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Cesky abstrakt

Vyzkum vysoko- aZ ultra-vysokotlakych hornin vyskytujicich se v Ceském masivu jako
drobna télesa uzaviend v okolnich hornindch s nizkym stupném metamorfozy, byl vzdy
zaméfen na jejich hlavni metamorfni vyvoj v granulitové facii za velmi vysokych teplot. Avsak
posledni studie ukazaly, ze tyto horniny prodélaly vysokotlakou metamorfozu, jez predchazela
pozdéjsimu vysokoteplotnimu pretisku a naslednému vynofeni hornin na zemsky povrch.
Odborné védecké publikace, z nichz se sklada tato disertacni prace, prezentuji petrologicky,
mineralogicky a geochemicky vyzkum téchto (ultra)vysokotlakych hornin z riznych casti
Ceského masivu, je? maji potencidl zachovat informace o jejich pred-exhumaéni historii.
Nalezy inkluzi vysokotlakych fazi v metamorfnich mineralech a pfedevsim studie zonality
hlavnich a stopovych prvkd v granatech nam spolecné s termodynamickym modelovanim
umoznily popsat nové teplotné-tlakové podminky a zptesnit metamorfni drahy téchto hornin.

Felsické a mafické granulity kutnohorské oblasti moldanubika a Rychlebskych hor
ve vychodnich Sudetech zachovavaji znaky progradni metamorfozy. Vedle inkluzi fengitl
a omfacitti v jadrech granatli se pak jednd o progradni zonalitu hlavnich a stopovych prvku
v granatech. Pomoci termodynamického modelovani se podafilo vypocitat, Ze tyto horniny
prodélaly komplexni metamorfni vyvoj od svého inicidlniho stddia za nizkych teplot a tlaki
(400-500 °C / 0.8-1.0 GPa) az po metamorfozu za ultra-vysokych tlakd v poli stability coesitu
az diamantu. Tento progradni vyvoj prob¢hl za velice strmého geotermalniho gradientu
v prostiedi subdukéni zény. Po ¢aste€ném izobarickém vynofeni hornin do urovni svrchniho
plasté doslo k jejich vyraznému zahtati v podminkéach granulitové facie. Tato druha metamorfni
udalost je spjata s vystupem horkého plastového magmatu, jez pronikal do rozhrani plasté
a kury diky odlomeni ¢asti subdukované desky a také s pozdéj§imi variskymi procesy.

Slozeni monomineralnich a polyfazovych inkluzi v granatech z eklogitl a klinopyroxenitd,
jez tvoii polohy a budiny v granatickych peridotitech moldanubické zény, ukazuje na jejich
puvod téchto téles, jako na derivaty litosférického plasté nad subdukéni zénou. Teplotné-
tlakové podminky, vypocitané diky zachovalé progradni zondlnosti granatd, naznacuji, ze
vysokoteplotni pfetisk téchto hornin v granulitové facii byl pomémné kratky, tudiz nedoslo
k jejich vyrazné modifikaci. Tato udélost a ptedevsim jeji kratkodobost je také zdokumentovana
v okolnich felsickych granulitech. Pravdépodobny vyskyt subdukéniho prostredi a ¢asti variské
sutury v Ceském masivu dokladaji i t&lesa eklogitd, jez se vyskytuji v podobé 250 km dlouhého
pasu tahnouciho se napii¢c moldanubikem od jihozapadu po severovychod az do oblasti
vychodnich Sudet. Jejich texturni vztahy a teplotné-tlakové podminky (600-650 °C / 2.3 GPa)
nam umoznuji uréit, Ze tyto horniny prosly strmym termalnim gradientem béhem progradni
metamorfozy. Tyto hypotézy jsou podlozeny i nalezy vysokotlakych/nizkoteplotnich amfibola
taramitického slozeni jako inkluzi v granatech.






English abstract

The investigation of high- to ultrahigh-pressure rocks in the Bohemian Massif occurring
as small bodies enclosed in surrounding rocks with a low degree of metamorphism was always
focused on their main metamorphic event in granulite facies conditions at very high
temperatures. However, recent studies have shown that these rocks underwent a high-pressure
metamorphism that preceded the subsequent high-temperature overprint and exhumation
of those rocks. The scientific publications that comprise this dissertation thesis present
petrological, mineralogical and geochemical research of these (ultra)high pressure rocks
from various parts of the Bohemian Massif that have the potential to preserve information
about their pre-exhumation history. The findings of the inclusions of high-pressure phases
in metamorphic minerals and, in particular, the study of major and trace elements zoning
in garnets together with thermodynamic modelling allowed us to describe new temperature-
pressure conditions and to refine the metamorphic paths of these rocks.

