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Abstrakt

Béhem poslednich 30 let byla v zapadoceské zemétiesné oblasti piistrojove
zaznamenana aktivita riiznych zemétiesnych rojii. Tato prace se zabyva Casoprostorovym
vyvojem seismicity pfedchazejici a nasledujici po vybranych rojich od roku 1992 do 2020.
Uvodni &ast obsahuje stru¢ny popis zdjmové oblasti. Reer$ni ¢ast seznamuje ¢tenaie s
potfebnymi zéklady seismologie a nasledn¢ jsou popsany zemétiesné roje — jejich typicka
aktivita, mozné mechanismy vzniku, piiklady ze svéta a ze Zapadnich Cech. V praktické &asti
je s pouzitim seismickych katalogt vykreslena seismicka aktivita predchazejici a nasledujici
po vybranych rojich. Cilem bylo najit n¢jaké zakonitosti v ¢asoprostorovém vyvoji
zapadoceskych zemétresnych roji. S pouzitim vizualizace aktivity vybranych roja podle
vlastniho hodnoceni autora nebyly nalezeny zadné zakonitosti, pro 1épe podlozeny zaveér je

potieba provést kvantitativni analyzu.
Abstract

During the last 30 years, the activity of various earthquake swarms has been
instrumentally recorded in the West Bohemian earthquake region. This work is studying the
spatiotemporal evolution of seismicity preceding and following selected swarms from 1992 to
2020. The introductory part contains a brief description of the area of interest. The research
part acquaints the reader with the necessary basics of seismology. In the next, phenomenon of
earthquake swarms is described — their typical activity, possible mechanisms of origin,
examples from the world and from the West Bohemia. In the practical part, using seismic
catalogs, seismic activity preceding and following selected swarms is visualized. The aim is
to find some regularities in the spatiotemporal evolution of the West Bohemian earthquake
swarms. Using the visualization of the activity of selected swarms and the author's own
interpretation, no regularities were found. For a more relevant conclusion a quantitative

analysis should be carried out.
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1. Introduction

Measurements of seismic activity in the West-Bohemia/Vogtland region are available
from the beginning of 20" century. However, high-quality measurements are available only
from the 1985/86 thanks to the installation of first local three-component digital seismic
stations VAC and TIS (Vavrycuk, 1993), and later installing of NKC station in 1989, which
became the core of the WEBNET network set up in 1994 (Horélek et al., 1996). Considering
available data, one can conclude that seismic activity in West-Bohemia/Vogtland is a long-
term process; first seismic observations were documented in Medieval times. Using modern
technologies, we can delimit present seismic activity in West Bohemia and Vogtland to the

area between 49.9° and 51°N and 12.0°and 12.8°E (Fig. 1).
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Figure 1: The West Bohemia/Vogtland earthquake swarm region with earthquake epicenters for the
1991 — 2011 period (gray and red circles). Novy Kostel zone is situated at an intersection of Eger Rift (EGR) and
Marianské Lazné fault (MLF). Quaternary volcanoes marked Komorni Hirka (KH), Zelezni Hirka (ZH), and
Mytina Maar are marked with brown triangles. The maximum compression in the region striking 145° is
indicated in the lower left corner. Triangles indicate seismic stations of the (WEBNET — green, apex up,
SXNET — dark green, apex down, other stations — green-blue, apex down). Black squares denote towns. The

Czech—German border is marked by dashed line (Fischer et al. 2014).



Dominating focal depths are between 6 and 15 km, rarely to 25 km, the seismic
activity is scattered within an area of about 3500 km? and several focal zones can be easily

distinguished (Fischer et al. 2014). Horalek et al. (2000) delineated 7 focal zones (Fig. 4).

Prevailing among focal zones is area close to Novy Kostel where almost 90% of total
seismic energy was released since 1991 (Fischer and Michalek, 2008). The whole area
demonstrates strong episodic character of the activity, but a stable range of seismic moment
rate 10'>~10'* Nm per month in the inter-swarm period indicates lasting seismic activity in the
form of single events and microswarms (Fischer et al. 2014). The maximum hypocenter
depths vary from 10 to 25 km with an increasing trend towards NW; the deepest hypocenters
in the NK zone occur at 12 km.

