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Abstract

We study the azimuthal velocity variation ofPg waves in theMoldanubian, which is a crystalline segment within the Bohemian

Massif in the Czech Republic. We use the data from a multi-azimuthal common-shot experiment performed as part of the ALP

2002 refraction experiment, complemented by profile refraction data from the CELEBRATION 2000 experiment. We analyze the

travel times of waves recorded by 72 portable seismic stations deployed along two circles with radii of 35 and 45 km around a shot.

The observed travel times display an azimuthal variation indicating anisotropy of 2%. The minimum and maximum velocity

values are 5.83 and 5.95 km/s, respectively. The direction of the maximum velocity is ~N508E. These values characterize

horizontal anisotropy of the uppermost crust down to 3 km. The strength and orientation of uppermost crustal anisotropy in the

Moldanubian is consistent with the overall upper crustal anisotropy in the entire Bohemian Massif. The high-velocity direction is

roughly perpendicular to the present-day maximum compressive stress in the Bohemian Massif and Central Europe and coincides

with the orientation of structures formed by the main Variscan tectonic events in the area. This indicates that the anisotropy is

caused predominantly by alignment of textural elements and minerals in the rocks, which developed in early geological stages
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rather than by a preferred orientation of cracks or microcracks due to present-day stress. If the crack-induced anisotropy is present

in the medium, then its strength should not exceed 1% and the cracks should be water saturated.

D 2004 Elsevier B.V. All rights reserved.
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1. Introduction

The Earth’s crust is often reported to be anisotropic

(Babuška and Cara, 1991), which is manifested by

azimuthally dependent velocities of seismic waves.

Crustal anisotropy in the Bohemian Massif and

adjacent areas has so far been measured on rock

samples from West Bohemia and from the KTB drill

hole (Kern and Schmidt, 1990; Kern et al., 1991; Jahns

et al., 1996; Berckhemer et al., 1997; Pros et al., 1998;

Martı́nková et al., 2000; Chlupáčová et al., 2003), from

shear-wave splitting observed in records of micro-

earthquakes in West Bohemia (Vavryčuk, 1993, 1995)

and from shear-wave splitting observed in the VSP

records at the KTB site (Rabbel, 1994; Rabbel and

Mooney, 1996). The experiments indicate anisotropy

of varying magnitude dependent on the site studied.

The orientation of anisotropy axes from in situ experi-

ments is rather stable being related to the direction of

the horizontal tectonic stress in the region. A similar

observation is reported by Plomerová et al. (1981,

1984), who studied a velocity variation of Pg waves in

the Bohemian Massif from earthquake data. Recently,

Růžek et al. (2003) studied a regional-scale upper

crustal anisotropy in the Bohemian Massif from Pg

refraction data collected during the large-scale refrac-

tion experiment CELEBRATION 2000 (Guterch et al.,

2001, 2003; Málek et al., 2001). They report a sys-

tematic azimuthal variation of the Pg velocity, indicat-

ing an overall anisotropy of 1.5–2.5% with the

direction of the maximum propagation velocity in

azimuth of ~N358E. This direction is approximately

perpendicular to the direction of the maximum hori-

zontal compression in the earth crust in Central Europe.

Knowing the multisegmental nature of the Bohe-

mian Massif, we wanted to choose just one segment

of the Massif in this paper, and study the anisotropy

on the local scale. Therefore, we continue the work of

Růžek et al. (2003) but study the azimuthal variation

of Pg waves in the Moldanubian, a crystalline
segment of the Bohemian Massif. The aim is to

trace a more detailed anisotropy pattern within the

Bohemian Massif and to check whether anisotropy of

Pg waves can be detected even at a local scale. We

use data from a multi-azimuthal common-shot experi-

ment performed within the European refraction

experiment ALP 2002 (Brückl et al., 2003). A

circular geometry of the experiment was chosen to

provide an unequivocal check of seismic anisotropy

in the studied area. Additionally, we use data from

the CELEBRATION 2000 experiment related to the

region of interest to obtain more information on

velocity distribution in study area and possible

heterogeneity corrections.
2. Geological and tectonic setting

The Moldanubian represents a major crystalline

segment within the Bohemian Massif, which is one of

the largest stable outcrops of pre-Permian rocks in

Central Europe, forming the easternmost part of the

Variscan Belt. The Bohemian Massif 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), and is subdivided into

various units: Saxothuringian, Barrandian, Moldanu-

bian, and Moravo-Silesian (see Fig. 1).

