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Abstract

The principal goal of this thesis is to contribute to the research on formation of compositional and textural
zoning in shallow-level plutons. Processes responsible for emplacement of individual plutons/pulses and
the origin of compositional zoning in are addressed in a great detail, from the pluton-scale down to the
micro-scale.

The main emphasis in the more focused part of this text is on a combination of various quantitative data
sets from two well-selected plutons (the Ri¢any Pluton in the Central Bohemian Plutonic Complex and the
Melechov Pluton in the Moldanubian Batholith). These detailed studies are supported by further research
on the Sténovice, Cista and Sevétin plutons. In this way we cover the evolution of Variscan magmatism in
the heart of Bohemian Massif in its entirety, from Late Devonian till Permian.

The thesis is based on combining field and structural studies (including the anisotropy of magnetic suscep-
tibility, AMS), textural analysis, petrological, geochronological and geochemical methods with geophys-
ical investigations. Mathematical approaches have been designed and applied to the interpretation of
geochemical data, with potential applications to other igneous systems.

We strongly believe that only such comprehensive studies on well-selected case examples have a poten-
tial to provide a generally applicable, in-depth understanding of zoning origin, mechanisms of pluton
construction, and melt sources/evolution in the composite magmatic systems.

The most important conclusions of the thesis are as follows:

1. Using the case study of the Ri¢any Pluton, a new model for the origin of reverse zoning is proposed
invoking a thermally-driven overturn of a deeper stratified magma chamber. Information about
sources and geochemical evolution of highly fractionated nested granite pulses is reported and the
behaviour of many trace elements in differentiation of the felsic granitic system is described. Lastly,
a new mechanism of helicoidal magma flow is formulated on example of the Ri¢any Pluton.

2. Quantitatively characterized variations in magnetic fabric throughout the Melechov Pluton and
the AMS-to-strain inversion method (SUSIE) are used to infer the strain distribution in the proposed
Melechov diapir head. Data are compared with theoretical models for diapiric structures; the appli-
cability of the SUSIE method for strain analysis in granite plutons is also discussed.

3. Much of the research effort was concerned with the regional tectonic setting and large-scale fabric
patterns in granitoid plutons in the Bohemian Massif, from Late Devonian subduction, through
Early Carboniferous collision till Permian orogenic collapse. Particular problems were addressed
using case studies of subduction-related Sténovice and Cista plutons as well as the post-orogenic
collapse-related Sevétin Pluton.

Taken together, the integration of field and quantitative data sets obtained by range of methods on several
selected plutons has provided new insights into emplacement mechanisms of granitoid magma in the
upper crust and the origin of modal/compositional zoning. Moreover, the study brings broader implica-
tions for timing, sources and development of Variscan plutonism in Bohemian Massif and as such to the
magmatic and tectonic evolution of the Variscan orogen as a whole.



Abstrakt

Zéakladnim cilem této Ph.D. prace je pfispét k vyzkumu formovani kompozi¢ni a texturni zonalnosti mélce
ulozenych pluton(. Procesy vedouci ke vzniku kompozi¢nizonalnostiv téchto télesech jsou zde popisovany
jak na urovni méfitka celého magmatického télesa (plutonu), tak z hlediska mikroméftitka.

Hlavni dliraz v podrobnéjsich ¢astech této prace je kladen na kombinaci rliznych kvantitativnich soubort
dat ze dvou dobfte vybranych pluton (ficansky pluton ve sttedoceském plutonickém komplexu a melecho-
vsky pluton v moldanubickém batolitu). Detailni studie jsou podporeny dalsim vyzkumem pluton(
$ténovického a $evétinského a plutonu Cista. Uvedené priklady shrnuji vyvoj variského magmatismu
pfimo v srdci Ceského masivu, od pozdniho devonu do obdobi permu.

Ph.D. prace je zalozena na kombinaci terénnich a strukturnich studii (v¢etné metody anizotropie
magnetické susceptibility, AMS), texturni analyzy, petrologickych, geochronologickych a geochemickych
metod a geofyzikdlnich vyzkuma. Déle byly navrzeny a aplikovany matematické pristupy k interpretaci
geochemickych dat, s potencialnim vyuzitim v ostatnich magmatickych systémech.

Pevné véfim, ze tyto souhrnné studie na peclivé vybranych ptikladech maji potencial poskytnout vieobec-
né uzite¢né a dikladné porozuméni vzniku zonalnosti véetné mechanismu stavby plutonu a zdroj(/vyvoje
tavenin v kompozitnich magmatickych systémech.

vvvvvv

1. Na pfikladu fi¢anského plutonu je navrzen novy model vzniku reverzni zonalnosti vyvolanim
termalné fizené zmény v hlubokém stratifikovaném magmatickém krbu. Jsou zde zaznamenany
informace o zdrojich a geochemickém vyvoji vysoce frakcionovanych granitovych pulsli a popséna
distribuce mnoha stopovych prvk{ béhem diferenciace felsického granitového systému. Dale je
zde formulovan novy mechanismus tzv. helikdlniho magmatického toku opét na pfikladu fi¢an-
ského plutonu.

2. Kvantitativné charakterizované variace v magnetické stavbé v melechovském plutonu a inverzni
metoda AMS-to-strain (SUSIE) jsou pouzity k urceni pfirlstku napéti ve svrchnich partiich grani-
tového diapiru pfi findlnim vmisténi do podminek stredni kdry. Data jsou porovnana s teoretickymi
modely pro diapirické struktury; téZ je prodiskutovana pouzitelnost metody SUSIE pro analyzu
napéti v granitovych plutonech.

3. Mnoho usili bylo vénovano vyzkumu tektonického vyvoje a strukturni analyze vnitfnich staveb
v granitoidnich plutonech v Ceském masivu. Tektonicky vyvoj je zaznamenan ve strukturach
vzniklych béhem subdukce v pozdnim devonu na pfikladové studii sténovického a cisteckého
plutonu, v kolizni udalosti v raném karbonui v kolapsu orogénu v obdobi permu (Sevétinsky pluton).

Souhrnné feceno, spojeni terénnich a kvantitativnich datovych soubort ziskanych skdlou metod na néko-
lika vybranych plutonech poskytlo nové pohledy na mechanismy vmisténi granitoidniho magmatu do
podminek svrchni kliry a na vznik modalni/kompozi¢ni zondlnosti. Dale Ph.D. teze pfinasi Sirsi implik-
ace pro vyvoj variského plutonismu v Ceském masivu a také pohled na magmatismus a tektonicky vyvoj
variského orogénu jako celku.



1. Introduction

In any serious attempt to explain the nature and genesis of a complex zonation pattern in a granitic pluton,
a multidisciplinary approach has to be used, combining structural, petrological, geochronological and
geochemical methods with geochemical modelling and geophysical investigations.

An excellent setting where such a multidisciplinary approach could be developed and tested is the Bohe-
mian Massif, the easternmost fragment of the Variscan collisional orogen in Europe. Among the numerous
shallow-level granitoid plutons that intruded this complex unit in Late Devonian to Early Carboniferous
times, were found the following two particularly suitable for the thesis:

1. TheRiéany Pluton, which crops out at the north-eastern extremity of the Central Bohemian Plutonic
Complex. It has a roughly elliptical outline and consists of three (muscovite)-biotite granite facies
that define a sub-concentric compositional and textural zoning. Within the analytical uncertainties,
the emplacement ages of the two main facies are the same (~337 Ma). As the degree of fractiona-
tion decreases inwards, the pluton shows reverse zoning. But it is “cryptic’, being reflected nearly
exclusively in the trace-element compositions (see Results, Article I.-1, Article I.-2, Article Il.-2).

