AeAtio Tng EAANVIKAG MewAoyikig ETaipiag, Tépog L, ogA. 1369-1378 Bulletin of the Geological Society of Greece, vol. L, p. 1369-1378
MpakTikd 14°Y AigBvoug Zuvedpiou, Oecoalovikn, Mdiog 2016 Proceedings of the 14" International Congress, Thessaloniki, May 2016

SEISMIC HAZARD ASSESSMENT FOR THE CORINTH
GULF AND CENTRAL IONIAN ISLANDS BY MEANS OF
THE LINKED STRESS RELEASE MODEL

Mangira O.%, Papadimitriou E.%, Tsaklidis G.2, Vasiliadis G.3

!Aristotle University of Thessaloniki, Department of Geology, 54124, Thessaloniki, Greece,
omamgira@geo.auth.gr, ritsa@geo.auth.gr

2Aristotle University of Thessaloniki, Department of Mathematics, 54124, Thessaloniki, Greece,
tsaklidi@math.auth.gr

STEI of West Macedonia, Department of Informatics Engineering, 52100, Kastoria, Greece
gvasil@math.auth.gr

Abstract

Earthquake generation causes spatio-temporal stress changes on adjacent fault
segments that can alter the occurrence probability of subsequent earthquakes onto
them. The interaction is investigated with the Linked Stress Release Model, applied to
fit historical data from two areas that accommodate high seismicity, the Corinth Gulf
and the Central lonian Islands. These two areas are divided in two subareas, based
on seismotectonic features; Corinth Gulf is divided in the western and eastern part,
whereas the area of Central lonian Islands is divided in Kefalonia and Lefkada
subareas. The results establish interactions between the subareas, especially in the
Central lonian Islands, and underline the differences in tectonic structures and
earthquake mechanisms between these areas. Particularly, the seismicity in the
Central lonian Islands is proved to be more complex and active and yet more difficult
to be examined, whereas the LSRM fits the Corinth Gulf data more easily.
Keywords: interaction, point process, conditional intensity function.

Hepiznyn

H oeiopoyéveon mpokolel ywpo-ypovikés LetofoAEC OTIC TATEIS O€ YEITOVIKG, PIYIOTO,
o1 omoieg emnpealovv g mbovotntes yéveong oeloumv oe ovta. H aiinlemiopaon
oepevvarou ue ) Ponbeio 100 Lolevyuévov Moviélov Anelevfépwans Taons (XMAT),
70 0TOI0 EPOPUOLETAL TE LOTOPIKOVG KOTOAOYOVS 00O TEPIOYWV UE 1010ITEPD, EVTOVH
oetoprotnro, Tov Kopivliaxo Koro koi ta Nnoid tov Kevipixod loviov. Oi 5o avtég
TEPIOYES OLOKPIVOVTAL € ODO DTOTEPLOYES N KoDEUIa, e SOoN TO. CEIGUOTEKTOVIKG. TOVG
xopoxtnplotike. 2vykekpiuéva, o Kopivbioxos Koimog ywpileton oto dvtikd kot to
ovaToMKo tov TUNUO, evad N mEPLoyn Tov Kevipikod loviov oti¢ vmomepioxés g
Kepaioviag ko g Asvxadog. Ta amoteléouoro vroypouuilovy g diapopés uetalod
TV ODO TEPLOYDV OE GYECT UE TIG TEKTOVIKES OOUES TOVG. ZVYKEKPLUEVQ, 1] OELTUIKOTHTO,
oy weproyn tov Kevipikod loviov amodeikvietar mo molomlokn kal wo d0eKoAN vo,
ueretnbei, evar 1o EMAT mpooopudletor mwo gbxola ota dedoueva tov Kopivbioxoo
Komov.

Aéeig KAe1ord: allnlemiopoon, onueloxn oLaIKaoia, cOVAPTHGN KIVODVOD.
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1. Introduction

Considerable efforts were exerted during the last decades for evaluating the seismic hazard in a region
by means of the stress release models. Vere-Jones and Deng (1988) and Zheng and Vere-Jones (1991,
1994) were the first to apply and study in detail the Simple Stress Release Model (SRM), a stochastic
version of the elastic rebound theory. According to the models based on this theory, a large earthquake
should be followed by a period of quiescence. Kagan and Jackson (1991) though, suggest a long-term,
weak clustering which characterizes all the mainshocks and Gabrielov and Newman (1994) support
that a strong earthquake can be followed by a period of activation and sometimes other earthquakes of
comparable magnitude. This kind of behavior could be explained through stress transfer between
different regions. Liu et al. (1999) proposed the Linked Stress Release Model (LSRM) introducing
stress interaction between different parts of a region to estimate the effect on the seismic hazard in each
part. Ever since, stress release models have been applied to historical earthquakes from different
regions worldwide (e.g. Lu et al., 1999; Lu and Vere-Jones, 2000; Bebbington and Harte, 2001, 2003;
Lu, 2005) or to synthetic earthquake catalogs (Lu and Vere-Jones, 2001). More recently, information
gains and entropy scores have been used for scoring probability forecasts (Bebbington, 2005; Harte
and Vere-Jones, 2004), whereas Rotondi and Varini (2006, 2007) analyze stress release models from
the Bayesian viewpoint.

