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Abstrakt: Cesky masiv byl konsolidovan v dusledku kolize nekolika kontinentaln ch
mikrodesek v prubehu Variskeho vrasnen ( 400{300 Ma). Centraln cast Ceskeho
masivu, Moldanubikum, obsahuje vyznamne mnozstv felsickych vysoce metamor-
fovanych hornin. V teto praci predstavujeme numericky model kontinentaln kolize,
ktera vedla k vystupu techto hornin. Dulezitym predpokladem modelu je felsicke
slozen spodn kury jednoho z koliduj ¢ ch kontinentaln ch bloku, a z toho vyplyvaj c
jej nzka hustota a viskozita a vysoky obsah radioaktivn ch prvku zpusobuj ¢ ch
zahr van materialu. Zkoumali jsme vliv koncentrace tepelnych zdroju, rychlosti
kolize a povrchove eroze na deformaci kury a na tlakove-teplotn podm nky ve
spodnekorovem materialu. Pri casovem vyvoji dochaz v modelu ke ztlusten kury,
rustu nahorn plosiny a sedimentaci v predpoln panvi. Pokud je spodn kura
dostatecne zmekcena v dusledku radioaktivn ho zahr van, je ztlusten kury do-
provazeno gravitacne indukovanym vystupem spodnekorovych hornin a nasledne
subhorizontaln m tecen m ve stredn kure. Naproti tomu v chladnejs ch a rychlejs ch
modelech je hlavn m mechanismem ztlusten kury vrasnen . Tyto dva typy chovan
vystihuj pozorovane rozd ly mezi felsickymi vysoce metamorfovanymi horninami
v moldanubicke a v sudetske casti Ceskeho masivu.
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Abstract: The Bohemian Massif was consolidated during the Variscan orogeny
( 400{300 Ma), which involved several oceanic subductions and collisions of con-
tinental micro-plates. The central part of the Bohemian Massif, the Moldanubian
domain, shows a large accumulation of felsic high-pressure metamorphs. We present
a numerical model of exhumation of these rocks due to continental collision and un-
derthrusting. The key feature of the model is a felsic (light, rheologically weak and
rich in radioactive elements) material in the lower crust of one of the colliding blocks.
We examine the in uence of the rate of convergence of the two blocks, radiogenic
heating in the felsic lower crust and e ciency of erosion, on the model evolution and
pressure{temperature conditions in the lower-crustal material. The models where
the material is su ciently weakened due to radiogenic heating show formation of an
orogenic plateau, sedimentation in a foreland basin, and crustal thickening accompa-
nied by gravity-driven exhumation of the lower crust and subsequent sub-horizontal

ow in the middle crust. In colder and/or faster models, the thickening is dominated
by folding. We correlate the tectonic style of these two types of models with dif-
ferences between the high-grade rocks in the southern (Moldanubian) and northern
(Sudetic) parts of the Bohemian Massif.
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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.



Figure 1.1: Location of Variscan outcrops and sutures in Europe, and (déormed) Euro-
pean shorelines. Modi ed from Wikipedia, the free encyclogdia, 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 originaite
by surface processes, such as water or wind erosion, transed and later deposited.
Their location and volume, shape of the sedimentary layerand size and shape of
their constituents provide information on the environmentwhere they were created,
on the climate and topography. Historically, the fossils ithe sedimentary sequences
and organic sediments were used as a basis for establishmai relative geological
time scale. In contrast, the modern dating is based on radiotive decay and it
provides absolute ages of di erent stages of rock formatiosuch as deposition of
sediments, crystallization of rock from magma, and metamphism.

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

1We note that this section is not comprehensive and summarize 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 rathe 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.



