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Abstrakt

Západńı Čechy jsou jednou z geodynamicky nejaktivněǰśıch oblast́ı Středńı Ev-
ropy. Oblast se vyznačuje mnoha př́ırodńımi jevy, jako např́ıklad zemětřesnou ak-
tivitou ve formě opakuj́ıćıch se zemětřesných roj̊u. Stavba k̊ury v této oblasti byla
předmětem mnoha geofyzikálńıch výzkumů, které odkryly př́ıtomnost zvýšené re-
flektivity spodńı části k̊ury. V této práci použ́ıváme multiazimutálńı př́ıstup au-
tor̊u Hrubcová et al. (2013) pro detekci výrazných rozhrańı na hranici k̊ura/plášt’.
Tuto metodiku aplikujeme na vlnové záznamy roj̊u z let 2000 a 2008, registrované
vzdáleněǰśımi německými stanicemi s ćılem rozš́ı̌rit povědomı́ o hloubkách a cha-
rakteru rozhrańı mezi zemskou k̊urou a pláštěm v západńıch Čechách a přilehlých
oblastech. Ukazuje se, že s rostoućı vzdálenost́ı od epicentrálńı oblasti se mocnost
reflektivńı zóny v Německu zvětšuje. Výsledky této práce se shoduj́ı s výsledky
aktivńıch i pasivńıch seismických experiment̊u z dř́ıvěǰśıch let.
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Abstract

The region of West Bohemia is one of the most geodynamically active areas
of Central Europe. The activity is characterized by many natural phenomena
such as recurrent seismic swarms. The crustal structure of the region was subject
of many geophysical investigations that revealed increased reflectivity of the lower
crust. In this thesis, we adapt the multi-azimuthal approach for the detection
of crustal discontinuities developed by Hrubcová et al. (2013). We apply the ap-
proach on waveforms of the 2000 and 2008 swarms that occurred in the Nový Kos-
tel focal area registered by several German stations. Analysis of the data of more
distant German stations allowed expanding of the information about the depth
and character of the crust/mantle transition in a broader area of the West Bo-
hemia region. The results show a thickening of the zone in Germany with in-
creasing distance from the epicentral area. Such findings are in agreement with
previous active and passive seismic experiments.
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1. Introduction
The Earth is a stratified body formed of several layers of varying thickness

and physical properties: the crust, the mantle (inner and outer) and the core
(inner and outer). The layers are separated by transition zones where the phys-
ical properties, e.g. the density or, more importantly, the seismic wave velocity,
suddenly alter. Such defined boundaries are generally termed “discontinuities”.

The outermost seismic discontinuity, the Mohorovičić discontinuity (often sim-
ply referred to as the ”Moho”), was discovered by and named after the Croatian
seismologist Andrija Mohorovičić, and it is defined by a distinct change in seismic
wave velocities between the Earth’s crust and the upper mantle (Mohorovicic,
1909). Since its discovery more than 100 years ago, it has been a subject of
many investigations that improved our knowledge of this prominent boundary.

It is situated about 10–20 km below the ocean floor, 25 to 40 km below the con-
tinents and as much as 60 to 80 km below some mountain ranges. It is character-
ized by an abrupt increase in P-wave velocity from less than ∼ 7.2 km s−1 to more
than ∼ 7.8 km s−1, and likewise by an increase in S-wave velocity. These changes
in seismic velocity indicate changes in the elastic parameters, resulting from a sig-
nificant mineralogical change (and thus change in rock types) between the crust
and the uppermost mantle. As a consequence of this sharp contrast, the Moho
can be studied using geophysical and, in particular, seismic data.

Since the Moho is the shallowest of the Earth’s major seismic discontinuities,
its depth and topography can be examined exploiting the waveforms from lo-
cal microseismic earthquakes that occur in the upper and middle crust. Their
hypocenters are situated well above the Moho boundary, but at the same time well
below the near-surface structures not to be influenced by the multiple scattering
such as the data from seismic sources situated at the Earth’s surface. Other ad-
vantage of microseismic sources is that they often occur in high numbers, as in the
case of intra-continental earthquake swarms, where individual events are typically
clustered in space and time. Furthermore, the microseismic data are generated
by local sources producing seismic waves of high frequency and thus providing
more details about the studied structure (Hrubcová et al., 2013).

Hrubcová et al. (2013) developed multi-azimuthal approach for processing mi-
croseismic data that allow gaining new information about the crustal structure
of the studied area. The authors subsequently applied this method on a dataset
comprised of hundreds of waveforms registered by the local seismic network WEB-
NET, whose purpose is to monitor the seismic activity in the West Bohemia re-
gion. The crustal structure of the mentioned region has been previously studied
by many active and passive geophysical investigations that revealed diverse char-
acteristics of the crust/mantle transition. This new approach allowed the authors
to distinguish detailed lateral variations of the crust/mantle boundary together
with varying thickness of the transition zone.

The objective of this thesis is to apply the above mentioned method on
the waveforms of earthquakes generated in the West Bohemia region detected
by more distant German stations, hence expand the information about the depth
variations of the Moho boundary.
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1.1 Geodynamic area of West Bohemia
The study area is situated in the western part of the Bohemian Massif and

represents one of the most active geodynamic areas in Europe. The activity
is manifested by various natural geodynamic phenomena, which include CO2
degassing, frequent occurrence of mineral springs, recent volcanic activity and
recurrent seismicity in the form of the earthquake swarms (Fischer et al., 2014).

The Bohemian Massif is one of the largest and most significant outcrops of
the Variscan orogenic belt stretching across a large part of Czech Republic, Ger-
many, Poland and Austria. This tectonic unit was formed approximately be-
tween 500 and 250 Ma following a collision of continents Laurasia and Gondwana
(Babuška & Plomerova, 2013), and later by complex motions among continental
plates and microplates (Matte et al., 1990).

The western part of the Bohemian Massif is located at the contact of three tec-
tonic units (Fig. 1): the Saxo-Thuringian in the northwest, the Teplá-Barrandian
in the middle and the Moldanubian in the southeast (Babuška et al., 2007).
The most noteworthy geologic features of the region are the ENE-WSW striking
Eger Rift and NNW-SSE oriented Mariánské Lázně fault. The former belongs
to the European Cenozoic Rift System and it is a 300 km long and 50 km wide
neotectonic structure formed as a result of the post-orogenic extension mixed
with the alkaline magmatic activity during the Cenozoic (Prodehl et al., 1995).
Another important fault system of the area, is the N-S trending Počátky-Plesná
zone (Bankwitz et al., 2003).

The seismic activity covers an area delimited approximately by 49.8◦–50.7◦N
and 12◦–13◦E spreading over more than 3000 km2 (Čermáková & Horálek, 2015);
however, 80 % of the seismic energy released within the last 25 years is related to
a relatively small active zone of Nový Kostel (Fischer et al., 2014). The majority
of the earthquakes in this area occur at depths between 5 and 15 km (Horálek &

Fig. 1: Simplified tectonic units of the Bohemian Massif with profile lines of major
seismic experiments (after Hrubcová et al., 2013).
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Fischer, 2010). The seismicity is released in form of earthquake swarms. An earth-
quake swarm can be described as a series of minor earthquakes, with none of
them being the main shock, occurring in limited area and time (Sheriff, 2002).
The strongest instrumentally recorded event in West Bohemia took place during
the 1985/1986 swarm reaching a magnitude of 4.6 (Vavryčuk, 1993).