According to available data on historic seismicity, the earthquake swarm occurrence
has shown pronounced migration within the area of 15 % 15 km during the past 200 years
(Fischer et al. 2014). It seems that according to the activity, the major focal zone migrates in
the following way: about 1824: Hartenberg—Olovi; 1897-1962: Kraslice—Bad Brambach; and
1985-2011: Novy Kostel (Fischer et al. 2014).

The aim of this thesis is to review spatiotemporal distribution of the West-Bohemia
swarms before and after swarms and microswarms and address open questions related to
potential existence of patterns of swarm type seismic activity in the region. It is not clear
whether any of the earthquake swarms in the area has patterns during its evolution and in this

thesis, author will try to examine each episode and provide a reasoned answer.



2. Basics of seismology

In this chapter we will introduce some basic terms of seismology. It includes different
magnitude scales, seismic moment, epicenter, hypocenter, and simplified explanation of

location methods. They are necessary to better understand the earthquake swarms.

2.1.Magnitude

Even though earthquakes around the world are rather different from identical,
seismology needs values which can describe earthquakes regardless of strength and place
where they happened. For a long time in human history intensity of earthquake was measured
empirically according to reported damage caused by earthquake; this way the macroseismic
intensity I is defined. Main reasons for that were lack of instruments which can somehow
measure intensity of earthquake and absence of a method to interpret measured parameters.
First reliable seismograph was constructed by John Milne in 1892. The first magnitude scale
was invented in 1935 by Charles Richter. It is called Richter magnitude scale or local
magnitude scale. To define local magnitude M, we must measure the largest amplitude A

recorded on the Wood-Anderson seismograph, distance correction is provided by offset in log

A
MLZIOgmA(X) - 10g1vo(X)

where amplitude of the reference event is Ao and epicentral distance is X. Richter made a
table of values of Ao and logio for the different source-receiver distances. Since Richter
designed his scale specifically for southern California, local magnitude has problems with

portability (Shearer, 2009).

Nowadays ML is used as magnitude for shallow local earthquakes because it underestimates
deep, far, and large earthquakes. Gradual technological progress has led to more accurate
instruments and over time there has been a need to measure the magnitude of earthquakes
over long distances. In 1950s Gutenberg developed magnitude scale based on body-waves,

which is also known as body-wave magnitude
my=logi0(A/T) + Q(h, A) + station correction,

A is the maximum amplitude and T is the dominant period of measured waves, Q is
calibration function based on epicentral distance in degrees A and event depth h. my is varying
between stations due to radiation pattern, directivity, and local station effects, therefore
station correction is needed for stations which continually give higher or lower my values

(Shearer, 2009).



Another world-wide magnitude scale used for shallow earthquakes inducing strong surface

waves is the surface wave magnitude
Ms=logi0(A/T) + 1.66logio A+3.3

A/T is maximum amplitude A divided by dominant period of measured waves T, A is

epicentral distance measured in degrees.

While using body-wave or surface wave magnitude for stronger events, these magnitudes
scales start to saturate. Saturation means that for events stronger than 5.5 for body waves and
8 for surface waves the magnitude is underestimated. This motivated to develop new
magnitude scale based on the physical property of the earthquake source by Hanks and

Kanamori in 1979 and it is called moment magnitude defined as
szg[logmMo — 9.1],

where Mo is the moment in Nm (see below). Since moment magnitude is established on the

seismic moment of the source, it does not saturate for large events.
2.2.Seismic moment

To characterize earthquake strength from physical viewpoint, in 1966 Aki defined

scalar seismic moment as
Mo=pDA

where p is the shear modulus, D is average displacement and A is the area of the fault. Scalar
moment defined by Aki (1966) is the most widely used parameter to define the strength of the
earthquake. Important characteristics of the equation is that it is related to the physical

property of the earthquake source.

2.3.Hypocenter, epicenter, location methods

Seismic event can be described not only by its magnitude or intensity, but also by its
location. Earthquake’s location is one of the most wanted and desired information we can get;
it is described by its position on Earth’s surface and depth and origin time. Seismic activity
starts on a certain area of the fault plane, even though the area of the earthquake's hypocenter
could be broad, since P waves are faster than rupture propagation, we can use them to find
point of initial displacement. This point is called a hypocenter. Another point directly above

the hypocenter on the Earth’s surface is called epicenter (Fig. 2).



surface epicenter

Figure 2: Vertical section perpendicular to the plane of a normal fault, defining the epicenter and

hypocenter (focus) of an earthquake (Lowrie, 2009).

