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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
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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.
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Cesky abstrakt

Vyzkum vysoko- aZ ultra-vysokotlakych hornin vyskytujicich se v Ceském masivu
jako drobna télesa uzaviena v okolnich hornindch s nizkym stupném metamorfézy, 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 predchdzela pozdéjsimu vysokoteplotnimu pretisku a naslednému
vynofeni hornin na zemsky povrch. Odborné védecké publikace, z nichz se sklada tato
diserta¢ni prace, prezentuji petrologicky, mineralogicky a geochemicky vyzkum téchto
(ultra)vysokotlakych hornin z rtznych ¢asti Ceského masivu, jez maji potencial
zachovat informace o jejich pred-exhumacni historii. Nalezy inkluzi vysokotlakych fazi
v metamorfnich minerdlech a pfedevsim studie zonality hlavnich a stopovych prvka
v granatech nam spole¢né s termodynamickym modelovanim umoznily popsat nové
teplotné-tlakové podminky a zpfesnit metamorfni drahy téchto hornin.

Felsické a mafické granulity kutnohorské oblasti moldanubika a Rychlebskych hor
ve vychodnich Sudetech zachovavaji znaky progradni metamorfézy. Vedle inkluzi
fengith a omfacitti v jadrech granatd se pak jednd o progradni zonalitu hlavnich
a stopovych prvka v granatech. Pomoci termodynamického modelovani se podafilo
vypocitat, ze tyto horniny prodélaly komplexni metamorfni vyvoj od svého inicidlniho
stddia za nizkych teplot a tlakd (400-500 °C / 0.8-1.0 GPa) aZz po metamorfézu
za ultra-vysokych tlak v poli stability coesitu az diamantu. Tento progradni vyvoj
probéhl za velice strmého geotermadlniho gradientu v prostfedi subdukéni zony.
Po ¢aste¢ném izobarickém vynofeni hornin do urovni svrchniho plasté doslo k jejich
vyraznému zahtati v podminkach granulitové facie. Tato druhd metamorfni udalost je
spjata s vystupem horkého plastového magmatu, jez pronikal do rozhrani plasté a kiry
diky odlomeni ¢asti subdukované desky a také s pozdéjsimi variskymi procesy.

SloZzeni monomineralnich a polyfazovych inkluzi v graniatech z eklogitt
a klinopyroxenitd, jez tvofi polohy a budiny v granatickych peridotitech moldanubické
zony, ukazuje na jejich ptvod téchto téles, jako na derivaty litosférického plasté
nad subdukéni  zénou. Teplotné-tlakové podminky, vypocitané diky zachovalé

progradni zonalnosti granatl, naznacuji, Ze vysokoteplotni pietisk téchto hornin
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v granulitové facii byl pomérné kratky, tudiz nedoslo k jejich vyrazné modifikaci.
Tato udalost a piedevsim jeji kratkodobost je také zdokumentovana v okolnich
felsickych granulitech. Pravdépodobny vyskyt subduk¢niho prostiedi a ¢asti variské
sutury v Ceském masivu dokladaji i télesa eklogit, jeZ se vyskytuji v podobé 250 km
dlouhého pasu tdhnouciho se napfi¢ moldanubikem od jihozapadu po severovychod
az do oblasti vychodnich Sudet. Jejich texturni vztahy a teplotné-tlakové podminky
(600-650 °C / 2.3 GPa) nam umozniuyji urdit, Ze tyto horniny prosly strmym termalnim
gradientem béhem progradni metamorfézy. Tyto hypotézy jsou podlozeny i nalezy
vysokotlakych/nizkoteplotnich amfibold taramitického slozeni jako inkluzi

v granatech.
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Structure of the thesis

This thesis is presented in seven parts comprising an introduction to the topic, five
chapters with the articles published in international impact factor journals, and final
part of conclusions derived from this work.

The introduction (part I) is a brief invitation of the readers to the problematics
in today s research approaches in the field of petrology dealing with ultrahigh-pressure
metamorphism in collision orogeny. Short presentation of the investigated study areas
in the Bohemian Massif takes place here. At last, the main goals, which were dealt
in the articles presented in this thesis, have been established.

The study presented in part II is focused on the formation and preservation of major
and trace elements zoning in garnet porphyroblasts from felsic granulites in the Kutna
Hora Complex of the Bohemian Massif. In addition to prograde zoning of major
elements in garnet, the trace elements exhibit a complex core-rim distribution that is
preserved as a result of the much slower diffusivities of yttrium and rare Earth
elements than of other major cations in garnet. Results presented in this study bring
new information about distribution features of those elements in minerals from
poly-metamorphosed terranes with high-temperature granulite facies overprint.

Part III treats the prograde mineral inclusions and preservation of compositional
zoning in garnets from felsic granulites and embedded layers of eclogite facies rocks
in the Rychleby Mountains (East Sudetes). Garnets from both lithologies show typical
bell-shaped distributions with no annular peaks near the grain rims. Investigation
of major and trace elements zoning were combined with thermodynamic modelling
to constrain the early eclogite facies metamorphism. Because of their significant
similarities in petrography, mineral inclusions and element distribution in garnets,
Rychleby granulites are correlated with other HP-UHP granulites in the Moldanubian
Zone.

In the part IV, monomineral and multiphase inclusions in garnet from eclogites
and clinopyroxenites, which form layers and boudins in garnet peridotites from two
areas in the Moldanubian Zone of the Bohemian Massif, are presented. In addition

to complex compositional zoning, garnets from hosting eclogites and clinopyroxenites
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preserve inclusions of hydrous phases and alkali silicate minerals. The inclusion
patterns and compositional zoning in garnet in combination with textural relations
among minerals, suggest that the ultramafic and mafic bodies are derived
from lithospheric mantle above the subduction zone and were transformed into garnet
pyroxenites and eclogites in the subduction zone.