2. The Melechov Pluton is the northernmost intrusion of the composite Moldanubian Batholith,
which is the largest plutonic body in the Variscan Internides. The pluton consists of four concentri-
cally arranged units of peraluminous, S-type granites. The TIMS-ID Concordia ages for Mnz popula-
tions of the three outer facies dated (Lipnice, Svétl3, and Kouty) range between 332 + 1 and 323 +
0.4 Ma (mostly 327-325 Ma). This compares well with LA ICP-MS dating of the Lipnice Mnz (324.8
+ 2.4 Ma) and previous conventional U-Pb dating of Zrn and Mnz from the ‘Eisgarn’ granites (see
Results, Article Il.-1).

Even though most of our attention was directed to the two zoned plutons listed above, the results of other
studies of Bohemian granitic bodies (e.g., Sevétin, Sténovice and Cista plutons) are discussed in separate
Articles lll.-1, lll.-2 and Ill.-3.

The state-of-the-art knowledge about granitoid pluton/host-rock structures, geochemical variation and
physico-chemical processes are addressed below.

Igneous rocks, formed by crystallization of magma that has risen from the planet’s interior, are the most
abundant rock types in the Earth’s crust. As the magma ascends and begins to cool, it becomes a mixture
of liquid and crystals that can, to a various extent, separate from one another and produce the compo-
sitionally variable differentiated magmas. Eventually, the magma solidifies to form an igneous rock. The
processes leading to formation of igneous rocks are of great importance because they have controlled,
and still do, the distribution of elements between Earth’s mantle and variable levels of the crust.

(1) Closed-system processes

In course of closed-system differentiation processes, the parental melt evolves into one or more magmas
with a different composition, without material exchange with an external reservoir. Closed-system differ-
entiation processes include several mechanisms whereby early-formed crystals are segregated from the
remaining melt, or vice versa. Further closed-system processes are:

- Fractional crystallization; marginal accretion (sidewall accretion); gravitational separation (crystal
settling and flotation; convective flow segregation; filter pressing or compaction; flowage
differentiation;

.« crystal settling (e.g., Martin and Nokes ,1988); in situ crystallization (e.g., Langmuir, 1989); thermo-
gravitational diffusion (e.g., Walker et al,, 1981);
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« liquid fractionation processes include thermal (Soret) diffusion (e.g. Walker and DelLong, 1982),
liquid immiscibility and liquation.

2) Open-system processes

Open-system processes such as assimilation, magma mixing and mingling involve compositional changes
due to interaction of magma with the surrounding country rock or with contrasting magmas entering the
system. The most effective tools for recognition of open-system processes represent radiogenic isotopes
(e.g. Sr,Nd, Os, Hf). Other processes in the open system are:

.« stoping; assimilation; material exchange between the wall rocks and advancing magma; the time;
the thermal contrast between the magma and wall rock and a composition of the assimilant (e.g.,
Davidson etal, 2001);

« Magma mingling and mixing (e.g., Barbarin and Didier, 1992);

« Chemical differentiation; volatile-bearing but vapour-undersaturated magma; progressive, and
often protracted, fractional crystallization.

3) Combination of processes

Because many of the petrogenetic processes cause similar effects, it may be difficult to distinguish the
relative contributions of each of them with confidence. One approach to the problem is to devise mathe-
matical model for the behaviour of certain trace elements and isotopic ratios based on a combination of
processes:

« theassimilation +fractional crystallization (AFC: DePaolo, 1981), fractional crystallization + recharge
of more primitive magmas (e.g., O 'Haraand Matthews, 1981), and all three combined (e.g., Aitcheson
and Forrest, 1994), using iterative techniques to model the ratio of contaminant to original magma;

 the Energetically Constrained Assimilation and Fractional Crystallization (EC-AFC) model of e.g,,
Spera and Bohrson (2001).

Overview on the origin of zoning in magmatic bodies

In the map view, many circular or elliptical shallow plutons display remarkable concentric compositional
zoning on length scales of ~10>-10* m. Generally, the zoning is defined by more mafic rocks (e.g., gabbro,
diorite) occurring along pluton margins and felsic rocks (e.g., granite, tonalite) in the centres or vice versa
(normal and reverse zoning, respectively).

In the field the zoning can be recognized based on regular variation in the modal contents of rock-form-
ing minerals (e.g., plagioclase, biotite, hornblende, and/or pyroxene), abundance/size of K-feldspar
phenocrysts, intrusive contacts between pulses, or the nature and volumetric proportion of mafic micro-
granular enclaves (MME).

Moreover, normal or reverse zoning is revealed by systematic spatial variations in whole-rock and mineral
compositions (e.g., Seaman etal,, 2011).

In rare cases, the zoning may be cryptic, i.e. being defined by chemical variations in (some of) trace-ele-
ments or in contents of accessory minerals (e.g., Janousek et al., 1997).



Formation of concentric zoning in granitoid plutons has been commonly interpreted as a result of several
physico-chemical processes, such as:

+ Insitu crystal-melt separation via flow sorting, gravitational settling, filter pressing or sidewall crys-
tallization within a single magma pulse/batch (e.g., Bateman, 1984);

« Nested emplacement (“telescoping”) of multiple magma pulses sharing a single conduit (e.g., Moly-
neux and Hutton, 2000), with or without mixing between separate outer and inner batches (Coint
etal. 2013);

« Intrusion of an essentially single pulse of magma preserving a vertical compositional gradient from
a deeper level magma chamber (e.g., Pupier et al., 2008);

«  Continuous cyclic thermal evolution of an incrementally constructed magma chamber (e.g., Glazner
and Johnson, 2013).

Apparently, the textural and compositional zonation in plutons records complex evolution that may have
taken place not only at the final emplacement level and solidification stage. In many cases, important role
is played by petrogenetic processes operating deeper and reflecting vertical and/or horizontal heteroge-
neity in the whole magma-plumbing system.

Unravelling the geometrical patterns and the likely physical causes of magma flow in granitic magma
chambers is one of the central aspects of understanding magma dynamics. In many cases, however, direct
field evidence for magma flow is completely erased from the rock record. Magmatic fabrics in plutons (i.e.,
foliations and lineations formed in the presence of a melt; (e.g., Fernandez & Gasquet, 1994) commonly fail
to provide unambiguous evidence for chamber-wide magma flow or convection. Instead, the preserved
pluton fabrics are acquired late in magma chamber history along migrating crystallization fronts and are
also easily reset by regional tectonic deformation, making inferences on large-scale convection or flow
patterns problematic (e.g., Petford 2003). From a structural record it is possible, under certain assumptions,
to interpret the magma ascent, magma emplacement and deformation events of regional importance.

