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Abstract

Clusters commonly occur as main shock — aftershock (MS-AS) sequences but also as
earthquake swarms, which are empirically defined as an increase in seismicity rate
above the background rate without a clear main shock. A delcustering algorithm is
employed to identify clusters from a complete catalog of earthquakes that occurred
in the area of NW Peloponnese (Greece) during 1980-2007. In order to distinguish
these clusters we calculate the skewness and kurtosis of seismic moment release for
each cluster, since swarm-like sequences generally have lower skew value of mo-
ment release history than MS-AS. The spatial distribution of b-value was calculated
for the entire catalog as for the declustered one, in order to correlate them with
seismicity behavior of the region. Finally, the pre-stress field of Achaia 2008 earth-
quake was calculated aiming to associate the stress accumulation with the occur-
rence of the identified clusters.
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Hepilnyn

O1 GEI0UIKES GVYKEVIPATELS EKONAOVOVTAL G aKoAovBieS TOL TOTOV KDPIOS TELTUOG —
HETAOEIOUOT AALG KOl G GUIVOGEIPES, 01 OTOIES OPILoVTal WG OTOTOUES UETOPOAES
TG CELOUIKOTNTOS YWPIG Vo Kuplapyel komolog oelouos ot ueyebog. Epopuootnie
aAyopiOuog e oKomo THY avoyvapIoH TV GEICUIKWOV CVYKEVIPWOOTEMY OO EVO. TANPH
Katdioyo yia v meproyn s NA [lelowovvioov kata v mepiodo 1980-2007. Eva
XOPOKTHPLOTIKO TWV OUNVOTEIGU®DYV amoTeAsl 1 younAy tun s Aoéotnrag g
OELOUIKNG POTHS G TPOS TO xpovo. Me OKkOmo TNV OIGKPION TWV OCEIOUIKDOV
OVYKEVIPWDOEMYV 0E OUNVOOEICUOVS KOl UETACEIOUIKES oKxolovbies vroloyiloviar o1
TES TG AoEOTNTAG Kl TS KOPTWONG THS GEICUIKNS POTHS (G TPOS TO YPOVO YiLa. KGbe
oelouikly ovykévipwarn. Emmiéov vmoloyiotnke n ywpixy kotovoun te wapouétpov b
7000 Y10, TOV TAPN KOTAAOYO OG0 KOI Yi0 TOV KOTAAOYO TOV TPOTEYYILEL TRV KOVOVIKH
oeloukotnTo. ¢ mepioyns. Tédog, vmoloyiotnke n KoTOVOUN TV TOOEWY TPIV THY
yévean tov oelouod g Ayaiag tov 2008 pe oKOmO T™HY GVOYETION THS QOPTIONS THG
TEPIOYTS LUE TNV EKONAWON TEIGUIKDY GUYKEVIPOOEDV.

Aé&erg KAg1d1d: ounvooeiouol, uetafolés mediov TGoEWV, TATIOTIKY GEIOUOAOYIO,
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1. Introduction

Clustering of earthquakes in space and time indicates that interaction between earthquakes is an
important component of the seismic cycle. There are three different types of earthquake sequences:
(i) a mainshock followed by a number of aftershocks of decreasing magnitude and frequency, (ii) a
slow buildup of seismicity (foreshocks) leading to a type (i) sequence and (iii) a gradual increase
and decay of seismicity in time without a distinct mainshock. Earthquake sequences (i) typically
occur in homogeneous material with a uniform external stress. Sequences (ii) tend to occur in ma-
terial that is heterogeneous to some degree, or a moderate fracture density, with a non-uniform
external stress. Sequences (iii) or swarms, occur in material that is extremely heterogeneous, or
have high fracture density, with very concentrated external stress (Mogi, 1963).

One case of earthquake clustering is the occurrence of ‘earthquake swarms’, which can be defined
as an increase in seismicity rate that lacks a clear main shock (Mogi, 1963; Sykes, 1970; Hill,
1977). Seismic swarms occur in a variety of different environments and might have a diversity of
origins. Several studies were conducted to identify earthquake clusters and their spatiotemporal
properties (Vidale and Shearer, 2006; Farell et al., 2009; Roland and McGuire, 2009; Holtkamp et
al., 2011, among others).

