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[11 The deep structure of the Bohemian Massif (BM), the largest stable outcrop of
Variscan rocks in central Europe, was studied using the data of the international seismic
refraction experiment Central European Lithospheric Experiment Based on Refraction
(CELEBRATION) 2000. The data were interpreted by seismic tomographic inversion and
by two-dimensional (2-D) trial-and-error forward modeling of P and S waves. Additional
constraint on crustal structure was given by amplitude modeling using the reflectivity
method and gravity modeling. Though consolidated, the BM can be subdivided into
several tectonic units separated by faults, shear zones, or thrusts reflecting varying
influence of the Cadomian and Variscan orogeneses: the Saxothuringian, Barrandian,
Moldanubian, and Moravian. Velocity models determine three types of crust-mantle
transition in the BM reflecting variable crustal thickness and delimiting contacts of
tectonic units in depth. The NW area, the Saxothuringian, has a highly reflective lower
crustal layer above Moho with a strong velocity contrast at the top of this layer. This
reflective laminated lower crust reaches depths of 26—35 km and is characteristic for the
Saxothuringian unit, which was subject to eastward subduction. The Moldanubian in the
central part is characterized by the deepest (39 km) and the most pronounced Moho within
the whole BM with a strong velocity contrast 6.9—8.1 km s '. A thick crust-mantle
transition zone in the SE, with velocity increase from 6.8 to 7.8 km s~ ' over the depth
range of 23—-40 km, seems to be the characteristic feature of the Moravian overthrusted by

the Moldanubian during Variscan collision.
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1. Introduction

[2] The Bohemian Massif is a large complex terrain
consolidated in the Paleozoic, located on the territory of
the Czech Republic, partly Germany, Poland, and Austria. It
forms the easternmost rim of the Variscan belt, a Paleozoic
chain extending from southern Iberia to the Bohemian
Massif in central Europe. Its configuration is the result of
convergence and collision between two main continents,
Laurentia-Baltica-Avalonia and Gondwana, after the closure
of various oceanic basins, followed by obduction, continen-
tal collision, continental subduction, and strike-slip faulting
between 500 and 250 Ma. While the postcollisional history
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of the Variscan Bohemian Massif is relatively clear, the
kinematics of plate movements before and during collision
is still subject of debates.

[3] The fan-like shape of the Variscan belt mainly in the
east European part shows that the key mechanism of its
evolution was two-sided lithospheric subduction [Matte,
1991]. This subduction was accompanied by crustal stack-
ing and thickening mainly at the crust-mantle boundary with
production of various granitoids by melting of the middle
and lower parts of the crust. Also, Meissner and Wever
[1986], studying the deep structure of the European Varis-
can crust showed that the pre-Permian thrusts outcropping
at the surface are rooted in the lower crust, at Moho, or in
the mantle. Thus the Bohemian Massif as a stable exposure
of pre-Permian rocks offers the evidences of the Variscan
tectonic development. Studying the deep structure of the
Bohemian Massif can bring the verification of the subduc-
tion-collision processes and better delineation of subduction
zones with depth.

[4] In our paper, we present the crustal and uppermost
mantle structure in different parts of the Bohemian Massif
based on the interpretation of seismic data along the
refraction and wide-angle reflection profile CEL09 of
the Central European Lithospheric Experiment Based on
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Figure 1.

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

with the CELEBRATION 2000 CEL09 line. 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]. MLC, Marianské Lazné Complex; KVP, Karlovy Vary Pluton. Stars mark positions
of the individual shot points along the profile. Intersections with other seismic refraction and reflection
experiments (Granu’95, MVE 90, 9HR, CEL10) are marked.

Refraction (CELEBRATION) 2000 experiment [Guterch
et al, 2003]. This profile traverses the whole Bohemian
Massif in NW-SE direction and in the SE it continues to
the west Carpathians (Figure 1). For the interpretation we
chose the tomographic inversion routine of Hole [1992]
as a tool to determine the preliminary seismic P wave
velocity distribution in the crust using first arrivals. The
resulting tomographic model was further improved by
two-dimensional (2-D) trial-and-error forward modeling
using a ray-tracing algorithm [Cerveny and Psencik,
1984] for P and S refracted and reflected waves. The
differences in the properties of individual crustal blocks
of the Bohemian Massif were further studied by modeling
of the seismic wave field with the reflectivity method
[Fuchs and Miiller, 1971]. Gravity modeling comple-
mented the velocity analysis. In this study we concentrate
on velocity variations along the profile; azimuthal aniso-
tropic studies are a matter of other investigations [e.g.,
Riizek et al., 2003; Vavrycuk et al., 2004; Plomerovad et
al., 1984].

[5] So far, the Bohemian Massif has been studied mainly
to show the depth of the Moho discontinuity. New insight
into the deep structure of the Bohemian Massif can help to
complement this knowledge, determine the crustal thickness
and show the differences in crustal and upper mantle

structures in three areas pertaining to different Paleozoic
regimes. Contrasts in seismic properties reflect composi-
tional variances resulting from crust-forming processes
during the Paleozoic tectonic development.

2. Geology and Tectonic Evolution of the Region

[6] The Bohemian Massif is one of the 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 period of large-scale crustal convergence, collision
of continental plates and microplates and subduction [Matte
et al, 1990]. It consists mainly of low- to high-grade
metamorphic and plutonic Paleozoic rocks. On the basis
of the respective effects of the Cadomian and Variscan
orogenesis, the area of the Bohemian Massif can be sub-
divided into several tectonostratigraphic units, the Saxo-
thuringian, Barrandian, Moldanubian and Moravian,
separated by faults, shear zones or thrusts (see Figure 1).

[7] The Moldanubian unit represents a major crystalline
segment within the Bohemian Massif and its boundary with
the Saxothuringian in the NW is regarded to be a suture-
type discontinuity. A structurally higher unit, the Barran-
dian, has been thrust over the Saxothuringian rocks toward
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the northwest, while in the SE it has been thrust in southerly
direction over the Moldanubian. It is separated from the
latter by a major NE-SW trending Variscan dextral fault, the
Central Bohemian Shear Zone (CBSZ), obscured by
the intrusion of the Central Bohemian Pluton [Dallmeyer
et al., 1994]. The Moldanubian/Moravian boundary in the
east has the character of a ductile shear zone with significant
translation of the Moldanubian over the Moravian unit.
According to Finger and Steyrer [1995], Moldanubian
overthrust was the final stage of the subduction of the
oceanic crust and subsequent Variscan collision between
Moldanubian and Moravian units. The Moravian unit con-
sists of a Cadomian basement overlain by the Moravicum
and Silesicum nappes and to the east it submerges beneath
the Carpathian Foredeep, where it forms the basement
reactivated during the Alpine orogeny.

[8] The mafic Marianské Lazné Complex (MLC), situated
between the Saxothuringian and Barrandian, represents an
important suture comprising segments of oceanic crust,
which were subducted and metamorphosed during the
Variscan orogeny and later thrust over the SE margin of
the Saxothuringian [Vrdna et al., 1997]. This complex
probably represents a boundary between two different
Variscan tectonic regimes and a zone, which was reactivated
later by younger tectonic movements [Babuska and
Plomerova, 2000]. In the NE it adjoins the intrusion of
the granitoid Karlovy Vary Pluton (KVP).