The felsic and mafic granulites of the Kutnd Hora Complex in the Moldanubian Zone
and the Rychleby Mountains in the East Sudetes preserve the evidence of prograde
metamorphism. In addition to the inclusions of phengite and omphacite in the garnet cores,
the multiple zoning of major and trace elements in garnet declares their prograde evolution.
Using thermodynamic modelling, it has been calculated that these rocks have undergone
a complex metamorphic evolution from their initial stage at low temperatures and pressures
(400-500 °C / 0.8-1.0 GPa) up to UHP conditions in the coesite and diamond stability field.
This prograde path took place under a very steep geothermal gradient in the subduction zone.
After a partial isobaric ascent of the rocks to the upper mantle levels, significant heating under
the granulite facies conditions affected these rocks. This second metamorphic event is linked
to the intrusion of a hot mantle magma that penetrated mantle/crust boundary due to the slab
break-off and also to later Variscan processes.

The composition of monomineral and polyphase inclusions in garnets from eclogites
and clinopyroxenites, which are enclosed as boudins in garnet peridotites in the Moldanubian
Zone, shows their origin as derivatives of the lithospheric mantle above the subduction zone.
The temperature-pressure conditions, calculated on the base of preserved prograde zoning in
garnets, suggest that the high temperature overprint in granulite facies was relatively short and
did not result in total homogenisation of those rocks. This short-term event is also documented
in the surrounding felsic granulites. The probable occurrence of the subduction environment and
part of the Variscan suture in the Bohemian Massif is also documented by the bodies of
eclogites, which occur in the form of a 250 km long bend spreading across the Moldanubian
Zone from the southwest to the northeast up to the East Sudetes. Their texture relationships and
temperature / pressure conditions (600-650 °C /2.3 GPa) allow us to determine that these rocks
have undergone a steep geothermal gradient during the prograde metamorphism. These
hypotheses are also supported by findings of high pressure / low temperature amphiboles of
taramitic composition as inclusions in garnets.






1. Uvod

Nejnovéjsi  pokrok ve vyzkumu vysokotlace az ultra-vysokotlace (HP-UHP)
metamorfovanych hornin, jez se vyskytuji v orogennich pasmech po celé planéte, vyznamné
posunul nase znalosti o piivodu, vyvoji, transportu a vyzdvihu korovych a plastovych hornin
béhem subdukce a nasledné exhumace a o mife komplexnosti a sloZitosti procesti v téchto
dynamickych geologickych prostredich. Popis, vyzkum, odhaleni a porozuméni takto
nacest¢ poznani je fakt, ze horniny, metamorfované za vysokého stupné, obvykle
nezachovavaji puvodni mineralni slozeni nebo Ze plvodni mineraly, které byly stabilni
pii vysokotlakych podminkach, jiz nejsou v rovnovaze snové nastavenymi chemickymi
podminkami. Tyto mineraly pak prochazeji reakcemi rozpadu, rekrystalizaci a modifikacemi
jejich slozeni. Obvykle se jednd o horniny s nékolikanasobnou metamorfni a deformacdni
historii, kde jsou jejich byvalé struktury modifikovany a pfedchozi mineraly jsou pfeménény
sttedné- az nizkotlakymi procesy. Metamorféza nizkého stupné (v amfibolitové facii)
v takovychto terénech obvykle vede k celkové re-ekvilibraci minerdli a jejich struktur
vzniklych béhem ptedchozich metamorfnich procest.

K popsani piivodni metamorfni historie hornin pfed jejich exhumaci a metamorfnim
pietiskem je zapotiebi komplexniho a multidisciplinarniho pfistupu, jez zahrnuje petrologické,
geofyzikalni, strukturni, mineralogické a geochemické metody. V této praci jsou vyuzity dva
hlavni postupy vyzkumu, které maji pomoci odhalit, zda studované horniny byly soucasti
subdukénich procestt nebo byly exhumovany z plastovych hloubek podél subdukéniho kanalu
pted jejich exhumaci k zemskému povrchu: 1) Kompozi¢ni zonalnost fazi se Sirokym rozpétim
stability je schopna zachovat vicenasobné ristové zény pomoci distribuce hlavnich a dokonce
stopovych prvkl, které lze pouzit pro rekonstrukci pfedchoziho metamorfniho vyvoje.
2) Mineralni inkluze, uzaviené v rezistentnich fazich, které nejsou v rovnovaze se soucasnym
chemickym sloZzenim horniny, obvykle obsahuji informace o progradni teplotné-tlakové draze
(P-T) horniny. V kombinaci s termodynamickym modelovanim je mozné rekonstruovat zmény
v tlaku, teploté, Casu a slozeni a deSifrovat pravdépodobnou metamorfni dréhu v téchto
poly-metamorfnich terénech.

2. Cile prace

Odbormé clanky, obsazené v této tezi, maji za cil prezentovat petrologicky, mineralogicky
a geochemicky vyzkum ultra-vysokotlakych hornin z riznych &asti Ceského masivu,
které podle predeslych studii maji potencial zachovat svou pfed-exhumacni historii.