Earthquakes’ locations around the world require a widespread network of seismic
stations. For each event as much as possible data must be collected for better quality of output
data. To describe the principle of any location method we can take for example, P and S
waves arrival times from one seismic station. This will give an epicentral distance (distance
from the station to the epicenter of recorded event), it means that earthquake’s epicenter can
be at any point at the epicentral distance, if we will draw all these points on the map it will

look like a circle with seismic station in the center.

Usually, data from more than one station is available and seismic events can be
located relatively to the position of seismic stations. If data from two seismic stations are
available, using principle mentioned above, there will be two circles that intersect at two
points, and earthquake’s hypocenter can be any of these points. And if data from 3 stations is
available, in ideal case of constant wave velocity, the circles would intersect in a single point
only, and that will be the epicenter. But generally, due to observational errors, heterogeneity
and anisotropy of the Earth crust, and some other reasons, the intersections of three circles
would form triangle; the optimum location the earthquake’s epicenter lies at the center of the

triangle (Fig. 3).
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Figure 3: Location of earthquakes using data from three stations (Lowrie, 2009).

This is a geometrical interpretation of location methods. In practice localization in
seismology is often considered linear as inverse problem and different methods are used to
obtain precise location. For example linearization — based on method invented by Geiger
(1912), starts with initial guess and using different mathematical methods problem is
linearized, new model calculated and iterates until precision requirement is fulfilled (for
example misfit between the observed and predicted travel-times), or direct solving of the

nonlinear problem by optimization or grid search.
2.4.Seismicity (M-A, swarms)

Each year millions of different earthquakes are registered around the world. They
might be very small or large, shallow, or deep. If we consider distribution of N events with
magnitude greater than or equal to M, it can be simply described by Gutenberg-Richter

distribution law
logioN=a — bM,

(Shearer, 2009) where a is the total number of earthquakes for M>0 and b, which is also
called b-value, is equivalent to the ratio of the number of small to the number of large
earthquakes. Typical global b-value is 1, which means that the number of seismic events

increases 10 times with decreasing magnitude by 1.

Two main types of earthquake sequences can be identified. First is called mainshock-
aftershock activity and can be described by one identifiable main earthquake with a sequence
of smaller aftershock activity. Seismicity rate during this type of activity decays with Omori’s
law (Utsu 1961). Second type of earthquake sequence is called earthquake swarms.
Earthquake swarms are sequences of seismic events distributed closely by time and space

with no distinguishable main event, mostly they can last from a few days up to a few months



and their activity does not regularly decay with time. It might be a consequence of a very
heterogeneous stress field and/or a weakened crust without a sole well-developed fault which
cannot sustain higher strain (Mogi, 1963). Swarm-like activity mostly appears at shallow
depth (<10 km), appearing worldwide in various geological units at boundaries of plates,
inside the plates and in subduction zones, usually connected with volcanic activity and crustal
fluids, and ocean ridges (Horalek et al. 2021). One of the interesting features of swarms is that
they tend to migrate during activity. When seismic energy is not enough to cause earthquakes,
but enough for triggering seismic swarms then its foci during the initial stage of swarm and/or
swarm phase are clustering in the surroundings of the nucleation point and slowly migrate
outwards (Hordlek et al. 2021). The area of migration is dependent on the activity among
different fault patches on the fault plane and can be different as well as migration patterns for
the same place but different swarms (Horalek et al. 2021). Migration velocity depends on the
character of driving force, for example when swarms are related to dikes intrusion, they might
have extremely high migration rate from 0.5 m/s to 2 m/s (Horalek et al. 2021). Because most
of the swarms are occurring in the volcanic or post volcanic areas, with high activity of fluids
in the crust, Horalek et al. (2021) proposed three possible processes:

a) Migration of magma in the Earth crust

b) Propagation of dike intrusion
c) Diffusion of pressurized hydrothermal fluids

Swarm-like activity in general can be of two types: volcanic and tectonic, therefore
several models were proposed to explain the origin of swarms’ mechanism (Horalek et al.
2021). Mogi (1963) proposed that they happen due stress concentration consequently to
magma intrusion in very heterogeneous rocks. For earthquake swarms in volcanic
environments Hill (1977) proposed connection between swarms and offset inflating dikes.

