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Abstract. In this investigation we examine the local stress 14 August 2011 an intermediate magnitudg, = 4.8 event
field and the seismicity patterns associated with the 2011-eaused moderate structural damages mainly in old build-
2012 seismicity swarm in the Messinia basin, south-westerrings and houses. Hereafter, the seismic activity continued to
Peloponnesus, Greece, using the seismological data of thihe southeast and two more intermediate magnitude seismic
National Observatory of Athens (NOA). During this swarm events caused additional damages and alarm amongst the lo-
more than 2000 events were recorded in a 12 month peeal citizens, on 14 September 2011 withy =4.6 and on
riod by the Hellenic Unified Seismological Network (HUSN) 10 October 2011 witdfyy =4.7.
and also by the additional local installation of four portable NOA has the operational responsibility to monitor and as-
broadband seismographic stations by NOA. sess the seismic hazard for any ongoing seismic activity in

The results indicate a Gaussian distribution of swarm ac-Greece and to provide this valuable information to the gov-
tivity and the development of a seismicity cluster in a pre- ernment and to the citizens. In order to improve the detec-
existing seismic gap within the Messinia basin. Centroid Mo-tion for monitoring the 2011 seismic activity and the assess-
ment Tensor solutions demonstrate a normal fault trendingnent of the seismic hazard, NOA installed four portable,
northwest—southeast and dipping to the southwest primarreal-time broad-band seismological stations that encircled
ily due to an extensional stress field. During this seismic-the Messinia basin region, on 20 October 2011, to comple-
ity swarm an epicentre migration of the three largest shockanent the permanent seismological stations of the HUSN.
is observed, from one end of the rupture zone in the north- In Greece, precursory seismicity swarms leading up to
western part of the cluster, towards the other edge of the ruplarge tectonic earthquakes have been identified by Evison
ture in the south-eastern part of the cluster. This migrationand Rhoades (2000) and volcanic seismicity swarms have
is found to follow the Coulomb failure criterion that predicts been observed periodically in the Santorini volcanic island
the advancement and retardation of the stress field and theomplex (Chouliaras et al., 2012, Fytikas et al., 1990). In ad-
patterns of increases and decreases of the seismicity rate (ition to these, seismicity swarms that last for many months
value) of the frequency—magnitude relation. without a great main shock, have caused cumulative dam-
ages (Benetatos et al., 2004; Ganas et al., 2012; Kiratzi et al.,
2008; Papazachos and Papazachou, 2003).

Seismicity swarms are characterised by the spatial and
1 Introduction temporal clustering of a large number of small earthquakes.

These earthquakes are mainly due to small fractures caused

In June 2011, the Hellenic Unified Seismological Net- py |ocal stress concentration and weakening of the crust by
work (HUSN) coordinated by the National Observatory of he tectonic stress field which is released gradually and in this
Athens (NOA), registered an increase of seismic activity\yay seismicity swarms differ from the traditional foreshock

at the Messinia basin region, south-western Peloponnesugnd aftershock sequences that are usually associated with the
Greece (Fig. 1). During the next months a cluster of hun-

dreds of small earthquakes gradually developed and on
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occurrence of a great main shock (Kanamori, 1972; Mogi, o
1963; Scholz, 2002). <é,’;>—
The vast majority of seismicity swarms occur in volcanic |
regions, however they also occur in tectonic boundaries an¢ *
intracontinental areas. Investigations concerning the driving | %
mechanism of seismicity swarms have shown that they may
be attributed to the accumulation of stress in a propagating
fracture, the presence and movement of fluids in fault zone:
and also due to the formation and movement of magma ir
the dikes of active volcanoes (Contadakis and Asteriadis
2001; Hainzl and Fischer, 2002; Spicak, 2000; Sykes, 1970
Yamashita, 1999). )

Itis well known that the b-value of the Gutenberg—Richter =]
law reflects the state of stress and the level of heterogeneity i
the Earth’s crust (Gutenberg and Richter, 1944; Scholz, 1968 _
Schorlemmer et al., 2005; Wiemer and Wyss, 1997; Wyss o 1 230
1973). Results from the spatial and temporal mapping of the
b-values have shown that the b-values of volcanic swarms ar
rather highp > 1, (Sykes, 1970) while in continental rifts the
b-values of the seismic swarms range from 0.8 to 1.0 (Ibs-vor " —
Seht et al., 2008) ¢ = A “Greeoe

For tectonically generated earthquakes the pattern of in- {5 =4
creases and decreases in seismicity (b-value) are found to fo
low the Coulomb fracture criterion lobes that indicate the ad- e s
vancement or the retardation of faulting (Stein et al., 1992).
A similar result is observed in many seismic swarms whereby
the relationship between the seismic energy release and tt
spatial spreading is found to follow theoretical crack growth
models (Hainzl and Fisher, 2002).

