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Abstract. During the period of October 2011-January 2012, “Minoan” eruption, at approximately 1610-1650 BCE (Bond
an increase of earthquake activity has been observed in thend Sparks, 1976). After the Minoan eruption, the volcanic
volcanic complex of Santorini Island, Greece. Herein, theactivity concentrated at the central part of the caldera com-
magnitude distribution of earthquakes as well as the templex, where the emission of calc-alkaline magma has led to
poral distribution of seismicity are studied. The statistics of the formation of the Palaia and Nea Kameni islets between
both parameters exhibit complexity that is evident in the 197 BC and 1950 AD (Fytikas et al., 1990; Druitt et al., 1999;
frequency-magnitude distribution and the inter-event timeStiros et al., 2010). Earthquake activity at and around the
distribution, respectively. Because of this, we have usedSantorini volcanic complex is manifested with small mag-
the analysis framework of non-extensive statistical physicsnitude earthquakes and low seismicity rates. The majority
(NESP), which seems suitable for studying complex systemsof earthquake foci are concentrated around the Columbos
The observed inter-event time distribution for the swarm-like volcano, with fairly low activity observed at the rest of the
earthquake events, as well as the energy and the inter-eveasbmplex (Bohnhoff et al., 2006; Dimitriadis et al., 2009). At
earthquake energy distributions for the observed seismicitypresent, it is not clear which part(s) of this activity is of tec-
can be successfully described with NESP, indicating the in-tonic or of volcanic origin.
herent complexity of the Santorini volcanic seismicity along Concerning the tectonics, the northern part of the island
with the applicability of the NESP concept to volcanic earth- complex lies in a graben, probably the continuation of the
quake activity, where complex correlations exist. Anhydros Basin (Perissoratis, 1995). Most of the effusive ac-
tivity since 530 ka, which includes the Peristeria Volcano, the
Simandiri shield, the Skaros shield, the Therassia dome com-
plex, and the Kammeni Volcano has been associated with
1 Introduction this feature. The contemporary volcanism is manifested by
two major volcanic centers, the Nea Kameni volcano rising
The Hellenic Volcanic arc lies in the back arc region of the gt the center of the caldera and the submarine Columbos
Hellenic subduction zone. Itis parallel to the Hellenic arc andyg|cano, located 7 km NE of Cape Coloumbo. Their evo-
about 150 km north of it (Sakellariou et al., 2010). The for- |ytion has been affected by two distinct NE-SW tectonic
mation of the volcanic arc is the result of the Hellenic orogen|ineaments, the Kameni and Columbos fault zones, respec-
(Dimitriadis et al., 2009). Sousaki, Methana, Milos, Santorini tively (Druitt et al., 1989, 1999). These mark the alignment
and Nisyros form volcanic centers along the South Aegearyf several eruptive vents and have been interpreted to com-
Volcanic arc (Fytikas et al., 1985; Dimitriadis et al., 2009). prise major normal faults (Pe-Piper and Piper, 2005). Six
Thera (Santorini) is the most active volcano of the Aegeanpiinian eruptions were aligned along Kameni Fault Zone. In-
volcanic arc (Bond and Sparks, 1976) (Fig. 1). Its vol- gependent volcanic centers at North Thera, as is the Megalo

canic activity began at approx. 0.6Ma ago (Perissoratisypuno cinder cone, the Kokkino Vouno cinder cone and the
1995). The present-day caldera was formed during the
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ini Seismicity October 2011 - January 2012
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Fig. 1. (a) The modern active trenches (thick dark lines with solid barbs) for the Hellenic subduction zone as they are indicated by Royden
and Papanikolaou (2011) and the hellenic volcanic arc (black dashed line) with the major volcanoes indicated as redjidingegismic
events (open circles) of Santorini volcanic complex area for the period 1 October 2011-31 January 2012.
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Fig. 2. (a) The seismicity rate per day aifd) the cumulative number of earthquakes in the Santorini volcanic complex area for the period
1 October 2011-31 April 2012. The arrow indicates the end of the period considered in this study.

