrence of earthquakes larger than moment magnitude
6.0 in the Corinth Gulf. We also aim to test if the spatial
and temporal distribution of earthquakes occurring on
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Figure 4. Tectonic map of the study area showing surface traces of the major fault segments of the
Corinth area. The eight fault segments adopted for modeling the seismogenic structure following the south-
ern bound of the Corinth rift are: 1 - Psathopyrgos, 2 - Aigion, 3 - Eliki, 4 - Offshore Akrata, 5 - Xylokastro,
6 - Offshore Perachora, 7 - Skinos, and 8 - Aelpochori. Stars show the epicenters of the earthquakes of mag-
nitude exceeding 6.0 and occurred after 1700 AD, as taken from Papazachos and Papazachou [2003]. The
Trichonida, Kapareli, and Achaia faults edging the Corinth Gulf, with the respective associated events
(1975, M, 6.0, 1981, M,, 6.3, and 2008, M,,6.4), are also shown in gray.
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Table 1. Parameters of Fault Segments, Along the Southern Bound of Corinth Gulf, Considered in This Study®

Segment Length ~ Width Coseismic Slip Rate Historical Events Recurrence
Number Segment Name (km) (km)  Mp.  Slip (m) (mm/yr) Date/M Time
1 Psathopyrgos 15' 10" 65 0.75" 6' July 29, 1714/6.2"* 6.3 126"
15+2° 0.4-1.7 6 January 24, 1806/6.5* 6.2
15-20°
2 Aigion 16' 100 6.6° 0.88' 6' May 25, 1748/ 6.6 146"
10+17 0.87 6.3° August 23, 1817 6.6 '*° 120+20°
8-14° 0.4-0.7° September 9, 1888 6.3 320-640°
June 15, 1995 6.4" 242 +£60°
3 Eliki 22! 125" 6.7 1.56' 6' 373 BC"? 260"
25-30° 0.35-1.2° 3-8 1402 AD'"? 242 +£60°
- 1.0" 4-10° December 26, 1861'%/6.6> 6.7 '**
15" July 6, 1965/ 6.3 "'
4 Offshore Akrata 8! 8! 5.7 0.19 5114 November 18, 1992/5.7 ' 40"
3-5
5 Xylokastro 20" 17" 67t 1.26 5! February 21, 1742/ 6.7 252"
25-30° 6-7°, 5° March 6, 1753/ 6.1 138+20°
I April 8, 1970/ 6.2"'¢
6 Offshore 18 16" 65° 0.54" 4! April 16, 1775/ 6.0 3 135
Perachora 112" October 3, 1887/6.5"*
April 22, 1928 6.3"*°
7 Skinos 19! 19" 67 0.96" ! February 24, 1981/6.7"%° 319"
15-20°  14'® 1.4 2" 330"
13
8 Alepochori 13' 13" 64 0.71 3! February 25, 1981/ 6.4'' 285"
15-20° 13" 0.66 1.8°
1.0%°

“References are as follows: (1) this study, (2) Bernard et al. [2006], (3) Armijo et al. [1996], (4) Ambraseys and Jackson [1997], (5) Papazachos and
Papazachou [2003], (6) Pantosti et al. [2004], (7) Bernard et al. [1997], (8) Galanopoulos [1953], (9) Briole et al. [2000], (10) Marinatos [1960], (11)
Schmidt [1879], (12) Mouyaris et al. [1992], (13) Baker et al. [1997], (14) Bell et al. [2009], (15) Hatzfeld et al. [1996], (16) Liotier [1989], (17) Stefatos
et al. [2002], (18) Hubert et al. [1996], (19) Collier et al. [1998], (20) Jackson et al. [1982], and (21) Taymaz et al. [1991].

neighboring segments has a static triggering effect, that is, if
a specific segment is moved closer to or farther away from
failure by the static stress change caused by the coseismic slip
at the time of occurrence of such earthquakes. For this pur-
pose, the methodology adopted by Console et al. [2008,
2010] and Parsons et al. [2012] is followed, in which the
Coulomb stress transfer is computed on the target fault
segments, by resolving on their specific focal mechanism
the tensorial coseismic stress changes associated with the major
earthquakes in the area. Previous geological studies, recently
collected accurate seismological data and geodetic measure-
ments, as well as the geomorphological features of the area,
were used to define the faults, which were considered as single
dislocation planes in an elastic, homogeneous half-space. The
present state of stress can help to identify areas of high potential
for the occurrence in the Corinth Gulf of moderate-to-strong
earthquakes in the next 30 years.

2. Fault Segmentation and Definition of the
Seismic Sources

[9] Tt is now widely accepted for our study area that the
subcrustal lithosphere and lower crust deform in a ductile
manner, and that seismically active faults affect only the
upper brittle crust [e.g., Jackson and White, 1989; Hatzfeld
et al., 2000], which is being continuously loaded at a certain
long-term slip rate. A sudden change in stress, however, may
alter the probability of occurrence of the next strong event on
a particular fault or fault segment. For the purpose of the
present study, a seismic source model is adopted and used
as an input for the calculation of probabilities, based on
certain segmentation criteria and information on historical

and instrumental seismicity. The stick-slip regions are close
and thus are expected to interact through stress coupling
because they do not come fully to the surface. Near to the
surface, and near to the upper bound and the base of the
seismogenic layer, stick-slip events contribute only a moder-
ate amount of slip [King et al., 1994a]. It seems that complete
stress coupling and stick-slip behavior can only occur in a
narrow region at the center of a seismogenic zone.

[10] Since M, ~6 events in this area completely cut the
seismogenic zone, our sources are assumed to behave in this
way. On the other hand, their interaction is expected to be
significant, because their L/W ratios are small as indicated
by Lin and Stein [2004].

[11] In Figure 4, the major fault segments of the Corinth
Gulf and macroseismic epicenters of historical events
(M, > 6.0) that occurred after 1700 AD are shown. All the
epicenters of historical earthquakes in this figure have been
plotted as they are published in the catalog of Papazachos
and Papazachou [2003]. These sites imply the macroseismic
rather than the microseismic epicenters, but we preferred not
to make any changes for plotting purposes. However, each
one of the earthquakes has been attributed to each one of
the major faults in Table 1, taking into account not only their
epicenters but also all the available macroseismic informa-
tion [Papazachos and Papazachou, 2003; Ambraseys,
2009]. For this reason, some of the earthquakes in the map
are missing in Table 1, such as the earthquakes of 1703,
1756, and 1769 in the westernmost part of the gulf. The
1703 earthquake caused very limited damage to a part of
the castle in Nafpaktos, an old and probably not in good con-
dition building [Ambraseys, 2009]. Thus, its magnitude is
probably lower than 6.0, and it was most likely associated
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Table 2. Geometric Parameters Considered in This Paper for the Eight Fault Segments, Along the Southern Bound of Corinth Gulf

Strike (°) Dip (°) Rake (°) Length (km) Width (km) Depth of the Fault Center
Segment Number Segment Name +10° +5° +10° +5km +2km (km)+0.5
1 Psathopyrgos 270 45 270 15 10 7.5
2 Aigion 277 33 284 16 10 7.5
3 Eliki 281 34 289 22 12.5 7.5
4 Offshore Akrata 270 30 279 8 8 7.5
5 Xylokastro 265 23 279 20 17 7.5
6 Offshore Perachora 285 40 290 18 16 7.5
7 Skinos 264 42 280 19 15 -175
8 Alepochori 261 44 275 13 13 7.5

with other secondary faults as suggested in other studies
[Bernard et al., 2006; Karakostas et al., 2012]. According
to Ambraseys [2009], contemporary reports to the 1756
earthquake confirm that the epicentral area was to the north
central part of the gulf of Corinth. Regarding the 1769 earth-
quake, it caused damage in a broad area from Antirrio to
Desfina. However, cumulative evidence of the source mate-
rial and the seismicity of the region support a link with the
Desfina earthquake [Ambraseys, 2009].

