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Introduction

The tectonics of the Earth’s crust and lithosphere are studied by means of geo-
logical and geophysical methods. Among the geophysical methods, the studies of
seismic-waves propagation are the most powerful tool for determination of mate-
rial distribution and discontinuities, which can be inferred from the distribution of
seismic velocities and seismic re ectors. Besides that, anisotropy and attenuation
of seismic waves are studied. The anisotropy corresponds to present or past pref-
erential direction of ow, or it can be related to layered character of the media.
The attenuation of waves can be a result of presence of uids, such as melt or wa-
ter. These uids can be also detected due to their high electric conductivity and
magnetic susceptibility. Additional information on material distribution comes from
measurements of gravity anomalies.
In contrast to the geophysical methods, which reveal the current state of the
lithosphere, the geological methods can help to reconstruct its past evolution. The
eld of geological research is mostly limited to the rocks exposed at the surface,
but some of these rocks used to be deeply buried and record the processes that
took place in the crust or even in the lithospheric mantle. However, the geological
data do not fully constrain the evolution of a studied region. The reconstruction
is often complicated due to an overprint of di erent stages of evolution and associ-
ated metamorphism. In the reconstruction, geophysical data can provide important
constraints because they allow prolongation of surface features to deeper levels.
Numerical modeling is potentially an ideal tool for further improvement of un-
derstanding of tectonic processes and evolution of a particular region, but many
challenges arise in numerical implementation of crustal deformation. Unlike the
mantle, the crust is very heterogeneous. It consists of materials with distinct rhe-
ological properties that are subject to highly varied conditions: low pressure and
temperature near the surface of the Earth and relatively high pressure and temper-
ature at a depth of several tens of kilometers. Moreover, the deformation in the
upper crust is mostly brittle and the strain is localized into narrow shear zones and
thrusts. Another complexity arises from the fact that rock properties change due
to phase transitions. Among others, the (partial) melting of rocks largely in uences
their rheology and plays an important role in the heat transport. A proper numerical
treatment of migration of melt and other uids is a di cult task and its implemen-
tation in models of crustal deformation requires a multi-scale modeling approach.
In the dynamics of tectonic processes, an interplay between forces from below and
from a topography load modi ed by erosion and sedimentation is of particular im-
portance. For a proper implementation, a model of the surface processes coupled
with a climatic model is needed. Also the bottom boundary of the lithosphere is not
impermeable, and an interaction with deeper mantle levels is important. Material
from the crust and lithosphere can be dragged into the mantle in subduction zones



or it may be detached in a process of delamination. Mantle convection gives rise to
hot plumes which may cause thinning and rifting of the lithosphere.

Despite these complexities, the current state of numerical modeling allows to
reproduce general characteristics of many types of tectonic processes. Models of
oceanic subduction commonly incorporate pressure-temperature-composition de-
pendent rheology including (de)hydration reactions (e.g. Gerya et al., 2008) and
several mechanisms of ductile deformation, such as dislocation and di usion creep
(e.g. C zkova et al., 2002). The importance of brittle-ductile character of deforma-
tion was examined e.g. in models of continental rifting (e.g. Huismans and Beaumont,
2003), and evolution of fold-and-thrust belts (Ruh et al., 2012). Phase transitions in
the solid state were shown to signi cantly in uence exhumation of rocks within con-
tinental crust (e.g. Gerya et al., 2004). Melting and solidi cation at mid-ocean ridges
were self-consistently modeled yielding important implications for our understanding
of oceanic-crust generation (Katz et al., 2006; Katz, 2008). Three-dimensional mod-
els of tectonic deformation coupled with surface processes can reproduce complex
topographic structures within mountain belts (Braun and Yamato, 2010).

Although tectonic processes generally operate in three dimensions, a simpli ed
two-dimensional modeling approach is often used. Many characteristics of oceanic
subduction and continental collision have been reproduced in two-dimensional mod-
els (e.g. Gerya et al., 2008; Beaumont et al., 2001). The sideways motion during con-
tinental collision can be modeled in the thin-sheet approach, which approximates the
dynamics in a plan view (e.g. Jimenez-Munt and Platt, 2006; Lorinczi and House-
man, 2010). However, some processes, such as deformation at oceanic transform
faults, can not be approximated in two dimensions and have to be treated in a fully
three-dimensional model (Gerya, 2010).

In the modeling of crustal and lithospheric deformation, most attention is paid
to general mechanisms or to explanation of recent processes (active subductions,
continental collision), which are mostly described through geophysical observations.
However, increasing number of studies deals also with reconstruction of ancient
mountain-building processes (e.g. Jamieson et al., 2007), where most of the con-
straints come from geological studies. An example of an ancient mountain belt
comparable in size and heat budget to the modern Himalayas are the Paleozoic
Variscides. The Bohemian Massif is the largest well-preserved exposure of the for-
mer European Variscan belt. It has been extensively studied by means of geological
and geophysical methods, but just a few numerical modeling studies concerning its
evolution have been performed so far (Henk, 1997; Gerdes et al., 2000; Arnold et
al., 2001; Willner et al., 2002; Duretz et al., 2011; Lexa et al., 2011). A numerical
model of a particular episode of the building of the Bohemian Massif is the main
focus of this study.