The Moldanubian unit, sometimes viewed as a

Precambrian orogenic root surrounded by younger

complexes, adjoins the Saxothuringian in the NW and

the Moravo-Silesian to the east. The boundary with

the Saxothuringian is regarded as a major suture-type

discontinuity, whereas the structurally higher unit in

the NW, the Barrandian, has been thrust over the

Saxothuringian and Moldanubian units. The Molda-

nubian unit is separated from the Barrandian unit by a

major NE–SW trending Variscan dextral fault, the

Central Bohemian Shear Zone, which is obscured by



 

Fig. 1. Major tectonic units of the Bohemian Massif, after Pitra et al. (1999).
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Variscan intrusions of the Central Bohemian Pluton.

Its eastern boundary with the Moravo-Silesian has the

character of a major NE–SW striking ductile shear

zone, with a predominance of strike-slip movements.

Post-Variscan platform sediments cover the continu-

ation of the Moldanubian unit to the S and SW, where

it is bounded by the fault system of the Franconian

Line, representing the foreland deformation of the

Alpine collision (Dallmeyer et al., 1995).

The Moldanubian segment contains mainly high-

grade gneisses and migmatites of supracrustal origin,

orthogneisses, granulites, and also numerous Variscan

post-tectonic granitoid intrusions, the most prominent

of which are the Central Bohemian and Central

Moldanubian Plutons. The crustal root of the Molda-

nubian unit shows nearly vertical NE–SW trending

fabrics (estimated age 370–330 Ma) developed mostly

in granulites and associated mantle slivers (Schul-

mann et al., 2002). In detail, the Moldanubian is

characterized by an almost missing sedimentary cover
except for two small basins filled with Cretaceous and

Tertiary sediments in the SSW.
3. Data

A multi-azimuthal common-shot experiment was

performed on the territory of the Czech Republic as

part of the ALP 2002 refraction experiment in June

2002. A total of 72 one-component seismic stations

were deployed along two concentric circles with radii

of 35 and 45 km with an angular step of 108 between
stations and 58 angular intercircle shift (see Fig. 2).

The radii of circles were delimited both geographi-

cally by the extent of the Moldanubian and by the

resolution of the method applied. A charge of 500 kg

of explosives was detonated at the center of the

circles at 49.504938N latitude, 14.949828E longitude,

and 538-m altitude. The positions of the shot and

stations were determined by GPS with an accuracy



Fig. 2. Geometry of the experiment. Dots mark positions of stations

in the azimuth range 0–958.
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better than 20 m; the origin time was controlled by a

DCF77 timer with an accuracy of 3 ms. The sensors

were 4.5-Hz geophones; the recording instruments

were TEXAN.

Fig. 3 shows the Pg-wave recordings at the

stations. Of the total number of 72 stations, two

stations did not record; recordings from four other

stations were too noisy to be analyzed. Hence, we

analyzed recordings of 66 stations. The sampling

frequency of the recordings was 250 Hz. The corner

frequency of the anti-alias FIR filter was 100 Hz.

The arrival times of Pg waves (see Tables 1 and 2)

were measured with an accuracy of around 10 ms.

The arrival times of Sg waves were not analyzed

because of high uncertainties in picking in one-

component recordings. Fig. 4 shows the azimuthal

variation of the Pg velocity calculated as distance

from the shot divided by travel times. The mean

value of the Pg velocity is 5.86/5.87 km/s for the

inner/outer circle with a standard deviation of 0.06/

0.04 km/s.

