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Dynamic Multifractality in Earthquake Time Series: Insights from the Corinth Rift, Greece
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Abstract—Earthquake time series are widely used to charac-
terize the main features of seismicity and to provide useful insights
into the dynamics of the seismogenic system. Properties such as
intermittency and non-stationary clustering are common in earth-
quake time series such that multifractal concepts seem essential to
describe the temporal clustering variability. Here we use a multi-
fractal approach to study the time dynamics of the recent
earthquake activity in the Corinth rift. The results indicate the
degree of heterogeneous clustering and correlations acting at all
time scales that suggest non-Poissonian behavior. Additionally, the
multifractal analysis in different time periods showed that the
degree of multifractality exhibits strong variations with time, which
are associated with the dynamic evolution of the earthquake
activity in the rift and the transition between periods of high and
low seismicity.

1. Introduction

Earthquakes are classic examples of complex
phenomena that exhibit scale-invariance and fractal-
ity in their collective properties. These properties are
revealed both in nature and laboratory experiments
where the spatial, temporal and size distributions of
earthquakes or laboratory acoustic emissions display
structures that are invarient in scale (e.g., SAMMONDS
et al., 1992; MaN, 1996; TurcotrtE, 1997). The
emergence of these properties is indicative of com-
plexity and nonlinear dynamics in the earthquake
generation process (Kacan, 1994), such that concepts
like fractals and multifractals are becoming increas-
ingly fundamental for understanding geophysical
processes and estimating seismic hazard more effi-
ciently. The general objective of this kind of analysis
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is to characterize the structure of the earthquake
activity in a seismic region and evaluate qualitatively
and, if possible, quantitatively its dynamical evolu-
tion. Following this approach, the fractal dimension
has been used to characterize the degree of clustering
in seismic sequences and laboratory acoustic emis-
sions (Kacan and Knoporr,1980; SMALLEY et al.,
1987; HIrRATA et al., 1987; HiraTA, 1989) and to map
the dynamical evolution of the states in the seismo-
genic system (SINGH et al., 2008).

In nature, though, most fractals in complex
dynamical systems are known to be heterogeneous
(MAaNDELBROT, 1989). Since earthquakes are the result
of complex interactions operating in different scales,
it is reasonable to expect the need for multifractal
concepts to describe seismicity. In particular, prop-
erties like non-stationarity and intermittency are
common in earthquake sequences such that the
clustering degree varies with time. These variations
can be identified by multifractal approaches that can
enlighten the local fluctuations in the scaling prop-
erties of seismicity and then provide an appropriate
tool for mapping the dynamical changes that take
place in the physical process of seismogenesis (GEI-
LIKMAN et al., 1990; Gobano et al., 1997). This ability
has been in fact used in various studies in the
detection of possible temporal changes in the multi-
fractal dimension prior to large earthquakes
(HiraBAYASHI et al., 1992; NakayAa and HasHMOTO,
2002; KryasHcHENKO et al., 2003).

Earthquake temporal clustering is revealed in
aftershock sequences, where the Omori’s scaling
relation states that the aftershock production rate
decays as a power law with time (OMor1, 1894; Utsu
et al., 1995). Short-term and long-term clustering has
also been exhibited in various earthquake sequences
(KaGaN and Jackson, 1991) and recently in the West
Corinth rift, where the presence of scaling and two
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power law regions in short and long time intervals
has been shown (MicHas et al., 2013). These prop-
erties are indicative of non-stationary temporal
clustering, multifractality and long-term memory in
the earthquake generation process (e.g., LIVINA ef al.,
2005). The multifractal structure of interevent time
series has been exhibited in various earthquake
sequences (GobaNo and CaRuso, 1995; Gopano et al.,
1997; ENescu et al., 2006; TeLEsca and LAPENNA,
2006) and in the West Corinth rift (TELEScA et al.,
2002). These properties have led recently to the
consideration of non-extensive statistical mechanics
as an appropriate framework for studying the col-
lective properties of earthquake time series based on
the principle of entropy (e.g., TsaLuis, 2009; VALLI-
ANATOS et al., 2012; PAPADAKIS et al., 2013; MICHAS
et al., 2013).

In this work we study the earthquake time series
of the recent activity in one of the most seismically
active areas in Europe, the Corinth rift. The earth-
quake activity in the Corinth rift is typically
characterized by fluctuating behavior, where periods
of low to moderate activity are interspersed by sud-
den seismic bursts, which are related to frequent
earthquake swarms and the occurrence of stronger
events, followed by aftershock sequences. This
intermittent behavior constitutes the multifractal
approach as an appropriate tool to study the local
fluctuations, the degree of -clustering, and the
dynamic variability of the seismotectonic activity in
this region.

2. 2008-2013 Earthquake Activity in the Corinth Rift

The area of Greece represents the most seismi-
cally active area in Europe due to its location on a
tectonically active plate boundary in the convergence
of the Eurasian and African lithospheric plates
(Fig. 1) (e.g., L PicHON and ANGELIER, 1979). In the
back-arc region significant extension is taking place
in the Aegean (e.g., MERCIER ef al., 1989; LE PicHON
et al., 1995) that is accommodated across a series of
extending grabens, such as the North Aegean trough,
the Euboea graben, and the Corinth rift. In the latter
area, a rapid continental extension of the order of 1.5
to 1 cm/year is taking place in the west and east part,
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respectively, (BRIOLE ef al., 2000) that classifies
Corinth rift among the fastest extending continental
rifts of the world. Deformation is accommodated by a
S-dipping and N-dipping active normal fault system
at the north and south margin of the rift respectively
of an en echelon E-W system, creating an asymmetric
tectonic graben (e.g., ARMUO ef al., 1996).

