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ABSTRACT Studying of the space-time distribution of earthquakes is very important for
understanding the physics of the earthquake generation process. The 2009 Valandovo
earthquake, northern Macedonia, with moment magnitude M|, 5.3, was preceded by
a foreshock sequence and followed by an intensive aftershock activity. We analyse
the space-temporal pattern of earthquake distribution in the foreshock and aftershock
sequences of the main event. We find short-distance clustering in both the pre-shock
and aftershock period. The temporal distribution of foreshocks shows non-random
features. Although dominated by the classic power law decay in time, the aftershocks
suggest the existence of secondary aftershock sequence.
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1. Introduction

The spatial and temporal clustering of foreshocks and aftershocks is a dominant non-random
element of the seismicity, so when the clusters are removed, the remaining activity can be
modelled (as first approximation) as a Poisson process (Gardner and Knopoff, 1974). A formal
definition of seismic clusters is still lacking despite of the conception that the earthquake
clustering is an essential aspect of seismicity that provides key information on earthquake
dynamics (Zaliapin and Ben-Zion, 2013). Statistically significant clusters consist of foreshocks,
main-shocks, and aftershocks.

Foreshocks are one of the few well-documented precursors of large earthquakes. This type
of sequences is observed within a few hours, several months or a year before the main shock
(among others Molchan et al., 1999; Papadopoulos et al., 2000). Even if it is not considered a
prognostic sign, the foreshocks show stress accumulation in the surroundings before the large
earthquake. Therefore, understanding their nature is very important for earthquake prediction.

Aftershocks, on the other hand, are defined as seismicity above the background activity
following a main shock (Liu and Stein, 2011). Aftershocks occur after the main event and
their frequency decays over time, typically following a pattern known as the Omori’s law,
which later is modified by Utsu (1961) and is known as modified Omori’s law. The power-low
decay represented by the modified Omori relation is an example of temporal self-similarity
of the earthquake source process. Aftershock decay rate may contain information about the
mechanisms of stress relaxation and frictional strength heterogeneity (Mikumo and Miyatake,
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1979) but this information cannot be derived without precise characterisation of the empirical
relations that best fit the data. The duration of aftershock sequences may last months, a few
years, or even longer for earthquakes within stable continental interiors (Stein and Liu, 2009).
Some authors recognise that the main causes of aftershocks include main shock-induced changes
of frictional properties of the fault zone and stress perturbations (e.g. Liu and Stein, 2011).

In the present study we examine the space-temporal pattern of foreshock and aftershock
sequences of the 24 May 2009 earthquake with moment magnitude M 5.3 (T =16:17:49,
@=41.32°, A=22.70° and h=5 km). The earthquake is reported by NOTSSI (Bulgarian
Seismological Network) and ISC (International Seismological Centre) with body P-wave
magnitude M,=5.2 and surface-wave magnitude M=4.9, respectively. The event occurred in
Valandovo seismogenic zone, situated in northern Macedonia, close to Bulgaria-Greece border
region. The seismic zone is characterised by shallow intraplate seismicity. The strongest known
event in the region is the 1931 Valandovo earthquake, with surface wave magnitude M =6.7
and epicentral intensity /=10 MSK. The event was preceded by a strong foreshock (with
M=6.1, occurred a day before the main shock) and followed by intensive aftershock activity
(Simeonova, 1999).

The manifold purpose of our study is first to examine spatial and temporal pattern of fore-
aftershock distribution in the epicentral zone of the 2009 Valandovo earthquake (M, 5.3), then
to test different statistical models for aftershock occurrence based on the transformation of the
time scale 7 to a frequency-linearised time scale t. Finally, the Akaike Information Criterion
[AIC (Akaike, 1974)] is used to select the best statistical model for aftershock occurrence.

2. Method and data

2.1. Method
For the aftershock data, we used the model obeying the modified Omori’s law (Utsu, 1969):

n(t) = K(t+c)”, (D

where n(t) is frequency of aftershocks at time #; ¢ is the elapsed time since the occurrence of the
main shock, and K, p, ¢ are constants. The most important parameter is the parameter p, which
characterises the decay of the aftershock activity.

Based on the assumption that aftershocks are distributed as a non-stationary Poisson process,
Ogata (1983) proposed to use the maximum likelihood method for estimating the parameters K,
¢ and p in the modified Omori formula.