Figure 1 - Seismicity map of the complete catalogue (Mc =3.5) for the region of NW Pelopon-
nese (1980-2007). Earthquakes with 3.5 <M<6.0 are denoted by circles increasing in size ac-
cording to the magnitude and M = 6.0 are denoted by stars.

NW Peloponnese (Figure 1), which was selected as our target area, has experienced several mod-
erate earthquakes in the last decades. In addition, several seismic sequences were recorded without
a main shock with clearly discriminative magnitude. In the present work an effort is made for iden-
tifying earthquake clusters of both types that occurred in the region in the last decades and to in-
vestigate their spatio-temporal distribution, aiming to associate their occurrence with certain seis-
micity patterns.

2. Methods

In order to identify earthquake clusters from an earthquake catalogue and define their
spatiotemporal properties, the following methods were applied.
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2.1. Swarm Identification

Various algorithms are available to detect foreshock, mainshock and aftershock sequences
(Reasenberg, 1985; Zhuang et al., 2002, among others). In this study, Reasenberg’s (1985) algo-
rithm was used to identify clusters from a complete catalogue. After the performance of
declustering algorithm, we extract the catalogue that contains the clusters and we analyze them
statistically (see 2.3) to distinguish swarm-like sequences from MS-AS. A swarm is defined if the
following criteria proposed by Mogi (1963) are met: i) the maximum of the daily number of events
in the sequence (N) is greater than twice the square root of the swarm duration in days (T):

N>2ﬁ and ii) the total number of earthquakes in a sequence is at least 10 .

2.2. Calculating b-values

The b-value is a measure of the relative number of small to large earthquakes that occur in a given
area and in a given time interval. In particular, the b-value is the slope of the frequency-magnitude
distribution (Ishimoto and lida, 1939; Gutenberg and Richter, 1944) for a given population of
earthquakes. Studies have shown that the b-value changes with material heterogeneity (Mogi,
1962), thermal gradient (Warren and Latham, 1970), and applied stress (Scholz, 1968; Wyss,
1973; Urbancic et al., 1992; Schorlemmer et al., 2004; Schorlemmer and Wiemer, 2005;
Schorlemmer et al., 2005).

The b-values determined in this study were calculated using the Zmap algorithm (Wiemer, 2001).
Maximum-likelihood b-values were computed using equation 1 (Utsu, 1965; Aki, 1965; Bender,
1983):

Equation 1- b value calculation

h=——"7—""I1
M= Mpmin o9¢

where M is the mean and M,in the minimum magnitude, respectively, of the given sample.

To examine how reliable our estimations are, a standard deviation b of the b-value is estimated
from the equation first derived by Aki (1965), or the improved formulation (eq. 2) by Shi and Bolt
(1982):

Equation 2- error in b-value calculation
%O, — (MD)?
N nhn-1)

where n is the sample size.

&b = 2.3b*%

2.3 Skewness and Kurtosis

Seismic swarms are distinguished from typical MS-AS by their unique seismicity patterns: the
largest swarm events tend to occur later in the sequence, swarms contain several events as opposed
to one clear mainshock, and swarm seismicity is more prolonged in time. One simple way to quan-
titatively identify earthquake clusters with swarm-like properties is through characterizing the tim-
ing of the largest event relative to the rest of the seismicity. To accomplish this, we calculate the
skewness of moment release history and the kurtosis for each of the sequences that we analyze
(Mesimeri, 2013). As described by Roland and McGuire (2009), a larger positive value of skew-
ness is observed for pure aftershock sequences (approximately 30) while a lower or even negative
value is observed for swarms (between -2 to 2). In addition, a large value of kurtosis is expected
for MS-AS (kurtosis>3) and a lower one for swarm-like sequences (kurtosis<3) by the definition
of kurtosis.
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As proposed by Chen and Shearer (2011), for each swarm we normalize the time for each event
since the beginning of the sequence by the mean time delay,

Equation 3- Mean time delay
(T: —T5)

f= mean(l; — T,)

