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a b s t r a c t

Episodic earthquake activity associated with pore-fluid pressure diffusion in the crust can frequently
be observed in intraplate regions, particularly related with past volcanism. Increased micro-seismicity
has been observed during 2012–2014 in such an area, near the CO2-rich Florina basin (North Greece).
Using a high-resolution relocated catalog for the area, we use concepts of statistical physics to study the
spatiotemporal and diffusion properties of micro-seismicity and investigate the possible involvement
of fluids in the triggering mechanism. The spatial distribution of events shows that seismicity mainly
occurred in two clusters, one dipping to the north (cluster A) and the other on an almost vertical
fault plane (cluster B). We focus on cluster B, which was mainly activated after the installation of a
local seismic network, able to detect and record the increased micro-seismicity in the area. Cluster B
was activated during two main periods (periods B1–B2), with an almost vertical alignment of events
with depth. During the second period of activation (period B2), events are migrating towards the
surface with time indicating a diffusive process. Furthermore, the estimation of the mean square
displacement of seismicity with time during the two main periods of activation shows very weak
earthquake diffusion during period B1, but more pronounce earthquake diffusion during period B2,
with a diffusion exponent that corresponds to a sub-diffusive process. In addition, we use non-
extensive statistical mechanics to study the spatiotemporal scaling properties of seismicity, with
results that indicate correlated behavior and organization patterns during both periods of activation.
Observations and analysis indicate the possible involvement of fluids in the triggering mechanism of
micro-seismicity. However, continued monitoring of seismicity and CO2 discharging would be required
to better constrain the relation between seismicity and CO2 emissions in the CO2-rich Florina basin
and to better quantify the associated earthquake and environmental hazards.

© 2019 Elsevier Ltd. All rights reserved.

1. Introduction

Episodic earthquake activity, associated with magmatic intru-
sions and/or fluid migration and pore-pressure perturbations in
the crust, is frequently observed in volcanic areas,1 but also in
intraplate regions, particularly associated with past volcanism,
such as the Vogtland/NW Bohemia region2 and the Long Valley
caldera/Mammoth Mountain, California.3 In such intraplate re-
gions, the interplay between the regional tectonic stresses and
the presence of highly pressurized fluids, released from volatiles
like CO2, can be the triggering mechanism of episodic earthquake
activity, which often presents the characteristics of earthquake
swarms, described by the occurrence of numerous small earth-
quakes strongly clustered in time and space and the absence of
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any dominant mainshock and the typical mainshock–aftershock
sequence frequently observed in tectonic earthquakes.4

The diffusion of pressurized CO2-rich fluids has been proposed
to explain the occurrence of earthquake swarms in the Mam-
moth Mountain3,6 and the Vogtland/NW Bohemia,2,7 whereas the
co-seismic release and diffusion of trapped CO2 has been pro-
posed as the triggering mechanism of the 1997 Umbria-Marche
(North Italy) episodic earthquake sequence.8 A characteristic fea-
ture in these cases is the migration of seismicity, which is thought
to reflect fluid migration or pore-pressure diffusion occurring
preferentially along faults, fractures and zones of weakness that
act as permeable channels for fluids to flow.9 According to the
Coulomb failure criterion, a pore-pressure increase due to the
presence of pressurized fluids, or pore-pressure perturbations in
an already pressurized system, can decrease the effective normal
stress along critically stressed fractures and faults, triggering
earthquakes. In addition, the circulation of hydrothermal fluids
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Fig. 1. Epicentral map of the 2012–2014 micro-seismic activity (circles) in the area of Florina. The main CO2-containing boreholes in the Florina Basin are shown
with squares. The relocated epicenters and the focal mechanism of the Mw4.1 earthquake is after.5 Inset: The broader area of Greece and the main tectonic setting
(SHSZ: South Hellenic Subduction Zone, NHSZ: North Hellenic Subduction Zone, KTF: Cephalonia Transform Fault, NAF: North Anatolian Fault, NAT: North Aegean
Trough). The rectangle indicates the study area.