In this paper, we model the earthquakes occurrence as a stochastic point process by applying LSRM
to the historical earthquake catalogs from the Corinth Gulf and the Central lonian Islands focusing
on the stress transfer among subareas of these two areas. The results obtained, confirm interactions
between the subareas, especially in the Central lonian Islands, and yet underline the differences in
tectonic structures between the two study area.

2. Study areas

The study areas were extensively investigated during the last decades since they have experienced
several destructive earthquakes and have been identified as sites of major importance for earthquake
studies in Europe. The rift of Corinth consists one of the most prominent active structures, which
separates continental Greece from the Peloponnese (McKenzie, 1978). The high level of seismicity
is testified by the historical as well as the instrumental records, which include several moderate to
large earthquakes (M > 6.0). In the Gulf of Corinth though, the largest magnitude observed or ever
reported is hardly any greater than 6.8, a fact that probably reflects the lack of continuity of fault
segments (Jackson and White, 1989). One more feature that should be taken into account in seismic
hazard studies is the earthquake occurrence very close in time (e.g. the sequence of 1981 earthquakes
in the eastern part of the Corinth Gulf).

The central lonian Islands area, which includes Lefkada and Kefalonia Islands, constitutes the most
active part of shallow seismicity in the broader Aegean region, exhibiting the highest seismic
moment rate (>10% dyn cm yr?, Papazachos et al., 1997). The Kefalonia Transform Fault Zone
(KTFZ) has been recognized as responsible for the high levels of seismicity in the region, connecting
the continental collision to the north with the oceanic subduction to the south. Seismicity is mainly
concentrated along the west shoreline and offshore of the two Islands, with almost all the M >6.0
events to be associated with the fault segments that are part of KTFZ. Lefkada Island has suffered
many times from earthquakes occurring in the nearby Kefalonia Island, a fact that suggests possible
coupling between the Lefkada and Kefalonia faults (Papadimitriou, 2002). Therefore, it is
particularly interesting to examine the interactions between earthquakes occurring in each subarea
via stress release models. Votsi et al. (2011) were the first to apply these models to central lonian
Islands. Two different datasets are used in their study, one comprising earthquakes with M >6.0
that covers the period 1862-2008 and one comprising earthquakes with M >5.2 that covers the
period 1911-2008, used in order to obtain a complete catalog with more data necessary for the
application of the LSRM. The division between the subareas of Kefalonia and Lefkada is slightly
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different than the one chosen in this study, as well as the dataset used (period selected, magnitude
cut-off).

Due to the large number of parameters of the models used, as it will be shown in the methodology
section, a large data sample is required. The data used for the current study are taken from the catalog
compiled from the Geophysics Department of Aristotle University of Thessaloniki
(http://geophysics.geo.auth.gr/ss/). We need though to compromise the fact that we are interested in
the strong earthquakes that occurred in both regions. Thus, an effort is made to obtain the largest
and longest possible complete earthquake catalog, which in the case of the Corinth Gulf is the one
comprising earthquakes with magnitude M >5.0 that occurred in the area since 1911 and in the
case of the lonian Islands earthquakes magnitudes with M >5.2 for the same period. The temporal
distribution of the events is shown in Figures 1 and 2, respectively. Since we will apply the LSRM,
the two areas were further divided into two subareas according to their seismotectonic features; the
Corinth Gulf is divided in the western and eastern part, whereas Central lonian Islands are divided
in the subatreas of Kefalonia and Lefkada.
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Figure 1 - Temporal distribution of the Figure 2 - Temporal distribution of the
earthquakes with M >5.0 that occurred in the earthquakes with M >5.2 that occurred in the
Corinth Gulf since 1911. Central lonian Islands since 1911.