[9] From a tectonic point of view, one of the major
deformation events occurred during the Variscan orogeny.
Then the Bohemian Massif was sandwiched between high-
grade Variscan metamorphic areas, represented by two
opposing subduction zones, at first of an oceanic, then of
a continental character [Matte, 2001]. The oldest deforma-
tional structures occur in the Barrandian and are associated
with the earliest stages of the Saxothuringian eastward
subduction and shortening of the plate. The upper plate
developed into a lithospheric-scale arc system, which was
manifested by the intrusion of the Central Bohemian Pluton,
steeply dipping to the east along the eastern boundary of the
Barrandian [Schulmann et al., 2002].

3. Previous Geophysical Studies in the Area

[10] The beginning of the investigation of the Bohemian
Massif and its deep structure is associated with the deep
seismic sounding profiles recorded on the territory of the
Czech Republic as a part of the international “Upper Mantle
Project” [Berdanek and Zounkova, 1977]. The interpretation
of these refraction measurements indicated the position of
the Moho discontinuity with a maximum depth of 39 km in
the central part of the Bohemian Massif and a less pro-
nounced Moho at a depth of about 32 km at the eastern edge
of the Bohemian Massif [Berdnek and Zatopek, 1981].

[11] Later, these measurements were complemented by
reflection profiling, as well as by other geophysical methods
[see, e.g., Bucha and Blizkovsky, 1994]. The deep seismic
reflection profile 9HR extending from SE Germany to
southern Bohemia (Figure 1) showed a crustal thickness
increasing from 31 km in the NW to 39 km in the south.
Combined seismic and gravity interpretation [Tomek et al.,
1997; Svancara and Chlupacova, 1997] delimited the
thickness of granitoid plutons and mafic intrusions, and
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showed overthrusting along a SE dipping contact zone in
western Bohemia.

[12] The most recent research has been done in the NW of
the Bohemian Massif, in Germany. There, the seismic
refraction and wide-angle reflection profile GRANU’95
[Enderle et al., 1998] and deep reflection profile MVE 90
as part of the DEKORP investigation [DEKORP Research
Group, 1994] showed the velocity structure of the Saxo-
thuringian belt in SE Germany, where laminated lower crust
was indicated by MVE 90 data.

[13] Continuous monitoring of seismic activity in the
western part of the Bohemian Massif shows frequent
occurrence of intraplate earthquake swarms with magni-
tudes up to 4.5. According to Hordlek et al. [1996] and
Fischer and Horalek [2003], the hypocenters of these
earthquake swarms are located in the upper and middle
crust down to about 20 km depth with the majority between
5 and 15 km. This seismic area, also characteristic of
numerous mineral springs and CO, emissions, encompasses
the western termination of the Eger Rift (see Figure 1), a
geodynamically active zone of the European Cenozoic Rift
System [Prodehl et al., 1995].

4. Data Acquisition and Processing

[14] The deep structure of the Bohemian Massif was
studied along the refraction and wide-angle reflection pro-
file CELO9 using the data of the international seismic
refraction experiment Central Europe Lithospheric Experi-
ment Based on Refraction 2000 (CELEBRATION)
[Guterch et al., 2003]. The NW-SE oriented profile
CELOQ9 starts in the Saxothuringian in the NW, intersects
the Marianské Lazné amphibolite complex and continues to
the Barrandian. Then it crosses the granitoid intrusions
spreading along the Central Bohemian Shear Zone and
continues to the Moldanubian and Moravian. Farther to
the SE, it continues across the Vienna Basin into the
Carpathians. The interpreted part of the profile in this paper
is 450 km long and ends at the contact of the Bohemian
Massif with the Carpathian Foredeep (Figure 1).

[15] Along the interpreted part of the profile, 20 shots
were fired, with charges ranging from 210 kg to 10 000 kg
of explosives. Some of the shots (5 in all) were shot twice
and the recordings were stacked in order to improve the
signal-to-noise ratio. The average distance between the
shots was 30 km with a station spacing of 2.7 km.
The positions of the shot points and stations were measured
by GPS; the origin time was controlled by a DCF77 timer
with an accuracy of 3 ms [see also Mdlek et al., 2001]. For
more details on the geometry of the experiment refer to
Guterch et al. [2003] and Ruizek et al. [2003].

[16] Refraction and wide-angle reflection data were
sampled at intervals of 10 ms and were recorded mainly
by one-component stations REFTEK-125 (TEXAN), com-
plemented by three-component REFTEK and PDAS sta-
tions. The station sensors were 4.5 Hz geophones. Data
processing included shot time corrections and band-pass
filtering of the whole data set (usually 2—15 Hz) in order to
remove low- and high-frequency noise. The frequency
content of the seismic data was highly variable for different
shot points, probably due to the varying local environment
and due to different shooting techniques (drill hole shots,
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quarry blasts). Thus the filter window was determined
interactively during data interpretation, depending on the
data quality and the frequency content. Recordings were
sorted into shot gathers; seismic sections were trace nor-
malized to the maximum amplitude along the trace and
plotted with a reduction velocity of 8 km s~ '.

5. Seismic Wave Field

[17] Refraction and wide-angle reflection data used for
the interpretation allow several seismic P wave phases to be
correlated (see Figures 2—4). In the first arrivals, we can
distinguish refractions from the upper/middle crust, marked
as the Pg phase, and refractions from the upper mantle
marked as Pn. Refracted waves from the sedimentary cover
(Pseq) are observed in the vicinity of shot points in the SE.
The first arrivals can usually be correlated up to a distance
of 250-300 km. In later arrivals, we observe reflections
from the Moho discontinuity (PmP) usually as the strongest,
reflections from midcrustal discontinuities (PiP) and from
the top of the lower crust (PcP). At large offsets, a reflection
from an upper mantle discontinuity (P1) can be identified in
few shot points. Figures 2a—2c give examples of the whole
seismic sections in different parts of the Bohemian Massif,
while Figures 3a, 3b, 4a, and 4b show details of the seismic
wave field with representative features of the Bohemian
Massif, to which we will refer in our following explanation.

5.1. Pg Phase

[18] The Pg phase has an apparent velocity of 5.8—
6.2 km s~ ' along the whole profile except at its ends,
reflecting the presence of the consolidated Paleozoic base-
ment outcropping at the surface. At the NW end of the
profile (0—50 km), lower apparent velocities increasing
from 5.0 to 5.9 km s~ are observed with strong Pg arrivals
(Figure 2a). Similarly, at the SE end (SP 29150, Figure 4b)
the first arrivals at offsets smaller than 30 km display an
apparent velocity of 2.5-5.5 km s~ ' reflecting several
kilometers of sedimentary cover in the Carpathian Foredeep
and Neogene basins. Apparent velocities higher than aver-
age occur at locations of specific near-surface geological
structures, e.g., the apparent velocity of about 6.1 km s~
correlates with the mafic Marianské Lazné Complex at a
distance of 115 km along the profile.

[19] For most of the sections from the Bohemian Massif
we observe a relatively fast decrease of the Pg amplitude
(e.g., Figure 2¢). At offsets of 80—120 km, the Pg wave
becomes either very weak or completely disappears. This
phenomenon is visible not only in the trace-normalized
sections but also in the true-amplitude sections. Therefore
it cannot be explained by the normalization of sections to
the maximum trace amplitude, which can make first arrivals
hardly visible if they are followed by very strong PmP
reflections. This fact indicates a very small vertical gradient
of the P wave velocity in the upper crust, except in its
uppermost (1-2 km thick) part or the existence of a low-
velocity zone (LVZ). Another factor contributing to the
decaying amplitudes can be relatively high attenuation in
the upper crust.