In light of the above mentioned theories and observations,
we investigate the spatial and temporal patterns of the seistig: 1. Maps of Peloponnesus indicating the Messinia basin (up-
micity in the Messinia basin region, as well as the local stresg?e": the study area (lower left) and the NOA seismological stations
distribution associated with the 2011 seismic activity, in or- (OWer right). MES1, MES2, MES3 and MES4 indicate the portable
der to contribute in the assessment of seismicity swarms a_n§ellsmollog|calr;<,tat|0ns and ITM the permanent seismological station
their triggering mechanisms in Greece. elonging to the HUSN.
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1.1 Data and results

direction and dipping to the southwest with an extensional
The area of the 2011-2012 seismic activity in Messinia,stress field, in agreement to the results of Papazachos and
south-western Peloponnesus, Greece, is characterized byDRelibasis (1969).
northwest—southeast trending basin of Pliocene—Pleistocene Earthquake catalogs are a valuable product of fundamental
marine deposits, bounded by the Taygetos and Kyparisiageismological practice and they form the basis for seismicity,
mountains to the east and west, respectively (Fig. 1). Paleoseismotectonic, seismic risk and hazard investigations. The
seismological investigations of the basin have indicated thatininterrupted operation and seismological practice at NOA
the seismic activity began close to the Pliocene—Pleistocenduring the last four decades, produces a detailed instrumen-
boundary and it has continued until the present day (Mari-tal seismicity catalog for the Greek area that contains more
olakos et al., 1997). From the instrumental earthquake catathan 140 000 seismic events from 1964—-2013, with a magni-
log of NOA (http://www.gein.noa.g)/and also from histor-  tude of completenes¥. ~ 3.0 (Chouliaras, 2009). In addi-
ical earthquake catalogs and relevant studies, it is reportetion to the routine seismological analysis that involves real-
that the region of south-western Peloponnesus has been detime data from the permanent NOA-HUSN stations, real-
astated by large and destructive earthquakes (Makropoulome data from any additional portable seismological station
et al., 2012; Papazachos and Papazachou, 2003; Papoulisstallations are also routinely analysed and incorporated in
et al., 2001). Microseismicity investigations in the Messinia the production of the earthquake catalog. Consequently, we
basin by Papoulia and Makris (2004) have revealed the preswill utilize the NOA catalog in this study to determine and
ence of several active minor faults in a northwest—southeastap significant seismicity rate changes associated with the
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2011 seismic activity and the on-going tectonic processes fo NOA, 1964-2011
the Messinia basin region. '
The seismicity map of the study area for the period 1964- |}
2011 is presented in Fig. 2a. More than 500 earthquakes arssn ]
mapped and most of these are concentrated in the shallor |
crust, at depths less than 20km. The larger seismic event |
with magnitudesM > 4 for the same period are also pre-
sented in Fig. 2b where we observe three clusters of seismic .
ity: to the east, the southeast, and the northeast of the bas= "}
mainly at shallow hypocentral depths:10 km). The three b

largest events in these three regions areMhe- 5.5 earth- o & e (S )
quake that occurred to the southeast near the city of Kalamat *'* — : oo
(37.10 N-22.19 E) on 13 September 1986 (Lyon-Caen et 0 0 w0 10 150 2000

al., 1988, Stavrakakis et al., 1989) and two earthquakes that @)

occurred on 16 September 2001 and 1 March 2004, to the NOA, 1964-2011, M4
northeast (37.20N-21.83E) and to the east (37.18%- " =
22.14 E) of the Messinia basin with magnitudd$ = 5.2

andM = 5.0, respectively. wan MAGNITUDE - Jf
The seismicity map of the study area in Fig. 2b also in- or w€
dicates that within the Messinia basin there is an apparen & 8 4‘-15 wg

absence of moderate to strong earthquakes from 1964 ur

til 2011. After June 2011, it is this area which becomes ac-
tivated and an earthquake cluster formation is observed ir
Fig. 2c. The cluster has a length 6f20km, a width of
~10km and most of the hypocenters are located in the tof _,, JE5 % |
10 km of the crust. As demonstrated, the seismicity cluster “'* ' o TEE meR  mAr