The high earthquake activity of the area is
revealed from both historic and instrumental records,
where several earthquakes of magnitude greater than
6 have occurred in the past (AMBRASEYS and JACKSON,
1990, 1997; LATOUSSAKIS et al., 1991; DraKATOS and
LaTtoussakis, 1996; PapazacHos and PapazacHou,
1997; PapapopouLos et al., 2000). The last major
earthquake was the 1995 Aigion earthquake
(M, = 6.2) that occurred in the west part of the rift
(BERNARD et al., 1997) and since then the activity is
dominated by low to intermediate size earthquakes
and frequent earthquake swarms. In January 2010 an
M,, = 5.1 earthquake, followed four days later by
another strong event (M,, = 5.1) and numerous af-
tershocks, occurred in the west part of the rift near the
city of Efpalion (Fig. 1), ending a 15-year period of
relative seismic quiescence in the area (KARAKOSTAS
et al., 2012; Sokos et al., 2012; GaNas et al., 2013).

In this work we study the 2008-2013 earthquake
activity in the Corinth rift, as has been recorded by the
Hellenic Unified Seismological Network (HUSN)
(http://www.gein.noa.gr/en/networks/husn). HUSN
started operating in 2007 as a nationwide unified
network, linking the main seismological networks that
operate in Greece and providing a better monitoring
coverage for the wider area. Evaluation of the seismic
network through simulations indicated that the mag-
nitude of completeness (M,.) of HUSN catalog is
approximately equal to 2 in most parts of continental
Greece, with minimum 1.6 in the West Corinth rift
(D’ ALEssaNDRO et al., 2011). The spatiotemporal
evolution of the completeness magnitude (M,) of
HUSN catalog has also been studied in a recently
published work (MiGNaN and CHoOULIARAS, 2014). In
this work, and by using the Bayesian magnitude of
completeness (BMC) method (MIGNAN et al., 2011), it
was shown that M. varies between 2 and 2.5 for
2008-2011 in the area of Corinth rift, while an
upgrade of the magnitude determination software in
2011 resulted in the improvement of the catalog’s
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Figure 1
The 2008-2013 earthquake activity in the Corinth rift for M; > 2. Solid black lines represent faults in the broader area. Inset map of the

broader area of Greece and the main tectonic features (SHSZ South Hellenic Subduction Zone, NHSZ North Hellenic Subduction Zone, KT
Kephalonia Transform Fault). The rectangle marks the area of study

quality by shifting M. one magnitude unit lower,
being around 1.5 for the area of central Greece.

The catalogue used in this study was extracted
from the database of HUSN, available at (http://
bbnet.gein.noa.gr/HL/). In Fig. 1 the crustal earth-
quake activity (depth <30 km) of magnitude M; > 2
that corresponds to 8,320 events is shown. As can be
seen from the seismicity map (Fig. 1), the majority of
earthquakes are occurring offshore and in the west
part of the rift, while two other clusters can be rec-
ognized in the central offshore part and in the
northeastern end of the rift. This image of the
earthquake activity is consistent with geodetic sur-
veys that indicate that high strain rates are currently
accommodated offshore (BRIOLE et al., 2000). In the
northwestern part of the rift, the 2010 Efpalion
earthquakes are highlighted as the largest earthquakes
during this period (Fig. 1). The Efpalion earthquake
sequence is also apparent in Fig. 2 where the seis-
micity rate and the magnitude rate per day are
plotted. After the occurrence of the first event on 18
January 2010 there is a sudden increase in the seis-
micity rate due to the production of numerous
aftershocks. Then the seismicity rate continues to
fluctuate till the beginning of 2011 where a period of
low earthquake activity and a rather constant seis-
micity rate per day initiates in the rift (Fig. 2a). This

period lasts for more than 2 years where an increase
in the seismicity rate is observed due to the occur-
rence of two earthquake swarms during 22/5/13-26/
6/13 that both lasted approximately two weeks. The
first one occurred near the city of Aigion and the
second one at the northeastern end of the rift near
Kapareli that was the epicentral area of the third
strong earthquake (M, = 6.4) of the 1981 earthquake
sequence (JACKSON ef al., 1982).

3. Multifractal Analysis

While several methods have been used in the lit-
erature to perform multifractal analysis in non-
stationary fluctuating signals, the two most widely
used are the wavelet transform modulus maxima
method (WTMM) (Muzy et al., 1991) and the mul-
tifractal detrended fluctuating analysis (MF-DFA)
(KANTELHARDT et al., 2002). The main advantage of
these two methods is that they can eliminate poly-
nomial trends from the signal and avoid artifacts due
to non-stationarity. Although both methods can reli-
ably estimate the multifractal structure of the
analyzed signal, MF-DFA is preferred due to its
simpler implementation and computational effort.
ME-DFA also seems to perform slightly better than
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a Seismicity rate per day and b magnitude (M) rate per day

WTMM for short series (KANTELHARDT et al., 2002),
and it is recommended in the majority of situations in
which the fractal character of the signal is unknown a
priori (OSWIECIMKA et al., 2006).

