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Abstract

We investigate temporal changes in seismic activity observed in the West Corinth Gulf
and North-West Peloponnese during 2008 to 2010. Two major earthquake sequences
took place in the area at that time (in 2008 and 2010). Our aim is to analyse Greek
seismicity to attempt to confirm the existence or non-existence of seismic precursors
prior to the strongest earthquakes. Perhaps because the area is geologically and
tectonically complex, we found that it was not possible to fit the data well using a
consistent Epidemic Type Aftershock Sequence (ETAS) model. Nor could we
unambiguously identify foreshocks to individual mainshocks. Therefore we sought
patterns in aggregated foreshock catalogues. We set a magnitude threshold (M3.5)
above which all the earthquakes detected in the study area are considered as
“mainshocks”, and we combined all data preceding these into a single foreshock
catalogue. This reveals an increase in seismicity rate not robustly observable for
individual cases. The observed effect is significantly greater than that consistent with
stochastic models, including ETAS, thus indicating genuine foreshock activity with
potential useful precursory power, if sufficient data is available, i.e. if the magnitude
of completeness is sufficiently low.

Keywords: Corinth Gulf, Seismicity, Aggregated Foreshock Catalogues.

Hepiinym

Meletoue ypovikés petafolés e oelouixng opaotnpiotnras oto Avtiko KopivOiaxo
Kolro xou i Boperodvuiky Ilelomovvnoo kard to &ty 2008-2010. Abo onuovtikés
oeloukég axolovlies onueiwbnray oty mepioyn oe owth v mepiodo (2008 kar 2010).
2ZT0y0¢ €IvaL Vo, avOADGOVUE TH CELTUKOTNTO, WTTE Va. ETPefaimaovue v Omapcn i un
TPOCEIGUIKNG OPOOTHPIOTNTOS TPLV OTO TOVS UEYOADTEPOVS oeiouols. Aoyw e
YEWAOYIKNG KO TEKTOVIKIG TOAVTAOKOTHTOS THS TEPIOYNG, OEV NTAY EPIKTH 1 EPOPUOYVH
evog eviaiov povtédov Emonuixod Tomov Metaoetouuxmv AxolovOiwv (ETAS), ovte n
OVOYVOPIoH TPOCEIGUMDY UEUOVOUEV®DYV KOPIwV celouav. Emouévag, avolntioous
avaloyo potifa o€ eviaiovg kotaAdyovg mpoosiouwmyv. Osooue évo, usyeog (M3.5)
TAVW om0 10 0T0i0 OA0L 01 oeLool Bewpodvial “KpLol”, Kai TOVOLATOUE TO OEOOUEVO,
TOD TPONYOVVTAL OVTMYV, OE EVA. KOIVO KOTAA0Y0. Avadewvietar Etol a ovénon tov
PLOUOD GELTUIKOTHTOG TTOV JEV EIVAL EUPAVIIS OE UEUOVOUEVES TEPITTWOELS KO EIVOL TLO
ONUOVTIK OTO EKEIVH WOV TPOPAETETAL OO OTOYAOTIKG. UOVTEAR, Omews 10 ETAS,
vrodnlwvoviag v Omopln TPOCEITUDY TOV UTOPOLY VO, dMDGOVY TH ODVATOTHTO!
TPOYVWONS OV VTGpYel IKAVOTOTIKO TANBog dedouevayv, onl. av to uépebog
TANPOTNTOG EIVOL OPKETC, YOUNAO.

Aéeig kig1o1d: KoprvBioxog Koimog, Zeiopuxotyra, Eviaior Katdloyor Ipoceiouav.
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1. Introduction - Background

A major question in seismology is if it is possible to develop reliable short-term forecasting of strong
earthquakes, and if so, how. Many phenomena prior to large events have been investigated in order
to assess their possible predictive value, but generally with limited success. A group of such
phenomena are those related to temporal changes in seismicity patterns preceding large events.

In order to identify temporal changes as potential precursory phenomena, it is necessary to know the
seismicity pattern that is expected if no large event is imminent. Numerous studies have investigated
“background” (or “reference”) seismicity, mostly assuming stationarity of the process (e.g. Toda et
al., 1998; Toda and Stein, 2003). However, any temporal clustering e.g. due to aftershock sequences
with decaying seismicity rates according to the empirical Omori law, will lead naturally to non-
stationary time series (Marsan and Nalbant, 2005). Declustering techniques (e.g. the Reasenberg
(1985) algorithm or the stochastic declustering of Zhuang et al., 2002) aim to identify and remove
the aftershocks from seismicity catalogues, but their success may depend on the validity of the
assumptions made in the analyses.