. . . . [ . N i i ] Elevation (m)
has a northwest-southeast orientation in agreement with th. w0 w0 w0 1s0 2000
orientation of the local basin topography and the seismotec- (b)

tonic structures. _ NOA, 2011-2012, >1

The NOA Centroid Moment Tensor solutions (NOA- “[[% e,
CMT) of the 3 larger earthquakes that occurred on 14 Au-
gust, on 14 September, and on 10 October, with intermedi>*"

MAGNITUDE 0

ate magnitudesfyy = 4.8, My = 4.6 andM, = 4.7, respec- Os ve
tively, are also presented in Fig. 2c. All three NOA-CMT re- 2w %2 »E
sults indicate the rupture of a normal fault with an northeast- 92 I

southwest strike direction, parallel to the cluster and dipping
to the southwesthftp://bbnet.gein.nga In addition to the
above results, a migration of the three earthquakes is als |\

37.1°N

observed in Fig. 3c, from the north-western part of the seis- =t zee mee =
mic cluster and the epicenter of the 14 Augugy = 4.8 ) Seien )
earthquake, towards the other end of the fault and the south- (©)

eastern part of the cluster, where the other two earthquakes o o ] ]
occurred subsequently on 14 SeptemBéy = 4.6 and on Fig. 2. Seismicity maps of the Messinia basin f@) the instru-

tal period 1964—2011h) the large seismic events witf > 4
10 OctoberMy =4.7. men

. . from 1964—2011(c) the 2011 seismic swarm cluster for the period
_ More than 2000 shocks with! > 1 have been registered 20113 2013 Beach bally indicats the NOA-GMT sol
in the NOA earthquake catalog for the Messinia basin dur-ions for the three largest events.
ing the one year period from June 2011-June 2012 as indi-
cated by the power law behaviour of the cumulative seismic-
ity curve of Fig. 3a (blue curve). Apparently, this is a sig-
nificant seismicity rate increase when compared to the preNOA portable network around the seismicity cluster in the
vious 36 yr period (1964—2010) that only contains about onebasin. We may demonstrate this by comparing the sudden
third of the total seismicity. However, a significant part of increase in the cumulative seismic activity for earthquakes
this rate increase is mainly due to the detection improve-larger thanM > 1, after the installation of the portable seis-
ment and the increased registration of small magnitude earthmographic network (blue curve) to the cumulative seismicity
quakes I < 3) after the 20 October 2011 installation of the curve for earthquakes larger thaft > 3 (red curve) which
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indicates a more constrained rate increase to be associated
with the tectonic process.

The histogram of the 2011 seismic activity in the Messinia
basin in Fig. 3b exhibits a bell-shaped Gaussian distribution,
typical of swarm activity without the presence of a strong
earthquake. As indicated by the normal distribution of the
histogram, the seismic activity begins in June 2011 increas-
ing with time and reaches peaks in the period of August to
October due to the occurrence of the three larger earthquakes.
After these peaks the activity decays, however more small
magnitude events are registered in the catalog due to the in-
stallation of the local seismographic network.

Temporal variations of the frequency—magnitude distribu-
tion (FMD) of the Gutenberg—Richter (1944) law may be ef-
fectively used to study the seismicity rate changes due to the
2011 seismic activity. We therefore determine the frequency—
magnitude distribution (FMD) for the first period prior to
the seismic activity (1964-2011) and compare this to the
FMD for the second period that includes the seismic activ-
ity (1964—2012) following Chouliaras (2009) and Chouliaras
et al. (2012). The slopes of the FMD curves are determined
with the weighted least-squares (WLS) method and these de-
fine the b-value of the Gutenberg—Richter (1944) relationship
as presented in Fig. 3c. In this case we notice a decrease of
the determined b-value from1.2 before the seismic activity
increase in 2011, to a value ofl after the initiation of the
seismic activity in June 2011. This rate change is also found
to accompany a shift of the two FMD curves fravfy ~ 3.1
before 2011 to a value off/. ~ 1.6 after 2011, due to the
aforementioned detection improvement.