Multifractal detrended fluctuation analysis (MF-
DFA) consists of the following steps. Let’s consider a
fluctuating signal u(i) of total length N (i = 1,...,N)
and of compact support, where u(i) =0 has an
insignificant fraction in the series. The signal is first
shifted by the average > and integrated,

y(0) = 3 i) — @), (1)

i—1
with £k = 1,2,...,N. Then the integrated signal y(k) is
divided into non-overlapping segments of equal size
n resulting in N,, = (N/n) segments. Since the length
N of the signal is not always a multiple of the seg-
ments size n, a short part at the end of the integrated
signal y(k) is not included in the analysis. In order not
to disregard this part, the procedure is repeated
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starting from the end of y(k), resulting in this way into
2N, total segments (KANTELHARDT ef al., 2001). In
each of the 2N, segments, the integrated signal y(v)
(v =1,2,...2N,) is fitted to a polynomial function
v(v) that represents the local trend. For different
orders / of the polynomial function, different trends
can be removed from the signal. Thus, the polyno-
mial trend is linear when / = 1, quadratic when
I =2, and cubic when [ = 3. Then the integrated
signal y(v) is “detrended” by subtracting the local
trend y,(v) in each window, and the root mean-square
fluctuation F(n, v) is calculated,

1 2N,

2N, ; [y(v) - yn(v)]2' (2)

F(n,v) =

Then, the g¢th order fluctuation function is
obtained after averaging over all segments,

1 2N, l/q
Fy(n) = {ZNn Z [F2(n, v)]CI/z} 7 (3)

where the index variable ¢ can take any real value.
The standard detrended fluctuation analysis (DFA)
corresponds to ¢ = 2. The previous steps have to be
repeated for various time scales n to obtain the rela-
tionship between the generalized ¢ dependent
fluctuation functions F,(n) and the time scales n.
Then, the scaling behavior of the fluctuation func-
tions can be determined by analyzing the plots of
F,(n) and n for each value of g. If the series u(i) are
long-range power law correlated, F,(n) will increase
as a power law for the various values of n,

Fy(n) ~ @, )

For a stationary series, h(2) is identical to the
Hurst exponent H (Hurst, 1951; FEeDEr, 1988).
Thus, h(g) may be called the generalized Hurst
exponent or alternatively the g-order Hurst expo-
nent. In the limit ¢ — 0, the value of A(0) cannot
be determined directly from Eq. (3) due to the
diverging exponent and a logarithmic averaging
procedure is employed,

2N,
Fo(n) = exp{mlv Z 1n[F?(n, v)]} (5)
ny=1

For multifractal series, the exponent h(g) will
depend on the various values of ¢. In this case small
and large fluctuations scale differently. For positive
values of g, the segments v with large variance Fz(n,
v) will dominate the average F,(n) and h(g) will
describe the scaling behavior of the segments v with
large fluctuations. For negative values of g, h(g) will
describe the scaling behavior of the segments v with
small fluctuations, as the segments v with small var-
iance Fz(n, v) will dominate the average
F,(n) (KANTELHARDT et al., 2002). On the other hand,
if the series is monofractal, the scaling behavior of
the variances F>(n, v) is similar for all segments v and
h(g) will be independent of g.

The g-order Hurst exponents /(g) is only one of
various types of scaling exponents that are used to
characterize the multifractal structure of a signal. In
fact, it has been shown (KANTELHARDT et al., 2002)
that the multifractal scaling exponents h(g) defined
in Eq. (4) can be directly related to the g-order
mass exponents t(q) that correspond to the multi-
fractal formalism based on the standard partition
function as,

t(q) = gh(q) — 1. (6)

Typically, for random and monofractal series the
mass exponent 7(g) has a linear dependency on g,
while for multifractal series this linearity breaks.

Another way to characterize multifractal series is
the singularity spectrum f{a) that can be directly
obtained from the mass exponents 7(g) by using the
Legendre transform (FEDER, 1988):

_dr

oc—al. (7)

Then the singularity spectrum f{a) can be obtained
as

f(o) = qo—(q), (8)

where a is the singularity strength or Holder exponent
and f{a) indicates the dimension of the subset of the
series that has the same singularity strength a. In a
monofractal series the singularity strength is the same
in the entire range of the set so that the singularity
spectrum collapses into a single point. The singularity
spectrum f(a) and the generalized Hurst exponents
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h(g) can be considered as fundamental characteristics
of a multifractal set.

4. Results

We applied MF-DFA in the interevent time series,
i.e., the series of the time intervals between the suc-
cessive earthquake events, defined as t=7
i+1)—7@G G=1,2,..., N-1, where N is the
total length). We performed the analysis for earth-
quakes with magnitude M > My, = 2.6, considering
that the selection of this threshold magnitude (My,)
insures magnitude completeness for the studied area
and the considered period (see discussion in Sect. 2).
The interevent time series of total length N = 5,233
was initially divided into non-overlapping segments
of minimum size n = 10 events up to the maximum
size of N/4. Figure 3 shows the logarithm of the
fluctuation functions F,(n) versus the logarithm of the
segment size n that resulted from the analysis for g €
[—5, 5] and step size 0.2. Generally F(n) grows as a
power-law with n, indicating the presence of scaling.
After performing the analysis for various orders [ of
the “detrending” polynomial function y,(v), a second
order (I = 2) polynomial function was considered
sufficient to remove any possible trends from the
series. For the segments of size greater than 285
events, considerable fluctuations in Fy(n) for g < —2
are appearing due to the small number of segments
that are formed in greater sizes (Fig. 3). These fluc-
tuations can influence the least square fitting
procedure for the low values of g. Thus, we restricted
the fitting procedure up to the segment size n of 285
events (Fig. 3). For the various values of ¢, the
fluctuation curves have different slopes in the range
0.623-1.073 for ¢ =5 and g = —5, respectively,
indicating that small and large fluctuations scale
differently. The entire range of the generalized Hurst
exponents h(g) is shown in Fig. 4. The exponents
h(g) are decreasing monotonically with increasing
q that is typical for multifractal sets.