3. Stress Release Models
3.1. Simple Stress Release Model (SSRM)

In the Simple Stress Release Model, the key variable is the stress level in a region, which determines
the probability of an earthquake to occur (Vere-Jones and Deng, 1988). The evolution of stress
X (t) as a function of time, could be written as

X (t) = X (0) + pt — S(t),
where X(0) is the initial stress value, p is the loading rate and S(t) is the accumulated stress release
from earthquakes within the area over the period (0,1), i.e.,

S(t) :zsi,

i<t

where t;, S; are the time and the stress release, respectively, associated with the i-th earthquake.
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The amount of stress released by an earthquake can be estimated from empirical relations as a

function of its magnitude. Kanamori and Anderson (1975) show that the magnitude M is

proportional to the logarithm of the seismic energy released according to the relation

M =2/3log E +const. Bufe and Varnes (1993) suggest the cumulative Benioff strain as a measure
N(@)

of the total energy released, i.e., S(t) = Z E> , where E; is the seismic energy of the i-th

i=1
earthquake and N (t) stands for the number of earthquakes till time t. Then we have the relation
S =100-75(M’Mmin)
where M denotes the earthquake magnitude and Mmin the normalized magnitude.

The stochastic behavior of the model is characterized by the conditional intensity function, which is
equal to the hazard function and it is assumed to have the exponential form

A" (t) = W(X (1) =exp[u+v(X (0) + pt—S(1))] = exp[a+v(pt - S(t))] =exp {a-+b[t —cS(t)]}.

Estimation of the parameters is performed numerically by maximizing the log-likelihood function
N(T)

T
logL =" log " (t) - j A" (u)du,,
i=1 0
where (0, T) is the observational interval and N(T) is the total number of events in (0, T).

3.2. Linked Stress Release Model (LSRM)

From the above description, it can be seen that stress transfer is not taken into account in the Simple
Stress Release Model. In order to incorporate interactions between different subareas, the Linked
Stress Release Model is proposed. In that case, the evolution of stress in the i-th area can be rewritten
as

X, ()= X,0)+pt-2.6,5 ),

where S (t, j) stands for the accumulated stress release in the subarea j over the period (0,t) and the
coefficient 6; measures the fixed proportion of stress drop, which is transferred from subarea j to
subarea i. It is plausible to set 6 =1. Positive and negative values of @; indicate damping and
excitation respectively.

We assume that each area has an exponential hazard function and we obtain for each area i a
conditional intensity function of the form

A (t) =Y(Xi(1) = eXp{a’i Vi |:pit_z‘9ijs(t1 J)}},

where a; (= i +vi Xi(0)), vi, pi and G are the parameters to be fitted. A simpler parameterization
(Liu et al., 1998) is achieved by setting bi=vi p; and cij=8j/p;, yielding

ﬂﬁ*(t) = eXp{ai +D, |:t _Zcijs(tv J):|} )

where a;, bj, cijare the parameters to be fitted for each subarea i.

For the estimated parameters there are some restrictions that should be taken into account. The
parameters bi=vipi, ko1 ¢i,=1/pi should be positive, since the loading rate p;j and the sensitivity to
stress change, vi, take (only) positive values. On the contrary, c12 and c2; could take either positive
or negative values.

Estimates of the parameters are found by numerically maximizing the log-likelihood
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N, (T) N, (T) T
logL = Z log A" (t,) + Z log 4, (t;) — [ (4 (u)+ 4; (u))du,

where N1(T), No(T) are the total number of events that occurred in the subareas 1 and 2, respectively,
in the time interval (0, T), spanned by our catalogs.

4. Application of the LSRM
4.1. Application of the LSRM to the area of Corinth Gulf

Zheng and Vere-Jones (1991, 1994) found that large geographical areas give better fits to the simple
stress release model when divided into subunits. We will apply the Linked Stress Release Model in
order to investigate coupling between the two subareas in the Corinth Gulf, i.e., its western and
eastern parts of the Corinth Gulf.

In addition to the restrictions mentioned above, in section 3.2, geodetic data analysis shows
differences in extension rates between the western (15mm/yr) and eastern part (10mm/yr) of the
Corinth rift (Briole et al., 2000; Chousianitis et al., 2015). There are then additional restrictions
concerning the loading rates. Particularly, by allowing p1/p2=3/2, we get c11/c22 =2/3. The maximum
value of the log-likelihood function is logL=-167.266 and is calculated numerically through a
Newton-type algorithm. The standard errors are calculated by means of the Fisher information
matrix. The parameters b; and cii, which have to be positive, were transformed via an exponential
transformation in order for the confidence intervals to include only positive values. The parameters
we derived through the MLE method are presented in Table 1.

Table 1 - Estimated parameters, standard errors and 90% confidence intervals for the
LSRM applied to the Corinth Gulf.