In order to map the spatial variation of the rate change
associated with the stress field distribution due to the 2011—
2012 seismic activity in the Messinia basin, we used the grid-
ding method of Wiemer (2001) to determine and map the b-
values, with a sample o¥ = 70 events per node and a grid
spacing of 0.02, for two periods i.e. before and after 2011,
as presented in Fig. 4a and b, respectively.

A direct comparison of the two b-value maps indicates that
the 2011-2012 seismic cluster ruptured a zone of progres-
sively decreasing b-values and increasing stress. This area as
outlined in Fig. 4b from the north-western part of the cluster

Magnitude

:;jwa;;lw@ ot et and the epicentre of the first of the larger events of the 2011
e L5 Moo 11224015 s a6 1572 seismicity swarm, towards the south-eastern part of the clus-

© ter at the other end of the fault, where the epicenters of the

other two larger earthquakes are located.

Fig. 3. (a) Cumulative seismicity of the Messinia basin area for  The results thus far indicate for a northwest—southeast mi-
th.e period 1964—-2012. The blue curve includes all earthquake@ration mechanism of the three larger events of the 2011 seis-

with M > 1 and the red curve all earthquakes with> 3. Yel- ;e 4tivity towards a region of higher stress and lower b-
low stars indicate events withi > 4. (b) Time histogram for the values. To further validate these results, we also study the

2011 seismic swarm indicating a bell-shaped, Gaussian distribution, ossible stress transfer mechanism of the 2011 seismic ac-
(c) Comparison of the FMD for two time periods. Open circles in- possi : Ismi

dicate the period before the 2011 swarm (1964-2011) and dark cirtVity by determining the Cou_lomb stress change as a re-
cles a one year period after the initiation of the swarm (June 2011-Sult of the occurrence of the first of the three largest events.
June 2012). Following Okada (1992), we adopt the NOA focal mecha-
nism CMT solution and the Coulomb 3.2 software, using the
projected normal fault centre, at a depth of 6.6 km with a
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37.3 . . X
magnitude—area relations were employed in order to deter-
mine the corresponding fault length and width.

37.25 The spatial distribution of the Coulomb stress change due
to the occurrence of the first intermediate magnitude earth-
B 572 guake of the 2011 seismic activity witlyy = 4.8 on 14 Au-
= gust 2011 is presented in Fig. 5. Stress increase areas close
£ to failure are represented by the red lobes and in our case

a northwest—southeast direction of positive stress is found.
This direction is coincident to the principle faulting direc-
tion, the orientation of the seismic cluster, the orientation
of the low b-value zones and also with the direction of the
successive occurrence of two more intermediate magnitude
earthquakes that occurred on the opposite end of the fault to

21.85 22 22.05 22.1 2215 222 the southeast.
Longitude [deg]

37.15 4

3714

37.05 -

2 Summary and conclusions

R — |
1 1.8 & 28 Seismicity swarms that involve the spatial and temporal

(b) clustering of small earthquakes are a usual phenomenon in
Fig. 4. B-value maps for the Messinia bagi) prior to the 2011 ~ Greece and it is important to identify and distinguish these
seismic swarm, from 1964—2011 afis) b-value map including the ~ swarms from the usual ongoing tectonic activity.
seismicity of the 2011 swarm. The yellow stars indicate the larger The Messinia basin seismic activity that begun in
seismic events witt/ > 4 and the red ellipse shows the 2011 seis- June 2011, is analysed in this study with respect to its spatial
micity swarm cluster containing the three largest earthquakes.  and temporal seismicity patterns and the local stress field. A
Gaussian distribution of the reported seismicity characterizes
this swarm, with peaks in activity due to three intermediate
strike/dip/rake of 16%/34°/ — 71° and a coefficient of fric- magnitude earthquakes that occurred successively in August,
tion u = 0.4, in an elastic half space with uniform isotropic September and October 2011. The seismic activity during a
elastic properties (Lin and Stein, 2004; Toda et al., 2005). Inone year period from June 2011-June 2012 formed a cluster
this procedure the Wells and Coppersmith (1994) empiricalin a pre-existing seismic gap within the basin. The epicenters

