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ABSTRACT

This Ph.D. thesis aims to investigate dynamics of emplacement and tectonic history of selected
volcano—plutonic complexes in a continental magmatic arc and back arc setting. The thesis
presents new data sets from five field areas, presented in separate chapters, which could be viewed
as representing a vertical sections through upper part of an intermediate to felsic magmatic
system. From top to bottom in this ‘imaginary’ vertical system, the examined units are: (1)
andesitic lava domes and (2) sub-volcanic magma chambers (<3 km deep) of the Miocene
Stiavnica volcano—plutonic complex, Western Carpathians (Slovakia), (3) Shellenbarger pluton
(<3 km depth) within the mid-Cretaceous Minarets caldera, Sierra Nevada batholith in California
(USA), and ~7-10 km deep granitoids of (4) Lower-Cretaceous Wallowa batholith, Blue
Mountains province in Oregon (USA) and (5) Late Devonian Staré Sedlo complex, central
Bohemian Massif (Czech Republic). The research incorporates extensive field and structural data,
supported by analysis of igneous textures and anisotropy of magnetic susceptibility (AMS). The
latter is further accompanied by detailed examination of magnetic mineralogy using
thermomagnetic measurements and optical and back scattered diffraction microscopy. In
addition, the third chapter contains U-Th—Pb radiometric dating obtained by laser ablation—
inductively coupled plasma—mass spectrometry (LA-ICP-MS).

The key results of each of these case studies are as follows. (1) Different fabric patterns of the
Stiavnica lava domes and their spatial and temporal association with collapse caldera suggest that
the dome growth was controlled by caldera floor subsidence. It is inferred that each dome reflects
snapshots of a continuous succession of various modes of caldera collapse from piston through
trap-door to piecemeal. (2) Magnetic fabric study of the Stiavnica sub-volcanic plutons revealed
contrasting mechanisms of their construction. A diorite pluton represents a steep sided-stock
whereas the granodiorite was emplaced in two stages. First, a thin sill intruded along a
subhorizontal basement/cover detachment, followed by piecemeal subsidence of the fractured
pluton floor due to magma overpressure. (3) The Minarets caldera developed by two Plinian
eruptions marked by voluminous deposits of ash-flow tuffs and caldera collapse represented by
collapse mega-breccia. The whole sequence was then deformed along a ductile transpressive shear
zone and intruded by resurgent Shellenbarger granite pluton within the caldera interior.
Magmatic fabrics in the pluton record regional dextral transpression interpreted in terms of
oblique convergence of lithospheric plates. (4) Multiple magmatic fabrics in three granodioritic to
tonalitic plutons of the Wallowa batholith are interpreted as emplaced syn-tectonically and
reflecting progressive deformation during oceanic terrane/continent collision and oroclinal
bending in the Blue Mountains Province. (5) Coupled host-rock and magmatic to solid state
fabrics of the Staré Sedlo granitoids suggest transtensional deformation which operated prior to,
during, and after its emplacement. This syn-convergent transtension is an enigmatic deformation
event that occurred during onset of the Variscan Orogeny in the central Bohemian Massif.

In summary, this Ph.D. thesis shows that preexisting environment and active faulting of
volcano—plutonic systems may largely control emplacement of volcanic and plutonic rocks as
exemplified by the dynamics of growth and construction of lava domes and subvolcanic magma
chambers. Furthermore, as opposed to theoretical models, it has been demonstrated that even
very shallow-level small-scale intrusions are able to record subtle tectonic strains still in magmatic
state. Although the fabrics in plutons preserve only one short snapshot of the inferred
instantaneous strain, detailed analysis of syntectonic plutons characterized by hypersolidus
fabrics together with precise radiometric dating could unravel complex deformation histories at
regional scale over a long period of time. Finally, it has been proposed that pluton fabrics may be
used to decipher kinematics of lithospheric plate convergence or divergence and changes in their
past relative motions.



ABSTRAKT

Cilem této doktorské prace je vyzkum dynamiky vmisténi a historie tektonické deformace ve
vybranych vulkano—plutonickych komplexech v prostiedi kontinentalnich magmatickych obloukd
a zaobloukovych oblasti. Prace prezentuje nova data z péti terénnich ptipadovych studii, které
mohou byt povazovany za vertikalni fezy svrchni ¢asti intermedidrniho az felzického
magmatického systému. Zkoumané jednotky tohoto pomyslného systému predstavuji samostatné
kapitoly a od povrchu do hloubky zahrnuji: (1) andesitové lavové démy a (2) sub-vulkanické
magmatické komory (hloubka <3 km) z miocenniho Stiavnického vulkano—plutonického
komplexu v Zapadnich Karpatech (Slovensko), (3) Shellenbarger pluton (hloubka <3 km) uvnitf
stiedné-kiidové Minarets kaldery, Sierra Nevada batolit v Kalifornii (USA); a ~7—10 km hluboké
granitoidy (4) spodné-kiidového Wallowa batolitu, provincie Blue Mountains v Oregonu (USA) a
(5) svrchné-devonsky starosedelsky komplex v centralni ¢ast Ceského masivu (Ceska republika).
Samotny vyzkum zahrnuje rozsahla terénni a strukturni data, ktera jsou podpofena analyzou
magmatickych textur a anizotropie magnetické susceptibility (AMS), kterd je dale doplnéna o
podrobnou analyzu magnetické mineralogie pomoci termomagnetického méfeni a optické a
elektronové mikroskopie. Tteti kapitola dale také obsahuje U-Th-Pb radiometrické datovani
metodou laserové ablace-indukéné vazané plazmy, hmotnostni spektrometrie (LA-ICP-MS).

