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ABSTRACT 

As part of the international refraction measurements in Central Europe in the year 
2000, three profiles traversed the region of earthquake swarms in West-
Bohemia/Vogtland. The shots were also recorded at the permanent stations of the local 
seismic networks. The travel times of P-waves, observed in the West-Bohemian region, 
are discussed and interpreted in the present paper. In general, significantly lower P-wave 
velocities were found in the Saxothuringian (northern) part of the studied area than in the 
adjacent southern parts. The observed travel times are interpreted separately for the 
individual geological units, in particular for the plutons, crystallinicum, and the 
Mariánské Lázně (Marienbad) Complex. After smoothing the selected data using rational 
approximations, the Wiechert-Herglotz method was used to compute vertically 
inhomogeneous velocity models. The characteristic features of the derived models are 
relatively low P-wave velocities at the surface and prominent velocity increases within the 
uppermost crust down to a depth of about one kilometer. 

 
K e yw ord s :  Bohemian Massif, earthquake swarm, upper crust, refraction method, 

Wiechert-Herglotz method 
 

1. INTRODUCTION 

The region of West-Bohemia/Vogtland is well known for the occurrence of earthquake 
swarms. Seismically, the most active part of the region is a broad belt between the towns 
of Kraslice - Klingenthal and Aš in the western part of the Ore Mountains (Krušné hory 
Mts., Erzgebirge) at the Czech-German border (Fig. 1). Historical macroseismic reports 
confirm the general swarm-type character of seismic events as far back as 1198 (Kárník, 
1963). 
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The strong earthquake swarm in the region of the village of Nový Kostel at the turn of 
the years 1985 and 1986 aroused great interest in this seismoactive region. Two seismic 
arrays, designated WEBNET and KRASNET, were installed in the Czech part of the 
region. These arrays have revealed that weak seismic activity has been continuing here to 
the present. Weaker earthquake swarms in the years 1997 and 2000 have been well 
documented (Fischer and Horálek, 2000). Many thousands of seismograms of local 
events have been recorded so far, but their full utilisation is still limited by insufficient 
knowledge of the deep geological structure of the region. 

 
Fig. 1. Geological sketch map of the Saxothuringian Zone in western Bohemia and the location 
of the shot points and seismic stations during the CELEBRATION 2000 experiment: 1 - Vogtland 
and Saxony Palaeozoic; 2 - Smrčiny and Ore Mts. Crystalline Units; 3 - orthogneisses; 4 - Variscan 
granitoid plutons (Smrčiny, Karlovy Vary, Nejdek and Žandov plutons); 5 - Tertiary sediments 
(Cheb and Sokolov basins); 6 - Horní Slavkov Crystalline Unit; 7 - Kladská Unit; 8 - Cheb-Dyleň 
Crystalline Unit; 9 – Tertiary volcanites; 10 – Mariánské Lázně Complex. The other symbols show 
the shot points, observation points, permanent stations (see the legend), and the bold lines show the 
main faults. 
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The drilling of the KTB superdeep borehole in Germany was another strong incentive 
to increase research activities in the area. The results of the corresponding geological and 
geophysical investigations in the nearby region of western Bohemia have been described 
in the monograph edited by Vrána and Štědrá (1997). 

The CELEBRATION 2000 seismic refraction experiment provided a new opportunity 
to study the deep structure of this interesting seismoactive region (Fig. 1). The general 
description of the experiment can be found in the paper by Guterch et al. (2003). Many 
technical details and a preliminary interpretation of the observed travel times in the 
seismoactive region were described by Málek et al. (2001). 

The purpose of the present paper is to present a more detailed analysis of the observed 
travel times and their interpretation in terms of simple vertically inhomogeneous models 
(1-D models). Since all permanent seismic stations in the seismoactive area are now 
located outside the sedimentary basins, the refraction data measured in the sedimentary 
areas have not been interpreted. Consequently, the derived structural models will refer to 
the consolidated crust. 

2. GEOLOGICAL SETTING 

The geological structure of the West-Bohemia/Vogtland region is very complicated. 
The Earth’s crust is broken here into a number of small blocks by several fault systems. 
The geological sketch in Fig. 1 shows the Saxothuringian Zone in western Bohemia. The 
sketch was drawn after a more detailed map in Mlčoch et al. (1997). 

In the present study only a part of the CEL09 international profile between the 
German-Czech border and the Otročín shot point is considered. This segment traverses 
several partial geological units (from NW to SE): the Vogtland-Saxony Palaeozoic, 
Smrčiny crystalline unit, Smrčiny-Fichtelgebirge pluton, Cheb basin, Ore Mts. crystalline 
unit, Horní Slavkov crystalline unit, Žandov pluton, Kladská unit and Mariánské Lázně 
Complex (MLC). 

A brief comment should be added to the latter complex. The MLC is considered to be 
an ophiolitic complex, consisting of discontinuous segments of oceanic crust (Jelínek et 
al., 1997). It separates the Saxothuringian Kladská unit from the Teplá-Barrandian unit. 
The MLC forms the largest accumulation of metamorphic basic and ultrabasic rocks 
exposed in the Bohemian Massif. In particular, the central part of the MLC is formed 
predominantly by amphibolites. Consequently, high seismic velocities should be expected 
in this geological unit. 