Part V brings new results of a petrological study of eclogites that occur together
with serpentinites within amphibolite facies gneisess in the Moldanubian Zone which
form ca 250 km long SW-NE trending zone in the central part of the Bohemian Massif.
The presence and distribution of eclogites and comparison of their P-T and age data
with HP-UHPM rocks in other units in the Bohemian Massif allow us to constrain
the Variscan suture in the south-east of the Tepla-Barrandian Block.

Investigation in part VI deals with leucocratic metagabbro and amphibolite from
a mafic-ultramafic body within migmatite and granulite in the Kutna Hora Complex.
Phase relations of igneous and metamorphic minerals indicate that magmatic
crystallization and subsequent metamorphism occurred as a result of isobaric cooling
at a depth of 30-35 km. U-Pb dating on zircon from leucogabbro yielded a Variscan
age that is similar or close to the age of granulite facies metamorphism
in the Moldanubian Zone.

Finally, in part VII, important and valuable results extracted from the previous
chapters are summarized. The conclusions about P-T conditions of the investigated
rocks and its geodynamic implication are presented.

List of references cited in the text is attached at the end.
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1.1. 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, understanding and unraveling 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 histories, 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, a complex 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.
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1.2. Geological background and study areas

The Bohemian Massif is located at the eastern border of the Variscan orogenic zone
in the Central Europe. It is well known for the presence of eclogite facies and UHP
metamorphic rocks of felsic, mafic and ultramafic composition, that are hosted
by amphibolite-granulite facies lithology. It is formed by two Blocks
(the Brunovistulian and the Tepld-Barrandian) that are separated or surrounded
by two Zones (the Moldanubian and the Saxothuringian). The Zones are characterized
by the presence of eclogite facies and UHPM rocks that occur as lenses and boudins
within amphibolite and granulite facies rocks, while the blocks are free from
HP-UHPM rocks. The Moldanubian Zone occurs between the Tepld-Barrandian
and Brunovistulian blocks. It is formed by medium-grade (the Monotonous and Varied
units) to high-grade (the Gfohl Unit) rocks. They are intruded by Variscan granitoids
with two belts of the Central Bohemian Plutonic Complex and the Moldanubian
Batholith. The medium- and high-grade rocks contain lenses and blocks of eclogites
and peridotites. Most granulite bodies occur along the eastern boundary
of the Moldanubian Zone, but some of them are also exposed in its southwestern
(the south Bohemian granulite massifs) and northern parts (the Kutna Hora Complex).
The estimated P-T conditions for the high-grade rocks are in the range of 1.6-3.1 GPa
and 850-1000 °C for granulites, (e.g. Carswell and O'Brien, 1993; Cooke, 2000; Faryad
et al., 2010b; Kotkova, 2007; Taj¢manova et al., 2006); 2-4 GPa and 800-1 000 °C
for the eclogites (Faryad, 2009; Nakamura et al., 2004; Vrana and Fryda, 2003);
and 3-5 GPa and 1000-1200 °C for the garnet peridotites (Faryad, 2009; Medaris et al.,
2006).

The felsic granulites in the Moldanubian Zone are considered as middle or lower
crustal rocks that experienced decompression and cooling from maximum pressures
of 1.1-1.6 GPa at 800-1000 °C [Kotkova (2007) and references therein]. Some
researchers (e.g. Jakes, 1997; Kotkova and Harley, 1999) postulated their formation
by crystallization from a melt at high-pressure conditions. Based on mineral
inclusions, compositional zoning of garnet and P-T calculations, Faryad et al. (2010b)
suggested that prograde eclogite facies metamorphism affected these rocks prior

to a granulite facies overprint. This hypothesis was supported by the presence
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of HP-UHP mafic and ultramafic rocks that occur within the felsic granulites. These
were interpreted as fragments of upper mantle intercalated in the crustal rocks during
subduction (Faryad, 2009; Medaris et al., 2006). The UHP conditions of the felsic
granulite were later confirmed by the discovery of micro-diamond and coesite
inclusions in garnet and zircon in the Kutnd Hora Complex (Perraki and Faryad, 2014).
This crystalline complex is a composite unit of stacked crustal and mantle rocks
metamorphosed in amphibolite to granulite facies conditions (Faryad et al., 2010b;
Nahodilova et al., 2011; Pouba et al., 1987; Vrana et al., 2006). It contains granulite
and eclogite bodies, which are present also in the central and western parts
of the Moldanubian Zone and form ca 200 km long belt from the Kutnd Hora Complex
in the north to the South Bohemian granulite massifs in the south. These findings
concerning ultra-deep subduction of felsic rocks raise questions regarding the P-T
trajectory during their exhumation and about the extent of granulite facies
re-equilibration of these rocks. According to Perraki and Faryad (2014), the micro-
diamond and coesite in the felsic granulite were formed during subduction of crustal
rocks to mantle depths and the granulite facies overprint was a subsequent process
that occurred after their exhumation to crustal levels (Faryad et al., 2015).