in the crust may act as an additional weakening effect due to
hydrothermal alterations, which can further reduce the friction
coefficient and the Coulomb failure criterion.10

In 2012–2014 increased micro-seismicity occurred near the
city of Florina (North Greece).5 The Florina basin is the main
commercial exploitation site of CO2 in Greece. Carbonate rich
springs and CO2-rich gas vents are observed throughout the Flo-
rina Basin as the outcome of slow upwelling of deep origin
magmatic-hydrothermal CO2 through the regional fracture and
fault network.11 Gas manifestations mainly originate from crustal
sources, with an additional minor (∼10%) mantle contribution
and are probably related to Quaternary volcanism.12 In addition,
mineral springs and gas bubbles in shallow wells due to localized
CO2 leakages are aligned in a general NE–SW direction, parallel
to one of the main regional fault directions, further supporting
the important role of the regional fractures and faults in CO2
migration and upwelling.13 The importance of the area is further
enhanced by its consideration as a possible CO2 geological storage
site.14

The increased micro-seismicity in the area of Florina has pre-
viously been described by Mesimeri et al.5 In the latter study,5
the concept of seismicity triggering fronts in a homogeneous and
isotropic medium, e.g. Ref. 9, was used as a first approximation
for investigating the possible involvement of fluid diffusion in
the triggering mechanism of micro-seismicity in the area. In the
present work we use a different approach, based on concepts
of statistical physics and complexity theory, to study the spa-
tiotemporal scaling and diffusion properties of the micro-seismic
activity in the area of Florina, where ‘‘diffusion’’ is used as a
generic term to denote the spatial migration of seismicity. The
main objective is to better understand the physical characteristics
of micro-seismicity and to investigate its possible connection to
CO2 migration. Such studies are fundamental for understanding
the CO2 migration mechanisms and for better quantifying earth-
quake and environmental hazards, particularly in sites that are
considered as natural analogues for carbon geological storage.

2. The Florina micro-seismic activity

Earthquake activity in Northern Greece and particularly in the
area of Florina can be considered moderate, as both historic and
instrumental records indicate only 5 earthquakes of magnitude

5 ≤ M ≤ 6 in the broader area, with the largest being the
1709 M6 earthquake that occurred at about 20 km SW from the
city.15 In July 2012 micro-seismic activity (M ≤ 3.5) started to
occur just SW of the city of Florina (Fig. 1).5 The earthquake
activity in the broader area is continuously being recorded by
the Hellenic Unified Seismological Network (HUSN). However, the
sparse distribution of the network in Northern Greece and its
low detectability in low magnitude earthquakes are not adequate
to detect micro-seismicity. To efficiently record the increased
micro-seismicity in the area, a local network comprised of six
broadband seismometers was installed at the end of July 2013 by
the Geophysics Department of the Aristotle University of Thes-
saloniki. During the 6-months operation period, approximately
1500 earthquakes were detected by the local network. Using a
novel velocity model for the area, Mesimeri et al.5 relocated the
earthquakes recorded from both the local and the permanent
(HUSN) network, resulting in a relocated catalog comprising of
1753 earthquakes, available at http://geophysics.geo.auth.gr/ss/
station_index_en.html. The horizontal and vertical errors of the
relocated earthquakes range between 2 m and 35 m, with a
magnitude of completeness Mc = 1.3 for the relocated catalog.5

The spatial distribution of the relocated earthquakes in the
vicinity of Florina is shown in Fig. 1. Micro-seismicity is mainly
distributed in two clusters, one in the north that includes the
largest event of the sequence (Mw4.1) occurred on February 17,
2013 and the other in the south, having an almost E–W general
direction (Fig. 1). The majority of events on the northern cluster,
which we name cluster A, occurred at depths ∼4 – 6 km on a fault
segment dipping at ∼45◦ to the north (see Ref. 5), in accordance
to the focal mechanism of the Mw4.1 event. The southern cluster,
which we name cluster B, was mainly activated after the 29th
July 2013. The majority of seismic events occurred on an almost
vertical fault plane gently dipping to the south at shallow depths
between 2 and 4.5 km (see Fig. 2 and the discussion in Ref. 5).