In Chapter 1 we brie y overview the geological and geophysical data available
for the Bohemian Massif, and introduce scenarios of its tectonic evolution. We pay
special attention to the Variscan evolution ( 400{300 Ma), which can be further
divided into several stages. During the last stage, several continental blocks collided,
and the collision was accompanied by exhumation of large volumes of rocks from
the deep crustal interior. These rocks, now exposed at the surface, bear witness
of a complex metamorphic and deformational history. Our aim is to set up a nu-
merical model which would be in agreement with the basic geological data related
to this process and which would provide a deeper insight into the dynamics of the



exhumation process. In Chapter 2 we describe the computational tool we developed
for this purpose, and we show several simple numerical tests in order to illustrate its
accuracy and applicability. Chapters 3 and 4 contain two articles published in inter-
national scienti c journals. In Chapter 3 we introduce the numerical model of the
late Variscan evolution of the Bohemian Massif and discuss its main characteristics.
In Chapter 4 we present a parametric study and correlate the di erences among the
calculated models with the variations observed in the geological record within the
Bohemian Massif. The concluding chapter provides a brief summary of the results
and outlines a possible continuation of the research.



At the bottom of pages 6{74 a model of crustal deformation presented in Chapter 3 is visualized.
The modeling results were plotted using the Generic Mapping Tools (Wessel and Smith, 1998).
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Chapter 1

The Bohemian Massif

The Variscan orogeny was a major mountain-building process which operated during
the Late Paleozoic ( 400{300 Ma) as a result of convergence between Gondwana
and Laurasia. The relics of the European Variscan orogen can be found in a belt
spanning the continent from west to east (Fig. 1.1): Iberia, Armorican Massif, Massif
Central, Vosges, Rhenish Massif, Harz, Black Forest, Bohemian Massif, and parts
incorporated in the Alps and Carpathians. The Bohemian Massif approximately
coincides with the Czech Republic, but it extends further to Austria, Germany and
Poland. The Bohemian Massif is the largest European Variscan outcrop and it was
only marginally a ected by later tectonic events. During the Alpine orogeny, its
south-eastern part was covered by the Carpathian foreland and pre-existing crustal-
scale shear zones were reactivated in conjunction with widespread volcanism during
Tertiary.

The topographic relief of the Variscan mountain belt has been reduced by de-
nudation leading to exposure of deep levels of the former crustal root at the surface.
Based on the geological (e.g. structural, petrological, geochronological) observations
of the exposed rocks, we can constrain the deformation history, pressure and temper-
ature conditions that took place in the interior of the ancient orogen. The geological
methods can study the tectonic processes in great detail, but the gathered pieces of
information have to be carefully assembled in order to obtain a consistent image of
the past evolution of the orogen.

Information on the recent internal architecture of the Bohemian Massif can be in-
ferred from geophysical observations (e.g. seismology, gravity, magnetotelluric data)
and it is mostly acquired by inverse modeling methods. The knowledge of limita-
tions of the methods and appropriate error estimates are crucial in evaluating the
results. In particular, the inversion of geophysical data in order to obtain a model
of the crust and lithosphere (distribution of seismic velocities, density and material
structure, presence of uids) is non-unique and depends on the applied approach.
A combination of geological and geophysical methods together with a larger frame
of European tectonics thus has to be used in order to constrain the evolution of the
Bohemian Massif.
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Figure 1.1: Location of Variscan outcrops and sutures in Europe, and (deformed) Euro-

pean shorelines. Modi ed from Wikipedia, the free encyclopedia, http://en.wikipedia.org-
/wiki/File:Hercynian_structures_Europe_EN.svg.

1.1 Geology

From the geological® point of view the Bohemian Massif is an interesting region
where all three basic types of rocks are abundant:

Sedimentary rocks consist of material that was detached from its original site
by surface processes, such as water or wind erosion, transported and later deposited.
Their location and volume, shape of the sedimentary layers, and size and shape of
their constituents provide information on the environment where they were created,
on the climate and topography. Historically, the fossils in the sedimentary sequences
and organic sediments were used as a basis for establishment of a relative geological
time scale. In contrast, the modern dating is based on radioactive decay and it
provides absolute ages of di erent stages of rock formation such as deposition of
sediments, crystallization of rock from magma, and metamorphism.

Igneous rocks are made of solidi ed magma derived from of pre-existing rocks
by melting. Melting occurs when the temperature exceeds the solidus of the par-
ent rock e.g. due to an increase of temperature on site, burial of fertile rocks to a

1We note that this section is not comprehensive and summarizes only the basic characteristics
of the geology of the Bohemian Massif. The scienti c literature on the topic is extensive and we
mostly cite overviews. The geological terminology is rather complicated and we try to avoid it,
which may in some cases lead to a simpli cation of the problem. Necessary terms are written in
italics and explained in a short dictionary at the end of this chapter, together with a geological
time-scale.

2.0 Myr
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greater depth with higher temperature, an increase of uid content, or decompres-
sion. Melt then usually percolates upward, and depending on the place where it
solidi es igneous rocks can be further divided into volcanic and plutonic groups.
In the former group, the melt reached the surface and formed for example di erent
kinds of lavas, while in the latter, it remained trapped within the crust, and either
cooled slowly in large bodies (typical extent of several km in each dimension) or
more quickly in planar bodies such as dykes. The composition of magma depends
on the composition of rocks that were primarily melted, but it can be signi cantly
in uenced by contributions from rocks along the path of the melt. The igneous rocks
bring information about deep crustal levels, which are otherwise hardly accessible.