Definice a kvantifikace progradnich metamorfnich podminek felsickych granulita
kutnohorské oblasti a granuliti Rychlebskych hor je hlavni néplni této teze. Tyto horninové
komplexy nesou dikazy o jejich UHP metamorféze diky zachovani progradni zonalnosti
v granatech. Komplexni distribuce hlavnich a dokonce stopovych prvkd (pfedevsim ytria
a vzacnych zemin) v téchto granatech definuje nékolik zoén, které dokumentuji rdst granatu
v odlisnych metamorfnich podminkach. Metagabra a amfibolity v okoli téchto granuliti
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v moldanubické zo6n¢ (Ronovsky masiv) byly podrobeny detailnimu petrologickému
a geochronologickému studiu za ucelem diskuze o mozném vztahu mezi tavenim a prinikem
plasté a metamorf6zou moldanubické zony v granulitové facii.

Pevné inkluze mineralti a slozeni jejich hostitelskych fazi z UHP eklogitl, granatickych
pyroxenitil a granatickych peridotitl byly zkoumany za Gcelem rozlusténi pivodu a metamorfni
krystalizace téchto ultramafickych hornin, jez jsou hojné pfitomny v moldanubické zoné jako
budiny v okolnich krustalnich horninach.

Piedpokladana piitomnost variské sutury v Ceském masivu je provéfovana na zakladé
blizkého vztahu hornin eklogitové facie s UHP horninami moldanubické zoény a pomoci
rekonstrukce metamorfni historie eklogitd z monotdnni jednotky moldanubika.

Vysledky této prace maji pfispét k diskusi o hlavnich geotektonickych procesech b&hem
variské orogeneze vedouci k tvorb&é HP-UHP hornin v Ceském masivu. Viechny vyzkumné
materidly a vysledky, obsazené v této disertacni praci, by mély piinést nové poznatky
do problematiky sledovani metamorfnich drah vysokotlace metamorfovanych hornin
v koliznich orogénech.

3. Material a metodika

Velké mnozstvi terénnich praci a vzorkovani riznych horninovych typu predchazelo
detailnimu petrografickému popisu pomoci optickych a skenovacich mikroskopi a rozsdhlému
sbéru rozlicnych chemickych dat. Zavérem byly nejlepsi vzorky podrobeny
termobarometrickym vypoctim odhadim teplotné-tlakovach podminek a termodynamickému
modelovani.

Chemické analyzy hornin byly provedeny ve vétSiné pfipadi mokrou metodou
v laboratotich pfirodovédecké fakulty Univerzity Karlovy. Kvantitativni analyzy mineral
a kompozi¢ni mapovani hlavnich prvki byly pofizeny elektronovym skenovacim mikroskopem
Vega Tescan vybavenym energiové disperznim spektrometrem na ptirodovédecké fakulté
Univerzity Karlovy. Dalsi kvantitativni a chemické analyzy a podrobné kompozi¢ni mapovani
vzorkll bylo provedeno na mikrosondé¢ JEOL JXA-8530F vybavené vlnové disperznimi
spektrometry na Ustavu Petrologie a Strukturni Geologie PiF UK. Dodatetné analyzy byly
pofizeny mikrosondou JEOL 6310 na univerzité v Grazu.

Stopové prvky a koncentrace vzadcnych zemin v granatech byly pofizeny metodou laserové
ablace na hmotovém spektrometru (LA-ICP-MS) na Institutu Geologie Ceské Akademie véd
a také na univerzité v Grazu.

Termodynamického modelovani pseudosekei pro popis zmén v mineralnim slozeni hornin
bylo vyuzito na zakladé minimalizace Gibbsovy energie probihajicich reakci pouzitim
pocitacového programu Perple X 6.6.8. s vnitin¢ konzistentni databazi modeld pro mineraly
a pevné roztoky.



4. Vysledky a diskuse

Zachovani progradni zonalnosti v granatech felsickych a mafickych granulitd je dilezitym
atributem pro vymezeni P-T podminek a pro rekonstrukce geodynamického vyvoje subdukénich
nebo koliznich zoén. Z termodynamického modelovani pseudosekei, zalozeného prevazné
na izopletach chemického slozeni granatii, miizeme interpretovat strmy geotermalni gradient
v subdukénim prostiedi, jez zacina v nizkotlakych-nizkoteplotnich podminkach (0.6 GPa /
400 °C pro kutnohorsky komplex a 0.8-0.9 GPa / 460 °C pro Rychlebské hory) a pokraduje az
do podminek UHP metamorfozy (3.2-4.0 GPa / 700 °C pro kutnohorsky komplex a 2.4-2.5 GPa
/ 550 °C pro Rychlebské hory) v téchto granulitech. UHP podminky byly potvrzeny nalezem
mikro-diamantu a coesitu v praci Perraki a Faryad (2014) a pseudomorfézami kiemene
po coesitu podle Bakun-Czubarow (1992).