Klicové vysledky z kazdé piipadové studie jsou nésledujici: (1) Magmatické stavby ve
stiavnickych lavovych domech a jejich prostorova a ¢asova spojitost s kolapsem kaldery naznacuji,
Ze rast domi byl kontrolovan subsidenci kalderového dna. Proto je uvaZovano, ze kazdy dom
zaznamenava kratké momenty jednotlivich mddi kontinualniho vyvoje kaldery od ‘piston’ pies
‘trap-door’ po ‘piecemeal’ kolaps. (2) Studium magnetickych staveb Stiavnickych subvulkanickych
plutont odhalilo odlisné mechanismy jejich konstrukce. Dioritovy pluton predstavuje vertikalné
uloZeny peni, zatimco granodiorit byl vmistén jako tabularni pluton ve dvou etapach. Za prvé,
tenkd lozni zila intrudovala podél hlavniho subhorizontdlniho rozhrani mezi geologickym
podkladem a ptekryvem, coz bylo nésledovano postupnym poklesem frakturovaného dna plutonu
(‘piecemeal floor subsidence’) v diisledku pretlaku magmatu. (3) Vyvoj Minarets kaldery indikuje
dvé plinijské erupce, doloZzené mocnymi uloZeninami ignimbritovych proudi nasledované
kolapsem kaldery a vmisténim kolapsové megabrekcie. Cela sekvence pak byla deformovana podél
duktilni transpresni stfizné zény a intrudoviana mélkym, resurgentnim granitovym plutonem
Shellenbarger. Magmatické stavby v plutonu dale zaznamenavaji regionalni pravostrannou
transpresi, kterd je interpretovana jako diisledek Sikmé konvergence litosférickych desek. (4)
Rlzny charakter magmatickych staveb ve tfech granodioritovych az tonalitovych plutonech
Wallowa batolitu indikuje syntektonického vmisténi, které znac¢i progresivni deformaci béhem
kolize oceanskych a kontinentalnich terani a oroklindlniho ohybani v provincii Blue Mountains.
(5) Metamorfni stavby v okolnich hornindch a magmatické az subsolidové stavby granitoidi
starosedelského komplexu odhalily syn-konvergentni transtenzni deformaci, ktera byla
pravdépodobné aktivni pred, v pribéhu i po vmisténi granitoid. Tato transtenze je prozatim
zahadny event, ktery se odehral béhem néstupu variské orogeneze v centralni Ceského masivu.

Sirsi implikace této doktorské prace ukazuji, Ze pre-existujici geologické prostiedi vulkano—
plutonickych systémi, jeho struktury a aktivni deformace na zlomech miize do zna¢né miry
kontrolovat vmisténi vulkanickych a plutonickych hornin, jako napiiklad dynamiku réstu a
konstrukce lavovych domt a subvulkanickych lavovych komor. Dale, na rozdil od teoretickych
modeld, bylo prokazéano, Ze i velmi mélké intruze malého rozsahu jsou schopny zaznamenavat
tektonickou deformaci v magmatickych stavu. PrestoZe magmatické stavby v plutonech
zachovavaji pouze jeden kratky prirGstek okamzité deformace, podrobné analyza magmatickych
staveb syntektonickych plutonti spolu s pfesnym radiometrickym datovanim mize odhalit slozité
deformacni historie na regiondlni urovni po dlouhé casové tseky. Zavérem, je ukazino, Ze
magmatické stavby v plutonech mohou byt pouzity k desifrovani kinematiky deskové konvergence
nebo divergence a zmén v jejich relativnich pohybech.
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INTRODUCTION
Magmatic systems in continental magmatic arcs

Intermediate to felsic volcanoes and underlying plutons (former magma chambers)
in continental magmatic arcs are in fact end products of vertically extensive (from the
lithospheric mantle to the uppermost crust) magmatic systems. The arcs grow as a
result of protracted subduction of oceanic plates beneath the continental lithosphere
(e.g., DeCelles et al., 2015, 2009; Ducea and Barton, 2007; Paterson and Ducea, 2015;
Tatsumi and Kogiso, 2003; Tatsumi, 2005). Herein, magma is has intermediate
compositions and is typically a product of mixing of mantle- and crustally-derived
melts. The former is commonly generated from fractional crystallization of mantle-
derived basalts (e.g., Annen et al., 2006) whereas the latter by partial melting of middle
to lower crustal metasediments and amphibolites (e.g., Brown, 2013, 2007, 1994;
Milord et al., 2001; Petford et al., 2000). The segregated buoyant magma then ascends
through the crust (e.g., Cartwright and Hansen, 2006; Clemens and Mawer, 1992;
Petford et al., 1993; Vigneresse and Clemens, 2000), where it may stall to form large
reservoirs (e.g., Collins and Sawyer, 1996; Crawford et al., 1999; Miller and Paterson,
2001) before final high-level emplacement and/or eventually eruption (e.g., Acocella
and Funiciello, 2010; Bachmann and Bergantz, 2008, 2004; Bachmann et al., 2007;
Lipman, 1984; Lipman and Bachmann, 2015). In addition, the active continental
margins are sites of high tectonic stress accumulation resulting from plate convergence.
The tectonic stresses thus significantly influence the whole dynamics of magmatic arcs.
Consequently, it is inferred that the tectonic stresses in arcs also facilitate magma
ascent and may also control pluton emplacement and volcanic processes at the Earth’s
surface (e.g., Brown and Solar, 1998; D’Lemos et al., 1992; Rosenberg, 2004;
Vigneresse, 1995a, 1995b).

Internal fabrics in volcanic and plutonic rocks

It has been well established that the structural inventory volcanic and plutonic
rocks provides ‘archives’ of mechanical processes during lava and magma flow,
emplacement, and of strain regimes recording tectonic deformation at the lithospheric
scale (e.g., Pitcher and Berger, 1972; Canon-Tapia et al., 1996, 1997; Paterson et al.,
1998; Petford et al., 2000; Vernon, 2000; Petford, 2003; Benn et al., 2001; Benn,
2004; Féménias et al., 2004; Vernon and Paterson, 2006; Cao et al., 2015). These
processes are generally interpreted from three-dimensional shapes of volcanic and
plutonic bodies, characteristics of intrusive contacts, and internal structures such as
magmatic fabrics.