Two supplementary profiles, designated L and V, crossed the Nový Kostel epicentral 
region. Profile L began at the Libá shot point in the Smrčiny-Fichtelgebirge pluton, then 
traversed the northern part of the Cheb basin, Vogtland-Saxony Palaeozoic, and 
terminated in the area of the Karlovy Vary pluton. Profile V started at the Vintířov shot 
point in the Sokolov basin, traversed the Ore Mts. crystalline unit and continued along the 
northern borders of the Cheb basin and Smrčiny crystalline unit. 
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3. PREVIOUS STRUCTURAL STUDIES 

In the Czech Republic, the first deep seismic soundings (DSS) were carried out along 
two international profiles between 1964−1972 using borehole shots (Beránek, 1971). 
Various details of this research have been described in several review articles (Novotný 
and Urban, 1988; Mayerová et al., 1994). Reviews emphasising the DSS and other 
structural studies in western Bohemia can be found in the papers of Novotný (1996), 
Novotný (1997) and Málek et al. (2001). 

In particular, several details concerning the International DSS Profile VI should be 
mentioned, since its distance from the seismoactive area in western Bohemia was only 
about 40 km (Fig. 1). The profile began in the German Central Crystalline Trough, passed 
through the Hercynian Saxothuringian belt, and having traversed the Ore Mts., it entered 
the Bohemian Massif, and then continued into the Carpathian system. Deep seismic 
soundings revealed several blocks of the Earth’s crust along this profile. Of particular 
interest to our problems are the Ore Mts. block and Teplá-Barrandian block. Their 
parameters are given in Table 1 in columns O and T, respectively (Novotný and Urban, 
1988). The corresponding velocity cross-sections are shown in Fig. 2. As a remarkable 
difference between the blocks, the high surface velocity in the Teplá-Barrandian block 
should be especially mentioned. 

The shallow crustal structure of the seismoactive region was unknown at the time of 
the 1985/86 earthquake swarm. Consequently, many investigators used the simple model 
of a homogeneous half-space in their preliminary analyses of this swarm. Horálek et al. 
(1987) performed the first measurements of seismic velocities in the region using seismic 
waves from three quarry blasts. Their measurements covered a range of epicentral 

Table 1. Crustal models for the western part of the Bohemian Massif: O - Ore Mts. Unit along 
Profile VI; T - Teplá-Barrandian Unit along Profile VI; E - model of Málek et al. (2000); M - a 
recent model (see the text). Symbol H is the depth in kilometres, and  is the P-wave velocity at 

this depth in km/s. Velocity  varies linearly between the given depths. 
pv

pv

O T E M 

H pv  H pv  H pv  H pv  

0.0 5.2 0.0 5.9 0.000 3.700 0.00 3.70 
1.5 5.4 7.0 6.0 1.106 5.275 0.41 5.37 
2.5 5.6 14.5 6.2 4.954 5.702 2.46 5.81 
3.5 5.8 16.5 6.4 15.000 6.222 8.41 6.10 
4.0 6.0 18.0 6.6     15.00 6.38 
5.0 6.2 31.0 6.8         

14.5 6.4 33.0 7.0         
18.0 6.6 34.5 7.2         
29.0 6.8 36.0 7.4         
31.0 7.0 36.0 8.2         
32.0 7.1             
32.0 8.2             
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distances from about 6 to 39 km. Using a linear approximation of the observed travel-time 
curve, the authors arrived at a value of vp = 5.757 km s−1 for the P-wave velocity in this 
half-space (see model H in Fig. 2). This homogeneous model was used for routine 
earthquake localisation for many years (Horálek et al., 1995). 

In the late 1980s and early 1990s, many seismic measurements of local or regional 
extent were performed in the Vogtland and western Bohemia (Behr et al., 1994; Nehybka 
and Skácelová, 1997). In western Bohemia, the shots were recorded by digital stations 
(Lennartz MARS 88 and PCM 5800) deployed at various epicentral distances and 
azimuths to cover the area of seismic swarms. Some authors attempted to use these 
extensive data for deriving a 3-D velocity model of the region. However, the first attempts 
were not successful (Bucha et al., 1992). Nehybka and Skácelová (1997) subdivided the 
map of the region into 25 rectangular sectors, and proposed a layered model to a depth of 
4.5 km below sea level for each sector. However, this block model was poorly 
constrained. 

Málek et al. (2000) restricted themselves to observations of local earthquakes, and 
derived 3-layered models with a constant velocity gradient in each layer. Their model for 
the whole seismoactive area is given in Table 1 and Fig. 2 (model E). Recently, Málek et 
al. (One-dimensional qP-wave velocity model of the upper crust for the West 
Bohemia/Vogtland earthquake swarm region, submitted to Stud. Geophys. Geod., 2004) 
have derived a new model by combining their earthquake data with refraction data from 
the beginning of the 1990s; see model M in Table 1 and Fig. 2. 

 
Fig. 2. Cross-sections of the compressional wave velocities: the Ore Mts. model (O), Teplá-
Barrandien block (T), homogeneous half-space H of Horálek et al. (1987), model E of Málek et al. 
(2000), and the model M of Málek et al. (One-dimensional qP-wave velocity model of the upper 
crust for the West Bohemia/Vogtland earthquake swarm region, submitted to Stud. Geophys. Geod., 
2004). 
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Table 2. Parameters of the shots in western Bohemia: code, date, time (UTC, hour:minute:second), 
northern latitude and eastern longitude in degrees with respect to the WGS-84 reference ellipsoid, 
height h above sea level in metres, charge Q in kilograms, locality. 