The spatiotemporal evolution of the entire sequence was thor-
oughly described in Ref. 5. In the present study we focus only on
cluster B that was mainly activated after the installation of the
local network. Cluster B counts 540 earthquakes for M ≥ Mc and
for the period between 29/07/13 and 12/01/14. Fig. 2 shows the
temporal evolution of seismicity along cluster B with depth (see
also Fig. 5b in Ref. 5). From Fig. 2 we can distinguish three basic
features. The first is that seismicity mainly occurred at depths
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Fig. 2. Temporal evolution of seismicity on cluster B with depth (see also Fig. 5b in Ref. 5). On the x-axis, time is counted in days since the 29th July, 2013. On the
right image, the solid line indicates the spatial migration of seismicity towards shallower depths.

between 2 and 4.5 km. The second is that we can distinguish
two main periods of activation, the first starting with an episodic
increase of seismicity on 29th July 2013, lasting approximately
66 days (period B1; Fig. 2). After a quiescent period between
October-04 and November-24 2013, another significant increase
of seismicity occurred on 24 November 2013 that lasted for
almost 49 days (period B2; Fig. 2), till mid-January 2014 (see also
the discussion in Ref. 5). The third feature is the spatial migra-
tion of seismicity towards shallower depths at approximately 0.6
km/day, observed during the first three days of period B2 (Fig. 2),
which may indicate the possible involvement of CO2-rich fluids
that are diffusing at negative pressure gradients towards the
surface, in the triggering mechanism of seismicity along cluster
B.

3. Scaling properties and diffusion of the micro-seismic activ-
ity

We further study the scaling and diffusion properties of micro-
seismicity that occurred on cluster B after the end of July 2013.
We focus our analysis on cluster B and the selected time period
mainly due to the installation of the local network during that
period that offers a more complete image in the evolution of
micro-seismicity, but also because it offers the opportunity to
study the properties of micro-seismicity on a single activated
structure. The spatiotemporal scaling properties of seismicity can
provide important information regarding the structure and the
underlying processes of seismicity, while an active earthquake
diffusion mechanism may be indicative for fluid involvement in
the triggering mechanism of seismicity.

3.1. Scaling properties of micro-seismicity

In the previous section we saw that cluster B was mainly
activated during 2 main periods (Fig. 2), the first between 29/07/
2013 – 03/10/2013 (period B1) and the second between 24/11/
2013 – 12/01/2014 (period B2). We analyze the spatiotemporal
scaling properties during the two distinct periods of activity for
earthquakes with M ≥ Mc to investigate possible organization
and clustering patterns in the evolution of seismicity.

To perform such an analysis, we consider earthquake activity
as a point-process in time and space, marked by the magnitude
of the event. To study the spatiotemporal scaling properties, we
estimate the cumulative distributions P(>τ ) of inter-event times
τ and P(>r) of inter-event distances r between the successive
earthquakes, where τ and r are given by τ = ti+1 − ti and

r = ∥xi+1 − xi∥, with i = 1, 2, . . . , N − 1 (N the total number
of events) and t, x are the time of occurrence and the location
(hypocenter) of the events, respectively. In the case that we study
here that includes only a few hundreds of events, the cumulative
distribution is preferred to the probability density, as it assimi-
lates the entire dataset without making assumptions about the
binning intervals, thus producing smoother and unbiased trends
in the observed distributions.