Yamashita (1999) proposed the idea that rupturing, and fluid migration are connected.



3. Earthquake swarms
3.2.Typical swarm activity

Earthquake swarms might occur in different environments, such as plate boundaries,
volcanic areas inside plates and subduction zones. Typical occurrence of an earthquake swarm
is a series of overlapping sequences lasting from a few hours to a few months (exceptionally
more), on shallow depth (usually less than 10 km) and with lower magnitudes (< 5 Mv),

sometimes with migration between different patches of fault plane.
3.3.Examples worldwide

There are many different examples existing worldwide due to different environments
where swarms occur. Swarms related to volcanic activity are for example Yellowstone
volcanic field, Alaska, Japan, New Zealand, and Canary Islands. These swarms usually have
M. less than 5 with few up to 6, an extraordinary example is volcanic eruption on Miyakejima
in Japan in 2000 with Mwmax=6.4 and a lot of M>5 (Minson et al. 2007). Another interesting
example from Japan is the earthquake swarm Matsushiro in 2000. During that swarm one of
the biggest amounts of energy was released, a series of more than 700000 events with

Mwmax=5.4 (Cappa et al. 2009).

Interplate swarms are related to boundaries of tectonic plates. Iceland lies on mid-
Atlantic ridge, between Eurasian plate to the east and North American plate to the west, and it
is a great example of interplate swarms. Bardarbunga volcanic eruption went along with an
earthquake swarm that started in August 2014 and lasted for 8 months with largest magnitude
Mw=5.6 and more than 70 events exceeding magnitude Mw=5 (Horalek et al. 2021). Other

examples in Europe are western Alps and a few areas in the Apennines and Greece.

Quaternary volcanism areas with its geodynamic unrest and phenomena like diffuse
degassing, geothermal anomalies, and chemical or dissolution anomalies are good conditions
for intraplate earthquake swarms (Horalek et al. 2021). These areas are French Massif

Central, Colorado, Longvalley in California, and West-Bohemia/Vogtland region.
3.4.West-Bohemia swarms, fluids

As was mentioned above, the West-Bohemia/Vogtland region is an example of
intraplate swarms connected with Quaternary volcanism. Present seismic activity is delimited
to the area between 49.9° and 51°N and 12.0°and 12.8°E, it is about 3500 km? of area with

several focal zones and prevailing focal depths between 6 and 15 km (rarely to 25 km) and



magnitudes usually are M <4 (Fischer et al. 2014). This seismoactive region is located in the
western part of the Bohemian Massif, where three tectonic units meet: Saxothuringian, Tepla-
Barrandian and the Moldanubian. Neotectonic structure Eger rift is trending ENE-WSW and
crossing NNW-SSE striking Maridnské Lazné¢ fault (Jakoubkova et el. 2018). Volcanic
activity in the region is represented by two Quaternary volcanoes Komorni hiirka and Zelezna
hirka (estimated age 0.3 Ma; Wagner et al. 2002), and the Mytina maar (Geissler et al., 2004;
Mrlina et al., 2007, 2009; Proft, 1894; Seifert and Kdmpf, 1994). According to different
measurements age of Quaternary volcanism was determined to Middle Pleistocene 0.78-0.12
Ma ago (Mrlina et al., 2007; Sibrava and Havlicek, 1980; Ulrych et al., 2003; Wagner et al.,
2002). Vylita et al. (2007) studied travertine samples from Karlovy Vary applying 2°Th/?*4U
method and discovered that escape of magmatic CO2 dates back to 0.23 Ma ago, this fact

gives another evidence of magmatic reservoir existence beneath West Bohemia.

Within the area of seismic swarms’ activity Horalek et al. (2000) outlined 7 focal
zones (Fig. 4). Dominating area among focal zones is Novy Kostel which released more than

80% of seismic moment (Fischer and Michalek, 2008).