Compared to earthquakes that occur along plate margins, the intraplate seis-
mic activity is relatively rare and its causes are not fully understood. Current hy-
pothesis for the origin of earthquake swarms in West Bohemia region is that their
genesis is related to fluid migration (e.g. Špičák & Horálek, 2001; Weise et al.,
2001; Bräuer et al., 2003; Heinze et al., 2017). Isotope analysis of ascending gases
showed high ratios of 3He/4He that point at their mantle origin (Fischer et al.,
2014). Recently, Babuška et al. (2016) proposed new model of the origin of West
Bohemian earthquake swarms. According to the authors, the driving force be-
hind the origin of West Bohemian earthquake swarms might be the combination
of continuing subsidence of the Cheb Basin, adjacent to the Nový Kostel area,
and the regional stress field.

The geodynamics of the region enabled to establish numerous popular and
frequently visited sites as, for instance, the SOOS National Nature Reserve,
a complex of peat bogs and salt marshes with numerous mineral springs and
CO2 degassing mofettes. The exploitation of carbonated mineral waters gave rise
to various spa resorts, such as famous Karlovy Vary, Mariánské, and Frantǐskovy
Lázně.

1.2 Previous geophysical investigations
Thanks to its uniqueness, the West Bohemia region draws the attention of

numerous research teams on national and international levels. Several active and
passive seismic experiments were conducted over the past 25 years. Active seismic
studies involved long reflection and refraction profiles of different depth range
investigating crust and upper mantle as well as the crust/mantle boundary.

The CEL 09 refraction profile of the CELEBRATION 2000 experiment (Hrub-
cová et al., 2005) was deployed to investigate the deep structure of the Bohemian
Massif. In its NW part, corresponding to the Saxothuringian, the resulting model
indicates the presence of a highly reflective top of the lower crust at the depth
of 27–28 km. The transition between crust and mantle in this part of the pro-
file has been modeled by a gradual increase in velocity from 6.9 to 7.5 km s−1,
forming a reflective laminated zone up to 8 km thick. The results of the perpen-
dicularly oriented MVE-90 reflection profile exhibit similar 5–6 km thick reflec-
tive zone above the Moho boundary, whose depth was estimated at 10 s two-way
travel time, which corresponds to a depth from 30 to 32 km (DEKORP Research
Group, 1994). The existence of a high velocity layer at the base of the crust
in the Saxothuringian was likewise detected by the GRANU 95 reflection profile
(Enderle et al., 1998). Increased reflectivity of the lower crust in the West Bo-
hemia region is also visible on the resulting sections of the reprocessed reflection
profile 9-HR (Mullick et al., 2015; Tomek et al., 1997).

Passive seismic studies exploit the natural seismicity detected by permanent
and mobile seismic stations. Geissler et al. (2005) carried out teleseismic receiver
function study. The authors interpreted P-S converted phases from the base
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of the crust at delay times around 3.7 s corresponding to Moho depth at about
31 km. Lower delay times underneath the western part of the Eger rift suggest
smaller thickness (27 km) of the crust in this area.

Another passive seismic survey was carried out by Hrubcová et al. (2013).
Their new approach of processing microearthquake data brought detailed infor-
mation about the topography of the crust/mantle laminated transition zone in
West Bohemia region. The results of this study revealed 2 to 4 km thick reflective
zone at depths ranging from 27 to 31.5 km (Fig. 2).
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Fig. 2: Topography for the top and the bottom of the Moho reflective zone. The re-
sulting surfaces were obtained by the interpolation of detected Moho reflections (white
dots) situated between the events (black dots) and the stations (triangles) (after Hrub-
cová et al., 2013).
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2. Data and registration
The West Bohemia region is well-known for its seismic activity in the form of

frequently occurring earthquake swarms. Within the past 30 years, the Nový Kos-
tel focal area experienced six swarms, each of them with the strongest event ex-
ceeding local magnitude (ML) of 3. The most significant swarms were in 1985/86,
1997, 2000, 2008, 2011 (Fischer et al., 2014), and also in 2014 with the strongest
event of ML = 4.5.

For the purpose of this thesis, we used selected waveforms of two swarms
from the years 2000 and 2008. There were also a small number of independent
waveforms from different years, e.g. 2006, 2007 and 2012. These waveforms were
often of poor quality and did not belong to any major swarm activity stated above
and thus were not used.

2.1 WEBNET network and German stations
The seismicity of the West Bohemia region is monitored by the WEBNET net-

work which consists of 13 permanent and 10 temporary stations. Since the main
purpose of the network is to detect and record local seismic activity, the sam-
pling frequency and frequency range of these stations are correspondingly high.
All WEBNET stations operate at the same sampling rate of 250 Hz (Fischer
et al., 2010). Even though the analysis of lateral Moho depth variations using
the data from WEBNET stations was already implemented by Hrubcová et al.
(2013) and is not the main subject of this thesis, knowing the basic characteristics
of the network is still essential for two reasons. First, the location of all events
used for this study was determined via data registered by WEBNET stations.
Secondly, waveforms from the mentioned stations were provided to the author
in order to ensure the understanding of the applied methodology and its correct
further application on the data from German stations (Fig. 3).

Opposed to the unique high sampling frequency of the WEBNET network,
the sampling rate of German stations is considerably lower and differs from station
to station (Tab. 1). This might be due to the different operating age of the stations
and the fact that the stations work within the frame of different networks (BGR,
n.d.).

Stations GRB1-4 are part of the Gräfenberg Array (GRF) whose primary func-
tion was to detect nuclear explosions taking place in the early 1960’s at the Nevada
Test Site, U.S.A (Browitt, 1994). All of the GRF stations are broad-band sta-
tions and they are equipped with STS-2 seismometers. The array is operated
by Seismological Central Observatory which is a part of the Federal Institute for
Geosciences and Natural Resources (BGR). The rest of the stations belong to
the German Regional Seismic Network (GRSN) run by BGR. Their instrumen-
tation consists mostly of the same type of seismometers. Only the station VIEL
contains Lennartz LE-3Dlite seismometer. Stations MANZ, ROTZ and VIEL are,
furthermore, part of the BayernNetz network (BW) maintained by the Bavarian
Seismological Service. All German and WEBNET stations provide seismograms
proportional to the ground velocity.

As the data come from various years, the sampling rate alters even for wave-
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Fig. 3: Topography map with WEBNET (blue triangles) and German (red triangles)
stations. Yellow dots represent seismic events from the 2000 and 2008 swarms.

forms registered by the same station, suggesting changes in the instrumentation.
The BayernNetz network operates with two separate data streams providing two
types of sampling rates, however, only the data from the stream with lower sam-
pling frequency (20 Hz) are transferred completely (Kraft, 2006). This clarifies

Tab. 1: Nine German stations, their coordinates, sampling frequency and number of
registered events. First number in sampling frequency is the prevailing frequency.