Rather than using simple statistical models to study the spa-
tiotemporal scaling behavior of micro-seismicity, we incorporate
in the analysis the notions of statistical physics and the max-
imum entropy principle16 to infer the least biased probability
distribution that can describe the observed scaling behavior. Con-
sidering possible correlations in the evolution of seismicity, we
optimize the non-additive entropy Sq introduced by Tsallis in the
framework of non-extensive statistical mechanics.17,18 The non-
additive entropy Sq incorporates properties such as (multi)fractal
structures and long-range correlations, properties that are intrin-
sic characteristics of seismicity.19–23 For a continuous variable X
the non-additive entropy Sq is given by Ref. 18:

Sq = k
1 −

∫
∞

0 pq(X)dX
q − 1

, (1)

where k is a positive constant, such as Boltzmann’s constant and
p(X) (0 ≤ p(X) ≤ 1) the probability distribution of X. By optimiz-
ing Sq, given the appropriate constraints (see Refs. 18, 21), we
derive the following cumulative distribution function, commonly
known in the literature as the q-exponential distribution18:

P(> X) =

[
1 − (1 − q)

X
X0

] 2−q
1−q

, (2)

where X0 and q are positive scaling parameters. Note that the cu-
mulative distribution function given in Eq. (2) is a particular case
that maximizes Sq by integrating the physical probability p(X)
instead of the escort probability pq(X) in the second constraint
and the condition of the mean value, although the various forms
of the derived q-exponential functions are similar (see Refs. 18,
21 for the analytic derivation and discussion of Eq. (2)). In this
case, the inverse of the q-exponential (Eq. (2)) is the q-logarithmic
distribution, defined as:

lnq′ (X) =
[P(> X)]1−q′

− 1
1 − q′

, (3)

with q′
= 1/(2 − q).24 After the estimation of the appropriate q-

value that best describes the distribution of X, the q-logarithmic
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distribution (Eq. (3)) is, according to theory, linear with X,25 so
that it can be used as a goodness-of-fit test between the data and
the model.

In the limit of q → 1, Sq precisely recovers the standard
Boltzmann–Gibbs entropy SBG, while the q-exponential and the
q-logarithmic, the exponential and logarithmic distributions, re-
spectively. For q > 1, the q-exponential distribution exhibits
asymptotic power-law behavior, while for q < 1 a cut-off
appears.26 Hence, the q-parameter indicates how far or close
to the exponential and thus to random (Poissonian) behavior
the distribution is. The present approach thus offers a unified
framework that produces a range of distributions, varying from
power-law to exponential, which are both ubiquitous in nature.26

The q-exponential distribution has found wide applications in
the statistical physics of earthquakes, for a variety of regional
scales and tectonic environments, signifying the importance of
asymptotic power-law behavior and long-range correlations in
the earthquake generation process.18,21,23,26–34 In addition, the q-
exponential distribution appears quite stable in missing events
from the dataset, thus producing more robust results.27 In the
following, we use the q-exponential distribution (Eq. (2)) to ap-
proximate the observed scaling behavior of P(>τ ) and P(>r) and
the q-logarithmic distribution (Eq. (3)) as a goodness-of-fit test
between the data and the model. We estimate the model param-
eters with the Levenberg–Marquardt nonlinear least squares al-
gorithm, while the associated 95% confidence intervals were cal-
culated from the covariance matrix of the estimated parameters
(e.g. Ref. 35). To further enhance confidence on the results, we
use an additional goodness-of-fit test, the Kolmogorov–Smirnov
test, to test the null hypothesis that the dataset comes from the
q-exponential distribution.

Fig. 3 shows the observed cumulative distributions P(>τ ) of
the inter-event times τ for the two distinct periods of activity
(periods B1–B2) along cluster B, as well as the q-exponential
distribution fitted to the data. For period B1, the q-exponential
distribution describes well the observed scaling behavior and par-
ticularly the broad tail of the distribution, for the values of qτ =

1.46 ± 0.02 and τ0 = 0.061 ± 0.004 days. Similarly, for period
B2, the q-exponential distribution describes well the observed
P(>τ ) for the values of qτ = 1.53 ± 0.023 and τ0 = 0.016 ±