Code Date Time Latitude Longitude h Q Locality 

LIBA 23.6.2000 19:00:30.791 50.12123 12.22508 630 413 Libá 
VINA 25.6.2000 03:15:00.137 50.21669 12.66830 399 200 Vintířov 
OTRA 26.6.2000 00:15:00.024 50.02097 12.90894 679 210 Otročín 

4. CELEBRATION 2000 MEASUREMENTS IN WESTERN BOHEMIA 

The CELEBRATION 2000 experiment (Central European Lithospheric Experiment 
Based on Refraction) represented a new step in refraction studies in central Europe. One 
of the international profiles, designated CEL09, traversed the earthquake swarm area in 
western Bohemia and the Vogtland. In order to study the epicentral area in greater detail, 
supplementary refraction measurements were also performed along two shorter profiles 
(Fig. 1). The shorter profile starting at the Libá shot point is denoted by the letter L, and 
the profile from Vintířov by V. The parameters of the shot points and observation points, 
used in the present study, are given in Tables 2 and 3, respectively. 

At Otročín, two shots were performed in boreholes that were specially drilled to 
depths of about 30 m for the purposes of the CELEBRATION 2000 experiment (profile 
CEL09). Only the data from the first shot, designated OTRA, will be interpreted here 
because the second shot yielded a greater scatter of travel times at short epicentral 
distances. The shot at Libá was a blast in a basalt quarry. Two blasts were performed in an 
open-pit coal mine at Vintířov. The data from the simpler first blast will be interpreted 
here, since the second blast was stacked. The times of the borehole shots were controlled 
by radio signals, and the times of the quarry blasts were measured with a special 
seismograph (Brož, 2000). In the present study, in comparison with the data in Málek et 
al. (2001), the origin times were corrected by 24 ms for a time shift in the receiver 
antenna. This time correction was determined empirically in the laboratory by comparing 
the signals used for time synchronisation directly. 

The latitudes and longitudes of the shot and observation points were determined by 
means of the Global Positioning System (GPS), and refer to the WGS-84 ellipsoid (its 
equatorial semi-axis a = 6 378 137 m and flattening f = 0.003 352 810 6). The heights 
above sea level were taken from topographic maps on the 1:50 000 scale. The epicentral 
distances on the ellipsoid were computed by means of expansions with respect to the 
flattening (Thomas, 1965; Novotný and Málek, 2003). 

All the shots were recorded by portable stations that were deployed along the main 
CEL09 profile, and by the permanent stations in the region. Moreover, the shot at Libá 
was also recorded along profile L, and the shots at Vintířov along profile V. The 
seismograms recorded along profiles L, V and CEL09 are shown in Fig. 3. All the 
observed seismograms have complicated forms and a long duration. Moreover, many 
neighbouring seismograms are rather dissimilar, which indicates a complicated crustal 
structure. 
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Table 3. Points of observation: number (code), latitude and longitude in degrees with respect to the 
WGS-84 reference ellipsoid, height h above sea level in metres. 

No Latitude Longitude h Locality 

Profile C (CEL09) 

9101 50.29393 12.14172 585  
9103 50.27253 12.19701 657  
9104 50.25564 12.24191 545  
9107a 50.21640 12.34124 565  
9109 50.19590 12.39958 482  
9110 50.17573 12.44108 445  
9111 50.16573 12.47458 472  
9112 50.15090 12.50991 454  
9113 50.13807 12.54808 472  
9115 50.11207 12.60797 612  
9117 50.08762 12.67769 800  
9118 50.07262 12.71214 843  
9119 50.06068 12.74547 776  
9120 50.04790 12.77464 678  
9121 50.03485 12.80519 682  
9122 50.02457 12.84186 683  
9123 50.00727 12.88297 714  

Profile L 

L1 50.12729 12.23517 520 Libá - garden 
L2 50.13444 12.25251 517 Libá - at wood 
L3 50.14214 12.26681 533 Táborská 
L4 50.14701 12.28125 555 Hazlov - chappel 
L5 50.15742 12.29013 520 Hazlov - at wood 
L6 50.15927 12.29862 540 Hazlov - pond 
L7 50.16811 12.31956 520 Vojtanov 
L8 50.18061 12.34479 520 Skalná 

L10 50.20569 12.39787 488 Křižovatka 
L11 50.22121 12.42357 490 Nový Kostel 
L13 50.25677 12.50377 700 V Rašelině 
L14 50.27243 12.54242 520 Studenec 
L15 50.28558 12.56575 570 Březový vrch 
L16 50.29473 12.59085 633 Rotava 
L17 50.30962 12.61885 620 Jindřichovice 
L18 50.32290 12.64745 615 Šindelová 
L19 50.33795 12.67365 850 Díže 
L20 50.34767 12.70355 710 Vysoká Pec 
L21 50.35975 12.72373 750 Nové Hamry 
L22 50.37652 12.75632 815 Liščí hora 
L23 50.38338 12.78468 930 Horní Blatná 
L24 50.38698 12.82433 955 Hřebečná 
L25 50.39432 12.88483 1015 Božídarský Špičák 
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Table 3. Continuation. 

