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[1] We study the azimuthal velocity variation of Pg waves in the Bohemian Massif
using data collected during Central European Lithospheric Experiment Based on
Refraction (CELEBRATION) 2000. We analyze travel times of waves generated by 28
shots and recorded by 256 portable and 19 permanent seismic stations deployed on
the territory of the Czech Republic and in adjacent areas. We use recording offset
ranging from 30 to 190 km with azimuths covering the whole interval of angles. The
observed travel times are inverted for parameters of a velocity model formed by an
isotropic low-velocity subsurface layer with a varying depth lying on a homogeneous
transversely isotropic half-space with a horizontal axis of symmetry. The recovered
velocity displays a systematic azimuthal variation indicating a regional-scale intrinsic
or effective anisotropy in the Bohemian Massif. The mean, minimum and maximum
values of the velocity are vyean = 6.03 km/s, v, = 5.98 km/s, vy« = 6.10 km/s,
respectively, indicating an anisotropy of 1.5-2.5%. The direction of the maximum
propagation velocity is ~N35°E being approximately perpendicular to the present
maximum compression in the Earth crust in central Europe. The observed anisotropy
cannot be induced by stress-aligned cracks in the crust, because the crack models
predict azimuthal velocity variations completely inconsistent with the observed one.
Therefore we suggest the crustal anisotropy to be induced by a preferred orientation of
rock-forming minerals and large-scale intrusion fabrics developed during a tectonic

evolution of the Bohemian Massif.
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1. Introduction

[2] Many observations indicate seismic anisotropy as a
ubiquitous property of the Earth crust and upper mantle,
which is detected on local as well as regional scales using
various types of seismic waves [Babuska and Cara, 1991;
Savage, 1999; Weiss et al., 1999]. The anisotropy of the
Earth crust is mostly caused by sediment layering, by
stress-aligned systems of microcracks, cracks or fractures,
by deformation and faulting of the crust, or by textural
ordering of rock-forming minerals in the crust. Crustal
anisotropy is studied in the laboratory by measuring P
and S wave velocities on rock samples, or in situ using
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arrivals of P and S waves, splitting of S waves or using
surface waves.

[3] So far, crustal anisotropy in the Bohemian Massif and
adjacent areas has been measured mainly locally at various
isolated sites. It has been measured mostly under laboratory
conditions on rock samples from West Bohemia [Pros et al.,
1998; Martinkova et al., 2000; Chlupdcova et al., 2003] and
from the KTB drill hole [Kern and Schmidt, 1990; Kern et
al., 1991; Jahns et al., 1996; Berckhemer et al., 1997].
These measurements show a rather high scatter of P wave
anisotropy and orientation of its axes in dependence on the
site and type of rock measured. Also, results for shear wave
anisotropy obtained from in situ experiments based on shear
wave splitting analysis in West Bohemia [Vavrycuk, 1993,
1995] and at the KTB site [Rabbel, 1994; Rabbel and
Mooney, 1996] indicate that the strength of anisotropy can
vary significantly within the area under study. Nevertheless,
the orientation of anisotropy axes from in situ experiments
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Figure 1.

Major tectonic units of the Bohemian Massif and its setting within the European Variscides.

BM, Bohemian Massif; AM, Armorican Massif, MC, Massif Central; A, Alps; ST, Saxothuringian Zone;
RH, Rhenohercynian Zone [after Pitra et al., 1999; Franke et al., 2000].

seems to be more consistent being related to the direction of
the maximum horizontal compressive stress in the region. A
similar observation has also been made by Plomerova et al.
[1981, 1984], who studied the regional-scale velocity var-
iation of waves propagating in the Bohemian Massif. They
reported some indications of an increase of Pg wave
velocities in the NE—SW direction, which is roughly
perpendicular to the direction of the maximum compression
in the region.

[4] In this paper, we study the upper crustal azimuthal
anisotropy of the Bohemian Massif from refraction travel
time data collected during Central European Lithospheric
Experiment Based on Refraction (CELEBRATION) 2000.
We use travel times of Pg waves generated by explosions
recorded at distances ranging from 30 to 190 km. The travel
times of Pg waves were measured on records of permanent
seismic stations, located on the territory of the Czech
Republic and in adjacent areas, and of portable seismic
stations, deployed during the CELEBRATION 2000 exper-
iment [Guterch et al., 2001; Mdlek et al., 2001]. Data from
the permanent and portable stations were processed sepa-
rately and the results were compared. The aim of this study
is to decide whether the upper crustal azimuthal anisotropy

can be detected on a regional scale, and if so, to estimate its
strength and orientation.

2. Geological and Tectonic Settings

[s] The Bohemian Massif is one of largest stable outcrops
of pre-Permian rocks in central and western Europe. It forms
the easternmost part of the Variscan Belt, which developed
approximately between 500 and 250 Ma during a stage of
large-scale crustal convergence, collision of continental
plates and microplates and possibly also subduction [Matte
et al., 1990]. It consists mainly of high-grade metamorphic
and plutonic Paleozoic rocks. On the basis of the respective
effects of the Cadomian (Pan-African) and Variscan oro-
genesis, the Bohemian Massif can be subdivided into
various zones, Saxothuringian, Barrandian, Moldanubian,
and Moravo-Silesian (see Figure 1). Geographically, it
comprises the area of the Czech Republic, partly Austria,
Germany, and Poland.