The intensity function of the Poisson process /(¢) is defined by the relation:

/l(t) = lAngProb{an event in [t,t+At]}/ At . (2)
Then the likelihood function of the aftershock sequence can be as follows:

f(tt,1,.0) = ﬁ[/l( 1,0 )exp( [A(t:6)dt), 3)
i= S
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where the 7, {i=1, 2, ... , N} are the occurrence times of the events in the available period of
observation [S, T] and the corresponding vector 6 is 6 =(K, p, c).
Using the modified Omori formula, the intensity function becomes:

Mt,0)=K (t +¢c)". “4)

)

If the sequence contains m secondary aftershock sequences, starting at times T, T,, .., T
then the intensity function can be given as:

m

A1:8) = K(t+c)+ N H(i-T)K (i-T+c)", 5)

where H is the Heaviside unit step function and 60=(K, p, c, K,p,c,..K ,p,c,).

The maximum likelihood estimates of the parameters are those, which maximise Eq. 4 with
the corresponding vector 6 (Ogata, 1983).

An integration of the intensity function A(#) gives a transformation from the time scale ¢ to a
frequency-linearised time scale 7 (Ogata and Shimazaki, 1984). On this time axis the occurrence
of aftershocks becomes the standard stationary Poisson process if the choice of the intensity
function A(7) (i.e. the parameters K, ¢ and p) is correct.

The frequency-linearised time for an aftershock sequence can be defined as:

T=A(t)=fl(s)ds (6)
0

The time scale 7 is used for testing the goodness of fit between the aftershock occurrence and
the selected model. A linear dependence between the observed cumulative numbers of aftershocks
N and 7 should be observed if an appropriate model has been selected. Anomalies in the aftershock
activity are more evident on the N(7) plot than on n(#). Thus, the 7 time axis will be used to detect
secondary aftershock activity.

In order to select which model fits the observations better, the AIC (Akaike, 1974) is used.
This is a measure of which model most frequently reproduces features similar to the given
observations, and is defined by:

AIC = (-2) Max (In — likelihood) + 2 (Number of the used parameters). @)

2.2. Input data

We have selected a space-time window in order to form the data set used in this study. All
events recorded by NOTSSI that are located in the vicinity of the inferred rupture zone of the
2009 Valandovo earthquake are included. To define time boundaries, we study the frequency-
time distribution of the earthquakes located in the considered area from May 2008 to December
2013 (Fig. 1).

The data show increasing rate of the seismic activity in the region in May 2009 and
stayed relatively high for about 3 years (Fig. 1). The events in the area of Valandovo are
almost uniformly distributed in time before May 2009 and after June 2012. Thus, the data
we used for this study were earthquakes located in the area of Valandovo from 24 April 2009
to 24 June 2012. Since good azimuthal station coverage is required for accurate earthquake
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Fig. 1 - Frequency-time distribution for the earthquakes in the area of the Valandovo sequence.

location, we used additionally data from the local seismic networks in northern Macedonia,
Greece, and Albania. To assure a consistency in the locations, we relocated all event for the
sequence, applying a version of the HYPO 71 software called DHYPO (Solakov and Dobrev,
1987) which is used in the seismic location practice in NOTSSI. The body P-wave magnitude
M, after Christoskov et al. (2012) using the maximum amplitudes of body P waves of local
earthquakes (up to 10°), recorded on the broadband seismographs, was estimated for each event
of the compiled data set. To test the completeness of the events located in the selected area the
magnitude frequency distribution is used (Fig. 2). The distribution indicates that the compiled
data set is incomplete below M =2.0.

The data set is divided into two subsets: foreshocks (quakes preceding the main event) and
aftershocks (earthquakes following the main event) and we are going to analyse them separately
in the present study.
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We accept that aftershocks satisfy the space-time criteria introduced by Gardner and Knopoff
(1974) and modified by Christoskov and Lazarov (1981) for the central Balkans:

log R (M )=0.9696+0.1243 M _
log T (M )=-062+056M (M <6.0) (8)
log T, (M )=-525+2.15M —0.137 M> (M <6.0),

where M is the surface-wave magnitude of the main event, R is the largest distance between
the main event and an aftershock, and T’ is the greatest elapsed time since the occurrence of the
main shock.