Cape Columbos tuff ring define the Columbos Fault (for de-motivation of our work is to establish a solid pathway for
tails see Fouge, 1879 and Reck, 1936). In addition, sev- the analysis of seismo-volcanic effects using concepts of-non
eral dykes located at northern Thera, have a NE-SW orientaextensive statistical mechanics. Our aim is not to develop a
tion, e.g. the dyke between Mikros Profitis llias and Megalo precise model but rather to give a simple argument of phys-
Vouno (Heiken and McCoy, 1984; Mountrakis et al., 1998). ical plausibility. In the present work, we study some phys-
The southern half of the island is situated at the northernical characteristics of the observed seismicity by analyzing
flank of a NE-SW-trending basement horst, the Santorini-the statistical physics of its magnitude and temporal (inter-
Amorgos Ridge (Perissoratis, 1995). event times) distributions. The Frequency—Magnitude distri-

During the period of October 2011-January 2012, an in-bution is investigated by means of the Gutenberg—Richter
crease of intra-caldera earthquake activity has been observddw. Considering the complex pattern of seismicity in vol-
(Chouliaras et al., 2012; ISMOSA¥ttp://ismosav.santorini.  canic areas, we use the non-extensive statistical physics con-
net—also see Figs. 1 and 2). This activity occurred simultanecept (NESP; Tsallis, 2009), which is a generalization of
ously with ground deformation, probably the most significant Boltzmann—Gibbs statistical physics, to study the energy and
since the 1950 eruption (Newman et al., 2012). Such obsertemporal patterns of the observed seismicity. Non-extensive
vations could indicate resurgence of intra-caldera volcanisnstatistical physics seems to be a suitable framework for the
after a quiescence of about 6 decades, albeit without assustudy of non-equilibrium systems, exhibiting scale invari-
ance that an eruption would be forthcoming, as suggested bgnce, multi-fractality and long-range interactions (e.g. Val-
Newman et al. (2012). lianatos et al., 2012a). Fracture related phenomena, such

Recently non extensive statistical physics (Tsallis, 2009)as seismo-volcanic, present such characteristics (Vallianatos,
becoming a challenging framework for geophysical com-2009). It is precisely such phenomena that constitute the
plex phenomena (Vallianatos and Telesca, 2012). The maiscope of non-extensive statistical physics.
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2 Frequency-magnitude distribution 10°

The analysis of the temporal evolution of the volcanic seis- f——_—
micity that occurred in Santorini volcanic complex during the -‘h‘
period of October 2011-January 2012 we based on the earth |, |
quake catalogue of the Geodynamic Institute of the National
Observatory of Athens reporting earthquakes inthemag-
nitude scalelfttp://www.gein.noa.gj/ The seismicity rate at
the Santorini area exhibits a systematic increase during this<
period, as it is depicted in Fig. 2a. The highest rate is ob- "¢

-~
served on 23-24 January 2012 and is followed by a rather
extended period of lower seismicity rates (Fig. 2b). et
The earthquake size distribution can be described by a AN
power-law relationship over a broad range of magnitudes, 1nl°]_5 e s S ..

which is commonly referred to as the Gutenberg—Richter law Magnitude (M)
(Gutenberg and Richter, 1944):
Fig. 3. The cumulative (squares) size distribution on logarithmic
logN(M) =a —bM (1) scale for the Santorini seismicity. The distribution has a bimodal
character with different b-values (see text). We consider the magni-
whereN is the cumulative number of earthquakes with mag- tude of completenesdfc) as 1.2.
nitude> M anda, b are constants. The so-callet-talue”
is the slope of the frequency-magnitude distribution (FMD) ) - _
and describes the size distribution of the earthquake event$ A Non-extensive statistical physics approach

While for tectonic earthquakéshas typical values close to 1, : : . - .
: In this section we use the non-extensive statistical physics
higher b-values (up to 3) have been reported for volcano re-

lated earthquakes (McNutt, 1996). High b-values associateﬁoncept (NESP) to analyze the temporal and magnitude dis-

with volcanic areas have been attributed to crustal hetero-rIbUtIOnS of the observed seismicity for the period 1 Octo-
I, . : . ber 2011-27 January 2012. The NESP concept refers to the
geneities (Mogi, 1963), high thermal gradients (Warren andnon—additive entropys, (Tsallis, 2009), which is a general-
Latham, 1970) and high pore-pressures at the vicinity of thelzation of BoltzmagnzGibbs e’ntropggy and has bgen fre-
magma chambers, all of which can cause a decrease of the . G .
effective normal stress (Wyss, 1973). quently used to characterize complex dynamical systems that

The FMD for the given data set has a bimodal charactereXhlblt scale-invariance, (multi)fractality and long-range in-