No Latitude Longitude h Locality 

Profile V 

V1 50.22212 12.65692 490 Vintířov 
V2 50.22442 12.59538 475 Parking 
V3 50.22147 12.57165 470 Hřebeny 
V4 50.22691 12.55795 535 Krajková 
V6 50.22708 12.49704 520 Libochovický potok 

valley 
V7 50.23009 12.47686 615 Výhledy 
V8 50.23268 12.42897 490 Božetín 
V9 50.23452 12.37627 532 Vackov 

V10 50.23693 12.35461 540 Smrčina - cutover 
V11 50.23952 12.33499 580 Smrčina - glade 

Permanent stations (WEBNET) 

CAC 50.18051 12.49794 578 Částkov 
KOC 50.26437 12.23271 575 Kopaniny 
KRC 50.33072 12.52940 760 Kraslice 
LAC 50.04990 12.62411 838 Lazy 
LBC 50.25936 12.35833 638 Luby 
NKC 50.23227 12.44702 564 Nový Kostel 
SKC 50.16896 12.36021 455 Skalná 
STC 50.25828 12.51881 666 Studenec 
TRC 50.30235 12.14367 566 Trojmezí 

Permanent stations (KRASNET) 

BERN 50.23214 12.51174 635 Bernov 
JIND 50.26213 12.61678 722 Jindřichovice 

LUBY 50.26024 12.35924 625 Luby 
POCA 50.31929 12.43459 800 Počátky 
VACK 50.14138 12.47267 457 Vackovec 

5. TRAVEL TIMES OF THE FIRST ARRIVALS 

Table 4 contains the epicentral distances and observed travel times of P waves from 
shot points LIBA, VINA and OTRA. The isolated points in Fig. 4 show these travel times 
reduced with a reducing velocity of 6.0 km s−1. The black symbols in the figure show the 
measurements along the corresponding profile, whereas the white symbols show the 
remaining measurements from the same shot point. For example, the black circles show 
the data from shot point LIBA measured along profile L at observation points L1 to L25, 
but the white circles show the remaining observations from this shot point (see Table 4a). 
No topographic corrections of travel times were introduced in this section. 
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Fig. 4 also shows the synthetic travel-time curves for models considered in Table 1 
and Fig. 2. Several important conclusions can immediately be drawn from the figure, as 
follows. 

5 . 1 .  A c c u r a c y  o f  o b s e r v e d  t r a v e l - t i m e  c u r v e s  

A sampling interval of 10 ms was generally used in the CELEBRATION 2000 
measurements along the main profiles, but the measurements along the L and V profiles 
were performed with a shorter sampling interval of 4 ms. The onsets could be determined 
mostly with an accuracy of about two samples. However, further uncertainties occurred in 
measuring the origin time. A comparison of measurements from two nearby shots at 
Otročín yielded time differences amounting to about 30 ms (three sampling intervals). A 
detailed analysis of all measurements in the Bohemian Massif yielded a mean error of 
50 ms (Hrubcová et al., unpublished data). 

A methodical conclusion can be drawn from the estimates just mentioned. Namely, the 
sampling interval of 4 ms seems to be uselessly short in travel time determinations unless 
a comparable accuracy is achieved in the origin time measurements. Attention should be 
paid to this problem in future studies. 

Nevertheless, the scatter of travel times at close epicentral distances in Fig. 4 is much 
larger, amounting to 0.4 s. Therefore, this large scatter is not caused by inaccuracies of 
measurements, but must be ascribed to differences in the geological structure. 

 
Fig. 4. Reduced travel times from the shots in western Bohemia (isolated points, 
vred = 6.0 km/s). Black symbols refer to the receivers lying on the profiles, white symbols to 
receivers lying outside the profiles. No topographic corrections of the travel times were introduced. 
Synthetic curves for several previous models are shown for comparison. 
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5 . 2 .  D i f f e r e n c e s  b e t w e e n  t h e  S a x o t h u r i n g i a n  Z o n e  a n d  
s o u t h e r n  s t r u c t u r e s  

On the basis of geological considerations (Section 2), one can expect higher seismic 
velocities in the Mariánské Lázně Complex, i.e. also in the vicinity of the Otročín shot 
points. Fig. 4 confirms this expectation, showing generally lower travel times from 
Otročín than from Libá and Vintířov. This indicates that the seismic velocities in the 
Saxothuringian Zone are significantly lower than in the adjacent southern structures. Note 
that a similar lateral inhomogeneity was already discovered by the deep seismic soundings 
in the 1970s; see the differences between the Ore Mts. and the Teplá-Barrandian blocks in 
Table 1 and Fig. 2. 

5 . 3 .  S u r f i c i a l  v e l o c i t i e s  

It is surprising how different estimates of surficial P-wave velocities have been 
obtained in the previous structural studies of the region, ranging from velocities higher 
than 5.0 km s−1 in the first DSS models to 3.7 km s−1 in some recent models (Table 1 and 
Fig. 2). This large scatter was undoubtedly due to the choice of observed data, 
interpretation methods and, in many cases, by the absence of measurements at small 
epicentral distances. 

The detailed CELEBRATION 2000 data made it possible to obtain more reliable 
estimates of these velocities. In constructing smoothed models for the whole crust, 
Hrubcová et al. (unpublished data) obtained a surface velocity of about 5.0 km s−1 for the 
Saxothuringicum, and 6.2 km s−1 for the Mariánské Lázně Complex, but no special 
attention was paid to the details of the shallow structure. 