Garnet peridotites, garnet clinopyroxenites and eclogites are exposed in the eastern
part of the Moldanubian Zone in Dunkelsteinerwald, where they occur within felsic
granulites. The garnet peridotites are highly deformed with a platy fabric affected
by late-stage serpentinization. Boudinaged layers or lenses of pyroxenites
within the peridotites are relatively wunaltered and preserve high-pressure
garnet-clinopyroxene assemblages (Carswell, 1991). Most of them show relatively sharp
contacts with the host garnet peridotites. Based on the exsolution lamellae of garnet
in orthopyroxene, Carswell (1991) assumed cooling and pressure increase
from 1350 °C/2.2 GPa to 1000 °C/3.3 GPa. UHP conditions for both garnet peridotites
(5.5 GPa / 1100 °C) and for eclogites (5 GPa / 1000 °C) in Nové Dvory were estimated
by Medaris et al. (1998) and Nakamura et al. (2004), respectively. Clinopyroxenites
from this locality show exsolution lamellae of garnet in clinopyroxene and, similar to
that in the Dunkelsteinerwald, a P-T path with cooling and pressure increase from

1300 °C / 2.5 GPa to 900 °C / 4 GPa was estimated (Faryad et al., 2009).
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1.3. The main objectives of the thesis

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

Kutna Hora felsic granulites and Rychleby granulites 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 is treated by petrological 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 relationship of eclogite facies and UHPM rocks in the Moldanubian Zone
to a possible Variscan suture in the Bohemian Massif is ascertained by investigation
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.
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PROGRADE METAMORPHIC HISTORY OF UHP GRANULITES
FROM THE MOLDANUBIAN ZONE (BOHEMIAN MASSIF)

REVEALED BY MAJOR AND Y+REES ZONING IN GARNETS

Radim Jedli¢ka’, Shah Wali Faryad’, Christoph Hauzenberger*

Institute of Petrology and Structural Geology, Charles University in Prague, Albertov 6, 12843 Prague,
Czech Republic

2Institute of Mineralogy and Petrology, Karl-Franzens University, Universitatplatz 2, 8010, Graz, Austria

Abstract

Major and trace element distribution in garnet crystals from felsic granulites of the Kutnd
Hora Complex provides evidence of two metamorphic events, the first related
to continental subduction at ultrahigh pressure (UHP) conditions and the second
to a granulite facies overprint that occurred in mid- to lower crustal levels. To reconstruct
P-T paths of both metamorphic events, pseudosection modelling was combined with major
and trace element zoning in garnet. The granulites contain lenses and boudins of mantle-
derived garnet peridotite and eclogite. UHP conditions are confirmed by the presence
of inclusions of micro-diamond and coesite in garnet and zircon in the granulites.
Compositional zoning in garnet provides evidence for a pre-granulite facies HP-UHP
metamorphic history of the rocks. The two distinct metamorphic events are documented
by high Y+HREE concentrations in the garnet core with annuli in the mantle part
of the garnet grains. The cores of large garnets with relatively high Ca contents and bell-
shaped Mn profiles suggest formation during a prograde low- to medium-temperature
metamorphic event which was coeval with HP-UHP metamorphism. Decompression
and cooling during exhumation of the rocks led to partial resorption of garnet and release
of trace elements into the matrix. The new garnet with high Y+HREE in the annuli was
formed during the granulite facies event at crustal levels.

Keywords: granulites; prograde zoning; trace elements distribution; UHP; Y+REE
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2.1. Introduction

Metamorphism under amphibolite- to granulite facies conditions in poly-
metamorphic terranes usually results in the total re-equilibration of minerals and their
textures formed during the preceding metamorphic history of the rock. However,
garnet, as one of the most refractory phases, may preserve growth or multiple zoning
that documents previous metamorphic events (Blackburn and Navarro, 1977; Faryad,
2012; Faryad and Chakraborty, 2005; Spear, 1988). This is due to sluggish
intracrystalline diffusional equilibration, where the core of garnet porphyroblasts
becomes isolated from the reacting volume of rock during garnet growth. Thus it
preserves important information about previous metamorphic evolution (e.g. Carlson,
1989; Chakraborty and Ganguly, 1992; Konrad-Schmolke et al., 2008a). Further
constraints for multistage or polymetamorphic evolution of basement rocks can be
achieved with the use of trace elements, mainly Y+rare earth elements (REE), that are
highly compatible within garnet. Their compositional profiles may resist equilibration
under granulite facies conditions owing to slow diffusion rates (Otamendi et al., 2002).
Good subjects for testing possible preservation of original major and trace element
zoning are felsic granulites in the Bohemian Massif. These granulites contain bodies
of high-pressure to ultrahigh-pressure (HP-UHP) metamorphic rocks, the origin
and emplacement of which within the granulite facies rocks remains uncertain
(Faryad, 2011).

The felsic granulites in the Moldanubian Zone are considered as middle or lower
crustal rocks that experienced decompression and cooling from maximum pressures
of L.I-1.6 GPa at 800-1000 °C [Kotkova (2007) and references therein]. Some
researchers (e.g. Jake$, 1997; Kotkova and Harley, 1999) postulated their formation
by crystallization from a melt at high-pressure conditions. Based on mineral
inclusions, compositional zoning of garnet and P-T calculations, Faryad et al. (2010b)
suggested that prograde eclogite facies metamorphism affected these rocks prior
to a granulite facies overprint. This hypothesis was supported by the presence of HP-
UHP mafic and ultramafic rocks that occur within the felsic granulites. These were
interpreted as fragments of upper mantle intercalated in the crustal rocks during

subduction (Faryad, 2009; Medaris et al., 2006). The UHP conditions of the felsic
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granulite were later confirmed by the discovery of micro-diamond and coesite
inclusions in garnet and zircon (Perraki and Faryad, 2014). These findings concerning
ultra-deep subduction of felsic rocks raise questions regarding the P-T trajectory
during their exhumation and about the extent of granulite facies re-equilibration
of these rocks. According to Perraki and Faryad (2014), the micro-diamond and coesite
in the felsic granulite were formed during subduction of crustal rocks to mantle depths
and the granulite facies overprint was a subsequent process that occurred after their
exhumation to crustal levels (Faryad et al., 2015).