[12] The seismically active faults are mainly the north-dipping
faults that bound the Gulf'to the south (Figure 4). Seismicity
is associated with the Psathopyrgos, Aigion, Eliki, and
Xylokastro faults in the western and central parts of the Gulf.
These fault segments have an average strike of 270°-285° and
a northward dip of about 50° near the surface.

[13] The eastern extremity of the Gulf of Corinth is more
complex, with the main active normal fault segments,
Offshore Perachora, Skinos, and Alepochori, striking more
north-eastward (250°-270°) and cutting obliquely across
both structures and the relief. Nevertheless, there is clearly
no major seismicity related to the steep south-dipping faults
that bound the Gulf of Corinth to the north, which may be
interpreted as antithetic faults. Most of the well-determined
mechanisms indicate nodal planes dipping 30°-40° to north
and steeper south-dipping planes [see, e.g., Baker et al.,
1997], evidencing the asymmetry of the Corinth rift.

[14] In view of this observation, and having regard to the
available tectonic and seismological studies, we consider that
strain released by strong main shocks along the Gulf is
mostly accumulated on eight major fault segments, if we
include to the above the Offshore Akrata segment (numbered
4 in Figure 4), striking almost east west and following the
shape of the Gulf. Other fault segments are considered as sec-
ondary ones and their seismicity is considered to be the result

of stress redistribution caused by the major ruptures. We
assume that major segments rupture individually, without
excluding the possibility that in future, some of them could
break simultaneously with the adjacent ones. Contrarily,
there are instances where the aforementioned segments failed
partially, as will be revealed later, when dealing with their
activation. Table 1 lists these fault segments and gives infor-
mation on their linear dimensions, average slip per event, slip
rate, and recurrence time. Fault lengths were assigned based
on reported information as shown in the reference list of
Table 1, together with evaluations performed in the present
study in connection with values derived from proper scaling
laws [Wells and Coppersmith, 1994; Papazachos et al.,
2004]. The final values adopted in our study are in full
agreement with the statement that the dimensions along
the strike of normal faults do not exceed 20-25km
[Jackson and White, 1989], which implies an upper limit
for the magnitude of the earthquakes that can occur on
individual fault segments.

[15] The fault width was directly calculated from the width
of the seismogenic layer considering the dip angle of each
segment. The effective seismogenic layer is 10—12 km out-
side the Gulf and only 7-8 km beneath the Gulf [Briole
et al., 2000]. Local seismicity data indicate that the
seismogenic layer is in the depth range 5-13 km, varying be-
tween fault segments [Rigo et al., 1996; Hatzfeld et al.,
2000]. In our source models, we selected different values
for the width of the activated fault segments, observing the
constraint that the width of a fault segment should not exceed
its length (see Table 1). It is worthy to mention here that the
available information from previous investigations is taken
into account, which along with calculations of source param-
eters from scaling laws, slight simplifications for defining
planar rectangular fault surfaces, and compromising diversity

Table 3. Parameters Considered in This Paper for the Computation of the Clock Change and Conditioned Probability Related to the Eight

Fault Segments

Segment Segment Coseismic Slip Slip rate (mm/yr)  Tectonic Stressing Average Rate Recurrence Time Alpha
Number Name (m)£30% +30% (kPa/yr) (yr)£60% +0.45
1 Psathopyrgos 0.75 6 61+32 125 0.55
2 Aigion 0.88 6 59+30 147 0.55
3 Eliki 1.56 6 43420 260 0.55
4 Offshore Akrata 0.19 Not considered Not considered Not considered
5 Xylokastro 1.26 5 32+15 252 0.55
6 Offshore 0.54 4 28+13 135 0.55
Perachora
7 Skinos 0.96 Not considered Not considered Not considered
8 Alepochori 0.71 Not considered Not considered Not considered
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Figure 5. Temporal distribution of the characteristic earth-
quakes along the eight fault segments adopted for modeling
the seismogenic structure following the southern bound of
the Corinth rift. Yellow stars indicate the three events with
significantly smaller magnitudes than the magnitudes of the
characteristic events that broke entirely the segments 3 and 5.

in the different opinions, the parameter values listed in
Tables 2 and 3 are the ones adopted for our calculations.
The dimensions of the aftershock zones of recent strong
carthquakes, the seismically released strain as well as the
seismic moment of the characteristic earthquake in each fault
segment were used for the calculation of the mean return pe-
riods (column sixth in Table 3). These values have been
obtained by dividing the coseismic slip (column third in
Table 3) by the tectonic loading (long-term slip rate, column
fourth in Table 3 ). The slip rates assigned to each fault seg-
ment are based on published geodetic data.

[16] The values of coseismic average slip were computed
by the formula [Console et al., 2008, equation A3]:

— Ao 12

)
where L and W (sixth and seventh columns in Table 2,
respectively) are the length and width of a fault with rectan-
gular shape, u is the shear modulus of the elastic medium
(3.3:10'°Pa) [Scholz, 2002], and Ac is the stress drop
(3-10° Pa) [Console and Catalli, 2006].

[17] The mean return periods, in general, are in agreement
with those previously determined in the references given next
to each value in Table 1. The following formula is used for
converting magnitude into seismic moment [Papazachos
etal., 1997]:

log My = 1.5 My, + 15.99 @)

[18] The deformation is localized in a narrow deforming
zone, in particular, in the western part of the rift where strain
rates reach values of 4.5 x 10"'*s™! [Briole et al., 2000]. The
north-south extensional strain across the Corinth rift has oc-
curred at an average 10-12mm/yr since about 1890
[Billiris et al., 1991; Davies et al., 1997]. Clarke et al.
[1997] resolve a slip rate of 11—13 mm /yr across the western
Gulf of Corinth, decreasing toward the eastern end. These

authors obtained a slip rate of approximately 3 mm/yr at the
longitude of the Alkyonides Gulf basin-bounding faults.
Thus, slip rates are largest in the western segments and
decrease toward the eastern end of the Gulf (Table 1). They
are assigned to each fault segment, based as mentioned
above, on published geodetic data, assuming that the seismic
part of this motion is 60% of the total slip, with the choice of
seismic coupling coefficient being based on previous
relevant investigations. According to Ambraseys and
Jackson [1990], a significant proportion (as much as 60%)
of the strain may be aseismic. Jackson et al. [1994] made
estimates of regional medium-term seismic hazard based on
the difference between geodetic deformation and that
predicted from the seismic release of strain and concluded
that seismicity can account for at most 50% of the deforma-
tion in the Aegean area. Davies et al. [1997] found that the
seismic expression of strain for Greece, calculated from the
seismic moment tensors of earthquakes of M, > 5.8, accounts
for only 20-50% of the geodetically determined strain. The
above are in accordance with relevant investigations in other
regions, for example. King et al. [1994a] compared plate
rates to seismic moment release rates, assuming a typical
seismogenic layer thickness of 15km (below a locking
depth deformation is continuous without earthquakes, while
above that depth, the faulting is seismic and the motion
can therefore be modeled by vertical dislocations positioned
beneath the mean location of the surface faulting) in the
area of California and Nevada. They found that the rela-
tive plate motion occurred about 60% seismically and
40% aseismically.