Next we consider the normalized timing of the largest event in the sequence t,,,,. Chen and Shearer
(2011) classify clusters with t,,,,<0.4 as early M,,,x (more similar to MS-AS) and clusters with
tmax>0.4 as late My, (more swarm like) but in our study we consider t,,,,<0.3 and t,,,,>0.3 for MS-
AS and swarm-like sequences, respectively. We use the skewness of moment release history

i=1N

Equation 4-Skewness of moment release history

£
J- M, dt
F(t)="te

to further quantify the difference between early M, and late M, clusters. For each event, the
moment is estimated from the catalog magnitude (Hanks and Kanamori, 1979):

Equation S
M (i)zlol.SML ()+6.1
where M is the local magnitude for each earthquake.
The centroid time of moment release is obtained from the weighted mean time (Jordan ,1991):
Equation 6- Centroid time
f £; - M o ()
3 Mo (D

Individual moments (M,) are normalized by

t=

Equation 7
Mo(1)
my(i)=21 Mo()
so that F(t—o)=1. The third (p3) and the fourth (p,) central moment of this sequence are

Equation 8-Third central moment Equation 9 — Fourth central moment
N N
D (1t -)Pm.® D (1t -D)1*m,®
=1 , 4o 1

and the standard deviation:

Equation 10 —Standard deviation

N
Zn —O2m, )
o=N 1

The skewness and the kurtosis of moment release of each sequence are
Equation 11-Skewness Equation 12-Kurtosis

skewness=p3/03 s kurtosis=u4/cs4 .
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2.4 Prestress Field Changes Calculations

In the pre-seismic stage, the main fault is locked and background seismicity is distributed in the
surrounding area across small faults due to the raise of the stress level. King and Bowman (2003)
have shown that a strong earthquake occurs when the distribution of the Coulomb stress around
the fault has a certain pattern capable to trigger this rupture. This pattern depends on the geometry
and kinematics of the ensuing rupture.

In the present study, Coulomb stress changes were calculated with the sense of slip opposite to the
observed slip of the 2008 Achaia mainshock, according to the back-slip model suggested by
Bowman and King (2001). This approach is based on the idea that before a strong earthquake the
stress must accumulate not only on the fault itself, but also to a large region surrounding the fault
prior to its failure. For the identification of this region, calculation of the stress field required for
moving the causative fault with the orientation, displacement, and rake observed in the main shock
is needed (Karakostas, 2009).

2.5 Data

The data used for the current study are taken from the monthly bulletins of the Geophysics De-
partment of the Aristotle University of Thessaloniki (AUTH) and the Institute of Geodynamics of
the National Observatory of Athens (NOA). The latitude and longitude appears with 3 digits in the
AUTH dataset and with 2 digits in the NOA dataset. We did not proceed to any modifications
since the error is larger than the accuracy of our data and the result is not affected. For the compi-
lation of these bulletins, the recordings of the Hellenic Unified Seismographic Network (HUSN),
maintained by the above Institutions as well as by Department of Geophysics of the University of
Athens and the Laboratory of Seismology of the University of Patras were used. The catalogue
that covers the time from 01/01/1980 to 31/12/2007, was checked for completeness and a threshold
magnitude was identified.

3. Results

3.1 Clusters and their Statistical Properties

Wiemer and Wyss (2000) suggest that a careful estimate of the spatial and temporal homogeneity
of the completeness magnitude (M.) is required before deviations from a power law behavior for
small magnitudes can be made. We employed the maximum curvature method and the M, was
found to be equal to M =3.5 for the entire period. We also calculate M, for shorter time intervals
(1980-1990, 1990-2007, 2000-2007) in which M, remained unaltered.

The complete catalogue was declustered dividing the catalogue in 3 datasets, (i) the entire com-
plete catalog, (ii) the one that contains only the clusters (1,383 events) and (iii) the declustered
catalog (3262 events). The seismicity rate for the 3 datasets is shown in Figure 2 along with the
events with magnitude M>5.0, denoted by stars on the curve which contains the entire catalogue.
From a visual inspection, we can recognize if the increase of the seismicity is due to a strong event
or not.