[20] The rate of Pg amplitude decrease varies. Figure 3a
shows an example of a seismic section where the Pg phase
vanishes at about 80 km offset, while for the data from other
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locations (Figure 3b), the Pg phase, though weak, continues
at least to 120 km. The first example might be an indication
for a LVZ. However, to prove the existence of a low-
velocity zone definitely, it should be possible to detect a
later phase, corresponding to rays refracted at (or reflected
from) the base of the potential LVZ, with an accuracy
allowing precise velocity determination. Modeling of such
a phase provides a criterion for deciding if a layer with a
velocity decrease is really necessary, and for estimating the
average velocity in that layer. The later phase visible in
Figure 3a is not clear enough to determine its apparent
velocity with confidence. Therefore we decided not to
introduce a LVZ explicitly and to explain the behavior of
the Pg phase by a very small (close to zero) vertical gradient
of the V), velocity.

[21] Similar variations of the Pg amplitudes were ob-
served in other Variscan areas: the Saxothuringian and
Moldanubian in Germany [Enderle et al., 1998; DEKORP
Research Group, 1988; Zeis et al., 1990], the Massif Central
in France [Zeyen et al., 1997], Ireland [Masson et al., 1998]
or SW Poland [Grad et al., 2003]. In some cases, they were
interpreted as an indication of the existence of a LVZ.
Contrasting properties of the Pg phase (strong amplitudes
up to 200 km offset) were observed, e.g., in the crystalline
crust of the east European Craton [Sroda and Polonaise
Profile P3 Working Group, 1999; Czuba et al., 2002; Thybo
et al., 2003].

[22] Some sections indicate the continuation of the Pg
phase as secondary arrivals, especially for shots in the
middle part of the profile (Figures 2b and 2c¢). This indicates
a low-velocity gradient in the middle crust, which confines
refracted arrivals to shallow depth.

5.2. Crustal Phases in Later Arrivals and PmP Phase

[23] Besides crustal refracted phases, we also observed
reflected waves recorded in later arrivals. Intracrustal reflec-
tions (PiP) can be observed in several seismic sections, but
some of them cannot be traced consistently in more than
one section, which makes their interpretation ambiguous.
The most widely observed intracrustal reflections occur at
offsets of 70—130 km and are thought to originate from a
discontinuity at some 15-20 km depth.

[24] In the sections from the NW part of the profile, we
observe a clear reflected PcP phase as the reflection from a
deep intracrustal interface, the top of the lower crust (SP
29040, Figures 4a and 2a). This is the strongest reflected
phase in these sections, and based on its amplitude and
shape it might be interpreted as a reflection from the Moho
(PmP). Nevertheless, we disallow this interpretation be-
cause the arrival time of the observed Pn wave does not
fit the critical point of the discussed phase, as should be the
case for refraction and reflection from the same discontinu-
ity. In our data, Pn phase occurs 1 s later and PcP phase
obscures relatively weak PmP arriving 0.5—1.0 s later. Also,
forward modeling confirmed that hypothesis. Similar obser-
vations can be seen in some sections from the GRANU’95
profile [Enderle et al., 1998], which crosses CEL09 at its
NW end in the Saxothuringian.

[25] The PmP phase is the best visible in the central part
of the profile roughly corresponding to the Moldanubian
unit (SP 29050, 29060 and 29100, Figures 2b and 2c). The
critical point, where the PmP amplitude reaches its maxi-
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Figure 2. Amplitude-normalized vertical component seismic sections for shot points in different parts
of the Bohemian Massif plotted with reduction velocity of 8.0 km s™', along with the identifications of
the main seismic phases (RED, reduced). P waves are Pg, refraction within the crust; Pn, refraction from
the uppermost mantle; PmP, reflection from the Moho discontinuity; PcP, reflection from the top of the
lower crust; and P1, mantle reflection. S waves are Sg, refraction within the crust. Data have been band-
pass filtered from 2 to 15 Hz. Locations of major tectonic units and shot points are indicated. (a) SP
29040 (Saxothuringian), strong first Pg arrivals in NW, strong PcP, weak PmP phase in the SE. Pn phase
is weak but observable. (b) SP 29050 (Moldanubian), no PmP observed in the NW, sharp PmP and no
PcP in SE. (c) SP 29100, weak PmP phase, scattered reflectivity in the crust, P1 phase observed.

mum, occurs at an offset of about 90—110 km. At larger
offsets (up to 250 km), strong overcritical PmP arrivals are
often observed. In other areas, the PmP is weak or not
visible (in the NW and SE). This suggests a well-defined
Moho discontinuity in the central part of the profile and a
transition zone or Moho with relatively low-velocity con-

trast in other parts. In the NW part of the profile (the
Saxothuringian), the PmP is probably masked by a preced-
ing phase (PcP) with much higher amplitude and long coda.
The SE end of the profile (beneath the Moravian unit and at
the contact of the Bohemian Massif with the Carpathians)
exhibits no Moho reflections, no intracrustal reflections (SP
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Figure 3. Examples of true amplitude vertical component seismic record sections for shot points 29080
and 29130 illustrating differences in the decay rate of the Pg amplitude. (a) Fast decaying Pg phase
(visible up to 80 km offset). (b) Slowly decaying Pg wave (observable up to 130 km offset). Reduction

velocity is 6.0 km s™', with distance exponent 1.

29150) and strong mantle refraction. This suggests the
existence of a zone with gradually increasing velocities,
rather than the Moho discontinuity. In this area, the first
arrivals display a long coda with high-amplitude oscillations
observable within several seconds after the first arrivals.
The comparison of the wave field for SP 29150 and SP
29140 (Figure 4b) reveals completely different images: very
strong Pg and Pn phases for the first section and clear Pg,
very strong PiP and weak Pn for the second section. Taking
into account that the distance between the shot points is
only 40 km, an abrupt change of the deep crustal structure
must occur in this area.

5.3. Mantle Phases

[26] The Pn phase can be identified as first arrivals
usually at offsets of 130—230 km, sometimes up to
300 km (Figure 4b) with an apparent velocity of
8 km s~ on average. In some sections (e.g., SP 29100,
29110, Figure 2c¢), a reflected phase following the Pn phase
can be observed at offsets greater than 190 km. We
interpreted it as a reflection from a discontinuity in the
upper mantle (P1). Though mantle phases are visible only in
large distances, the P1 phase is not observed in all sections
with large offsets (e.g., SP 29150, Figure 4b). Thus the
corresponding mantle discontinuity seems to be confined to
the central part of the Bohemian Massif.

6. P Wave Modeling
6.1. Seismic Tomography of the First Arrivals

[27] First, we applied the tomographic inversion of Hole
[1992] in order to invert the first arrival travel times and
determine a smooth 2-D P wave velocity model. This is a
fast tool to asses a preliminary velocity model in the crust.
The procedure uses the single backprojection algorithm
[Humphreys and Clayton, 1988], based on the linearization
of the nonlinear relation between the travel time t and the
slowness u = 1/V,,. The model is defined on an equidistant
rectangular grid; the V), velocities are defined at the grid
nodes. In the forward step, the travel times are calculated
using a finite difference algorithm for solving the eikonal
equation [Vidale, 1990], adapted for media with arbitrary
velocity variations. The travel time residuals measure the
misfit of the model. In the inverse step, the slowness

perturbations are calculated by uniformly distributing the
travel time residual along a ray. The perturbations are then
summed up for all rays, smoothed and added to the original
model. The procedure is repeated iteratively until a model
with satisfactory travel time residuals is obtained.