[19] The major fault segments that bound the Corinth Gulf
to the south are considered both as causative faults and re-
ceivers in our stress calculation model. In addition to these,
the neighboring ones activated during the last five decades
are included in the group of causative faults. Two of these
segments are also north-dipping normal faults, associated
with the 6 July 1965 M,,6.3 and 8 April 1970 M6.2 events
occurred on East part of E/iki and East of Xylokastro faults,
respectively. Considering that recent events adjacent to our
fault zone may exert stress changes that will influence prob-
ability calculations, the Trichonida fault segment associated
with the 1975 (M,,6.0) event, the Kapareli fault segment as-
sociated with the third 1981 main shock (M,,6.3), and the
fault segment associated with the Achaia 2008 (1/6.4) earth-
quake are also incorporated (Figure 4).

[20] Historical information and instrumental data give the
association between fault segments and events reported in
Table 1. This association is also shown graphically in the
space-time plot of Figure 5. Note that in Figure 5, events of
6 March 1753 (M6.1), 6 July 1965 (My6.3), and 8 April
1970 (M,,6.2) of Table 1 are represented by yellow stars
and other events by blue stars. The reason for this is that these
three events had significantly smaller magnitudes than the
magnitudes of the characteristic earthquakes that broke the
entire segments 3 and 5 of Table 1. 6 March 1753 earthquake
(M6.1) may be regarded in a broad sense as an aftershock of
21 February 1742 event (M,,6.7), and we associate it to the
main shock in our analysis. Strong events seem rather
random and quite evenly distributed among the main fault
segments, which have exhibited repeating activation in the
last three centuries. One may, however, postulate a migration
from east to west, and in particular that activity started at the
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western part when an event had already occurred in the
eastern part of the study area. Being more specific, during
1714-1775, the Psathopyrgos, Aigion, Xylokastro, and
Offshore Perachora segments ruptured (see Figure 4).
Activity shifted to the west soon after in 1806, to the
Psathopyrgos fault, and then continued during 18061887
again up to the Offshore Perachora. The next two compara-
tively moderate events in Aigion and Offshore Perachora,
both of M,6.3, formed a smaller group, with the last one be-
ing between 1965 (East Eliki faulf) and 1981 (Alepochori).
After the seismic sequences in the easternmost part of the
Gulf in 1981, strong events are concentrated in the central
and western parts of the Gulf. This seems in agreement with
Scholz [2010] who presented evidence that synchronization
is occurring between fault segments moving at similar slip
rates. Even though historical data are incomplete, the author
has shown that there is no exact repetition of individual
ruptures or clusters of ruptures, as in our study, and this
was attributed to the complexity of fault systems, although
the signature of synchronicity is found to be clearly evident.
Stress transfer among neighboring fault systems is a possible
driving mechanism for such migration patterns. However,
other mechanisms of external loading that could synchronize
earthquakes on a set of faults have been proposed, such as
fluid or magma intrusion, or aseismic transients such as slow
earthquakes [Marsan et al., 2013]

3. Conditional Probability Computed Under
Renewal Models

3.1. Renewal Models

[21] Especially since the 1970s [e.g., Vere-Jones, 1970,
1978; Utsu, 1972], earthquake recurrence is frequently
considered as a renewal process rather than one with no
memory of the preceding large shock. In a renewal process,
the times between successive events, in this case the large
earthquakes in a fault are assumed to be independent and
identically distributed random variables. In this interpreta-
tion, the expected time of the next event only depends on
the time of the last event. In combination with the elastic
rebound theory, the probability of another earthquake would
be low just after a fault-rupturing earthquake and would then
gradually increase, as tectonic deformation slowly stresses
the fault again. When an earthquake finally occurs, it resets
the renewal process to its initial state. Several popular
statistical models (such as the log-normal, gamma, BPT,
and Weibull distributions) have been often used to describe
the quasi-periodic occurrence of large earthquakes and esti-
mate future earthquake conditional probabilities for particu-
lar faults [Mosca et al., 2012]. They share several
properties that are commonly observed for earthquake
interevent times. These distributions may fit the empirical
data well even if there is no physical justification for their
use. Mosca et al. [2012], analyzing well-documented
paleoseismological and historical sequences, conclude that
the BPT model performs better than the other models (log-
normal, double exponential, and gamma) except for
Weibull. For this reason, and considering that the BPT model
has gained wide acceptance in the last decade, we limited our
attention in the analysis of the Corinth Gulf seismic
sequences to the BPT and the Weibull models only.

[22] A characteristic of the BPT distribution is that when
the conditional probabilities of event occurrence are calcu-
lated for windows well after the mean recurrence time, they
approach a constant asymptote. This characteristic is shared
by a discrete-time box-filling model presented by Gonzalez
et al. [2006]. In contrast, the log-normal distribution predicts
that the conditional probability of event occurrence slowly
declines with increasing time after passing through a maxi-
mum. For the Weibull and gamma distributions, the condi-
tional probability can be increasing or decreasing as the
elapsed time from the last event tends to infinity, depending
on the parameters of these distributions. There is a modifica-
tion of the BPT model that includes the viscoelastic response
of the lower crust and upper mantle to large earthquakes or
deep post seismic slip [e.g., Michael, 2005]. Both of these
processes result in a temporarily higher rate of loading on
the seismogenic fault for some time after a large event. In this
way, the loading of strain energy onto seismogenic faults is
not temporally uniform as in the BPT and Weibull models.
This inclusion in the BPT model may not improve the ability
to make empirical fits to observed earthquake recurrence data
because both transient deformation and uniform loading
curves can yield similar interevent time distributions if all
parameters are used solely to fit recurrence data.

[23] In this paper, we only use the simple BPT and Weibull
models, even though we are aware that including the visco-
elastic response in the BPT model might be more realistic
and could have an impact on the effect of the static stress
changes. Evaluation of how the viscoelastic response might
affect forecast performance of earthquakes renewal models
is left to future studies.