The significance of magmatic fabrics in plutons is important, especially with the question how they record
regional tectonic deformation superimposed onto granitoid bodies prior the final solidification. These
aspects are described on examples of the Sténovice and Cista Plutons, Sevétin Pluton and selected other
(pre- and syn-tectonic) Variscan granitic intrusions in the Bohemian Massif. The Ph.D. Thesis shows that
granitoids with well-defined petrographic, mineralogical, chemical features and ages may provide infor-
mation on the spatial/temporal changes in tectonic settings. This approach is used in a different petroge-
netic classifications of granitoid rocks.

2. Aims of the study

The principal goal of the Ph.D. thesis is to modestly contribute to understanding of shallow-level felsic
systems. In particular, we ask what can be learned from the granitoid pluton/host-rock structures, geochem-
ical variation and physico-chemical processes in magma chambers.

In brief, the main aims of this Ph.D. thesis are to:

« describe the nature of zoning in individual plutons, as well as the external and internal contacts, in
terms of petrology, textures, internal fabrics, and chemical composition;



investigate the structural evolution, textures, fabrics (including anisotropy of magnetic susceptibil-
ity, AMS) in granites, as well as thermal and structural evolution of the individual plutons with their
contact aureoles;

compare field and laboratory data pertaining to thermal and crystallization history with the numer-
ical simulation of conductive cooling of the individual plutons;

using the major- and trace-element data and radiogenic isotope methods to provide information
on sources of individual pulses, their mutual relationship and development in space and time, and
to constrain the processes that may have modified the magma composition (e.g., fractional crystal-
lization, magma mixing, crustal assimilation);

combining the above datasets with viscosity simulations to constrain the viable ascent and
emplacement mechanisms of granitic magma in shallow-level plutons; in particular to assess the
importance of granitoid diapirism and incremental growth models.

3. Material and methods

The principal approach adopted in this work is, to use careful observations and detailed structural mapping
in the field as a firm basis for further quantitative analysis in the laboratory. Field data are complemented
by a wide range of other analytical methods:

Anisotropy of magnetic susceptibility (AMS) and inverse strain estimation;
Gravimetric studies on two plutons (the Ri¢any Pluton and Sténovice Pluton);
Quantitative textural analysis;

Petrology, mineral chemistry (EMPA);

Whole-rock and radiogenic isotope geochemistry, geochemical modelling;
U-Th-Pb radiometric dating (LA-ICP-MS and conventional by TIMS);

Thermal modelling and magma viscosity simulations.

For details about each method please see into Ph.D. Thesis.

4. Results and discussion

This section provides summaries for each separate articles of the Ph.D. Thesis.

The Article I.-1 - Origin of reverse compositional and textural zoning in granite plutons by localized
thermal overturn of stratified magma chambers brings a detailed study of a nested reversely zoned, granit-
ic Ri¢any Pluton where was proposed a comprehensive model for how reversely zoned plutons form. First,
a stratiied magma chamber develops in which K-feldspar-rich cumulates settle to the bottom or sidewalls
leaving behind a crystal-poor more silicic magma in the upper layer. This K-feldspar cumulate along with
interstitial melt is re-mobilized by the basaltic intrusions and underplating. This setup leads to a density
inversion that eventually causes a major overturn. The remobilized granitic magma carries fragments of
these cumulates and mafic enclaves towards the surface.



The Article I.-2 - Distribution of elements among minerals of a single (muscovite-) biotite granite sample
—an optimal approach and general implications describes petrography and mineral chemistry of a sample
of coarse-grained, weakly porphyritic biotite granite of the Ri¢any Pluton with the following conclusions:

Accessory phases control the behaviour of many trace elements in differentiation of felsic granitic
systems.

A great proportion of essential structural components (e.g., P, Zr, LREE) used in apatite, zircon and
monazite saturation thermometry is incorporated into other minerals. This may lead to significant
overestimation of the liquidus temperatures; in this case the zircon saturation temperatures for
would be overestimated by c. 40 °C due to significant contents of Zr in the early crystallized rutile.

In the studied sample, over 80 % of the whole-rock Zr and Hf and c. 10-30 % of HREE, U, Th, Nb, Ta,
Ti, Cd, Co and Ni are contained in resistant accessory phases Zrn and Rt. Thus the pressure vessel or
sample fusion, and not merely a combined acid attack, are absolutely essential in sample decompo-
sition were these elements to be determined quantitatively. Moreover, these elements will be kept
in residue left after granite weathering, and thus will be rather hard to release into the environment.

The Article Il.-1 - Magnetic fabric and modeled strain distribution in the head of a nested granite diapir,
the Melechov pluton, Bohemian Massif is focused on the Melechov Pluton which is a unique compos-
ite granitic body. The intrusive fabrics record incremental strain gradient in a granite diapir during final
emplacement to the middle crust. The main conclusions are as follows:

The Melechov Pluton is interpreted as a mid-crustal vertically extensive granitic diapir with an apical
part (diapir head) exposed at the present-day erosion level. The diapir head exhibits an overall
concentric structure defined both by compositional zoning and magnetic fabric, and especially the
latter is consistent with an idealized picture of igneous diapirs.

Margin-parallel, outward-dipping magnetic foliations are associated with oblate shapes of the
susceptibility ellipsoids and higher degree of anisotropy, passing inward into weaker triaxial to
prolate fabric. Magnetic fabric of the inner Melechov granite, in places oriented at a high angle to
the internal contacts and ductile host rock structures, is interpreted as recording the internal diapir
circulation as predicted by theoretical models.

In terms of intensity and symmetry, the intrusive strain estimations from the AMS data using the
JeZzek-Hrouda method (SUSIE) are in agreement with strain gradients in the heads of model Newto-
nian diapirs. The low degree of anisotropy and calculated strain intensities across the diapir are
consistent with granitic magma ascent as a dilute, crystal-poor suspension followed by crystalliza-
tion of fabric markers and their response to strain near the final emplacement level. This mechanism
explains why the generally weak intrusive fabrics may still be capable of recording the within-diapir
strain gradient.

The SUSIE method has been used to be particularly useful for strain estimations from the AMS in
granite plutons, which typically lack reliable strain markers.

The Article Il.-2 Magnetic fabric of the Ri¢any granite brings new emplacement model based on structural
and AMS data for the Ri¢any Pluton. The observed mesoscopic and magnetic fabrics are interpreted as
a result of helical flow. The main conclusions are:

The difference in K-feldspar phenocrysts contents caused significant difference in viscosities: the
outer, strongly porphyritic granite (SPm) presumably had viscosity an order of magnitude higher
than the central, weakly porphyritic granite (WPc).

This assumption is in agreement with an exponential increase in viscosity with crystal content as
predicted by the Einstein-Roscoe equation for solid-liquid mixtures.



Considering the Ri¢any Pluton as a steep-sided cylindrical body, y the Hagen-Poiseuille equation for
fluid flow through a pipe can be applied to infer the flow mechanism within the pluton. Contrasting
viscosities of the two magmas then would cause their different velocities during ascent. Conse-
quently, faster subvertical flow of low-viscosity (phenocryst-poor) magma in the pluton center may
have generated helical (subhorizontal) flow in the outer, high-viscosity and phenocrysts- rich layer.

This two-layer model explains well the finite fabric pattern, with concentric, steep foliations and
magnetic lineations being subhorizontal along the pluton margin and subvertical in the centre.
Taking into account the shallow emplacement level of the Ri¢any Pluton, it may be viewed as
a conduit linking a deeper magma chamber with a volcanic system at the surface.