[28] For the inversion, we used 2202 first arrival picks
with an uncertainty of ~50 ms for most of the Pg and Pn
phases. The initial 1-D model for the upper crust was
calculated by inverting an average travel time curve of Pg
arrivals by the Wiechert-Herglotz formula [4ki and
Richards, 1980]; for the lower crust and mantle, a smooth
user-defined velocity-depth curve was derived. The 2-D
model was calculated for a profile length of 450 km in a
uniform grid of 1 x 1 km. The computation was carried out
in 6 subsequent steps gradually enlarging the offsets (50,
100, 150, 200, 300, and 400 km) and thus the maximum
depth of ray penetration. At each step, several iterations
were made with decreasing size of the smoothing area. The
smoothing was performed by a moving average filter with
cell sizes 0of 40 x 2 x 10,20 x 2 x 4and 10 x 2 x 2. The
resolution of the algorithm thus increased gradually and the
inversion was stable. The calculation was controlled by
the root-mean-square (RMS) travel time residual, which
amounted to 80 ms for the final model, exceeding the level
of the estimated picking uncertainty by about 50%
(Figure 5a).

[20] The residuals, ray coverage, and the resulting tomo-
graphic model are presented in Figures 5a—5c. The crust is
characterized by an almost uniform velocity distribution
throughout most of the Bohemian Massif, except the NW
end. The upper crust exhibits a relatively high ¥, gradient in
the first 3 km with velocities ranging from 5.6 to 6.0 km s~
and a very low gradient in the deeper parts with V,
velocities of 6.0—6.1 km s~' down to about 15 km depth.
This V), distribution corresponds to an almost missing
sedimentary cover and outcropping metamorphic and plu-
tonic Paleozoic rocks at the surface. Considerably lower
velocities in the upper crust in the range of 3.0-5.0 km s~
for depths down to 10 km delimit the beginning of the
Carpathian Foredeep in the SE. Because of the high near-
surface velocity gradient followed by a low gradient in the
upper crust, the turning point of the Pg rays is at shallow
depths (Figure 5b). The rays travel almost horizontally and
leave the deeper parts of the crust practically unconstrained.
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Figure 4. Details of amplitude-normalized vertical component seismic sections. (a) SP 29040 in the
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positions.

For this reason the middle and lower crust lack any
differentiation of velocities in the tomographic model
(Figure 5c). Because of the nature of the tomographic
algorithm applied, the smoothing performed during the
inversion and model parameterization, the velocity dis-
continuities are smoothed into broad gradient zones and,
e.g., the depth of the Moho boundary cannot be reliably
estimated.

6.2. Trial-and-Error Forward Modeling

[30] The smooth velocity model resulting from the tomo-
graphic inversion of the first arrivals (Figure 5) gives only
an approximate distribution of velocities in the crust and
mantle. On the other hand, modeling of the entire wave field
enables a more detailed velocity resolution including
velocity contrasts at interfaces and identification of the
Moho discontinuity. We thus further refined the 2-D tomo-
graphic model by trial-and-error forward modeling using the

SEIS83 program package [Cerveny and PSencik, 1984]. In
this modeling approach, to obtain the P wave velocity
distribution, we used not only the first arrivals but also
further phases (reflected waves and available refractions in
later arrivals). The modeling also involved the calculation of
synthetic sections and qualitative comparison of amplitudes
of synthetic and observed seismograms. Since the ampli-
tudes of seismic waves are very sensitive to velocity
gradients and velocity contrasts at discontinuities, synthetic
seismograms of both reflected and refracted seismic waves
were useful tools in obtaining additional constraints on the
velocity distribution.

[31] The SEIS83 algorithm calculated ray paths, travel
times and synthetic seismograms in the high-frequency
approximation. The model consisted of layers separated
by velocity discontinuities. In each layer, the P wave
velocity was specified in an irregular rectangular grid and
interpolated by bicubic splines. The solution was
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Figure 6. The 2-D model of the P wave velocity along the CEL09 profile developed by forward ray-
tracing modeling (with SEIS83). The gray covers the unconstrained parts of the model. Bold lines mark
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lines mark layer boundaries where no reflections were observed. Thin lines represent velocity isolines
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sought iteratively: the travel times of the refracted and
reflected waves were calculated for the current 7, model
and compared with the observed travel times. Then the
V,, model was changed in order to minimize the misfit.

[32] The final 2-D model of the P wave velocity
distribution is presented in Figure 6. In accordance with
the tomography model, the upper crust of the Bohemian
Massif displays a relatively high V), gradient in a near-
surface 2—3 km thick zone with velocities of 5.8—
6.0 km s~ ', except at its NW end. The first, high-gradient
layer with velocities of 5.8—6.0 km s ' is the most
pronounced in the Barrandian and Saxothuringian, while
the Moldanubian and Moravian units show an almost
constant near-surface velocity of 6.0 km s~'. Lower v,
velocities, characteristic for sedimentary rocks with ve-
locities ranging from 5.0 to 6.0 km s~ ' to ~6 km depth,
occur in the NW. Mafic Marianské Lazné¢ Complex
exhibits near-surface velocity of ¥, 6.05 km s at a
distance of 115 km along the profile. The SE part of the
profile from 400 km onward reflects a sedimentary cover
of the Carpathian Foredeep at the eastern edge of the
Bohemian Massif with velocities in the range of 2.5-
5.5 km s~' to a depth of about 10 km.

[33] Deeper parts of the upper crust, not resolved
properly by the tomography, exhibit a very low vertical
gradient with the V), velocity of 6.0-6.1 km s~' down to
about a depth of 13 km. This low gradient is evidenced

by the fast decrease of Pg wave amplitude for most of
the shot points. The alternative solution may involve
introduction of a low-velocity layer in the upper crust,
however, in our opinion the data did not allow the
evaluation of the amount of velocity decrease, and
therefore we decided not to propose it. In the middle
crust, we identified two reflectors with a velocity contrast
of 0.15-0.3 km s~ ' in the depth ranges of 8—13 km and
17-20 km (PiP phases). The upper one is limited to the
central part of the Bohemian Massif, to distances among
150-270 km along the profile, slightly dipping to the SE.
The lower one is detectable with gaps almost throughout
the whole massif.

[34] The most distinct lateral differences in V), velocities
in the Bohemian Massif can be distinguished in the lower
crust. According to its properties and the character of the
crust-mantle transition zone, the investigated area can be
divided into three areas: (1) the central part of the Bohemian
Massif, which correlates with the extent of the Moldanu-
bian, (2) the NW part in the Saxothuringian, and (3) the SE
part beneath the Moravian.

[35] In the Moldanubian, the PmP phase is the most
pronounced in terms of high amplitude and short pulse
length, and Moho is inter}%)reted as a first-order discontinuity
(from 6.9 to 8.1 km s~ ', see Figure 7a). The maximum
Moho depth is 39 km. The V), velocity in the middle and
lower crust increases gradually from 6.5 km s™' at 19 km
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Figure 7. Examples illustrating forward modeling for selected shot points. (bottom) Model and ray
paths, (middle) seismic record sections with superimposed calculated travel time curves (solid lines) for
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depth to 6.9 km s~ above Moho, without any pronounced
discontinuities in this depth range. The upper mantle veloc-
ities of 8.0—8.15 km s~ ' are higher than in the neighboring
units.