0.0015 days and up to a characteristic time τc ≈ 0.8 days, where
a fall-off in the distribution appears (Fig. 3b), probably due to the
finite size of the sequence that ended at mid-January 2014, lim-
iting the occurrence of sporadic events and hence the emergence
of long inter-event times (finite-size effect). The much higher
than unity qτ -value indicates asymptotic power-law behavior and
long-range correlations in the temporal evolution of seismicity,
with similar qτ -values for the two time periods. In the insets
of Fig. 3a and b, the corresponding q-logarithmic distributions
are shown that approximate linearity with the high correlation
coefficients of 0.991 and 0.997 (for τ up to 0.8 days) for periods
B1 and B2, respectively, further supporting the goodness-of-fit
between the model and the data. In addition, the Kolmogorov–
Smirnov test does not reject the null hypothesis that the data
come from the q-exponential distribution at the 1% significance
level (test statistic 0.1076, p-value 0.021 and critical value 0.116
for period B1; test statistic 0.0772, p-value 0.0314 and critical
value 0.0872 for period B2), further enhancing confidence on the
fitting results.

Furthermore, we study the scaling properties of the inter-
event distances r between the successive earthquakes for periods
B1 and B2. Fig. 4 shows the observed cumulative distributions
P(>r) for the two time periods and the corresponding fit accord-
ing to the q-exponential distribution (Eq. (2)). In this case, the
q-exponential distribution describes well the observed distribu-
tions for qr -values less than unity and particularly for the values

of qr = 0.87 ± 0.03 and r0 = 1.13 ± 0.024 km for period
B1 and qr = 0.75 ± 0.027 and r0 = 1.215 ± 0.022 km for
period B2, respectively. As for the inter-event times, the inter-
event distances of the micro-seismic activity deviate from the
exponential function, indicating organization rather than random
spatial occurrence along the active fault structure. The corre-
sponding q-logarithmic distributions approximate linearity with
the high correlation coefficients of 0.998 and 0.992 for periods B1
(Fig. 4a) and B2 (Fig. 4b), respectively, indicating the goodness-
of-fit between the model and the data. Failure on rejecting the
null hypothesis at the 1% significance level by the Kolmogorov–
Smirnov test further enhances confidence on the fitting results
(test statistic 0.0492, p-value 0.716 and critical value 0.116 for
period B1; test statistic 0.074, p-value 0.0445 and critical value
0.0873 for period B2).

3.2. Diffusion properties

In the case where fluid diffusion is involved in the trigger-
ing mechanism of micro-seismicity in the area, we may expect
to see some signs of earthquake migration in the evolution of
the sequence.9 Earthquake migration in this case can be related
to fluid diffusion and the migration of CO2-rich fluids, which,
according to the Coulomb failure criterion, can reduce the effec-
tive normal stress along the fault plane triggering earthquakes.
As a first approximation, some evidence for an active diffusion
mechanism can be provided by the almost vertical alignment
of seismicity along the fault structure during both periods B1
and B2, as well as the migration of seismicity towards shallower
depths at the beginning of period B2 (Fig. 2).

To quantify earthquake diffusion, we use notions of the ran-
dom walk theory to estimate the mean square displacement
(msd) of seismicity with time.36 The msd is estimated relevant
to some reference point, which we consider it to be the first
event during periods B1 and B2, respectively. We calculate the
3D Euclidean distance x of each event from the reference (1st
event) for the two periods and then estimate the mean square
displacement (msd) as:⟨
x2(t)

⟩
=

1
N

N∑
n=1

x2n (t) , (4)

where N is the total number of events and xn(t) is the distance
of the nth earthquake from the reference at time t. In this way
we can calculate the average expansion of seismicity in respect
to the first event (reference point) of the sequence and then
make inferences about the diffusion process itself. An increasing
msd indicates migration of seismicity away from the reference, a
decreasing msd indicates that seismicity is moving closer to the
reference and a constant msd indicates no migration of seismicity
in respect to the reference.