[6] The Moldanubian region represents a major crystal-
line segment within the Bohemian Massif and its boundary
with the Saxothuringian in the NW is regarded to be a major
suture-type discontinuity. A structurally higher unit, the
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Barrandian, has been thrust over the Saxothuringian rocks
toward the northwest, while in the SE it has been thrust in
southerly directions over the Moldanubian from which it is
separated by a major NE—SW trending Variscan dextral
fault, the Central Bohemian Shear Zone [Dallmeyer et al.,
1994]. The mostly NE—SW striking Moldanubian/Moravo-
Silesian boundary in the east has the character of a major
ductile shear zone with a predominance of strike-slip move-
ments. The easternmost part of the Bohemian Massif, the
Moravo-Silesian, submerges beneath the Carpathian Fore-
deep, where it reappears as a basement reactivated during
the Alpine orogeny.

[7] From a tectonic point of view, one of the major
forming effects was during Variscan orogeny when the
Bohemian Massif, as part of Armorica plate, was sand-
wiched between high-grade Variscan metamorphic areas
and initially between two oceanic, then continental, op-
posing subduction zones [Matte, 2001]. The boundaries
between the Saxothuringian and Barrandian and between
the Barrandian and Moldanubian crustal domains to the
west, as well as, between the Moldanubian and Brunovis-
tulian platform to the east were of NE—-SW trending and
indicated the direction of corresponding metamorphic and
intrusion activities. The oldest (370-380 Ma) deforma-
tional fabrics occur in the Barrandian complex; they trend
NE-SW and dip to the SE. The development of these
structures is associated with earliest stages of the Saxo-
thuringian eastward subduction and shortening of the plate.
The upper plate progressively evolved into a lithospheric
scale arc system, which culminated at around 350—345 Ma
and was manifested by intrusion of the Central Bohemian
Plutonic Complex. The intrusion fabrics of this intrusive
complex are steeply dipping into the east and parallel to
the western boundary of the Barrandian domain. The
crustal root of the Moldanubian shows nearly vertical
NE-SW trending fabrics (estimated age of 370—-330 Ma)
developed mostly in granulites and associated mantle
slivers [Schulmann et al., 2002].

[s] The Moldanubian segment contains mainly high-
grade gneisses and migmatites of supracrustal origin,
orthogneisses, granulites and numerous Variscan posttec-
tonic granitiod intrusions. The Barrandian is composed
largely of Precambrian sedimentary and volcano-sedimen-
tary sequences overlain unconformably by Early Paleozoic
strata. The easternmost part of the Saxothuringian zone
belonging to the Bohemian Massif is dominated by rela-
tively low-grade sedimentary and volcanic rocks controlled
by a number of large NE trending synforms and antiforms
from a late stage of deformation. The Moravo-Silesian
includes autochtonous Cadomian basement, Brunovistuli-
cum, with its Devonian to Carboniferous sedimentary
cover.

3. Data

[v] A large-scale seismic refraction experiment CELE-
BRATION 2000 (C2000) was realized on the territory
of Poland, the Czech Republic, the Slovak Republic,
Austria, Hungary, Germany, Russia, and Byelorussia in
June 2000 with the aim of investigating the deep litho-
spheric structure of central Europe. During the C2000
experiment 147 shots were fired, 1200 portable seismic
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stations were distributed along 5400 km of profiles, and
about 160 000 seismic records were gathered. The average
distance between shots was 30 km with a station spacing of
2.7 km. The positions of shots and stations were checked by
GPS; the origin time was controlled by a DCF77 timer with
an accuracy of 3 ms. The sensors of portable stations were
4.5 Hz geophones, recording instruments were TEXAN,
REFTEK and PDAS provided by the IRIS Consortium
under the PASSCAL program, by the University of Texas
at El Paso, USA, and by GeoForschungsZentrum Potsdam,
Germany.

[10] As part of the C2000 experiment, the region of the
Bohemian Massif was studied along two international
profiles: C09 and C10. Profile C09 traverses the whole
Bohemian Massif in the NW—SE direction: it starts in the
NW in the Saxothuringian, transects mafic amfibolite
complex intrusion and continues to the Barrandian. Then
it crosses the granitoid intrusions spreading along the
Central Bohemian Shear Zone and continues to the Mol-
danubian, Moravo-Silesian and further SE to the Neogene
basins and Carpathian Foredeep. Profile C10 is spreading
along the ecastern edge of the Bohemian Massif in
Moravo-Silesian unit being almost perpendicular to C09.
Starting in SW it crosses the Brunovistulic crystalline
complex and continues to the NE to Carboniferous
Paleozoic cover. The purpose of these profiles was to
investigate the structure of the Bohemian Massif (C09)
and of the transition zone between the Bohemian Massif
and the Carpathians (C10).

[11] A total of 40 shots were fired along the C09 and C10
profiles with charges ranging from 210 kg to 10713 kg of
explosives. For our purpose, we have analyzed recordings
from 14 shots fired along the C09 profile, from 9 shots fired
along the C10 profile, and additionally from 5 shots fired
off any profile (see Table 1). Hence the geometry comprises
23 inline and 5 offline shots. All shots used in the compu-
tations were recorded by two types of instrumentation: by
portable and permanent seismic stations (see Figure 2). As
the extent and quality of the respective data sets is different,
they were processed separately and the results were
compared.