www.nat-hazards-earth-syst-sci.net/13/45/2013/ Nat. Hazards Earth Syst. Sci., 13, 852013
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During the 2011 seismic activity in the Messinia basin, an Edited by: M. E. Contadakis
epicentre migration is also observed for the 3 larger mag_Rewewed by: A. P. V. Kouskouna and one anonymous referee
nitude earthquakes. The spatial and temporal distribution
of these events demonstrates that the master event of the
Messinia 2011 seismic swarm was succeeded by two otheReferences
equivalent earthquakes at the other edge of the rupture area
rather than within the rupture area. This migration appears t@Benetatos, C., Kiratzi, A., Kementzetzidou, K., Roumelioti, Z.,
follow a direction of progressively decreasing b-values and Karakaisis, G., Scordilis, E., Latoussakis, J. and Drakatos, G.:
increasing stress, from the north-western part of the swarm The Psachna (Evia Island) earthquake swarm of June 2003, Bull.
cluster, towards the south-eastern part. In agreement with Geol- Soc. Greece (XXXVI), 1379-1388, 2004.
these results is also the Coulomb stress redistribution dughouliaras, G.: Investigating the earthquake catalog of th_e National
to the occurrence of the first of the three larger events, that golb;?jrovi?i%ré 105; 4’?;22229'\]385'__'25‘&%159Earth Syst. Sci., 9, 905~
shows a ma>§|mum stress transfer from the northwest, to'Chouli:aras, G., Drakatos, G., Makropoulos, K., and Melis, N. S.:
wards the ep|centre§ of the next two larger shocks that oc- Recent seismicity detection increase in the Santorini volcanic
curred subsequently in the south-eastern part of the cluster. gjang complex, Nat. Hazards Earth Syst. Sci., 12, 859-866,
The triggering of tectonic earthquakes by the transferring  doi:10.5194/nhess-12-859-2Q12012.
static or dynamic stresses from previous earthquakes and theontadakis, M. E. and Asteriadis, G.: Recent results of the research
seismicity rate changes due to the local stress triggering are for preseismic phenomena on the underground water and temper-
well predicted by the Coulomb fracture criterion (Schorlem-  ature in Pieria, northern Greece, Nat. Hazards Earth Syst. Sci., 1,
mer and Wiemer, 2005; Stein et al., 1992; Stein, 1999; Wyss 165-170d0i:10.5194/nhess-1-165-2002001.
and Weimer, 2000; Westerhaus et al., 2002; Freed, 2005; paEvﬁson, F. F. and Rhoadgs, D. A.: The precursory earthquake swarm
sons et al., 2006). Additionally, swarm earthquakes are found " Greece, Ann. Geofis., 43, 991-1009, 2000. _
to trigger shocks near the extreme borders of the rupture are'azlree(_j’ A M. Earthqua;ke tArlggerlgg byEstart:cﬁ)ldynarglq, a;g ggsst
and this process may be modeled by an increase of stress andié';nggosgress transter, Annu. Rev. Earth Planet Sci., 33, a

pore pressure on the front of a progressively growing fraC'Fytikas, M., Kolios, N., and Vougioukalakis, G.: Post-Minoan Vol-
ture (Hainzl and Fisher, 2002). In the case of self-triggering " ¢anic Activity of the Santorini Volcano: Volcanic hazard and risk,
swarm due to stress redistribution and the subsequent induc- forecasting possibilities, in: Thera and the Aegean World Ill, Vol.
tion of fluid flow it is expected that most of the earthquake 2, The Thera Foundation, London, 183-198, 1990.

ruptures will be initiated at the edge of the previous ruptureGanas, A., Chousianitis, K., Batsi, E., Kolligri, M., Chouliaras,
and in this way the cluster of the seismic swarm will grow G., and Makropoulos, K.: The January 2010 Efpalion earth-
proportionally with each event. On the other hand, it is well quakes (Gulf of Corinth, Central Greece): earthquake interac-
known that fault zones are characterized by high permeabil- tions and blind normal faulting, J. Seismaqi:10.1007/s10950-

ity and lower strength therefore fluids can migrate more eas- 012-9331-online first, 2012. _ _
ily than in compact rock. In this case of fluid diffusion, the GutenPerg, B.and Richter, C. F.. Frequency of earthquakes in Cali-

spatial growth of the swarm cluster will be proportional to fornia, B. Seismol. Soc. Am., 34, 185-188, 1944.
tipme 9 prop Hainzl, S. and Fischer, T.: Indications for a successively trig-