(Fig. 3). The maximum likelihood solution of the Gutenberg— cr2ctions (€-g. Gell-Mann and Tsallis, 2004). The Tsallis
. . . .~ entropysS, is non-additive in the sense that it is not propor-

Richter law according to Aki (1965) as was later on rewsedtional to the number of the elements of the Svsters;

by Utsu (1978), gives a-value of 0.76+ 0.04 that holds for y B

the magnitude range 1.2-2.6. It is also evident that this apfjoes' The Tsallis” entropg reads as

proximation holds down to a magnitude of 1.2, which is thus "

adopted to be the magnitude of completeneds) (of the 1-Y pf

given data set. As we can see from Fig. 3, the slope of theg, — g — =X, c R 2)
FMD increases td = 1.7 4+ 0.36 for magnitudes greater than qg—1

or equal to 2.6, thus rendering the distribution bimodal. Bi-
modal distributions in the FMD of volcanic areas have beenities, W is the total number of microscopic configurations

attributed to earthquake swarms that are related to magmgndq the entropic index. The latter is a measure of the non-

movements (Wie”."'er and Wyss, 2.002.) ._This may be the (?asgxtensivity of the system and for the particular casel the
for the observed intra-caldera seismicity during the per'OdBoltzmann—Gibbs entropSc

considered in this study. On the other hand, the SW-NE

wherekg is Boltzmann’'s constanty; is a set of probabil-

hypocenter distribution of the earthquakes along an almost w
vertical fault beneath the Kameni islets (see Newman et al. Sec = —kB Z piln p; 3)
2012) indicate that seismicity may also have a strong tectonic i=1

component and that the causative magma and fluid move- .
o - is obtained. The cases> 1 andg < 1 correspond to subad-
ments may actually affect and excite instability on a tec-

. . - ditivity and superadditivity, respectively.
tonic fault as well as in the pre-existing fractured surfaces o .
and cracks. Recent applications of the NESP concept to solid earth