ID Name Network Latitude
[◦N]

Longitude
[◦E]

Altitude
[m]

Sampl.
Freq. [Hz]

N◦ of
Events

GRB1 Bruennthal GRF 49.391 11.652 502 100, 20 96
GRB2 Reichertswinn GRF 49.271 11.670 547 100 21
GRB3 Eglhofen GRF 49.344 11.806 519 100 98
GRB4 Heldmannsberg GRF 49.469 11.561 510 100, 20 76
MANZ Manzenberg BW (GRSN) 49.986 12.108 638 20, 200 22
MOX Moxa GRSN 50.645 11.616 455 80 99
ROTZ Rotzenmuehle BW (GRSN) 49.767 12.207 430 20, 200 98
VIEL Vielitz BW (GRSN) 50.186 12.103 670 125 274
WET Wettzell GRSN 49.144 12.878 613 100 99
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variously sampled waveforms originating from the same 2008 swarm at the sta-
tion ROTZ. The sampling frequency of the station VIEL was, at the time of
the 2000 swarm registration, 125 Hz. None of the waveforms registered by the sta-
tion MANZ originate from the two swarm activities.

2.2 The 2000 and 2008 earthquake swarms
The 2000 swarm lasted 4 months (from August to December 2000) and its

activity can be divided into nine episodic phases, each of them persisting for sev-
eral days (Fischer, 2003). As compared to the earlier swarm, the 2008 earthquake
swarm occurred during October and November 2008 and lasted about 4 weeks.
However, the majority of seismic moment was released within a period of five days.
Approximately 25,000 microearthquakes were recorded, where almost 100 of them
were with the ML ≥ 2.0 (Horálek et al., 2009; Fischer et al., 2010).

Despite different duration and slightly varying dynamics of their activity,
both swarms were similar in many aspects (Fischer et al., 2014). Focal depths
of the two swarms ranged between 6 and 11 km, with an upward migration
of the hypocenters of the 2008 swarm and a counter-clockwise migration of
the 2000 swarm (Fischer et al., 2010). Also, the focal mechanisms were com-
parable. For both swarms, we can identify two types of focal mechanisms, sug-
gesting activation of two different fault systems. The prevailing focal mechanism
of the 2008 swarm was an oblique left-lateral strike slip with a normal component
pointing at the activation of a fault identified by the strike of 169◦. Small frac-
tion of events occurred along less active fault oriented in the WNW direction
with the strike of 304◦, displaying an oblique right-lateral strike slip mechanism
(Vavryčuk, 2011a,b,c). The majority of the 2000 swarm events have a focal mech-
anism similar to the predominant one of the later swarm (Fig. 4). A smaller sec-
tion of events display an oblique-thrust type mechanism, showing prevailing
strikes of 355◦–360◦ (Horálek & Š́ılený, 2013). Furthermore, the hypocenters
of both swarms seem to be located at the same segment of the steeply dipping
fault plane of the Nový Kostel focal zone (Horálek et al., 2009; Fischer et al.,
2010). This assumption was confirmed by Bouchaala et al. (2013) who analyzed
the geometry of the focal zone using master-event and double-difference location
methods. From the results of this study it can be concluded that the fault sur-

a) b) c) d)

Swarm 2000 Swarm 2008

Fig. 4: Characteristic focal mechanisms for the 2000 (the two images on the left – after
Horálek & Š́ılený, 2013) and 2008 (the two images on the right – after Hrubcová et al.,
2013) swarms. (a) and (c) represents the prevailing mechanisms of a given swarm. (b)
and (d) are the secondary mechanisms.
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faces of the two swarms appear identical within the range of the location error of
less than 100 m.

Events from the 2000 swarm were located by master event method (Fischer,
2003); events from the 2008 swarm were located with double difference method
(Bouchaala et al., 2013).

Given the similarity of the two discussed swarms, simultaneous application
of the waveforms from both swarms for the Moho depth determination seems
feasible. Nevertheless, waveforms from the 2000 swarm were available only for
one of the German stations with no 2008 data. Therefore the two swarms were,
in this study, processed separately.
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3. Methodology and data
processing

The waveforms recorded at the seismic stations contain various information on
the source and the structure. The structure is sampled by seismic rays propagat-
ing from the source to the receiver. In our study, we aim at retrieving the depth of
the Moho discontinuity. We interpret the Moho reflected/converted SmS, PmP,
and PmS phases (Fig. 5a) recorded in waveforms of local earthquakes.

Fig. 5b shows seismic waveforms recorded by German stations. This figure
displays notable time difference between the P-and S-wave arrivals at different
stations depending on their epicentral distances. Apart from distinct arrivals of
the direct P- and S-waves, the waveforms contain other converted and reflected
waves generated at deep and shallow structures. For their precise determination
we adopt the approach developed by Hrubcová et al. (2013).

All available stations were processed individually. First, the cross-correlation
of the direct P-waves was applied in order to determine their exact onsets.
The waveforms were consequently aligned according to their P-wave arrivals, usu-
ally 1 s prior to P-wave onsets. Such aligned traces were then sorted according to
their increasing hypocentral distance. This data processing enabled to highlight
the coherent information of the converted and reflected phases and thus their
identification (Fig. 6). Finally, the phases were associated with the traveltimes
of the Moho reflected/converted waves calculated by ray tracing. The travel-
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times were calculated for the simplified velocity model with horizontal layers and
constant velocities (Fig. 7) derived from Málek et al. (2005).

The described methodology was applied so far only on the data acquired by
WEBNET stations. Given varying distance of the German stations from the focal
area and their different instrumentation, additional analysis and new steps in data
processing had to be introduced.

3.1 Data pre-processing
The data were affected by prevailing low frequency noise (< 1 Hz) which

was, together with the high frequency content of the signal (> 20 Hz), removed
using Butterworth bandpass filter. The low frequency content dominated mainly
waveforms of weaker events, recorded by more distant stations (Fig. 8a).
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One of the first step of pre-processing consisted of data checking for unwanted
events interfering with phases of interest. Such events had to be deleted from
waveforms to avoid misinterpretation (see Fig. 8b).

The detection of seismic events in seismograms can be done either manually,
by picking P-wave first arrivals, or automatically, via phase-picking algorithms.
In both of these cases, errors from the onset detection can arise. Since we are
using datasets with earthquakes of similar focal mechanism, we can determine
the precise onsets of individual events by P-wave cross-correlation.

The cross-correlation is a statistical measure of similarity of two independent
signals (time series) as a function of the relative shift (time lag) between them.
The best possible results were obtained when cross-correlating each individual
waveform with the rest of the waveforms recorded at the same station. In that
way, we estimated the mean time lag for each seismic trace and consequently used
that lag for the P-wave alignment (Fig. 9).
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Fig. 9: P-wave alignment of waveforms recorded by the station MOX. Red crosses
denote the P-wave onset. (a) Uncorrelated waveforms. (b) Cross-correlated waveforms
following the approach described above. Small number of waveforms had to be adjusted
manually.
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3.2 Data rotation
As stated earlier, the registered seismic traces carry the information about

the geologic interfaces that produce reflected and converted phases. The arrival
time and the amplitude of these phases are determined by the mutual geometry
of the incident wave and the interface and by the velocity contrast at the in-
terface. However, when studying local microearthquakes, other factors, such as
the focal mechanism and the source-receiver geometry, can have significant effect
on the resulting amplitude of converted/reflected phases (Hrubcová et al., 2013).