Of particular importance is the function of the msd with
time. In normal diffusion (Brownian motion), the msd is linearly
dependent on time. However, in complex heterogeneous media
other functions are encountered that frequently take the form of
a power-law37:⟨
x2(t)

⟩
∼ ta. (5)

In the last equation the diffusion exponent a characterizes the dif-
ferent diffusion regimes. In a homogeneous and isotropic
medium, normal, or ‘‘homogeneous’’ diffusion is expected. In this
case, the msd is linearly dependent on t (a = 1). Instead, the
hallmark of anomalous (‘‘nonhomogeneous’’) diffusion in com-
plex heterogeneous media is the non-linear growth of the msd
with time.37 In this case and for a > 1 the diffusion process is
super-diffusive, while for 0 < a < 1 it is sub-diffusive.
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Fig. 3. (a) Cumulative distribution function P(>τ ) for period B1 and the corresponding fit according to the q-exponential distribution (Eq. (2)) for the values of
qτ = 1.46 and τ0 = 0.061 (solid line). Inset: the corresponding q-logarithmic distribution that approximates linearity with the correlation coefficient of −0.9912.
(b) The same for period B2. The q-exponential distribution (solid line) takes the values of qτ = 1.53 and τ0 = 0.016, while the q-logarithmic distribution (inset)
approximates linearity with the correlation coefficient of −0.997 for τ up to 0.8 days and −0.9791 for the entire period.

This approach has been used as a statistical measure for the
rate of earthquake diffusion and the spatial expansion of seismic-
ity in aftershock sequences, regional seismicity and fluid-related
earthquake swarms.36,38–40 In all these studies it has been shown
that earthquake diffusion generally follows a power-law growth
with time (Eq. (5)), with power-law (or ‘‘diffusion’’) exponents
much lower than unity, indicating the sub-diffusion of seismicity
despite the driving mechanism (see the discussion in Ref.36).

The msd of seismicity for periods B1 and B2 are shown in
Fig. 5a and b, respectively, in an event-by-event calculation. Dur-
ing the first 6 days of earthquake activity during period B1,
the mean distance of seismicity is decreasing, showing stronger
clustering closer to the reference point (1st event) rather than
migrating away, as it would be expected in a diffusion process.

After the surpass of the first six days, we fit the msd of seis-
micity with Eq. (5), which shows an approximate power-law
growth with time with a diffusion exponent a = 0.054 ± 0.007
(Fig. 5a), indicating a very weak sub-diffusive process. For period
B2, an active diffusion mechanism becomes more apparent. Dur-
ing the first three days of activity, seismicity migrates rapidly
away from the ‘‘source’’, which coincides with the systematic
shallowing of the relocated earthquake depths (Fig. 2). This mi-
gration becomes slower after the third day and approximates the
power-law growth with time (Eq. (5)), with a diffusion exponent
of a = 0.294 ± 0.011 (Fig. 5b), indicating a slow sub-diffusive
process.
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Fig. 4. (a) Cumulative distribution function P(>r) of the inter-event distances r for period B1 and the corresponding fit according to the q-exponential distribution
(Eq. (2)) for the values of qr = 0.87 and r0 = 1.13 (solid line). Inset: the corresponding q-logarithmic distribution that approximates linearity with the correlation
coefficient of −0.998. (b) The same for period B2. The solid line indicates the q-exponential distribution for the values of qr = 0.75 and r0 = 1.215, while in the
inset the corresponding q-logarithmic distribution is shown that approximates linearity with the correlation coefficient of −0.992.

4. Discussion

In the present work we studied the physical characteristics
of micro-seismicity that occurred during 2012–2014 near the
CO2-rich Florina basin and its possible connection with an active
diffusion mechanism. We have seen that micro-seismicity started
to occur sporadically on July 2012 on the northern cluster (cluster
A), while the southern cluster (cluster B) was mainly activated at
the end of July 2013 after the installation of the local network,
although it is not clear whether this cluster was active prior
to that period with small magnitude earthquakes that were not
detected by the regional permanent network.