3.2. The BPT and Weibull Distributions

[24] Inan extremely simplified approach, only earthquakes
that break all or most of the area of a fault segment are
considered in the computation of total seismic moment
release, and as the characteristic earthquakes of the specific
segment. Statistically, their occurrence is represented as a
point process, and the interevent time is modeled by a
probability density function (pdf). In this context, the null
hypothesis is that the earthquake process has no memory
(described by a uniform Poisson model). For a uniform
Poisson model, the earthquake hazard is constant in time,
and the pdfis a negative exponential function:

T, T,

£ == exp{— i} G)

where ¢ is the time elapsed since the latest characteristic
earthquake, and 7, is the mean interevent time, i.e., the
average recurrence time. In the Poisson model, only one
parameter, the interevent time, is necessary for a complete
description. On the other hand, the characteristic earthquake
hypothesis needs a more elaborate model, called a renewal
model, whose pdf contains one more free parameter, condi-
tioning the shape of the distribution in terms of its periodicity
[Shimazaki and Nakata, 1980]. The pdf of interevent times
for a renewal model has a mode close to its expected
recurrence time. Consequently, the earthquake hazard is
small immediately following the previous characteristic
earthquake and then initially increases as time elapses with-
out a further event occurring [McCann et al., 1979].
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Table 4. Characteristic Earthquakes Reported for the Southern Corinth Gulf Fault System

Event Number Year Month Date M Fault Name Segment Number
1. 1714 7 29 6.2 Psathopyrgos 1
2. 1742 2 21 6.7 Xylokastro 5
3. 1748 5 25 6.6 Aigion 2
4. 1753 3 6 6.1 Xylokastro 5
5. 1775 4 16 6.0 Offshore Perachora 6
6. 1806 1 24 6.2 Psathopyrgos 1
7. 1817 8 23 6.6 Aigion 2
8. 1861 12 26 6.7 Eliki 3
9. 1887 10 3 6.5 Offshore Perachora 6
10. 1888 9 9 6.3 Aigion 2
11. 1928 4 22 6.3 Offshore Perachora 6
12. 1965 7 6 6.3 Eliki 3
13. 1970 4 8 6.2 Xylokastro 5
14. 1981 2 24 6.7 Skinos 7
15. 1981 2 25 6.4 Alepochori 8
16. 1992 11 18 5.7 Offshore Akrata 4
17. 1995 6 15 6.4 Aigion 2

[25] Under the plain characteristic earthquake hypothesis,
the fault segments are supposed to behave independently
from each other according to the probability distribution of
the interevent times.

[26] The BPT pdf [Matthews et al., 2002] is given by:

‘ .\~ 1)
f(tv T”OC) = (271’0(21‘3) exp{— (tZTr(Xzi } 4)

where a is the coefficient of variation (also known as the
aperiodicity) of the distribution. The coefficient of variation
is the standard deviation of interevent times between large
events that rupture all or most of a given fault segment
divided by the mean repeat time for that segment. It is a
key parameter in time-varying probability calculations.

[27] An alternative interevent time distribution tested in
this study is the Weibull distribution [ Weibull, 1951]:

y—1 y
rern-2 () w2}

where y is the shape parameter of the distribution, defined as
the inverse of the coefficient of variation.

[28] The probability for the occurrence of a new event in a
given time window At, conditional on no events occurring
before time ¢, is obtained from the density distribution of
the interevent times:

Prit<T<t+ A [ (w)du
Prit < T<t+M|T > ] = N ’
it < T<t+ AT > 1] Prit < T] 1= [of (u)du “

[29] Given appropriate values for a and y, the pdf for the
BPT and Weibull models may appear rather similar, but the
hazard functions (the instantaneous values of the conditional
rate density) may be quite different. Typically, while the
hazard function for the BPT distribution starts from zero soon
after an event, it increases as the elapsed time approaches the
recurrence time, and then asymptotes to a stable value, the
hazard function for the Weibull distribution keeps increasing
indefinitely as the elapsed time exceeds the recurrence time.
These comments on the hazard function apply only if the
coefficient of variation is smaller than unity, as observed in

many, but not all, sequences of large earthquakes in
specific faults.

3.3. Application to Our Data Set

[30] Inour application to the seismic sources of the Corinth
Gulf area, we have adopted the recurrence times listed in
Table 3. Such values come from the ratio between the total
slip (i.e., coseismic slip, Au) and slip rate, A it, third and fourth
columns in Table 3, respectively. We consider that the uncer-
tainties in the coseismic slip and slip rate can exceed 30% of
the assigned values. Consequently, if the errors in these pa-
rameters are absolute errors, we estimate the uncertainty of
the recurrence periods in this way:

AT, = (A(Au)/Au + A(Ai) /Aid) *T, (7)

[31] For the variability of the coefficient of variation, Sykes
and Menke [2006] examined segments of very active faults
along plate boundaries of the transform and subduction type
in Japan, Alaska, California, Cascadia, and Turkey, consider-
ing values of  from 0 to 0.5+0.2. They highlighted the bias
that a much larger or smaller value of a can have on the esti-
mate of future ruptures. Their considerations were based on a
Bayesian technique to suppress measurement uncertainties in
the dates of paleoseismic earthquakes and to derive intrinsic
estimates of repeat time and its normalized standard devia-
tion (i.e., coefficient of variation), and their uncertainties.
For example, a much larger value of o assigned at a few faults
can lead to an advance in their cycle of stress buildup to their
next large earthquakes and a too low probability of rupture in
the next few decades. While for an a of about 0.2, mean
repeat time needs to be shorter than about 150years for
forecasts generally to be useful on timescales of a few
decades. Scharer et al. [2010] considered a coefficient of
variation slightly higher than previous estimates, of ~0.7,
for quasi-periodic recurrence of large earthquakes on the
southern San Andreas Fault (California). In this study,
keeping in consideration the above mentioned papers, in
the absence of any statistical assessment, due to the very
low number of events reported on each segment (Table 4),
we have considered for o its maximum variability, as we
are aware that it is a key parameter in time-varying
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Figure 6. Conditional probability of occurrence of a characteristic earthquake computed under the BPT
model for five of the eight fault segments adopted for modeling the seismogenic structure following the
southern bound of the Corinth rift. (a) Aigion. (b) Offshore Perachora. (c) Xylokastro. (d) Eliki. (e)
Psathopyrgos. The plots show the results of a Monte Carlo procedure applied to the uncertainties in the

parameters of the interevent time distribution.

probability estimates. Consequently we have adopted a value
of a = 0.55 with an uncertainty of +0.45.

[32] By means of equation (6), we have computed the proba-
bility of occurrence for a characteristic earthquake on each of
the eight fault segments listed in Table 1, in steps of 1 year after
1700 AD. The computation starts at the time of occurrence of
the first characteristic earthquake on each segment listed with
apex 1 in the eighth column of Table 1, and the elapsed time
is reset to zero upon the occurrence of every subsequent event.

[33] The computations are repeated 1000 times in a
Monte Carlo procedure by randomly drawing both the
interevent time and the coefficient of variation from a uni-
form distribution within their respective uncertainties
(Table 3 ). Among the 1000 outcomes, we have considered
the tenth, fiftieth, and ninetieth percentiles. The results are
shown in Figures 6 and 7, for the BPT and the Weibull
distributions, respectively, limiting our analysis to segments
1 (Psathopyrgos), 2 (Aigion), 3 (Eliki), 5 (Xvlokastro),
and 6 (Offshore Perachora). These are the segments for
which at least two events after 1700 AD are reported.