3.1. Data From Permanent Stations

[12] Figure 3 shows the ray path coverage for Pg waves
observed at permanent stations operated on the territory of
the Czech Republic and in adjacent areas. We have used
recording offset ranging from 30 to 190 km. A minimum
distance of 30 km was applied to eliminate local-scale
effects. The upper limit of 190 km represents the maxi-
mum distance at which the arrivals of Pg waves, excited
by the C2000 explosions, were identified and measured
on recordings reliably. The total number of rays is 135.
The azimuthal distribution of rays is uniform. Most
permanent seismic stations are equipped with three-com-
ponent broadband sensors and recordings are performed
with a sampling frequency of 20 Hz. The corner frequency
of the analogue antialias Bessel filter was 5 Hz. The
accuracy of picking of arrival times is around 200 ms.
This value was assured by exploring the differences
between travel times corresponding to doubled explosions
(shots fired twice at the same site, see Table 1). The travel
times provided by the permanent stations form a nearly
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Table 1. List of Shots
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Day Time, UT Shot ID Charge, kg H, m @, °N X\ °E Territory
Profile C10 Shots
16 2215:00.000 20092 210 662 49.8716 17.3891 Czech Republic
23 2100:12.320 20070 210 320 49.1449 16.4381 Czech Republic
23 2245:00.000 20100 210 428 50.0757 17.6246 Czech Republic
23 2315:00.000 20080 210 619 49.4464 16.8323 Czech Republic
24 0015:00.000 20081 210 619 49.4464 16.8327 Czech Republic
24 0100:00.000 20090 210 660 49.8721 17.3894 Czech Republic
24 0115:00.000 20091 210 661 49.8719 17.3892 Czech Republic
25 0300:00.223 20060 210 350 48.6033 15.8447 Austria
25 0344:59.730 20050 210 420 48.3404 15.5951 Austria
Profile C09 Shots
23 1914:30.133 29020 210 526 50.5444 11.7666 Germany
23 1931:12.417 29010 210 270 50.6875 11.5573 Germany
24 2100:00.000 29100 210 476 49.3124 14.5900 Czech Republic
24 2200:00.000 29090 210 474 49.5182 14.1295 Czech Republic
24 2245:00.000 29120 210 612 49.0191 15.3173 Czech Republic
24 2315:00.000 29121 210 615 49.0191 15.3168 Czech Republic
25 0015:00.000 29110 210 492 49.1892 14.9104 Czech Republic
25 0045:00.000 29111 210 492 49.1896 14.9105 Czech Republic
26 0015:00.000 29051 210 679 50.0210 12.9091 Czech Republic
26 0100:00.000 29060 210 661 49.9251 13.0923 Czech Republic
26 0115:00.000 29061 210 661 49.9249 13.0925 Czech Republic
26 0214:59.997 29130 210 459 48.8526 15.6997 Austria
26 0230:00.396 29140 210 417 48.6723 16.1564 Austria
26 0348:05.896 29070 435 545 49.8725 13.1993 Czech Republic
Off-Profile Shots
23 1900:30.767 29040 413 630 50.1212 12.2250 Czech Republic
24 0315:00.735 26900 160 220 50.5629 13.7243 Czech Republic
25 0315:00.113 26910 200 399 50.2166 12.6683 Czech Republic
25 0329:59.895 26911 3954 399 50.2172 12.6677 Czech Republic
26 0315:00.805 29080 910 446 49.6453 14.3491 Czech Republic

linear time-distance curve (see Figure 3). The mean value of
the Pg velocity obtained by the least squares is 6.075 km/s
with a standard deviation of arrival times of 422 ms. The
offset at zero distance caused by the low-velocity layer is
496 ms.

3.2. Data From Portable Stations

[13] Figure 4 shows the ray path coverage for Pg waves
observed at the C2000 portable stations used in our study.
The length of the ray paths covers a range of 30 to 150 km.
The azimuthal distribution of rays indicates that the distri-
bution is not uniform, because many rays follow the
directions of profiles. However, shots fired off the
profiles and cross-profile measurements allowed to spread
the spatial distribution of rays over the whole range of
azimuths. The total number of rays is 1475. The sampling
frequency of one-component (vertical) recordings was
100 Hz. The corner frequency of the antialias FIR filter
was 40 Hz. The accuracy of the measured arrival times of
Pg waves was thus around 50 ms, which shows remarkably
higher accuracy than for permanent stations. The travel
times form a nearly linear time-distance curve. This indi-
cates that the velocity distribution of the Bohemian Massif
has no strong vertical velocity gradient. The mean value of
the Pg velocity obtained by the least squares, the standard
deviation of arrival times, and the time offset at zero
distance attributed to a low-velocity layer are summarized
in Table 2. The values are calculated for the whole data set
and for the C09 and C10 profiles separately. The table
shows that the mean velocity for the C10 profile is slightly

higher than for the C09 profile. This is an indication of a
weak anisotropy or slight lateral inhomogeneity present in
the Bohemian Massif.