physics (in regional or planetary scale) are mainly focused on
seismology (Abe and Suzuki, 2003; 2005; Telesca, 2010a,b,
2011; Telesca and Chen, 2010) using earthquake catalogs
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from different seismic zones, fault lengths distribution (Val- o
lianatos et al.,, 2011a; Vallianatos and Sammonds, 2011)
and very recently to natural hazards (Vallianatos, 2009), -
plate tectonics (Vallianatos and Sammonds, 2010), rock
physics (Vallianatos et al., 2011b) and geomagnetic reversals
(Vallianatos, 2011). =
Considering the frequency-magnitude distribution of seis- 3 [
micity, Sotolongo-Costa and Posadas (2004) proposed &2
model for the earthquake generation mechanism consider-g ali
ing the interaction of two rough fault planes and the frag-
ments filling the space between them, where the fragments
are produced by the local breakup of the material compris-
ing the fault planes. This interaction is supposed to modulate
earthquake triggering. By using the non-extensive formalism, . ‘ , , ,
these authors demonstrated the influence of the size distribu ! 15 2 25 3 33
tion of fragments on the energy distribution of earthquakes
and introduced an energy-distribution function, which re- Fig. 4. Normalized cumulative magnitude distribution of the San-
duces to the Gutenberg—Richter law as a particular case. torini seismicity (circles) and the fitting curve (solid line) accord-
Silva et al. (2006) revisited the fragment asperity modeling to Eq. (4). The values for the best fit regressioq to the Qata are
of earthquakes and derived an energy distribution functiorfm =1.39+0.035 andu =286.6+ 78. The 95% confidence inter-
which allows determination of the relative cumulative num- Vals forgas ande are also plotted (dashed lines).
ber of earthquakes as a function of magnitude. Moreover,
they proposed a scale law between the released relative en-
ergye and the volume of the fragment$ (¢ ~3), in agree-  activity of the two well-known volcanoes of Southern Italy,
ment with the standard theory of seismic moment (Lay andVesuvius and Mt. Etna.
Wallace, 1995). This model has been recently applied to re- Next, we used the cumulative distribution of the lapse time
gional seismicity, covering diverse tectonic regions (Telescabetween successive earthquakes (inter-event times), which
2010a,b, Telesca and Chen, 2010). Finally, by consideringcan provide useful insights on the complexity that char-
that the earthquake energys related to the magnitude as  acterizes the physical mechanism of the seismicity pro-
m :§ log(e), Telesca (2011, 2012) has introduced a new ex-cess, in order to investigate the temporal properties of the
pression for the cumulative number of earthquakes as a funocsbserved seismicity. The inter-event tinfeis defined as
tion of the magnitude: T =ti+1 —t@). ThenP (> T) is the cumulative distribution
of the probability finding an event greater than the inter-event
log <N(> M)) _ (2 — qM> log [1_ <1— qM> (%ﬂ () tir_ne T.In Fig. 5, P(> T) is plotted for ga}rthquake events
N 1—gu a?3) | with M > M. The observed (> T) exhibits an exponen-
tial tail that holds for anyI’ > T =5.8 h (Fig. 5). In the sta-
This relationship describes from the first principles and intistical physics concept, the exponential function represents
NESP formalism, the cumulative distribution of the number a solution of theSgg entropy (Eq. 3) that is used to char-
of earthquake#y with magnituden greater than the thresh- acterize uncorrelated, random processes. The latter implies
old M in a seismic region, normalized by the total number that P(> T) exhibits two domains: an uncorrelated one for
of earthquakes. The constanexpresses the proportionality inter-event times greater thafy and a more complex one
between the released energynd the fragment sizeand  for shorter inter-event times that mainly occur at the jerks of
qu is the entropic index. increasing seismicity rate (number of events per day greater
We have applied the NESP model of Eq. (4) to the nor-than 4 — see Fig. 2a). An uncorrelated domain for the larger
malized cumulative magnitude distribution of the Santorini inter-event times has been also observed by Bak et al. (2002)
seismicity for the entire magnitude range above the threshfor Californian seismicity, in which the correlated earthquake
old and the result is presented in Fig. 4. The model de-events have been interpreted as a sequence of avalanches in
scribes rather well the observed magnitude distribution fora self-organized critical process.
gy =1.39+£0.035 andx =286.6+ 78. This fine agreement In order to investigate the complexity that characterizes
between the model of Eq. (4) and the observed seismicity, is éhe regime ofP (> T) whereT < T, we used the NESP con-
good indicator of the suitability and the success of the NESPcept. Along this vein, Abe and Suzuki (2005) investigated the
model in recovering the main characteristics of the earth-temporal properties of the seismicity in California and Japan
guake dynamics in the case of volcano related seismicityand more recently Vallianatos et al. (2012b) investigated the
The latter has been also pointed out by Telesca (2010a), whepatiotemporal properties of the 1996 Aigion (Greece) earth-
has successfully applied the NESP model to the earthquakgquake aftershock sequence. In these studies, the inter-event

2+

—4qm
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Fig. 5. The cumulative inter-event time distributigh(> T) in lin- tion for the period 23 January 2012—24 January 201Mor M.

ear and log-log plot (inset), for the period 1 October 2011-27 Jan-rpe goiid line represents theexponential distribution of Eq. (5).
uary 2012 and foM > Mc (black circles). The solid line represents 1.4 yalue ofg for the best fit regression iy = 1.52. Inset: the

the exponential function that describes the datalfor Tc = 5.8 h. g-logarithmic distribution forT" < T¢, exhibiting a correlation coef-
ficient of p =0.9614.