The Article lll.-1 — Structure, emplacement, and tectonic setting of Late Devonian granitoid plutons
in the Tepld-Barrandian unit, Bohemian Massif describes the Cista and Sténovice granodiorite plutons
which are interpreted as representing an initial, Late Devonian stage of subsequent Early Carboniferous
voluminous plutonism of the central Bohemian Massif. The main conclusion are:

The geochemical characteristics of the granodiorites—tonalites composition are consistent with the
calc-alkaline association having been generated in a continental margin arc setting.

These two plutons are undeformed and share many characteristics with diapiric intrusions: ellip-
tical cross-section in plan view, steep contacts, inferred downward-narrowing conical or inverted
"tear-drop” shapes, faint normal zoning, and margin-parallel magmatic fabric decoupled from the
regional host-rock structures.

Combined with the existing geochronologic, geochemical, and tectonic data, the Cista and Sténov-
ice plutons indicate an overall shift of plutonic activity from the ~NW to the ~SE in the upper-crus-
tal TBU during Late Devonian to Early Carboniferous. This temporal trend was accompanied by
a general compositional shift from normal-K calc-alkaline to shoshonitic/ultrapotassic magmas.
Such a pattern in the plutonic activity is compatible with the SE-directed subduction of the Saxo-
thuringian Ocean beneath the Tepla—Barrandian plate as a principal cause of the Variscan arc-relat-
ed plutonism in the core of the Bohemian Massif.

The Article Ill.-2 - Intrusive and deformation history of the Sevétin Pluton, Moldanubian Batholith:
record of polyphase tectonic evolution of the Blanice Graben, Bohemian Massif is a structural study of
the Sevétin Pluton that enabled detailed reconstruction of the Blanice Graben tectonic evolution and of
the associated magmatic activity:

The AMS study discovered steeply to moderately dipping planar magnetic fabrics that are inter-
preted mostly as solid-state in origin. Local preservation of original magmatic foliation is possible
in the central to eastern parts of the Sevétin Pluton.

The overall sigmoidal trend of the magnetic fabrics indicates sinistral movements along the Blanice
Graben fault systems postdating the intrusion of the biotite—-muscovite granite of the Sevétin
Pluton. This is further supported by well-defined subhorizontal magnetic lineation. The magnetic
fabric of the Sevétin Pluton is thus in sharp contrast to the subhorizontal metamorphic foliation and
subhorizontal NW-SE trending stretching lineation in the surrounding Moldanubian host rocks.

Paleostress and kinematic analysis of brittle structures allowed differentiation of three tecton-
ic phases (oblique compression, strike-slip and extension), which post-dated the intrusion of the
biotite—muscovite granite.

The oblique compression phase comprised both the emplacement of the biotite—muscovite granite
and early stages of its brittle deformation. It was accompanied by the formation of NE-SW trending
joints (P1) and dikes (aplite), both dipping moderately to the SE.



« The strike-slip phase indicates more or less E-W trending extension and can be correlated with the
intrusion of c. 270 Ma microgranodiorite dikes.

« The extension phase was accompanied by the formation of hydrothermal Pb-Zn-(Ag) quartz-
carbonate veins and scarce P5 and P6 tension joints.

The Article lll.-3 - A plate-kinematic model for the assembly of the Bohemian Massif constrained by struc-
tural relations around granitoid plutons summarizes tectonic evolution in the Bohemian Massif and clearly
demonstrates how the orogenic processes and related deformation and plutonism evolved in space
and time. As a consequence of overall convergence of Gondwana and Laurussia, four main episodes are
recognized in the interior Bohemian Massif. For this thesis the most relevant is the last episode that corre-
sponded to late readjustments within the amalgamated Bohemian Massif and that included rapid exhu-
mation and voluminous ~327-330 Ma S-type-dominated granite plutonism. The tectonothermal activi-
ty at the periphery around the consolidated orogen’s core was followed by destruction of the orogenic
belt, post-orogenic igneous activity, continental basin development, and multiple reactivations along the
inherited basement fault zones.

5. Conclusions

The ambition of this Ph.D. thesis has been to modestly contribute to the research on formation of compo-
sitional and textural zoning in shallow-level plutons. The aim was to assess the processes responsible for
emplacement of individual plutons/pulses and the origin of compositional zoning in a great detail, from
the pluton down to the micro-scale.

This Ph.D. thesis builds on a multidisciplinary quantitative approach to the study of magmatic systems.
Extensive sets of structural, magnetic, gravimetric, geochemical (major- and trace-element, isotopic), and
U-Pb geochronologic data were acquired from several composite granite plutons of Devonian to Carbon-
iferous age in the Bohemian Massif. | believe that only such comprehensive studies on well-selected case
examples have a potential to provide a generally applicable, in-depth understanding of zoning origin,
mechanisms of pluton construction, and magma sources/evolution in the composite magmatic systems.

In terms of methodology, specific techniques were developed for sample preparation. Mathematical
approaches have been designed and applied to the interpretation of geochemical data, with poten-
tial applications to other studies in igneous systems. The integration of field and quantitative data sets
obtained by range of methods has provided new insights into emplacement mechanisms of granitoid
magma in the upper crust and the origin of modal/compositional zoning.

Chapter I: Magma Differentiation and Pluton Zoning

The Chapter | with Articles I.- and |.-2 integrating the data with numerical simulations allowed us to formu-
late generally applicable petrogenetic models for multi-stage thermal-chemical-mechanical evolution
of magmatic systems in the Earth’s crust from anatexis, through storage to magma withdrawal from
upper-crustal chambers during volcanic eruptions. For instance, a comprehensive petrogenetic model
was developed on the basis of a detailed study of the Ri¢any Pluton. It is tracking the magma evolution
from partial melting of a metapelitic source, through the formation of a stratified magma chamber and
rejuvenation of the crystal mush by invading mafic melts, to the emplacement of the remobilized granitic
magmas in the shallow crust.



Chapter ll: Internal structure and formation mechanisms of zoned plutons at shallow
crustal levels

The Chapter Il with Articles I1.-1 and 11.-2 allowed discussing formation of and magmatic strain patterns in
composite granite diapirs in a considerable detail; in particular a comparison is made between the theoret-
ical model and real observations in granite plutons. Next, the new emplacement model invoking “helical
flow” is outlined because the structural and AMS data do not comply with existing models proposed for
the emplacement of elliptical, onion-skin plutons (e.g. single-pulse vs. nested diapirism, ballooning, lacco-
lith-like emplacement).

Chapter lll: Zoned plutons as markers of regional tectonic and geodynamic setting

The Chapter Il with Articles lll.-1, lll.-2 and Ill.-3 brought new insights into the role of regional tectonics,
including subduction, continental indentation and late-orogenic strike-slip faulting, in granite emplace-
ment and syn-magmatic deformation.

On a global scale, this research has contributed to the discussion of processes that play main role in origin
of igneous zoning in granitic plutons, especially at shallow crustal levels. Moreover it yielded general
conclusions regarding the sources of granitic magma in subduction and collisional setting, its evolution
and geodynamic context. The study brings broader implications for timing, sources and development of
Variscan plutonism in Bohemian Massif and as such to the magmatic and tectonic evolution of the Variscan
orogen as a whole.