This study is focused on the formation and preservation of major and trace element
(primarily REE) zoning in garnet porphyroblasts from felsic granulites in the Kutna
Hora Complex of the Bohemian Massif. In comparison with other granulite facies rocks
in the Moldanubian Zone, these felsic granulites show lower degrees of granulite facies
re-equilibration (Faryad et al., 2010b). In addition to prograde zoning of major
elements in garnet, the trace elements exhibit a complex core-rim distribution that is
preserved as a result of the much slower diffusivities of Y+REE than for major divalent
(Mg, Fe, Mn) cations (Chernoff and Carlson, 1999; Hickmott and Schimizu, 1989;
Lanzirotti, 1995; Pyle and Spear, 1999). Such complex zoning could be interpreted
asaresult of major changes in P-T-X conditions or a polyphase metamorphic
evolution. In the case of UHP rocks with subsequent granulite facies metamorphism,
the preservation of such zoning provides important information on the relative timing
of geological processes under extreme P-T conditions. The zoning patterns of major
and trace elements within garnet in combination with thermodynamic modelling allow
us to estimate the different stages of the P-T path during UHP and subsequent
granulite facies metamorphism. 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.
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2.2. Geological setting

Metamorphic rocks in the Moldanubian Zone of the Bohemian Massif belong
to three tectonic units, the Gfohl Unit and the Variegated and Monotonous Groups
(Fig. 1a), which differ in terms of their lithologies and metamorphic conditions
(Dallmeyer et al., 1995; Dawson and Carswell, 1990; Medaris et al., 1995). The Gfohl
Unit contains granulite and migmatite, which exhibit generally higher metamorphic
(granulite facies) conditions compared with the Variegated and Monotonous Groups
(amphibolite facies conditions). All three units contain eclogite and peridotite,
but garnet peridotite is known only from the Gfohl Unit, where it occurs within
or adjacent to granulites and gneisses.

The high-grade metamorphic rocks of the Kutnd Hora Complex are exposed
ina ~50 km long NW-SE oriented belt near the town of Kutnd Hora, where they
structurally overlie the medium-grade paragneiss sequence of the Monotonous Group
(Fig. 1b). Based on its lithology and metamorphism, the Kutnd Hora Complex has been
correlated with the Gfohl Unit in the eastern part of the Moldanubian Zone (Synek
and Oliveriova, 1993). It consists of two superimposed thrust sheets: at the top are
granulites, granulite gneisses and migmatites with amphibolized and serpentinized
mafic and ultramafic rocks and calc-silicates, whereas at the bottom are micaschists
with lenses of amphibolite. The largest granulite body (the Béstvina granulite) consists
mainly of felsic granulites, biotite gneisses and migmatites, additionally containing
several small, isolated bodies of peridotite and eclogite (Pouba et al., 1987; Synek
and Oliveriova, 1993; Vrdna et al., 2005). It is exposed in the eastern part of the Kutna
Hora Complex at the boundary with the Monotonous Group (Fig. 1c). The Monotonous
Group beneath the Kutna Hora Complex is represented by partly migmatized
kyanite/sillimanite + biotite + muscovite + cordierite paragneiss. At the contact
with the micaschist zone, paragneiss from the Monotonous Group encloses several
bodies of serpentinized peridotite, eclogite and garnet amphibolite (Synek
and Oliveriova, 1993). Controversy exists about the pressure conditions of the Kutna
Hora granulites. According to Vrdna et al. (2005) and Nahodilova et al. (2014),

the felsic granulites reached a maximum pressure of 2.3 GPa at 850-900 °C.
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Fig. 1. (a) simplified map of the Bohemian Massif after Franke (2000), Willner et al. (2002),
Chéb et al. (2007), Faryad and Kachlik (2013); (b) map of the Kutna Hora Complex,
simplified after Synek and Oliveriova (1993); (c) detail of the studied area of the Béstvina
granulite, modified after Faryad et al. (2009). Stars indicate sample locations.
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However, a UHP prograde P-T path and UHP conditions, similar to the hosted
mafic and ultramafic bodies, were postulated by Faryad et al. (2010b).

The samples selected for this study come from the central part of the Béstvina
granulite body where lenses of garnet peridotite with eclogite and garnet pyroxenite
are exposed. They are from the same outcrop in which micro-diamond and coesite
inclusions in garnet and zircon were identified (Perraki and Faryad, 2014). In contrast
to other parts of the granulite body, which are characterized by light-colored banding
parallel to a weak foliation, here the granulite has a mostly massive, medium-grained

appearance.

2.3. Petrography and textural relations

The detailed petrography and textural relations of the Kutnd Hora basement rocks,
mainly of the Béstvina granulite body, have been discussed by Vrdna et al. (2005),
Faryad et al. (2010b) and Nahodilova et al. (2011). Two varieties of granulite are
present. The most common is a fine- to medium- grained felsic variety with weak
foliation highlighted by modal layering of 2-5 cm thick quartzo-feldspathic
(leucocratic) layers alternating with garnet-rich (mesocratic) layers [Faryad et al.,
(2009), Fig. 2a]. Rarely, they may contain lenses (about 3 m in size) of a dark,
intermediate variety with porphyroblasts of garnet in a weakly foliated or unfoliated
matrix. The two varieties show continuous gradation into one other. The leucocratic
layers in the felsic granulite are interpreted as the result of partial dehydration melting
during granulite facies metamorphism. The felsic granulite consists of ternary feldspar,
quartz, garnet, kyanite, and rutile (Fig. 2b and c). Rarely, inclusions of Ti-phengite are
found in garnet (Faryad et al., 2010b). Compared with other felsic granulites
in the Moldanubian Zone, kyanite is not replaced by sillimanite or spinel. The presence
of biotite depends on the degree of retrogression and/or amphibolite facies overprint.