Magmatic fabrics represented by foliation and lineation are defined as planar and
linear shape-preferred alignment of mineral grains, aggregates, and/or microgranular
enclaves, respectively (e.g., Paterson et al., 1998, 1989; Vernon et al., 2004; Vernon,
2000). Macroscopic fabrics are measured directly in the field and plotted to maps and
can be further analyzed in thin-sections or using some other quantitative methods such
as electron back scattered diffraction (EBSD) or computer-integrated polarization
(CIP). As opposed to coarser-grained foliated plutons, volcanic rocks are commonly
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fine-grained and even aphyric with no apparent magmatic fabric. To obtain the internal
fabrics in quasi-isotropic volcanic and also plutonic rock, the anisotropy of magnetic
susceptibility (AMS; Hrouda, 1982; Tarling and Hrouda, 1993; Borradaile and Jackson,
2004, 2010) is often used as a sensitive tool capable of detecting even the weakest,
macroscopically invisible fabrics.

What can magmatic fabrics tell us?

Magmatic fabrics are those formed in melt-present hypersolidus state. A foliation is
perpendicular to the maximum shortening, indicating zi-axis of the instantaneous
strain ellipsoid, and a lineation reflects the maximum stretching direction, which is
parallel to the xi-axis of the instantaneous strain ellipsoid (e.g., Hutton, 1988; Paterson
et al., 1998). In many cases, magmatic fabrics are interpreted as recording last
increments of strain during magma solidification, when the near solidus crystal mushes
become rigid crystal-melt frameworks wherein the magma cannot move anymore.
Hence, fabrics are rather poor recorders of the total strain history experienced by the
flowing magma and instead they likely record only a ‘frozen-in snapshot’ of strain just
before immediate solidification. So, what kind of processes are actually archived in
igneous rocks?

In volcanic bodies (e.g., lava flow, domes, and pyroclastic deposits), fabrics are
commonly associated with local lava flow end emplacement of individual parts of the
volcanic edifice (e.g., Palmer et al., 1996; Ort et al., 2003, 2015; Loock et al., 2008;
Petronis et al., 2013). Similarly, very shallow, small-scale plutons with fast cooling rates
are inferred only to record magma flow during pluton construction as such plutons are
not expected to interact with slower tectonic processes due to their rapid cooling.
Hence, their construction rates are supposed to be orders of magnitude faster than
regional tectonic strains. To the contrary, large-scale batholiths, which are constructed
by amalgamation of several magma pulses over longer periods of time, should have
comparable rates of emplacement and tectonic deformation (e.g., de Saint Blanquat et
al., 2011), and thus in many cases represent excellent markers of tectonic strain.

In addition, a great challenge arises when interpreting magma flow and
emplacement from magnetic fabric due to possible complexities of magnetic
mineralogy. For instance, the tiny microscopic crystals (susceptibility carriers) can still
rotate within the interstitial melt, whereas the surrounding crystal-rich mush is already
locked, unable to move. This may cause discrepancies between magmatic and magnetic
fabrics, caused by some later most likely subtle change in strain regime. Furthermore,
the ferromagnetic minerals can define inverse fabric, be altered, or new magnetite may
grow after the emplacement affecting the primary AMS fabric. Last but not least, the
heat from magma induces hydrothermal fluid circulation, which in turn can
significantly influence the AMS fabric.



AIMS AND GOALS OF THE THESIS

Several outstanding and yet unsolved issues thus arise when studying fabric record
in arc volcano—plutonic systems, which may indicate anything from local magma flow
to regional tectonic deformation. The ambition of this thesis is to discuss and address
the following issues:

. Can magmatic fabrics in volcanic rocks reveal mechanisms of flow and growth of
various lava formations (e.g. flows, domes, necks, spines, and tuffs). What is the
role of preexisting structures, active faulting, or caldera collapses during volcanic
activity? Is it possible that these structures influence the emplacement of lavas,
and can this be deduced from fabrics in the volcanic edifice?

e  What are the mechanisms of construction and associated magma flow paths and
strain patterns in shallow magma chambers beneath large volcanoes, and are they
comparable to deeper plutons?

. Do the small very shallow intrusions such as sills, dikes, laccoliths, and sub-
volcanic plutons really record only emplacement-related strain, or could they also
record paleostrain fields still in magmatic state?

. How does magma interact in the upper continental crust with various tectonic
regimes such as transtension, transpression, block rotations, and what can we
learn from it?

. On the largest scale, is it possible to determine plate motion vectors and
associated paleodeformation fields from strain recorded in high-level intrusions?

FIELD AREAS

The above issues were addressed on four volcano—plutonic complexes in
continental arc and back arc setting. Together, these case studies can be considered as
representing a vertical section through a magmatic system from surface lava domes to
deeper plutons. As each chapter of the thesis contains detailed information about local
geological setting, here I will only briefly introduce the study areas.

(1) The first two chapters deal with lava domes and subvolcanic magma chambers
of the Stiavnica volcano-plutonic complex of Neogene to Quaternary Carpathian—
Pannonian Region, Western Carpathians. This complex is an erosional relic of a
Miocene caldera-stratovolcano formed in an extensional back-arc setting inboard of a
flysch belt and oceanic domains subducted underneath the outer Carpathian arc
(Konecny et al. 1995, 2002; Lexa et al., 1999; Harangi et al. 2007; Chernyshev et al.,
2013). The significant vertical relief exposes nearly complete vertical section from
volcano basement, through subvolcanic intrusions and ring-fault to overlying volcanic
deposits, which provides unique insights into dynamics of magma flow, emplacement,
and eruption of large composite volcanoes.

(2) The mid-Cretaceous Minarets caldera discussed in Chapter 3 is a volcano—
plutonic complex preserved in the roof of the Cenozoic Sierra Nevada batholith of the

North American Cordillera in California (Fiske and Tobisch, 1994). The complex
6



exposes regionally deformed syn- to post-caldera volcanic products and associated <3
km deep resurgent Shellenbarger pluton, allowing a complex study of presumably
simultaneous volcanic and tectonic processes.