Existuji dva alternativni scénafe, které vysvétluji zanofeni a exhumaci felsickych hornin
z hloubek zemského plaste a jejich naslednou metamorfoézu v granulitové facii. 1) dekomprese
a zahiivani z UHP az do podminek granulitové facie (1.5-2.0 GPa pii 800-1000 °C), jak bylo
dtive urceno pro felsické granulity moldanubické zony, a také ve vychodnich Sudetech (Bakun-
Czubarow, 1992; Budzyn et al., 2015, Carswell a O'Brien, 1993; Kotkova a Harley, 1999;
Kryza et al., 1996; Nahodilova et al., 2014; Pouba et al., 1985; gtipské et al., 2004; Tajémanova
et al., 1992; Vrana et al., 2005). Nicmén¢ izotermicka dekomprese v podminkach granulitové
facie by vedla k uplné homogenizaci progradni zonalnosti granati (Chakraborty a Ganguly,
1992; Carlson, 2006; Vielzeuf et al., 2005). 2) izotermickd dekomprese z UHP podminek
pfi stfednich teplotach. Po c¢astecné exhumaci hornin do niz§ich nebo stfednich Grovni kiry
by byly vystaveny zahtdti v podminkach granulitové facie. Tento model, vysvétlujici
metamorfozu granulitové facie v moldanubické zong, je vysvétlovan odlomenim subdukované
desky a prinikem plastovych hornin, jez by mohl byt potencidlnim zdrojem tepla
pro vysokoteplotni metamorfozu (Faryad et al., 2015).

Texturni vztahy, zachovana progradni zonalnost a odhadované P-T podminky téles eklogitu,
jez se nachézi jako vlozky v horninach amfibolitové facie v moldanubické z6n€, nam umoziuji
popsat dfivejsi subdukéni  historii HP-UHPM  hornin. Vypocitané teplotni podminky
pro eklogity v monoténni a pestré skupin€ jsou 600-650 °C. Maximalni tlaky téchto hornin,
vypoctené na zakladé metody pseudosekce a rovnovaznych reakci mezi mineraly, se pohybuji
okolo 2.3 GPa. Pii srovnani P-T podminek eklogitd v moldanubiku s témi, které se vyskytuji
v Krusnych horach a v zadpadnich Sudetech (Massonne a Koppe, 2005, Klemd a Brdcker, 1999)
vSechny vykazuji teplotni gradient 7-9 °C / km béhem progradni P-T drdhy, béhem niz
prekracuji hranici epidotické a lawsonitové eklogitové facie. Tyto podminky, stejné jako
zachovani silné kompozi¢ni zonalnosti granatu s inkluzemi taramitu, naznacuji vyvoj v relativné
chladném subdukénim prostiedi.

Metamorfni P-T podminky odhadnuté pro peridotity a eklogity z Novych Dvorti (Medaris
et al., 2005; Nakamura et al., 2004) a Dunkelsteinerwaldu (Becker, 1997a; 1997b; Carswell,
1991) jsou nad 1000-1100 °C. VSechny tyto horniny se vyskytuji ve felsickych granulitech,
které spolecné s mafickymi a ultramafickymi télesy vykazuji metamorfozu v granulitové facii
za zhruba 900-1000 °C (Faryad et al., 2010; Kotkova, 2007; O'Brien a Carswell, 1993;
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Taj¢manova et al., 2006). I pfes tyto metamorfni udalosti pfi vysokych teplotaich dochazi
k zachovani kompozi¢ni zonalnosti v granatech eklogiti. To naznacuje, ze UHP a nasledna
granulitovd metamorf6za nebyla dostatecn¢ dlouhotrvajici na to, aby uplné homogenizovala
slozeni hlavnich prvkl v granatu. ZvySeni vapniku a pokles hoif¢iku v jadfe granatovych zrn, jak
v granatickych klinopyroxenitech, tak v eklogitech, lze interpretovat jako vysledek zvyseni
tlaku a poklesu teploty. To odpovida pfemené spinelu na granat a tvorbé granatovych lamel jak
v klinopyroxenu, tak v ortopyroxenu bohatych na hlinik. Podminky granulitové facie jsou také
interpretovany pomoci slozeni okraji granatovych zrn, kde hoicik vykazuje nartst, kdezto
vapnik naopak pokles koncentrace. Rychla metamorfoza v granulitové facii je také
zdokumentovana zachovalou progradni zonalnosti granatu v okolnich felsickych granulitech
(Faryad et al., 2010).

5. Zavéry

Nejnovejsi studie felsickych granuliti Gfohlské jednotky moldanubika (Faryad et al.,
2010; 2015; Jedlicka et al., 2015; Perraki a Faryad, 2014) a nékterych eklogiti monoténni
a pestré skupiny (Faryad a FiSera, 2015; Scott et al., 2013) ukazaly, ze ob¢ litologie prodélaly
diivéjsi HP-UHP metamorfozu, jez predchazela pfetisténi vysokoteplotni metamorfézou
v granulitové facii v niz§ich patrech kontinentalni kiiry za tlakti okolo 0.7-1.5 GPa.