Fischer (2005) used Green’s function (EGF) to study seismograms of 80 selected
events of 2000 swarms and discovered that many of them display complex source-time
functions composed of several pulses. Later seismogram modeling showed that some of these
events were caused by a fast stick-slip rupturing process composed of several episodes
separated in time and space. Relative position of the sub-events respecting their orientation
shows that most of them occurred on the same fault plane (Fischer 2005). The stick-slip
rupturing of the earthquake swarm 2000 might be explained by stress and/or structural
heterogeneities which prevented propagation of rupture and generation of larger events;
absence of large events is typical behavior for earthquake swarms (Fischer 2005). Applying
different methods and its modifications Fischer et al. (2014) discovered that the prevailing
focal mechanisms in the Novy Kostel focal zone strikes about 170°, which is parallel to the
orientation of the fault plane defined by hypocenter clustering. Orientation of less frequent
linked focal mechanisms also matches the macroscopic fault plane, which means that the
individual ruptures represent a stepwise rupturing of a major fault plane going along with a

system of minor associated faults (Fischer et al. 2014).
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Figure 4: “Hypocenters in the West-Bohemia/Vogtland region from the period of 1991-2012.
Individual focal zones are indicated by colors (1 — Novy Kostel (NK), 2 — Klingenthal, 3 — Kopaniny —
Adorf, 4 — Lazy, 5 — Marktredwitz, 6 — Schoneck, 7 — Plesna) according to Horalek et al. (2000). Gray
epicenters are not associated with any focal zone; the size of the circle is proportional to the event magnitude
(Fischer et al. 2015).

Fluids are important participants in complex geodynamic processes and investigating
their role can help better understand mechanisms of these processes. The West-Bohemia
region is famous for its mineral water springs and wet and dry mofettes. They are caused by
massive CO: degassing; the total gas flow is more than 500 m*/h, and it is mostly
concentrated in three degassing areas: 1) Cheb basin 2) Maridnské l4zn€ and its eastern
surroundings, and 3) Karlovy Vary (Fischer et al. 2014). These areas are defined by high gas
flow with CO; concentrations of more than 99 vol.% with about 2-4% of §'°C, and high
mantle-derived helium contents (Fischer et al. 2014). Moving away from these areas, gas
flow, COz concentration and *He/*He ratio decreases (Fischer et al. 2014). CO; acts as
transport for minor mantle-derived components such as helium. Helium isotopes ratio is a

helps to understand if fluids are crustal or mantle origin (Briuer et al. 2004). Higher
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compared to the atmosphere, the 3He/*He ratio indicates its mantle origin. As well as the
helium isotopes ratio, 8'3C values in CO»-rich gas escapes also indicate the origin of fluids in
the upper mantle (Bréuer et al., 2004; Weinlich et al., 1999). The highest amount of mantle-
derived helium was found in the Cheb basin where R, is up to 6 (Ra is the ratio of *He/*He in
the atmosphere), in the Marianské 1lazn¢ up to 4.9 R,, and 2.5 R, in the Karlovy Vary (Fischer
et al. 2014). Lower R, (for example <6 R,) most probably caused by mixing of mantle-derived
He with crustal-derived He during its transportation along fluid pathways (Bréuer et al.,
2008). Different isotopic studies of *He/*He ratio and §!*C of CO; in mineral springs and
mofettes in West Bohemia/Vogtland shows that three degassing centers are probably supplied
by magmatic fluids from separated magmatic reservoirs at the Moho depths (for detailed
information see review Fischer et al.2014). The observed pre-seismic decrease of the *He/*He
ratio and increasing the CO; emission rate together with groundwater level changes is
probably related to strain changes of the rock during the preparatory phase of earthquake
swarms (Fischer et al. 2014). The co-seismic change of helium and CO; isotopes ratio is
possibly connected with a release of crustal-derived volatiles due to fracturing and their

admixture to the steadily ascending mantle derived flow (Fischer et al. 2014).

