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Abstract

A retrospective analysis of the spatial and time variations of three main statistical parameters of
the seismicity before recent 4 stronger earthquakes (2015 - 2020) in the southern Balkans is
presented. The modern extended software package ZMAP with various advanced seismological
functions for earthquake catalog analysis is used for estimating the spatial-time variations in a-
value (seismic activity), b-value (slope of the recurrence graph) and z-value (parameter of the
relative seismic quiescence). The catalog data from constantly updated catalog of the University
of Athens for the period 1964-2020 and spatial window 32° - 44° N and 10° - 30° E are used for
the various statistical interpretations. The main result of the whole analysis is that the abnormally
low b-values and high z-values, defining the zones of relatively seismic quiescence, may be an
indicator of imminent release of more significant stress in areas adjacent to the zones of relatively
high a-values. Thus, the result of the proposed joint interpretation of the spatial-time variations
of these three statistical parameters of seismicity could be considered as a kind of predictor of the
stronger recent seismic events in the southern part of Balkans.
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1. Introduction

The territory of the Balkan Peninsula is characterized by active geodynamics. This is the most geodynamical
active region in Central and Eastern Europe. A number of dangerous geodynamic processes of endogenous
(earthquakes, modern crustal movements, mud volcanoes) and exogenous origin (natural and man-made) are
observed in the area. Today’s geodynamics of the Balkan region is controlled by the active tectonic processes
in the Eastern Mediterranean: the collision of the Adriatic (Apulian) microplate with the Dinarides; the
subduction of the oceanic Ionian and Levantine lithosphere under the Aegean arc system; the collision between
the Eurasian and Arabian plates and the subsequent displacement of the Anatolian microplate to the west along
the northern Anatolian fault.

The main goal of this study is to map and analyze the spatial and time variations of three main statistical
parameters of seismicity before 4 stronger earthquakes (M; > 6.0) that occurred in the southern Balkans in the
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last decade (2015-2020). To quantify the variations of the three parameters a-value (seismic activity), b-value
(slope of the recurrence graph) and z-value (seismic quiescence), catalog seismic events from 1964 to 2020 are
used. There are many publications considered geographical distribution of b-value (sometimes and a-value) in
the seismic zones of southern Balkans [for instance: Hatzidimitriou et al., 1985; Papazachos, 1999; Chouliaras,
2009; D’Alessandro et al., 2011; Popandopoulos and Baskoutas, 2011; Popandopoulos et al., 2016; Vamvakaris
et al., 2016]. Some regularities in the time variations of b-values before one weak and one moderate earthquakes
in two local zones in Greece are presented by Popandopoulos and Baskoutas, [2011]. The authors suggest the
obtained features of the time series of b to be used for the expected time prediction of the local main
earthquakes.

In our study an alternative approach to calculate the regional spatial-time variations of the statistical
parameters of seismicity (b-, a-, z-values) by means of the extended software package ZMAP [Westerhaus et al.,
2002] is used. The software package is open source software used to assess various seismic hazards [Westerhaus
et al., 2002; Wiemer and Wyss, 1994, 2000]. ZMAP contains many advanced seismological functions for
earthquake catalog analysis, including for estimating variations in b-, a-, z-values, time series analysis,
temperature reduction, and more. As an example of the previous successful use of the capabilities of ZMAP for
studying the spatial-time variations of the b-value before strong earthquakes, we can mention Damanik’s study
[Damanik et al., 2010] for the region of the island of Java (106-115.5°,-0, 7 to —11.5°), which uses data from the
US Geological Survey (USGS) earthquake catalog and the Engdahl catalog for very strong earthquakes (Mp;p =
4.7). We are not familiar with any examples of a combined study of the spatial-time variations of the above 3
statistical parameters of seismicity (b-, a-, z-values) as predictors of nowadays strong seismic events in the
southern Balkans.

2. Preparation of catalog data

The assessment of spatial-time variations in seismic activity in a given region is important for understanding
the processes in the seismic-tectonic environment development, as well as for the seismic analysis of the danger
of an imminent natural disaster. To quantify seismic variations in an area, we need information in the form of
an earthquake catalog [Burton, 1990].

In this study a constantly updated catalog of the University of Athens for the period 1964-2020 is used
(http://dggsl.geol.uoa.gr/en_index.html). The catalog of earthquakes covers data in a spatial window 32° - 44°
N and 10° — 30° E. The total number of included earthquakes is 295029, as the depths vary from 0 <h < 220 km,
and the magnitude estimates Ml are in the range of 2.0 < M; < 7.0.

Duplicate events were recognized and removed algorithmically, and later checked by visual assessment. The
catalog of independent events is defined as final after the identification and removal of clustered events by the
Gardner and Knopoff algorithm [Gardner and Knopoff, 1974]. Any earthquake that occurred within the spatial-
time window around and after each larger event is taken into account and is considered as a cluster event. The
spatial-time window is larger in size for stronger previous events according to Gardnerand Knopoff dependency.
This step is relevant merely for our catalog data comprising large events with long aftershock and
foreshock,series.