1. Uvod

Pfi snaze vysvétlit povahu a genezi zonalni struktury granitoidnich téles je vhodné pouzit multidisciplinarni
pfistup v kombinaci se strukturnimi, petrologickymi, geochronologickymi a geochemickymi metodami
véetné geochemického modelovani a geofyzikalnich metod.

Jednim z mist, kde muzZe byt rozvijen a testovan takovyto multidisciplinarni pfistup, je Cesky masiv, jenz je
soucasti variského kolizniho orogénu v Evropé. Mezi pocetnymi mélce uloZzenymi granitoidnimi plutony,
které vnikaji do této komplexni jednotky v obdobi od pozdniho devonu az do raného karbonu, byly
nalezeny dva nasledujici, obzvlasté vhodné pro tuto Ph.D. praci:

1. Riéansky pluton, vystupuijici v severovychodnim okraji sttedoceského plutonického komplexu. Ma
zhruba elipticky obrys a sklada se ze tfi (muskovito)-biotitovych granitovych facii, které definuji
subkoncentrickou kompozi¢ni a texturni zonalnost. Stafi krystalizace dvou hlavnich facii odpovida
~337 Ma a stupen frakcionace klesa smérem do centra plutonu. Proto pluton vykazuje obracenou
(reverzni) zondlnost, ktera je viak “krypticka” a definovana na zakladé sloZeni stopovych prvka (viz
Vysledky, Cldnek I.-1, Cldnek I.-2, Cldnek Il.-2).

2. Melechovsky pluton je nejsevernéjsi intruzi moldanubického batolitu patfici mezi nejvétsi variska
magmaticka télesa. Pluton se sklada ze ¢tyr koncentricky uspofadanych pulzd peraluminickych
granitd S-typu. Konkordantni stafi stanovené pomoci TIMS-ID na monazitu tfi vnéjsich facii (Lipnice,
Svétla a Kouty) ukazuje stafi mezi 332 + 1 a 323 + 0.4 Ma (vétSinou viak 327-325 Ma). Toto datovani
je dobre srovnatelné s LA ICP-MS datovanim lipnického granitu pomoci monazitu (324.8 + 2.4 Ma)
a dfivéjsim konvenénim U-Pb datovanim zirkon a monazitd z granitl typu “Eisgarn” (viz Vysledky,
Cldnek II.-1).

| kdyz vétsina nasi pozornosti sméfovala ke dvéma zonalnim plutoniim vyjmenovanym vyse, vysled-
ky ostatnich studii magmatickych téles v Ceském masivu (napf. plutony Sevétin, Sténovice a Cistd) jsou
popisovany v samostatnych clancich lll.-1, 11l.-2 a 111.-3.

Nejmodernéjsi znalosti o strukturdch granitoidnich plutoni/okolnich hornin, geochemickych variacich
a fyzikalné-chemickych procesech jsou popsany nize.

Magmatické horniny vznikajici krystalizaci magmatu jsou nejhojnéjsimi typy hornin v zemské kiife. Kdyz
magma stoupa a zacina se ochlazovat, stava se z néj smés kapaliny a krystal(, které se mohou od sebe do
rizné miry oddélit a produkovat kompozi¢né variabilni diferenciovand magmata. Jakmile magma zatuhne,
dochazi k formovani magmatické horniny. Procesy vedouci k formovani magmatickych hornin jsou velmi
dullezité, protoze kontroluji distribuci prvkd mezi zemskym plastém a rlznymi drovnémi kdry.

(1) Procesy v uzavieném systému

V priibéhu diferenciace magmatu béhem procesu v uzavieném systému se tavenina ze zdroje vyviji v jedno
nebo vice magmat s rozliSnym sloZzenim, bez materidlové vymény s externim rezervoarem. Diferenciacni
procesy uzavienych systém( zahrnuji nékolik mechanisma, kde se rané formované krystaly oddéluji od
zbytkové taveniny nebo naopak. Dalsi procesy uzavienych systému jsou:

- frakeni krystalizace; okrajova akrece (postranni akrece); gravitacni separace (usazovani a vyplavo-
vani krystalU; tokova konvektivni segregace; filter pressing nebo kompakce; tokova diferenciace...);

« usazovani krystall (napt. Martin a Nokes, 1988); krystalizace in situ (napt. Langmuir, 1989); termo-
gravitacni difuze (napf. Walker et al,, 1981);



« frakcionacni procesy zahrnuji termalni (Soretovu) difuzi (napf. Walker a DeLong, 1982), nesmisitel-
nost a likvaci.

(2) Procesy v otevieném systému

Procesy v otevienych systémech jako je asimilace a miSeni magmat zahrnuji kompozi¢ni zmény vzhledem
k interakci magmatu s obklopujici horninou nebo s kontrastnim magmatem vstupujicim do systému.
Nejefektivnéjsi nastroje pro rozpoznani procesu otevienych systému predstavuji radioaktivni izotopy
(napt. Sr, Nd, Os, Hf). Dalsi procesy v otevieném systému jsou:

- stoping; asimilace; materidlova vyména mezi sténami hornin a vystupujicim magmatem; cas;
termalni kontrast mezi magmatem a sténou okolni horniny a slozenim asimilantu (napf. Davidson
etal. 2001);

« miSeni magmat (napf. Barbarin a Didier, 1992);

« chemickd diferenciace; volatilni a podsaturované magma; frak¢ni krystalizace.

(3) Kombinace procesi

Vzhledem k tomu, Ze mnoho petrogenetickych procest zplsobuje podobné efekty, mlze byt obtizné
s jistotou rozliSovat pfispéni kazdého z nich. Jednim z pfistupt k problému je vypracovani matematického
modelu pro chovani urcitych stopovych prvku a izotopickych pomérl zalozeny na kombinaci procest:

« asimilace + frakéni krystalizace (AFC: DePaolo, 1981), frak¢ni krystalizace + doplnéni primitivnéjsich
magmat (napf. O'Hara a Matthews, 1981), a kombinace vsech tfi (napf. Aitcheson a Forrest, 1994),
s pouzitim iterativnich technik k vymodelovani poméru kontaminantu v plivodnim magmatu;

« model EC-AFC (napf. Spera a Bohrson, 2001).

Prehled vzniku zondlnosti v magmatickych télesech

V mapovém fezu lze rozpoznat mnoho mélkych kruhovitych nebo eliptickych plutond s vyznamnou
koncentrickou kompozi¢ni zondlnosti v rozmezi délek ~10>-10* m. Zonalnost je véeobecné definovana
mafickymi horninami (napf. gabro, diorit) vyskytujicich se na okraji plutonu a felsickymi horninami (napf.
granit, tonalit) naopak rozpoznatelnych ve stredech pluton(i nebo opacné, (resp. normalni a obracena
zonalnost).

V terénu mUze byt zonalnost rozpoznana na zakladé pravidelnych variaci v modalnim slozeni minerald,
které formuji horniny (napf. plagioklas, biotit, amfibol, a/nebo pyroxen), ¢etnosti/velikosti K-Zivcovych
vyrostlic, intruzivnich kontaktl mezi pulsy nebo na zékladé objemu mafickych mikrogranularnich enklav
(MME).