The samples selected for this study come from the felsic variety of granulite
with small amounts of biotite. They include both a mesocratic layer (Fig. 2a and b)
with lower silica content (sample RJ34-13) and a leucocratic layer (sample F103-10,

Fig. 2c¢) with higher silica content but lower CaO content. Sample F103-10 has a high
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content of quartz that occurs along thin layers with K-feldspar. Garnet and K-feldspar
may form ~1 mm sized grains in the fine-grained matrix. Garnet usually contains
inclusions of quartz, kyanite, K-feldspar, antiperthitic plagioclase, rutile and rarely
phengite (Faryad et al., 2010b). Some garnets have reaction coronas formed by biotite
and plagioclase. Small garnet grains are partly chloritized. K-feldspar is usually
perthitic (Fig. 3c) but antiperthitic feldspar is also present. Large kyanite grains are
rimmed by plagioclase coronas and may contain inclusions of quartz. Apatite is
a common accessory phase, which mostly occurs in the matrix at contacts with garnet
grains (Fig. 3a) or rarely forms inclusions within garnet (Fig. 3b) or biotite. The apatite
may contain exsolution lamellae of monazite. Separate monazite crystals can also be
found in contact with apatite crystals (Fig. 3a). Polyphase inclusions (phengite+biotite)
pseudomorphic after Ti-phengite were observed (Fig. 3d). Rare tabular-shaped

graphite inclusions in garnet were also identified (Fig. 3e).
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Fig. 2. (a) hand-specimen photograph of a mesocratic layer of granulite with reddish garnet
and dark biotite in the quartz+feldspar matrix; Béstvina granulite body (sample RJ34-13).
Dotted line separates zone of weathering from fresh part of the sample;
(b) photomicrograph of the mesocratic layer RJ34-13; (c) photomicrograph of leucocratic
layer F103-10. Abbreviations as in the main text.

Fig. 3. Back-scattered electron images of felsic granulites. (a) apatite with monazite
in matrix (RJ34-13); (b) apatite between two garnet grains (F103-10); (c) perthitic feldspar
in matrix (F103-10B); (d) polyphase inclusion after former Ti-rich phengite (F103-10);
(e) graphite [gr] inclusions in garnet (F95-10).
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2.4. Analytical methods

Bulk-rock major and trace element concentrations were determined by wet
chemical analysis and inductively coupled plasma-mass spectrometry (ICP-MS) using
a Thermo X-Series II system, respectively, in the Geological Laboratory at Charles
University in Prague. Trace elements were determined using a modified total digestion
in mineral acids (HF+HCIO4) and borate fusion (Na2COs+Na2B4O7) technique followed
by conventional solution nebulization using a Thermo X-series II ICP-MS system.
The ICP-MS analytical procedure and calibration have been described by Strnad et al.
(2005). The analytical precision, calculated as one relative standard deviation (RSD),
ranged from 0.5 to 5% for most elements. The QA/QC (quality assurance/quality
control) was controlled using the AGV-2 and BCR-2 (USGS) reference materials.

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. Analytical conditions include an accelerating
potential of 15 kV and a beam current of 800 pA.

For chemical analyses of minerals and variations of elements along garnet profiles
a JEOL 6310 scanning electron microscope was used at the Institut fiir Erdwissen-
schaften, Karl-Franzens Universitat, Graz, Austria, equipped with wavelength-
and energy- dispersive spectrometers (WDS and EDS). Standards were garnet (Fe, Mg),
adularia (K, Si, Al), rhodonite (Mn), jadeite (Na, WDS), and titanite (Ti, Ca). Sodium
content was measured by WDS at conditions of 15 kV and 6 nA on PCD (probe current
detector).

Trace element and REE concentrations in garnet were analyzed with a laser ablation
(LA)-ICP-MS system (ESI New Wave 193 nm LA system coupled with an Agilent
7500cx ICP-MS system) at the Central Laboratory for Water, Minerals and Rocks,
NAWI Graz, Karl-Franzens University Graz and Graz University of Technology,
Austria. The material was ablated using a 193 nm laser pulsed at 8 Hz with a 35 Im spot
size and energy of 6.5 J«cm™. Helium was used as the carrier gas at a flow rate

I'and data were acquired in time-resolved mode. For each analysis

of 0.7 literssmin-
a 30 s gas blank was obtained for background correction. The laser was active for 50 s

followed by 45 s washout. The NIST612 standard glass was routinely analyzed
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for standardization and to correct for drift, and standard NIST614 and USGS reference
material (BCR-2G) were analyzed as unknowns to monitor the accuracy
of the measurements. Counting statistics and reproducibility were usually better than
5% relative. However, taking uncertainties in reference material concentrations,
elemental mass fractionation and instrumental drift into account, we estimate that
the analytical uncertainty may be as much as 10% relative. Results from repeated
NIST614 as well as BCR-2G measurements confirmed a reproducibility within +10%
of the reported values. Although the NIST612 reference material and the analyzed
garnet contain a silicate-dominated matrix, some analytical uncertainties may arise
from matrix effects. To test for matrix effects, the basaltic glass reference material
BCR-2G, which contains a significantly different major element matrix, was analyzed.
Because the obtained trace element and REE concentrations could be reproduced
within the given uncertainties we concluded that matrix effects can be neglected. Data
reduction was done using the Glitter software. For NIST612 the concentration values
reported by Jochum et al. (2011) were used.

Additional microprobe analyses and X-ray maps of garnets were obtained
on the JEOL JXA-8200 at the Eugen F. Stumpfl electron microprobe laboratory of
the Universititszentrum Angewandte Geowissenschaften (UZAG) Steiermark
at Montanuniversitiat, Leoben. The conditions of operation were 15 kV with a 10 nA
beam current for analyses and 150 nA for element mapping. Element maps were also
acquired on a Cameca SXIOO electron microprobe in wavelength-dispersive mode
at the Masaryk University in Brno, Czech Republic. Intensities of characteristic X-rays
of Ca (Ka), Ti (Ka), P (Kar), Cr (Ka) and Y (Lax) as well as one background for each line
were collected at the following conditions: 20 kV, 200 nA, 1 mm beam diameter,
5-8 mm step (depending on the garnet size), and 0.8 s dwell time. The background
intensities were subtracted from the characteristic X-ray intensities prior to graphic
processing.