Seeking patterns of foreshock activity preceding large events is an important topic for prediction
research. Earthquakes demonstrate ongoing deformation. An area that is subjected to shear loading
may either deform gradually, seismically or aseismically, or lock. The latter implies the
accumulation of stress which may later lead to a large event. This implies that relative seismic
quiescence may have some predictive information regarding large events. Unfortunately, it is
generally difficult to distinguish true quiescence from other phenomena, for example decaying
aftershock sequences. Foreshocks to large events, i.e. small events above background level
preceding larger events, are often reported - but usually only retrospectively. The fundamental
predictive value of foreshocks is sometimes questioned (see Mignan, 2014 for a review). For
example, in cascade models (Felzer et al., 2015; Helmstetter et al., 2003), such as the Epidemic
Type Aftershock Sequence (ETAS) model, mainshocks are considered to be aftershocks of smaller
mainshocks (i.e. the foreshocks), and all events have a magnitude “chosen” at random from a given
distribution. If such models are correct, foreshocks contain little or no precursory information.

Many Greek earthquake sequences have been analysed using various statistical methods,
investigating seismicity rate changes on short or long time scales, and by applying temporal or
spatio-temporal modeling (e.g. Adamaki et al., 2010, 2011; Console et al., 2006; Papadimitriou et
al., 2012). Latoussakis and Drakatos (Drakatos and Latoussakis, 1996; Latoussakis and Drakatos,
1994) found evidence of seismic quiescence before strong earthquakes that occurred within several
aftershock sequences in Greece. Papadopoulos et al. (2000) identified foreshock activity during less
than 4 months prior to 12 out of 17 strong earthquakes (M>5) around the Corinth Gulf. Gospodinov
et al. (2015) recently presented a day by day forecast of seismicity working with data in the
Kefalonia area. Here, we use interevent times between earthquakes within a specified area as a time-
specific proxy for seismicity rate.

To identify stationary background or “reference” seismicity for the given area we may seek time
periods with no apparent rate changes. However, even if there are such periods, containing e.g. no
significant aftershock sequences, spurious temporal changes may be observed due to changes in both
observing networks and the methods used to detect, locate and analyse events. One way to minimize
these effects is to use fairly short and recent time periods.

The most common model of seismicity is a homogeneous Poisson process combined with triggered
aftershock activity described by the well known Omori law. The modified formula introduced by
Utsu (1969).

Equation 1 - Modified Omori Formula (MOF)
n(t)=K/(t+c)?
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gives the aftershock rate n(t) as a function of time. K, ¢ and p are empirical constants. Later, Ogata
(1988) introduced the ETAS model where all aftershocks can produce their own aftershocks, where
the seismicity is described by

Equation 2 - Formula for ETAS
Mty=pt+K*exp(a(Mi-Mmin) )/ (CH-ti)P

u represents the background seismicity, tj are the occurrence times of the events with magnitudes m;
that took place before time t, mo is the cut-off magnitude of the data (usually equal to the
completeness magnitude mc) above which all events can produce secondary aftershocks, and a. is a
measure of the efficiency of a shock in generating aftershock activity relative to its magnitude. The
parameters are estimated using the maximum likelihood method and the goodness of fit is usually
tested with residual analysis (Ogata, 1999). Several versions of ETAS modeling have been
developed aiming at better explaining observed seismicity. Gospodinov and Rotondi (2006) for
example suggested the Restricted ETAS model (RETAS), where only earthquakes above a cut-off
magnitude (which can be higher than m¢) can produce their own aftershocks. Implicit in all these
models is that all events can be considered as foreshocks, mainshocks and aftershocks (Helmstetter
etal., 2003).

Seismicity data is complex and statistical tools must be used to compare observations (related to
potential precursors) to what is predicted by cluster-type models like the ETAS (Bouchon et al.,
2013; Marsan et al., 2014; Ogata and Katsura, 2014). Below, we apply both established and new
methods to Greek data to investigate the occurrence of foreshocks.