Kromé toho je normalni nebo obracena zonalnost odhalena systematickymi prostorovymi variacemi
v celohorninovém a mineralnim chemismu (napf. Seaman etal., 2011).

Ve vzacnych pfipadech miize byt zonalnost krypticka, tj. definovana chemickymi variacemi v (nékterych)
stopovych prvcich nebo v obsahu akcesorickych minerdlt (napf. Janousek et al., 1997).

Formovani koncentrické zonalnosti v granitoidnich plutonech je bézné interpretovano jako vysledek néko-
lika fyzikalné-chemickych procesu, jako je:

« insitu separace krystalové taveniny vlivem magmatického toku, gravitacni usazovani, filter pressing
nebo krystalizace na sténach plutonu v rdmci jednotlivého pulsu/davky magmatu (napf. Bateman,
1984);



« vmisténi (“telescoping”) vice magmatickych pulst sdilicich jeden vystupni kanal (napf. Molyneux
a Hutton, 2000), miseni jednotlivych vnéjsich a vnitinich davek magmatu (Coint et al. 2013);

« intruze jednoho pulsu magmatu zachovavajici si vertikalni kompozi¢ni gradient z hlubsi vrstvy
magmatického krbu (napft. Pupier et al., 2008);

+ kontinudlni cyklicky termalni vyvoj davek magmatu do postupné vytvarejiciho se magmatického
krbu (napt. Glazner a Johnson, 2013).

Je ziejmé, ze texturni a kompozi¢ni zondlnost v plutonech zaznamenava komplexni vyvoj, ktery mohl
nastat jak ve findlnim stupni vmisténi, tak i stadiu tuhnuti. V mnoha pfipadech hraji dlleZitou roli petroge-
netické procesy odehravajici se ve vétsich hloubkach a které pak reflektujici vertikalni a/nebo horizontalni
heterogenitu v celém systému magmatickych kanald.

Vnitfni stavby v zonalnich plutonech mohou odhalit dynamické procesy v granitickych magmatickych
krbech.V mnoha pfipadech je ale pfimy terénni dlikaz magmatického toku kompletné smazan ze zdznamu
horniny. Proto magmatické stavby v plutonech (tj. foliace a lineace formované v pfitomnosti taveniny,
(napf. Fernandez & Gasquet, 1994) béZné nejsou schopny poskytnout jednoznac¢ny diikaz magmatického
toku nebo proudéni v magmatickém krbu. Velmi casto zachované magmatické stavby odrazi posledni
historii magmatického krbu podél migrujicich krystalizacnich front a také jsou snadno resetovany mistni
tektonickou deformaci. Tim je rozpoznani magmatu ¢i jeho proudéni problematické (napf. Petford 2003).
Avsak ze strukturniho zdznamu je mozné za urcitych predpokladl interpretovat magmaticky vystup,
magmatické vmisténi a deformacni udalosti regionalniho vyznamu.

Vyznam magmatickych staveb v plutonech je dilezity, obzvlasté s otdzkou, jak zaznamendvaji regionalni
tektonickou deformaci aplikovanou na granitoidnich télesech pred findlnim tuhnutim. Tyto aspekty jsou
popsany na piikladech $ténovického a Cisteckého plutonu, Sevétinského plutonu a vybranych ostatnich
(pre- a syntektonickych) variskych granitovych intruzi v Ceském masivu. Tato Ph.D. prace pak ukazuje, Ze
granitoidy se spravné definovanymi petrografickymi, mineralogickymi a chemickymi charakteristikami
a stafim mohou poskytnout informaci o prostorovych/¢asovych zménach v tektonickém usporadani. Tento
pristup je pak také pouzit v rliznych petrogenetickych klasifikacich granitoidnich hornin.

2. Cile prace

Hlavnim cilem této Ph.D. prace je prispét k porozuméni vzniku mélce ulozenych magmatickych felsickych
systémU. Zejména se ptame, co bychom se mohli naucit ze struktur granitoidnich plutont/okolnich hornin,
geochemickych variaci a fyzikalné-chemickych procesech v magmatickych krbech.

Ve strucnosti, hlavni cile této Ph.D. prace jsou:

« popsat povahu zonalnosti v individualnich plutonech, jakozto i externi a interni kontakty z hlediska
petrologie, textur, interni stavby a chemického slozeni;

« prozkoumat strukturni vyvoj, textury, interni magnetické stavby (pomoci anizotropie magnetické
susceptibility, AMS) v granitech, jakoZto i termdlni a strukturni vyvoj magmatickych téles (pluton()
s jejich kontaktnimi aureolami;

« porovnat terénni a laboratorni data tykajici se termalni a krystaliza¢ni historie s numerickou simu-
laci konduktivniho chladnuti magmatickych téles (pluton();



« pomoci hlavnich a stopovych prvkl a metody radiogennich izotop(i objasnit informace o zdrojich
individualnich magmatickych puls(, jejich vzajemného vztahu a vyvoje v prostoru a ¢ase a vymezit
procesy, které mohly modifikovat sloZzeni magmatu (napft. procesem frakéni krystalizace, misenim
magmatu, asimilace kadry);

« kombinaci vyse uvedenych soubor(l dat véetné odhadu vizkozit magmatu zhodnotit mechanismy
vystupu a vmisténi mélce uloZzenych pluton(; a také zhodnotit dlileZitost granitoidniho diapirismu
Ci “pfirGstkovych riistovych” modeld.

3. Material a metodika

Hlavnim pfistupem pouzitym v této praci je vyuziti terénniho pozorovani a detailniho strukturalniho
mapovani v terénu jako pevného zakladu pro dalsi kvantitativni analyzu v laboratofi. Terénni data jsou
doplnéna Sirokou Skalou dalSich analytickych metod:

« Anizotropie magnetické susceptibility (AMS) a odhad inverzniho napéti;

«  Gravimetrické studie dvou plutonu (ficansky pluton a sténovicky pluton);

« Kvantitativni texturni analyza;

+ Petrologie, mineralni chemie (EMPA);

« Geochemie radiogennich izotopu a celych hornin, geochemické modelovani;
« U-Th-Pb radiometrické datovani (LA-ICP-MS a konvenc¢ni pfistrojem TIMS);

« Termalni modelovani a simulace magmatické viskozity.

Detailni popis kazdé metody je uveden v Ph.D. praci.

4. Vysledky a diskuse

Tento oddil poskytuje stru¢ny souhrn hlavnich vysledkd této Ph.D. prace.

Cldnek I.-1 - Origin of reverse compositional and textural zoning in granite plutons by localized
thermal overturn of stratified magma chambers pfindsi detailni studii revezni zondlnosti ficanského
plutonu, kde je navrzen souhrnny model toho, jak se formuji obracené zonalni plutony. Zonalita se vyviji
ze stratifikovaného magmatického krbu, ve kterém se usazuji ke dnu nebo na stranach tzv. kumulaty
bohaté na K-Zivece. Naopak v nadlozni vrstvé vznikd vice vyvinuté magma, ale chudé na krystaly. K-Ziv-
covy kumulat dohromady s intersticialni taveninou je remobilizovan bazickymi intruzemi a vytvafi tzv.
“underplating”. Postupem ¢asu dochazi k hustotni inverzi, jez pfipadné zplsobi kolaps a remobilizované
granitické magma nese kusy téchto kumulat a mafickych enkldv smérem k povrchu.