Multiple studies of the West Bohemia/Vogtland region shows that earthquake swarms’
activity in the area is caused by stress transfer and external driving force. Fischer et al. (2014)
studied occurrences of the earthquake swarms in the whole West Bohemia/Vogtland region
and found that they are correlated at interevent times below 11h, that implies a common
triggering force. Omori-type decay, ETAS analysis, and the Coulomb stress analysis of the
2000 and 2008 swarms indicates that activity in the Novy Kostel area is driven by stress
transfer among individual earthquakes and latter two methods also show that there was
repeated external force (possible fluid injection) at the beginning of the 2000 and 2008
activity, which might initially have triggered the activity (Fischer et al. 2014). Another role of
pressurized fluids is keeping near-critical loading of the focal zone to decrease the effective
normal stress and make stress triggering possible, despite the tiny stress change compared to
the running activity (Fischer et al. 2014). Hypocenter spreading provided better understanding
of the high fluid pressure. It agrees with pore pressure diffusion models and fits even better in
the model of hydraulic fracture the preferential growth in the up-dip direction (Fischer et al.
2014). Low Vp/Vsratio found in the focal zone independently indicates that gaseous fluid

phase was involved, and it leads to a high fluid pressure model (Fischer et al. 2014).
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4. Analysis of migration of West Bohemia swarms

4.2.Data on selected swarms - catalogs

Analysis of earthquake swarms requires data from multiple stations and from the
broad area. For this thesis due to technical reasons the seismic catalog was formed by two
parts provided by the supervisor and WEBNET. The first part provided by the supervisor
contains data from 1992 to 2005 with magnitude M>0. The second part provided by
WEBNET contains data from 1995?  to 2020, magnitude not limited from bottom. The
second part contained some gaps before 2006, which was the reason to join the catalogs in
2006 to make the magnitude M>-1 part as long as possible; this is illustrated in figure 5.

Because no statistical analysis is carried out, the varying magnitude of completeness does not

matter.

Magnitude

‘fag0 1992 1995 1997 2000 2002 2005 2007 2010 2012 2015 2017 2020

Evenls ime difference

-20 - -
1990 1992 1996 1897 2000 2002 2005 2007 2010 2012 2015 2017 2020

Time

Figure 5: Magnitudes and events time difference (interevent time) of seismic events in West Bohemia/Vogtland.
Catalog due to technical reasons was formed from two parts, the first part (1992-2005) contains data with

magnitudes M>0, the second part (2006-2020) contains data with magnitudes M>-1.
4.3.Methods used — space-time plots — maps

After preparing data for visualization, the next goal was to identify well known and
less known swarms in West Bohemia/Vogtland. Earthquake swarms are clustered in time and
space. Using interevent time and magnitude graphs it is easy to visually identify sequence
clustered in time, it will look like a column in the graphs, this sequence is potential

earthquake swarm due to clustering in time (Fig. 6).
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Figure 6: Magnitudes and interevent time graphs in 2011 in West Bohemia/Vogtland

Potential swarms identified by clustering in time (Fig. 6), must be further verified.
For this purpose, MATLAB (by MathWorks) script is used to verify clustering in space for
potential earthquake swarms. The script is drawing events on the map, it was prepared by a
supervisor and consultant, the script allows to choose the date of the interested sequence and
the time window for the event. When the date and time window for the event are set, the
script provides a graph of the magnitudes versus time where earthquake swarms are visually
identifiable and there can be limited in the beginning and the end of the swarm by clicking on
the graph. After swarm’s boundaries are set, MATLAB highlights events before swarm with
red color, after swarm with blue color, and plots their epicenters on the map (Fig. 7). Same
script and principle were used to study events from 1992 to 2020 and visualize swarms. The
purpose of this method is to find interesting swarms’ occurrences in time and/or space, to
show what happened before and after the swarms, and potentially find interesting

microswarms.

Filtering of the catalog was used to verify whether some distant events are caused by
location errors. Filtering parameters are root mean square of the location (RMS) and sum of
errors in X, Y, and Z directions. Histograms of root means square (RMS) of the location and
sum of errors in X, Y, and Z directions histogram were used to set filtering level(Fig. 8)
Initially filtration started at 4000 meters for sum of errors (in X, Y, and Z directions) and 0.1
second for RMS. Gradually filtration level of RMS and sum of errors (in X, Y, and Z
directions) was shifted to 1000 meters and RMS 0.05s. Comparing maps before and after



filtration revealed that filtration does not significantly affect outlier events occurrence

displayed by the script mentioned above.
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4.4.Interaction between swarms - categorization

Gathered maps of earthquake swarms in the area exhibit different behavior. For better

understanding and illustration of different swarms’ behavior I decided to divide them to three
categories:

1. Major swarms - their precursors and echoes
2. Minor swarms switching between different areas
3. Minor swarms in Novy Kostel area only

Although earthquake swarms are already categorized to three categories, swarms in
the same category still show different behavior. It appears that more detailed categorization
would be useful but it is out of scope of this thesis.