Rocks that underwent changes in their mineral composition and structure are
called metamorphic. In contrast to the igneous rocks that are formed by melting
and solidi cation, the metamorphic changes take place in the solid state. The meta-
morphism mostly results from increased pressure and temperature (P{T) conditions,
determination of which is the subject of petrological studies. Certain P{T condi-
tions in general, and the temperature gradient with depth in particular, are typical
for di erent kinds of tectonic settings. A high pressure attained at low-temperature
conditions indicates a subduction setting, where a relatively cold lithospheric mate-
rial is dragged into the mantle. A contrasting example is a rifted region above an
asthenospheric updoming, where high temperatures can be reached at low pressures.
Changes in the mineral composition due to evolving P{T conditions are accompa-
nied by changes in the rock structure at various spatial scales (sub-grain size to
kilometers). From the resulting structure the rock strain can be determined, which
is a basic step towards deciphering individual stages of a tectonic process.

1.1.1 Tectonic units

The Bohemian Massif (Fig. 1.2) can be divided into several tectonic domains or ter-
ranes (Saxothuringian, Tepla-Barrandian, Moldanubian, Lugian, Moravo-Silesian,
Brunovistulian; for original de nitions see Suess, 1912; Kossmat, 1927; Dudek, 1980)
separated by zones of major deformation. Besides the characteristics of these tec-
tonic domains and their boundaries, we will pay attention to several rock types that
are speci c for the Bohemian Massif and that play an important role in assessment
of a scenario of its Variscan evolution.

The Saxothuringian domain is an elongated region between the Rhenoher-
cynian Zone to the north-west and the Tepla-Barrandian to the south-east. Its
basement is formed by Neoproterozoic (580{550 Ma) rocks with sequences of
volcanics and sediments characteristic for an active continental margin. After
a gap in sedimentation at the beginning of the Cambrian (540 Ma, corresponds
to the so-called Cadomian orogeny) the character of sediments changed point-
ing to lithospheric extension and rifting. The corresponding high thermal
regime has also been deduced from bimodal volcanism and magmatism inter-
preted as a result of updoming of the lithosphere. Since the Ordovician, the
sedimentation typical for passive margin environment continued until 350 Ma.
(For overview of the Saxothuringian sedimentary record see Linnemann et al.,
2004.)

During the subsequent Variscan orogeny, the rocks were deformed and meta-
morphosed with intensity increasing towards the contact with the Tepla{

9
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Figure 1.2: Simpli ed geological map of the Bohemian Massif (modi ed after Franke,
2000; Schulmann et al., 2009). Red and violet colors correspond to plutonic rocks. White
areas are covered by post-Variscan sediments and volcanics. CBPC=Central Bohemian
Plutonic Complex, CMPC=Central Moldanubian Plutonic Complex, KVP=Karlovy Vary
Pluton, MLC=Marianske Lazne Complex, SG=Saxon Granulite Massif.

Barrandian to the south-east. On top of the sediments relics of at thrust
sheets (nappes) which sustained a high degree of metamorphism at 340 Ma
are located. The original lateral extent of the nappes may have been tens
to hundreds of kilometers and their thickness a few kilometers. Their relics,
now partly eroded and/or folded to steep position, can be classi ed into two
groups showing contrasting metamorphic conditions (Konopasek and Schul-
mann, 2005, and references therein). The rst group is composed of sediments
metamorphosed under eclogite facies and ma c eclogites. The occurrence of
this rock type points to burial to large depths with relatively low-temperature

4.0 Myr
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Figure 1.3: Stripped contact of the Saxothuringian and Tepla-Barrandian domains after
Micoch and Konopasek (2010).

conditions corresponding to a cold geotherm. The rocks belonging to the sec-
ond group reveal burial along hotter geotherm (granulites, 800 Cat 2 GPa)
and bear evidence of partial melting. These high-temperature conditions are
recorded for example in a large body of granulite rocks, the Saxon Granulite
Massif (Rotzler and Romer, 2001).

The contact of the Saxothuringian and Tepla-Barrandian domains sustained
intense deformation and metamorphism. The region is characterized by jux-
taposition of slices of rocks with contrasting composition and metamorphism,
including rocks that underwent high pressures, high temperatures or partial
melting (eclogites, gneiss, granulites, migmatites). The high-pressure condi-
tions have been con rmed by the nding of micro-diamonds, which are as-
sumed to be stable at pressures higher than 4 GPa (Kotkova et al., 2011). Di-
rectly at the boundary, units with a high content of (ultra)ma c rocks (e.g. the
Marianske Lazne Complex, MLC) are located. The MLC contains rocks meta-
morphosed under conditions suggesting burial and exhumation along a cold
geotherm (serpentinites, amphibolites, eclogites and meta-gabbros).

A major part of the contact is hidden under younger sedimentary and volcanic
rocks, but continuation of a belt of highly metamorphosed units and MLC-type
rocks is con rmed from borehole samples (Mlcoch and Konopasek, 2010, see
the reconstruction of the contact in Fig. 1.3). In the Sudetes region east of
the Elbe (Labe) Zone rocks of a similar type as in the Saxothuringian domain
continue, including units with (ultra)ma c composition (Mazur et al., 2006).

The Tepla-Barrandian domain is a well spatially de ned crustal block in the
center of the Bohemian Massif which was only a ected by low-grade Variscan
metamorphism. It consists of Neoproterozoic volcanics and sediments (ages

11
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of about 620{560 Ma) whose characteristics point to an active-margin setting
(for overview see Drost et al., 2004). The discontinuity in sedimentation at
the end of the Proterozoic ( 540 Ma) is interpreted to be a result of the Cado-
mian orogeny. Similarly to the Saxothuringian domain, a high thermal regime
during the Late Cambrian ( 500 Ma) is recorded in volcanic and magmatic
rocks. The sedimentation continued until the mid-Devonian ( 380 Ma), and
culminated by ysh sediments related to closing of an oceanic basin. The
resulting Cambrian{Devonian sedimentary sequence is particularly well pre-
served in the Prague basin (Chlupac, 1993). During the Devonian, the rocks
were folded and metamorphosed with intensity and age increasing towards the
contact with the Saxothuringian domain in the north-west.