[36] In the Saxothuringian and partly beneath the Bar-
randian in the NW to a distance of 150 km along the
profile, a lower crustal layer with a velocity gradient from
6.9 to 7.5 km s~' can be inferred above the Moho. The
character of the reflection from the top of the lower crust
(PcP phase) with the long and irregular coda indicates
that the layer is highly reflective, probably due to the
presence of thin layers of material with contrasting
seismic velocities. The properties of this layer were
investigated in detail by synthetic seismogram modeling
using the reflectivity method and will be discussed later.
The top of this layer is located at a depth of 25-27 km

and is explained by the interface with a velocity contrast
of 0.3 km s~ '. The bottom is interpreted to have a
smaller velocity contrast at the Moho in order to obtain
low amplitudes of the PmP phase as compared to the
PcP, as observed in the data (Figures 2a and 4a). Since
no refracted phase from this layer is observed and the
PmP phase is poorly visible, the velocities in the lower
crust are not well constrained and they are inferred only
by modeling of the amplitude relation of the PcP to
Moho reflections.

[37] The Moravian unit exhibits no distinct intracrustal
reflectors except for the discontinuity at a depth of 18 km,
which is the most pronounced at a distance of about 350 km
along the profile and which produces a very strong reflec-
tion for SP 29140. The Moho reflection, however, is not
visible (Figure 4b). The section in the very SE (SP 29150)
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exhibits quite unusual character: only the first arrivals can
be clearly identified as a strong Pg turning into a very
strong Pn phase. Apart from this, we identified a weak
phase with a high apparent velocity in a short offset interval
(140—180 km), immediately after the bending point of the
first arrivals (place where Pg phase turns into Pn phase),
forming a triplication. Travel time curves have this shape in
media without velocity discontinuities but with a vertical
gradient increase at some depth. Therefore, on the basis of
the results of 1- and 2-D modeling of travel times and
amplitudes, we suggest that the lower crust and crust-mantle
transition in this area is a 17 km thick gradient zone at
depths of 23—-40 km with V), velocities ranging from 6.8 to
7.8 km s~ (Figure 7b). The top and bottom of this zone are
interpreted with no distinct velocity discontinuities, espe-
cially in the very SE part. Therefore in this part of the model
there is no Moho discontinuity but a thick crust-mantle
transition zone. The uppermost mantle displays a velocity of
7.9 km s\

[38] Mantle velocities in the Bohemian Massif range from
7.85-8.15 km s~ ', with the highest and well-constrained
values in the central part in the Moldanubian. Upper mantle
velocities of about 7.9 km s~ in the NW and 8.0 km s ™' in
the SE were derived with higher uncertainty. A local mantle
reflector (at a distance of 115-265 km), slightly dipping to
the NW, is visible at a depth of 55-58 km (Figure 7c).
Velocities beneath this reflector are not constrained, as no
arrivals are observed from below it.

6.3. Analysis of Resolution and Uncertainties

[39] Uncertainties for any 2-D seismic velocity model are
due to a combination of several factors. Some amount of
subjectivity cannot be avoided but the model accounts for
the major features observed in the seismic data. Errors and
uncertainties originate in travel time picking errors, misin-
terpretation of seismic phases and inaccuracy of modeling
(misfit between data and modeled travel times), amount of
data, geometry of the experiment and simplification of the
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model where 3-D effects or anisotropy are not considered.
Also, the limitations of the ray theory must be kept in mind.
Since the errors introduced by the interpreter during corre-
lation and interpretation of seismic phases are subjective
and impossible to quantify, it is not possible to perform a
systematic error analysis.

[40] Figure 8a shows an approximate estimation of the
differences in the calculated travel times of Pg waves.
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The response of the presented model (Figure 6) and the
response for the model with the Pg velocity perturbations
of £0.2 km s~ ' (about 3%) are depicted. Figure 8b shows
an approximate estimation of the differences in the
calculated travel times of PmP waves. It is clear that
the uncertainties of the apparent velocity determination
based on the first arrivals are much less than £0.2 km s,

and similarly, this suggests that the uncertainties in the
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Figure 8. Estimation of model uncertainties. (a) Seismic section for shot point SP 29090 with calculated
travel times for the Pg phase with velocity model shown in Figure 6 (solid line) and differences in travel

times for the model with the upper crustal velocity d
velocity is 6.0 km s~'. (b) Seismic section for shot p

PmP phase with the velocity model shown in Figure 6 (solid line) and differences in travel times for the

model with the location of Moho different by £2 km

depth of Moho (and intracrustal reflectors) are less than
+2 km.

7. Analysis of S Waves

[41] Some of the recorded seismic data show an S wave
signal for refracted crustal phases (Sg) and reflected phases
from Moho (SmS). Seismic sections show recordings with

ifferent by +£0.2 km s~ ' (dashed lines). Reduction
oint SP 29060 with calculated travel times for the

(dashed lines). Reduction velocity is 8.0 km s™'.

clear arrivals of Sg phase with an apparent velocity of
3.5 km s~ and SmS waves up to an epicentral distance of
230—-350 km. Neither intracrustal and mantle reflections nor
Moho refraction, could be reliably identified (Figure 9).
Altogether, refracted and reflected S wave arrivals have
been correlated in 15 seismic sections. The recordings of the
vertical component were used for S waves interpretation, as
the horizontal component was recorded by a small number
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Figure 9. Examples of amplitude-normalized vertical component seismic sections for (a) SP 29020 and
(b) SP 29130, along with the identifications of the main seismic phases of P and S waves. Reduction

velocity is 8.0 km s™'. A 2—10 Hz band-pass filter

was applied.
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of stations. Nevertheless, the vertical component shows as
clear shear wave arrivals as the horizontal components,
which is often the case with crustal refraction data [see,
e.g., Thybo et al., 2003]. In the middle part of the Bohemian
Massif, the observed first S wave arrivals (Sg) at larger
offsets (80— 150 km) are weak compared to S wave reflected
arrivals, which is similar to the effect of the Pg phase in that
area. Similar to the P wave, it again indicates a small
velocity gradient in the upper crustal parts. In the NW, we
can observe ScS phase (reflection from the top of the lower
crust) with a long coda, indicating that the lower crust is
reflective for S waves too.

[42] The best branches of correlated S wave travel times
were used for forward modeling to provide another con-
straint in discriminating different tectonic areas. The S wave
velocity model in the first approximation was adopted from
the P wave model and converted into the V velocity model
using the standard ratio of V,/V; = 1.73 [e.g., Christensen,
1996]. Lack of reflected crustal arrivals, as well as refrac-
tions from the upper mantle, together with the limited
number of good quality travel time picks obtained did not
allow detailed S wave modeling, and thus the obtained
accuracy did not enable fine variations of the V,/V; ratio to
be determined throughout the model. Forward modeling of
the S wave travel times for available refracted (Sg) and
reflected (SmS) phases for the given model did not indicate

that V,/V, differs substantially from 1.73 along the profile
(Figure 10). The only exception can be found for the upper
crust at the distance of 150-230 km along the profile,
where slightly higher values of the V,/V ratio (1.76) can be
observed. Such lower S velocity values may suggest slightly
higher density of cracks or fluid-filled fractures in that area
roughly spreading along the Central Bohemian Shear Zone
(at the distance of 200 km along the profile).