(3) Chapter 4 examines plutons and their host rock of the Early Cretaceous Wallowa
batholith in the Blue Mountains Province, which is also part of the North American
Cordillera but in notheastern Oregon (e.g., Johnson et al., 2011). The batholith was
emplaced into the Blue Mountains orocline approximately at the time of collision of the
Blue Mountains oceanic terranes with the North American craton. The Wallowa
batholith is here examined to reveal transpressional deformation, kinematics, and
temporal relations of shallow-level plutonism to the terrane/continent collisions and to
oroclinal bending.

(4) Research in the Late Devonian Staré Sedlo complex, central Bohemian Massif, is
presented in the last chapter. The complex comprises deformed granodiorite to tonalite
of supra-subduction calc-alkaline origin in the roof of a large magmatic arc emplaced
along a boundary between two lithospheric units in the Bohemian Massif (e.g., Kosler
et al., 1993; Janousek et al., 2000). The structural analysis of this complex was used a
basis for discussion of interplay between emplacement processes and tectonic
(transtensional) deformation of deeper-seated granitic magmas.

METHODOLOGY

The thesis is divided into three sections. Introduction outlines principal goals of the
thesis and motivation for the research and briefly summarizes current state of
knowledge. The main body of the thesis then includes five chapters, three of which are
based on papers already published in international peer reviewed journals (enclosed in
the Appendix), and the two other chapters are papers currently under review. The last
section (Summary) highlights the most important results of the thesis.

The research in all study areas was based on a combination of multiple methods
including field and structural mapping, which served as a basis for targeted sampling of
anisotropy of magnetic susceptibility (AMS; Hrouda, 1982; Tarling and Hrouda, 1993;
Borradaile and Jackson, 2004, 2010). The AMS was measured in the Laboratory of
Rock Magnetism at the Institute of Geology and Paleontology and was complemented
with detailed analysis of magnetic mineralogy. In addition, a large number of thin-
sections were examined using optical and back scattered diffraction microscopy in
order to precisely characterize volcanic and plutonic textures, the degree of their
tectonic deformation, and mineral assemblages. Last but not least, the chapter three
contains U-Th-Pb radiometric dating using laser ablation—inductively coupled
plasma—mass spectrometry (LA-ICP-MS) obtained at the University of Bergen.



DISCUSSION AND CONCLUSIONS

Specific studies: magma emplacement dynamics in shallow volcano—plutonic
systems

In the Miocene Stiavnica volcano—plutonic complex, complex fabric patterns of
three lava domes (Domes 1—3) and shallow plutons (diorite and granodiorite) were
interpreted as recording magma flow paths and strain patterns during lava dome
growth and magma chamber construction.

(1) Spatial and temporal association of collapse caldera and the andesite lava domes
emplaced along a ring-fault suggest that the dome growth was controlled by caldera
floor subsidence. Dome 1 is characterized as a lava coulee which flowed down the
hinged floor of a trap-door caldera. Dome 2 represents a single elongated, ring-fault-
parallel dome with short lava outflow emplaced on a flat floor during piston collapse.
Dome 3 was fed by multiple linear fissures at a high angle to the ring fault in the
collapsing caldera floor and was later intruded by ring-fault-parallel dikes representing
potential feeders for younger lava domes and flows. It is inferred that each dome
reflects snapshots of a continuous succession of various modes of caldera collapse from
piston (Dome 2) through trap-door (Dome 1) to piecemeal (Dome 1).

(2) Magnetic fabric study of two deeper, sub-volcanic diorite and granodiorite
plutons revealed contrasting mechanisms of their construction. The diorite was
emplaced as a steep-sided ~\WNW-ESE elongated stock. The voluminous granodiorite
has a ‘layered’ architecture and was presumably emplaced in two stages. First, an upper
‘layer’ was emplaced as a thin sill along a major sub-horizontal basement/cover
detachment followed subsidence of the pluton floor along ~NNE-SSW to ~NE-SW
faults. This process created space for a lower ‘layer’ causing thickening the original sill
into a tabular pluton. Based on this case example, various models for magma flow and
resulting fabrics during various modes of pluton floor subsidence were developed.

Specific studies: arc volcanism, plutonism, and tectonic deformation

(1) The mid-Cretaceous Minarets caldera of the Sierra Nevada magmatic arc greatly
exemplifies complex interactions between volcanism, plutonism and tectonic
deformation. The original volcanic edifice was built by Plinian ash-flow tuff eruptions
followed by caldera collapse marked by deposition of collapse mega-breccia and post
collapse ash-flow tuff. The whole sequence was then deformed along a ductile
transpressive shear zone and intruded by very shallow, resurgent Shellenbarger granite
pluton within the caldera interior.

Magmatic and metamorphic fabrics in the pluton and its aureole, respectively
record regional dextral transpressional deformation. The same deformation has been
documented in several other Late Cretaceous syntectonic plutons of the Sierra Nevada
indicating two principal stretching directions: near-vertical magmatic stretching in
~102—-86 Ma plutons and subhorizontal late magmatic to subsolidus stretching in ~87—
86 Ma plutons. It was inferred that the rotation of the principal stretching direction at
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around 87-86 Ma reflects a continuous change in plate kinematics and resulting arc
deformation from pure shear-dominated to wrench-dominated dextral transpression
suggesting increased obliquity of converging Farallon and North American plates.

(2) In the Wallowa batholith, northeastern Oregon, host-rock structures and
multiple magmatic to solid state fabrics in the Pole Bridge, Hurricane Divide, and Craig
Mountain plutons record three phases of progressive regional deformation in the
Wallowa terrane during Early Cretaceous times (~140—126 Ma). The fabrics indicate
early ~NE—SW terrane-oblique principal shortening recording attachment of the Blue
Mountains superterrane to the North American continental. This deformation switched
to ~NNNE-SSW shortening associated with vertical stretching related to the continued
impingement of the superterrane into the North American margin at around 135-128
Ma. The northern portion of the superterrane became ‘locked’ and difficult to further
deform. The ‘lock-up’ impingement of superterrane led to reorientation of the principal
shortening direction to ~NNW-SSE and the still deformable southern portion of the
superterrane rotated clockwise about vertical axis at around 126 Ma.