4. Time-Term Method

[14] We assume a homogeneous anisotropic crust covered
by a thin low-velocity isotropic layer with a variable
thickness and velocity. The total travel time T; between
shot i and station j is expressed as follows [Bamford, 1977,
Song et al., 2001]:

’T,]:a,+b/ +D,]S7 (1)

where a; is the ith shot delay term (“the shot correction™), b;
is the jth station delay term (*“the station correction™), D;; is
the epicentral distance between shot i and station j, and S is
the slowness. The delay terms a; and b; represent the time
spent by the refracted wave in the low-velocity layer, thus
they combine the effect of the thickness of the layer with its

Table 2. Linear Regression of Travel Times

Mean Standard Deviation Time Offset
Data Velocity, of Time at Zero
Set km/s Residuals, ms Distance, ms
CO09 profile 5.964 176 171
C10 profile 6.096 194 446
C09+C10 profiles 6.013 201 279
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Figure 2. (a) A three-component velocigram recorded at permanent station PRU (shot 29080, epicentral
distance 41 km). (b) Vertical velocigrams recorded at portable stations deployed along profile C10 (shot
20080, time is reduced using v = 8 km/s).
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Figure 3. (top) Ray path coverage for waves recorded by permanent seismic stations deployed on the

territory of the Czech Republic and in adjacent areas.

Shots are marked by stars, and stations by triangles.

(bottom left) Azimuth-distance distribution of the data. (bottom right) Pg travel times as a function of
epicentral distance (the mean velocity is 6.075 km/s, the offset at zero distance is 496 ms).

velocity beneath each shot and station. The properties of the
surface layer can probably vary significantly in the area
studied and are considered to be unknown. The delay times
may also reflect systematic errors in timing or phase
identification errors, hence they represent all unknown
effects, which should be isolated and removed from the
travel times. The shot/station corrections are linearly
dependent in equation (1); hence usually only their sum
for a given ray (called “the total correction”) can be
uniquely determined. The separation of shot/station correc-
tions is possible, if at least one of shots is located near a
station, so the corresponding corrections can be matched.
[15] The quantity of interest is the slowness S and its
azimuthal variation. Assuming mostly horizontal propaga-

tion of refracted waves in a weakly anisotropic crust, we can
put [Backus, 1965]

S =So(l +Acos2p + Bsin2p + Ccosdyp + Dsindyp), (2)

where Sy = 1/vy is the slowness in the isotropic reference
medium, v, is the velocity in the isotropic reference
medium, ¢ defines the azimuth in which the wave
propagates, and constants A4, B, C, and D are small
unknown coefficients which are linear combinations of the
elastic parameters defining weak anisotropy. For weak
transverse isotropy with a horizontal axis of symmetry,
formula (2) simplifies to [Song et al., 2001]

S = So(1 + Ecos2(p — o) +F cosd(o = 2),  (3)
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Figure 4. Ray path coverage for waves recorded by portable seismic stations. For details, see Figure 3
caption. The mean velocity calculated from the travel times is 6.013 km/s, and the offset at zero distance

is 279 ms.

or, equivalently, to [Vavrycuk, 1997, equation 15]

S =So(1+ Geos® (¢ —¢g) + Heos' (p— ), (4)
where o is the angle defining the orientation of the
symmetry axis in the horizontal plane, and E, F, G, and H
are small unknown coefficients defining transverse isotropy.
The azimuthal variation of velocity v can be expressed from
equation (4) as

1 1

VZEZSO

(1= Geos® (p— pg)—Hcos* (p = py)).  (5)
Equations (2)—(5) are valid only under weak anisotropy;
hence they are applicable to anisotropy coefficients less than

0.1.

5.

[16] The inversion is performed by minimizing two
different misfit functions in the L2 norm: we minimize
the absolute time residuals,

Inverse Problem

1 2 .
Xaps = > (5 — 73)" = min, (6)
and the relative time residuals,
1 ti— i\
XReL = 1 Z (U TU) = min, (7)
n— tij

where 7 is the total number of data, #; are the observed and
7; are the calculated travel times between the ith shot and
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Jjth station. We use the two misfit functions in order to assess
the reliability of the results obtained. Misfit function (6)
represents a standard minimization procedure. Misfit
function (7) reflects a varied quality of the observed data.
The travel times measured at large epicentral distances are
less accurate because the amplitudes of waves are more
attenuated and less identifiable in noise. Hence higher travel
times are automatically given lower weights proportional to

[17] The minimization is performed with respect to the
following sets of parameters: shot/station time corrections a;
and b;, and parameters defining general weak anisotropy 4,
B, C, D, and S, (equation (2)) or alternatively parameters
defining weak transverse isotropy G, H, Sy, and ¢, (equa-
tion (4)). The inverse problem is linear with respect to the
shot/station corrections (40 parameters for the data set from
permanent stations and 256 parameters for the data set from
portable stations) and with respect to the parameters
defining general anisotropy (5 parameters), but nonlinear
with respect to the parameters defining transverse isotropy
(4 parameters). Hence the inversion for general anisotropy
is fully linear, but the inversion for transverse isotropy is
partly nonlinear. The linear inversion for general anisotropy
is performed using the singular value decomposition (SVD)
matrix method [Press et al., 1992, p. 51]. The inversion for
transverse isotropy is split into two parts: linear (“internal””)
and nonlinear (“external”). The nonlinear inversion is
performed using Powell’s optimizing algorithm [Press et
al., 1992, p. 406]. The task of this optimization is to find the
optimum values of anisotropy parameters G, H, Sy, and .
The linear inversion uses the SVD matrix method and
provides an optimum combination of shot/station correc-
tions for each trial set of anisotropy parameters required for
the nonlinear optimization.