We further focused on the earthquake activity that occurred
after the installation of the local network at the end of July

2013, which provided a more comprehensive image of the ac-
tivated fault structures and the evolution of micro-seismicity in
the area. Essentially, we focused on cluster B, where the great
majority of earthquakes occurred during this time period. Fur-
thermore, our focus on cluster B offered the opportunity to study
the earthquake characteristics on a single fault structure rather
than on a regional fault network. The available dataset shows that
micro-seismicity on cluster B mainly occurred within two distinct
periods of activity (periods B1–B2) that lasted approximately 66
and 49 days, respectively. During those two periods, cluster B
was repeatedly activated within smaller clusters of events with
an almost vertical alignment of events with depth. In one such
case at the beginning of period B2, earthquake events started to
occur in deeper parts (∼4 km) and then were migrating towards
the surface (∼2 km), indicating a diffusive process. The similar
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Fig. 5. Mean square displacement
⟨
x2(t)

⟩
of seismicity (squares) with time t in double logarithmic axes, for (a) period B1 and (b) period B2. The solid lines indicate

the power-law growth of
⟨
x2(t)

⟩
according to Eq. (5) after the surpass of (a) six days and (b) three days.

waveforms of the recorded earthquakes and the similar locations
along cluster B found by Ref. 5, indicate that a similar mechanism
was responsible for earthquake triggering along the active fault
plane.

We studied the spatiotemporal scaling properties of micro-
seismicity in cluster B, for earthquakes with magnitude M ≥

Mc, during the two periods (B1–B2) to find possible organization
patterns and correlations in the spatiotemporal evolution of seis-
micity. The analysis showed that the cumulative distribution of
inter-event times P(>τ ) between successive events can well be
approximated with the q-exponential distribution, with similar
qτ -values (qτ ≈ 1.5) for the two periods, indicating a similar tem-
poral structure of seismicity during the two periods of activation
of cluster B. The qτ -values well above unity indicate asymptotic
power-law behavior, long-range correlations between the events
and organization, rather than random (Poissonian) behavior, in
the temporal evolution of seismicity.32

Furthermore, the quality of the relocated catalog and the small
location errors (2 – 35 m) offered the opportunity to also study
the spatial scaling properties of micro-seismicity. As for P(>τ ),
the cumulative distributions of inter-event distances P(>r) can
well be approximated with the q-exponential distribution, but
in this case with qr -values less than unity, showing organization
rather than random spatial occurrence of events, similar to the

results of previous studies.28,31,32 Spatial organization in this case
can be related with a fractal structure of breaking asperities
along the active fault plane. The different qr -values found for the
two periods of activation (qr = 0.87 for period B1 and qr =

0.75 for period B2) may reflect the volume of activation. During
period B1 the majority of events was comprised inside a ∼2.5
km area occurring irregularly on the structure5 showing a qr -
value closer to unity and a distribution closer to random behavior
(exponential), whereas during period B2 seismicity initiated on
a ∼3 km area and systematically progressed towards the entire
activated structure showing a lower qr -value. This progression of
seismicity towards the entire structure might also be the reason
for the deviation of P(>r) from the q-exponential distribution at
inter-event distances around ∼1.5 – 2 km (Fig. 4b), where slightly
higher probabilities to encounter successive earthquakes at these
inter-event distances, than those predicted from the model, are
observed.

In addition, we studied the diffusion properties of micro-
seismicity along cluster B during the two periods (B1–B2) of
activation by estimating the mean square displacement (msd) of
seismicity with time in respect to the 1st event (‘‘reference’’).
During period B1, no, or particularly after the surpass of 6 days,
very weak diffusion is observed. This is not the case for period B2,
where earthquake diffusion according to a sub-diffusive process
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is clearly observed. During the first three days of period B2,
the diffusion of seismicity is even faster, associated with the
migration of events towards shallower depths, as it was earlier
discussed. The diffusion exponent (a ≈ 0.3) well below unity
that marks normal diffusion in homogeneous and isotropic media,
indicates the anomalous diffusion of seismicity. Such result is in
accordance with a fluid diffusion mechanism along the activated
fault structure.36 In such case, anomalous diffusion of seismicity
due to fluid flow can be related to structure heterogeneities and
anisotropic diffusivities due to strong spatial variability of the
permeability field.36