Cldnek I.-2 - Distribution of elements among minerals of a single (muscovite-) biotite granite sample
- an optimal approach and general implications popisuje petrografii a mineralni chemii na pfikladu
hrubozrnného, slabé porfyrického biotitického granitu ficanského plutonu s nasledujicimi zavéry:

«  Akcesorické mineraly kontroluji chovani mnoha stopovych prvkil v diferenciaci felsickych grani-
tovych systému.

«  Velka ¢ast stopovych prvki (napf. P. Zr, LREE) pouzivanych v apatitové, zirkonové a monazitové satu-
ra¢ni termometrii je distribuovana take do jinych mineral{l. Toto m{ze vést k vyznamnému nadhod-
noceni teplot krystalizace, v tomto pfipadé by byly vzhledem k vyznamnému mnozstvi obsahu Zr
v rané krystalizovaném rutilu jeho saturacni teploty nadhodnoceny o 40 °C.
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Ve studované horniné je prfes 80 % celohorninového Zr a 10-30 % HREE, U, Th, Nb, Ta, Ti, Cd, Co
a Ni obsazeno ve fazich zirkonu a rutilu. Tudiz je nezbytné pro zjisténi chemického slozeni horniny
pouzit taveni vzorku, nikoli jen kysely rozklad.

Cldnek Il.-1 - Magnetic fabric and modeled strain distribution in the head of a nested granite
diapir, the Melechov pluton, Bohemian Massif je soustfedén na melechovsky pluton, ktery je unikat-
nim kompozitnim granitoidnim télesem. Jeho vnitini stavby pak zaznamendavaji gradient narlstu napéti
v granitovém diapiru béhem findlniho vmisténi do stfedni kliry. Hlavni zavéry jsou nasledujici:

Melechovsky pluton je interpretovan jako vertikdlné rozsahly granitoidni diapir vmistény do
podminek stfedni kiry a jeho soucasny erozivni fez je veden vrcholovou ¢asti tohoto diapiru (tzv.
“diapir head”). V tomto fezu Ize identifikovat koncentrické struktury definované jak kompozi¢ni
zonalnosti, tak i magnetickymi stavbami.

Magnetické foliace paralelni s okrajem a upadajici na vnéjsi stranu plutonu jsou reprezentovany
oblatnimi stavbami elipsoidu susceptibility a vyssim stupném anizotropie, prechazejicimi do
vnitinimi ¢asti plutonu prolatnimi stavbami. Magnetické stavby uvniti melechovského granitu
jsou misty orientovany pod vysokymi uhly k vnitfnim kontaktdm a duktilnim strukturdm okolnich
hornin. Takovéto stavby Ize interpretovat jako zaznam interni diapirické cirkulace, jak je popsano
v teoretickych modelech.

Co se tyce intenzity a symetrie, odhady intruzivniho napéti z AMS dat uzitim metody Jezek-Hrou-
da (SUSIE) odpovidaji gradientlim napéti ve vrchnich ¢astech modelovych newtonovskych diapird.
Nizky stupen anizotropie a vypocitané intenzity napéti napfi¢ diapirem jsou konzistentni s vystu-
pem granitického magmatu jako taveninové suspense, chudé na krystaly, nasledované krystalizaci
magmatu a jeho odpovédi na napéti pfi findlnim stupni vmisténi. Tento mechanismus vysvétluje,
pro¢ mlze byt vseobecné slaba intruzivni stavba stale schopnd zaznamu gradientu napéti v ramci
diapiru.

Metoda SUSIE byla pouzita pro odhady napéti z AMS parametrd v granitovych plutonech, které
obvykle postradaji spolehlivé zaznamy napéti.

Cldnek II.-2 - Magnetic fabric of the Ri¢any granite pfinasi novy model vmisténi zaloZeny na strukturnich
a AMS datech ficanského plutonu. Zkoumana mezoskopickd a magneticka stavba je interpretovana jako
vysledek helikalniho toku. Hlavni zavéry jsou:

Rozdil v obsahu draselnych vyrostlic zplsobil vyznamny rozdil ve viskozitdch magmatu: vnéjsi, silné
porfyricky granit (SPm), mél pravdépodobné viskozitu vyssi nez centralni, slabé porfyricky granit
(WPc).

Tento predpoklad je v souladu s exponencidlnim rlistem viskozity s obsahem krystalu, jak je popsano
v rovnici Einsteina-Roscoea pro tuhé/likvidni smési.

Pokud bereme v Givahu ficansky pluton jako cylindrické téleso se strmymi stranami, maze byt aplik-
ovana Hagen-Poiseulleova rovnice pro kapalny tok skrz trubici, abychom odvodili tokovy mechanis-
mus v rdmci plutonu. Kontrastni viskozity obou magmat by potom zputsobovaly rozdilné rychlosti
béhem vystupu.V dlsledku kontrastu viskozit je subvertikalni tok magmatu ve stfedni ¢asti plutonu
rychlejsi (nizka viskozita, malé zastoupeni vyrostlic) a mlze zplsobit helikalni (subhorizontalni) tok
ve vnéjsi vrstvé (vysoce viskdzni a bohata na vyrostlice).

Tento dvouvrstvy model vysvétluje uspofadani vnitinich magnetickych staveb s koncentrickymi,
strmymi foliacemi a magnetickymi lineacemi, které jsou subhorizontalni podél okraje plutonu
a subvertikalni ve stfedu. Pokud vezmeme v uvahu mélky stupen vmisténi ficanského plutonu,
mUze byt interpretovan jako kanal spojujici hlubsi magmaticky krb s vulkanickym systémem na
povrchu.



Cldnek Ill.-1 - Structure, emplacement, and tectonic setting of Late Devonian granitoid plutons in
the Tepla-Barrandian unit, Bohemian Massif popisuje sténovicky a Cistecky plutony, jejichz intruze
definuje pocate¢ni stadium rozsahlého plutonismu v raném karbonu v centralni ¢asti Ceského masivu.
Hlavni zavéry jsou:

Geochemicka charakteristika obou plutoni odpovida vapenato-alkalickému trendu, ktery souvisi
s geotektonickym prostfedim kontinentalniho oblouku.

Tyto dva plutony maji své interni stavby diskordantni k regionalnim stavbam. Na zakladé chemismu
a internich staveb lze zaradit plutony mezi tzv. koncentrické expandované plutony (CEPs)

Kombinaci existujicich geochronologickych, geochemickych a tektonickych dat vykazuje Cistecky
a Sténovicky pluton celkovy posun magmatické aktivity od SZ k JV ve svrchni kife tepelsko-bar-
randienské jednotky béhem pozdniho devonu do raného karbonu. Tento pfechodny trend byl
doprovazen zménou chemismu od vapenato-alkalického k S3oSonitickému/ultradraselnému
magmatu.

Tato aktivita je kompatibilni s JV subdukci saskodurynského ocedanu pod tepelsko-barrandienskym
Gzemim a souvisi s vyvojem kontinetalniho oblouku v Ceském masivu.