Another way to identify multifractality in a series
is the mass exponent t(g) that can be estimated
directly from Eq. (6). Figure 5 shows that the mass
exponent t(q) grows nonlinearly with g, exhibiting
different behavior for ¢ <0 and ¢ > 0 as can be
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expected for a multifractal set. Then, by using the
Legendre transform (Eq. 7), we estimated the singu-
larity spectrum f(a) from Eq. (8) for the various
Holder exponents a. The singularity spectrum
fla) indicates the fractal dimensions of the subsets
that have the same singularity strength a and gives
information about the relative importance of each
fractal dimension. The singularity strength a can be
considered as a local measure of self-similarity in a
time series or equivalently as a global indicator of the
local differentiability in the time series. Figure 6
shows the singularity spectrum f{a) for the various
Holder exponents a. The spectrum is wide, indicating
once again multifractality in the interevent time ser-
ies. Additionally, the width W of the spectrum that
can be estimated as W = aax — dmin and in our case
is W = 0.6, is a measure of how wide the range of
fractal dimensions in the series is. It can be then
considered as a measure of the degree of
multifractality.

In order to evaluate the effect of the threshold
magnitude My, on the observed multifractality, we
performed the analysis for various My, in the range
2-2.8 and present the results in Fig. 7, where the
spectrum’s width W versus My, is plotted. In Fig. 7,
we can observe that the selection of My, in the range
2-2.6 and the possible incompleteness of the catalog
in the lower magnitudes does not affect the results of
the analysis, while for greater My, a wider spectrum is
observed, indicating a wider range of fractal
dimensions.

Next we look into the origin of multifractality in
the interevent time series. While different long-term
correlations for small and large fluctuations in the
earthquake time series are most likely the cause of the
observed multifractality, a broad probability distri-
bution can also  engender  multifractality
(KANTELHARDT et al., 2002). The simplest way to
distinguish the type of multifractality in the series is
by analyzing the corresponding randomly shuffled
series. By randomly shuffling the series, any corre-
lations due to the order of the successive earthquakes
are destroyed, while the probability distribution
remains unchanged. Hence, the shuffled series will
exhibit non-multifractal scaling and a random
behavior (hg,.f(g) = 0.5) in the case of long-term
correlations. In the other hand, the generalized Hurst
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Figure 3
The logarithm of the fluctuation function F,(n) versus the logarithm of the segment size n for various values of ¢ in the interval [—5, 5] and

step size 0.2. A second order polynomial (I = 2) was used for detrending the interevent time series

R e S

O original

shuffled

0.3

0.obLu i i

Figure 4
The spectrum of the generalized Hurst exponents i(g) for various values of ¢ € [—5, 5] and step size 0.2. The corresponding confidence
intervals are plotted as error bars. The g-dependence of h(q) is typical for multifractal sets. The mean A(g) that resulted from ten randomly
shuffled copies of the original interevent time series is also plotted



G. Michas et al.

Pure Appl. Geophys.

3
2 o®
o°..
... AA
@
! o". AAA“AA
o A
0.:AA‘AA
0 2:AA
)2
-1 A‘“
—_ A
T -2 AA‘.:.
[ Al g
AA @
3 AT o°
il i %
A o
A
e ®
®
-4} AAA ..
AL o*
-5 ..
.. ® original
-6 o® A shuffled
[ copies
=7 - - -
-5 -4 -3 -2 -1 0 1 2 3 4 5
q

Figure 5
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The singularity spectrum f{a) versus the Holder exponent a. The original interevent time series exhibit a wide spectrum indicating
multifractality. The mean spectrum of the randomly shuffled series exhibits a less wide spectrum indicating weaker multifractality

exponents will not be affected by the shuffling pro-
cedure (h(q) = hgwi(q)) if multifractality appears due
to a broad probability distribution. In the case where
both types of multifractality are present in the time
series, then the randomly shuffled series will exhibit a

weaker multifractality than the original.