(3) In the Late Devonian Staré Sedlo complex, central Bohemian Massif,
granodiorites to tonalites were emplaced as a subhorizontal sheeted sill complex into
an active transtension zone. This deformation is evidenced by subhorizontal magmatic
to solid state foliations and NE—SW stretching lineations associated with overall
prolate shapes of fabric ellipsoid and concordant metamorphic fabrics in their host-
rock. The magma/host rock system in transtension evolved from initial crack tip
propagation by magma wedging and vertical expansion due to new magma additions
through stable conduit flow to final vertical collapse after the magma input ceased.
Finally, the sill emplacement and subsequent deformation of the granitoids were
interpreted as recording syn-convergent, early orogenic sinistral transtension along the
rear side of an upward and laterally extruded upper-crustal wedge as represented by
the Tepld—Barrandian unit.

General implications

The thesis has documented how tectonic inheritance (faults, detachment zones) and
active faulting (caldera collapse) in volcano—plutonic systems may control
emplacement of volcanic and plutonic rocks as exemplified by the dynamics of growth
and construction of lava domes and subvolcanic magma chambers. Furthermore, as
opposed to theoretical models, it has been demonstrated that even very shallow-level
small-scale intrusions are capable of recording even subtle tectonic strains still in
magmatic state. Although fabrics in plutons preserve only a snapshot of the total strain,
detailed analysis of syntectonic plutons with developed hypersolidus fabrics together
with precise radiometric dating is a powerful tool in unraveling complex deformation
histories (transpression, transtension, crustal-scale folding, and lithospheric block
rotations) at regional scale over a long period of time. Finally, it has been proposed that
pluton fabrics may be used to decipher kinematics of lithospheric plate convergence or
divergence and changes in their past relative motions.



Uvop
Magmatické systémy v kontinentalnich magmatickych obloucich

Intermediarni az felzické vulkdny a podlozni plutony (utuhnuté magmatické
komory) v kontinentalnich magmatickjch obloucich jsou ve skuteénosti finalni
produkty vertikdlné rozsihlych (od litosférického plast aZz po nejsvrchnéjsi kira)
magmatickych systémi. Oblouky jsou konstruovany v disledku dlouhodobé subdukce
oceanskych desek pod kontinentélni litosféru (napi. DeCelles et al., 2015, 2009; Ducea
and Barton, 2007; Paterson and Ducea, 2015; Tatsumi and Kogiso, 2003; Tatsumi,
2005). Typické magma kontinentdlniho oblouku ma intermedidrni sloZeni a je
produktem mixingu plastovych a korovych tavenin. Plasfova tavenina je generovana
frakéni krystalizaci plastovych bazalti (napf. Annen et al., 2006), zatimco korova
tavenina parcialnim tavenim spodné az stfedné korovych metasedimentti a amfiboliti
(nap¥. Brown, 2013, 2007, 1994; Milord et al., 2001; Petford et al., 2000). Takova
tavenina pak stoupa kirou (nap¥. Cartwright and Hansen, 2006; Clemens and Mawer,
1992; Petford et al., 1993; Vigneresse and Clemens, 2000), kde se mtze zastavit a
formovat velké magmatické rezervoary (napt. Collins and Sawyer, 1996; Crawford et
al., 1999; Miller and Paterson, 2001) pfed finalnim vmisténim v nejsvrchnéjsi kiire a
pripadné vulkanické erupci (napi. Acocella and Funiciello, 2010; Bachmann and
Bergantz, 2008, 2004; Bachmann et al., 2007; Lipman, 1984; Lipman and Bachmann,
2015). Aktivni kontinentalni okraje déle predstavuji mista s vysokou akumulaci
tektonického napéti, kterd prameni z konvergence litosférickych desek. Tektonické
napéti tudiz vyznamné ovliviiuje dynamiku magmatickych obloukt. Z toho dtivodu je
predpokladano, Ze tektonické napéti usnadiniuje vystup magmatu v magmatickych
obloucich a mtize také ovliviiovat vmisténi plutonti a vulkanické procesy na zemském
povrchu (naptf. Brown and Solar, 1998; D’Lemos et al., 1992; Rosenberg, 2004;
Vigneresse, 1995a, 1995b).

Vnitini stavby vulkanickych a plutonickych hornin

Bylo prokazano, ze strukturni inventai vulkanickych a plutonickych hornin
poskytuje velmi dobré zdznamy o mechanickych procesech béhem toku lavy, vmisténi
magmatu a deformacnich rezimech zaznamenavajici tektonickou deformaci v
litosférickém meéritku (napf. Pitcher and Berger, 1972; Cafion-Tapia et al., 1996, 1997;
Paterson et al., 1998; Petford et al., 2000; Vernon, 2000; Petford, 2003; Benn et al.,
2001; Benn, 2004; Féménias et al., 2004; Vernon and Paterson, 2006; Cao et al.,
2015). Tyto procesy jsou obvykle interpretovany z trojrozmérnych tvart vulkanickych a
plutonickych téles, charakteru intruzivnich kontakti a vnitfnich struktur, jako jsou
napriklad magmatické stavby.

Magmatické stavby, reprezentované foliaci a lineaci, jsou definovany jako planarni a
linearni prednostni tvarovd orientace minerdlnich zrn, agregati a/nebo
mikrogranularnich enklav, respektive (napi. Paterson a et al., 1998, 1989; Vernon,
2000; Vernon et al., 2004). Makroskopické stavby jsou v terénu méreny pfimo a jsou
vyniseny do geologickych map. Dale mohou byt analyzovany ve vybrusech nebo
pomoci nékteré z dalSich kvantitativnich metod, jako napriklad difrakce zpétné
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odrazenych elektront (EBSD) nebo podita¢ové integrované polarizace (CIP). Na rozdil
od hrubé zrnitych foliovanych plutonti, vulkanické horniny jsou bézné jemnozrnné a
dokonce i afyrické bez makroskopicky zjevné magmatické stavby. Pro zisk4ni informaci
o vnitini stavbé v kvazi-izotropnich vulkanickych a plutonickych horninach se ¢asto
pouZivd metoda anizotropie magnetické susceptibility (AMS; Hrouda, 1982; Tarling
and Hrouda, 1993; Borradaile and Jackson, 2004, 2010), jako citlivy nastroj schopny
detekovat i nejslabsi, makroskopicky neviditelné stavby.