The map of epicentres is shown in Fig. 3, where foreshocks and aftershocks with M,<4.0
are plotted as circles in yellow and green, respectively. The size of the circles is magnitude, M,
dependent (as presented in the legend). The strongest fore-aftershocks are plotted as asterisks in
yellow and green, respectively. The dark red asterisk marks the main shock. The identified faults
[modified from the neotectonic map in Ivanov et al. (2008)] are denoted by dark red lines. The
area selected for the analysis in this paper is marked with a black square contour. The square is
a side length of 2xR_km, where R is defined using Eq. 8. Since the main event has a surface-
wave magnitude of M=4.9 (reported by ISC) and the estimated R_is 37.9 km, the square side
is about 76 km. In the present study, we consider only earthquakes with epicentres falling inside
this area.
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Fig. 3 - Epicentral map of the earthquakes located in the selected area occurred between 23 April 2009 and 24 May
2012.
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3. Results

The results of the present study are presented in Figs. 3 to 11 and Table 1. The spatial
distribution of earthquakes in the considered sequence is shown in Figs. 3 to 7. The temporal
distribution of foreshocks and aftershocks is presented in Figs. 8 to 11 and Table 1.
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3.1. Spatial distribution

The spatial distribution of pre-shocks is presented in Figs. 3 and 4. The figures illustrate the
epicentral map (Fig. 3) and distribution of distances to the main shock (Fig. 4) for foreshocks,
which, occurred within the selected area (black contour in Fig. 3).

Both figures display non-random features that can be summarised as follows: 1) foreshocks
are clustered in a small area between the identified fault structures (Fig. 3); 2) the main shock
occurred on the fault located in the foreshocks area margin (Fig. 3); 3) an excessive number of
earthquakes is observed for distances < 5 km (Fig. 4).

The aftershock data are split in early aftershocks considered in two time periods: one month
and one year after the main event, and all aftershocks (from 24 May 2009 to 24 May 2012).
The division of the aftershock data set is based on the assumption that if several data sets share
a common, weak pattern, then their joint study may make the pattern detectable. While if the
pattern is not common for all of the sets, it may be masked (Eneva and Pavlis, 1988).

Plots of panel a of Figs. 5 to 7 illustrate the spatial distribution of aftershocks for the time
periods of 31 days, 364 days, and 1092 days after the 2009 Valandovo earthquake, respectively.
Plots of panel b of the same Figs. 5 to 7 show the main event to aftershock distance distribution
for the same time periods.

The joint study of the three data sets make the following characteristics in the aftershock
spatial patterns more detectable: 1) the main shock and aftershocks in the first 31 days are
clustering in the area outlined by the foreshocks, between three fault structures (Fig. 5a); 2) a
well-expressed tendency of aftershock area expansion in time and with decrease of magnitude
(Figs. 6a and 7a); 3) the aftershocks with magnitude M,<3.0 are dispersed in space and spread
over a large area (Fig. 7a); 4) concentration of earthquakes in three clusters, separated by
distance gaps (Fig. 7a); 5) an excess of events separated by distances larger than 20 km is
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observed in the later stage of the aftershock sequence (Fig. 7); 6) most of the largest aftershocks
are clustered along the E-W extending fault (Figs. 5a and 7a); 7) larger events tend to be more
clustered than smaller ones (Figs. 5b and 7b).

3.2. Temporal distribution

The foreshock temporal distribution is shown in Fig. 8 and indicates that the pre-shocks have
an uneven distribution over time. A well-expressed cluster occurred approximately 24 hours
before the main event (Fig. 8a). Two clusters separated by a gap of 6 hours and no precursor
aseismic gap before the main shock are observed in Fig. 8b.

We analyse the aftershock sequence from 0 to 7=133 days after the main earthquake. The
time interval 7 is the calculated value of the greatest elapsed time since the occurrence of
the main shock using Eq. 8. In the study, two sets of data are analysed: the first includes all
aftershocks, located inside the box shown in Fig. 3; the second data set covers all events with
magnitude M,>2.0, located inside the area of interest. The reason to separate aftershocks into
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two data sets is that the catalogue is incomplete below the magnitude M,<2.0, as inferred from
the magnitude-frequency relationship (Fig. 2) for the events in the area of Valandovo.

The parameters K, ¢, and p in the modified Omori formula (Eq. 1) are estimated using the
maximum likelihood method. The estimated values for these parameters are presented in Table
1. The frequency-time distributions of earthquakes are presented in Fig. 9.