Dva metamorfni stupné, prvni v HP-UHP podminkéch a druhy v podminkéch stfednétlaké-
vysokoteplotni granulitové facie, byly ureny pro ob¢& studovana granulitova télesa
v moldanubické zén€¢ a ve vychodnich Sudetech. V moldanubické zoné se predpoklada,
ze metamorfoza v granulitové facii nastala az po exhumaci hornin z HP-UHP podminek
do pozic niz§i az stfedni kiry (Faryad et al., 2015). Za zdroj tepla pro tuto kratkodobou
metamorfni udalost v granulitové facii je povazovan prinik plastovych magmat skrze akre¢ni
klin pfi odlomeni té¢Zké subdukované desky. Vysoké teploty, zptisobené vniknutim mafickych
az ultramafickych magmat, vedly k pretisténi jiz ¢asteéné exhumovanych HP-UHP téles.
Po tomto kratkodobém tepelném procesu byly horniny transportovany do hornich pater kiry
diky subdukci/exhumaci rheického oceanu (Finger et al., 2007) a naslednému tektonickému
podsunuti bloku brunovistulika pod moldanubickou desku (Schulmann et al., 2005).

Vyskyt téles eklogiti a serpentinitd v 250 km dlouhém pasmu jihovychodné od tepelsko-
barrandienského bloku je interpretovan jako variskd sutura vytvofena uzavienim
moldanubického oceanu (Franke, 2000). Moldanubicka sutura je soucasti hlavni variské sutury,
kterou lze sledovat i v jinych masivech podél evropského variského pasma od Ceského masivu
na vychod& aZ po Ibersky masiv na zdpadé (Faryad et al., 2015; Franke, 2000). V Ceském
masivu pokracuje skrze moldanubickou zénu az k Sudetim na severovychodé. Moldanubicka
sutura (jako soucast variské sutury) by mohla byt zodpovédna za formovani a exhumaci UHP
granulitovych téles v moldanubické zoné.
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1. Introduction

Recent progress in the research of high- to ultrahigh-pressure (HP-UHP) metamorphic
rocks, exposed along the orogenic zones on the Earth, has significantly improved our
knowledge about origin, development, transportation and uplift of crustal and mantle rocks
during the subduction and subsequent exhumation, and about complexity of processes in this
dynamic geological environment. Description, investigation, unraveling and understanding
of such high-grade rocks evolution still belong among the most challenging questions
in geological research. The main problem is that the rocks usually do not preserve original
composition of phases or that the original minerals, which have been stable at high pressure
conditions, are no longer in equilibrium with newly adjusted conditions and they undergo
breakdown reactions, recrystallization and compositional modification. It is usually due to poly-
metamorphic and poly-deformation history, where former structures are modified and previous
minerals are obliterated by medium- to low- pressure assemblages. Metamorphism in low-grade
(amphibolite facies) conditions in poly-metamorphic terranes usually results in the total
re-equilibration of minerals and their textures formed during the preceding metamorphic
processes.

To trace the original metamorphic history of the rocks prior to their exhumation/overprint,
acomplex and multi-disciplinary approach, involving petrological, geophysical, structural,
mineralogical and geochemical methods, is needed. Two main research approaches are used
in this thesis to decipher whether the rocks have been subjected to subduction or exhumed from
mantle depth along the subduction channel prior to their exhumation to surface: 1)
Compositional zoning of phases with a wide stability span are able to preserve growth or
multiple zoning of major and even trace elements, which can be used for the reconstruction of
previous metamorphic history. 2) Mineral inclusions trapped within resistant phases, which are
not in equilibrium with the present chemical composition of the rock, usually bear the
information about the prograde pressure-temperature (P-T) path of the rock. In combination
with the thermodynamic modelling it is possible to reconstruct changes in pressure-temperature-
time-composition (P-T-t-X) space and decrypt the probable metamorphic path in these multi-
stage geological terranes.

2. Aims of the study

The papers included in this thesis present petrological, mineralogical and geochemical study
of (U)HPM rocks from different parts of the Bohemian Massif which, according to previous
studies, have the potential to preserve their pre-exhumation history.

Definition and quantification of prograde metamorphic conditions for Kutna Hora felsic
granulites and Rychleby granulites are the goals of the thesis. These high-grade metamorphic
complexes bear the evidence of UHP metamorphism by preservation of prograde zoning garnet.
Complex distribution of major and even Y+REEs in those garnets reveal multiple zoning that
belongs to garnet growth in different stages of metamorphism. Metagabbro and amphibolite
body in the vicinity of those granulites (Ronov massif) is treated by petrological
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and geochronological study and the results are used to discuss a possible relationship between
the mantle melting process and granulite facies metamorphism in the Moldanubian Zone.

Solid phase inclusions and composition of their host minerals from UHP eclogites, garnet
pyroxenites and garnet peridotites are investigated to decipher the origin and metamorphic
crystallization of these rocks.

The possible presence of Variscan suture in the Bohemian Massif is ascertained
by investigation of a relationship of eclogite facies and UHPM rocks in the Moldanubian Zone
and of pre-exhumation metamorphic history of the eclogites in the Monotonous unit
(Moldanubian Zone).