The catalogue that contains the clustered events was thoroughly examined in order to more strictly
define clusters and then distinguish MS-AS from earthquake swarms. From the initially 1,383
clustered events, 632 are kept that are distributed into 18 potential clusters. The spatial distribution
of these clusters is shown in Figure 3, where the mean geographical coordinates of each cluster
were plotted by stars. Additional information on the clusters properties such as starting time, dura-
tion and mean epicenter, is given in Table 1. For now on we will refer to each cluster by the code
number given in Table 1.

In order to separate the swarm-like sequences from the MS-AS we calculate the skewness and the
kurtosis of the seismic moment release for each event (Table 1). The t,,. were also calculated for
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this discrimination. If t,, is greater than 0.3 we have a swarm-like sequence and if t,,, is lower
than 0.3 is MS-AS or a swarm like sequence with an early main event, as mentioned above.

Figure 2 — Seismicity rates for the three data sets. Solid, dotted and dashed lines correspond
to complete, declustered and clusters catalogues, respectively. Stars denote events with
M=5.0.

In Figure 4 the value of skewness of each cluster is plotted against to the value of kurtosis. For our
data, it seems that clusters with skewness <2 and kurtosis<5 can be characterized as swarms, while
clusters with skewness>2 and kurtosis>5 are MS-AS. Considering the value of t,, we conclude
that clusters 03, 04, 07, 08, 10, 12, 18 are of MS-AS type, clusters 01, 02, 13-16 are swarms and
clusters 05, 06, 09, 11, 17 are swarm like sequences with an early main event (t,, approximately

Zero).

Figure 3 — Spatial distribution of earthquake Figure 4 —Calculated skewness of seismic
clusters centres (denoted by star) for 1980- moment release plotted against the kurtosis
2007. The numbers are referring to Table 1 of each cluster

3.2 b-value Distribution

In Figure 5 the b-value spatial distribution of the complete (Figure 5a) and the declustered (Figure
5b) catalogue is shown, as been calculated by Zmap, along with earthquakes epicentral distribu-
tion. Calculations were performed on the nodes of a normal grid superimposed on the study area.
A constant 15km radius was chosen to calculate b-values, compromising maximum coverage and
details in b-values spatial variation. The number of events with M> M, are set to 25 and the grid
selection is 0.01° x 0.01°. In addition, two more limitations are applied to get reliable results. First-
ly we consider only values estimated from datasets with magnitude range AM>1.0, where AM is
the difference between M., and M, of each bin, and finally we choose b-values with §b<0.4.
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Table 1 - Basic properties of the clusters shown by asterisks in map of Figure 3. The two last
columns correspond to the statistical parameters skewness and kurtosis, respectively

S/ Starting M ff Lon. o sw | K
N Time Days - events 5 N -

1 | 1982/04/23,02:24 | 14.8 4.8 57 21.513 | 37.645 | 0.4 04 | 1.7
2 | 1983/03/13,13:48 4.2 4.3 13 21.119 | 37.792 | 1.1 -1.0 | 47
3 | 1984/01/02,07:07 5.3 4.5 14 22.023 | 38346 | 0.0 | 2.27 | 9.01
4 | 1984/02/11.05:04 6.9 5.6 37 22.064 | 38.351 | 0.08 | 11.4 | 141
5 | 1984/11/09,09:51 0.7 3.9 10 22.151 | 38.373 0 0.3 1.9
6 | 1984/11/20,19:30 | 10.7 3.7 13 22.133 | 38.340 0 -0.6 | 2.0
7 | 1988/10/16,12:34 | 16.3 6 27 21.062 | 37.885 0 79 |1 71.9
8 | 1993/03/26,11:45 8.4 5.4 86 21.413 | 37.675 0 2.7 | 111
9 | 1994/10/13,12:40 | 12.2 4 13 21.255 | 38.112 | 0.1 04 | 2.1
10 | 1995/06/15,00:15 | 24.8 6.5 82 22.068 | 38.320 0 26.0 | 735
11 | 2002/09/14,19:46 | 16.04 | 4.6 35 21.128 | 37.823 0 14 | 4.1
12 | 2002/12/02,04:58 | 23.03 | 5.4 47 21.115 | 37.795 0 6.28 | 46.0
13 | 2012/12/29,22:22 | 2.5 4.2 12 21.662 | 38.481 | 1.35 | -1.0 | 2.6
14 | 2003/01/04,20:00 | 18.88 | 4.7 26 21.126 | 37.795 | 0.07 | -0.2 | 1.8
15 | 2005/01/26,05:46 | 0.55 4.5 4 21.997 | 37.617 | 1.16 | 2.1 | 6.73
16 | 2005/10/17,22:15 | 4.02 4.0 22 21.822 | 38321 | 0.3 | 0.07 | 1.46
17 | 2007/01/07,14:47 | 13.94 | 43 60 22.018 | 38.341 0 0.63 | 2.55
18 | 2007/04/09,05:02 | 5.88 5.3 66 21.579 | 38.556 | 0.67 | 498 | 26.8