The calculated velocities show that the crust is not

homogeneous or isotropic because the velocity

variation is beyond the uncertainty of the measure-

ments. The variation shows the same trend for both

circles: It is characterized by high-velocity values for

azimuths of 30–608 and by low-velocity values for

azimuths of 170–2208. A distinct velocity increase has
also been detected for azimuths of 320–3608 at the

inner circle, but the corresponding velocities at the

outer circle display a different and more complicated

pattern. The velocity variation indicates either lateral

inhomogeneities or anisotropy in the area. As seen

from a detailed geological map of the area (see Fig. 5),

some of the velocity anomalies can be readily

explained by lateral inhomogeneities. This refers, for

example, to a rather high scatter of velocities in the

NW to N directions, where the circles exceed the

Moldanubian and touch or hit the fragmented struc-

ture of the Central Bohemian Shear Zone. Local

inhomogeneities can also explain the low velocities in

the SSW direction, because the stations were located

at or very close to the Tertiary Třeboň Basin

characterized by an anomalously low-velocity subsur-

face layer. Therefore, to assess potential overall

anisotropy in the area, we have to first eliminate the

subsurface inhomogeneity effects.
4. Station corrections

To eliminate the local inhomogeneities from travel

times, we can use the CEL09 profile data collected

during the CELEBRATION 2000 experiment (Růžek

et al., 2003). This profile intersects both circles and

traverses different types of the subsurface structure in

the region under study. The profile data can be used to

address two points: (1) to approximate the depth

extent of rays in the experiment, and (2) to calculate

station corrections along the profile, corresponding to

delay times induced by a low-velocity subsurface

layer. The station corrections along the profile can be

used to roughly approximate the station corrections

along the circles.

Fig. 6 shows the reduced travel times along the

profile in the longitude range of 14–15.58 and at

distances between 10 and 100 km. Interpolating upper

and lower bounds of the travel times by piecewise

linear functions, we can infer 1-D layered models

(Shearer, 1999, Fig. 5.5), which are limits for the

model in the area (see Fig. 7). The limits should

reflect lateral inhomogeneities along the profile. The

inferred limits differ down to 8 km, and then they

coalesce. This manifests a variability of structure in

shallow rather than deep parts of the upper crust. The

limits also determine the range of the maximum



Fig. 3. Pg-wave velocity recordings at portable stations deployed along (a) the inner circle at a recording offset of 35 km, and (b) the outer circle

at a recording offset of 45 km.
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depths reached by rays in the experiment. Fig. 7

shows that the depth is well constrained ranging

between 2 and 3 km.

More detailed information on lateral inhomoge-

neities along the profile can be gained from time

station corrections evaluated using the btime-term

methodQ (Bamford, 1977; Enderle et al., 1996; Song

et al., 2001). In this method, the measured travel
times are corrected for the delay times due to a low-

velocity subsurface layer. The thickness and velocity

of the layer can significantly vary within the area and

are considered to be unknown. The aim is to isolate

and remove these unknown effects from the travel

times. The station corrections were calculated using

the travel times of the Pg waves generated by six

shots (Table 3) and measured at 73 stations along the



Table 1

The multi-azimuthal experiment: inner circle

No. Latitude

[8N]
Longitude

[8E]
H

[m]

D

[km]

Azimuth

[deg]

T

[s]

Type

of rock

dt

[s]

Tcorr

[s]

Velocity

[km/s]