8. Modeling of Lower Crustal and Moho
Characteristics by the Reflectivity Method

[43] During forward modeling we observed differences in
the amplitudes and coda length of some reflected phases that
were not possible to analyze by the ray-tracing modeling.
Therefore we used the reflectivity method by Fuchs and
Miiller [1971] to simulate the variability of the character of
the lower crust and Moho reflections assuming a 1-D seismic
velocity-depth structure. On the basis of the result of 2-D
forward modeling we took representative 1-D functions from
three different areas and tested them for the existence of
features such as laminated layers with alternating high and
low velocities or high gradient zones. For three represen-
tative seismic sections (SP 29040, 29050, and 29150), we
calculated synthetic seismograms and compared the seismic
data with these synthetic seismograms (see Figure 11).
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Figure 11. Modeling of the lower crustal and Moho characteristics using the reflectivity method. (top)
Synthetic reflectivity seismograms and (bottom) seismic data; (right) 1-D velocity model. Seismograms
and seismic data sections are shown with the same scaling parameters as in Figure 2. (a) SP 29040,
Saxothuringian area (NW). Strong reflections form the top of the lower crust (PcP) and from the
laminated lower crust, with the coda obscuring the PmP phase, weak Pn. (b) SP 29050, Moldanubian
area. No PcP phase, sharp Moho reflection (PmP), no evidence of the laminated lower crust. Interpreted
as strong Moho discontinuity with the velocity contrast. (c) SP 29150, SE edge of the Bohemian Massif.
Very strong and ringing first arrivals (Pg and Pn). Interpreted as a thick gradient zone.
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[44] Section 29040 (Figure 11a), recorded in the area of
the Saxothuringian (NW), displays a high-amplitude reflec-
tion from the top of the lower crust, with a long coda
suggesting strong reflectivity of the lower crustal layer. The
coda obscures a relatively weak PmP phase. The Pn phase
is weak, but observable. The proposed 1-D model explains
it by the existence of the lower crustal layer with a
background ¥, velocity of 6.9-7.3 km s, consisting of
layers of randomly alternating high and low velocities with
a standard deviation of 4% and correlation length of 300 m.
Moho is interpreted as a 1 km thick gradient zone at a depth
of 33 km with velocities increasing gradually from 7.3 to
7.9 km s~ ', which produces a refracted phase weak enough
to fit the data.

[45] The section from SP 29050 (Figure 11b), located in
the Moldanubian area, shows relatively sharp onsets of the
PmP phase and a clear Pn phase. The high-velocity reflec-
tive lower crust is absent in the model and Moho is
suggested to be a discontinuity with a velocity contrast
from 6.8 to 8.1 km s~ .

[46] The section from SP 29150 (Figure 11c¢), recorded at
the SE edge of the Bohemian Massif, differs from all other
data along the profile, and bears some resemblance to few
sections from the CEL10 profile of the CELEBRATION
2000 experiment (under interpretation). Strong first arrivals,
including the Pn phase, were observed up to the offsets of
300 km, but the PmP phase is not visible. Also no clear
intracrustal reflections are visible. Thus the lower crust is
interpreted as a thick layer with a high gradient of V),
velocities from the lower crust to the uppermost mantle.
Such a gradient zone may represent a broad transition zone
between the crust and mantle. The overall ringing character
of the data and long coda (high amplitude oscillations
observable within a few seconds after the first arrivals)
may be explained by a high reflectivity caused by small-
scale velocity fluctuations in the thick sedimentary sequen-
ces beneath the shot point. The long coda can also be
explained as due to the overall increased reflectivity of the
Moravian basement.

9. Gravity Modeling

[47] After interpretation of seismic velocities, we used
gravity modeling to test the seismic model and to obtain
additional geophysical constraints on the crustal structure
and composition. In the first approximation we converted
the P wave velocity model (Figure 6) into density blocks
using a velocity-density relation of Thybo and Schonharting
[1991] and created an initial density model. Using the 2-D
modeling software GRAVMOD developed by Zelt [1994],
we compared the gravity effect of this initial density model
with Bouguer anomalies along the profile. We then modi-
fied the densities in model blocks where needed by trial-
and-error in order to obtain a better fit to experimental
gravity data.

[48] Figure 12a shows Bouguer anomalies together with
the gravity response of the initial density model and result-
ing final model. The analysis of the gravity response for the
initial model (Figure 12b) indicates that the seismic model
agrees with Bouguer anomalies in terms of the large-scale
and deeper structure because the calculated gravity effect
resembles a long-wavelength, smoothed version of the
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experimental gravity values. The most prominent discrep-
ancy (about 50 mGal) occurs in the distance range of 60—
120 km along the profile, where the negative anomaly
reaches —60 mGal. This minimum coincides with the
location of the granitoid Karlovy Vary Pluton, mostly
located slightly to the NE of the CEL09 profile. Therefore
the discrepancy for the initial model is probably due to the
larger density difference between the Karlovy Vary granites
and surrounding rocks than estimated from seismic veloc-
ities. Another contributing factor might be a 3-D influence
of the density anomalies, not taken into account by the 2-D
velocity modeling. However, the aim was to test 2-D
velocity results, therefore we confined the gravity modeling
to two dimensions.

[49] The final density model (Figure 12c) explains dis-
crepancies in the short-wavelength anomalies, which results
in a better fit of the corresponding gravity curve. The
modifications were mostly confined to the upper crust, with
the biggest changes in the Karlovy Vary area. There, the
difference between the granitoids and neighboring meta-
morphic rocks is more pronounced in density (about
0.1 g cm ) than in seismic velocities, consistently with the
results of DEKORP Research Group [1994]. Other, smaller
corrections (positive and negative) were made in most parts
of the upper crust, explaining the anomalies caused by
numerous granitoid plutons, as well as mafic rocks, occurring
along the profile or in its close vicinity and producing a
gravity effect not accounted for by velocity modeling.

10. Interpretation and Discussion of the Results

[so0] The CELEBRATION 2000 profile CEL09 was
designed to cross the key tectonic units of the Bohemian
Massif. Figure 13 summarizes the main interpreted features
of the crust and uppermost mantle together with the 1-D
velocity characteristics for different parts of the Bohemian
Massif and suggests possible tectonic interpretation of
velocity and gravity models that we discuss in detail in this
section. In general, the average overall compressional
velocity of the crust in the Bohemian Massif is about
6.3 km s~ ' and is slightly lower than the crustal average of
6.45 km s~ ' presented by Christensen and Mooney [1995]
for the continental crust. Even then, it is still higher than the
average of 6.0—6.2 km s~ ' observed in the Moldanubian and
Saxothuringian in SW Germany [Giese, 1976].

10.1. Upper Crust

[5s1] The upper crust shows relatively small lateral varia-
tions of V), (except for younger formations at both ends of
the profile); nevertheless, the large-scale velocity anomalies
may be correlated with the composition of the individual
tectonic units. We believe that in this case even relatively
small velocity differences may be meaningful because the
uppermost part of the model is best resolved due to the
maximum ray density in this depth range.