Before deriving new structural models in the next section, let us estimate the surface 
velocities directly from the travel-time tables (Tables 4a,b,c). Consider a “mean” velocity, 
vm, as the quotient of the epicentral distance r and travel time t, i.e. vm = r/t. It is evident 
that the limit of vm for r tending to zero yields a surface velocity close to the shot point. It 
can be easily verified that the values in Tables 4a,b,c yield rather low surficial velocities, 
in particular, velocities of about 4.0, 3.5 and 5.5 km s−1 at vicinities of shot points LIBA, 
VINA and OTRA, respectively. The interpretations in the following section will confirm 
these approximate values. 

6. INTERPRETATION OF TRAVEL-TIME CURVES USING THE 
WIECHERT-HERGLOTZ METHOD 

The Wiechert-Herglotz method is a classical method of studying the deep Earth’s 
structure. However, its application to studies of shallow structures encounters some 
problems. For example, Beránek et al. (unpublished data) attempted to use this method in 
their DSS studies, but the authors were able to obtain the velocity cross-section only to a 
depth of about 10 km. Since models of the whole crust were required, they substituted the 
Wiechert-Herglotz method by simpler, but only approximate methods. 

In order to reduce the scatter of the observed travel-time curves, we introduced 
topographic corrections, selected the data for similar geological units, and used special 
methods of smoothing. Let us describe the topographic corrections and smoothing briefly. 
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Table 4a. The travel times of P waves propagating from shot point LIBA to the individual 
observation points (OP): r is the epicentral distance in kilometers, t is the travel time in seconds, and 
c is the topographic time correction in milliseconds. 

OP r t c OP r t c 

L1 0.987 0.260 12 9103 16.949 3.072 −6 
L2 2.451 0.526 20 9104 14.999 2.698 16 
L3 3.783 0.783 17 9107a 13.451 2.462 12 
L4 4.935 1.051 14 9113 23.171 4.196 28 
L5 6.151 1.251 19 9115 27.404 4.862 4 
L6 6.748 1.358 16 9117 32.595 5.702 −36 
L7 8.532 1.667 19 9118 35.267 6.137 −44 
L8 10.809 2.084 20 9119 37.843 6.566 −31 
L10 15.514 2.983 25 9120 40.169 6.991 −10 
L11 18.021 3.550 25 9121 42.621 7.365 −11 
L13 24.968 4.546 −15 9123 48.781 8.353 −18 
L14 28.219 5.032 21 CAC 20.586 3.841 10 
L15 30.426 5.357 12 KOC 15.931 2.925 11 
L16 32.469 5.702 −1 KRC 31.852 5.633 −27 
L17 35.057 6.219 2 LAC 29.640 5.233 −43 
L18 37.574 6.732 3 NKC 20.097 3.841 13 
L19 40.070 7.183 −46 SKC 11.022 2.093 29 
L20 42.424 7.553 −17 STC 25.931 4.657 −8 
L21 44.377 7.918 −25 TRC 20.968 3.837 12 
L22 47.351 8.394 −39 BERN 23.906 4.303 −1 
L23 49.428 8.771 −63 JIND 32.063 5.636 −19 
L24 51.964 9.211 −68 LUBY 18.190 3.278 1 
L25 56.002 9.902 −81 POCA 26.626 4.816 −35 

In computing topographic corrections, the recent structural model M was used 
(Table 1). The shot point was located at its surface. Above this boundary (at higher 
altitudes), a homogeneous half-space with a P-wave velocity of 3.7 km s−1 was added. 
Consequently, the observation point is located in the homogeneous half-space if its 
altitude is higher than that of the shot point, or is located in the underlying gradient layer 
if its altitude is lower. Assume observation point, P, and denote by P0 its vertical 
projection onto the horizontal plane passing through the shot point. The topographic 
correction, c, is then defined as the theoretical travel time of refracted-wave propagation 
from the shot point to point P0 minus the travel time to point P. These corrections are 
given in Tables 4a,b,c. In order to obtain a corrected travel time, correction c must be 
added to the observed travel time t. Hereafter in this section, the corrected travel times are 
used. 

The model of a homogeneous half-space on gradient layers is oversimplified, but 
enables easy computation of seismic rays and travel times. Other models were also tested 
but the corrections did not change appreciably. 

Since the Wiechert-Herglotz method requires smoothed and monotone derivatives of 
the travel-time curve, considerable smoothing of the observed curves is usually needed. 
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Table 4b. The travel times of P waves propagating from shot point VINA to the individual 
observation points. For notations, see Table 4a. 

OP r t c OP r t c 

V1 1.012 0.310 −14 9115 12.410 2.479 −43 
V2 5.275 1.077 −15 9117 14.372 2.817 −81 
V3 6.918 1.372 −14 9122 24.713 4.511 −59 
V4 7.957 1.583 −27 9123 27.900 5.026 −66 
V6 12.277 2.327 −24 KOC 31.523 5.607 −37 
V7 13.743 2.623 −43 KRC 16.091 3.071 −73 
V8 17.171 3.219 −19 LAC 18.819 3.655 −90 
V9 20.933 3.772 −28 NKC 15.886 2.959 −33 
V10 22.497 4.051 −30 SKC 22.632 4.047 −12 
V11 23.919 4.237 −38 STC 11.625 2.283 −53 
9101 38.524 6.742 −39 BERN 11.304 2.193 −47 
9103 34.187 5.999 −54 JIND 6.250 1.277 −64 
9110 16.852 3.091 −9 LUBY 22.574 4.394 −46 
9111 14.950 2.871 −15 POCA 20.196 3.834 −83 
9113 12.257 2.457 −15 VACK 16.292 3.246 −12 

Several variants of a rational approximation, i.e. a quotient of two polynomials, were 
tested. Only the results obtained with the rational approximation in the forms 

 ( )
2

1 2

0

a r a rt r
b r
+

=
+

, (1) 

or 

 ( )
2 3

1 2 3

0

a r a r a rt r
b r

+ +
=

+
, (2) 

t being the travel time and r the epicentral distance, will be presented here. The 
coefficients of the polynomials were computed by the method of conjugate gradients 
(Tarantola, 1987). 