1 49.8131 14.9510 387 34.27 0.1 5.878 B, D �0.05 5.928 5.78

2 49.8145 15.0347 472 34.97 10.1 6.043 B 0.00 6.043 5.79

3 49.8022 15.1183 510 35.23 20.1 6.058 B 0.00 6.058 5.82

4 49.7786 15.1883 407 34.97 29.4 5.914 B 0.00 5.914 5.91

5 49.7459 15.2640 480 35.12 40.1 5.846 B 0.00 5.846 6.01

6 49.7062 15.3237 515 35.09 50.2 5.924 B 0.00 5.924 5.92

7 49.6599 15.3691 425 34.88 60.2 5.908 A 0.00 5.908 5.90

8 49.6112 15.4054 540 35.02 70.1 5.970 A 0.00 5.970 5.87

9 49.5584 15.4245 600 34.88 80.0 5.920 A 0.00 5.920 5.89

10 49.5039 15.4338 615 35.05 90.0 5.989 A 0.00 5.989 5.85

11 49.4479 15.4215 635 34.76 100.3 5.947 A 0.00 5.947 5.85

12 49.3957 15.4042 632 35.12 110.1 6.014 A 0.00 6.014 5.84

13 49.3471 15.3666 592 34.96 120.0 6.015 A 0.00 6.015 5.81

15 49.2637 15.2590 620 34.98 140.0 6.008 A 0.00 6.008 5.82

16 49.2314 15.1901 620 35.08 150.1 6.003 A 0.00 6.003 5.84

17 49.2098 15.1141 555 34.93 160.0 6.003 A 0.00 6.003 5.82

18 49.1967 15.0341 502 34.83 169.8 6.022 A 0.00 6.022 5.78

19 49.1898 14.9495 548 35.04 180.0 6.054 A 0.00 6.054 5.79

20 49.1940 14.8661 460 35.11 190.0 6.049 A 0.00 6.049 5.80

21 49.2094 14.7850 453 34.98 200.1 6.077 C 0.08 5.997 5.83

22 49.2322 14.7098 415 34.98 210.0 6.049 C 0.08 5.969 5.86

23 49.2615 14.6369 443 35.34 220.1 6.040 C 0.10 5.940 5.95

24 49.3022 14.5810 478 35.00 230.0 5.967 C 0.10 5.867 5.96

25 49.3464 14.5310 468 35.13 240.0 5.950 C 0.08 5.870 5.98

26 49.3950 14.4927 473 35.33 249.9 6.027 C 0.08 5.947 5.94

27 49.4491 14.4732 517 35.10 260.0 5.973 B 0.00 5.973 5.88

28 49.5036 14.4668 580 34.99 269.9 5.944 D �0.05 5.994 5.84

29 49.5585 14.4727 580 35.05 280.0 5.982 D �0.05 6.032 5.81

31 49.6611 14.5287 495 35.06 299.9 5.998 D �0.05 6.048 5.80

32 49.7068 14.5762 440 35.12 309.9 5.985 D �0.05 6.035 5.82

33 49.7454 14.6368 380 35.02 319.9 5.934 D �0.05 5.984 5.85

34 49.7770 14.7066 365 34.99 330.0 5.879 D �0.05 5.929 5.90

35 49.8005 14.7830 465 35.01 339.9 5.903 D �0.05 5.953 5.88

36 49.8143 14.8653 350 34.95 350.0 5.926 D �0.05 5.976 5.85

Meaning of quantities: No. is the station number, H is the altitude, D is the distance, T is the travel time, dt is the station correction, Tcorr=T�dt

is the travel time corrected for the local geology. Types of geological units at the locations of the individual seismic stations: (A) granitoid

intrusions of the Central Moldanubian Pluton (station nos. 7–20, 49–54); (B) high-grade gneisses and migmatites, orthogneisses, granulites with

intrusions of amphibolites (station nos. 1–6, 27, 38–48, 62); (C) Tertiary and Quaternary sediments (station nos. 21–26, 55–61); (D) granitoid

plutons (station nos. 28–36, 63–64); (E) granitoid plutons with mafic intrusions (amfibolites, diabases, melaphyres) of Central Bohemian Pluton

(station nos. 65–71); (F) Palaeozoic sediments (station no. 72).
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profile with longitudes in the range of 13–15.58E.
We selected stations with the recording offset

between 30 and 150 km. On the whole, 245 travel

times were inverted for 73 station and six shot

corrections.