2. Data

We use events from 2008 to 2010 in the western part of the Corinth Gulf and the northwestern part
of the Peloponnese (white rectangle in Figure 1) listed in the catalogue published by the Aristotle
University of Thessaloniki, which includes only earthquakes with magnitudes bigger than 2.0,
recorded by the Hellenic Unified Seismological Network. Our data set includes 4690 events,
including 3 major events, a) the strong earthquake in Achaia (NW Peloponnese) in 2008 (M>6.0)
and b) the doublet of M>5.0 events that occurred at Efpalio (W Corinth Gulf) in 2010. The epicenters
of these are shown in Figure 1 (see Karakostas, 2009; Karakostas et al., 2012 and Sokos et al., 2012
for more details on these sequences).

The application of the ETAS model requires a complete catalogue. Therefore, using the methods of
Leptokaropoulos et al. (2013), the completeness magnitude was estimated for different parts of the
dataset, with the highest value equal to 2.6. That the 2010 earthquakes occurred within the positive
lobe of the Coulomb stress changes that followed the 2008 strong event (Karakostas, 2009) and the
observed seismicity migrated towards the area of Efpalio between 2008 and 2010 suggests that the
events are related. Segou et al. (2014) performed static stress transfer calculations and concluded
that it's likely that the Achaia event in 2008 promoted the Efpalio sequence in 2010.

3. Temporal evolution of Seismicity

In Figure 2 we show rate histograms of our data, i.e. the number of events in fixed time bins. The
red lines represent an Omori type rate to be compared to the observed decay of seismicity after the
large events. The first 2 months of the 2008 aftershock sequence are characterized by a strongly
decaying rate, as seen in Figure 2b, which is followed by generally lower seismicity rate (compare
to the previous part) until the beginning of 2010. Almost 40% of the events during this interval
occurred around Efpalio. In Figure 2c we can see that the decay rate of the second aftershock
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Figure 1 — The study area (white rectangle). The two stars show the epicentres of the major
events during 2008-2010 (Achaia, 2008 and Efpalio, 2010). Blue arrows and lines, tectonic
motions and features: NAF: North Anatolian Fault, NAT: North Aegean Trough, CTF:
Cephalonia Transform Fault. Arrows: approximate direction of relative plate motion.

sequence is rather rapid, as the number of earthquakes in each bin reaches relatively low values only
1.5 months after the M>5 events. We see that an Omori type decay of power 1 can only
approximately describe the observed processes.

Such rate plots are useful, but the large changes in rate mean that while some bins contain very few
points others contain many, and possibly relevant details of time evolution within these bins cannot
be seen. Therefore we estimate the rate as the inverse of the average interevent time for one or a few
temporally neighboring events, allowing many rate samples where rate is high. Figure 3 shows the
inverse interevent times versus the sequential event number for our whole data set, yielding a clearer
image of the rate decay that follows the occurrence of each larger event. The first area marked in
Figure 3 corresponding to a period of almost 2 months following the Achaia main-shock shows that
the seismicity decays rather steadily while at later times (the interval marked between the shaded
areas) there aren't any obvious rate changes until the doublet events occur. In the next shaded area
we can see the initial decay that follows the first doublet earthquake and after the second of the
doublet events the rate essentially monotonically decays for about 1.5 months. In the last part of the
dataset the activity seems to be dominated by 4 M>4 events and their aftershocks (Figure 3).

4. ETAS analysis

These simple presentations of our data provide some evidence that the process is not homogeneous.
Several intervals seem to be related to different rates and as a result they introduce rate changes that
can be further tested. With the help of the algorithm Gospodinov and Rotondi (2006), developed,
we applied the ETAS model to the whole dataset and to subsets. For the complete 2008-2010 time
period, although the Akaike criterion (Akaike, 1974) indicated that the the ETAS model fitted well
compared to MOF and RETAS, much of the data were outside the error bounds of the estimation
the model provided, implying that a single ETAS model is inadequate to describe the data. Therefore
we modelled separately three different time intervals, a) following the 2008 major event in Achaia,
b) during 2009 when no strong earthquakes occurred and c) following the doublet in Efpalio. The
fit was poor in the last two cases, although we tried applications assuming several magnitude
thresholds. A summary of the results can be seen in Table I. Although there are parts of the dataset
where the right choice of parameters (equation 2) can model the real seismicity well, the results are
not stable in most of the cases. Specifically, when a long period is chosen the model underestimates
the intense aftershock activity while overestimating rate where the rate doesn't change significantly.
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The best fit was achieved for the months following the 2008 major event (M>6), although the decay
was underestimated during the first days of the aftershock sequence. The values of parameter p
shown in Table 1 indicate that the decay rate decreases over time. Michas et al. (2014) also found
that the period following the Efpalio doublet was characterized by some kind of homogeneity
compare to the period before that. These observations could imply that there are different processes
occurring during the time we study, even before the major events of 2010 when no major earthquakes
occurred.
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Figure 2 - a) Histogram of the seismicity observed in the study area during 2008-2010, b) A
more detailed picture of the 2008 aftershock sequence, ¢) Same as in b) but for the 2010
aftershock sequence. The red lines show the Omori type decay with p=1.