We performed this analysis by applying MF-DFA
in ten randomly shuffled copies of the original in-
terevent time series. Then we averaged the resulted
values to obtain the mean %(g), 1(g), « and f(«) for the
ten randomly shuffled copies, which are shown in
Figs. 4, 5, and 6, respectively, along with the results
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Singularity spectrum’s width W for various threshold magnitudes My,

of the analysis on the original series. In Fig. 4 we can
see that the shuffling procedure affects the values of
the generalized Hurst exponents h(g), which are
reduced to the range of values between 0.73 and 0.43
for ¢ =—5 and ¢ =5, respectively, exhibiting
weaker multifractality than the original series. The
corresponding DFA scaling exponent h(2) is
approximately equal to 0.5, indicating random
behavior. Although the fluctuations of h(g) around
the value of 0.5 indicate the loss of long-term cor-
relations in the shuffled series, a g-dependence of
h(q) still appears. This can also be observed in the
plot of the mass exponents 7(q) (Fig. 5), where 1(q) is
not linear with g and is made more apparent in the
singularity spectrum fla) (Fig. 6). Although is less
wide than the spectrum of the original series, its
width is still significant. Then the contribution of a
broad probability distribution in the observed multi-
fractality in the time series cannot be excluded. It has
been in fact shown that the probability distribution of
the interevent times in the West Corinth rift for the
period 2001-2008 exhibits both short-term and long-
term clustering effects and the presence of scaling at
short time and long time intervals (MicHAS ef al.,
2013). This is a property shared by the dataset that we

consider in the present study that covers the broader
area of the Corinth rift (work under preparation).

The multifractal analysis described previously
gives us important insights about the time dynamics
of the earthquake activity during the considered
period, but it does not give us any information about
the dynamical changes that may occur in the evolu-
tion of the earthquake activity. In order to perform
such an analysis, we apply MF-DFA at different time
intervals by using a sliding temporal window F that
depends on the width w and the sliding factor 4
(GaMERO et al., 1997). In each temporal window the
set of interevent times 7 is defined according to:

Fo={t,j=14md,...,w+md},m
—0,1.2,.... M,

where m controls the time displacement of the sliding
window. The width of w = 10? and the sliding factor
of 4 = 10 events was used, resulting in 99 % over-
lapping between the successive windows. This choice
of w and 4 assures that in each time window there is a
sufficient number of data to perform the analysis and
a good smoothing and resolution among the estimated
values and the time. Then, in each time window, we
apply MF-DFA on the interevent time series as
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The width (W) of the singularity spectrum f(a) as a measure of multifractality in time for a window of 1,000 events sliding in time every ten

events

previously and estimate the width W of the singu-
larity spectrum f{o) as a measure of the degree of
multifractality in each time period. The estimated
value was then associated with the time of the last
earthquake in each window. The results of this ana-
lysis are presented in Fig. 8. The degree of
multifractality exhibits strong variations in time that
are associated with the range of fractal dimensions
present in each time period. In particular, these
variations are more intense during 2009-2011, where
the seismicity rate exhibits sharp increases (Fig. 2a).
The most abrupt change in the multifractal behavior
of the series occurs during the aftershock sequence
that followed the 18/1/2010 Efpalion earthquake.
During this period, when the aftershock sequence
dominates the earthquake activity in the rift, the
degree of clustering increases and the time dynamics
are more homogeneous, resulting in a loss of multi-
fractality and into a tendency towards monofractality.
TeLEscA and LaApeENNA (2006) have observed a similar
behavior in central Italy, where a loss of multifrac-
tality in the interevent time series occurred during the
aftershock sequence that followed a strong event
(Mp = 5.8) on September 26, 1997. During the per-
iod of 2011-2013, where the earthquake activity is
relatively low (Fig. 2a), the degree of multifractality

is nearly constant and the width of the singularity
spectrum takes values around 1.5-2. In periods where
both low and increased earthquake activity are
incorporated in the dataset, the spectrum is “richer”
in structure, with a wider range of fractal dimensions.
We can observe this effect in the beginning of 2011
and immediately after the occurrence of the 18/1/10
Efpalion earthquake, where a sharp increase of W is
observed, before the interevent times of the after-
shock activity starting to dominate the series, causing
the sharp decrease of W.

5. Discussion and Conclusions

In the present work we studied the structure and
the clustering properties of the 2008—-2013 earthquake
time series in the Corinth rift by using multifractal
detrended fluctuation analysis (MF-DFA), which is a
suitable method to study the clustering variability of
non-stationary fluctuating signals. The multifractal
analysis showed that small time and large time
intervals scale differently, indicating a multifractal
structure in the interevent time series and a hetero-
geneous degree of clustering. These results imply
non-Poissonian temporal evolution of the earthquake
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activity in the Corinth rift. The presence of a broad
probability distribution on the other hand, can
enhance multifractality in the analyzed series. To
distinguish this effect, we analyzed the randomly
shuffled series, which showed the loss of correlations
and a weaker multifractality than the original series,
indicating that the observed multifractality is mainly
due to different scaling of the subsets and to a lower
extent due to a broad probability distribution.

The analysis of the singularity spectrum’s width
as a degree of multifractality in time exhibited high
variability over a large range of scales for the dif-
ferent time periods. The large oscillations are related
to variations between high and low earthquake
activity, indicating an internal instability in the geo-
dynamic behavior of the system. The most prominent
effect is the loss of multifractality after the Efpalion
earthquake due to greater homogeneity in the time
series of the aftershock sequence that followed the
main event. Coulomb stress analysis of the Efpalion
earthquake showed static stress triggering of the
second strong event four days later (KARAKOSTAS
et al., 2012; Ganas et al., 2013), while the spatio-
temporal analysis of the entire aftershock sequence
indicated a slow stress diffusion process as the most
possible mechanism for the slow migration of the
aftershock zone after the occurrence of the second
strong event (MicHas et al., 2014). This particular
process corresponds to a slow subdiffusive process, in
accordance with anomalous stress diffusion in
earthquake triggering on a global scale (Huc and
Main, 2003) and aftershocks diffusion in California
(HELMSTETTER et al., 2003). Diffusion is known to
generate hierarchical clustering in very short times
and small spatial scales (e.g., Gobano et al., 1997). In
this process, the influence of small earthquakes on
local stress changes and stress diffusion cannot be
considered negligible (HELMSTETTER ef al., 2005),
especially when the spatial clustering is strong like in
the Corinth rift. In addition, high pore fluid pressures
can reduce the effective normal stress in fault zones
and trigger earthquakes. This is a mechanism that
might be quite important in the seismogenic process
in the Corinth rift, especially during sudden earth-
quake swarms (Bourouis and Corner, 2009;
Paccriant and Lyon-Caen, 2010). In a critically
stressed crust, these processes can influence