All seismic stations, both from the WEBNET network and the German ones,
provide 3-component (vertical (Z), northing (N), easting (E)) data. This kind of
data can be transformed into other coordinate systems, which are more convenient
for analyzing seismic waves of certain type. Three frequently used coordinate
systems in seismology are the ZNE, ZRT and LQT systems. The ZRT system
is advantageous when studying the surface waves, because it allows separating
the Rayleigh and Lowe waves. In this case, the vertical component (Z) remains
unchanged, only horizontal components are rotated into radial (R) and tangential
or transverse (T) directions. The radial component is in direction of elongation
of the line that connects the epicenter and the seismometer. The T component
is orthogonal to both Z and R and its direction is given by the right hand rule.

If the backazimuth (ba) and the angle of incident ray (i) are known, the data
can be rotated into the LQT coordinate system (e.g. Plešinger et al., 1986):⎡⎢⎣ L

Q
T

⎤⎥⎦ =

⎡⎢⎣cos(i) −sin(i)sin(ba) −sin(i)cos(ba)
sin(i) cos(i)sin(ba) cos(i)cos(ba)

0 −cos(ba) sin(ba)

⎤⎥⎦
⎡⎢⎣ Z

E
N

⎤⎥⎦ (1)

The longitudinal (L) axis points to the direction of the P-wave, the T component
is the same as in ZRT system and the Q component is perpendicular. This system
is advantageous for separating the energy of P- and S-waves. The P-wave will
be recorded on the L component whereas the SH energy on T and the SV on
Q component.

3.2.1 Rotation in the horizontal plane
In order to analyze the impact of the earthquake source parameters and the ra-

diation pattern, Hrubcová et al. (2013) calculated synthetic waveforms using
the discrete wave number method. To simulate conditions as close to reality as
possible, the authors benefited from the results of previous studies investigat-
ing the 2008 swarm and the area of interest. For the modeling procedure, they
used following parameters: the predominant focal mechanism of the 2008 swarm
(Fig. 4); 1-D velocity model derived from Málek et al. (2005) with the Moho at
a depth of 30 km and hypocenters simulated in places of actual events with the ac-
tual source-receiver geometry. To evaluate possible changes in the amplitude of
reflected/converted phases, the synthetic waveforms were rotated in the horizon-
tal plane into specific azimuths. In some azimuths, the reflected phases were well
pronounced, in some others, their amplitude was significantly lower or they were
not present at all (Fig. 10).
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Fig. 10: Synthetic and real waveforms at the WEBNET station KAC, whose position
in the geographical map is marked by a pink triangle (upper left corner of the figure).
Both synthetics and data were rotated into azimuths of 0◦ and 90◦ and aligned according
to the arrival time of the Moho reflected SmS phases. (a) Synthetic waveforms of
15 events calculated for the prevailing focal mechanism. (b) Actual waveforms recorded
at the station KAC. The Moho reflected SmS phases are well pronounced in the azimuth
90◦. On the other hand, the reflected energy is missing for the azimuth 0◦. The results
of the synthetics are in agreement with the data (after Hrubcová et al., 2013).

In our case, we are processing data with similar mechanism so that we rotated
all waveforms registered by each station following the approach of Hrubcová et al.
(2013).

3.2.2 LQT rotation
The WEBNET stations are designed to survey local seismicity of the region

and thus their distances from the epicentral area are relatively small (< 25 km).
Consequently, the incidence angle of the Moho reflected/converted phases regis-
tered by these stations is close to vertical. Therefore, when processing the data
from closer stations, we can rotate to near-vertical system (ZRT). Fig. 11 shows
the incidence angle of different phases retrieved from the velocity model (Fig. 7)
and plotted with the increasing epicentral distance. The figure shows that the in-
cidence angle of the Moho PmP and SmS reflected waves recorded by closer
WEBNET stations is rather small with values around 10◦. However, with in-
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Fig. 11: Incidence angle as a function of the epicentral distance. Blue curve represents
direct P- and S-waves, red curve represents the Moho reflected PmP and SmS waves.
The P and S curves are the same because we use the constant vp/vs ratio. The same
applies to PmP and SmS phases. Grey rectangles denote the range of WEBNET and
individual German stations.

creasing epicentral distance, the Moho reflected phases arrive at more distant
stations under increasing angles, up to 37◦.

For these reasons, we rotated the data from more distant German stations into
LQT coordinate system. Since we are processing reflected and converted phases,
we rotated the seismograms into the direction of the reflected/converted Moho
waves (Fig. 12). Doing so, we isolated the PmP phase on the L component and
the SmS (resp. PmS) energy in the QT plane. Furthermore, to deal with the in-
fluence of the focal mechanism of the source, we rotated data in the QT plane
into number of azimuths, similarly to Hrubcová et al. (2013).

3.3 Auxiliary processing
The amplitude of Moho reflected/converted phases is, compared to the am-

plitude of direct waves, much smaller. Consequently, it is hard to identify these
phases on unprocessed waveforms. The low amplitude can be compensated using
one of normalization techniques.

The way we process the local seismic data bears a slight resemblance to pro-
cessing of seismic reflection records, as in, for instance, hydrocarbon exploration.
In both of these methods, we aim to stack multiple reflected phases in order to
maximize the reflected energy and thus identify subsurface structures. However,
the two approaches differ substantially in the terms of source-receiver geometry.
Within the approach that we use, we benefit from natural seismic sources and
from already deployed seismic stations. Nevertheless, we cannot choose their spa-
tial distribution. Also, the quantity of detected reflections is limited by the num-
ber of stations and available data. On the contrary, in the seismic reflection
method, we can control the vertical and horizontal resolution by carefully select-
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of reflected/converted phase. Note that when we want to rotate into the direction of
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ing the type of the source, the number of receivers and their distribution.
Since the two methodologies are similar, we can adopt one of many tools orig-

inally developed for the seismic reflection data processing and apply it on the mi-
croearthquake data. The reflected phases are in both cases affected by geometric
spreading and energy dissipation in the earth that cause the amplitude decay.
The decay can be compensated using one of gain control functions (Reynolds,
2011). There are many different types of gain functions such as the time variable
gain, exponential gain or automatic gain control (AGC). The AGC is a trace
normalization procedure which aims to improve the visibility of weaker and late-
arriving phases. There are two versions: RMS AGC and Instantaneous AGC
(Yilmaz, 2001).

When applying the former, the trace is divided into a number of time windows
of fixed or varying length. Inside the window, the amplitude of each sample xi

is squared. The RMS amplitude is then obtained as a square root of the mean
of these values. Consequently, the scaling factor g(t) is computed to normalize
the RMS value to a desired value Adesired:

g(t) = Adesired√
1
N

∑N
i=1 x2

i

(2)

Such calculated scaling value is usually related to the centre of the time window.
In order to determine the scale factor for other samples of the trace, we interpolate
the values between the window centers.

The scaling factor in Instantaneous AGC is computed similarly. In this case,
we use the mean absolute value of trace amplitudes within the specified time
window:

g(t) = Adesired

1
N

∑N
i=1 |xi|

(3)
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Fig. 13: Illustration of the effect of the Instantaneous AGC applied on the data
registered by one of the WEBNET stations. The left image shows S-wave normalized
data; the right one shows the same data after the AGC.

Instead of segmenting the trace into a number of time windows, we calculate
the scaling factor for each individual sample by employing a sliding time window
of a fixed length. The time window moves down the trace until all samples have
been corrected.