The results of this work are used to discuss the main geotectonic processes during
the Variscan Orogeny leading to the formation of HP-UHP rocks within the Bohemian Massif.
All research materials comprising this thesis should bring new knowledge into the problematics
of tracing the pre-exhumation history of high-grade metamorphic rocks in a collision orogeny.

3. Material and methods

High amount of fieldwork and sampling of different rock types were followed by detailed
petrographic descriptions using optical and scanning microscopes and extensive collection
of chemical data. Geothermobarometry calculations and pseudosection modelling on the best
samples were performed.

Chemical analyses of rock samples were performed wusually by wet method
in the laboratories of the Faculty of Science, Charles University. Quantitative mineral analyses
and compositional maps of major elements in garnet were determined by energy-dispersive
X-ray analysis using a Vega Tescan scanning electron microscope at Charles University.
Chemical analyses and X-ray maps were obtained by a JEOL JXA-8530F field-emission gun
electron microprobe equipped with wavelength- and energy-dispersive spectrometers
at the Institute of Petrology and Structural Geology, Charles University in Prague. Additional
chemical analyses of minerals and variations of elements along garnet profiles a JEOL 6310
scanning electron microscope was used at the Institut fliir Erdwissenschaften, Karl-Franzens
University in Graz.

Trace element and REE concentrations in garnet were analyzed with a laser ablation LA-
ICP-MS system at the Central Laboratory for Water, Minerals and Rocks, NAWI Graz, Karl-
Franzens University Graz and Graz University of Technology. In addition, yttrium and rare
earth elements (REEs) in garnet were analyzed using an Element 2 high-resolution inductive
coupled plasma-mass spectrometer (ICP-MS) at the Institute of Geology of the Czech Academy
of Sciences, Prague.

The pseudosection method was used to decipher the changes in the mineral assemblage
of the rocks. The calculation was performed by Gibbs energy minimization using the computer
program Perple X 6.6.8. with the internally consistent thermodynamic dataset of minerals
and solid solutions.
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4. Results and discussion

The preservation of prograde zoning in garnet of felsic and mafic granulites is an important
attribute for constraining P-T history and geodynamic reconstruction of the subduction
and/or collision zone. From the pseudosection modelling, mainly based on grossular isopleths,
we interpret a steep geothermal gradient in a subduction environment from its initial stage
at low-pressure, low-temperature conditions (0.6 GPa / 400 °C for the Kutna Hora Complex
and 0.8-0.9 GPa / 460 °C for Rychleby Mountains) up to UHP conditions (3.2-4.0 GPa / 700 °C
for the Kutnd Hora Complex and 2.4-2.5 GPa / 550 °C for Rychleby Mountains) for these
granulites. UHP conditions were confirmed by the finding of micro-diamond and coesite
by Perraki and Faryad (2014) and quartz pseudomorphs after coesite by Bakun-Czubarow
(1992).

There are two alternative scenarios to explain the exhumation of felsic rocks from mantle
depths and their subsequent granulite facies metamorphism. The first is decompression
and heating to granulite facies conditions of 1.5-2.0 GPa at 800-1000 °C as estimated
for the felsic granulite in the Moldanubian Zone and also in East Sudetes (Bakun-Czubarow,
1992; Budzyn et al., 2015; Carswell and O’Brien, 1993; Kotkova and Harley, 1999; Kryza
et al., 1996; Nahodilova et al., 2014; Pouba et al., 1985; §tipské1 et al., 2004; Tajémanova et al.,
2006; Vrana, 1992; Vrana et al., 2005). However, an isothermal decompression to the granulite
facies stage would result in total homogenization of the prograde compositional zoning
in garnet (Chakraborty and Ganguly, 1992; Carlson, 2006; Vielzeuf et al., 2005), unless
the exhumation rate from mantle depths to crustal levels was too fast. The second scenario is
an isothermal decompression from UHP conditions at intermediate temperature. After the rocks
were exhumed to lower or middle crustal levels, they were subjected to heating at granulite
facies conditions. Such a model for granulite facies metamorphism in the Moldanubian Zone
has been explained by slab break-off and mantle upwelling as a potential heat source
for the granulite facies metamorphism (Faryad et al., 2015).

Textural relations and estimated P-T conditions of eclogite bodies within amphibolite facies
basement rocks in the Moldanubian Zone enable us to constrain the earlier subduction history
of HP-UHPM rocks. The calculated temperature conditions for eclogites in the amphibolite
facies Monotonous and Varied units are 600—650 °C. Maximum pressure, calculated based
on the pseudosection method and equilibrium reactions among minerals, is around 2.3 GPa.
When comparing P-T conditions of eclogites in amphibolite facies units from the Moldanubian
Zone with those occurring in the Erzgebirge and Sudetes (Massonne and Koppe, 2005; Klemd
and Brocker, 1999), both show a P-T gradient of 7-9 °C/km with prograde P—T paths crossing
the epidote and lawsonite eclogite facies boundary. These features, as well as preservation
of strong compositional zoning of garnet with taramite inclusions, suggest a rapid
and/or relatively cool subduction environment.