The cumulative number of events is plotted against the frequency-linearised time 7, (as
defined in Eq. 6) using the estimated parameters K, p, ¢ (Fig. 10). The observed distribution is
compared to the theoretical distribution, based on the selected model (in this case, the model is
the modified Omori formula). If the modelling of the sequence is appropriate, the cumulative
number of events will increase linearly with 7. There is a relatively good correlation between the
theoretical and the observed distribution for both analysed cases.

Fig. 10 shows bumps about 8 days after the main shock in both plots. The aftershock activity
decreases around the 8th day and increases after it. This temporal distribution anomaly could be
caused by the occurrence of one of the strongest aftershocks on 1 June 2009 with magnitude M,4.3.

Consequently, we reconstructed a model, which takes into account the effect of a secondary
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aftershock activity. We tested a model with one secondary aftershock sequence after 8 days and
the same p value for the main and secondary aftershock sequences. The model is applied for the

two data sets.

M

o 5 14
715 e &

[
?r 823 & 30
£10 m34 B g
% H >4 'g 6
Yut: 5 3
(=} . e
o) -y o S 4
<0 = a4, 58 3,
; " ® » 25§° Z o v b o LI TIRLIN

\) < &
o \V\"'@q o S ¥ QLRI ORI IR I
LNy Y %\w@ v A
. .

. Time(days) ¥ A b) Time(hours)

Fig. 8 - Temporal distribution of foreshocks: a) distribution of pre-shocks in days; b) hourly distribution of foreshocks
before the main event (red star).
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Fig. 9 - Frequency-time distributions of aftershocks: a) for a set of data including all aftershocks; b) aftershocks with
magnitude M,>2.0.

The results (Fig. 11 and Table 1) show that the model with one ordinary and one secondary
sequence describes best the aftershock sequence of the 2009 earthquake. We can see a good fit
between observed and expected distributions without evident periods of decaying and activation
of the process.

Fig. 11 shows that a nearly-linear trend of aftershock decay continues up to 647 days. Thus,
the modified Omori formula (Eq. 1) fits the observations up to 647 days after the main shock.
About 647 days after the main shock the cumulative number of aftershocks increases rapidly
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Fig. 10 - Plot of the cumulative number of events versus frequency-linearised time 7: a) all aftershocks; b) aftershocks
with magnitude M2 0.
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Fig. 11 - Plot of the cumulative number of events versus frequency-linearised time 7 for the 2009 aftershock sequence
for an ordinary and one secondary aftershock: a) for all aftershocks; b) for aftershocks with magnitude M,22.0.

Table 1 - Maximum likelihood estimates of the Omori formula parameters and corresponding AIC.

Model K P c K, P, c AlC
An ordinary aftershock sequence,

without threshold magnitude 93.69 | 0.87 0.06 -3559.64
One ordinary and one secondary

aftershock sequences, without

threshold magnitude 92.71 0.88 0.06 1.02 0.88 | 0.0002 | -3569.59
An ordinary aftershock sequence,

with threshold magnitude M_=2 68.00 | 0.97 0.06 -2254.27
One ordinary and one secondary

aftershock sequences, with threshold

magnitude M_=2 67.61 0.97 0.06 0.47 0.97 |0.0034| -2255.21

with 7, showing a significant deviation from the prior trend. No large earthquake occurred in
the region at that time. Therefore, this change in slope could be treated as a transition from
aftershock activity to background seismicity. It should be noted that the predicted duration
of the aftershock activity is 133 days (by Eq. 9) and is approximately 4.8 times less than the

observed duration.

4. Discussion and conclusions

The prime result of our paper is the discovery that the space - temporal distribution of
earthquakes in the Valandovo region was non-uniform both before and after the main event
on 24 May 2009. The analysis performed allows us to see that when a non-random feature is
present, it is manifested as a function of space, time and magnitude.
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Spatial clustering is observed both before and after the main shock. The larger the events, the
higher the degree of clustering is observed. Foreshocks are clustered in a very small area at 2 to
10 km from the main shock. The epicentral maps (best seen in Fig. 3) indicate that the aftershocks
appear to enhance an existing spatial pattern rather than create a new one. In addition, the clustering
appears to increase with time, as a result of growth the average size of clusters and an increasing
degree of non-randomness (compare Figs. 5a and 7a). We also observed an anomaly related to
the lack of aftershocks between 11 km and 30 km from the main event epicentre (compare Figs.
6b and 7b). In fact, it appears later (about 1 year after the main earthquake) in the sequence and
is associated with a concentration of earthquakes in three clusters, separated by distance gaps.
This trend is due to occurrence of a substantial number of small earthquakes in parts of the fault
zone that were virtually aseismic before the main shock (compare Figs. 6a and 7a). One possible
interpretation of this observation could be based on the assumption that, during an aftershock
sequence, small earthquakes occur as a consequence of the transient stress inhomogeneity within
the fault zone caused by the main shock. If we associate the degree of spatial non-randomness
in earthquake distribution with the degree of non-uniformity of stress in the area, an increased
degree of clustering can, then, be related to an increased non-uniformity in stress.