. . gered rupture growth underlying the 2000 earthquake swarm
Based on the results presented in this study, we further en- j, \ogtiand/NW-Bohemia, J. Geophys. Res., 107, 2338,

courage a more detailed study of the spatial and temporal (oj:10.1029/2002JB001865002.
evolution of the 2011 seismic swarm cluster in the Messinialbs-von Seht, M., Plenefisch, T., and Klinge, K.: Earthquake swarms
basin. A relocation of the seismic events using a local veloc- in continental rifts — A comparison of selected cases in America,
ity model will certainly improve the accuracy of the spatial ~ Africa and Europe, Tectonophysics, 452, 6677, 2008.
and temporal evolution of the swarm and provide valuableKanamori, H.: Relation between tectonic stress, great earthquakes
insight into the triggering mechanism. and earthquake swarms, Tectonophysics, 14, 1-12, 1972.
Kiratzi, A., Sokos, E., Ganas, A., Tselentis, A., Benetatos, C.,
Roumelioti, Z., Serpetsidaki, A., Andriopoulos, G., Galanis, O.,
AcknowledgementsThe authors would like to thank both review- and Petrou, P.: The April 2007 earthquake swarm near Lake Tri-
ers and the editor for constructive comments. Maps were created chonis and implications for active tectonics in western Greece,
using the GMT software (Wessel and Smith, 1991). This research Tectonophysics, 452, 51-65, 2008.
was partly financed by the XENIOS Project ¥N-31-867), Lin, J. and Stein, R. S.: Stress triggering in thrust and subduction
coordinated by the Greek Ministry of Research and Technology, earthquakes, and stress interaction between the southern San An-
the Laboratory of Climatology and Atmospheric Environment dreas and nearby thrust and strike-slip faults, J. Geophys. Res.,
(LACAE) of the Faculty of Geology and Geoenvironment, National 109, B02303d0i:10.1029/2003JB002602004.

Nat. Hazards Earth Syst. Sci., 13, 4551, 2013 www.hat-hazards-earth-syst-sci.net/13/45/2013/


http://dx.doi.org/10.5194/nhess-9-905-2009
http://dx.doi.org/10.5194/nhess-12-859-2012
http://dx.doi.org/10.5194/nhess-1-165-2001
http://dx.doi.org/10.1007/s10950-012-9331-6
http://dx.doi.org/10.1007/s10950-012-9331-6
http://dx.doi.org/10.1029/2002JB001865
http://dx.doi.org/10.1029/2003JB002607

G. Chouliaras et al.: Stress distribution and seismicity patterns 51

Lyon-Caen, H., Armijo, R., Drakopoulos, J., Baskoutas, J., Deliba-Spicak, A.: Earthquake swarms and accompanying phenomena in
sis, N., Gaulon, R., Kouskouna, V., Latoussakis, J., Makropou- intraplate regions: a review, Stud. Geophys. Geod., 44, 89-106,
los, K. C., Papadimitriou, P., Papanastassiou, P. and Pedotti, G.: 2000.

The 1986 Kalamata (South Peloponnesus) earthquake: Detaile8tavrakakis, G., Drakopoulos, J., Latoussakis, J., Papanastassiou,
study of a normal fault, evidences for east-west extension inthe D., and Drakatos, G.: Spectral Characteristics of the 1986
Hellenic arc, J. Geophys. Res., 93/B12, 14967-15000, 1988. September 13, Kalamata (Southern Greece) Earthquake, Geo-

Makropoulos, K., Kaviris, G., and Kouskouna, V.: An updated phys. J. Int., 98, 149-157, 1989.
and extended earthquake catalogue for Greece and adjacent &tein, R. S.: The role of stress transfer in earthquake occurrence,
eas since 1900, Nat. Hazards Earth Syst. Sci., 12, 1425-1430, Nature, 402, 605-609, 1999.
doi:10.5194/nhess-12-1425-20PD12. Stein, R. S., King, G. C. P,, and Lin, J.: Change in failure stress

Mariolakos, I., Fountoulis I. and H., Kranis. : Paleoseismic events on the southern San Andreas Fault system caused by the 1992
recorded in the Pleistocene sediments at the area of Kalamata magnitude= 7.4 Landers earthquake, Science, 258, 1328-1332,
(Peloponnessos. Greece), J. Geodynam., 24 Special Issue 1-4,1992.