substantially the geodynamic behavior of the system
and mark the critical transitions that occur between
periods of high and low earthquake activity.
Concluding, the dynamic multifractality in earth-
quake time series in the Corinth rift indicated strong
clustering variability that is inherently related to the
seismotectonic complexity in this region, where pore
pressure induced seismicity and anomalous stress diffu-
sion can be important factors in the seismogenic process.

Acknowledgments

G. Michas wishes to acknowledge the financial
support from the Greek State Scholarships Founda-
tion (IKY). This work has been accomplished in the
framework of the postgraduate program and cofunded
through the action “Program for scholarships provi-
sion LK.Y. through the procedure of personal
evaluation for the 2011-2012 academic year” from
resources of the educational program “Education and
Life Learning” of the European Social Register and
NSRF 2007-2013.

Open Access This article is distributed under the terms of the
Creative Commons Attribution License which permits any use,
distribution, and reproduction in any medium, provided the original
author(s) and the source are credited.

REFERENCES

AMBRASEYS, N.N., and Jackson, J.A. (1990), Seismicity and asso-
ciated strain of central Greece between 1890 and 1988,
Geophys. J. Int. 101, 663-708.

AMBRASEYS, N.N., and JacksoN, J.A. (1997), Seismicity and strain
in the Gulf of Corinth (Greece), J. Earthquake Eng. 1, 433-474.

ArMIO, R., MEYER, B., KinG, G.C.P., RiGo, A., and PAPANASTASSIOU,
D. (1996), Quaternary evolution of the Corinth Rift and its
implications for the Late Cenozoic evolution of the Aegean,
Geophys. J. Int. 126, 11-53.

BERNARD, P., BRIOLE, P., MEYER, B., LYoN-CAEN, H., GoMEZ, J.-M.,
Tmeri, C., BErcg, C., CatTiN, R., HaTzFELD, D., LAcHET, C.,
LEBRUN, B., DEscHAMPS, A., COURBOULEX, F., LARROQUE, C., RiGo,
A., MASSONNET, D., PapaDIMITRIOU, P., KASSARAS, J., DIAGOURTAS,
D., MakroprouLos, K., VEis, G., Paprazisi, E., Mitsakaki, C., Ka-
RAKOSTAS, V., PapabimiTrRiou, E., PapanasTassiou, D.,
CHOULIARAS, M., and Stavrakakis, G. (1997), A low angle nor-
mal fault earthquake: the Ms = 6.2, June 1995 Aigion
earthquake (Greece), J. Seismol. 1, 131-150.

Bourouts, S., and Corner, F.H. (2009), Microseismic activity and
fluid fault interactions: Some results from the Corinth Rift Lab-
oratory (CRL), Greece, Geophys. J. Int. 178, 561-580.



G. Michas et al.

BrioLE, P., Rico, A., LyoN-CaeN, H., RukGa, J., Papazissi, K.,
Mistakaki, C., BaLobiMou, A., VEIs, G., HarzreLDp, D., and
DescHamps, A. (2000), Active deformation of the gulf of Korin-
thos, Greece: results from repeated GPS surveys between 1990
and 1995, J. Geophys. Res. 105, 25605-25625.

D’ ALESSANDRO, A., PAapaNasTAssiou, D., and Baskoutas, 1. (2011),
Hellenic Unified Seismological Network: an evaluation of its
performance through SNES method, Geophys. J. Int. 185,
1417-1430.

Drakatos, G., and Latoussakis, J. (1996), Some features of
aftershock patterns in Greece, Geophys. J. Int. 126, 123-134.
Enescu, B., Tro, K., and Struzik, Z.R. (2006), Wavelet-based
multiscale resolution analysis of real and simulated time-series

of earthquakes, Geophys. J. Int. 164, 63-74.

FEDER, J., Fractals (Plenum Press, New York 1988).

GaMERO, L., Prastivo, A., and Torres, M.E. (1997), Wavelet
analysis and nonlinear dynamics in a nonextensive setting,
Physica, A 246, 487-509.

GaNas, A., CHousiaNTis, K., Batsi, E., KoLLIGR], M., AGALoS, A.,
CHouLIARAS, G., and MakropouLos, K. (2013), The January 2010
Efpalion earthquakes (Gulf of Corinth, central Greece): Earthquake
interactions and blind normal faulting, J. Seismol. 17, 465-484.

GEILIKMAN, M.B., GoLuBeva, T.V., and Pisarenko, V.F. (1990),
Muiltifractal patterns of seismicity, Earth Planet. Sci. Lett. 99,
127-132.