Mineral abbreviations in the text, figures and figure captions are those of Whitney
and Evans (2010), except garnet, which is abbreviated as gt. Garnet end-members are
Alm = Fe?* /| (Fe** + Mg + Ca + Mn), Grs = Ca / (Fe** + Mg + Ca + Mn),
Prp = Mg / (Fe** + Mg + Ca + Mn) and Sps = Mn / (Fe?* + Mg + Ca + Mn),
and Xr = Fe?* / (Fe** + Mg).
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Bulk-rock SiO> contents are 60.3 wt % (RJ34-13) and 71.6 wt % (F103-10). Sample
F103-10 has lower Al>Os, FeO;, MgO, CaO and TiO3, but a higher K2O content. Both

samples have similar Na>O contents (about 2 wt %) and MnO is below <0.12 wt %.

Both of the samples were additionally analyzed for their trace element chemistry,

the mesocratic sample recording higher concentrations of REE than the leucocratic

sample (Table 1).

Table 1: Whole-rock major and trace elements compositions

Sample RJ34-13 F103-10

Sample RJ34-13 F103-10

chemical compositions (wt % oxides)

SiO; 60.31 71.58
TiO, 1.05 0.34
ALO:; 17.41 13.67
Fe,0Os 175 0.76
FeO 6.35 3.36
MnO 0.12 0.10
MgO 3.19 1.78
CaOo 3.62 2.26
Na.O 2.19 2.04
K.O 1.34 4.06
P.Os 1.06 0.07
CO; 0.60 0.40
Total 98.99 99.42
Xre 0.67 0.65
modal proportions (%)

Qz 28 46
Fsp 42 31
Gt 15 10
Bt 10 7
Ky 3 3
Accesory phases 2 3

in ppm
Rb
Sr
Y
Zr
Nb
Ba
La
Ce
Pr
Nd
Sm
Eu
Gd
Tb
Dy

Er
Tm
Yb
Lu
Hf
Pb
Th

31.17
95.49
53.30
115.99
16.25

366.84
79.48
204.44
27.89
117.00
26.73

3.67

21.61

2.57

11.39

1.93

5.47

0.73

4.87

0.70

3.78
29.16

4.79

2.27

55.09
75.12
5.20
14.20
2.10
266.53
1.94
5.25
0.77
3.95
1.32
0.26
1.41
0.22
1.90
0.19
0.54
0.08
0.55
0.07
0.54
0.19
<0.25
0.04
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2.6. Compositional zoning in garnet

2.6.1. Major elements

Garnets from both the mesocratic and leucocratic layers of the felsic granulite show
strong compositional zoning, differing from each other in terms of grossular
and almandine contents [Grso-20 Almaos; Prp2o3s Spso-21 (sample RJ34-13)
and Grsig-34 Almso_s6 Prpis-3s Spsi-22 (F103-10)]. Although the bulk-rock composition
of the mesocratic layer (R]J34-13) shows higher values of all four oxides (FeO, MgO,
CaO, MnO; Table 1), the differing garnet compositions reflect the lower value
of Xca = Ca / (Ca + Fe** + Mg + Mn) = 0.27 and higher Xre = 0.48 in this sample
compared with that in the leucocratic layer (Xca = 0.30, Xre = 0.45). Clear prograde
garnet zoning is documented by the higher spessartine content in the core
of the garnet from the leucocratic sample (Fig. 4d and f). The pyrope, grossular
and almandine zoning patterns are complex with at least two segments,
which correspond to the core and mantle-rim sections (see below).

In sample RJ34-13 (Fig. 4a and b), grossular content decreases from the core
(Grs = 20 mol %) towards the rim, with a weak annular minimum (17 mol %) followed
by an increase to 18 mol % and finally a significant decrease at the rim. The pyrope
content shows an opposite trend with a less variable compositional profile
than grossular. The lowest pyrope value (29 mol %) is recorded in the core
with a slight increase (the first maximum at 31 mol %) and then a decrease that is
followed by another increase at the rim of the grain. Almandine content has a similar
trend to pyrope. The almandine content is lowest in the core (49 mol %) and increases
towards the rim. Spessartine content is low and reveals no zonation from core to rim.

Two grains from sample F103-10 (Fig. 4c and e) show similar Ca distribution to that
in sample RJ34-13, but with more pronounced zonation. Strong compositional zoning
occurs in the larger grain (Fig. 4f) with maximum grossular content of 34 mol %
in the core and about 20 mol % in the rim. The rimward decrease in grossular is
asymmetrical; it is steep on the left side but relatively flat on the right side, where it

shows a slight increase at the rim. Spessartine and almandine also show a rimward
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decrease; a slight increase in spessartine at the rim may indicate back-diffusion owing
to garnet consumption (Chakraborty and Ganguly, 1992; Kohn and Spear, 2000).
Variations in all three constituents are compensated for by pyrope, which has
the lowest value of 16 mol % in the core and contents reaching about 39 mol %
at the rim. In addition to relatively weaker zoning, the garnet grain in Fig. 4d differs
from that in Fig. 4f by comparatively lower grossular and spessartine and higher

pyrope contents in the core.

70
70
60r
60
501
50

4or
40

30" 301

20 & . 20
o W\/\} Grs
o c -

~
10wp Grs o 1

2

1

Sps ® 1EW%
12 T e okl s LR
025 0.5 075 1.0

0 025 05 075 10 135 o

o

(=]

0 025 05 075 1.0 125

Fig. 4. Back-scattered electron images and major element profiles (rim-core-rim)
of the selected garnets from mesocratic granulite RJ34-13 (a, b) and leucocratic granulite
F103-10 (c-f). y-axes indicate molar percent; x-axes of profiles are rim-core-rim distances
in millimetres.