The almost vertical alignment with depth observed within
smaller clusters of events in cluster B, the migration of seismicity
towards shallower depths observed in one of these cases, as well
as the slow diffusion of seismicity found for one of the activation
periods of cluster B (period B2), suggest the involvement of
fluid diffusion in the triggering mechanism of micro-seismicity
in the area. Pressurized fluids, in this case, can be related to CO2
migration that is moving towards the surface in the CO2-rich Flo-
rina basin. Increased CO2 emissions following earthquake swarms
have been observed in the western Eger rift41 and the Mammoth
Mountain.42 Unfortunately, in our case there are no recordings
of CO2 emissions in the surface during that period, or the period
following right after, that could further support this hypothesis.
Additional triggering mechanisms, however, such as event–event
triggering and/or static stress transfer from the Mw4.1 earth-
quake that occurred on 17 February 2013 on cluster A, cannot be
excluded, highlighting the complexity of the process. Mesimeri
et al.5 showed that cluster B lies within positive Coulomb stress
changes caused by the occurrence of the Mw4.1 earthquake, with
∆CFF > 0.01 MPa in some of the lobes, which can be considered
adequate for triggering new events. A plausible scenario in this
case can be that positive stress transfer due to the occurrence
of the Mw4.1 earthquake could have triggered the micro-seismic
activity that was observed during period B1 on cluster B, in
which very weak earthquake diffusion is observed. This result is
in accordance to previous results that have shown low diffusion
exponents and weak sub-diffusion associated with stress dif-
fusion and/or a cascade of triggering/triggered earthquakes.39,40
In addition, the breaking of asperities during period B1 could
have modified permeability along the fault zone, further favoring
CO2 upwelling, which could then have triggered micro-seismicity
during period B2 that presents clear characteristics of earthquake
diffusion and a larger diffusion exponent, with a value similar to
another case of episodic micro-seismicity associated with fluid
diffusion at depth.36

5. Conclusions

In the present work we have studied the scaling and diffusion
properties of micro-seismicity that occurred during 2012–2014
in the SW margin of the CO2-rich Florina basin. The spatial dis-
tribution of micro-seismicity in the area defines two clusters, one
dipping to the north (cluster A), which includes the largest event
of the sequence (Mw4.1), and the other gently dipping to the
south having an almost vertical alignment (cluster B). Focusing
on cluster B that was mainly activated after the installation of a
local network in the area, we find spatiotemporal organization
patterns and correlations during both periods of activation (pe-
riods B1–B2) that contradict the random (Poissonian) occurrence
of events. In addition, by estimating the mean square displace-
ment of the sequence, we find that no or very weak diffusion
is observed during the first period of activation (period B1),
while during the second period (period B2) earthquake diffusion
becomes apparent, following a slow sub-diffusive process.

Earthquake diffusion during the second period (period B2)
of activation along cluster B, the almost vertical alignment of

events with depth, as well as the migration of seismicity to-
wards shallower depths observed in one of the smaller clusters
within cluster B, suggest the involvement of fluid diffusion in the
triggering mechanism of micro-seismicity in the area. However,
secondary triggering mechanisms due to stress transfer cannot be
excluded, emphasizing the complexity of the process that does
not permit to uniquely define the processes leading to seismicity.
The continued surveillance and monitoring of seismicity and CO2
discharging in the CO2-rich Florina basin would be quite useful
for better constraining the mechanics of the seismically active
hydrothermal system and the relation between seismicity and
CO2 emissions. This is quite important for better estimating the
associated earthquake and environmental hazards, particularly
in areas that are considered as natural analogues for carbon
geological storage as the Florina basin.
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