time distributionsP (> T) were all nicely fitted with they-
exponential distribution
a swarm-like character and that complex correlations exist
P(>T) = exp, (=BT) () among the earthquake events during such seismicity bursts.
Moreover, we have used the NESP concept to investigate
the inter-event energy distribution, using the approach of
eg(x) =[14+ (1 - g)x]¥A9 for1+ (1 - ¢)x > Oand (©) Caruso et al. (2007). Earthquakes have often been considered
eq(x) =0, fori+(1—¢g)x <O. an example of self-organized critical (SOC) phenomenon
(e.g. Bak and Tang, 1989; Sornette and Sornette, 1989; Bak
et al., 2002), where in a critically stressed crust avalanches
of earthquake events can occur on all scales (Main, 1996).
Caruso et al. (2007), by considering the avalanche size dif-
ferences of the dissipative Olami—Feder—Christensen model
(OFC - Olami et al., 1992) on a small world topology and the
energy differences between actual tectonic earthquakes, have
1 shown that their probability density functions deviate from
Ing(x) = 37— <x1_" - 1) (7)  the normal Gaussian distribution and exhibit a rather gener-
a alized Gaussian, namely theGaussian distribution that has
is linear withT (Abe and Suzuki, 2005; Vallianatos, 2011 been derived in the NESP concept (e.g. Gell-Mann and Tsal-
and references therein). lis, 2004). According to Caruso et al. (2007), these findings
In order to test the applicability of this approach to the support the hypothesis that a self-organized critical mecha-
shorter inter-event times, we selected the events that occurregism is the origin of the seismic events.
on 23 and 24 January 2012. During these two days, a sudden Following this approach, we investigated the probabil-
increase of seismicity was observed (Fig. 2a), with swarm-ity distribution function of the energy differences between
like characteristics. The earthquake activity for this periodthe successive earthquakes for the volcano-related seismic-
also fulfills two other requirements. First, it contains a suffi- ity considered in this study. We considered the quantity
cient number of eventss(50) for M > M, in orderto haveas S =exp(M) to be a measure of energy in accordance with the
much statistically significant results as possible and secondlyvork of Caruso et al. (2007), in order to relate the earthquake
comprises, in their majority, inter-event times shorter than  magnitudeM with the energy released during the earth-
In Fig. 6, theP (> T) for this period and for the events with quake (the latter being an exponential function of the magni-
M > M. is plotted. As evident, this cumulative distribution tude M). Considering this quantity, we defined the function
can be nicely fitted with thg-exponential distribution when R(t)=S(t + A) — S(z), whereA is a discrete time interval
gr =1.52. This result implies that non-extensive thermody-and we used it to describe the differences in the energy re-
namics apply when the volcano-related seismicity takes orleased between successive earthquakes. Caruso et al. (2007)

where theg-exponential function is defined as,

The inverse of Eq. (5) is theg-logarithmic distribution
In,(P(T)). These results imply the existence of complex
correlations in the temporal evolution of seismicity. After
the estimation of the appropriate that describes the ob-
served distributionP (> T, the g-logarithmic distribution
Ing(P(> T)), where
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5 S=exp (M)

. - . . L Fig. 8. Probability distribution function of the earthquake energies
Fig. 7. Probability density function op(x) (solid circles) for the with M > M¢ scaled ass = exp(M) in a log-log plot. The solid line

events withM > Mc on a semi-log plot, where = (R — < R >)/‘7,R represents the power law fit with an exponegt3+0.37 (95 %
(see text). The dashed curve represents the standard Gaussian sha@ fidence intervals — dashed lines)

The data is well fitted by @-Gaussian curve (solid line) for the

value of the entropic indeyp =2.24+0.09 (95 % confidence in-

tervals — dotted curves). whereKk is a normalization factog, is a small positive value
and; F1 is the hypergeometric function. As pointed out in
Caruso et al. (2007), the probability distributi®iR), which
depends ong, can be approached by meangjeaussians,
whose values ofiz do not depend om. Then, by applying

have considered the caae= 1, in accordance with the natu-
ral time framework (Sarlis et al., 2010; Varotsos et al., 2011).

In_Fig. 7 we plot the probability density function Eq. (8) for variousrs values, Caruso et al. (2007) found the

(PDF) of R(z) for all earthquakes withil > Mc, normal- following stretched exponential interrelation betweerand
ized to zero mean and unit variance in accordance witho_O g stretched exp @