GopaNo, C., and Caruso, V. (1995), Multifractal analysis of
earthquake catalogues, Geophys. J. Int. 121, 385-392.

Gobano, C., ALonzo, M.L., and ViLAarpo, G. (1997), Multifractal
Approach to Time Clustering of Earthquakes. Application to Mt.
Vesuvio Seismicity, Pure Appl. Geophys. 149, 375-390.

HELMSTETTER, A., OuiLLON, G., and SorNETTE, D. (2003), Are af-
tershocks of large California earthquakes diffusing? J. Geophys.
Res. B 108, 2483.

HeLMSTETTER, A., Kacan, Y.Y., and Jackson, D.D. (2005),
Importance of small earthquakes for stress transfers and earth-
quake triggering, J. Geophys. Res. B 110, 1-13.

HiraBayYasHl, T., Ito, K., and Yosuu, T. (1992), Multifractal Ana-
lysis of Earthquakes, Pure Appl. Geophys. 138, 591-610.

Hirata, T. (1989), A correlation between the b-value and the
fractal dimension of earthquakes, J. Geophys. Res. 94,
7507-7514.

HiraTA, T., Saton, T., and Ito, K. (1987), Fractal structure of
spatial distribution of microfracturing in rock, Geophys. J. R.
Astr. Soc. 90, 369-374.

Huc, M., and MaIN, L.G. (2003), Anomalous stress diffusion in
earthquake triggering: Correlation length, time dependence, and
directionality, J. Geophys. Res. B, 108, 2324.

Hurst, H.E. (1951), Long-term storage capacity of reservoirs, T.
Am. Soc. Civ. Eng. 116, 770-808.

JacksoN, J.A., GAGNEPAIN, J., HouseMaN, G., King, G.C.P., Papa-
pMITRIOU, P., SourLers, C., and VIRIEUX, J. (1982), Seismicity,
normal faulting and the geomorphological development of the
Gulf of Corinth (Greece): the Corinth earthquakes of February
and March 1981, Earth Planet. Sci. Lett. 57, 377-397.

Kacan, Y.Y. (1994), Observational evidence for earthquakes as a
nonlinear dynamic process, Physica D 77, 160-192.

Kacan, Y.Y., and Jackson, D.D. (1991), Long-term earthquake
clustering, Geophys. J. Int. 104(1), 117-133.

Kacan, Y.Y., and Knoporr, L. (1980), Spatial distribution of
earthquakes: the two-point correlation function, Geophys. J. R.
Astr. Soc. 62, 303-320.

Pure Appl. Geophys.

KANTELHARDT, J.W., KosciELNY-BUNDE, E., REGo, H.A.A., HAVLIN,
S., and BunDE, A. (2001), Detecting long-range correlation with
detrended fluctuation analysis, Physica A 295, 441-454.

KANTELHARDT, J.W., ZSCHIEGNER, S.A., KosCIELNY-BUNDE, E., Hav-
LN, S., Bunpe, A., and StanLey, H.E. (2002), Multifractal
detrended fluctuation analysis of nonstationary time series,
Physica A 316, 87-114.

Karakostas, V., Karacianni, E., and ParabisorourLou, P. (2012),
Space-time analysis, faulting and triggering of the 2010 earth-
quake doublet in western Corinth gulf, Nat.Haz. 63(2),
1181-1202.

Latoussakis, J., STAVRAKAKIS, G., DrRaKOPOULOS, J., PAPANASTAS-
siou, D., and DrakaTos, G. (1991), Temporal characteristics of
some earthquake sequences in Greece, Tectonophysics 193,
299-310.

LE PicHon, X., and ANGELIER, J. (1979), The Hellenic arc and
trench system: a key to the neotectonic evolution of the Eastern
Mediterranean region, Tectonophysics 60, 1-42.

LE PicHoON, X., CHAMOT-ROOKE, N., LALLEMANT, S., NooMEN, R., and
VEis, G. (1995), Geodetic determination of the kinematics of
central Greece with respect to Europe: Implications for eastern
Mediterranean tectonics, J. Geophys. Res. 100, 12675-12690.

KivyasHCcHENKO, D., SMIRNoOvVA, N., TRoOYAN, V., and VALLIANATOS, F.
(2003), Dynamics of multifractal and correlation characteristics
of the spatio-temporal distribution of regional seismicity before
the strong earthquakes, Nat. Haz. Earth Syst. Sci. 3, 285-298.

Livina, V.N., HavLiN, S., and Bunpg, A. (2005), Memory in the
occurrence of earthquakes, Phys. Rev. Lett., 95, 208501.

Ma, 1. (1996), Statistical physics, seismogenesis, and seismic
hazard, Rev. Geophys., 34, 433-462.

MAaNDELBROT, B.B. (1989), Multifractal Measures, Especially for
the Geophysicist, Pure Appl. Geophys. 131, 5-42.

MERCIER, J.L., SoreL, D., VErRGELY, P., and Smveakis, K. (1989),
Extensional tectonic regimes in the Aegean basins during the
Cenozoic, Basin Res. 2, 49-71.

MicHas, G., VarLrLianatos, F., and Sammonps, P. (2013), Non-ex-
tensivity and long-range correlations in the earthquake activity
at the West Corinth rift (Greece), Nonlin. Processes Geophys. 20,
713-724.