Fig. 13 shows the comparison of the S-wave normalized and AGC corrected
data. An Instantaneous AGC with 3 s long time window was applied. Whereas
the S-wave normalized data show distinctly only the S-wave arrival, more phases
can be identified on the data after AGC. Moreover, the original data were not
cleared of unwanted later-arriving events. The traces containing these events
are well visible on the S-wave normalized section, but they tend to blend in on
the AGC processed section.

The choice of the number of samples, i.e. the length of the time window within
which the amplitudes are normalized, affects the resulting picture. If the window
is short, the procedure tends to boost all phases, including the noise, to the same
level. Consequently, strong reflections become less distinct and the trace will
lose character. On the other hand, a longer window lowers the effectiveness of
the AGC process and some weak reflectors may be lost.

The AGC proved to be a valuable tool for fast assessment of different co-
herently sorted reflected/converted phases in the waveforms. It also visually
suppresses the unwanted events recoreded in coda waves. It is a good addi-
tion to the methodology of processing waveforms of local earthquakes. However,
the application of AGC is rather significant data correction that doesn’t preserve
the relative amplitudes. Also, an inappropriately selected window length could
lead to a misinterpretation of the stacked energy. Therefore, it was not used for
data normalization.

3.4 Selection of suitable stations
Hrubcová et al. (2013) identified the SmS phases at each of 22 WEBNET sta-

tions. Only 7 stations could have been used for the interpretation of the PmS con-
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verted waves and only one station detected the PmP phases. The detectability of
the PmP waves at more distant WEBNET stations (17–25 km) was aggravated by
the overlapping S-wave coda. The two remaining phases were well separated from
the direct waves and their codas and thus were suitable for the Moho depth de-
termination. The converted PmS phase is usually much weaker than the reflected
phases and consequently only the strongest PmS conversion were identified.

The epicentral distance of German stations varies much more than in the case
of closely distributed Czech stations. Consequently, the arrivals of different phases
will vary for each variously distant station. To this end, theoretical traveltime
curves of direct and reflected/converted phases were computed for the 1-D velocity
model (Fig. 7) with the source fixed at a depth of 10 km and the Moho situated at
a depth of 30 km. The relative position of the direct and other phases of interest
differs significantly from station to station (Fig. 14).

The detectability of the Moho phases at the station VIEL is, given its smaller
distance from the epicentral area, analogous to the detectability at the farthest
WEBNET stations. The same applies for the station MANZ, which is situated
just 10 km further. The synthetic curves show the arrival of the PmP reflected
phase at this station just before the S-wave onset. Nevertheless, the PmP wave
could collide with the direct one in case of shallower events and (or) deeper Moho.
Eventually, the station MANZ was not used for the Moho depth determination
due to the low number of detected events. The station VIEL was used for the PmS
and SmS interpretation.

The station ROTZ was excluded from the PmS interpretation as this phase
directly coincides with the S-wave and its coda. The two other Moho reflected
phases are reasonably detached from their direct counterparts. Hence, this sta-
tion seemed suitable for the interpretation of PmP and SmS phases. However,
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Fig. 14: Synthetic traveltime curves for different phases. Grey rectangle denotes
the range of WEBNET and individual German stations. P-wave - dark blue; S-
wave - red; SmS - orange; PmP - brown; PmS - purple; Pn - green; Sn - light blue.
The synthetic traveltime curves were calculated for the 1-D velocity profile (Fig. 7)
with the Moho at a depth of 30 km and the source at a depth of 10 km.
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the Moho reflected PmP phases were not visible on the sections and thus only
the SmS phases were used for the analysis.

The station MOX was likewise acceptable for the PmP, SmS and possibly
also for the PmS analysis. This station is the first one of the group to be lo-
cated beyond the critical distance. Consequently, the refracted Pn and Sn phases
emerged. Similarly to station ROTZ, only the Moho reflected SmS phases were
detected.

With increasing distance, the reflected waves asymptotically approach the di-
rect waves. At the stations situated further than 110 km (stations GRB1-4 and
WET), the reflected phases are completely absorbed by the direct wave co-
das, which made these stations unusable for the PmP and SmS interpretation.
On the other hand, the distant stations could be used for the PmS analysis,
as the converted wave is well separated from the other phases. However, these
phases were weak and we were not able to identify them in the recordings of
distant German stations.

To conclude, Tab. 2 shows which stations and Moho phases were used for
the Moho depth determination.

Tab. 2: List of detected reflected/converted Moho phases at German stations.

STATION PmP PmS SmS

VIEL no yes yes
MANZ no no no
ROTZ no no yes
MOX no no yes

GRB1-4 no no no
WET no no no

3.5 Spectral analysis
Since we were processing the waveforms from local microearthquakes, the fre-

quency of the phases under examination was relatively high compared to, for
instance, the frequency of the waves generated by a more distant strong event
recorded by the same station or by teleseismic events. As stated above, the sam-
pling frequency of WEBNET stations is considerably high and these stations
provide data of good quality. On the other hand, some German stations operate
at sampling frequencies as low as 20 Hz. To determine whether the low-sampled
data could be used for the Moho depth determination, a closer look at the fre-
quency content of the waveforms was required.

The case of low sampling frequency applies in particular for the station ROTZ
which had enough data for the subsequent analysis. Ideally, we should investigate
the frequency content of a similarly positioned station with the data originating
from the same source. The closest, in terms of the epicentral distance, was
the station MANZ. Nevertheless, the majority of waveforms recorded at MANZ
had the same low sampling frequency of 20 Hz. Only three of the whole set of
waveforms were recorded with significantly higher sampling rate of 200 Hz. This
sample size, however, could not be considered big enough to provide a valuable
estimate of the frequency content. Moreover, the source of the data differs from
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the origin of the data registered by the station ROTZ.
Of all available stations, the station MOX was the most likely to meet the spec-

ified conditions. This station has higher sampling frequency of 80 Hz and it is
situated only ∼ 20 km further than the station ROTZ. Most importantly, the data
from both stations come from the same 2008 swarm. Hence, the station MOX
was found the most suitable for the spectral analysis.

The sampling frequency of 20 Hz means that only phases of frequency lower
than 10 Hz were recorded without any kind of distortion. The goal of the analysis
was to find out whether the prevailing frequency of different phases falls below
the 10 Hz limit. We have focused on the frequency of those phases that were
visible on the processed sections: P, S and SmS.

The amplitude spectrum was computed for each of 83 recorded events from
already filtered waveforms (bandpass filtering between 1–20 Hz). To determine
the prevailing frequency of P-waves, the spectrum was computed from the L com-
ponent and only from a short interval 0.2 s before and after the P-wave arrival.
Other amplitudes outside of this interval were nulled. The spectra were then nor-
malized to the maximum amplitude to deal with the varying magnitude of events
and to allow plotting of all spectra at once. The same procedure was applied to
analyze the frequencies of S and SmS phases. As the exact arrival of these waves
is not as clear as that of the P-wave, the intervals from which the spectrum was
computed were longer: 1.2 s for the S-wave and 2.0 s for the reflected phase. Con-
sequently, the intervals also comprised the coda of the given phase. We analyzed
the data in those components, in which the studied phases were well pronounced.