4. Effect of the Stress Transfer

[34] Earthquakes are considered to interact with one an-
other. In fact, according to the theory of elasticity, the

coseismic slip of an earthquake associated with a certain fault
segment results in a redistribution of the stress in the
surrounding crustal volume. The Coulomb Failure Function
(CFF) is a linear combination of the changes in the shear
and normal stress on the fault plane of a particular earthquake
source. Its coseismic static stress change is then given by
[King et al., 1994b; King and Cocco, 2001]:

ACFF = Az + ii*Ag, (®)
where Az is the shear stress change on the receiving fault
(computed in the slip direction) and Ag,, is the normal stress
change acting on the receiver fault (positive for unclamping
or extension).

[35] u'=u (1—B) is usually called the effective friction
coefficient (u is the friction coefficient), and B is the
Skempton coefficient which varies between 0 and 1 [Beeler
et al.,2000; Cocco and Rice, 2002]. A span of effective fric-
tion coefficient between 0 and 0.8 is considered here, which
is making a common assumption that pore fluid response to
static stress change is encompassed [Parsons, 2005]. The
0.8 value is appropriate for aftershock sequences, meaning
just after the main rupture when the water is “escaped” from
the fault. When we are far (in time) from the rupture, as in our
cases, it should not be greater (this means no computations
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Figure 7. Conditional probability for the occurrence of a characteristic earthquake computed under the
Weibull model for five of the eight fault segments considered for modeling the seismogenic structure fol-
lowing the southern bound of the Corinth rift. (a) Aigion. (b) Offshore Perachora. (c¢) Xylokastro. (d) Eliki.
(e) Psathopyrgos. The plots show the results of a Monte Carlo procedure applied to the uncertainties in the

parameters of the interevent time distribution.

for u”=0.9). The values lower than 0.3 are entertained to satisfy
weak fault models that have been suggested for Corinth Gulf
major faults [Chery, 2001]. This assumption could well be in-
correct [Beeler et al., 2000], since it is not known how fault
fluids are distributed, or how they respond to static stress
change. According to several authors [Harris, 1998; King and
Cocco, 2001; Catalli et al., 2008], anyway, the effect of the fric-
tion coefficient on the stress perturbation and the seismicity rate
change patterns is usually unremarkably modest.

[36] It is clear that the computation of ACFF requires
knowledge of the mechanism of both the causative and the
receiving sources, as well as the slip distribution on the
causative sources. In the absence of direct information about
the slip distribution for the causative earthquakes considered
in this study, we have assumed for all of them a distribution
consistent with a uniform stress drop on the rectangle of the
segment fault [Console and Catalli, 2006].

[37] In our application to the Corinth Gulf area, we have
considered, among the causative sources, not only the eight
segments listed in Table 1 (shown in red in Figure 4) but also
some sources located in the surrounding area (shown in gray
in Figure 4). Horizontal projections of the dislocation planes
are better viewed in Figure 8, where the sources of 6 July
1965 (M,,6.3) and 8 April 1970 (M,,6.2) (East part of Eliki
and East part of Xylokastro, respectively) of Table 4 are

depicted by smaller rectangles (white color) with respect to
the sources of 26 December 1861 (M,,6.7) and 21 February
1742 (My6.7), which broke the entire respective segments
3 and 5 of Table 1 (larger yellow rectangles). In a preliminary
analysis, we have noted that the three faults, Trichonida,
Kapareli, and Achaia, edging the Corinth Gulf, do not con-
tribute to the static Coulomb stress change of five receiving
faults. For this reason, in the Coulomb stress computation,
we have only considered the faults in Table 4.

Figure 8. Source modeling in the Corinth Gulf. The eight
sources listed in Table 1 are drawn in yellow. Other sources
that have been considered for the computation of the
Coulomb stress change are drawn in white.
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Figure 9. A sample of the Coulomb stress change ca
eight fault segments are indicated with numbers as in

[38] Figure 9 shows a sample of the Monte Carlo
procedure for the spatial distribution of ACFF obtained
by the end of our test (December 2011), mapped on the hor-
izontal projection of the rectangular source segments.
Segments 2, 4, and 8 are shown as void spaces, due to the
fact that no subsequent events caused significant stress
change on these segments after their last characteristic
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earthquakes (15 June 1995, 18 November 1992, and 24
February 1981, respectively).

[39] A direct way to incorporate calculated stress changes
into earthquake probability calculations is to treat a stress
change as an advance or delay in the earthquake cycle.
Under the renewal model, fault stress builds with time be-
cause of tectonic plate motion. Thus, a sudden stress change
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should be equivalent to a sudden shift in the time to the next
earthquake that can lead to an advance or delay (clock
change, A?) in the earthquake cycle. This At value has a
potentially significant effect on the resulting earthquake
probability calculation. Thus, we assume that the time
elapsed since the previous earthquake is modified from 7 to
t' by a shift, A¢, proportional to ACFF [Stein et al., 1997;
Parsons, 2005]:

ACFF
' =t+A=t+—"
T

)
where 1 is the tectonic stressing rate (also named tectonic
loading rate), supposed unchanged by the stress perturbation,
which in our case can be estimated from the slip rate and the
linear dimensions of the earthquake source [see, e.g.,
Console et al., 2008, equation A9]:

e 32u-Au (10)
n2-(WL)'/?

[40] In Table 3 for each fault source, we provide the calcu-
lated average stressing rates with the respective uncertainties,
keeping in consideration the uncertainties related to slip rate
and dimensions of the fault.

[41] Since the Coulomb stress change ACFF varies over
the surface of the target fault segment, ranging typically from
negative to positive values, for the application of equation
(9), we take a random value drawn from a distribution com-
puted on the nodes of a dense regular grid of 100 cells, with
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As in Figure 7, with the inclusion of the effect of the stress transfer.

each side of 10 nodes, reflecting the spatial pattern on the
fault, rather than using the average for the whole fault [e.g.,
Parsons, 2005].

[42] In the computation, the fault dimensions are variable,
and accordingly also the spacing is variable, ranging from 1
to 2 km. The spatial coordinates of the grid nodes are
computed starting from the coordinates of the fault center,
taking into account the width and the dip angle of the fault.

[43] For the fault interaction and for the positive and nega-
tive changes in the static Coulomb stress which are shown in
Figure 9, we have considered all the eight fault segments
adopted for modeling the seismogenic structure following
the southern bound of the Corinth rift, whose parameters
are reported in Tables 2 and 4.

[44] By the modification of the occurrence time due to
clock change, Af, defined in equation (9), we have
recalculated the probability of occurrence in steps of 1 year
after 1770 AD, for the BPT and Weibull models, only for
the five faults that are associated with more than 1 event, 1.
e., 1 - Psathopyrgos, 2 - Aigion, 3 - Eliki, 5 - Xylokastro,
and 6 - Offshore Perachora, aforementioned as receiving
faults, in a similar way as for the unperturbed renewal model
adopted in the previous section (Figures 10 and 11). We can
see in these figures that the occurrence of earthquakes on
some segments produces jumps of the occurrence rate on
some of the others, notably on the closest ones. The jumps are
always positive, because all the earthquake sources have similar
focal mechanisms and they are geographically aligned
along the same active structure (along-strike normal faults).
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Figure 12. ROC diagram, Hit rate versus the false alarm rate
F, for the statistical test of the two renewal models for five fault
segments (1, 2, 3, 5, and 6) of the Corinth Gulf. The contribu-
tion of the stress change effect (dashed lines) is also considered.
(a) ROC diagram for BPT model. (b) ROC diagram for Weibull
model. The plots show the results of a Monte Carlo procedure
applied to the uncertainties in the parameters of both the
interevent distribution and the stress transfer algorithm. The
blue line represents the trend of Poisson model.