The depth of the turning point of the refracted ray was determined from the Wiechert-
Herglotz formula for a vertically inhomogeneous medium in the form 

 ( )
( )0

1 ar cosh
r p

H d
p r
ξ

ξ=
π ∫ , (3) 

where ( )p d t dξ ξ=  is the derivative of the smoothed travel-time curve with respect to 
the epicentral distance. The velocity at the turning point was determined as the reciprocal 
derivative of the travel-time curve at the point of observation, ( ) ( )1v H p r= . Here are 
the results for several selected geological units. 
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Table 4c. The travel times of P waves propagating from shot point OTRA to the individual 
observation points. For notations, see Table 4a. 

OP r t c OP r t c 

9101 62.672 10.812 18 9121 7.593 1.312 −1 
9103 58.072 9.995 5 9122 4.824 0.858 −1 
9104 54.362 9.365 25 9123 2.406 0.440 −7 
9109 41.307 7.247 34 CAC 34.345 6.063 19 
9111 35.005 6.226 36 SKC 42.575 7.335 38 
9112 32.006 5.606 38 STC 38.400 6.827 3 
9113 28.928 5.057 36 BERN 36.857 6.548 9 
9115 23.812 4.175 13 JIND 33.996 6.049 −9 
9117 18.145 3.171 −25 LUBY 47.460 8.246 11 
9118 15.222 2.579 −33 POCA 47.429 8.388 −25 
9119 12.516 2.143 −19 VACK 33.977 6.030 38 
9120 10.077 1.714 0     

6 . 1 .  S m r č i n y - F i c h t e l g e b i r g e  p l u t o n  

Profile L runs from the Smrčiny-Fichtelgebirge pluton, and terminates in the Karlovy 
Vary pluton. In order to obtain the travel times for the Smrčiny-Fichtelgebirge pluton, 
only points L1 to L8 and SKC were considered (Table 4a). The corresponding values are 
shown in Fig. 5 as the circles at epicentral distances lower than 11 km. The solid line SM 
in the figure is the approximation using Eq.(1). Its parameters are as follows: a1 = 0.7937, 
a2 = 0.1716, and b0 = 2.849 (if the epicentral distances are given in kilometres and travel 
times in seconds). Now it is easy to differentiate Eq.(1) analytically, and to apply the 
Wiechert-Herglotz Eq.(3). The smooth velocity cross-section obtained is shown in Fig. 6 
as the solid line SM, and also given in Table 5 as model SM. 

The velocity cross-section SM is close to model M (Table 1), but extends to a depth of 
1.3 km only. Model SM yields a low surface velocity of about 3.6 km s−1, but a steep 
increase of the velocity to a depth of about 1 km. This surface velocity agrees with the 
limit derived in Section 5. Note that laboratory measurements also yielded low P-wave 
surface velocities between 3 and 4 km s−1 for granites from the Smrčiny pluton 
(Martínková et al., 2000). 

As opposed to these values, all previous DSS models for the West-Bohemian region 
are characterised by much higher surface velocities exceeding 5.0 km s−1; see models O 
and T in Table 1, and the recent results of Hrubcová et al. (unpublished data) mentioned 
in Section 5. The detailed analysis in the present paper indicates that the previous DSS 
models were too smoothed and oversimplified. 

6 . 2 .  B o t h  p l u t o n s  t o g e t h e r  

In order to obtain a long travel-time curve for plutonic structures, data from the two 
separate plutons, i.e. from the Smrčiny-Fichtelgebirge pluton and the Karlovy Vary 
pluton, were combined. For this purpose, points L1-L8, L18-L25 and SKC were 
considered; see Table 4a and all the circles in Fig. 5. The dashed line PL in the figure is 
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Fig. 5. Reduced travel times (vred = 6.0 km/s) for selected geological units and their rational 
approximations: Smrčiny pluton (circles, solid line SM), Smrčiny and Karlovy Vary plutons 
together (circles, dashed line PL), crystalline units (triangles, line CR), Mariánské Lázně Complex 
and Kladská unit (diamonds, line MK). The observed times were corrected for topography. 

the approximation using Eq.(2). This approximation was preferred here, as it yielded a 
better fit to the observed data than Eq.(1). Its parameters are as follows: a1 = 0.7144, 
a2 = 0.1740, and b0 = 2.499. The Wiechert-Herglotz method then yielded the velocity 
cross-section that is shown in Fig. 6 as the dashed line PL, and is given in Table 5 as 
model PL. At shallow depths, the velocity cross-section PL is very close to the SM model 
for the Smrčiny-Fichtelgebirge pluton, since the same observed data were used at short 
epicentral distances. 