Co nam mohou magmatické stavby prozradit?

Magmatické stavby jsou ty, které vznikaji v ptitomnosti taveniny (v hypersolidovém
stavu). Plocha foliace je kolmé na okamzité maximalni zkraceni, coz indikuje zi osu
deformacniho elipsoidu, a lineace odrazi smér okamzitého maximélniho roztaZeni,
které je rovnobézné s x; osou deformacniho elipsoidu (nap¥. Hutton, 1988; Paterson et
al., 1998). V mnoha ptipadech jsou magmatické stavby interpretovany jako zaznam
posledniho prirtistku deformace béhem tuhnuti magmatu, kdy se z kase krystalt a
magmatu stane propojena sit krystald uzavirajici zbytkovou taveninu neschopnou
dalstho pohybu. Z tohoto diivodu magmatické stavby hiife zaznamenéavaji celkovou
deformaéni historii proudicitho magmatu, ale spiSe ukazuji pouze kratké momentky
deformace zamrznuté té€sné pred utuhnutim. Takze, jaké druhy procesii jsou ve
skutecnosti archivovany ve vyvielych horninach?

Ve vulkanickych télesech (napf. lavové proudy, démy, pyroklastické ulozeniny),
jsou magmatické stavby bézné spojovany s tokem lavy v lokalnim méritku a vmisténim
jednotlivych ¢asti vulkantd (napt. Palmer et al., 1996; Ort et al., 2003, 2015; Loock et
al., 2008; Petronis et al., 2013). Podobné, velmi mélké intruze malého méritka
vyznacujici se rychlym chladnutim, by mély zaznamenavat pouze tok magmatu béhem
konstrukce plutonu, protoZe takové plutony by nemély mit dostatek ¢asu na interakei s
tektonickou deformaci, ktera je o nékolik fad pomalejsi. Na druhou stranu, velké
batolity, které jsou konstruoviany amalgamaci vicero magmatickych pulzii béhem
dlouhych ¢asovych period, by mély vykazovat podobné rychlosti vmisténi a tektonické
deformace (napf. de Saint Blanquat et al., 2011), a tudiz pfedstavuji v mnoha ptipadech
vyborné archivy tektonickych procesti.

Kromé toho, velkou vyzvu predstavuji interpretace toku a vmisténi magmatu z
magnetickych staveb kviili moznym komplikacim, pramenicim ze slozité magnetické
mineralogie. Napriklad malé mikroskopické krystaly (nosice susceptibility) se mohou
stale otacet ve zbytkové tavenin€, zatimco okolni, na krystaly bohat4 kase magmatu je
jiZz uzamcena a nemuze se dale pohybovat. To miiZe zplisobit nesoulad mezi orientaci
magmatickych a magnetickych staveb, pravdépodobné zptisobeny pozdéjsimi jemnymi
zménami v deformaénim rezimu. Déle, feromagnetické mineraly mohou vykazovat
inverzni stavbu, mohou byt alteroviny, nebo nova zrna magnetitu mohou rist po
vmisténi a ovlivilovat tak primarni AMS stavby. V neposledni fadé, teplo z magmatu
vyvolava cirkulaci hydrotermélnich fluid, coZz miZe vyznamné ovlivnit magnetické
stavby.
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CILE PRACE

Nékolik vyznaénych a stale jesté nevyfeSenych otazek vyvstiva béhem studia
zaznamu magmatickych staveb ve vulkano—plutonickych komplexech magmatickych
obloukd, které mohou indikovat jak mistni tok magmatu, tak i regionalni tektonickou
deformaci. Ambici této doktorské teze je diskutovat a feSit nasledujici otazky:

+  Mohou magmatické stavby ve vulkanickych horninach odhalit mechanismy toku a
rastu riznych lavovych formaci (napt. lavovy a popelovy proud, dom, pen, jehla).
Jaka je role pre-existujicich struktur, aktivni deformace na zlomech, ¢i kolapsu
kaldery béhem vulkanické ¢innosti? Je mozné, ze tyto struktury ovliviiuji viisténi
lav a 1ze to odvodit ze staveb ve vulkanitech?

« Jaké jsou mechanismy konstrukce a souvisejici charakter toku a deformace
magmatu v mélkych magmatickych komorach pod velkymi vulkidny, a jsou
srovnatelné s hlubsimi plutony?

« Opravdu mélké intruze jako Zily, lakolity a subvulkanické plutony zaznamenavaji
jen deformaci béhem vmisténi, nebo mohou také zaznamenavat informace o
paleonapéti v magmatickém stavu?

» Jak magma ve svrchni kontinentilni ktfe interaguje s rlznymi tektonickymi
rezimy, jako jsou transtenze, transprese, nebo rotace litosférickych bloka?

« Je mozné z deformaéniho zaznamu mélkych plutond uréit vektory pohybu
litosférickych desek a souvisejicich paleonapéti?

OBLASTI TERENNIHO STUDIA

Vyse nastinéné otazky vyzkumu byly feSeny na prikladu ¢tyi vulkano-plutonickych
systémi v prostiedi kontinentalniho oblouku a zaobloukové oblasti. Spole¢né, mohou
byt tyto pripadové studie povazovany za vertikalni Fezy magmatickym systémem od
povrchovych lavovych démt az po hluboké plutony. Protoze kazda kapitola této
doktorské prace obsahuje detailni informace o mistni geologii, v nasledujicim textu jen
kratce predstavuji jednotlivé studované oblasti.

(1) Prvni dvé kapitoly se zabyvaji lavovymi démy a subvulkanickymi magmatickymi
komorami Stiavnického vulkano—plutonického systému z neogenniho az kvartérniho
karpatsko—panonského regionu Zapadnich Karpat. Tento komplex piedstavuje erozni
relikt miocenniho kalderového stratovulkanu, ktery vznikl v extenzim reZimu
zaobloukové oblasti karpatského oblouku (Kone¢ny et al. 1995, 2002; Lexa et al., 1999;
Harangi et al. 2007; Chernyshev et al., 2013). Vyrazny vertikalni reliéf odkryva témér
kompletni vertikalni fez od podlozi vulkanu, pres subvulkanické intruze a kruhovy
zlom az po nadlozni vulkanické uloZeniny. Takovy odkryv tudiz poskytuje unikatni
pohledy na dynamiku toku magmatu, vmisténi a erupci v pripadé velkych
stratovulkand.