Cldnek Iil.-2 - Intrusive and deformation history of the Sevétin Pluton, Moldanubian Batholith:
record of polyphase tectonic evolution of the Blanice Graben, Bohemian Massif je strukturni studie
Sevéetinského plutonu, kterd umoznila detailni rekonstrukci tektonické evoluce blanické brazdy a s ni
spojené magmatické aktivity:

AMS studie odhalila strmé az mirné upadajici magnetické stavby, které vznikly plivodnéjizv pevném
stavu. Misty Ize identifikovat zachovalou plvodni magmatickou foliaci ve stfednich az vychodnich
Castech Sevétinského plutonu.

Celkové magnetické stavby vykazuji levostranné pohyby podél zZlomovych systém( blanické brazdy
a postdatuji intruzi biotito-muskovitového granitu Sevétinského plutonu. Toto je dale podporovano
dobre definovanou subhorizontalni magnetickou lineaci. Magneticka stavba Sevétinského plutonu
je tudiz v ostrém kontrastu s subhorizontalni metamorfnifoliaci a subhorizontalni SZ-JV protazenou
lineaci v okolnich moldanubickych horninach.

Paleonapjatostni a kinematicka analyza kiehkych struktur rozliSila tfi tektonické faze (Sikma
komprese, horizontalni posun “strike-slip” a extenze), které postdatovaly intruzi biotito-muskovi-
tového granitu.

Faze Sikmé komprese obsahovala jak vmisténi biotito-muskovitového granitu, tak i rané stadium
kiehké deformace. Byla doprovazena formaci SV-JZ (P1) puklin a Zilami (aplit), oboje mirné upada-
jici k JV.

Faze horizontdlniho posunu “strike-slip” vykazuje viceméné V-Z extenzi a souvisi s intruzi 270 Ma
starych mikrogranodioritovych Zil.

Finalni faze extenze byla doprovazena formaci hydrotermalnich Pb-Zn-(Ag)-kfemeno-uhlicitych zil
a malo ¢etnych P5 a P6 tenznich puklin.



Cldnek Ill.-3 - A plate-kinematic model for the assembly of the Bohemian Massif constrained by
structural relations around granitoid plutons shrnuje tektonicky vyvoj v Ceském masivu a jasné
ukazuje, jak se mistné a casoveé vyvijely orogenické procesy a s nimi spojena deformace a magmatismus.
Jako dlsledek celkové konvergence Gondwany a Laurussie jsou uvnitf Ceského masivu rozpoznény &tyfi
hlavni epizody. Pro tuto Ph.D. praci je nejrelevantnéjsi posledni epizoda, ktera odpovidala konsolidaci
orogenniho jadra, a kterd zahrovala rychlou exhumaci a rozsahly granitovy plutonismus, ~327-330 Ma,
pievladajiciho magmatismu S-typu. Tektonicko-termalni aktivita okolo konsolidovaného jadra orogénu
byla nasledovana destrukci orogenniho pasu, postorogenni magmatickou aktivitou, vyvojem kontinental-
ni panve a vicenasobnymi reaktivacemi podél priivodnich hlubinnych zlomovych zén.

5. Zavery

Ambici této Ph.D. prace je pfispét k vyzkumu formovani kompozi¢ni a texturni zonalnosti v mélce uloZzenych
plutonech. Cilem bylo detailnéjsi zhodnoceni procesi zodpovédnych za vmisténi individudlnich plutond/
pulsl a vzniku kompozi¢ni zonalnosti, jak na Urovni méfitka celého magmatického télesa (plutonu), tak
z hlediska mikroméfitka.

Prace se zaklada na multidisciplinarnim kvantitativnim pfistupu studie magmatickych systému. Rozsahlé
soubory strukturnich, magnetickych, gravimetrickych, geochemickych (hlavni a stopové prvky, izotopy)
a U-Pb geochronologickych dat byly ziskany z nékolika kompozitnich granitovych plutoni z obdobi
devonu a karbonu v Ceském masivu. Pevné véfim, Ze tyto souhrnné studie na peclivé vybranych pfikla-
dech maiji potencial poskytnout vieobecné uzite¢né a dukladné porozuméni vzniku zonalnosti véetné
mechanismu stavby plutonu a zdroj(/vyvoje tavenin v kompozitnich magmatickych systémech.

Pro ucely metodologie byly také vyvinuty specifické techniky pro pfipravu vzorku. K interpretaci geochem-
ickych dat byly navrzeny a pouzity matematické postupy s potencidlnim vyuzitim v jinych studiich
magmatickych systém0. Spojeni terénnich a kvantitativnich datovych soubor( ziskanych Sirokou skalou
metod poskytuje nové nahledy na mechanismy vmisténi granitového magmatu do podminek svrchni kdry
a vznik modalni/kompozi¢ni zonalnosti.

Kapitola I: Diferenciace magmatu a zondlnost plutonu

Kapitola | s ¢lanky 1.-1 a I.-2 integruje data s numerickymi simulacemi umoznujicimi ndm formulovat
petrogenetické modely pro termalné-chemicko-mechanicky vyvoj magmatickych systému ve svrchnikure.
Na zakladé detailni studie ficanského plutonu byl nasledné vyvinut jeho komplexni petrogeneticky model.
Ukazuje vyvoj magmatu od taveni metapelitického zdroje, pres formovani vrstveného magmatického
krbu a rejuvenaci smési krystal( interakci mafickych tavenin, az k vystupu remobilizovaného granitického
magmatu do podminek svrchni klry.

Kapitola ll: Vnitfni struktury a mechanismy vzniku zondlnich plutonii v mélkych trovnich
svrchni kiiry

Kapitola Il s ¢lanky I1.-1 a 1l.-2 se zabyvaji formovanim magmatickych staveb v kompozitnich granitoid-
nich diapirech ve vétsim detailu vlivem napéti. Stavby jsou porovnavany s teoretickymi modely a redInymi
pozorovanimi v granitovych plutonech. Déle je nastinén novy model vmisténi pomoci tzv. “helikalniho
toku’, nebot strukturni AMS data nekoresponduiji s existujicimi modely navrzenymi pro vmisténi elip-
tickych “onion-skin” plutonu.



Kapitola lll: Zondlni plutony jako markery (indikdtory) regiondlniho tektonického
a geodynamického vyvoje

Kapitola Il s ¢lanky Il1.-1, [ll.-2 a l1l.-3 pfinasi nové nahledy na roli regionalni tektoniky, zahrnujici subdukci,
kontinentalni indentaci a horizontalni zlomové posuny v zavéru variské orogeneze, pro granitové vmisténi
a syn-magmatickou deformaci.

Tento vyzkum pfispiva v globalnim méfitku k diskusi o procesech, které hraji hlavni roli pfi vzniku
magmatické zondlnostiv granitovych plutonech, obzvlasté vmisténych v mélkych vrstvach kiry. Dale tento
pohled poskytuje vieobecné zavéry tykajici se zdroji granitového magmatu v subdukénich a koliznich
rezimech, jeho diferenciaci a geodynamicky vyvoj. Studie prinasi rozsahlejsi implikace pro vyvoj variského
plutonismu v Ceském masivu i magmatické a tektonické aktivity variského orogénu jako celku.
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So do the stones speak, when all else is silent:

«

Linnaeus