The amplitude spectra of all phases were dominated by frequencies below
10 Hz with maximums of the median spectrum at 6.1 (P), 4.8 (S) and 6.3 (SmS)
Hz (Fig. 15). Both S and SmS spectra showed the presence of frequencies higher
than 10 Hz. Their amplitude was, however, less significant than that of the lower
frequency components. Higher peak frequency of P-waves, together with the in-
creased content of frequencies between 10–13 Hz, could have negative implications
for the detectability of reflected PmP phases by the station ROTZ. The lower sam-
pling frequency might also have an effect on the higher frequency components of
the S and SmS wave codas and thus affect the shape and the character of these
phases on the waveforms.
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Fig. 15: Amplitude spectra for different phases of 83 events (grey lines) detected
at the station MOX. The black bold line denotes the median of all spectra.
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From the prevailing low-frequency content of the S and SmS phases it can be
concluded that the sampling frequency of the station ROTZ should be sufficient
to detect the onsets of the reflected SmS phases.
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4. Data inversion and results
SmS phases:

The Moho depth inversion of the SmS phases was performed in several steps
following the approach developed by Hrubcová et al. (2013). First, the Q and
T components of selected station were rotated into all multiazimuthal sections
with a step of 15◦. Second, the components were aligned according to theoretical
arrival times of the SmS phases which were computed using two-point ray tracing
in the simplified velocity model with horizontal layers (Fig. 7). Third, aligned
traces were stacked. Fourth, for the inversion process, a grid search algorithm was
employed to estimate two parameters: the velocity in the focal zone and the Moho
depth. The grid step in the velocity was 2.5 × 10−2 km s−1; the Moho depth was
varied with a step of 2.5 × 10−1 km. The depths of the other interfaces and their
velocities remained unchanged. The Moho depth was determined by carefully
analyzing the stacks in all azimuths. All stacks were normalized to the highest
amplitude. The same process was then repeated for other stations with detected
SmS phases in order to expand the information about the depth and character
of the crust/mantle transition.
PmS phases:

The way of interpreting the Moho converted PmS phases was analogous to
that of the SmS phases. The converted phases were identified in the waveforms
of individual stations, rotated into the QT plane, aligned according to theoretical
arrival times of the PmS phases computed using two-point ray tracing and then
rotated into all multiazimuthal sections with a step of 15◦. Aligned traces were
stacked and inverted with the grid search algorithm.
PmP phases:

Compared to the energy of the reflected SmS phases, the PmP phases are less
energetic and it is thus more difficult to detect them in the waveforms. Above,
at more distant German stations, it was impossible to detect PmP phases due to
their overlapping with the P-wave coda. Consequently, the Moho reflected PmP
waves were not pronounced at any of the German stations. The determination
of the Moho depth from the PmP phases would have been carried out similarly
to the determination from the two other phases. The PmP wave should be most
pronounced on the L component of the LQT system, rotated into the direction of
the incident reflected wave. Therefore, the inversion would have been performed
only for the L component.

Given the fact that the German stations are situated at different epicentral
distances, the arrival times of direct and Moho reflected/converted phases differ
from station to station. Furthermore, the stations operate at varying sampling
frequencies (Tab. 1). Thus, the stations had to be processed individually and
the interpretation of inverted stacks had to be carried out with respect to the po-
sition of the studied station. In the end, only the data from three stations (VIEL,
ROTZ, and MOX) were used to determine the depth of the Moho boundary. Sta-
tions GRB1-4 and WET were not interpreted since they are located too far from
the interpreted earthquake cluster and the Moho reflected phases overlap with
the direct wave codas (see Fig. 14). Thus, reliable identification of such phases
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is not possible. On the other hand, according to Fig. 14, these stations could be
used for the PmS analysis of the Moho converted phases, as the converted waves
are well separated from the other phases. However, these phases are weak and
we were not able to detect them in the recordings of GRB1-4 and WET stations.

Previous studies revealed that the transition between the crust and the mantle
in the West Bohemia region has a character of a laminated structure. The results
obtained from the German stations are in accordance with previous investiga-
tions realized in the region. Instead of one clear interface with significant velocity
contrast, the results display a thicker reflective zone with variable thickness de-
pending on station location.

4.1 Station VIEL
All waveforms recorded at the station VIEL that were used for the Moho depth

determination originated from the 2000 swarm. After the data pre-processing,
a substantial amount of data remained available for the subsequent processing and
the stacking procedure. In total, we have used 230 waveforms. The waveforms
were sampled at 125 Hz.

Processed sections displayed pronounced Moho reflected and converted energy.
Both Moho SmS reflected and PmS converted phases were identified in the wave-
forms (Fig. 16). We found two distinct reflections from the bottom and the top
of the transition zone and they were used for stacking and inverting with the grid
search algorithm. Fig. 17b shows stacked and inverted SmS phases obtained by
the grid search algorithm from the processed velocity records rotated into two
different azimuths. The azimuth of 45◦ proved to be the optimal azimuth for
the recognition of the reflected SmS phases from the upper boundary at a depth
of 29.00 km. In this azimuth, the reflected energy was well pronounced and thus
easy to identify. The most convenient azimuth for the identification of the SmS
reflections from the lower interface was the azimuth with a value of 165◦. This
interface is situated at a depth of 30.50 km. Fig. 17 also demonstrates the advan-
tage of the data rotation. The reflected phase from the lower boundary was not
pronounced in the azimuth of 45◦, and similarly the reflected energy from the up-
per level was much less visible on the inverted stacks rotated into the azimuth of
165◦.

When interpreting two or more reflections from different depths, we have to
check whether these reflections fall within the same phase group. Since the in-
version of the SmS phases revealed two different reflections from the top and
the bottom of the transition zone, we have to investigate if the first recorded
phase was not in fact the PmS phase converted at a deeper interface. First, from
the synthetics in Fig. 14 we can see that the time difference for the PmS and SmS
phases at the station VIEL calculated for the Moho depth at 30.00 km is about
3 s. Since Fig. 16a shows much smaller time difference of about 0.5 s between
the two investigated phases (marked in red in Fig. 16a) we have the first confir-
mation that these phases cannot be converted and reflected phases. Second, we
can consider the two arrival time onsets as converted and reflected phase from
the same interface and calculate vp/vs ratio for such case. Since the resulting ra-
tio of around 1.0 is an unrealistic value for the given study area, we have another
confirmation that both phases are the reflected SmS phases from two different
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Fig. 16: Station VIEL. Upper sections show velocity records of all processed events
rotated in the QT plane into azimuths of 45◦ (SmS) and 75◦ (PmS). The records
were sorted according to the arrival times of (a) Moho reflected SmS and (b) Moho
converted PmS phases. Lower sections display the same velocity records overlapped
with theoretical arrival times calculated using ray tracing. The solid red line symbolizes
the SmS wave and the green line the PmS phase.

interfaces.
The existence of two different reflectors is supported by the results of the Moho

depth inversion of the PmS phases (Fig. 17c). Compared to the inversion of
the SmS phases, the inverted stacks of PmS waves show two zones of increased
energy corresponding to the two Moho reflections at the majority of azimuths.
The azimuth of 75◦ displayed the best possible resolution to evaluate the depths
of the two interfaces, which agree with the depths deduced from the results of
the SmS inversion.

The SmS stack for the azimuth 165◦ show increased energy at 26.00–27.00 km
(Fig. 17c). This energy corresponds to later arriving PmS phases instead of SmS
reflections from shallower interface. The time window, from which the inversion
of the SmS phases was computed, partly overlaps with the PmS phase. Similarly,
higher energies at 26.00–26.50 km of the PmS stack (Fig. 17b) are related to
S-wave coda rather than conversions from an interface situated at lower depth.