6. Synthetic Tests

[18] In order to check the robustness of the inversion, we
performed a series of synthetic tests for the ray geometries
with permanent (see Figure 3) as well as portable (see
Figure 4) stations. We preserved the number of stations and
shots and their positions and assume a synthetic velocity
model of the Earth crust formed by a homogeneous trans-
versely isotropic half-space with the parameters

vo = 6.0 km/s,G=H = —1.266 x 1072, p, = 60°,  (8)

covered by a low-velocity isotropic layer. The propagation
velocity in the half-space varies from 6.0 km/s in azimuth
150° to 6.152 km/s in azimuth 60°. The mean velocity is
6.066 km/s. The strength of anisotropy is 2.5%. The low-
velocity layer is introduced by synthetic shot/station
corrections, which are generated randomly with a uniform
nonzero probability density in the interval from 0 to 1 s and
with zero probability density elsewhere. Moreover, a
synthetic Gaussian noise is superimposed on the theoretical
travel times in order to simulate the properties of the
observed data. The noise is generated with zero mean and
with a standard deviation of 300 ms for permanent stations
or 200 ms for portable stations, respectively. These values
simulate errors present in the observed travel times caused
mainly by inaccurate phase picking and by neglecting
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Figure 5. Results of the inversion of synthetic data for the
permanent stations. (top) Azimuthal variation of velocity.
(bottom) Histograms showing the scatter of the inverted
parameters.

inhomogeneities in the crust. The synthetic travel times are
inverted for values defined in equation (8). To obtain
statistically relevant results, the noise superposition and the
subsequent inversion were performed 200 times.

[19] Figures 5 and 6 present the results of the inversion for
transverse isotropy (equation (4)) using misfit function (6)
for the ray geometry with permanent and portable stations,
respectively. The results are also summarized in Table 3. The
upper plots in Figures 5 and 6 show the propagation velocity
as a function of azimuth. Figures 5 and 6 show 200 inverted
curves, each curve corresponding to a particular realization
of the noise. It is evident that the family of curves in Figure 5
is much broader than that in Figure 6. This implies that the
inversion of data from the portable stations yields remark-
ably more accurate results than that from the permanent
stations. The error for portable stations is ~3 times lower
than the error for permanent stations. This is caused mainly
by the higher number of rays and by the higher accuracy of
picking of arrival times achieved for the portable stations.
Nevertheless, the curves surround the true velocity function
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Figure 6. Same as in Figure 5 but for data from the
portable stations.

in both cases, and the averaged curves approximate the exact
curve quite accurately (see Table 3). The lower plots in
Figures 5 and 6 show other statistical properties of the
results: histograms of the mean velocity averaged over all
azimuths, histograms of the azimuth of maximum and
minimum velocities, and histograms of the strength of
anisotropy. The mean velocity is calculated by

1 1 3
Vmean—STO(l_EG—gH>7 (9)

Table 3. Inversion of Synthetic Data
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obtained by averaging equation (5) and using the following
identities:

2% 21
1 1 1 3
E/coszkpdkpzz, %/cos“kpdkp:g. (10)
0 0

The strength of anisotropy is defined as

c—2 Vmax — Vmin 100%,

Vmax + Vmin (1 1)
where vy« and vy, are the maximum and minimum
propagation velocities, respectively. Figures 5 and 6
(bottom plots) show that all mentioned quantities approx-
imate the exact values well. Hence the synthetic tests prove
that the optimization procedure does not fall into false local
minima of equation (6) or (7) corresponding to incorrect or
significantly biased results, and that the inversion is well
conditioned for both ray geometries. The tests also indicate
that when inverting observed data, the azimuth of the
maximum velocity should be found with an accuracy of
several degrees, and anisotropy with strength of 2—3%
should be reliably detected. Therefore we conclude that the
ray path coverage, the extent and quality of the input data
and the computing tools applied are sufficiently powerful to
determine accurately the background isotropic velocity and
the strength and orientation of the searched regional-scale
anisotropy in the crust.

7. Results

[20] The observed data are inverted in a similar way as
those in the synthetic tests. Instead of performing 200
independent perturbations around synthetic travel times,
we now perform 200 independent perturbations around
travel times calculated from the optimum velocity model
found by the inversion. The procedure consists of the
following steps: (1) Construction of an optimum velocity
model corresponding to the observed travel times and
determination of the shot/station corrections, (2) calculation
of the theoretical travel times corresponding to the
found optimum velocity model and shot/station corrections,
(3) superposition of synthetic Gaussian noise with zero
mean and with a standard deviation of 300 ms for perma-
nent stations and of 200 ms for portable stations on the
theoretical travel times, (4) inversion of the noisy theoretical
travel times, and (5) 200 repetitions of steps 3 and 4 for
different noise realizations.

Test Parameters

Test Results

Gaussian Number of Number Number Mean Fast Direction, Anisotropy,
Source of Data Noise Level, ms Stations of Shots of Data Velocity, km/s deg deg
Optimization of Absolute Time Residuals
Portable stations 200 228 28 1475 6.066 + 0.006 60 +2 2.51 +0.18
Permanent stations 300 19 21 135 6.068 + 0.023 60 £ 5 247 +0.37
Optimization of Relative Time Residuals
Portable stations 200 228 28 1475 6.065 + 0.007 60 +3 2.47 £0.22
Permanent stations 300 19 21 135 6.071 + 0.025 60 + 7 2.35+0.44
Exact values 6.066 60 2.5
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Figure 7. Total time corrections as a function of (a)
azimuth and (b) epicentral distance.