241-247, 1997. Sykes, L. R.: Earthquake swarms and sea-floor spreading, J. Geo-

Mogi, K.: Some discussions on aftershocks, foreshocks and earth- phys. Res., 75, 6598-6611, 1970.
guake swarms — the fracture of a semi-infinite body caused by arfoda, S., Stein, R. S., Richards-Dinger, K., and Bozkurt, S.: Fore-
inner stress origin and its relation to the earthquake phenomena, casting the evolution of seismicity in southern California: Ani-

Bull. Earthq. Res. Inst. Tokyo Univ., 41, 615-658, 1963. mations built on earthquake stress transfer, J. Geophys. Res., 110,
Okada, Y.: Internal deformation due to shear and tensile faults ina B05S16,d0i:10.1029/2004JB003413005.
half-space, B. Seismol. Soc. Am., 82, 1018-1040, 1992. Wells, D. L. and Coppersmith, K. J.: New empirical relationships

Papazachos, B. and Delibasis, N.: Tectonic stress field and seis- among magnitude, rupture length, rupture width, rupture area
mic faulting in the area of Greece, Tectonophysics, 73, 231-255, and surface displacement, Bull. Seism. Soc. Am., 84, 972-1002,
1969. 1994.

Papazachos, B. C. and Papazachou, C. B.: The Earthquakes #flessel, P. and Smith, W. H. F.: Free software helps map and display
Greece, edited by: Ziti, P., Thessaloniki, Greece, 2003 (in Greek). data, EOS, Trans. Am. geophys. Un., 72, 441, 1991.

Papoulia, J. and Makris, J.: Microseismicity and active deformationWesterhaus, M., Wyss, M., Yilmaz, R., and Zschau, J.: Correlat-
of Messinia, SW Greece, J. Seismol., 8, 439-451, 2004. ing variations of b-values and crustal deformations during the

Papoulia, J., Stavrakakis, G., and Papanikolaou, D.: Bayesian esti- 1990s may have pinpointed the rupture initiation of Mw4
mation of strong earthquakes in the Inner Messiniakos fault zone, Izmit earthquake of 1999 August 17, Geophys. J. Int., 148, 139—
southern Greece, based on seismological and geological data, J. 152, 2002.

Seismol. 5, 233-242, 2001. Wiemer, S.: A software package to analyze seismicity: ZMAP, Seis-

Parsons, T., Yeats, R. S., Yagi, Y., and Hussain, A.: Static stress mol. Res. Lett., 72, 374—-383, 2001.
change from the 8 October, 2005M.6 Kashmir earthquake, Wiemer, S. and Wyss, M.: Mapping the frequency—magnitude dis-
Geophys. Res. Lett., 33, L0630d0i:10.1029/2005GL025429 tribution in asperities: An improved technique to calculate recur-

2006. rence times?, J. Geophys. Res., 102, 15115-15128, 1997.
Schorlemmer, D. and Wiemer, S.: Microseismicity data forecastWyss, M.: Towards a physical understanding of the earthquake
rupture area, Nature, 434, 108i:10.1038/43410862005. frequency distribution, Geophys. J. R. Astr. Soc., 31, 341-359,

Schorlemmer, D., Wiemer, S., and Wyss, M.: Variation of  1973.
earthquake-size distribution across different stress regimes, Nawyss, M. and Wiemer, S.: Change in the Probability for earthquakes
ture, 437, 539-542, 2005. in Southern California Due to the Landers Magnitude 7.3 Earth-
Scholz, C. H.: The frequency—magnitude relation of microfractur- quake, Nature, 290, 1334-1338, 2000.
ing in rock and its relation to earthquakes, B. Seismol. Soc. Am.,Yamashita, T.: Pore creation due to fault slip in a fluid-permeated
58, 399-415, 1968. fault zone and its effect on seismicity, Pure Appl. Geophys., 155,
Scholz, C. H.: The mechanics of Earthquakes and Faulting (2nd 625-647, 1999.
Edn,), 471 pp., Cambridge Univ. Press, New York, 2002.

www.nat-hazards-earth-syst-sci.net/13/45/2013/ Nat. Hazards Earth Syst. Sci., 13, 852013


http://dx.doi.org/10.5194/nhess-12-1425-2012
http://dx.doi.org/10.1029/2005GL025429
http://dx.doi.org/10.1038/4341086a
http://dx.doi.org/10.1029/2004JB003415