4.4.1. Major swarms, their precursors and echoes

Activity in 1997, 2000, 2011 and 2014 was not characterized by any visible precursor,
there was minor activity before and after the swarm (Fig. 9). On the other hand, activity in
2017 (Fig. 10) was preceded by microswarms in Plesnd, Lazy, Kopaniny — Adorf, and
Klingenthal areas (see fig. 3). Swarm itself appeared in Novy Kostel area, activity faded in

Kopaniny — Adorf and Lazy areas.
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4.4.2. Minor swarms switching between different areas

The second category contains minor swarms that switch between different areas; they
have relatively faster interactions (period <42 days). 1996 swarm shows weak swarms with
very fast (<14 days) interaction between Novy Kostel and Plesné zones (Fig. 11). Interesting
distant swarm interaction appeared in 2015, in the Novy Kostel zone and Karlovy Vary, that

didn’t appear before or after in the studied catalog (Fig. 12).
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During 2016, activity was present throughout the whole fault zone, for better illustration a

longer period (70 days) is used (Fig. 13), the same phenomenon continued in 2017 (Fig. 14)

and followed by major earthquake swarm in July 2017 (Fig. 10).

4.4.3. Minor swarms in the Novy Kostel area only

The third category consists of swarms occurring in the Novy Kostel area only, there is

no interaction with other focal zones, swarms are weaker comparing to major swarms

(strongest events are with magnitude M<2.5). For this group longer time window was used

(period 49 — 98 days) to show that there are no significant events before or after swarms.

Selected swarms from 2007 to 2012 show typical example for this group (Fig. 15).
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In 2013 southern and northern subclusters in Novy Kostel area were active simultaneously

(Fig. 16).

Figure 16: Activity of southern and northern subclusters in Novy Kostel area. See Fig.7 for meaning of the
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Discussions and conclusions

This thesis describes earthquake swarms which appear to me as quite interesting type
of seismic sequence. Earthquake swarms occur all over the world and in various conditions.
Considering that the swarms’ magnitudes usually are less than that of ordinary earthquakes, in
West Bohemia, the magnitude is usually M <4, high-precision recording is needed for high-
quality swarm observation. The first high-precision instrumental observations in this area
began from 1985/86. For this thesis was a joint catalog for the period 1992 — 2020 was
compiled using data provided by the supervisor and WEBNET. To identify swarms, I studied
clustering of seismic sequences in time and space. The beginning and the end of each swarm
was picked according to my opinion. I selected total 28 swarms from 1992 to 2020 for more
detailed research in terms of the space and time evolution with respect to the occurrence of
the activity before and after the individual sequence. Maps were created with the selected
swarms; the selected earthquake swarms were distributed to three categories:

1. Major swarms - their precursors and echoes

2. Minor swarms switching between different areas
3. Minor swarms in Novy Kostel area only

Total 15 maps were used as examples in this thesis to represent each category. The first
category contains major swarms (Mp<4) with longer periods (77 — 334 days), the second
category are minor swarms (Mr<2) with faster interactions (14 — 77 days) between different
zones, the third category is about medium fast (49 — 98 days) minor swarms in the Novy
Kostel area only. Categories were proposed for the better illustration of the different swarms,
categorization of the swarms is performed according to author’s opinion. Activity before,
during, and after swarms was studied to identify any regularities in activity. Author did not
find any pattern of swarms’ activity using this method during mentioned period. The
beginning and the end of each swarm was picked according to my opinion, also there are no
strict rules for each category, and no statistical analysis was performed, so the results should
be considered subjective. For this reason, detailed quantitative analysis is needed to provide

more relevant conclusions.
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