A large association of plutonic bodies, the Central Bohemian Plutonic
Complex (CBPC), is located along the south-eastern margin of the Tepla-
Barrandian. The composition of magmas in the CBPC is variable and suggests
that the source of the melt evolved in time (for overview see Janousek et al.,
2000). The oldest rocks of CBPC are dated to 370 Ma, but two slightly
older plutons (375{373 Ma) in the Tepla-Barrandian crust some 20 and 50 km
to the west have been interpreted to genetically belong to the CBPC (Venera
et al., 2000; Zak et al., 2011). The composition of the plutonic rocks placed
during the Late Devonian ( 355 Ma) indicates that they originate from a
slightly depleted mantle mixed with crustal rocks. In the Early Carboniferous
(' 349{346) plutonic rocks, the composition of the mantle source is observed
to be more enriched in incompatible elements.

A large shear zone separating the Tepla-Barrandian and Moldanubian domains
coincides with the location of the CBPC. It is about 2 km wide and it records
a downward displacement of the Tepla-Barrandian downwards with respect
to the Moldanubian domain by about 10 km. Based on the age of plutonic
bodies which intruded along the shear zone, the time when the zone operated
has been constrained to 343{337 Ma (for overview see Dorr and Zulauf, 2010).

The Moldanubian domain is a region to the south-east from the Tepla-
Barrandian, continuing further south-west to Austria and Germany. The Mol-
danubian rocks show medium to high grade of metamorphism (see Schulmann
et al., 2008, and references therein). The protoliths of the metamorphosed rocks
were dated to Proterozoic and Early Paleozoic age. According to the degree of
metamorphism, the Moldanubian domain is divided into the Drosendorf and
Gfohl Units. The Drosendorf Unit consists of rocks that underwent medium
metamorphic conditions, which reached regionally pressures of 0.5{1.2 GPa
( 15{35 km depth) at temperatures of 600{750 C (Racek et al., 2006; Pe-
trakakis, 1997). Higher grade of metamorphism is typical for the Gfohl Unit,
where some rocks (granulites, eclogites) bear witness of peak P{T conditions
of 800{1000 C and 1.6{2.2 GPa ( 50{65-km depth) (O’Brien and Rotzler,
2003; St pska and Powell, 2005). The timing of formation of the granulites is
very well de ned and the data from di erent locations all yield similar ages
around 340 Ma.

Locally the granulites contain lenses ( 100-m to 2-km long) of peridotites
(rocks with mantle composition) pointing to an interaction of the crust and
the mantle during the tectonic process. The peak-pressure conditions (more
than 3 GPa) recorded by these peridotites suggest that they were originally
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located deeper than the surrounding granulites. Peridotites are also present in
Saxothuringian granulites and their characteristics are similar to those in the
Moldanubian domain (Schmadicke et al., 2010).

At 340{335 Ma, a number of plutons of (ultra-)potassic composition called
durbachites were emplaced in a close spatial association with the granulites of
the Gfohl Unit. The speci ¢ composition of durbachites requires melting of a
mantle source contaminated by crustal material. The relationship between the
Moldanubian durbachites and granulites is underlined by their complementary
enrichment and depletion, respectively, in trace elements such as uranium, lead
and thorium (Janousek and Holub, 2007).

The rocks in the Moldanubian domain have a complex structure, which can
be interpreted as a result of a succession of several stages of deformation
(Schulmann et al., 2008). The stage of vertical motion of material is recorded
in vertical fabrics. These were later reworked by subhorizontal fabrics, that
can be attributed to a ow at medium- to low-pressure and high-temperature
conditions. The vertical fabrics were dated to 350{340 Ma, while the ages of
the subhorizontal fabrics are 330{325 Ma. The intensity of the reworking varies
within the Moldanubian domain suggesting that the horizontal deformation
was more prominent at its eastern margin.

In the central part of the Moldanubian domain, numerous plutonic bodies
form the Central Moldanubian Plutonic Complex (CMPC). The age of
emplacement of the CMPC is signi cantly younger than that of the CBPC,
and its composition is pointing to a crustal origin of the melt. The oldest
ages (about 325 Ma) are recorded in the northern part of the CMPC, while
southern and eastern bodies are typically younger (about 320{310 Ma) (Finger
et al., 2009). A number of other plutons of similar composition and age are
scattered in the south-western part of the Moldanubian domain along faults
in the Bavarian Zone. Finger et al. (2009) suggested that not only the CMPC
and plutons in the Bavarian Zone, but also late granites in the Saxothuringian
domain including a large body of the Karlovy Vary Pluton, result from the
same tectonic process.

The Lugian domain (a part of the Sudetes region) is located north of the
Moldanubian domain, from which it is separated by the Elbe Zone. It is
signi cantly smaller than the Moldanubian domain, but they share several
similarities (Schulmann et al., 2008). The core of the Lugian domain is formed
by rocks (gneisses) that sustained medium-grade metamorphism and a belt
( 1 10 km) of granulites (maximum pressure 1.8{2 GPa, temperature 800{
900 C). These metamorphic rocks are considered to be an equivalent of the
Moldanubian Gfohl Unit, which is further supported by their coeval peak
metamorphism at 340 Ma. The core is surrounded by a few kilometers thick
belt of ma c rocks interpreted to be a relic of a Cambro-Ordovician rift. In
contrast to the Moldanubian domain, the steep fabrics associated with the
vertical ow of material are well preserved in the Lugian domain, and the
horizontal ow is not recorded (Schulmann et al., 2008; St pska et al., 2012).