(2) Stiedné kiidova Minarets kaldera diskutovana ve tieti kapitole je vulkano—
plutonicky komplex, zachovany ve stropu kenozoického batolitu Sierra Nevada, jezZ je
soucasti severoamerické Kordillery v Kalifornii (Fiske and Tobisch, 1994). Tento
komplex odkryva regionalné deformované syn- a post- kalderové vulkanické produkty a
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<3 km hluboky resurgentni Shellenbarger pluton, coz dovoluje studovat
pravdépodobné simultanni vulkanické a tektonické procesy.

(3) Kapitola 4 zkouma plutony a jejich okolni horniny ve spodné-kiidovém Wallowa
batolitu v provincii Blue Mountains, ktery je také soucasti severoamerické Kordillery,
ale v severovychodnim Oregonu (napf. Johnson et al., 2011). Batolit byl vmistén do
orokliny v Blue Mountains pfiblizné v dobé kolize oceanskych teranti Blue Mountains
se severoamerickym kratonem. Wallowa batolit tedy mtize pomoci odhalit transpresni
deformaci, kinematiku a ¢asové vztahy mélkého plutonismu s kolizi terand a
oroklinalniho ohybu.

(4) V posledni kapitole je prezentovin vyzkum starosedelského komplexu v
centralni ¢asti Ceského masivu. Tento komplex zahrnuje deformované granitoidy
vapenato—alkalického slozeni ve stropu velkého magmatického oblouku, vmisténého
podél rozhrani dvou litosférickych jednotek Ceského masivu (napt¥. Kosler et al., 1993;
Janousek et al., 2000). Strukturni analyza komplexu pomohla diskutovat vliv
tektonické deformace (transtenze) na vmisténi hlubsich granitoidnich magmat.

METODIKA

Predlozena doktorska prace je rozdélena do tif ¢asti. Uvod nastitiuje hlavni cile
préace a motivace pro vyzkum a stru¢né shrnuje soucasny stav poznéni. Hlavni ¢ast pak
zahrnuje pét kapitol, z nichZz tfi jsou zalozeny na ¢lancich jiz publikovanych v
mezinarodnich recenzovanych ¢asopisech. Dal$i dvé kapitoly piedstavuji ¢lanky, které
jsou v soucasné dobé predloZené do recenzniho Fizeni. Posledni ¢ast pak shrnuje

Vyzkum ve vSech studovanych oblastech byl zaloZen na kombinaci nékolika metod
véetné terénniho a strukturniho mapovéni, které sloZily jako podklad pro cilené
vzorkovani anizotropie magnetické susceptibility (AMS; Hrouda, 1982; Tarling and
Hrouda, 1993; Borradaile and Jackson, 2004, 2010). AMS vzorky byly zméfeny v
Laboratofi horninového magnetismu na Ustavu geologie a paleontologie, Karlovy
University a méfeni bylo dile doplnéno o detailni analyzu magnetické mineralogy.
Kromé toho, bylo zkoumano velké mnozstvi vybrusii pomoci optické a elektronové
mikroskopie za Géelem presné charakteristiky mineralnich asociaci, vulkanickych a
magmatickych textur a stupné jejich tektonické deformace. V neposledni radé, treti
kapitola také obsahuje U-Th-Pb radiometrické datovani metodou laserové ablace-
indukéné vazané plazmy, hmotnostni spektrometrie (LA-ICP-MS) méfené na
Université v Bergenu.

DISKUSE A ZAVERY

Konkrétni studie: dynamika vmisténi magmatu v mélkych vulkano—
plutonickych systémech

Magmatické stavby ve Stiavnickych lavovych démech (Dém 1-3) a mélkych
plutonech (diorit a granodiorit) jsou interpretovany jako zdznam toku magmatu a
deformace béhem riistu domi a konstrukce magmatickych komor.
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(1) Prostorova a cCasova spojitost kolapsu kaldery a andezitovych lavovych démd,
vmisténych podél kruhového zlomu, znadi, Ze rtst domu byl fizen subsidenci dna
kaldery. Dom 1 je charakterizovan jako ‘lava coulee’ (hybrid mezi lavovym proudem a
démem), ktery tekl dolti po uklonéném dnu ‘trap-door’ kaldery. Dém 2 reprezentuje
jednoduchy dém, protazeny paralelné s kruhovym zlomem, ktery se vyznacuje pouze
kratkym transportem lavy, vmisténym na ploché dno béhem ‘piston’ kolapsu. Magma
do kompozi¢nitho Dému 3 pritékalo pomoci nékolika linearnich puklin ve velkém thlu
ke kruhovému zlomu v postupné poklesavajicim dnu kalderového dna. Pozdé&ji byl
tento dém intrudovan Zilami, paralelnimi s kruhovym zlomem, které mohou
reprezentovat potencidlni zdroj magmatu pro mladsi, dnes jiz oderodované lavové
proudy a domy. Piedpokladam, Ze kazdy dém zaznamendva kratké momenty
jednotlivich moédia kontinudlniho vyvoje kaldery od ‘piston’ (Dém 2) pies ‘trap-door’
(D6m 1) po ‘piecemeal’ kolaps (D6m 3).