The station corrections vary from �0.10 to 0.12 s

(Fig. 8) and display systematic trends, which

correlate with the geological structure along the

profile (see Fig. 5). The studied segment of the
CEL09 profile intersects with the contact between

the Barrandian in the NW and the Moldanubian

(Central Bohemian Shear Zone) and continues across

the Moldanubian to the SE. High corrections (low

velocities) at longitude 13.68E are connected with

Barrandian Palaeozoic sediments and metasediments

(type F). The low corrections (high velocities) at

13.8–14.18E relate to granitoid plutons with mafic

intrusions (amfibolites, diabases, melaphyres) at the



Table 2

The multi-azimuthal experiment: outer circle

No. Latitude

[8N]
Longitude

[8E]
H

[m]

D

[km]

Azimuth

[deg]

T

[s]

Type

of rock

dt

[s]

Tcorr

[s]

Velocity

[km/s]

38 49.8953 15.1116 448 44.96 15.0 7.676 B 0.00 7.676 5.86

39 49.8709 15.2152 420 44.99 25.1 7.579 B 0.00 7.579 5.94

40 49.8342 15.3096 412 44.89 35.2 7.544 B 0.00 7.544 5.95

41 49.7920 15.3914 426 45.13 44.8 7.572 B 0.00 7.572 5.96

42 49.7362 15.4617 493 45.05 55.0 7.668 B 0.00 7.668 5.88

44 49.6076 15.5517 417 45.02 75.1 7.655 B 0.00 7.655 5.88

45 49.5385 15.5717 527 45.18 85.0 7.676 B 0.00 7.676 5.89

47 49.3985 15.5488 548 45.02 105.0 7.696 B 0.00 7.696 5.85

48 49.2703 15.4612 630 45.38 124.9 7.771 B 0.00 7.771 5.84

49 49.2703 15.4619 603 45.42 124.9 7.761 A 0.00 7.761 5.85

50 49.2183 15.3875 639 45.02 134.9 7.706 A 0.00 7.706 5.84

51 49.1731 15.3043 673 45.01 144.9 7.709 A 0.00 7.709 5.84

52 49.1385 15.2112 578 44.97 154.9 7.690 A 0.00 7.690 5.85

53 49.1185 15.1069 533 44.46 165.1 7.603 A 0.00 7.603 5.85

54 49.1025 15.0036 469 44.93 175.0 7.672 A, C 0.05 7.622 5.89

55 49.1024 14.8967 464 44.93 185.0 7.712 C 0.05 7.662 5.86

56 49.1142 14.7892 434 44.99 195.1 7.746 C 0.10 7.646 5.88

57 49.1383 14.6893 425 44.96 205.0 7.784 C 0.12 7.664 5.87

59 49.2183 14.5124 440 45.01 225.1 7.668 C 0.10 7.568 5.95

60 49.2715 14.4399 396 45.21 235.2 7.662 C 0.08 7.582 5.96

61 49.3331 14.3880 446 45.02 245.1 7.676 C 0.05 7.626 5.90

62 49.3988 14.3507 476 45.02 255.0 7.637 B 0.00 7.637 5.89

63 49.4685 14.3319 516 44.95 265.1 7.619 D �0.05 7.669 5.86

64 49.5386 14.3294 525 45.08 275.0 7.634 D �0.05 7.684 5.87

65 49.6080 14.3451 465 45.23 284.9 7.605 E �0.08 7.685 5.89

66 49.6749 14.3838 380 45.08 295.0 7.639 E �0.08 7.719 5.84

67 49.7356 14.4373 345 45.05 304.9 7.651 E �0.08 7.731 5.83

68 49.7899 14.5062 440 45.07 314.9 7.694 E �0.08 7.774 5.80

69 49.8377 14.5877 280 45.31 324.9 7.633 E �0.08 7.713 5.87

70 49.8706 14.6841 350 44.96 334.9 7.595 E �0.08 7.675 5.86

71 49.8943 14.7875 420 44.86 344.9 7.689 E, F 0.00 7.689 5.83

72 49.9074 14.8957 400 44.94 355.0 7.663 F 0.05 7.613 5.90

For the meaning of quantities, see the legend of Table 1.
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Barrandian/Moldanubian contact (type E), and the