[21] The results of the inversion are summarized in
Table 4. Figures 7, 8, and 9 show the results if absolute
time residuals (6) observed at permanent stations are
minimized and a transversely isotropic medium (4) is
assumed. Figures 10, 11, and 12 show the same for portable
stations. The minimization reduced the standard deviation
of time residuals from 422 ms to 271 ms for permanent
stations and from 201 ms to 99 ms for portable stations.
Nearly the same values are obtained if relative time
residuals (7) are minimized (see Table 4).

7.1. Permanent Stations

[22] Figure 7 shows the total time corrections (the sum of
the shot and station corrections for a given ray) as a
function of azimuth and epicentral distance. We do not
show shot/station corrections separately because of their
linear dependency. The corrections vary from —0.3sto 1.2 s
and should reflect lateral inhomogeneities and systematic
errors in picking of waves. The corrections display no
significant trend indicating no or very weak dependence
on the azimuth or epicentral distance. Figure 8 shows the
retrieved azimuthal variation of the Pg velocity together
with histograms quantifying its statistical properties. The
figure indicates that the medium is anisotropic with the
fast direction in 30—35° and with strength of anisotropy of
2-3%. Figure 9 shows that the optimum velocity variation
is almost independent of the inversion scheme used (linear
or nonlinear). Figure 9 also shows that the observed data
display a rather high scatter even though the shot/station
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Figure 8. Results of the inversion from data observed at
the permanent stations.
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Figure 9. Optimum velocity variations under general
weak anisotropy (dashed line) and weak transverse isotropy
(solid line) calculated using equations (2) and (4) and data
from permanent stations (marked by crosses).



RUZEK ET AL.: CRUSTAL ANISOTROPY IN THE BOHEMIAN MASSIF

a)

1 C09

0.6

0.5

0.4

0.3

..?.-""—"
e

0.2 it Tf
0:1_' ij ot
] Y

0.0 1‘&13 3

-0.1

Correction [s]

11 12 13 14 15 16 17
Longitude [deg]

b)

0.6

0.5

0.4

0.3

]
0.2 - 1 ”ﬁ\/\’\“ﬂ ’I\/ Y
Vs ¥
0.1 iy

0.0

S
e
— |
5
o
o— [ |

Correction [s]

-0.1

48.0 48.5 49.0 49.5

Latitude [deg]

50.0 50.5

Figure 10. Station corrections along the (a) C09 and
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corrections have been applied. This might indicate that
effects owing to lateral inhomogeneities under a subsurface
layer are at least of the same order as those owing to
anisotropy.

7.2. Portable Stations

[23] Figure 10 shows the station corrections along the
C09 and C10 profiles. We separated the station corrections
from the total corrections owing to shots situated on the
profiles. The corrections vary from —0.05 s to 0.6 s and
display systematic trends, which correlate with a geological
structure along both profiles.

[24] Looking at the C09 profile from NW (see Figure 10a),
the high corrections (low velocities) at longitude 11.5°E
are connected with Saxothuringian Carboniferous rocks.
The mafic intrusions are manifested by low corrections
(high velocities) around 11.8—12°E. The Saxothuringian
crystalline complex (gneisses, migmatites) shows the
corrections in 12—12.8°E. High values around 12.5°E
coincide with Neogene sedimentary basins. Low values
around 12.8°E are connected with mafic intrusions (amfibo-
lite complex). The Barrandian unit (metasediments and
Paleozoic strata) extends around 12.8—13.8°E. Low correc-
tions in 13.8—14.3°E can be associated with granitoid
plutons with mafic intrusions (amfibolites, diabases, mela-
phyres) on the Barrandian/Moldanubian contact. The oscil-
lations around 14.5°E can be connected with Tertiary and
Quaternary sediments. The Moldanubian unit (gneisses,
migmatites and granitoid intrusions) covers the interval
14.5-15.5°E. The Moravo-Silesian unit starts at 15.7°E
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the portable stations.
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Table 4. Inversion of Observed Data

RUZEK ET AL.: CRUSTAL ANISOTROPY IN THE BOHEMIAN MASSIF

Inversion Parameters

Inversion Results

Number Number  Number Mean Fast Slow Anisotropy,  Standard Deviation of
Source of Data of Stations  of Shots  of Data  Velocity, km/s  Direction, deg  Direction, deg % Time Residuals, s

Optimization of Absolute Time Residuals

Portable stations 228 28 1475 6.026 + 0.004 35+£2 126 £9 2.04 +£0.12 0.10

Permanent stations 19 21 135 6.121 £ 0.019 31+3 121 £+ 30 2.68 + 0.25 0.27
Optimization of Relative Time Residuals

Portable stations 228 28 1475 6.027 + 0.005 39+3 129 £ 6 1.46 £ 0.15 0.12

Permanent stations 19 21 135 6.041 + 0.022 35+5 125 + 26 2.36 + 0.41 0.31

and extends further to the SE to the Neogene sedimentary
basin.

[25] The station corrections along the C10 profile (see
Figure 10b) start with high values at latitude 48.4°N
attributed to sediments. Then they show a low minimum
in 48.5—-48.7°N corresponding to a crystalline metamorphic
unit. Latitudes 48.7-49.4°N define granitoid intrusions
with Neogene sediments around 49.1°N. Paleozoic sedi-
ments of Carboniferous age coincide with oscillations in
49.4-49.7°N. The Neogene and Quaternary sediments
produce high corrections in 49.7—-49.8°N, while mafic
intrusions lower the corrections around 49.8°N. High values
in 49.8-50.1°N correspond to Paleozoic Carboniferous
rocks.