Table 1 - Summary of results after applying the ETAS model on the dataset and on subsets.

Time Parameter p Data outside the error
bounds (%)
2008-2010 1.131 49.39
2008 (Achaia aftershock sequence)  [1.33 10.12
2009 No ETAS model can fit this part of the dataset
2010 (Efpalio aftershock sequence)  [1.053 48.06
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Figure 3 - The inverse interevent time against the sequential earthquake number. The
shaded areas show the aftershocks that followed each of the major events (i.e. the mainshock
in Achaia and the doublet in Efpalio), while the marked area between them corresponds to
the seismicity observed during 2009 (where no major events occurred).

5. Aggregated Time Series

Analyses based on ETAS or examination of data such as Figures 2 and 3 was not able to reveal any
unambiguous anomalous activity prior to the larger events. An important question is if this is because
no such activity is present, or because our data is insufficient to reveal such effects, Therefore, we
chose to superimpose data preceding and following all larger events in our catalogue, hoping that
the averaging involved will reveal patterns otherwise obscured due to e.g. the difficulty in assessing
if a burst of activity prior to a given mainshock is “precursory” or some unrelated phenomenon.
Clearly, when averaging over events, unrelated phenomena should tend to be temporally evenly
distributed. A magnitude threshold was chosen, and all events of this magnitude or higher considered
to be “mainshocks”. Such events which, within a specified time window, were preceded by a larger
event were excluded. Events before and after the remaining “mainshocks” and spatially close to
these were placed into a common catalogue, with time relative to each mainshock. We can then
examine the aggregated rate to see if there is a general increase or period of quiescence prior to our
“mainshocks”. Note that we make no attempt to separate aftershocks and other events, and larger
events in aftershock sequences may be included as “mainshocks”, as long as they are not close in
time to a larger preceding event.

We choose to focus on the intervals after the 2008 M6.4 event and the doublet in 2010. In the
example shown in Figure 4, all other earthquakes with magnitudes above Myn=3.5 are regarded as
main shocks, and events for the preceding 50 days and within 10 km radius were aggregated. This
approach should be robust to technical changes in networks and analysis, as these will generally be
stable for each 50 day data subset. As mentioned above, even if Mc changes over time we can
reasonably assume that there aren't significant changes in Mc within the short intervals preceding
these "mainshocks". In Figure 4, the top plot (a) shows the normalized cumulative number of events
of the aggregated series, plotted against the time preceding the mainshock times To. The shaded area
of the last 15 days prior to Ty is of interest as here the seismicity rate apparently increases. In Figure
4b we also present the inverse interevent times for the events in the aggregated time series, plotted
against time. We can see a clear increase in seismicity rate about 2 weeks before To.
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Figure 4 - Aggregated preshock sequences for “mainshocks” of M>3.5. a) The normalized
cumulative number of events against time, b) The inverse interevent times of the common
series, ¢) and d) The aggregated series is divided in two random parts. The shaded areas
show the increase in seismicity during the last days before To, which is observed in all plots.

Especially as the rate before and after different larger events may be very different, we must assess
if any apparent general patterns of behavior are artefacts e.g. due to one or a few events dominating
the aggregated series. We performed various tests to evaluate this, including randomly splitting the
main shocks into two separate groups and comparing results, and performing calculations including
events of different magnitude. Such tests included choice of the threshold for the identification of
“mainshocks” and use of data only from selected magnitude bands in the histograms. Examples are
shown in Figure 4 (c and d). An increased seismicity rate was consistently seen.