2.6.2. Trace elements

To compare the major and trace element zoning in garnet, analyses were obtained
along the same garnet profiles from samples RJ34-13 and F103-10 (Figs 4-6;
supplementary data are available at www.petrology.oxfordjournals.org). Garnets from

both samples display core to rim zonation of Y, Ti, Cr, V and of heavy REE
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(HREE; Er, Tm, Yb, Lu), middle REE (MREE; Gd, Tb, Dy, Ho) and light REE
(LREE; Nd, Sm, Eu) (Figs 5 and 6). Yttrium and most REE show two maxima, the first
in the core section (segment I), which is probably related to nucleation of garnet,
and the second in the mantle-rim section (segment II), suggesting a dramatic change
in P-T-X conditions during garnet crystallization.

Garnet from sample R]34-13 shows a bell-shaped distribution of Y, HREE, MREE
and LREE contents (Fig. 5). Ti shows a high concentration in the core with a decrease
towards the border of the core part and second maxima and a subsequent decrease
towards the rim (Fig. 5b and f). Vanadium does not show clear zoning
at the boundaries of segments I and II, but it generally increases towards the rim
(Fig. 5h). The most pronounced zoning is in Y+HREE. After a decrease to a local
minimum, all elements start to increase again and reach a second maximum.
The second maximum actually shows higher values than in the core of the garnet
crystal. The final part of the distribution profile is characterized by a decrease of all
elements towards the rim of garnet. Some MREE (Gd, Tb, Dy) show a slight increase
at the outermost rim of the garnet (Fig. 5m-o).

Phosphorus content reveals multiple zoning features (Fig. 5d). In addition to high P
contents along the rim of the garnet (ring shape), concentric zoning with slightly
elevated P content is present in the core. In contrast to the irregular shape of the ring,
the core zoning seems to follow the crystallographic planes of the garnet. Three patchy
domains with a relatively high P content can also be observed in the mantle part of the
garnet grain.

Trace element zoning patterns in sample F103-10 are similar to those in R]J34-10,
but the central peak is not clearly visible. However, the second peak of Y+HREE is clear
(Fig. 6). Y, Ti, Cr and V increase from the core to the annular maxima. Ti and V reach
this point closer to the core (Fig. 6f and g). From the annular maxima, values for all
these elements (except vanadium) decrease towards the rim of the garnet. HREE
and the heaviest of the MREE (Dy, Ho) increase from the core to the annular maxima.
Gd, Tb and LREE have maxima at the garnet core and decrease continuously towards
the rim. After reaching the annular maxima, most elements show a significant drop
towards the rim. P concentration is low in the garnet core, but high at the outermost

rim (Fig. 6d).
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Fig. 5. Garnet from mesocratic layer in granulite RJ34-13; trace element compositional maps
of Y, Ti, Cr, P (a-d) and trace element profiles (e-t). Segments I and II are referred
to HP-UHP and granulite facies garnet, respectively (for details see text).
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Fig. 6. Garnet from leucocratic layer in granulite F103-10; back-scattered image (a),
compositional maps of Ca, Mn and P (b-d) and trace element profiles (e-s) are shown.
Segments [ and Il are as in Fig. 5.
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2.7. Pressure-Temperature calculations

To constrain the P-T path for the Kutna Hora felsic granulites, the following points
need to be considered: (1) the rocks preserve garnet with prograde zoning;
(2) they experienced UHP conditions in the coesite and micro-diamond stability fields
(Perraki and Faryad, 2014); (3) they passed through a granulite facies overprint
at about 850-900 °C (Nahodilova et al., 2011). Therefore, pseudosection modelling
combined with conventional thermobarometry was used to estimate the P-T
conditions and trajectory for the HP-UHP event and subsequent granulite facies
overprint. It should be noted that a number of uncertainties in the estimated
P-T conditions are associated with this approach, owing to the absence of precisely
determined thermodynamic data for minerals at such high temperature and pressure
conditions and possible modification of garnet composition. However, this approach
helps to trace the possible P-T path during the prograde stage of garnet formation

and during the granulite facies overprint.

2.7.1. Pseudosection modelling

The pseudosection method was used to decipher the changes in the mineral
assemblage and modal volume of garnet in the P-T ranges 400-800 °C and 0.4-4 GPa,
and 600-1000 °C and 0.5-2.5 GPa, respectively (Figs 7 and 8). The calculation was
performed in the system SiO2-TiO2-Al203-FeO-MgO-CaO-MnO-NaxO-K20-H20
(KNMnCFMASHT) by Gibbs energy minimization using the computer program
Perple_X 6.6.8 (Connolly, 2005) with the internally consistent thermodynamic dataset
for mineral end-members and aqueous fluids of Holland and Powell (1998), upgraded
in 2004. The following non-ideal solution models were used: garnet (Holland
and Powell, 1998), phengite (Coggon and Holland, 2002), biotite (Powell and Holland,
1999), plagioclase (Newton et al., 1980), feldspar (Benisek et al., 2010), omphacite
(Holland and Powell, 1996), clinopyroxene (Holland and Powell, 1996), chlorite
(Holland et al., 1998) and melt (Holland and Powell, 2001). The effect of ferric iron was
explored by adding oxygen as an additional component to the system. Addition of up