The foreshock temporal distribution suggests significant non-random features. Two clusters
divided by a gap of about 6 hours are observed. Furthermore, the main shock occurs several
minutes after the second cluster. Aseismic time interval between the pre-shocks and the main
event is not observed.

Our results show that the aftershock activity is best modelled by one ordinary and one
secondary sequence. An objectively defined transition from aftershock activity to background
seismicity is observed about 647 days after the main shock. It should be noted that the predicted
duration of the aftershock activity is 133 days: approximately 4.8 times less than the observed
duration.

Aftershock decay rate (parameter p in modified Omori’s law) contains information about the
mechanisms of stress relaxation and frictional strength heterogeneity (Mikumo and Miyatake,
1979). The variability in the values of the characteristic p-value is related to the structural
heterogeneity, stress and temperature in the crust (Mogi, 1962; Kisslinger and Jones, 1991).
During the last years, more than 200 estimates of p-value with a scatter from 0.6 to 2.5 and
a median of 1.1, have been published for aftershock sequences in different parts of the world
(Utsu et al., 1995). The p-value estimate in the present study is in the middle of the p-value
range obtained for aftershock sequences in Bulgaria and surroundings, 0.71<p=<1.17 (Simeonova
and Solakov, 1999) and it is the lower part of interval obtained for aftershock sequences in
Greece, i.e. 0.83<p=<1.86 (Papazachos, 1975).

The findings of our study are consistent with a number of papers [among others Simeonova
(1999), Simeonova et al. (2015), Solakov et al. (2016) and Raykova (2017)] which suggest
that non-uniformity in space-temporal distribution of fore-aftershocks is an intrinsic feature of
earthquake occurrence in Bulgaria and the surrounding regions.

Finally, if we accept the following two assumptions: 1) examination of the space-time
distribution of earthquakes is of fundamental importance for understanding the physics of
earthquake generation process [among others Eneva and Pavlis (1988)]; and 2) the earthquake
generation is an expression of the regional tectonics; then the results from this study of the 2009
M, 5.3 Valandovo earthquake seismic sequence could be interpreted as a confirmation of the

454



2009 M, 5.3 Valandovo earthquake Boll. Geof. Teor. Appl., 60, 443-456

hypothesis that the neotectonic movements of southern Bulgaria and the surroundings (in our
case eastern part of northern Macedonia) are similar to that of northern Greece and the northern
Aegean Sea with presently N-S extension [among others van Eck and Stoyanov (1996)].

We can summarise our principal findings from the study of the Valandovo earthquake sequence

as follows:

1. the spatial distribution of earthquakes is not uniform either before or after the main shock
on 24 May 2009;

2. clustering of earthquakes is observed both before and after the main shock. Foreshocks are
concentrated in a relatively small area within the identified fault structures where, later,
the main shock and the strongest aftershocks occurred. The observed pattern is intensified
in the aftershock sequence because of an increase in the size of cluster with time. Larger
events tend to be more clustered than smaller ones;

3. a concentration of earthquakes is observed at a distance of less than 10 km from the main
shock. This pattern exists before the main shock and in the first 31 days of the aftershock
activity. An excess of events separated by distances larger than 20 km is also observed in the
later stage of the aftershock sequence. It is associated with a concentration of earthquakes
in three clusters, separated by distance gaps with a distinct reduced number of aftershocks;

4. the temporal distribution of foreshocks shows non-random features. 24 hours before the
earthquake, two clusters separated by a gap of 6 hours and no precursor aseismic gap before
the main shock are observed;

5. the 2009 M, 5.3 earthquake aftershock sequence is best modelled by the combination of
one ordinary and one secondary aftershock sequence. Transition from aftershock activity
to background seismicity is observed about 647 days after the main shock.
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