[26] The good correspondence between the station cor-
rections and the geological structure under stations implies
that the time term method used in the inversion is capable to
effectively separate effects of subsurface inhomogeneities
from those of anisotropy. Figure 11 shows the inversion
results related to anisotropy. The retrieved anisotropy has
the fast direction in 35° and strength of 2%. Figure 12
shows the optimum velocity variations for linear (2) and
nonlinear (4) inversion schemes together with observed data
after applying shot/station corrections. The figure indicates
that the mean value of the Pg velocity along the C10 profile
is distinctly higher than that for the C09 profile (despite a
rather high scatter of the data along both profiles). The high-
velocity anomaly is, however, observed not only for the
C10 profile traversing the Moravo-Silesian unit but it is
observed consistently for all rays in similar azimuths (20—
40°) crossing different geological units of the Bohemian
Massif (see Figures 1 and 4). This implies that the anomaly
can be attributed to anisotropy rather than to different
crustal structures beneath the two profiles (e.g., high veloc-
ities in the Moravo-Silesian unit). The lateral inhomogene-
ities under a subsurface layer produce the scatter in the
observed data (Figure 12).

7.3. Permanent and Portable Stations

[27] The results demonstrate that the data set from the
portable stations (Figure 11) provides much higher accu-
racy than that from the permanent stations (Figure 8). The
scatter of the curves displaying the azimuthal variation of
velocity is much larger for the data from the permanent
stations than for those from the portable stations. The same
is evident from the corresponding histograms: the width of
histograms is remarkably larger for the permanent than for
the portable stations. The same effect has been observed in
synthetic tests (Figures 5 and 6) and can be explained by
the low number of travel times and low sampling frequency

for permanent stations. In spite of the different accuracy,
the results of the inversion display a good stability and
consistency with respect to the data set and the optimizing
mode used. Either relative or absolute travel time residuals
yield similar values for both data sets: the direction of the
maximum velocity varies from 30° to 40°, the direction of
the minimum velocity varies from 120° to 130°, and the
anisotropy ranges from 1.5% to 2.5%. Also the azimuthal
variations of velocity display similar shapes. Intriguingly,
the azimuthal variations show well-defined maxima, but
shallow and rather indistinct minima. The azimuthal varia-
tions retrieved from the permanent stations (Figures 8 and 9)
even indicate the existence of two different minima with
azimuths around 100° and 150°.

[28] Table 4 presents the retrieved values together with
their errors calculated according to the procedure described
above. We stress that the procedure is rather simple and able
to provide only basic information on the stability of the
inversion. The calculated errors, therefore, do not follow the
errors of inverted values exactly. The actual errors should
reflect many inconsistencies produced by simplifications in
the numerical modeling (e.g., non-Gaussian distribution of
noise in the observed data, inhomogeneities in deeper parts
of the crust, varying orientation and strength of anisotropy,
lower symmetry of anisotropy). As a consequence, the
actual errors of the retrieved values may be larger than
those estimated theoretically.

8. Discussion

[20] We found that the overall azimuthal velocity varia-
tion attributed to anisotropy is 1.5-2.5% and the direction
of the maximum velocity is ~N35°E. Interestingly, similar
anisotropy values have been detected also for the upper
mantle anisotropy studied by Pr waves in the west of the
Bohemian Massif (so far, no information on Prn anisotropy
in the Bohemian Massif is available). Bamford [1977]
studied the uppermost mantle Pn velocity beneath southern
Germany from a dense network of refraction profiles and
reported an anisotropy of 6—7% with the maximum velocity
in the direction N20°E. Enderle et al. [1996] updated this
interpretation and reported an overall P wave anisotropy of
3—4% in a horizontal plane immediately below the Moho at
a depth of 30 km with the maximum velocity in the
direction N31°E. The anisotropy increases to 11% at a
depth of 40 km. Song et al. [2001] studied the uppermost
mantle anisotropy in the western part of the Bohemian
Massif and in Germany using regional earthquake Prn travel
time data and obtained an anisotropy of 3.5-4% with the
maximum velocity in the direction ~N25°E.
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Figure 13. Velocity variations for the dry crack model
(dashed line), fluid-filled crack model (dotted line), and for
the observed anisotropy (solid line).

[30] The similar fast directions in the horizontal plane for
the upper crustal and uppermost mantle anisotropy suggest a
stable pattern of anisotropy orientation in the crust and the
uppermost mantle in the Bohemian Massif and adjacent
areas. However, the strength of the overall anisotropy seems
to vary being lower in the crust than in the mantle. This is
probably caused by heterogeneities, which are more pro-
nounced in the crust, as well as by a high single-crystal
anisotropy of olivine, the dominant component of the upper
mantle. Obviously, the low value of crustal anisotropy on the
regional scale does not exclude high values of anisotropy on
the local scale. Measurements on rock samples frequently
show anisotropy even higher than 10% [Pros et al., 1998;
Chlupacova et al., 2003], but a rather high scatter in
orientations of the anisotropy axes and in the strength of
anisotropy probably causes that the overall anisotropy in the
crust is significantly suppressed.