low corrections around 14.38E reflect high-grade

gneisses and migmatites, orthogneisses and granu-

lites (type D). The high corrections around 14.5–

14.78E relate to Tertiary and Quaternary sediments

of the Třeboň basin (type C). Granitoid intrusions of

the Central Moldanubian Pluton (type A) cover the

interval 14.8–15.28E. The high corrections around

15.08E could reflect a local sedimentary structure

(type G). Places with zero corrections represent the

Moldanubian unit (gneisses, migmatites, type B) and

the granitoid intrusions of the Central Moldanubian

Pluton (type A).

Because the station corrections correspond well to

the geological structure under the stations, we con-
clude that the evaluation of effects of the subsurface

inhomogeneities was successful and that the travel

times along the circles can be effectively corrected for

them (see Tables 1 and 2).
5. Anisotropy

A circular geometry of the experiment is partic-

ularly suitable for studying anisotropy and eliminating

or at least suppressing other inhomogeneity effects not

accounted for by station corrections. This concerns,

for example, effects caused by varying depth of a low-

velocity subsurface layer, differences in velocity

gradients, or differences in the depth range sampled



Fig. 4. Uncorrected Pg velocity as a function of azimuth for the inner (upper plot) and outer (lower plot) circles.
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by the data. To separate anisotropy from the men-

tioned inhomogeneities, we show the Pg velocities

calculated from the corrected travel times in the

azimuth range 0–1808 (Fig. 9). In this range, we

compare velocities for the rays being shot in opposite

directions and thus sampling different structures. If

the velocities retrieved from the opposite rays are

consistent and display a pronounced variation with

varying azimuth, then it should primarily be the result

of anisotropy. The scatter in velocities for the opposite

rays quantifies the effects of inhomogeneities not
satisfactorily eliminated by applying the station

corrections. Fig. 9 shows a distinct azimuthal varia-

tion of the Pg velocity and a rough coincidence of this

variation along both circles. The variation displays

two peaks: a distinct maximum in azimuths of 30–608,
and a less distinct maximum around an azimuth of

1508. The azimuthal velocity variation along both

circles indicates that the medium is intrinsically or

effectively anisotropic.

Assuming mostly horizontal propagation of

refracted waves in a weakly anisotropic crust,



Fig. 5. Geological settings and experiment layout, after Fusán et al. (1993). Crosses mark positions of stations; the star marks the position of

the shot.
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we can express the velocity as follows (Backus,

1965):

m ¼ m0 1þ Acos2u þ Bsin2u þ Ccos4u þ Dsin4uð Þ
ð1Þ

where m is the azimuth-dependent velocity, m0 is the

velocity in an isotropic reference medium, u defines

the azimuth in which the wave propagates, and

constants A, B, C, and D are small unknown
coefficients that are linear combinations of the elastic

parameters defining weak anisotropy. For weak trans-

verse isotropy with a horizontal axis of symmetry, Eq.

(1) simplifies to (Song et al., 2001)

m ¼ m0 1þ Ecos2 u � u0ð Þ þ Fcos4 u � u0ð Þð Þ ð2Þ
where u0 is the angle defining the orientation of

the symmetry axis in the horizontal plane, and E

and F are small unknown coefficients defining

weak transverse isotropy.



Fig. 6. The reduced travel times along the CEL09 profile as a function of distance. The reduction velocity is 6 km/s. The dashed lines consist of

straight-line segments and delineate upper and lower bounds of the travel times. The points between the segments are marked by black dots.