The rocks at the eastern margin of the Moldanubian domain are thrusted over
the Brunia domain to the east, in the form of nappes containing pieces of high-
pressure metamorphs (eclogites, pressure 1.6 GPa, temperature 650 C,
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granulites and peridotites). The thrusting a ected also the underlying Bru-
nian rocks leading to the development of a 50-km wide zone of deformation
and metamorphism | the Moravo-Silesian Zone. The metamorphic condi-
tions in this zone (0.5{1 GPa, 550{650 C) show inverse metamorphic gradient,
i.e. increase towards the contact of the two domains. The cooling after the
metamorphism was constrained to 340{325 Ma (Schulmann et al., 2009, and
references therein).

The Brunia (also called Brunovistulian) domain consists of a Neoproterozoic
basement, intruded by 550-Ma-old granites. The basement is overlain by a
thick pile of Devonian sediments. During the Early Carboniferous ( 345 Ma) a
foreland basin developed, where the sediments were deposited for about 20 Ma
now forming an up to 7.5-km thick sedimentary sequence. In the sediments,
pebbles of highly metamorphosed rocks were identi ed, and the earliest age
of their deposition was dated to 330 Ma (see Hartley and Otava, 2001, and
references therein).
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Figure 1.4: Permo-Carboniferous sedimentary cover in the area of the Czech republic

after

Chlupac and Storch (1992). 1) Sudetic Basins, 2) Central and Western Bohemian

basins, 3) Late Paleozoic of the Erzgebirge, 4) sediments in graben structures (4a{Blanice
graben, 4b{Boskovice graben, 4c{Jihlava graben).
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1.1.2 Post-Variscan sediments and volcanics

A large portion of the surface of the Bohemian Massif is covered by post-Variscan
sediments and accompanying volcanics. The Permo-Carboniferous ( 320{250 Ma)
extensional basins (Fig. 1.4) are aligned along structural discontinuities, such as
the Saxothuringian{Tepla-Barrandian boundary and the Moravo-Silesian Zone (see
e.g. Ulrych et al., 2006). The upper part of their sedimentary in Il, deposited in a
continental environment, often contains coal-bearing layers.

The largest area is covered by Cretaceous sediments ( 90 Ma) located along
Elbe and Odra Zones. Younger (mostly 35 Ma and later) sedimentary basins are
located in the Ceske Budejovice and Trebon regions. At 20{12 Ma, a Carpathian
foreland basin developed at the eastern margin of the Bohemian Massif and was
being lled with marine sediments.

A system of Tertiary rift-related sedimentary basins and volcanics is located
along the southern rim of the Krusne hory Mountains (Erzgebirge) in the region of
the Eger (Ohre) Rift (Fig. 1.5). It extends from the Cheb basin (younger, 5 Ma)
towards Doupovske hory and Ceske stredohor . The volcanic rocks of this system
cover an area of 1100 km2. The main phase of the volcanism took place 30 Ma
ago, but the oldest volcanic rocks in this system were dated to 80 Ma, and the
volcanoes near Frantiskovy Lazne in the western Bohemia are only several hundreds
of thousands of years old (see e.g. Ulrych et al., 1999).
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Figure 1.5: Cenozoic sediments and volcanics in the Bohemian Massif. After Kopecky
(1978), adapted by Ulrych et al. (1999). DH=Doupovske hory, CS=Ceske stredohor .
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1.2 Geophysics

There is a broad spectrum of geophysical methods which can be used to constrain the
crustal and lithospheric structure. In the following short and incomplete overview,
we will focus on studies that help to reveal the deep crustal structure, especially the
sub-surface equivalent of the geological domains described in the previous section.

The most important source of information about the lithospheric structure are
seismic waves. The velocity of seismic waves is sensitive to the material through
which they propagate, namely its density and elastic properties. Seismic studies can
detect both abrupt and continuous changes in the velocity, but di erent methods
are sensitive to di erent features, or they visualize them in a di erent manner.
For example, steeply dipping velocity discontinuities are not directly observable in
re ected seismic waves from a standard seismic pro ling. The zones where the
velocity decreases with depth are di cult to examine by seismic rays, but they can
be identi ed by surface waves. In all methods of inversion of seismic data in order
to obtain a model of velocity distribution in the Earth’s interior, a good coverage of
the studied domain by seismic waves is essential.

The Bohemian Massif is a well consolidated and therefore seismically relatively
quiet region. An exception is the area of the Eger Rift in the western Bohemia, where
swarms of earthquakes with magnitudes up to 5 occur (e.g. Fischer and Horalek,
2003; Fischer et al., 2010), and the Sudetic Marginal Fault in the north-eastern
Bohemia (Stepanc kova et al., 2010). The earthquakes in the western Bohemia are
suitable for studies of the local crustal structure (e.g. Novotny, 1996; Malek et al.,
2004). For determination of a regional structure, either teleseismic waves or active
seismic experiments are used.