Figure 1 shows the distribution of the epicenters of the earthquakes after declustering. To guarantee the
completeness of data, analysis comprise only events with magnitudes equal to or larger than the threshold
magnitude Mc. So, the next step has been the determination of minimum value of magnitude Mc for catalog
completeness. The value of M usually decreases with time, as the number of seismic stations and their sensitivity
increase [Wiemer and Wyss, 2000]. The method of maximum curvature (Mpax curvature) is used to verify the
estimates of M. [Wiemer, et al., 1999; Wyss et al., 2004] (Figure 2 a, b). The very final catalog includes 24750 events
with M, = 3.5 limited mainly to a depth of 40 km (shallow earthquakes) - maximum depth is 70 km (Figure 3).
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Figure 1. Map of epicenters of the independent seismic events obtained after declustering of the permanently updated
earthquakes catalog data of the University of Athens. http://dggsl.geol.uoa.gr/en_index.html
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Figure 2. a) Estimation of the minimum magnitude of catalog completeness by the method of Maximum curvature. The
arrows indicate the breakpoints of the cumulative distribution, marking the minimum magnitude Mc for
completeness of the catalog; b) spatial distribution of the magnitude threshold Mc.
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Figure 3. Histogram of the depth distribution of the earthquake hypocenters.

3. Analysis of the b-value

Analysis of the b-value in the studied region was performed before 4 stronger earthquakes with magnitude
M, > 6.0. These are the earthquakes from: 16.04.2015 with coordinates 26.82° E, 35.23° N; M; = 6.1, h = 37 km and
Ty = 18:07; 12.06.2017 with coordinates 26.36° E, 38.84° N; M; = 6.1, h = 28 km and T, = 12:28; 20.07.2017 with
coordinates 26.56° E, 35.64° N; Ml = 6.2, h = 63 km and T = 22: 31 and 20.05.2020 with coordinates 25.69°E, 34.40°
N; M1 = 6.0, h = 51 km and Ty = 12:51. A polygon locked in a spatial window with coordinates 24.20° - 29.98° E,
34.40° - 41.00° N presented in Figure 4, and containing 2637 events with M, > 4 (Figure 4, b).

The value of b for the tested region is calculated using the maximum likelihood method [Aki, 1965] (Figure 5),
then mapped before each of the main studied events using the usual technique with the grid with a cell length of 5
km and a fixed number of earthquakes (N; = 50) [Wiemer and Wyss, 2000], as shown in figs. 6a, b, ¢, d. In the graph
of the value of b (Figure 5) we can distinguish four periods: 1964-1987 average value of b = 1.42; 1987-2003 average
value of b = 1.9; 2003-2009 average value of b~1.4 and 2009-2020 average value of b = 1.0. The last period, which
includes the studied events, has the highest average value of the b-parameter, which implies increased heterogeneity
and reduction of stresses [GoOrgtin et al., 2009]. The significant decrease in the value of b can be associated with the
increasing effective level of stress before major earthquakes [Schorlemmer et al., 2004; Wu, 2008].

The spatial variations of b-value for the studied region are estimated for the period as follows: from 1964 to
01.03.2015 one month before the earthquake on 16.04.2015 (M 6.1) (Figure 6, a); from 1964 to 01.05.2017 one
month before the earthquake on 12.06.2017 (M; 6.1); from 1964 to 01.07.2017 one month before the earthquake on
20.07.2017 (M; 6.2) and from 1964 to 01.04.2020 one month before the earthquake on 02.05.2020 (M; 6.0). In the
figures (Figure 6, a, b, ¢, d) in ascending order are marked from low to high values of the b-parameter. The spatial
differences in the value of b illustrate variability in plan, as relatively low values can determine the places where
an earthquake would most likely occur [Schorlemmer et al., 2003; Westerhaus et al., 2002]. The zones with relatively
low values of b (0.9 - 1.2) are clearly delineated and the epicenter of the earthquake falls into them. According to
Wyss et al. [2004] and Motaghi et al. [2010] low values of b indicate that stresses accumulate in these zones until
the activation of the main event. We note that the zones with a low value of b in which the epicenters fall are very
close to zones with relatively high values.
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Figure 4. a) Epicentral map for the tested polygon; b) estimation of the minimum magnitude Mc for completeness of the
catalog for the selected polygon.
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Figure 5. Time variations of the b-value of earthquakes with M; > 4 within the studied polygon. The moments of the
studied earthquakes from 2015 and 2017 are marked with red squares.
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Figure 6. Spatial distribution of the b- value before the earthquake: a) on 16.04.2015 (M, 6.1); b) on 12.06.2017 (M 6.1);
¢) on 20.07.2017 (M; 6.2); d) on 02.05.2020 (M; 6.0); ¥ - epicenters of earthquakes.

4. Analysis of the a-value

The spatial distribution of the a-value characterizing the seismic activity before the studied strong earthquakes
shows that the epicenters of strong earthquakes fall in areas with relatively low values of seismic activity (a = 6-7)
(Figure 7 a, b, ¢, d). The estimates were performed for the same periods before the earthquakes as in the b-value studies.