This circumstance produces a positive ACFF and hence a
clock advance for the elapsed time. Comparing Figures 10
and 11 with Figures 6 and 7 (probability under the BPT
and Weibull models), we can observe that the stress transfer
calculations have only a small effect on the results, produc-
ing some minor extra wiggles in the probabilities in
Figures 10 and 11. And thus it is not surprising that account-
ing for this phenomena did not improve (or degrade) the
results in a significant way.

[45] The other faults, i.e., 4 - Offshore Akrata, 7 - Skinos, and
8 - Alepochori, having only one historical event (see Table 1)
are not considered for the statistical retrospective tests.

[46] Inthe computation of the stress change and the conse-
quent clock change, we deal with the uncertainties in all the
necessary parameters: coefficient of friction, source mecha-
nism parameters, size of the fault, depth of the fault center,
coseismic slip, along with the recurrence-time distribution
parameters associated to the eight causative and five receiv-
ing fault segments considered in this study. The computa-
tions are repeated 1000 times in a Monte Carlo procedure
by randomly drawing all the above mentioned parameters
from a uniform distribution within their respective uncer-
tainties (Table 2 and Table 3).
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Figure 13. R-score versus the false alarm rate /” for the sta-
tistical test of the two renewal models to five fault segments
(1, 2, 3, 5, and 6) of the Corinth Gulf. The contribution of
the stress change effect (dashed lines) is also considered.
(a) For BPT model. (b) For Weibull model. The plots show
the results of a Monte Carlo procedure applied to the uncer-
tainties in the parameters of both the interevent distribution
and the stress transfer algorithm. The blue line represents
the trend of Poisson model.
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Figure 14. Probability gain versus the false alarm rate /* for
the statistical test of the two renewal models to five fault seg-
ments (1,2, 3, 5, and 6) of the Corinth Gulf. The contribution
of the stress change effect (dashed lines) is also considered.
(a) for BPT model, (b) for Weibull model. The plots show
the results of a Monte Carlo procedure applied to the uncer-
tainties in the parameters of both the interevent distribution
and the stress transfer algorithm. The blue line represents
the trend of Poisson model.

5. Statistical Evaluation

[47] In the previous section, we have shown that the
application of a renewal model to a sequence of characteristic
earthquakes yields time-dependent probabilities for the
occurrence of the next event. These probabilities can be
affected also by the interaction among different segments,
due to the coseismic stress change on a particular fault
segment. In this section, we deal with the problem of

retrospectively evaluating the validity of the above men-
tioned models, by comparing the forecasts with the historical
information on real earthquakes. To do so, we apply mathe-
matical tools that have been already used in statistical seis-
mology [Murru et al., 2009] and plot the results in the
Figures 12—15, also considering the effect of stress transfer,
for the tenth, fiftieth, and ninetieth percentiles of the 1000
Monte Carlo procedure outcomes.

[48] An alarm-based forecast consists in defining a
spatial area and future time interval within which at least
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Figure 15. Log-likelihood ratio under the two renewal
models, assuming the Poisson hypothesis as reference model
(the whole Corinth Gulf fault system). (a) For BPT and BPT
with inclusion of the static stress transfer models. (b) For
Weibull and Weibull with inclusion of the static stress trans-
fer models. The plots show the results of a Monte Carlo pro-
cedure applied to the uncertainties in the parameters of both
the interevent distribution and the stress transfer algorithm.
The blue line represents the trend of Poisson model.
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Figure 16. Probabilities for the occurrence of the next char-
acteristic earthquake, over 30 years computed starting on 1
January 2013, on the five faults (1 - Psathopyrgos, 2 -
Aigion, 3 - Eliki, 5 - Xylokastro, and 6 - Offshore
Perachora) having more than one event, according to
Poisson, Weibull, and BPT models.

one earthquake exceeding a certain magnitude threshold is
expected to occur. In our application, an alarm is declared when
the expected 1 year probability of occurrence obtained from the
forecast model for any of the fault segments considered in the
test exceeds a given probability threshold. Twenty-nine thresh-
olds, ranging between 1- 10 and 2 - 102, have been adopted in
this study. Alarm-based forecasts are suitable for filling a binary
(2%2) contingency table as shown in Table 5, where each entry
corresponds to one of the four possible combinations of
occurred or not-occurred and forecasted or unforecasted earth-
quake in each of the space-time cells. In our case, these cells
are defined as a single fault segment for the duration of 1 year.
The meaning of the four entries is the following:

a —the number of successful alarms

b —the number of false alarms

¢ —the number of cells without

any alarm or any earthquake

d —the number of missed alarms.

[49] The binary contingency table, once the entries a, b, c,
and d are filled with a suitably large number of observations,
allows the computation of statistical indicators of the validity
of the model. In this study, we apply three of these indicators:
the Relative Operating Characteristic (ROC) diagram, the R-
score, and the performance factor.

[s0] The ROC diagram is a plot in which the x axis (false
alarm rate) is defined as

F = b/(b + c)(the fraction of alarms issued where an event
has not occurred)

and the y axis (Hit rate) is defined as

H = a/(a + d)(the fraction of events that occur on an alarm cell).

[51] The values of both " and H depend on the probability
threshold adopted for giving an alarm, because this threshold
affects the number of cells for which an alarm is issued.
Therefore, it is a usual practice to let the alarm threshold
change in order to have the number of alarms ranging from
zero to the total number of cells. For the application of the
statistical tools adopted in this study, we have only consid-
ered the sources that have had at least two historical events
(i.e., only segments 1, 2, 3, 5 and 6). We have not considered
the faults (i.e., segments 4, 7, and 8) with only one historical
event as their contribution to the statistical test would be
exclusively negative.

[52] Figures 12a and 12b show the ROC diagram obtained
from the application of the forecast methods for both the BPT
and Weibull distributions. We also plot the stress transfer
effect to the data set adopted in this study. The expected trend
of the ROC diagram for completely random forecasts is a
straight line between point (0, 0) (no alarms given and no
event forecast) to point (1, 1) of the plot (all the space-time
volume occupied by forecasts and all events forecast) (blue
line in Figures 12a and 12b). A point of the ROC diagram
above this straight line denotes a forecast method that per-
forms better than the time-independent Poisson hypothesis.
This is the case for our application to the Corinth Gulf fault
segments, except for the case of the ninetieth percentile and
for H< 0.2 only.