Metamorphic P-T conditions estimated for garnet peridotites and eclogites
from the Nové Dvory (Medaris et al., 2005; Nakamura et al., 2004) and from Dunkelsteinerwald
(Becker, 1997a; 1997b; Carswell, 1991) indicated that they passed UHP conditions
at temperatures above 1000 or 1100 °C. All these rocks occur within felsic granulites,
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which together with mafic and ultramafic bodies shared granulite facies metamorphism
at about 900-1000 °C (Faryad et al., 2010; Kotkova, 2007; O'Brien and Carswell, 1993;
Taj¢manova et al., 2006). Despite such high-temperature metamorphic events, compositional
zoning in garnet from eclogites is preserved. This suggests that the UHP and subsequent
granulite facies metamorphism were not long enough to entirely homogenize the major element
composition in garnet. The increase of Ca and decrease of Mg in the core of garnet grains, both
in garnet clinopyroxenite and eclogite, can be interpreted as the result of pressure increase
and temperature decrease. This fits with the transformation of spinel to garnet and formation
of garnet lamellae both in Al-rich clino- and orthopyroxene. The granulite facies process can be
also reproduced from the zoning profile near the rim of garnet grains, where Mg shows increase
and Ca decrease. A short-term granulite facies overprint is documented by preservation
of prograde zoning garnet in felsic granulite (Faryad et al., 2010).

5. Conclusions

Recent studies of felsic granulite in the Gfohl Unit of the Moldanubian Zone (Faryad et al.,
2010; 2015; Jedlicka et al., 2015; Perraki and Faryad, 2014) and from some eclogites
in the Monotonous and Variegated units (Faryad and FiSera, 2015; Scott et al., 2013) showed
that they both experienced an earlier HP-UHP event and were subsequently overprinted
by the granulite-amphibolite facies metamorphism in lower and middle crustal positions
at conditions of 0.7-1.5 GPa.

The two stage metamorphic history, the first at HP-UHP and the second in MP granulite
facies conditions, was established for both granulites in the Moldanubian Zone and in the East
Sudetes, respectively. In the Moldanubian Zone, granulite facies metamorphism is assumed
to have occurred after exhumation of the HP-UHP rocks into lower-middle crustal positions
(Faryad et al., 2015). The heat source for this short-lived granulite facies metamorphism is
explained by slab break-off and mantle upwelling triggering melting and emplacement
of magma in a lower stress field beneath the accretionary complex. Extreme heating, produced
by mafic-ultramafic intrusions, resulted in granulite facies overprint of the already exhumed
HP-UHP bodies and migmatisation of their host lithologies. After this short-lived thermal
process, the high-grade rocks were transported to the wupper crustal levels
due to the subduction/exhumation of the Rheic oceanic plate (Finger et al., 2007)
and subsequent tectonic underplating of the Brunovistulian Block beneath the Moldanubian
Zone (Schulmann et al., 2005).

The occurrence of eclogite bodies with serpentinite along ca 250 km zone southeast
of the Tepla—Barrandian Block is interpreted as Variscan suture formed by closure
of the Moldanubian Ocean (Franke, 2000). The Moldanubian suture is part of the main Variscan
suture that can be traced within other allochthonous massifs along the European Variscan Belt
from the Bohemian Massif to the Iberian Massif in the southwest (Faryad et al., 2015; Franke,
2000). In the Bohemian Massif, it continues from the Moldanubian Zone to Sudetes
in the northeast. The Moldanubian suture might be responsible for formation and exhumation
of the UHP granulite bodies in the Moldanubian Zone.

18



19



Curriculum vitae

Mgr. Radim Jedlicka

Osobni informace:

Narozen: 3. inora 1989

Misto narozeni: Frydek-Mistek

Kontakt: radim.jedlicka@natur.cuni.cz

Osobni identifikatory:  ResearcherID: 0-4193-2016
ScopusID: 55251784700
ORCID: 0000-0002-6275-7717

Praxe:

Vedouci pracovi§té

Laborator elektronové mikrosondy (JEOL EPMA JXA-8530)
Laborator skenovaci elektronové mikroskopie

Védecky pracovnik a pedagog

Vedouci cviceni kurzu Mikroskopie horninotvornych mineralti
Vedouci cviceni kurzu Zaklady magmatické a metamorfni petrologie
Vedouci cviceni kurzu Mikrosondové analyzy minerall a jejich zpracovani

Vzdélani
2013-soucasnost Univerzita Karlova (Praha, CR)
Doktorské studium (Ph.D) oboru geologie se zaméfenim na petrologii
2011-2013 Univerzita Karlova (Praha, CR)
Mgr. - Navazujici magisterské studium oboru geologie
2012-2013 Karl-Franzens University (Graz, AUT)
1 semestr magisterského studia v programu ERASMUS
2008-2011 Univerzita Karlova v Praze (Praha, CR)
Be. - bakalaiské studium oboru geologie
2004-2008 Gymnazium a SOS (Frydek-Mistek, CR)

4-leté statni gymnazium zakoncené maturitou

Maturita s vyznamenanim

20



ZkuSenosti:

Central European Tectonic Group 2017 (HUN) - konference

Common metamorphic history shared by felsic and mafic granulite from the
Rychleby Mountains (Bohemian Massif)

Prednaska

Central European Tectonic Group 2016 (SK) - konference

Preservation of multiple prograde metamorphism by major and trace elements
zoning in garnet: case study of UHP granulites from the Moldanubian Zone
(Bohemian Massif).