MicHas, G., VaLLANATOS, F., KarakosTAS, V., PapapiMITRIOU, E.,
and SamMmonDs, P. (2014), Anomalous stress diffusion, Omori’s
law and Continuous Time Random Walk in the 2010 Efpalion
aftershock sequence (Corinth rift, Greece), Geophys. Res.
Abstracts 16, EGU2014-6552.

MIGNAN, A., and CHOULIARAS, G. (2014), Fifty years of seismic network
performance in Greece (1964-2013): Spatiotemporal evolution of
the completeness magnitude, Seismol. Res. Lett. 85, 657-667.

MIGNAN, A., WERNER, M. J., WIEMER, S., CHEN, C.-C., and Wu, Y.-
M. (2011), Bayesian estimation of the spatially varying com-
pleteness magnitude of earthquake catalogs, Bull. Seismol. Soc.
Am. 101, 1371-1385.

Muzy, J.F., Bacry, E., and Arneopo, A. (1991), Wavelets and
multifractal formalism for singular signals: Application to tur-
bulence data, Phys. Rev. Lett. 67, 3515-3518.

NakAYaA, S., and HasHmvoro, T. (2002), Temporal variation of
multifractal properties of seismicity in the region affected by
the mainshock of the October 6, 2000 Western Tottori Pre-
fecture, Japan, earthquake (M = 7.3), Geophys. Res. Lett. 29,
133-1.

OMoRrl, F. (1894), On the aftershocks of earthquakes, J. Coll. Sci.
Imp. Univ. Tokyo 7, 111-216.



Dynamic Multifractality in Earthquake Time Series

OSWIECIMKA, P., KwaAPIEN, J., and Drozpz, S. (2006), Wavelet versus
detrended fluctuation analysis of multifractal structures, Phys.
Rev. E 74, 1.

Pacchiang, F., and Lyon-Caen, H. (2010), Geometry and spatio-
temporal evolution of the 2001 Agios loanis earthquake swarm
(Corinth rift, Greece), Geophys. J. Int. 180, 59-72.

ParaDaKis, G., VALLIANATOS, F., and SamMMmonDs, P. (2013), Evidence
of Nonextensive Statistical Physics behavior of the Hellenic Sub-
duction Zone seismicity, Tectonophysics 608, 1037-1048.

PapaporouLos, G.A., Drakatos, G., and PLEssA, A. (2000), Fore-
shock activity as a precursor of strong earthquakes in Corinthos
Gulf, Central Greece, Phys. Chem. Earth 25, 239-245.

PapazacHos, B., and Papazachou, K., Earthquakes in Greece (Ziti,
Thessaloniki 1997).

SaMMonDs, P.R., MEReDITH, P.G., and MaN, L.G. (1992), Role of
pore fluids in the generation of seismic precursors to shear
fracture, Nature 359, 228-230.

SinGH, C., BHATTACHARYA, P.M., and CHapHA, R.K. (2008), Seis-
micity in the Koyna-Warna reservoir site in western India:
Fractal and b-value mapping, Bull. Seismol. Soc. Am. 98,
476-482.

SMALLEY, R.F., JR. CHATELAIN, J.-L., TurcoTTE, D.L., and PrEvoT,
R. (1987), A Fractal Approach to the Clustering of Earthquakes:
Applications to Seismicity of the New Hebrides, Bull. Seismol.
Soc. Am. 77, 1368-1381.

Sokos, E., ZAHRADNIK, J., KirRATZI, A., JANSKY, J., GaLLoviC, F.,
NovorNy, O., KOSTELECKY, J., SERPETSIDAKI, A., and TSELENTIS,
G.-A. (2012), The January 2010 Efpalio earthquake sequence in
the western Corinth Gulf (Greece), Tectonophysics 530-531,
299-309.

TELESCA, L., and LAPENNA, V. (2006), Measuring multifractality in
seismic sequences, Tectonophysics 423, 115-123.

TELESCA, L., LAPENNA, V., and VaLLIANATOS, F. (2002), Monofractal
and multifractal approaches in investigating scaling properties
in temporal patterns of the 1983-2000 seismicity in the western
Corinth graben, Greece, Phys. Earth Planet. Int. 131, 63-79.

Tsaruis, C., Introduction to nonextensive statistical mechanics:
Approaching a complex world (Springer, Berlin 2009).

TurcottE, D.L., Fractals and Chaos in Geology and Geophysics
(Cambridge University Press, Cambridge, UK, 2nd ed. 1997).

Utsu, T., Ocata, Y., MaTsuura R.S. (1995), The centenary of the
Omori formula for a decay law of aftershock activity, J. Phys.
Earth 43, 1-33.

VALLIANATOS, F., MicHas, G., Papabpakis, G., and SAMMONDS, P.
(2012), A non-extensive statistical physics view to the spatio-
temporal properties of the June 1995, Aigion earthquake
(M = 6.2) aftershock sequence (West Corinth rift, Greece), Acta
Geophys. 60(3), 758-768.

(Received April 1, 2014, revised May 26, 2014, accepted June 4, 2014)



	Dynamic Multifractality in Earthquake Time Series: Insights from the Corinth Rift, Greece
	Abstract
	Introduction
	2008--2013 Earthquake Activity in the Corinth Rift
	Multifractal Analysis
	Results
	Discussion and Conclusions
	Acknowledgments
	References