The area of the Bohemian Massif is crossed by a number of pro les along which
experiments with actively generated seismic waves were performed. A steep-angle
re ection pro le 9HR passes through the Krusne Hory Mountains in the Saxothurin-
gian domain, the Tepla-Barrandian and Moldanubian domains (see red line \9HR"
in the geological map in Fig. 1.8). In this experiment, a high seismic energy pro-
duced by explosive sources permitted to study features in a depth of up to 60 km.
Tomek et al. (1997) interpreted the obtained seismic sections (Fig. 1.6) in terms
of individual re ectors or re exive zones. The upper crust (above 10-km depth)
of the Saxothuringian domain shows at re ectors interrupted by a low-re ectivity
zone corresponding to the Karlovy Vary Pluton. Below this depth, there is a num-
ber of re ectors dipping towards south-east. Another series of inclined re ectors
starts underneath the MLC and continues to the center of the Tepla-Barrandian
domain. Between the Tepla-Barrandian and Moldanubian domains, a main change
in the character of re ectors occurs, interpreted as a steep fault. The Moho (i.e. the
boundary between the crust and the mantle) appears to be shallower beneath the
Saxothuringian and Tepla-Barrandian crust (minimum depth 33 km) than be-
neath the Moldanubian crust (up to 40-km depth). Several important re exions of
unknown origin were observed also in the lithospheric mantle approximately below
the MLC.

The depth of the Moho was determined by several methods, and the results
generally agree that the crustal thickness is larger in the Moldanubian domain and
decreases towards the west and north. A compilation and interpolation of the results
of active seismic experiments shows that the Moho depth varies between 40 km
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Figure 1.6: Ray-tracing migrated section (black) of the 9HR pro le and its geological
interpretation (red). Modi ed after Tomek et al. (1997). Re exions \M" were interpreted
to correspond to the Moho discontinuity.
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Figure 1.7: Moho depth below the Bohemian Massif after Karousova et al. (2012), who
compiled and interpolated results of inversions of active seismic experiments along several
pro les (gray dots). Solid lines show boundaries of the tectonic domains and main faults.

beneath the Moldanubian and 28{30 km beneath the Saxothuringian domain (see
Fig. 1.7, Karousova et al., 2012).

The crustal structure was also studied using data acquired during a series of
refraction and wide-angle re exion experiments, such as CELEBRATION 2000 and
SUDETES 2003. The distribution of P-wave velocities along the pro les CEL09
and CEL10 was modeled by Hrubcova et al. (2005) and Hrubcova et al. (2008),
respectively, who used seismic tomography combined with ray-tracing modeling (for
their results and locations of the pro les, see Fig. 1.8). The pro les CEL09 and
CEL10 are practically perpendicular. The pro le CELQ9 is passing through a similar
region as the pro le 9HR but it continues further to the south-east. The pro le
CEL10 intersects the Moravo-Silesian and Brunia domains in the south-west{north-
east direction and continues further to Poland.

The lowest P-wave velocity is observed near the surface and corresponds to
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weakly consolidated sedimentary layers (see e.g. the northern part of the CEL10
pro le in Fig. 1.8). Within the crust, only a few re ectors were detected and most
of them are (nearly) horizontal; the several major moderately inclined re ectors
identi ed by Tomek et al. (1997) were not con rmed by Hrubcova et al. (2005).

Along the pro le CELQ9, a sharp velocity discontinuity interpreted as Moho
is observed only in the center of the Bohemian Massif (eastern part of the Tepla-
Barrandian and western part of the Moldanubian domain). In the rest of the pro le,
a zone of a vertical velocity gradient below 25-km depth is detected. This feature,
possibly interpreted as a laminated lower crust, continues more than 200 km to
the north-east along the pro le CEL10. In the Moldanubian domain, the Moho is
de ected downwards and reaches the depth of 40 km compared to 30 km at the
contacts with the two zones of the velocity gradient.

A di erent method of inversion of data from active seismic experiments was ap-
plied by Ruzek et al. (2007). In their study, they rst established a low-parametric
velocity model based on Pg, Pn and PmP phases, and in the nal stage they ap-
plied a tomographic re nement. This approach yields qualitatively di erent results
than those reported by e.g. Hrubcova et al. (2005). They both observe similar near-
surface features related to sedimentary layers, and a homogeneous middle crust with
a P-velocity around 6 kms * at 10{15-km depth. In contrast to the velocity model
by Hrubcova et al. (2005), Ruzek et al. (2007) reported a highly heterogeneous
lower crust (depths of 20{30 km) on most of the analyzed pro les. In the central
(Moldanubian) part of the pro le CEL09, Ruzek et al. (2007) identi ed a promi-
nent low-velocity anomaly (velocities less than 6.5 kms ! compared to more than
7 kms 1 in the surrounding regions) almost reaching the Moho depth. The location
of this anomaly coincides with that of the thick crust calculated by Hrubcova et
al. (2005). However it should be noted that Ruzek et al. (2007) did not attempt
to interpret the acquired crustal models in terms of crustal composition and rock
types. Moreover, the largest variations of velocities in the lower crust coincide with
a relatively low resolvability and their signi cance may be debatable. Interestingly,
Ruzek et al. (2007) observe a high-velocity lower crust and inverted velocity gradient
at approximately the same places where Hrubcova et al. (2005) reported velocity
gradient instead of a sharp Moho (compare Fig. 1.8, left, and Fig. 1.9).