Without exception, however, the epicenters of strong earthquakes are located in close proximity to areas with
relatively high activity (a = 10-12). This result is consistent with the general idea of creating non-equilibrium
stresses in the vicinity of the zones of high seismic activity and their subsequent redistribution with migration of
stronger events in the direction of the low active seismic zones.
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Figure 7. Spatial distribution of the a-value before the earthquake: a) on 16.04.2015 (M; 6.1); b) on 12.06.2017 (M, 6.1); c)
on 20.07.2017 (M, 6.2); d) on 02.05.2020 (M; 6.0); ¥ - epicenters of earthquakes.

5. Analysis of the z-value

The method of the z-test of seismic catalogs for determining the spatial-time areas of seismic quiescence before
strong earthquakes is based on the research of Wyss and Habermann and [Wiemer and Wyss, 2002; Habermann,
1987]. This method is focused on the determination of spatial-time blocks in the seismically active zone with a
significant change in the intensity (rate) of the seismic activity in the selected energy range. The analysis is based
on the statistical function of the z-test. To determine the seismic quiescence, the study area is covered with a fixed
node grid. For each network node at a given moment, the function z(t) is calculated

2(t) = — , (1]

where R and R, are respectively the average values of the velocity of earthquakes flow (number of earthquakes in
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a time window 30 days) for two-time intervals (one with a duration of not less than a year and tied to the test date,
the other - includes all other time intervals); o; and o, - standard deviations of Ry and R, respectively for the first
and second time interval, and n; and ny - number of earthquakes for the respective period. Earthquakes with a
hypocenter depth of up to 70 km are considered for each node of the network. High (positive) values of z indicate
a decrease in the rate of the seismic activity, and respectively low z-values indicate increase [Maeda K., Wiemer S.,
1999]. All nodes of the network with z > 3 correspond to 99% reliability of determination of seismic quiescence
[Wiemer, 2001; Wiemer and Wyss, 1994]. The calculated z-values in the nodes of the network are combined on the
principle of spatial-time adjacency and determine the areas with seismic quiescence. The spatial distribution of
the z-value before the earthquakes (Figure 8 a, b, c) are calculated for the same polygon, comparing two time periods
as follows: t; = 30.03.2012-30.09.2013 / t; = 30.09. 2013-30.03.2015 for the earthquake on 16.04.2015 (M; 6.1)
(Figure 6, a); t1 = 30.05.2014-30.11.2015 / t2 = 30.11.2015-30.05.2017 for the earthquakes on 12.06.2017 (M; 6.1),
and on 20.07.2017(M; 6.2) (Figure 6, b) and t; = 28.02.2017-30.08.2018 / t; = 30.08.2018-30.04.2020 for the
earthquake on 02.05.2020 (M; 6.0), (Figure 6, ).

The high (positive) z-values of the maps can be interpreted as a decrease in the rate of seismic activity (seismic
quiescence) compared to the first period, and the low (negative) z-values represent an increase in the seismic rate.
Earthquake density and distribution is a critical factor in interpreting z-value variations. Large areas of constant
color (value) could show the same density of earthquakes for different periods of time, i.e., may show a homogeneous
degree of seismicity in this area.

From the figures below (Figure 8 a, b, c) it is observed that the epicenters of the stronger events fall in areas
with relatively high values of the z-value (4-5), which means that the selected periods before the earthquakes are
periods of relative seismic quiescence. The relatively high values of z =4 — 5 > 3 show 99% reliability of the results.

6. Conclusions

The time variations of the b-value for the period 1964 - 2020 shows a minimum of the average value of b for the
period 2013-2020 (b ~1), which includes the four studied stronger earthquakes.

Large decreases in the value of b may be associated with increasing effective levels of stress before major
earthquakes. The increase in the b-value after these earthquakes may indicate an increase in the heterogeneity of
the earth’s crust and a decrease in shear stress, but after the study period the value of b does not increase
significantly which may indicate imminent strong seismic events in the study area.

The change in the spatial distribution of the b-value before the stronger earthquakes shows that the area with
an abnormally low value of b covers the epicenters of the studied stronger earthquakes. These low values of b can
be interpreted as potentially locked areas or areas with accumulated high stress before major earthquakes.

The spatial distribution of the a-value characterizing the seismic activity before the studied stronger earthquakes
shows that the epicenters of these earthquakes fall in areas that have relatively low values of seismic activity but
are close to areas with relatively high activity.

The results of the conducted research show that the epicenters of the selected stronger earthquakes are located
in zones of relatively high z-value (z = 4.2 > 3). This fact definitely indicates a statistically reliable marking of an
area with a relatively seismic quiescence before the corresponding stronger earthquake.

As aresult of the whole analysis we can summarize that the abnormally low b-values and high z-values, defining
the zones of relatively seismic quiescence, may be an indicator of imminent release of more significant stress in areas
adjacent to the zones of relatively high a-values. Thus, the joint interpretation of the spatial-time variations of
these three statistical parameters of seismicity can be interpreted as predictor of strong seismic events and also
could be used for the assessment of seismic hazard in the southern part of the Balkan.
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