[53] The R-score is defined as the number of cells in which
carthquakes are successfully predicted divided by the total
number of cells containing alarms minus the number of
failures to predict divided by the total number of cells with-
out any alarms:

R=a/(a+b)-d/(c+d)

[s4] The R-score is still a function of the probability
threshold adopted for giving an alarm, and a plot of its value
can be drawn versus the fraction of false rate alarms F. The
results of our application with the same assumptions seen
for the ROC diagram are shown in Figures 13a and 13b.
The expected behavior of the R-score for a plain
time-independent Poisson model is a constant equal to zero
(blue line in Figures 13a and 13b). All the positive values of
the R-score denote a forecast method that performs better
than purely randomly given forecasts, as is the case in our
test, except for very low threshold values, at a 90%
confidence level.

[ss] The probability gain is the ratio between the condi-
tional probability (success rate) and the unconditional proba-
bility (average occurrence rate):

G=a/(a+d)e/(a+b)=H-e/(a+Db)

(where e=a +b +c+d, is the total number of geographic
cells multiplied by the number of time bins)

Table 5. Binary Contingency Table

Observed
Forecast Yes No
Yes a
No d [
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Table 6. Comparison Between Different Models®

LogR
Model Tenth Fiftieth Ninetieth
L=BPT, L,=Poisson 3.09 —4.01 —38.2
L=BPT+ACFF, Ly="Poisson 3.05 —4.27 —38.8
L=BPT+ACFF, Ly=BPT —0.04 —0.26 —0.06
L =Weibull, Ly=Poisson 2.26 —0.35 —14.4
L=Weibull+ACFF, Ly=Poisson 2.29 —0.43 —14.5
L=Weibull+ACFF, Ly=Weibull 0.03 —0.08 —0.01

“Final log-likelihood ratio: Log R=Log(L)-Log(L). The values represent
the tenth, fiftieth, and ninetieth percentiles of the distribution, respectively.

[s6] This is again a function of the probability threshold
adopted for giving an alarm. The plot of the probability gain
for our application to the Corinth Gulf with the same assump-
tions of the previous two plots is shown in Figures 14a and
14b. Note that the expected probability gain for a plain
time-independent Poisson model is a constant equal to 1
(blue line in Figures 14a and 14b). Again, our test achieves
a performance better than a Poisson random forecast, except
for very low threshold values at a 90% confidence level.

[s7] Having analyzed alarm-based forecasts, we now con-
sider probability-based forecasts. These consist in stating
the probability of occurrence since 1714 of at least one earth-
quake exceeding a well-defined magnitude threshold in a
well-defined spatial area and in a particular time interval. In
our application, we analyze the expected 1 year probability
of occurrence of a characteristic earthquake for any of the
fault segments considered in the test (Figures 10-13). We
use the log-likelihood ratio to compare the performance of
a time-dependent forecasting model with that of the time-in-
dependent uniform Poisson model [Console, 2001].

[s8] The log-likelihood of a binomial (occurrence or
nonoccurrence) process under a given hypothesis is defined
as:

P
logl. = ¥ [e/log(py) + (1~ e log(1 —p)]  (11)
where: p; is the probability associated with the ith cell in the
space-time-magnitude volume, c¢; is the binary value
representing nonoccurrence (0) or occurrence (1) of the event
in the ith cell; Note that natural logarithms are used in equa-
tion (9).

[s9] The log-likelihood ratio (Log R) is the difference be-
tween the log-likelihood computed under a model to be
tested (L), and that computed for a reference model (Ly):

Log R = Log(L) — Log(Lo) (12)

[60] In our test, the time-independent uniform Poisson model
is taken as the reference model. The models to be tested are the
two renewal models and the same with stress transfer inclusion.
We assume that a positive log-likelihood ratio denotes a good
performance of the forecast model under test.

[61] Figures 15a and 15b show the results of the log-likeli-
hood ratios for the entire Corinth Gulf fault system, for the
above mentioned models. It clearly shows some features of
the log-likelihood ratio plots:

[62] 1. During the interevent time intervals (non occur-
rence time), Log R is a continuous line with positive trend

when the occurrence probability under the tested model is
smaller than that under the reference model, and vice versa;

[63] 2. At the occurrence time of an event, Log R changes
abruptly by a positive step if the instantaneous occurrence
probability under the tested model is larger than that under
the reference model, and vice versa.

[64] We can see in Figures 15 that, after a fairly steady
situation of better performance of the BPT and Weibull
models with respect to the time independent model, the oc-
currence of the 22 April 1928 (Mw6.3) characteristic earth-
quake on segment 6 (Offshore Perachora) has made the
situation less clear. At the end of the test (December 2011),
while the median values show a better performance of the re-
newal hypothesis against the Poisson model, the latter cannot
be rejected at a 90% confidence level. In Table 6, we report
the final Log R values obtained at the end of the test period
under various models and hypotheses considered in the
study. The values shown represent the tenth, fiftieth, and
ninetieth percentiles of the Monte Carlo distribution.

6. Discussion and Conclusions

[65] The characteristic earthquake hypothesis modeled by
the BPT or the Weibull distributions has been tested on the
system of eight along-strike adjacent normal fault segments
aligned along the southern coast of the Corinth Gulf, a
relatively well-monitored region in Greece. The definition
of the eight segments has required a careful examination of
the geological and geophysical features of the study area,
along with the historical information on the earthquakes
occurring in that area. At the same time, a careful judgment
was necessary for the association of the historical earth-
quakes to each individual segment. There is some variability
in the magnitude of the earthquakes assigned to the same
individual segment (see Table 4). This raises the question
of whether the characteristic earthquake hypothesis is appli-
cable to this fault system. One could even suggest that the
earthquake sequence observed in the latest three centuries is
just a manifestation of self organized criticality. In this view,
both the limits of the rupture areas and the magnitudes asso-
ciated with the ruptures would come from a random process,
the consequence of which would be the Gutenberg-Richter
magnitude distribution.

[66] The choice of modeling the historical sequence of the
17 earthquakes that occurred since 1714 and reported in
Table 1 by means of the characteristic earthquake hypothesis
has required some arbitrary assumptions. One of our assump-
tions was to include segment 4 in the list of Table 1. This was
done to bridge the gap between segments 3 and 5. Segment 4
is the smallest in the list, and thus its characteristic magnitude
would be smaller than 6.0, which is the magnitude threshold
of our historical catalogue. As a consequence, only one
event, the 1992 magnitude 5.7 earthquake, is present in the
historical sequence, while its expected recurrence time
obtained from the slip rate is only 40 years. Therefore, we
must consider that the list of characteristic earthquakes for
segment 4 is incomplete. Addressing a relevant issue, Sykes
and Menke [2006] in their study on time-varying probability
estimates highlighted the importance of establishing that
large events are not missing in historic and prehistoric
(paleoseismic) records. Paying insufficient attention to such
matters can lead to estimates of repeat time and coefficient
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of variation that are too large, as well as to incorrect probabil-
ity calculations for future events.

[67] For a comparison among the results obtained from
different models (Poisson, BPT, and Weibull), Figure 16
shows the probabilities of occurrence for the next character-
istic earthquake, considering the tenth, fiftieth, and ninetieth
percentiles of the Monte Carlo distribution, over the future
30 years, starting on 1 January 2013, considering the infor-
mation reported in Table 2 with parameter uncertainties.