Another model of the P-velocity distribution within the upper and middle crust
along the pro le CELQ9 was set up by Novotny (2011) (Fig. 1.10). This tomographic
model shows highly variable velocities in the marginal parts of the Bohemian Massif,
and anomalous low-velocity zones approximately at the supposed boundaries of the
crustal domains. Similar features were reported by Novotny et al. (2009) along
the pro le SO1 crossing the Saxothuringian domain in the south-west{north-east
direction. Despite the signi cant di erences among the models by Hrubcova et
al. (2005), Ruzek et al. (2007) and Novotny (2011), they all point a contrasting
character of the Moldanubian with respect to the marginal Tepla-Barrandian and
Brunian domains. For a detailed discussion of di erences between the methods of
inversion we refer to Novotny et al. (2009).
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Figure 1.8: Model of P-wave velocities along the pro les CEL09 and CEL10 and a
schematic geological map of the region plotted below, modi ed after Hrubcova et al.
(2008). The position of the pro les CEL09, CEL10 and 9HR is plotted in red.
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Figure 1.9: Distribution of P-wave velocities along the pro le CEL09 by Ruzek et al.
(2007). The vertical dashed line corresponds to the right end of the pro le CEL09 plotted

in Fig. 1.8.
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Figure 1.10: Tomography model along the pro le CEL09 after Novotny (2011).
KVP=Karlovy Vary Pluton, TBU=Tepla-Barrandian Unit (domain), MLC=Marianske-
Lazne Complex. Note that the depth extent is only up to 20 km.

Passive seismic experiments are another source of data for studies of the crustal
structure. Wilde-Piorko et al. (2005) applied receiver function method on teleseis-
mic waves and determined S-wave velocities below seismic stations located in the
Bohemian Massif. They reported a low-velocity zone in the middle crust (10{15-km
depth) of the Saxothuringian domain and attribute this feature to the tectonic and
magmatic activity of the Eger Rift. The anomalous character of the crust beneath
the Eger Rift was suggested by other authors who used various methods (e.g. Heuer
et al., 2006; Hrubcova and Geissler, 2009).

Plomerova et al. (2007) observed a broad low-velocity anomaly beneath the Eger
Rift using a 3D tomography from teleseismic waves, and interpreted this feature
as an upwelling of the lithosphere{asthenosphere boundary. On the other hand,
no columnar low-velocity anomaly which could correspond to a mantle plume was
identi ed there.

Kol nsky et al. (2011) studied dispersion of surface Love waves from Aegean-
Sea earthquakes in order to determine the S-wave velocity vs. depth in di erent
domains in the western part of the Bohemian Massif. Their results show a fast
increase of velocity in shallow depths (less than 5 km). Below, at 10{30-km depth,
the velocity is slowly increasing in the Saxothuringian domain, but it is constant
or even slightly decreasing with depth in the Moldanubian and Tepla-Barrandian
domains. Underneath the Eger Rift, the velocity gradient with depth is almost
the same in the whole middle and lower crust and no sharp increase of velocity
at the Moho is observed. Kol nsky et al. (2011) suggest that the missing Moho
discontinuity is a result of asthenospheric updoming.

The uplift of the lithosphere{asthenosphere boundary was indicated by a study
of seismic anisotropy by Babuska and Plomerova (2001). These authors processed
teleseismic data and estimated the depth of the lithosphere{asthenosphere boundary
to 120{140 km in the Moldanubian domain and 90{120 km in the Saxothuringian
domain, with the smallest depth beneath the Eger Rift. The lithospheric anisotropy
further shows that the preferred dip of fabrics is di erent in these two domains.

According to Babuska et al. (2008), not only the Moldanubian and Saxothurin-
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Figure 1.11: Stations included in the passive seismic experiments evaluated by Plomero-
va et al. (2012) colored according to the calculated pattern of P-wave velocity anisotropy.
Redrafted after Plomerova et al. (2012). The dashed white line is supposed to mark the
minimum westward extent of the mantle lithosphere corresponding to the Brunia (Bruno-
vistulian) crustal domain. Abbreviation TB stands for the Tepla-Barrandian domain.

gian domains di er in their lithospheric anisotropy, but also the Tepla-Barrandian
domain exhibits a distinct anisotropy pattern (Fig. 1.11). Di erent anisotropy of
the lithosphere of the Tepla-Barrandian domain is more easily detectable by the P-
wave velocity anisotropy, because it is smaller in depth-extent and requires smaller
wavelengths to be resolved. Further, di erences in the anisotropy of the Moldanu-
bian and Brunian lithospheres were distinguished by Plomerova et al. (2012) and
Babuska and Plomerova (2012). The lithospheric boundary between the two do-
mains is shifted by about 100 km to the west with respect to their contact at the
surface (see Fig. 1.11). In addition, the Brunian (Brunovistulian) block can be sub-
divided into two regions with a di erent P-velocity anisotropy (yellow and violet
triangles in Fig. 1.11). Based on their observations, these authors conclude that
the lithosphere of the Bohemian Massif still consists of blocks separated by sharp
boundaries. Each of the blocks has a di erent anisotropy which remained from the
pre-Variscan times and have not been signi cantly modi ed by asthenospheric ow.

Apart from waves associated with a certain earthquake, ambient seismic noise
can be used for determination of crustal structure. For example, Ruzek et al. (2012)
applied a joint inversion of teleseismic P-waveforms and local group velocities of sur-
face waves obtained from seismic noise. In line with other methods, their analysis
points to systematic variations of crustal characteristics within the Bohemian Massif.
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Variations of the gravity eld are related to the density structure of the sub-
surface material. The density within the crust mostly depends on the rock type.
Ma c rocks, such as basalt and amphibolite, have a higher density than felsic rocks,
such as granite. A very low density is typical for weakly consolidated sediments,
where porosity plays an important role. The sensitivity of the gravity eld to a
density anomaly decreases with distance. For this reason, interpretation of gravity
data in terms of local features such as plutonic bodies (felsic or ma c) in a shallow
depth is most common.