Dotted lines show the recording offsets used in the multi-azimuthal common-shot experiment.
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Inverting the whole set of the velocity values for an

optimum anisotropy model using Eqs. (1) and (2), we

obtain m0=5.87 km/s, A=�0.0019, B=0.0078, C=

�0.0044, D=�0.0027, umax=538, and e=2.0% for

weak general anisotropy, and m0=5.87 km/s, E =

0.0082, F=0.0049, umax=508, and e=2.0% for weak
Fig. 7. The 1-D layered models inferred from the travel times along

the CEL09 profile in the longitude range 14–15.58. The shadow

area shows the maximum depths reached by rays in the experiment.
transverse isotropy, where umax is the azimuth of the

maximum velocity direction and e is the strength of

anisotropy defined as

e ¼ 2
mmax � mmin

mmax þ mmin

100% ð3Þ

The velocity variations for the optimum models of

general anisotropy and transverse isotropy are very

similar (see Fig. 10, lower plot). They are also very

similar to the variations obtained when inverting the

data of the east semicircles (see Fig. 10, upper plot).

For east semicircles, no station corrections were

applied because of the absence of distinct subsurface

inhomogeneities (see Fig. 5).
6. Discussion

Růžek et al. (2003) used Pg refraction data from

the CELEBRATION 2000 experiment to study

regional horizontal upper crustal anisotropy in the

Bohemian Massif. They used data covering the whole

range of azimuths and with recording offsets from 30

to 190 km. They found that the high-velocity direction

in the entire Bohemian Massif is ~N358E, and the

overall azimuthal velocity variation is 1.5–2.5%. For

studying local scale horizontal anisotropy, we choose

the Moldanubian unit, a crystalline segment within the



Table 3

Parameters of the CEL09 shots

Date Time [hh:mm:ss.sss] Shot ID Charge [kg] H [m] Latitude [8N] Longitude [8E] Territory

Jun 24 21:00:00.000 2-910-0 210 476 49.3124 14.5900 Czech Rep.

Jun 24 22:00:00.000 2-909-0 210 474 49.5182 14.1295 Czech Rep.

Jun 24 22:45:00.000 2-912-0 210 612 49.0191 15.3173 Czech Rep.

Jun 24 23:15:00.000 2-912-1 210 615 49.0191 15.3168 Czech Rep.

Jun 25 00:15:00.000 2-911-0 210 492 49.1892 14.9104 Czech Rep.

Jun 25 00:45:00.000 2-911-1 210 492 49.1896 14.9105 Czech Rep.
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Bohemian Massif. Based on a multiazimuthal com-

mon-shot experiment with recording offsets 35 and 45

km, we found the horizontal anisotropy strength of

2.0% with the high-velocity direction N508E. These
values characterize anisotropy of the uppermost crust

down to 3 km. Hence, we conclude that horizontal

anisotropy on a local scale in the Moldanubian unit is

consistent with that in the entire Bohemian Massif.

This might indicate that the horizontal anisotropy

pattern for the uppermost crust is stable with no

distinct lateral or vertical variations within the

Bohemian Massif.

Interestingly, the fast directions in the Moldanu-

bian unit and in the Bohemian Massif are almost

perpendicular to the present-day maximum compres-
Fig. 8. Station corrections along the CEL09 profile. Types of geological st

with mafic intrusions; (D) granitoid plutons; (B) gneisses and migmatites

(Třeboň basin); (A) granitoid intrusions of the Central Moldanubian Pluto
sive stress in the region, estimated to be in azimuths

of N125–1508E (Peška, 1992). The NW–SE direc-

tion of the maximum compressive stress is also

reported for the KTB drill hole in Germany (Brudy

et al., 1997, azimuth of 1608F108) and for the

overall stress orientation in Western Europe (Müller

et al., 1992, azimuth of 1448F268). Because the

high-velocity direction does not coincide with the

direction of the present-day maximum compressive

stress in the region, we conclude that the observed

anisotropy cannot be primarily affected by the

presence of cracks or microcracks in the crust

(Kaneshima et al., 1988; Crampin, 1994). The dry

crack model predicts the maximum Pg velocity in

the direction parallel to the maximum compression,
ructures: (F) Barrandian Palaeozoic sediments; (E) granitoid plutons

of the Moldanubian unit; (C) Tertiary and Quarternary sediments

n; and (G) local Quarternary sediments.