4.1.1 Joint inversion
Since the waveforms recorded at the station VIEL showed pronounced SmS

and PmS reflected/converted Moho phases, we can combine the two phases in
a joint inversion and evaluate the improvement in the results. As seen on the in-
verted stacks, the phases have different polarization and hence are variously pro-
nounced at different azimuths. Therefore, it is not possible to compare the two
phases rotated into the same azimuth. To deal with the distinct polarization
of the phases, the inversion was performed from the total vector projected into
the QT plane of a given phase. The joint stack was then computed by combining
the inverted stacks of the SmS and PmS phases:

stackJOINT = a · stackP mS + b · stackSmS, (4)

where a and b are the scaling coefficients. The PmS phase is closer in time to
the direct S-wave and its coda and it is usually less pronounced than the SmS
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Fig. 17: Station VIEL. Inversions of the SmS and PmS phases (a) Enlarged red
triangles denotes the position of the station VIEL and the two other interpreted stations
(ROTZ and MOX) in the study area. (b) The two images on the right side of the figure
show stacked and inverted SmS phases rotated into two different azimuths. (c) Inverted
stacks of the PmS converted phases.

phase. In order to highlight the Moho phases and restrain the unwanted energy of
the direct wave coda, we scaled the stacks based on how the reflected/converted
phases were pronounced. The two coefficients were deduced from the mean high-
est amplitude of the time window from which the stacks of the given phase were
computed. The joint stack was then normalized on its maximal value.

The results of the joint inversion (Fig. 18) indicate the same two major reflect-
ing interfaces at depths of 29.00 and 31.50 km. It is also worth comparing the re-
sulting stacks of individual phases computed from the total vector with those
estimated from the data rotated into different azimuths. When using the lat-
ter approach for the SmS phase, it was not possible to conclusively detect both
reflectors at the same azimuth. Instead, to recognize both interfaces, we had
to find the suitable azimuths. On the other hand, the SmS stack of the to-
tal vector quickly revealed the two reflectors, both of them being similarly pro-
nounced. The two Moho interfaces were also distinguishable on the inverted stack
of the PmS phase computed from the total vector. Their position at the depth is
indicated by two zones of maximum energy. However, in most azimuths, the PmS

25



26 28 30 3432 26 28 30 3432 26 28 30 3432

6.50

6.35

v
fo

c
a
l 
[k

m
]

p

1

0.9

0.8

0.7

1

0.9

0.8

1

0.9

0.8

Moho depth [km] Moho depth [km] Moho depth [km]

SmS - total vector PmS - total vector Joint

Fig. 18: Station VIEL. Comparison of the individual SmS and PmS Moho phase
inversions with the joint inversion of the two phases. The left and middle images show
the inverted stacks of the Moho reflected and converted phases computed from the total
vector in the QT plane. The right image is the joint stack estimated from the stacks
of the total vector of individual Moho phases.

phase was less pronounced and often not easily separable from other energies that
could have not been attributed to Moho phases. Consequently, the interpreta-
tion of the depth from the total vector for the PmS phase was less clear then for
the SmS phase.

To conclude, the Moho depth determination from the joint inversion for
the station VIEL proved to be as effective as the inversion of individual phases
using the multi-azimuthal approach.

4.2 Station ROTZ
The small amount of available waveforms recorded by the station ROTZ re-

quired a careful assessment of the usability of the records when preparing the data
for the processing. In the end, we have selected 80 waveforms (Fig. 19) of the
2008 swarm sampled at 20 Hz to determine the depth of the Moho in-between
the swarm area and the station. Due to the low sampling frequency of the sta-
tion, only low-frequency components of the signal (< 1 Hz) were removed during
the processing. Frequencies higher than 10 Hz were filtered out by the sampling
rate of the station. As discussed above, the frequency range from 1 to 10 Hz is
sufficient to detect the phases of interest.

The inversion of the data revealed a thick reflective zone with several less
or more pronounced interfaces (Fig. 20). The zone is delimited by interfaces
located at depths of 28.75 and 34.00 km. Another distinct Moho reflection comes
from an interface situated within the zone at 32.00 km. This reflection was well
pronounced on the processed section of waveforms rotated into the azimuth of 45◦.

Since we determined three interfaces within the crust/mantle transition zone,
we have to discuss again whether the first reflection is not actually a conversion
from a deeper interface. If the investigated phase was a PmS phase arriving
at the same time around 11 s, the interface would have been situated at a depth
greater than 40 km. Although the existence of deeper located reflectors is possible,
we believe the phase is more likely a Moho SmS reflection. Moreover, there
were none later arriving SmS phases that could have been attributed to a deep
interface.
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4.3 Station MOX
Only 98 waveforms registered by the station MOX were available and 83 of

them (Fig. 21a) passed through the selection process. These waveforms were
consequently used for the inversion of Moho reflected SmS phases. Other Moho
reflected/converted phases were not detected. All records were sampled at 80 Hz
and came from the same 2008 swarm.

The inversion of the data at the station MOX revealed a zone of increased
reflectivity up to 6.5 km thick between 28.50 and 35.00 km (Fig. 21b) which cor-
responds to a zone in times between ∼ 13–15 s (Fig. 21a). The determination
of the top of the transition zone was aggravated by the S-wave coda. The coda
was less pronounced on data rotated into the azimuth of 30◦. Consequently, this
azimuth was the most suitable for the detection of the top placed at a depth of
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Fig. 21: Station MOX. (a) Upper section shows velocity records of all processed events
rotated in the QT plane into the azimuth of 30◦. The records were sorted according
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velocity records overlapped with theoretical arrival times of the SmS phases (solid red
line) delimiting the reflective zone. Arrival times were calculated using ray tracing. (b)
Stacked SmS phases rotated into the azimuth of 30◦ and inverted with the grid search
algorithm. The stack was normalized on its maximum amplitude.

28.50 km. In this azimuth, the SmS phase was sufficiently separated from the di-
rect wave coda. However, reflections from shallower interfaces would interfere
with the coda and we would not be able to separate them. Furthermore, the S-
wave coda was more pronounced in other azimuths. Therefore, it was not possible
to detect interfaces situated at depths smaller than 28.00 km. The strongest re-
flection from an interface situated in the middle of the reflective zone at 32.00 km
arrives at times around 14 s.

Compared to other stations, the inverted stacks of the station MOX were more
blurred and it was thus more difficult to assign the depth of possible interfaces.
Similarly, the reflected energy was less coherent on the processed sections of
waveforms. As seen on the theoretical traveltime curves, the station MOX is
situated beyond the critical distance. Nevertheless, at this distance, the refracted
waves arrive at the times almost identical to those of the reflected waves and it
is not possible to distinguish between these phases. This applies only for times
corresponding to depths of the Moho up to 31.00 km. According to the synthetic
traveltime curves calculated for the same model and for deeper situated Moho,
the critical distance shifts further and the refracted wave is detected only at
distances larger than the epicentral distance of the station MOX.
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5. Discussion
In this thesis we investigated data from German stations VIEL, MANZ,

ROTZ, MOX, WET, and GRB1-4 recording the seismicity of the West Bohemia
Nový Kostel focal zone. We were able to interpret Moho reflected and converted
phases at three of the nine interpreted German stations: VIEL, ROTZ and MOX.
Each of these three stations is located in different azimuth and different distance
from the epicentral area, hence providing new insights into Moho depth variation
in the target area. Even though the reflection/conversion point of Moho phases of
individual earthquakes recorded by one station differ from event to event, we con-
sider the information about the depth as a single observation due to the geometry
of the task.