(2) Studie magnetickych staveb dvou sub-vulkanickych plutontt (diorit a
granodiorit) odhalila odlisné mechanismy jejich konstrukce. Diorit byl vmistén jako
strmy, ~ZSZ-VJV protazeny pen. Rozmérnéj$i granodiorit indikuje vrstevnatou
architekturu a byl pravdépodobné vmistén ve dvou etapach. Za prvé, tenka lozni Zila
intrudovala podél hlavniho subhorizontalniho rozhrani mezi mistnim geologickym
podkladem a piekryvem, coz bylo nasledovano postupnym poklesem frakturovaného
dna plutonu podél ~SSV-JJZ zlomt (‘piecemeal floor subsidence’) v diisledku ptetlaku
magmatu. Tento proces oteviel prostor pro spodni vrstvu, coz zpisobilo rist ptivodni
7Zily do tabularniho plutonu. Podle tohoto piikladu byl také vytvofen model toku
magmatu a vyslednych magmatickych staveb pro plutony rostouci rdznymi mody
subsidence dna.

Konkrétni studie: vulkanismus, plutonismus a tektonicka deformace v
kontinentalnich obloucich

(1) Stredné-kiidova Minarets kaldera v magmatickém oblouku Sierra Nevada je
vybornym piikladem interakce mezi vulkanismem, plutonismem a tektonickou
deformaci. Ptivodni vulkan vznikl nékolika plinijskymi erupcemi ignimbriti, které byly
nasledovany kolapsem kaldery dolozené vmisténim mocné kolapsové megabrekcie a
post-kolapsovych ignimbriti. Celd sekvence pak byla deformovdna podél duktilni
transpresni stfizné zény a intrudovana velmi mélkym, resurgentnim granitovym
plutonem Shellenbarger v jadru kaldery. Magmatické stavby v plutonu déle
zaznamenivaji regiondlni pravostrannou transpresi, ktera je interpretovina jako
dtsledek sikmé konvergence litosférickych desek.

Magmatické a metamorfni stavby v plutonu a jeho strukturni aureole, respektive,
zaznamenévaji regionalni transpresni deformaci. Stejn4d deformace je pak
dokumentovana i z nékolika dal$ich svrchné-kiidovych syntektonickych plutond v
pohoti Sierra Nevada, které ale indikuji rtizné hlavni sméry protazeni: témér vertikalni
magmatické protaZeni v plutonech stifim ~102-86 Ma a subhorizontalni pozdné
magmatické az subsolidové protazeni v plutonech staiim ~87-86 Ma. Piedpokladam,
Ze rotace hlavniho sméru protaZeni okolo 87-86 Ma znaci kontinualni zménu v
kinematice pohybu litosférickych desek a z toho vyplyvajici zménu v rezimu deformace
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magmatického oblouku. Tato deformace prechdzi z transprese dominované cistym
stiihem do transprese dominované jednoduchym stfihem, coz indikuje zvySujici se
Sikmost konvergence severoamerické a farallonské desky.

(2) Ve Wallowa batolitu v severovychodni ¢asti Oregonu, struktury v okolnich
horninidch a magmatické az subsolidové stavby v plutonech Pole Bridge, Hurricane
Divide, and Craig Mountain zaznamenévaji ti faze progresivni regionalni deformace
provincie Blue Mountains béhem spodni kiidy (~140-126 Ma). Tyto stavby indikuji
nejstar§i ~SV-JZ maximalni zkraceni zptisobené amalgamaci superterdnu Blue
Mountains k severoamerickému kontinentu. Tato deformace se pozdéji zménila na
~SSV-JJZ orientované zkraceni spojené s vertikdlnim protazenim v dtsledku
pokracujici kolize superteranu a severoamerického kontinentu okolo 135-128 Ma.
Severni cast tohoto superteranu se potom ‘uzamkla’, coZ znemoznilo jeji dalsi
deformaci a vyustilo v reorientaci maximalniho zkraceni do sméru ~SSZ—-JJV a rotaci
jizni, deformovatelné ¢asti superteranu podle vertikalni osy okolo 126 Ma.

(3) Ve svrchné-devonském starosedelském komplexu v centralni ¢asti Ceského
masivu, granodiority a tonality byly vmistény jako subhorizontélni Zilny komplex do
aktivni transtenzni z6ény. Charakter této deformace je odvozen ze subhorizontalnich
magmatickjch az subsolidovych foliaci, ~SV-JZ lineaci a prolatnitho tvaru
deformacniho elipsoidu v granitoidech i konkordantnich staveb v okolnich horninach.
Zily magmatu zde pronikaly do okolni horniny mechanismem ‘magma wedging’. Zily
déle vertikidlné expandovaly az doSlo ke stabilnimu toku magmatu, nasledovin
vertikalnim kolapsem po zastaveni p¥itoku magmatu a transtenzni deformaci. Vmisténi
zil a jejich postupna deformace zaznamenavaji syn-konvergentni levostrannou
transtenzi béhem inicidlniho stadia Variského orogénu. Tato zatim ‘zadhadnd’
deformace se pravdépodobné odehrala podél zadni casti vertikidlné a lateralné
extrudujiciho svrchné korového Kklinu, reprezentovaného tepelsko—barrandienskou
jednotkou.

Hlavni implikace

Tato prace dokumentuje, jak tektonické predispozice (zlomy, hlavni geologicka
rozhrani) a aktivni deformace na zlomech (kolaps kaldery) ve vulkano—plutonickych
systémech muze kontrolovat vmisténi vulkanickych a plutonickych téles, jako napriklad
dynamika réistu a konstrukce lavovych démt a subvulkanickych magmatickych komor.
Déle, na rozdil od teoretickych modelt, bylo prokazano, Ze dokonce i velmi mélké
intruze malého rozsahu jsou schopny zaznamenat i jemnou tektonickou deformaci v
magmatickych stavu. PrestoZe magmatické stavby v plutonech zachovavaji pouze
momenty okamzitého prirtistku celkového deformace, podrobné analyza magmatickych
staveb syntektonickych plutont spole¢né s presnymi radiometrickym datovanim
predstavuje mocnym nastroj schopny rozplétat slozité deformaéni historie (transprese,
transtenze, vrasnéni krustalniho méfitka a rotace litosférickych blokd) v regionalnim
méritku po dlouhé éasové intervaly. Zaveérem, je ukazano, ze magmatické stavby v
plutonech mohou byt pouzity k desifrovani kinematiky deskové konvergence nebo
divergence a zmén v jejich relativnich pohybech.
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