Fig. 9. Corrected Pg velocity as a function of azimuth for the inner (upper plot) and outer (lower plot) circles. Open/closed circles mark the

stations in the azimuth range 0–1808/180–3608.
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and the fluid-filled crack model in the directions

parallel and perpendicular to the maximum com-

pression. Obviously, these predictions clearly contra-

dict our observations. This indicates that the

observed anisotropy might be caused by preferred

orientation of textural elements and minerals or

large-scale fabrics imprinted in the crustal rocks

during the early tectonic evolution rather than by

aligned cracks or micro-cracks induced by the

present-day tectonic stress in the region. The
prevailing role of rock-fabric anisotropy is supported

by coincidence of the fast direction of Pg waves

with NE–SW trending of microstructural rock fabric

in the part of the Moldanubian covered by the

experiment (see Fig. 5). The NE–SW trending

coincides with the direction of linear and planar

structures in the Bohemian Massif attributed to the

Variscan orogeny (Dallmeyer et al., 1995).

The domination of rock-fabric to crack-induced

anisotropy is rather surprising, because usually the



Fig. 10. Optimum anisotropy models. The azimuthal variation of the Pg velocity is shown for optimum weak anisotropy (dashed line) and weak

transverse isotropy (solid line) models. The models are calculated from original travel times (marked by dots) measured along the east

semicircles (upper plot) and from the corrected travel times measured along the whole circles.
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crack-induced anisotropy in the uppermost crust is

assumed to be at least as significant as the other

types of anisotropy (Crampin, 1994; Rabbel, 1994;

Rabbel and Mooney, 1996; Rasolofosaon et al.,

2000). The minor contribution of the crack-induced

anisotropy in the studied area might be explained by

the presence of a small present-day deviatoric

horizontal stress in the region. This would prevent

a remarkable crack-induced anisotropy from devel-
oping. We can also speculate that cracks, oriented

perpendicularly to rock foliation, affect the resultant

velocity variation and cause its complex form (see

Fig. 10). If so, the cracks should be water saturated

and the strength of crack-induced anisotropy does not

exceed 1%.

Interestingly, similar anisotropy values as found

for the upper crust in the Moldanubian and in the

entire Bohemian Massif (Růžek et al., 2003) have
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been detected also for the uppermost mantle studied

by Pn waves. So far, the Pn anisotropy has not been

studied in the Moldanubian part of the Bohemian

Massif, but it was studied in the west from the

Bohemian Massif. For example, Enderle et al. (1996)

updated the interpretation of Bamford (1977) based

on refraction experiments, and reported the Pn

anisotropy of 3–4% immediately below the Moho

with the maximum velocity in the direction N318E.
Song et al. (2001) studied the Pn anisotropy in the

western part of the Bohemian Massif and in

Germany using regional earthquakes and found

anisotropy of 3.5–6% with the maximum velocity

in the direction ~N258E. Plenefisch et al. (1994)

investigated 22 regional earthquakes in SW Germany

and northern Switzerland and found anisotropy of

7% with the maximum velocity in the direction

~N508E. The similar fast directions 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. This might indicate a common

tectonic origin of crustal and uppermost mantle

anisotropy. The anisotropy was probably induced

by processes during Variscan orogeny when the

Bohemian Massif was sandwiched between opposing

subduction zones of NE–SW trending and when the

preferential orientation of micro- and macrostructural

fabrics was imprinted.
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