In order to obtain the long travel-time curve, the data from two separate plutons were 
combined. Such a connection of separate parts of the observed data is substantiated only if 
the intermediate geological unit has a similar structure at the corresponding depths. If the 
velocities in the deeper parts of the plutons and surrounding rocks are significantly 
different, our model PL will be incorrect at depths greater than about 1.3 km. This 
problem will be discussed below in Section 7. 

6 . 3 .  C r y s t a l l i n e  u n i t s  

Substantial parts of profile V crossed the Ore Mts. crystalline unit and the Smrčiny 
crystalline unit (Fig. 1). To study these units, the travel times from points V2-V4, BERN, 
V6, V9-V11 were selected (Table 4b). The values are shown in Fig. 5 as triangles. Line 
CR in the figure is the approximation using Eq.(1). The approximating function is 
described by the parameters a1 = 1.849, a2 = 0.1578, and b0 = 7.898. The Wiechert-
Herglotz method yielded the velocity model that is shown in Fig. 6 as model CR; see also 
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Fig. 6. Velocity models derived in the present paper (bold lines): SM - Smrčiny pluton (solid 
line), PL - Smrčiny and Karlovy Vary plutons (interpreted as one unit, dashed line), CR - crystalline 
units, MK - Mariánské Lázně Complex and Kladská unit. The thin lines close to the individual 
velocity models show their variations, obtained by the method of delete-one jackknifing. The 
previous models O and M (see Fig. 2) are given for comparison. 

Table 5. The seismic velocities in the crystalline units are slightly higher than the 
velocities in the plutons, but the shapes of the velocity cross-sections are very similar. 

6 . 4 .  M a r i á n s k é  L á z n ě  C o m p l e x  a n d  K l a d s k á  u n i t  

Small travel times from the Otročín shot point observed in the Mariánské Lázně 
Complex (MLC) and Kladská unit (Fig. 4) indicate high seismic velocities in these 
geological structures. High velocities in the MLC were expected, but not in the Kladská 
unit (see Section 2). The Kladská unit belongs to the Saxothuringian Zone according to 
the geological division, but its velocities more closely resemble the MLC. This represents 
another interesting problem for future studies. 

To study these high velocity structures, the travel times from the OTRA shot point 
observed at points 9118 to 9123 were selected (Table 4c). Fig. 5 again shows these travel 
times as diamonds. Their approximation in Eq.(1), with parameters a1 = 0.5251, 
a2 = 0.1617, and b0 = 2.570, is shown as line MK. The smooth model derived by the 
Wiechert-Herglotz method is again shown in Fig. 6 and given in Table 5 (model MK). 
The velocities in this model are higher than those in the geological units discussed above. 
A petrological explanation of the high velocities expected in the MLC was given in 
Section 2. 
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Table 5. Numerical representation of the velocity models derived from rational approximations of 
travel-time curves by the Wiechert-Herglotz method: SM - Smrčiny pluton separately; PL - Smrčiny 
and Karlovy Vary plutons; CR - Ore Mts. crystallinicum; MK - Mariánské Lázně Complex and 
Kladská unit. For notations, see Table 1. 

vp (km/s)  
H (km) 

SM PL CR MK 

0.0 3.59 3.50 4.27 4.90 
0.1 4.26 4.22 4.64 5.48 
0.2 4.59 4.56 4.84 5.71 
0.3 4.83 4.81 4.99 5.86 
0.5 5.16 5.15 5.23 6.02 
0.7 5.38 5.37 5.42 6.10 
1.0 5.58 5.56 5.63  
1.5  5.72 5.87  
2.0  5.80 6.03  
3.0  5.89   
4.0  5.95   

6 . 5 .  O t h e r  g e o l o g i c a l  u n i t s  

Several WEBNET stations are located in the Vogtland-Saxony Palaeozoic, but this 
geological unit was poorly covered with portable stations. For this reason, it was not 
possible to derive a new mean model for the whole WEBNET area. Nevertheless, it 
follows from these remarks that future structural studies should be concentrated preferably 
on the northern parts of the seismoactive region. 

Note that all velocity models of the uppermost crust derived in this section are 
characterised by a noticeable concave form, i.e. their velocity gradients rapidly decrease 
with depth (Fig. 6). As opposed to this, the old model O displays a convex velocity 
distribution in the uppermost crust. 

7. ACCURACY OF STRUCTURAL MODELS 

7 . 1 .  D e v i a t i o n s  i n  t r a v e l  t i m e s  

First, let us estimate the fit between the observed and synthetic travel times. Table 6 
gives the standard deviations between the travel times observed in the individual 
geological units (isolated points in Fig. 5) and the corresponding travel times computed 
for several previous structural models given in Table 1, and the models derived in the 
present paper. The half-space model H of Horálek et al. (1987) with a velocity of 
vp = 5.757 km s−1 is also considered. All observed curves were compared with the 
synthetic ones for the mean models of the region, i.e. models H, E and M. However, 
model O of the Ore Mts. was used only with the data from the Saxothuringian units 
(plutons and crystalline units). As opposed to this, model T of the Teplá-Barrandian block 
was used with the data from the Mariánské Lázně Complex and Kladská unit only. 
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Table 6. Standard deviations between the travel times observed in the individual geological units 
and synthetic travel times. The deviations are given in milliseconds. The individual columns refer to 
the synthetic data for the structural models O, T, E and M from Table 1, to the homogeneous half-
space model H of Horálek et al. (1987), and to the rational approximations of the individual 
observed travel times (the last four columns). 