Parameter Estimation Standard error 90% Confidence
Interval
a1 -0.8119 2.0058 (-4.1114, 2.4876)
a -0.7967 2.4102 (-4.7615, 3.1680)
b: 0.0149 0.0032 (0.0143, 0.0153)
b, 0.0413 0.0009 (0.0397, 0.0428)
C1 0.2513 0.0264 (0.2079, 0.2947)
C12 0.4550 0.0130 (0.4336, 0.4764)
Ca1 0.6112 0.0414 (0.5431, 0.6793)
C22 0.3773 0.0264 (0.3339, 0.4208)

Next, we transform the aforementioned parameters in order to get vi, pi and 6. The results are
presented in Table 2.
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Table 2 - Transformed parameters for the LSRM applied to the Corinth Gulf.

Subarea i

ai

Vi

pi

i1

O

Western
Corinth (1)

-0.8119

0.0004

3.97

1.806

Eastern
Corinth (2)

-0.7967

0.0156

2.65

1.619

Western Corinth Gulf
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Figure 3 - The conditional intensity function versus time for each subarea calculated by the

20

40

Time (years since 1911)

60

80

100

LSRM, fitted to the catalog of earthquakes with M >5.0 that occurred since 1911. (top)
western part of the Corinth Gulf. (bottom) eastern part of the Corinth Gulf.

The hazard functions calculated by using the fitted parameters are shown in Figure 3. The
transformation of the parameters along with the hazard functions help us interpreting the results and
the possible interactions between the two subareas. Both parameters, 61, and 6,1, are positive, which
means that earthquakes occurring in the western part of the Corinth Gulf (subarea 1) can be
considered to “provoke” (more precisely, “are accompanied by”) damping, i.e., decrease of the

occurrence rate in the eastern part (subarea 2) and vice versa.
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4.2. Application of the LSRM to the area of Central lonian Islands

The LSRM is applied to the earthquakes with M >5.2 that occurred in the Central lonian Islands
since 1911. Due to the fact that earthquakes in our data set have to be independent events, aftershocks
are removed and this fact leads to a catalog of 75 events in total.

In order to find the maximum value of the likelihood function of the model the (8-dimensional)
parameter space was scanned numerically using a dense grid (with step varying from 0.01 to 0.1),
by also taking into account the restrictions of the model. The maximum value of the log-likelihood
function of the LSRM applied in Central lonian Islands is -145.6144 and is obtained for the
parameters given in Table 3.

Table 3 - Linked Stress Release Model parameters for Central lonian Islands.

Parameter Estimation Standard error 90% Confidence
Interval
a1 0.3 0.0246 (0.2594, 0.3405)
a 0.1 0.0287 (0.0527, 0.1473)
b: 0.04 2.57*10° (0.0399, 0.0400)
b, 0.03 1.84*10°% (0.0299, 0.0030)
C11 0.333 0.0015 (0.3308, 0.3354)
C12 0.8 0.0042 (0.7930, 0.8070)
Ca1 0.6 0.0035 (0.5948, 0.6052)
C22 0.5 0.0022 (0.4963, 0.5037)

The transformed parameters are presented in Table 4.

Table 4 - Transformed Linked Stress Release Model parameters for Central lonian Islands.

Subarea i ai Vi pi Ol G2
Kefalonia(1) 0.3 0.0133 3 1 1.6
Lefkada (2) 0.1 0.015 2 1.8 1

The parameters are then used in order to calculate the conditional intensity functions for each
subarea (figure 4).

Both parameters, 61, and 621 are positive (by taking the confidence intervals for the associated ci2
and ¢ into account) and thus we may argue that earthquakes occurrence in Kefalonia Island
(subarea 1) “causes” (or better, “is accompanied by”) damping, i.e., decrease of the earthquake
occurrence rate in Lefkada Island (subarea 2) and vice versa.
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Figure 4 - The conditional intensity function versus time for each subarea of the Central
lonian Islands calculated by the LSRM, fitted to the catalog of earthquakes with M >5.2
that occurred since 1911. (top) Kefalonia (bottom) Lefkada.

5. Conclusions

By means of the Linked Stress Release Model, we established a model for the interactions between
different faults and yet different subareas of a larger area. The model itself provides a simple
paradigm whereby spatio-temporal complexity of seismicity can be related to both the dynamics and
heterogeneities in a seismic region. Large variation concerning the conditional intensity functions is
observed, meaning that the risk of an earthquake occurrence is obviously not time invariant
(especially in the Central lonian Islands). This kind of behavior could be explained by the more
complicated structure of this area and thus the pattern of earthquake occurrence could better be
justified via the Linked Stress Release Model. Finally, it is worth noting that fitting of the LSRM
leads to the conclusion that earthquake occurrences in any subarea “cause” (are accompanied by)
damping, i.e., decrease of the earthquake occurrence rate in the area nearby, for both areas under
study. In other words there is no evidence (using LSRM) of earthquake provoke from one subarea
to the other.
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