If seismicity consists of events completely random in time, each of which may have aftershocks,
then we expect no increase in activity prior to larger events. In such a case, we can test if an observed
increase in seismicity prior to larger events is significant by performing numerical random
simulations, and seeing how often these produce a similar increase by chance. For ETAS models, it
is more complex. The ETAS model implies that a higher activity rate indicates a higher future rate,
which in turn implies increased risk of a large event, as the magnitude of each new event is randomly
“chosen” from a Gutenberg-Richter distribution. This randomness means that rate increases prior to
larger events should be observed, but that these are essentially not useful for predicting large coming
events. Therefore, if a rate increase prior to larger events is observed, it is important to assess if this
is what we would expect from an ETAS model. We can also test this using numerical random
simulations.
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Here, in order to assess if the observed acceleration is what we would expect from ETAS-type
behaviour, we also run a randomized test on our empirical data. In the ETAS model, the probability
of a new event is steered by earlier events, but the magnitude of the new event is not. Therefore
ETAS-consistent rate increases should be observed even if we select our “mainshocks” completely
at random from our catalogue, independently of their magnitude. For simple comparison, we test
with the same number of randomly selected events as in our actual mainshock analysis, but repeat
this many times which allows us to define empirical confidence limits. This simple but robust test
of the ETAS rate increase hypothesis showed that although there is a rate increase in the aggregated
data which is consistent with the ETAS model, this is only visible for the last two days of the stacked
preshock sequence. Thus, the clear rate increase seen in Figure 4 can not be explained in this manner.
Our empirical confidence tests indicate that this can be stated at a very high confidence level of well
over 95%.

6. Discussion - Conclusion

Our analysis was motivated by the two earthquake sequences (Achaia and Efpalio) that occurred
close in time (2008 and 2010) and space (NW Peloponnese and W Corinth Gulf), where both
Coulomb stress transfer calculations and the observed apparent migration of seismicity from Achaia
to Efpalio indicate that the two sequences may be causally related. These sequences are fairly recent,
implying relatively high sensitivity and data quality from the Greek network, and a rather
homogeneous catalogue with a relatively low completeness magnitude.

Investigating the sequences in more detail, we found that in the aftershock sequence of the 2008
event in Achaia the rate decays fast in the short term after the main-shock (almost 2 months) and is
followed by a lower seismicity period. After this time, this (power-law) decay of rate apparently
changes. For the 2010 sequence the p value is lower than for the 2008 event, and is very close to 1.

No ETAS model could reproduce well the seismicity for the whole data set. Subsets of data were
selected according to where apparently significant changes in behaviour were observed and the
ETAS model was applied separately to each of these. For these subsets, ETAS was able to fit the
data successfully in some cases. For even shorter time periods there were too few events to apply
ETAS.

Thus, while the data appears to be piece-wise consistent with the concept of poissonian background
seismicity and aftershock sequences consistent with Omori- and ETAS-type behavior, there are
additional and apparently significant components in the tempo-spatial evolution of seismicity. The
data may contain foreshocks to the largest events investigated, but with so few data no preshock
sequences to these could be unambiguously identified. Therefore, rather than trying to identify
foreshocks to these events specifically, we aggregated data to assess if generic foreshock activity
exists, and if so what its character is. Treating many slightly larger events (M>3.5) as mainshocks,
and superimposing activity prior to these, produces an aggregated time series. These analyses show
an increase in seismicity rate prior to main shock time. The rate increase appears to be consistent
with the statistical inverse Omori law (Helmstetter and Sornette, 2003) only to a limited extent. This
implies that foreshock activity is common, perhaps even ubiquitous, even though it is often not
possible for individual main shocks to distinguish foreshocks from other seismicity such as a smaller
event with some aftershocks prior to a main shock. These observations suggest that there are
structural components in the seismicity which are not consistent with the normal ETAS model
concept, as well as supporting the idea that foreshocks may very well ultimately provide a tool for
more routine short-term prediction of coming larger events. In other words, there is in some sense
an increase in seismicity prior to major events, and this has a character suggesting that it might be a
useable basis for producing short-term prognoses of coming larger events. It does not, however,
follow automatically from our results that such prognosis is possible. What does seem clear is that
for any real chance of observing and identifying precursors to coming events very high quality data
(including very low Mc) will be necessary.
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