Hrubcová et al. (2013) identified the Moho phases at 22 WEBNET stations.
Based on the results of the inversion, the authors disclosed that the depth of
the reflective zone varies from 27.00 to 31.50 km (Fig. 3) with the top at a depth of
27.00–29.00 km and the depth of the bottom ranging between 30.00 and 31.50 km.

The station VIEL is situated near the Czech-German border and the po-
sition of the detected Moho reflection/conversion is close to those detected by
WEBNET stations. We have disclosed two strong reflections from the upper and
bottom interface situated at depths of 29.00 and 31.50 km, which agrees well with
the depths of interfaces discovered from the data of WEBNET stations. How-
ever, given the small thickness of the zone and the strength of the two reflections,
the two discovered interfaces may not represent the only reflectors of the zone.
Both of them were distinctly pronounced on the data and could therefore mask
other less pronounced reflectors situated below and above the two stronger ones.

Fig. 22 shows interpolated depths of the top and bottom boundaries disclosed
from both WEBNET and interpreted German stations (VIEL, ROTZ and MOX).
The inversion of the data from German stations revealed depth variations of
the upper interface in the same depth range as those from WEBNET stations.
In contrast, the lower interface appears to deepen with increasing distance from
the epicentral area. The thicker reflective zone situated in-between the station
MOX and events is in accordance with the findings of the refraction profile CEL09
by Hrubcová et al. (2005). The line of the profile almost coincides with the line
connecting the epicentral area and the station. The resulting section in its NW
part, i.e. in the whereabouts of the reflection point of Moho phases detected by
the station MOX, shows laminated lower crust with upper and lower boundaries
situated at depths of 26 km, resp. 35 km for the bottom.

The reflection profiles KTB 8506 and KTB 8501 (DEKORP Research Group,
1988; Trappe & Wever, 1990) intersect the area of the eastern part of Oberpfalz,
in-between the station ROTZ and the epicentral area. The results of the two
profiles also indicate increased reflectivity of the lower crust.

The accuracy and resolution of the methodology was discussed in detail in
Hrubcová et al. (2013). To complete the discussion about the accuracy of the re-
sults disclosed from more distant German stations, we have to bear in mind
following remarks. The velocity model that we use was derived for the focal
area. Consequently, for more distant stations, the difference between the model
and the real geological structure may be more significant. Furthermore, larger
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of the map extent in directions indicated by black arrows.

epicentral distances may signify greater error when estimating the position of
the reflection/conversion point.

Since it was not possible to detect the reflected and/or converted Moho phases
SmS, PmS, and PmP at the stations MANZ, WET and GRB1-4 (see Tab. 2)
due to the overlapping of the onsets of these phases with the direct wave codas,
it was necessary to exploit the data of remaining stations as much as possible.
For these reasons we decided to process and invert the data of station ROTZ,
though its sampling rate of 20 Hz is much lower compared to that of other stations.
We provided detailed spectral analysis to justify our approach. The spectral
analysis of other similarly distant station proved that the prevailing frequency
of Moho reflected SmS phases fall below the 10 Hz limit. In order to be able to
interpret the results of the inversion, we have to be absolutely certain that the low-
sampled data can be used for the inversion of Moho phases. The possibility of
using the data from the station ROTZ can be verified by downsampling the data
of another station with higher sampling rate and computing the inversion from
such resampled data.

The station MOX has a sampling frequency of 80 Hz, i.e. four times higher
than that of the station ROTZ, which makes it the most ideal candidate for
this purpose. Consequently, the waveforms recorded by the station MOX were
downsampled to the sampling rate of the station ROTZ (20 Hz). Resampled
waveforms were then inverted following the exact same steps as when inverting
the original data.

Fig. 23 shows the comparison of the data and inverted stacks before and after
the change of the sampling rate. As it turns out, in terms of the depth range
of the reflective zone, interpreting the inverted stacks computed from resampled
data would lead to the same conclusions. Furthermore, the inverted stacks are
less blurred and their maximums stand out more and thus the depths of possible
interfaces can be more easily located. Together with the spectra analysis, the re-
sampling of the data proved that the waveforms registered by the station ROTZ
can be used to study the depth of the crust/mantle transition zone.
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6. Conclusion
The goal of this thesis was, first of all, to examine the possibility of applying

the methodology developed by Hrubcová et al. (2013) on the data acquired by
more distant German stations and second, to further expand the information and
knowledge about the character and depth of the Moho discontinuity in broader
area of the West Bohemia region.

We have successfully applied the methodology introduced by Hrubcová et al.
(2013) on several German stations with available data. The stations were situated
in different azimuths and epicentral distances which allowed us not only to ex-
pand the information about the crust/mantle transition, but also to further study
the dependence of the character of reflected and converted phases in waveforms
of local events on the focal mechanism and source-receiver geometry.

Based on the results, we can divide the stations into three groups of different
epicentral distance. The first group comprises close stations that detect near-
vertical Moho reflections and conversions. This group includes the WEBNET
stations and the station VIEL (ep. distances < 25 km). The reflected Moho SmS
phases were pronounced at all of these stations. In addition, other Moho related
phases were detected. Furthermore, the phases of interest were well separated
from the direct waves and their codas which eased their interpretation.

The stations ROTZ and MOX belong to the second group (ep. distances 53–
77 km). From the waveforms registered by these two stations, we were able to
interpret only the most pronounced SmS phases. Other phases were either not
visible at all or interfered with the direct wave codas. To enhance the visibility
of phases of interest, we rotated the data into the LQT coordinate system.

The majority of the interpreted German stations fall within the last group
of distant stations (ep. distances 110–130 km). At stations situated this far,
the reflected PmP and SmS phases are masked by codas of corresponding direct
waves. Moreover, the reflected waves interfere with the refracted ones. The po-
sition of these stations seemed suitable for the detection of the converted PmS
waves. Nevertheless, the converted phases were not visible and detected at these
far-distant stations. That can be caused by one or a combination of the following
reasons. First, these phases are usually weak. To deal with the small ampli-
tude of the converted phases, we tried to apply the AGC. However, no coherent
information, which could have been attributed to PmS phases, was found on
the processed sections. Second, the absence of these phases could originate from
an unfavorable slope of the reflecting interfaces. Third, the stations, particularly
those belonging to the Gräfenberg Array, are located in similar azimuths. Hence,
the converted phases may have been influenced by a disadvantageous radiation
produced by the focal mechanism of studied earthquakes.

In conclusion, we interpreted the Moho depth at three German stations VIEL,
ROTZ and MOX. Above, we proved that the methodology introduced by Hrub-
cová et al. (2013) can be, to some extent, used on the data recorded by more
distant stations. Nevertheless, the methodology is the most suitable for smaller
source-receiver distances, such as in the case of stations of the first group.
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Horálek, Josef, & Fischer, Tomás. 2010. Intraplate earthquake swarms in West
Bohemia/Vogtland (Central Europe). Jökull, 60, 67–87.
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