[31] The orientation of the anisotropy axes can be com-
pared with the present-day tectonic stress in the region. The
stress measurements in the Bohemian Massif indicate a
prevailing direction of the maximum compressive stress in
the NW-SE direction with azimuths ranging from 125° to
150° [Peska, 1992]. A few exceptions exist in the southern
part of the Bohemian Massif where the maximum compres-
sive stress is indicated in the NE—SW direction. However,
the NW—SE direction appears to be more reliable because it
is more frequent and also consistent with the azimuth of
160° &+ 10° determined at the KTB drill hole [Brudy et al.,
1997] as well as with the azimuth of 144° + 26° determined
for the overall stress orientation in western Europe [Miiller
et al., 1992]. Hence the fast Pg velocity direction charac-
terized by azimuth 35° is approximately perpendicular to
the maximum horizontal compression in the region. A
similar relation between anisotropy and tectonic stress has
also been observed in other regions, for example in southern
California [Hearn, 1996].

[32] The relation between anisotropy and present-day
stress in the Bohemian Massif excludes the observed
anisotropy to be primarily induced by the presence of either
dry or fluid-filled stress-aligned cracks or microcracks
[Kaneshima et al., 1988; Crampin, 1994]. The dry crack
model predicts the fast direction parallel to the maximum
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compression, and the fluid-filled crack model predicts the
fast directions parallel and perpendicular to the maximum
compression [Crampin, 1984]. However, we observe only
the fast direction perpendicular to the maximum compres-
sion. Hence the crack models predict azimuthal variations
inconsistent with the observed variation (see Figure 13).
Consequently, if the crack-induced anisotropy is present in
the crust, then its effect should be minor. This could be an
indication of a small differential stress in the region that
prevents large populations of stress-aligned cracks from
forming.

[33] Since the observed crustal anisotropy can hardly be
explained by cracks aligned due to present-day stress, we
suggest the anisotropy to originate in tectonically induced
processes, probably during Variscan orogeny when the
Bohemian Massif was sandwiched between opposing sub-
duction zones of NE—SW trending. Such major tectonic
activity could imprint the Bohemian Massif some preferen-
tially oriented microstructural and macrostructural features
like an alignment of rock-forming minerals (in the Molda-
nubian unit) or large-scale intrusion fabrics (in the Barran-
dian unit) responsible for the observed anisotropy at present.
The coherent patterns of Pg and Pn anisotropy might
indicate that anisotropy in the crust and uppermost mantle
is of a similar origin.

[34] The crustal anisotropy determined from Pg waves
can also be compared with the mantle anisotropy in the
Bohemian Massif studied using the splitting of SKS waves.
Assuming a homogeneous transverse isotropy with a hori-
zontal symmetry axis in the crust and upper mantle, the
polarization of the fast split S wave must be either parallel
or perpendicular to the direction of the fast P wave velocity.
Studies by Babuska and Plomerovad [2000] and Plomerovad
et al. [2000] however show that the polarizations of split
SKS waves do not match the directions of Pg or Pn
anisotropy. This might be explained by the fact that Pg
and Pn waves sample a shallow anisotropic structure, while
the SKS results are more sensitive to lithospheric or upper
mantle wide structures [Song et al., 2001]. The discrepancy
can also arise from an oversimplified anisotropy model,
e.g., from the assumptions of a homogeneous transverse
isotropy or the horizontal symmetry axis. For example,
Babuska and Plomerova [2000] suggest dipping anisotropy
structures in the lithosphere. The determination of anisot-
ropy from prevailingly horizontally propagating Pg or Pn
waves, which essentially is a 2-D method, cannot yield any
such information.

9. Conclusions

[35] The consistency of the results obtained by applying
different inversion schemes to different data sets indicates
that the upper crust in the Bohemian Massif is anisotropic.
The mean propagation velocity of Pg waves is 6.03 km/s.
This value coincides well with 5.99 km/s obtained by
Riizek et al. [2000] who studied the velocity model for
the same area but from earthquake data. The high-velocity
direction has an azimuth of ~N35°E, approximately per-
pendicular to the direction of the present-day maximum
compression in the Bohemian Massif. The anisotropy is
1.5-2.5% with maximum and minimum velocities V. =
6.10 km/s and v, = 5.98 km/s, respectively. These values



ESE 9-14

characterize a regional-scale azimuthal anisotropy for ray
paths of 30—190 km in length.

[36] The detected crustal anisotropy cannot be primarily
caused by the presence of stress-aligned cracks or micro-
cracks in the crust, which is the most common explanation
for crustal anisotropy. The crack models predict the
maximum velocity in the direction parallel to the maximum
compression, but the opposite azimuthal velocity variation
is observed. Hence, if the crack-induced anisotropy is
present in the crust, then its effect should be minor.

[37] The high-velocity direction in the upper crust
determined using Pg waves coincides well with that in
the uppermost mantle studied using Pn waves (depth range
30—40 km). The anisotropy in the uppermost mantle is
slightly higher (3—4%) and probably further increases with
depth [Enderle et al., 1996]. The coherent patterns of Pg
and Pn anisotropy can indicate that the anisotropy in the
crust and uppermost mantle is of similar origin. We
suggest that the detected crustal anisotropy is partly
intrinsic and partly effective caused by a preferred orien-
tation of rock-forming minerals and large-scale intrusion
fabrics developed during the tectonic evolution of the
Bohemian Massif.
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