For geophysical purposes, the gravity eld measured at the Earth’s surface is
usually reduced to the Bouguer anomaly. The Bouguer anomaly is the di erence
between the observed and calculated gravity eld, which is corrected for the grav-
itational e ect of the topography. In the Bohemian Massif, the gravity anomalies
(Fig. 1.12) are smaller in magnitude than those observed in active orogenic belts,
such as the large gravity low associated with the Alpine orogenic belt located to
the south-west and south-east of the Bohemian Massif (see e.g. Bielik et al., 2006)
(blue area in the south-west corner in Fig. 1.12). Within the Bohemian Massif
the Bouguer anomaly has maximum variations of 100 mGal and shows a long-
wavelength undulation in the north-west{south-east direction. In the north | west,
gravity lows coincide with low-density rocks in the Saxothuringian domain and in
the Sudetes. The lowest anomaly is observed in the area of the Karlovy Vary Pluton,
whose vertical extent was estimated to approximately 10 km based on gravity data
(e.g. Blecha et al., 2009).

A chain of local positive anomalies starts at the MLC and continues further
east. These anomalies were interpreted to belong to high-density bodies at the
Saxothuringinan{Tepla-Barrandian boundary hidden below sediments of the Elbe
Zone (Sedlak et al., 2009). A positive gravity anomaly is typical for the whole
Tepla-Barrandian, and it increases towards its north-western margin. By means of
inverse modeling Guy et al. (2011) and Svancara and Chlupacova (1997) interpreted
this gravity increase as a signal from an inclined high-density body coinciding with
the MLC at the surface and dipping to the south-east. Their agreement on this result
is likely related to the fact that they used the same seismic study by Tomek et al.
(1997) as a basis for determination of boundaries separating bodies with continuous
density.

The Moldanubian domain can be divided into two parts: the western part up
to the eastern rim of the CMPC shows a low gravity anomaly, while east of the
CMPC the gravity is signi cantly higher, similar to that above the adjacent Brunia
basement. The high anomaly in the eastern part of the Moldanubian domain was
interpreted as a signal from a relatively dense tip of the Brunian block covered by a
thin layer of light Moldanubian rocks (Guy et al., 2011).

The low anomaly of the western Moldanubian domain was interpreted by Guy et
al. (2011) to originate from a low-density material in the Moldanubian lower crust.
However, the study by Svancara and Chlupacova (1997) gives a contradictory re-
sult. This di erence is not surprising, as the solution of this inverse problem is
non-unique due to the integral character of the gravity eld, and the signal from
density anomalies in the lower crust is relatively weak.
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Figure 1.12: Map of Bouguer gravity anomalies in the Bohemian Massif after Lexa et

al. (2011) (data were provided by the Czech Geological Survey). Lines are boundaries of
the tectonic domains (cf. Fig. 1.2). White areas are not covered with data.

Additional information on crustal structure can be retrieved from electric and
magnetic anomalies. The area of the Bohemian Massif is weakly magnetized com-
pared to the East European Craton (former Baltica continent). Positive magnetic
anomalies usually correspond to igneous rocks while negative anomalies occur above
regions with a thick pile of weakly magnetized sediments. In the Bohemian Mas-
sif, the most prominent anomalies (green and blue in Fig. 1.13) are located along
the boundaries of the crustal domains (along the Eger Rift, the CBPC) and at the
contact with the Carpathian foreland (e.g. Salansky, 1994).

Sources of most anomalies are exposed at the surface, or they are in a shallow
depth, e.g. covered by a layer of sediments. A local magnetic eld along the Tepla-
Barrandian{Saxothuringian boundary was discussed by Sedlak et al. (2009). These
authors interpreted a belt of positive anomalies along the Tepla suture and further
east below the sediments of the Elbe Zone as a continuation of MLC-type rocks with
high susceptibility.

A crustal-scale model of magnetic susceptibility along the pro le 9HR, con-
strained from seismic and gravity data, was set up by Pokorny and Benes (1997).
The magnetic anomalies along the western part of the pro le were interpreted as a
combination of a signal from several near-surface highly magnetized bodies and an
inclined ma c layer 3{5 km thick dipping to the south-east underneath the Tepla-
Barrandian domain. In the easterly Moldanubian domain, the magnetic anomalies
are much less pronounced and a simple layered structure of the crust was su cient
to explain the data.
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Figure 1.13: Map of magnetic anomalies in the area of the Czech Republic. Data were
provided by the Czech Geological Survey. Lines are boundaries of the tectonic domains
(cf. Fig. 1.2).

Measurements of the near-surface heat ow show its systematic variation within
the Bohemian Massif (Cermak, 1994, Fig. 1.14). The lowest values (50{60 mW m ?2)
coincide with a higher crustal thickness in the central part of the Bohemian Massif.
Towards north-west and north-east, the heat ow increases and attains values of

70{80 mW m 2 in some parts along the Eger Rift and Elbe Zone.

Together with the heat coming from the mantle, natural radioactivity of rocks
(see Fig. 1.15) contributes signi cantly to the surface heat ow. High and low
radioactivity is typical for felsic and ma c rocks, respectively, although exceptions
may occur. A typical example of highly radioactive felsic rocks are granitic plutons in
the Saxothuringian domain, which increase the local heat ow by up to 40 MW m 2,
In contrast, the felsic granulite bodies in the Moldanubian domain show relatively
low radioactivity compared to the neighbouring (mostly ma c) durbachites.



Figure 1.14:
boundaries of the Bohemian Massif are plotted in white.

Map of the surface heat ow in Europe after Cloething et al. (2010). The
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Figure 1.15: Map of the radiometric eld in the area of the Czech Republic. Data were

provided by the Czech Geological Survey. Hatched areas arelygons belonging to the
Central Bohemian Plutonic Complex, areas with \x" symbols are late Variscan plutons.
The highest values of the radiometric eld coincide with durbachitic plutons (\v" symbols).
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