[52] In the uppermost crust, the Barrandian and Saxothur-
ingian show a high-gradient layer with velocities of 5.8—
59 km s~' down to a depth of 3 km, which may be
connected with volcano-sedimentary and sedimentary
Lower Paleozoic rocks. The metamorphic rocks and Varis-
can granitoid intrusions in the Moldanubian are character-
ized by a similar velocity increase of 5.9—6.0 km s~ ' down
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Figure 12. Gravity modeling. (a) Bouguer anomaly (crosses), calculated gravity effect from initial
density model (dashed line) and from final density model (solid line). (b) Initial gravity model converted
from seismic velocity model in Figure 6. (c) Final gravity model. Blocks with densities different from
initial model are marked in gray. Signs in circles represent positive or negative density modifications.
Numbers in blocks indicate densities in g cm . Geological abbreviations are MLC, Marianské Lazné
Complex; KVP, Karlovy Vary Pluton; CBSZ, Central Bohemian Shear Zone.

to a depth of 2 km due to the closing of microcracks under
increasing pressure [Pros et al., 1998]. In deeper parts of the
upper crust down to about 13 km, the vertical velocity
gradient is very small (velocity increase of 0.05—0.1 km s~
over an interval of 10 km), as indicated by a fast decay of
the Pg wave amplitude. In terms of horizontal variability, a
slightly smaller V), velocity (5.9-6.0 km s~ ') characterizes
the Saxothuringian Paleozoic sediments, and possibly also
the granitoids of the Karlovy Vary intrusion at a distance of
around 90 km along the profile. The latter, even if not as
pronounced in terms of velocities, produces a significant
(about 0.1 g cm ™) density contrast with respect to neigh-
boring areas. Similar V), velocities characterize the upper
crust of the Barrandian unit. Slightly higher velocities
occur in the Moldanubian, especially in its central part
(up to 6.1 km s~ "), abundant in high-grade gneisses and

migmatites of the crystalline basement. Lower velocities
(5.95 km s~ ') at a distance of 200—230 km along the
profile and depth of 10 km may be connected with the
intrusion of the granitoid Central Bohemian Pluton.

[s3] Local near-surface velocities of 6.05 km s~ and
densities with a density contrast of 0.1 g cm > observed in
the area of the amphibolite Maridnské Lazné Complex at the
boundary between the Saxothuringian and Barrandian are
smaller than those expected for a body of mafic composi-
tion. Possible reason is that the profile crosses only a thin
portion of the complex at its NE end, and thus it has only
a moderate influence on the apparent velocities of the
refracted arrivals.

[54] More pronounced V), variations in the upper crust
were observed in the NW part of the Saxothuringian. They
show velocities of 5.0 km s~ ' at the surface increasing

1
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Figure 13. Schematic tectonic representation along profile CEL09. Dots show locations of hypocenters
of the earthquake swarms in the west Bohemia/Vogtland area. Superimposed are 1-D velocity
characteristics showing differentiation in the lower crust for different parts of the Bohemian Massif (from
left): the Saxothuringian with laminated lower crust dipping SE; high-velocity contrast at Moho in the
Moldanubian; the Moravian with whole crustal gradient zone. Arrows indicate relative movement along
contact zones. MLC, Marianské Lazné¢ Complex; CBSZ, Central Bohemian Shear Zone. (a) Vertical
exaggeration of 1:3. (b) Without vertical exaggeration.

rapidly to 6.0 km s~ ' at a depth of 6 km and correlate on the
surface with the Carboniferous flysch of the Teuschnitz
syncline (see Figure 1). Considerably lower velocities (2.5—
5.5 km s ') occur in the SE part of the profile beyond a
distance of 400 km, where the Carpathian Foredeep forms
an up to 10 km thick sedimentary complex.

[55] Since the profile CEL09 crosses the seismically
active west Bohemian region, Figure 13 shows also loca-
tions of hypocenters of the earthquake swarms recorded
between 1985 and 1998 overlain on the sketch of the crustal
structure. In this projection, only hypocenters with the
distance smaller than 20 km from the profile were selected.
Comparison with the velocity model shows that the hypo-
centers are located in the upper and middle crustal layer, the
majority occurring in the upper crust. The seismically active
region coincides well with the location of the lower velocity
(5.9 km/s) region in the upper crust at distances 50—120 km
along the CEL09 model, at 0—12 km depth (see Figure 6).
According to Spicak and Hordlek [2001] this activity may
be caused by emission of fluids released by ongoing

magmatic activity and/or fracturing of the crust. As both
phenomena decrease seismic velocities, low ¥, may be
due to the same factors that cause the seismic activity of
the region. However, the relation of velocity decrease to
the seismically active area is still a matter of further
investigation.

10.2. Middle Crust

[s56] In the middle crust two reflectors with a velocity
contrast of 0.2 km s~ were observed in a depth range of 7—
12 km and 17-20 km. The first is confined to the area of the
Barrandian and partly Moldanubian units, dipping to the
SE. The deeper reflection can be traced with few gaps
throughout the whole model, and is the most pronounced at
a distance of about 350 km, producing very strong reflec-
tions for SP 29140 (Figure 4b). The V), velocities in the
middle crust are in the range of 6.15-6.25 km s~' and
display no horizontal variability, as this part of the model is
constrained mainly by the reflections from the interface at a
depth of 16—-20 km.

18 of 21



B11305

10.3. Lower Crust

[57] In the deeper parts, three different types of lower
crust and uppermost mantle can be distinguished. The
central part, corresponding to the Moldanubian unit, is
characterized by the wave field with sharp onsets of PmP
phases and a clear Pn phase. The lower crust displays
average velocities of 6.8 km s™' and a strong velocity
contrast at Moho modeled as a first-order discontinuity
(6.8—8.1 km s™"). The Moho depth reaches 39 km and it
is the deepest and the most pronounced Moho within the
whole Bohemian Massif. This area also correlates with the
area of minimum heat flow value (<50 mW m2) [Hurtig et
al., 1992] and may represent a part of the relatively cold and
strong Moldanubian lithosphere [Babuska and Plomerova,
2000]. The crustal thickness also agrees with previous
seismic results [e.g., Berdnek and Zatopek, 1981; Bucha
and Blizkovsky, 1994].

[s8] The NW part, in the Saxothuringian and partly
beneath the Barrandian to a distance of ~150 km along
the profile, shows high-amplitude reflections from the top of
the lower crust with a long coda suggesting strong reflec-
tivity in this layer. The Pn phase is weak but visible. The
area is interpreted with a highly reflective layer above the
Moho, producing a long coda, which obscures a relatively
weak PmP phase. There is a strong velocity contrast at the
top of this layer (0.3 km s~ ') as compared to the contrast at
the Moho. The velocities in the lower crust range from 6.9
to 7.3 km s~ ', and its upper boundary is in the depth range
of 25—-27 km. Moho is represented by a thin (about 1 km)
gradient zone where the velocity increases from 7.3 to
7.9 km s~ ' at a depth of 34—35 km. The correlation length
of the velocity fluctuations in the lower crust was roughly
estimated to be 300 m. The lamella thicknesses, reported in
Variscan areas by other authors, are, e.g., 120 m in Germany
[Sandmeier and Wenzel, 1990] or 100-300 m in Poland
[Jensen et al., 1999].