Prednaska

GOLDSCHMIDT 2015 (CZ) - konference

Multiple prograde metamorphic history of UHP granulites from the Moldanubian
zone (Bohemian Massif) - Revelation by Y+REEs compositional zoning in garnets.

Prezentace posteru

Central European Tectonic Group 2015 (CZ) - konference

Multiple prograde metamorphic history of UHP granulites from the Moldanubian
zone (Bohemian Massif) revealed by Y+REEs compositional zoning in garnets.

Prezentace posteru

GeoPilsen - Crustal evolution and geodynamic processes in Central Europe 2013 (CZ) -
konference

Preservation of prograde metamorphic path of felsic granulites from Kutna Hora
crystalline complex (Bohemian Massif) by zonation of major and trace elements in
garnet.

=  Prezentace posteru

European Mineralogical Conference in Frankfurt 2012 (D) - konference

Mineral inclusions and compositional zoning in garnet from felsic granulite from
Kutna Hora Complex (Moldanubian zone, Bohemian Massif)

L Prezentace posteru

International Eclogite Conference in Marianské Lazné 2011 (CZ) - konference
Mineral inclusions in garnets from granulites, eclogites and peridotites in the Kutnd

Hora Complex (Moldanubian zone, Bohemian Massif).

L Prezentace posteru
21



Central European Tectonic Group 2011 (CZ)- konference
Solid phase inclusions in garnets from felsic granulite, eclogite and peridotite in the

Kutnd Hora Complex (Moldanubian zone, Bohemian Massif)

=  Prezentace posteru

Ocenéni:

Cena dékana za nejlepsi diplomovou praci za rok 2013
Studium pevnych inkluzi vybranych minerdlu eklogitii, peridotitii a granuliti
kutnohorské oblasti

2. misto v soutéZi o Cenu Radka Melky 2017 za nejleps$i publikaci mladého
védce za ¢lanek:

Prograde metamorphic history of UHP granulites from the Moldanubian Zone
(Bohemian Massif) revealed by major and Y+REEs zoning in garnets.

2. misto za nejlepsi studentskou prednasku na konferenci Central European Tectonic
Groups 2016 (SK)

Preservation of multiple prograde metamorphism by major and trace elements
zoning in garnet: case study of UHP granulites from the Moldanubian Zone
(Bohemian Massif).

1. misto za nejlepsi studentskou posterovou prezentaci na konferenci Central European
Tectonic Group 2015 (CZ)

Multiple prograde metamorphic historyof UHP granulites from the Moldanubian
zone (Bohemian Massif) revealed by Y+REEs compositional zoning in garnets.

1. misto za nejlepsi ustni prezentaci na Studentské geologické konferenci 2011 (CZ)

Vyzkum pevnych inkluzi v granatech z eklogitii, granulitit a granatickych peridotitii
kutnohorského komplexu.

22



Seznam publikaci / Selected publications

Jedlicka, R., Faryad, S. W., 2017. Felsic granulite with layers of eclogite facies rocks in the
Bohemain Massif; did they share a common metamorphic history? Lithos, piijato k tisku.
IF = 3.677

Faryad, S. W., Kachlik, V., Slama, J., Jedlicka, R., 2016. Coincidence of gabbro and granulite
formation and their implication for Variscan HT metamorphism in the Moldanubian Zone
(Bohemian Massif), example from the Kutna Hora Complex, Lithos, 264, 56-69. IF = 3.723

Jedlicka, R., Faryad, S. W., Hauzenberger, C., 2015. Prograde metamorphic history of UHP
granulites from the Moldanubian Zone (Bohemian Massif) revealed by major and Y+REEs
zoning in garnets. Journal of Petrology, 56, 2069-2088. IF = 3.768

Faryad, S. W., Jedlicka, R., Collett, S., 2013. Eclogite facies rocks of the Monotonous unit,
clue to Variscan suture in the Moldanubian Zone (Bohemian Massif), Lithos, 179, 353-363.
IF = 4.482

Faryad, S. W., Jedlicka, R., Ettinger, K., 2012. Subduction of lithospheric upper mantle

recorded by solid phase inclusions and compositional zoning in garnet: example from the
Bohemian Massif. Gondwana Research, 23, 944-955. IF = 8.122

23