Figure 5 — b-value distribution a) for the complete catalogue and b) for the declustered cata-
logue (1980-2007). Bright and dark zones indicate high and low b-values, respectively.
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In order to associate the b-value with the seismicity of the region we use both the entire catalogue
and the declustered one. It is pictured (Figure 5) that regions with high seismicity, such as the
western part of Corinth Rift, exhibit high b-values both in the declustered and the entire catalogue.
For the regions that experience low seismicity, a b-value was not possible to be calculated.

3.3 Coulomb Stress Changes

In order to examine the relation between the spatial appearance of clusters and the pre-stress field
of Achaia 2008 earthquake, we adopted the GCMT fault plane solutions for the strongest event in
each cluster with a main event of M>5.0 (Table 2).The pre-stress field was calculated inverting the
sense of slip on the fault of 2008 earthquake according to the faulting type of the main event of
each cluster (Figure 6). In these figures, dark regions denote negative changes in ACFF and in-
ferred decrease likelihood of fault rupture. These regions are called stress shadows (Harris and
Simpson 1993, 1996). Bright regions represent positive ACFF and increased likelihood of fault
plane rupture. Most of the clusters were in the areas of high stress concentration (bright zones)
with only the exception of cluster 8.

Table 2 — Information on the source parameters of M>5.0 earthquakes that occurred in NW
Peloponnese during 1980-2008 Fault plane solutions are taken from GCMT catalogue.

Origin Time Epicenter Mw Mechanism Depth | Event
Lon. Lat. Strike  Dip Rake

1984/02/11,08:02 | 22.09 | 38.36 5.6 77 28 -121 15 4
1988/10/16,18:40 | 20.9 | 37.95 5.8 301 76 -3 29 7
1993/03/26,11:58 | 21.3 | 37.66 54 30 86 150 15 8
1995/06/15,00:15 | 22.2 | 38.36 6.5 265 43 -103 15 10
2002/12/02,04:59 | 21.08 | 37.79 5.6 36 56 -160 15 12
2007/04/10,03:17 | 21.63 | 38.55 5.0 320 41 -69 13.9 18
2008/06/08,12:25 | 21.53 | 37.95 6.5 208 88 178 24.7 | Achaia

Figure 6 — Stress field modelled by reversing the sense of slip observed in Achaia 2008 earth-

quake (M=6.4) for the fault plane solution of events in Table 2. Dots represent the epicenters

of each cluster, the big star depicts the epicentre of Achaia 2008 earthquake. In a) is cluster
4, b) cluster 7, ¢) cluster 8, d) cluster 10 (Aigio earthquake), e) cluster 12 and f) cluster 18.
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4. Discussion — Conclusions

For the period 1980-2007 18 clusters were identified in the area of NW Peloponnese, with the em-
ployment of a declustering algorithm in a complete earthquake catalogue. Clusters were divided
into three types (MS-AS, swarms and swarm-like sequences) according to their history of seismic
moment release (skewness and kurtosis) and the occurrence time of the main event. Spatial distri-
bution of calculated b-values on a normal grid superimposed on the study area reveals that high b-
values are in areas that experience high seismicity. The stress associated with the preparation pro-
cedures of 2008 Achaia main shock (M=6.4) is in agreement with the 5 major clusters, as those are
placed in the red lobes, indicating that the stress was accumulated in the region around the fault
and swarm-like activity was encouraged.
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