[s9] CELOQ9 results in the NW area can be compared with
those determined along the perpendicular wide-angle re-
fraction and reflection profiles GRANU’95 and MVE 90
(see Figure 1). The GRANU’95 experiment indicate a
velocity increase from 6.5 km s~ ' in the middle crust to
an average value of 7.0 km s ' at a depth of 24 km
interpreted as the top of the lower crust [Enderle et al.,
1998]. The MVE 90 shows a highly reflective layer in this
area at 8—10 s of two-way travel time corresponding to the
depth range of 24-32 km [DEKORP Research Group,
1994], which may be viewed as the laminated lower crust
found in several Variscan areas. Average V), velocities in the
lower crust and upper mantle along CEL09 (7.1 and
7.9 km s~ !, respectively) are consistent with the velocities
along GRANU’95 and MVE 90 (7.0 and 7.9-8.1 km s,
respectively). However, CEL09 crustal thickness is a little
larger than in case of GRANU’95 and MVE 90 (30 and
33 km).

[60] According to Enderle et al. [1998], elevated lower
crustal velocities seem to be characteristic for the Saxothur-
ingian unit. The change of the lower crustal velocities at a
distance of ~150 km along the CEL09 profile may mark the
SE extent of the Saxothuringian lower crust (Figure 13). It
correlates with the interpretation of the 9HR [Tomek et al.,
1997] and DEKORP 4 profiles [Vollbrecht et al., 1989]
where the contact between the Saxothuringian and the units
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in the SE is interpreted as a SE dipping overthrust, reaching
the base of the crust about 50—80 km to the SE of the
contact zone at the surface.

[61] Such a highly reflective lower crust is a phenomenon
frequently observed in Caledonian and Variscan areas. It
was also found along the deep reflection profiles crossing
CEL09 in the Saxothuringian: the MVE 90 and locally
9HR. The most common explanations assume that bands of
reflections result form densely spaced layering, produced by
igneous intrusions of mafic melt from the upper mantle,
subhorizontal ductile shear zones, or layers with higher fluid
content [Warner, 1990]. Here, the explanation involving the
presence of fluids in the lower crust is not likely, as the S
wave reflections from the lower crust display very much the
same characteristics as the P wave in terms of the length of
the coda and amplitudes relative to the Moho reflection.
Therefore we suggest that lower crustal reflectivity may be
caused by mafic intrusions, possibly stretched and arranged
horizontally during postorogenic extension.

[62] The SE end of the profile shows strong first arrivals
and high reflectivity in the whole crust without any strong
intracrustal reflections and with missing PmP phase. The
overall ringing character of the data and a long coda after
the first arrivals is explained by the high reflectivity caused
by the small-scale velocity fluctuations in the thick sedi-
mentary sequences of the Carpathian Foredeep. On the basis
of the travel time and amplitude character of the data, the
lower and middle crust of the Cadomian basement seems to
form a thick gradient zone starting at a distance of some
330 km along the profile, with velocities of 6.8—7.8 km s~
ranging in a depth of 23—40 km. Such a velocity structure is
quite unusual for a relatively old Cadomian unit and its
origin is difficult to interpret. It may represent gradual
changes of the lower crustal composition, with the percent-
age of mafic/ultramafic material increasing with depth.
Alternative explanation may involve a change in metamor-
phic grade with an incomplete phase transition of mafic
(gabbroic) rocks from amphibolite to eclogite facies. This
process is likely to occur continuously over a wide range of
pressure, producing a gradual increase of seismic velocities
with depth [Furlong and Fountain, 1986]. Hurich et al.
[2001], studying properties of rock samples of eclogite
facies, report velocities and densities for HP granulites in
the range of 7.0-7.7 km s and 3.05-3.3 g cm >, respec-
tively, depending on the metamorphic grade. Complete
eclogitization is unlikely, as it would result in too high
densities (3.3—3.5 g cm ™) compared to the model.

[63] During previous investigations, the Moho depth in
the SE was not resolved [Berdnek and Zatopek, 1981], or
was approximated by a discontinuity at a depth of 32—
35 km [Bucha and Blizkovsky, 1994]. We do not see any
evidence for a discontinuity, but our model is consistent
with these results, because the overall seismic travel time or
gravity effect of the gradient layer will be similar to the
effect of a discontinuity located at the center of the layer,
given the same average velocity.

10.4. Mantle

[64] The local mantle reflector at a depth of 55—58 km in
the central part of the Bohemian Massif (distance 115—
265 km) dips slightly to the NW. Its position corresponds to
the mantle reflector located on the 9HR profile [Tomek et
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al., 1997] in the cross section with CEL09. Geologically it
can be viewed either as a first-order discontinuity or a shear
zone with properties different from the neighboring mantle.

11.

[65] Seismic data of high quality for interpretation of both
the P and S wave velocity structure was acquired during the
CELEBRATION 2000 experiment along a 450 km long,
NW-SE striking profile across the Bohemian Massif. The
data have been interpreted by seismic tomography inversion
of the travel times of first arrival P waves, by two-dimen-
sional ray-tracing of travel times of first and later arrivals of
P and S waves, as well as by calculation of two dimensional
synthetic seismograms for the P wave arrivals. Additional
constraint on the crustal structure was given by gravity
modeling. Our effort to model these data provides us with
the conclusions that are summarized in the tectonic sketch
in Figure 13.

[66] The presented crustal model across the Bohemian
Massif supplements previous results of geophysical inves-
tigations and provides new important information about the
structure of the Bohemian Massif, particularly about lower
crustal properties and the character of the crust-mantle
transition. It helps to verify hypotheses concerning the
tectonic evolution of the area during the Paleozoic. Previous
wide-angle seismic data provided only generalized infor-
mation about the velocity distribution (mainly in the upper
crust) and about crustal thickness, using methods of kine-
matic modeling. Our research supplements the kinematic
modeling with analysis of the amplitude and character of the
seismic wave field and thus gives better insight into the
properties of the crust and upper mantle. The boundaries of
the main crustal blocks of the Bohemian Massif (Saxothur-
ingian, Barrandian, Moldanubian, Moravian) were previ-
ously traced on the surface, based predominantly on the
available geological data, whereas the locations of their
contact zones at depth were only partially constrained. Our
results show differentiation of the structure not only in the
upper crustal parts, but mainly at lower crust and upper
mantle level, which gives some indications for tracing of
crust-forming processes during the Variscan orogeny.

[67] Seismic reflection data along profile 9HR indicated
that the Saxothuringian has been underthrusted beneath the
Barrandian/Moldanubian along a SE dipping thrust zone.
The new CEL09 model supports these results and provides
additional information for locating the Saxothuringian/
Barandian contact at the lower crustal level. Its location is
inferred from the differences between high-velocity, strongly
reflective lower crust, which we attribute to the Saxothur-
ingian unit, and moderate-velocity unreflective lower crust
and sharp Moho characteristics for the Barrandian/
Moldanubian unit. The latter is connected with the crustal
thickening of the crystalline segment, the Moldanubian,
characterized by the deepest and the most pronounced
Moho within the whole Bohemian Massif.

[68] The deep structure of the Moravian unit and its
contact with the Moldanubian were, up to now, not con-
strained by any wide-angle or reflection seismic data. New
CELEBRATION 2000 data suggest a peculiar lower crustal/
upper mantle structure beneath this region, where a thick
crust-mantle transition zone occurs. We postulate that it may
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be a characteristic feature of the Moravian unit, and that the
western termination of this transition zone may delimit the
NW extent of the Moravian lower crust, reaching ~40 km
farther to the NW than the Moldanubian thrust on the
surface. The contact of the above units would form a NW
dipping whole crustal zone with the dip of 45° and may
represent underthrusting of the Moravian beneath the Mol-
danubian during the Variscan collision.
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