[68] The results of our statistical tests show a slight superior-
ity of the Weibull interevent time distribution in comparison
with the BPT distribution. This is mainly due to the negative
jumps occurring in the performance factor at the time of the
1928 (Offshore Perachora) and 1965 (Eliki) earthquakes, which
affect the BPT model in more considerable way. We may recall
that negative jumps in the performance factor occur when the
conditional probability estimated for the occurrence of an event
is smaller under the renewal model than under the Poisson time-
independent model.

[0] Taking into account the large uncertainties in the
parameters adopted in the physical and statistical modeling,
the application to the Corinth Gulf fault system has shown
that on average the renewal (time-dependent) hypothesis
performs slightly better than the time-independent Poisson
hypothesis. Nevertheless, the latter cannot be rejected at a
90% confidence level. This can be partly justified by the wide
range of variability adopted for all the parameters involved in
the model in our Monte Carlo simulations.

[70] No clear performance enhancement is achieved by the
introduction of the Coulomb static stress change into the re-
newal model. A possible explanation for this negative result
could be found in the method adopted for computing the
Coulomb static stress change (ACFF) on the receiving faults.
For earthquake probability computations, all that is typically
known in advance is that the next earthquake is expected to
nucleate somewhere along the concerned fault plane
[Parsons, 2005]. We do not know how tectonic stress is
distributed and often have no information about asperities.
Under this conservative hypothesis, in the Monte Carlo
simulations carried out in this study, we have drawn single
values of ACFF from the full set of grid nodes covering the
receiving fault, including those where negative values had
been obtained. However, it could be reasonable postulating
that the next earthquake nucleates near the peak stress
change part of the fault. Thus, perhaps drawing from
the stress change values above the mean would be a bet-
ter choice. Incorporation of stress transfer in earthquake
probability calculations can be justified in circumstances
where the calculated stress change on a fault is at least
10-20 times greater than the calculated tectonic stressing
rate. In such cases, the range of probability values is cal-
culated to be altered with a high degree of confidence
[Parsons, 2005].

[71] The results of the test have shown that, in spite of the
good quality of the historical information, spanning a period
of time longer than three centuries, the data set is not yet suf-
ficient for a clear answer to the question of earthquake time-
dependent hazard assessment. The inclusion in the model of
the clock change due to coseismic static stress interaction
among different segments does not lend support to this kind
of physical hypothesis. While it does not lend support, it
also does not provide any evidence against the model. The

modeled interactions between these segments are just too
small. One of the possible reasons behind this result is
that fluid flow can induce failure in these faults accepting
that the latter ones might always be at a near-failure state.
We are aware that we have a careful study, with an inter-
esting and long-duration data set, that simply fails to
teach us a lot. But the fact that this data set is not ade-
quate to teach us a lot is probably a worthwhile lesson.
This conclusion can probably be generalized to the appli-
cation of renewal and stress-transfer models to similar
cases, when a number of assumptions and large uncer-
tainties in the relevant parameters strongly affect the reli-
ability of the data.

Appendix A: Events Included in the Calculations
of Static Stress Changes (See Table 4)

[72] 24 January 1806, Mw6.2: From a morphotectonic
analysis, Tsimi et al. [2007] found that the Psathopyrgos nor-
mal fault, associated with this earthquake and striking E-W,
is a single fault segment 16 km long. Assuming a pure normal
fault (strike=270°, dip=50°, rake=—90°), the seismogenic
layer bounded between 5 and 13 km, and adopting the scaling
laws from Papazachos and his colleagues [2004], a length
and width of 15 and 10 km, respectively, and a coseismic slip
of 0.35 m was calculated.

[73] 22 April 1928, Mw6.3: The observed distribution of
damage implies an offshore epicenter, somewhere between
Perachora and Kiato [Admbraseys and Jackson, 1990]. A
length of the causative offshore Perachora fault (strike=
275°, dip=40°, rake=—80°) equal to 18 km and a width of
16 km is assumed and a coseismic slip of 0.54 m.

[74] 6 July 1965, Mw6.3: This event is associated with the
east part of Eliki fault (strike =281°, dip =34°, rake=—71°)
with length and width both equal to 12 km. With a seismic
moment of Mo=1.67-10"¥Nm [Baker et al., 1997], a
coseismic slip of 0.351 m was estimated.

[75] 8 April 1970, Mw6.2: For both length and width of
the activated segment (strike =265°, dip=30°, rake=—81°)
of the Xylokastro fault, 12 km was considered. With a seis-
mic moment of Mo=9.1-10"Nm [Liotier, 1989], a
coseismic slip of 0.19 m was calculated.

[76] 31 December 1975, Mw6.0: This event is associated
with a NW-SE oblique fault (strike =316°, dip=71°,
rake=—26°, Kiratzi et al., 2008]. With a fault length
of 12km, fault width of 9.5km, and a seismic moment
of Mo=1.13-10"¥Nm, a coseismic slip of 0.30m was
calculated.

[77] 24 February 1981, Mw6.7: The first strong shock of
this multiple sequence is considered to have moved the
Skinos fault (strike=264°, dip=42°, rake=—80°). A fault
length of 19 km, fault width equal to 15km, which with a
seismic moment of Mo=8.75 - 10'® N m, resulted to an aver-
age coseismic slip of 1.3 m [Hubert et al., 1996].

[78] 25 February 1981, Mw6.4: The second 1981 event
occurred on the Alepohori fault (strike=241°, dip=44°,
rake = —85°), taken to have a length of 13 km, and the same
for its width, with a seismic moment of 4.0 - 10'® N'm, with
a lower average displacement of 66 cm [Hubert et al., 1996].

[79] 4 March 1981, Mw6.3: For modeling the 1981 event,
the results from Jackson et al. [1982], who mapped the
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surface rupture and found offsets of up to 1 m on the Kapareli
fault (strike =50°, dip=45°, rake=—90°), and Hubert et al.
[1996] who took mean seismic moment to be 1.9 10'* N'm
for this event, were taken into account. With a fault length
and width taken equal to 13 km, a coseismic slip of 0.34 m
was calculated.

[so] 18 November 1992, Mw5.7: The rupture area of the
offshore of Akrata fault (strike =270°, dip=30°, rake=
—81°) has length and width both equal to 8 km. With a seis-
mic moment of Mo=4.1-10""Nm [Hatzfeld et al., 1996], a
coseismic slip of 0.19 m was calculated.

[s1] 15 June 1995 Aigion earthquake, Mwé6.4: The
mapped trace of the Aigion Fault onland is about 8 km long
and may extend as much as 14 km if one includes its offshore
trace [Pantosti et al., 2004]. A rupture length equal to 16 km
and a width of 10km, as it derives from cross sections
performed for the scope of the present study and based on
precisely located aftershocks, and an average displacement
0of 0.87 m [Bernard et al., 1997] were considered for the fault
(strike=277°, dip=33°, rake = —77°) associated with the oc-
currence of this strong event (Mo=3.4- 10" N m).

[s2] 6 June 2008, Mw6.4: The activated fault (strike =209°,
dip=283°, rake = 164°) has been assigned a length of 24 km
and width of 12 km (from relocated data, Karakostas et al.,
paper in preparation), which with a seismic moment of
Mo=4.56-10""N'm (http://www.globalcmt.org/CMTsearch.
html) gives a coseismic slip of 0.49 m.
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