the normalization condition/ p(R)dR=1. Figure 7 in- ts:
dicates that' the PDF ofR(r) deviate; from the stan- gr = exp (1_19%—0.795)' 9)
dard Gaussian shape due to the existence of heavy tails
and can rather be described by tleGaussian func-  According to Eq. (9), the value of the power-law exponent
tion of the formp(x) = A [1 - (1- q)xz/B]l/(l_q), where 153 =3.04+ 0.37 obtained for the observed seismicity, corre-
x=(R— <R >)log, with og being the standard devia- sponds tgz ~ 1.64 if no correlations are taken into account,
tion of R. For g =1, p(x) reduces to the Gaussian (nor- which is dissimilar to the value afg found by fitting the
mal) distribution (e.g. Gell-Mann and Tsallis, 2004). For g-Gaussian to the data set at hand. We would like to note
qr =2.24+0.09, we can see that theGaussian function that Eq. (9) is valid for uncorrelated events, which is not the
fits the observed PDF of the normaliz&dr) very well, con-  case of seismicity as has been also pointed out by Caruso
firming the results of Caruso et al. (2007) and implying thatet al. (2007) who stated that “temporal correlations among
a self-organized critical mechanism may be at the origin ofavalanches (earthquakes) do surely exist and a certain degree
the observed volcano-related seismicity. of statistical predictability is likely possible”, and thus con-
Furthermore, the probability distribution of the avalanche sidering the applicability of Eq. (9) with caution.
and earthquake sizes)(can be described by a power law  On the other hand, Bakar and Tirnakli (2009) analyzed nu-
that includes the terns—* (Caruso et al., 2007). Based merically the Ehrenfest’s dog-flea SOC model and obtained,
on the probability distribution function of =exp(M) of with high accuracy, the value afg =1.517 for the power-
Santorini seismicity withM > M., a power-law exponent law exponent, along withg =2.35 for theg-Gaussian func-
75 =3.0+ 0.37 is obtained (Fig. 8). Caruso et al. (2007) sug-tion, which is in agreement with Eq. (9) and in good agree-
gested that an interrelation between the power-law exponemnnent, taking into account experimental errors, to the value of
75 and theg-value of theg-Gaussian function that best de- gy obtained for the Santorini seismicity. The result of Bakar
scribes the PDF oR(¢) exists. On the hypothesis that there and Tirnakli (2009) has been achieved using a simple proto-
is no correlation between the sizes of two events, the probtype SOC model (different from that used by Caruso et al.,
ability of observingR(z) is given by (Caruso et al., 2007): 2007) and as noted by Sarlis et al. (2010), who suggested that
qr =2.35 is the value that one should use in §h&aussian
g~ @rs=D) - ( |R|) @®) to check whetherP (R) resulting from earthquake catalogs
1

P(R) = K 2rg—1, t\™® 2ts — L 2751 —— can be approached, emphasizing to the fact that the result of
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Bakar and Tirnakli (2009) is much more general andg¢he successive earthquakes. The observed distribution exhibits

value is not a fitting parameter anymore. two domains: an uncorrelated one for larger inter-event times
In addition, in a recent work Celikoglou et al. (2010) pro- (>5.8h) and a more complex one for shorter inter-event

pose instead of self-organized criticality mechanism (Baktimes. In order to investigate the latter domain, we have con-

and Tang, 1989) the application of the coherent noise modesidered the inter-event time distribution of the 23-24 Jan-

(CNM) (Newman, 1996) as a simple and robust mecha-uary 2012 earthquake activity, when a sudden increase in

nism to describe seismicity characteristics. This approachhe seismicity rate has occurred. The observed distribution

validated very recently using the Olami-Feder-Christensercan be described very well with theexponential function

model (Zhang et al., 201l). The CNM model is based onfor the value ofgr =1.52. The results obtained from the

the notion of an external stress acting coherently onto alltime series analysis indicate that Boltzmann-Gibbs thermo-

agents of the system without having any direct interactiondynamics apply in the uncorrelated domain of larger inter-

with them, leading to a power-law distribution of event sizes event times, whereas for the shorter inter-event times, when

without exhibiting criticality. Applying such a model Ce- a swarm-like sequence appears, complex correlations exist

likoglu et al. (2010) propose that on CNM principles that and non-extensive thermodynamics are more appropriate de-

qr= ’51—12 which for tg ~ 3 givesgg ~5/3 a value slightly  scriptors of the seismicity process.

different from the approximated relation presented by Caruso All the results discussed in this study indicate the inher-

et al. (2005) (see Eq. 9). Furthermore, in the frame of CNMent complexity of the Santorini volcanic seismicity, the ap-

presented by Celikoglu et al. (2010) a possible source of theplicability of the NESP concept to volcanic earthquake ac-

dissimilarity between the observed and the estimated valuesvity and the usefulness of NESP in investigating complex

of gg could be the limited number of events (i.e. a size ef- Earth dynamic systems, and could be in principle used to de-

fect). In fact, the coherent noise model has tested by Cefine organization of volcanic seismicity contributing to haz-

likoglu et al. (2010) for data that span 6 decades provid-ard estimation.

ing very clearg-Gaussian curves for the return distributions

(~ 8 decades) in contrast to the limited range of present data.

This could be one of the possible reason for the disagreeAcknowledgementsThis work was supported in part by the
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its shape. We note that since it is generically extremely dif-
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the size effect, we can state that for seismo-volcanic systems,

even in the size dependent case, §h€aussian could still

describe the distribution in a satisfactory way. References
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