 O T H E M SM PL CR MK 

Smrčiny 72 - 184 154 23 15 - - - 
Plutons 60 - 171 422 51 - 14 - - 
Crystallinicum 165 - 144 355 114 - - 15 - 
MLC + Kladská unit - 26 48 423 237 - - - 7 

It follows from Table 6 that the simple models H and E satisfy the observed data rather 
poorly as the deviations exceed 100 ms in most cases. However, the reasons for these 
large deviations are opposite, the synthetic travel times being too small for model H, but 
too large for model E in comparison with the observed data (Fig. 4). Model H is 
acceptable for the Mariánské Lázně Complex only. Models O and M are relatively 
acceptable for the plutonic structures, and model T for the Mariánské Lázně Complex and 
Kladská unit. Of course, the smallest deviations of about 15 ms were obtained for the 
rational approximations of the individual observed data, corresponding to models SM, PL, 
CR and MK. 

7 . 2 .  D e v i a t i o n s  i n  1 - D  m o d e l s  

Before applying the Wiechert-Herglotz method, the observed travel times were greatly 
smoothed. The approximating curves in the simple forms (1) and (2) are characterised 
only by three and four coefficients, respectively. Consequently, the derived 1-D velocity 
models for the individual geological units represent considerable simplifications of the 
real structures. 

To estimate the accuracy of the smoothed 1-D models, the method of delete-one 
jackknifing was used (Tichelaar and Ruff, 1989), i.e. interpretations were repeatedly 
performed for data in which one travel-time point had been successively omitted. The 
velocity models obtained in this way for the individual geological units are shown in 
Fig. 6 as thin lines. One can see that these reductions of input data changed the resulting 
models only slightly. This indicates a rather high confidence of the 1-D models derived. 

7 . 3 .  O t h e r  m o d e l s  f o r  t h e  p l u t o n s  

The travel times observed for the plutons in Fig. 5 (circles) seem to form three quasi-
linear segments. Consequently, in addition to the rational approximation of the data, an 
attempt was made to interpret the data in terms of a three-layered medium with a 
piecewise-linear velocity distribution. Using the grid search method, a model 
characterised by velocities of 4.35, 5.64, 5.89 and 6.03 at depths of 0, 1, 3 and 5.2 km, 
respectively, was found. The velocity varies linearly between these depths. This model, 
designated 3L, is rather close to the smoothed model PL, derived by the Wiechert-Herlotz 
method (Fig. 7). The standard deviation for model 3L is 15 ms, which is very close to the 
14 ms for model PL (Table 6). 

726 Stud. Geophys. Geod., 48 (2004) 



Vertically Inhomogeneous Models of the Upper Crustal Structure … 

 
Fig.7. Comparison of several velocity models for the Smrčiny and Karlovy Vary plutons: model 
PL from Fig. 6 (dashed line); model 3L composed of three layers with constant velocity gradients 
(solid line); the solution for the case that 0.1 s was added to the travel times in the Karlovy Vary 
pluton (dotted line MOD). For details, see the text. 

The derivation of the PL model, as a common model for the Smrčiny and Karlovy 
Vary plutons, was based on the assumption of close velocities in the intermediate 
crystallinic unit and the surrounding plutons. However, Fig. 6 shows higher velocities in 
model CR than in model SM. Consequently, the travel times from the shot point Libá 
observed in the Karlovy Vary pluton may be shorter by about 100 ms in comparison with 
the propagation in purely plutonic structures. Therefore, to obtain “pure” plutonic travel 
times, the travel times at points L1 to L8 and SKC were kept fixed, but a constant value of 
0.1 s was added to the observed travel times at points L18 to L25. The application of 
Eq.(2) and the Wiechert-Herglotz method to these modified data yielded the model shown 
in Fig. 7 as model MOD. Figure 7 thus indicates the probable uncertainties in the 1-D 
models for the plutons under consideration. 

8. CONCLUSIONS 

The present paper summarises the P-wave travel times of refracted waves observed at 
the West Bohemian portable and permanent seismic stations during the CELEBRATION 
2000 experiment. Attention has been paid to measurements along a part of the 
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international profile CEL09 and to two supplementary profiles (L and V) that crossed the 
main epicentral zone of earthquake swarms. 

Complicated waveforms observed along the profiles and large variations in travel 
times confirm that the region has a complicated shallow geological structure. In particular, 
remarkable structural differences have been observed between the Saxothuringian Zone in 
the north and the southern geological structures. 

A new method of smoothing the observed travel-time curves, based on rational 
approximations, has been tested for the purposes of the Wiechert-Herglotz method. This 
approach made it possible to derive new 1-D models of the uppermost crustal structure for 
the plutonic units, crystalline units and the Mariánské Lázně Complex with the Kladská 
unit (Fig. 6 and Table 5). The structural models derived here are characterised by rather 
low superficial velocities, but high velocity gradients to a depth of about 1 km. Previous 
deep seismic soundings in western Bohemia and Vogtland did not disclose this structural 
feature. The new models fit the observed travel times much better than the older models 
(Table 6). 

The new velocity models indicate that much simpler models, which are still used for 
routine localisation of earthquakes and focal mechanism studies in the region, should be 
reconsidered. We are convinced that the new models can also be used as initial models for 
seismic tomography. 
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