to 0.08 wt % O: leads to the stability of magnetite, but has no significant effects
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on omphacite, garnet or biotite equilibria. Considering granite as a potential source
material for transformation into felsic granulite (Janousek et al., 2004), an initial water
content of about 0.8 wt % for the low-temperature part of the pseudosection was
selected. This water content was calculated based on the approximate mica content
in granite [following the method adapted from Proyer (2003)]. To analyze possible P-T
conditions for the formation of the garnet core, sample F103-10 with pronounced
compositional zoning and high grossular content in garnet was chosen. Because of its
slow diffusion coefficients, Ca has a significant effect in preventing the overall
compositional modification of garnet through multicomponent diffusion with other
divalent cations (Chakraborty and Ganguly, 1992). This is demonstrated
by the preserved bell-shaped Mn (Sps) distribution in the garnet core (Fig. 4f).
Figure 7a shows the calculated pseudosection, where garnet is stable in all fields
in the selected P-T range. Except for sodic clinopyroxene, all phases (including
phengite as inclusions in garnet) were observed in the rock. The lack of sodic
clinopyroxene in HP felsic granulites was discussed by Faryad et al. (2010b). Based
on phase relations in felsic granulite and inclusion patterns in garnet, Faryad et al.
(2010b) showed that breakdown of sodic clinopyroxene, which was once
in equilibrium with the host Ca-rich garnet, must have occurred relatively early
in favor of sodic plagioclase. In contrast, in intermediate rocks the transition
to a plagioclase-bearing assemblage occurs at lower pressures, and in very Ca-rich
protoliths diopside-rich clinopyroxene coexists with calcic plagioclase and Ca-depleted
garnet.

Based on the calculated volume isopleths of garnet in sample F103-10, most garnet
(about 5-6 vol. %) was formed below 1 GPa and a subsequent increase to 9 vol. %
occurred in the coesite stability field above 3 GPa (Fig. 7a). The high grossular content
(34 mol %), measured in the garnet core of sample F103-10 (Fig. 4f), is near
the maximum value (36 mol %, Fig. 7b) that was modelled for this sample.
This suggests garnet nucleation at a temperature of about 400 °C and pressure
of 0.4 GPa [field (1) in Fig. 7b]. Based on the compositional isopleths in garnet,
the grossular content in the garnet core was not strongly modified. On the other hand,
the corresponding Xre values for the core were changed by almost 20 % from 91 %

(based on the pseudosection, Fig. 7b) to 73 % (measured value in Fig. 4f) in the same
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field (1). If we consider that the composition profiles of garnet at the interface between
core and mantle-rim parts signify the UHP stage, the grossular isopleth with
22-25mol % (Fig. 4f) yields temperatures of 650-750 °C in the coesite or even
diamond stability field [field (2) in Fig. 7b]. The corresponding Xre value of about
55-57 % in the measured profile (Fig. 4f) and 70-72 % in the calculated isopleths
means about 20 % decrease of Xre owing to diffusion. However, as the rocks reached
the diamond stability field, the measured grossular content should be modified
through diffusion by at least 2-3 mol % at the interface between core and mantle-rim

parts of the garnet (Fig. 7a).
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Figure 8a shows the pseudosection calculated for the granulite facies stage (sample
F103-10). A water content of 0.33 wt % was determined for the high-temperature stage
based on maximum modal content of biotite (up to 5%) in well-preserved
(non-retrogressed) samples. The low water content is due to metamorphic dehydration
reactions during temperature increase. However, there is some uncertainty
in the calculation of P-T conditions for the granulite facies event, as some material is
isolated within already crystallized garnet during the HP stage and does not participate
in the subsequent metamorphic reactions. Therefore, the core composition of garnet
(segment I in Fig. 6) was subtracted from the bulk-rock composition in sample F103-10.
The effective bulk composition, used for the pseudosection in Fig. 8a, was calculated
by integration of the mineral mode (segment I in Fig. 6) and contents of each element
in the microprobe analyses (Konrad-Schmolke et al., 2008a; Stiiwe, 1997).

The garnet volume isopleths indicate that most garnet was formed during heating
from 800 °C upwards or during a pressure increase above 1 GPa. Assuming that
the granulite facies event occurred after exhumation of the rocks to lower-middle
crustal levels, about 5 vol. % of garnet should have formed in sample F103-10 during
the granulite facies stage at 850-900 °C, as estimated based on thermobarometric
calculations for granulites from this locality (Nahodilova et al., 2011, 2014). However,
the grossular content of 16-20 mol % in the mantle part of garnet (Fig. 4d and f)
indicates a temperature of about 700 °C (Fig. 8b). Further increase of temperature is
documented by a decrease of Xpe and Grs (Fig. 4f). The slight increase of Ca
and decrease of Mg in the outer rim of garnet (Fig. 4f) could be due to diffusion
modification during cooling, as can be postulated from the back-diffusion of Mn.

With increasing temperature, dehydration of phengitic muscovite occurs and melt is
produced (Fig. 8a and b). At low pressures, kyanite transforms to sillimanite and rutile
changes to ilmenite. Radical change in the chemistry of garnet occurs during
temperature increase and pressure decrease owing to the breakdown of pyroxene
and creation of plagioclase at the expense of garnet. At high temperatures, only limited
amounts of garnet are formed, but significant modification of elemental concentrations
occurs at the outermost edge of the garnet crystals in a short time interval (Faryad
and Chakraborty, 2005). During cooling and retrogression, newly formed biotite has

a significant influence on magnesium and iron diffusion in garnet.
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Fig. 8. High temperature P-T pseudosection for a felsic layer in the Kutna Hora granulite
(F103-10). (a) shows fields of stable mineral assemblage. Labels for small P-T fields are
omitted for clarity. Bold lines show in-reactions of index minerals, dotted lines indicate
modal volume percent of garnet (b) shows grossular and Xr. isopleths. Bold rectangle
and dashed ellipse indicate temperature range based on garnet-biotite thermometry
[calibrations of Bhattacharya et al. (1992); Holdaway (2000)] and GASP barometry
[calibrations of Hodges and Spear (1982); Ganguly and Saxena (1984)], respectively (Table 2).
Bold lines show pressures obtained by GASP barometry with plagioclase composition Anss
calculated from pseudosection and GASP barometry using Thermocalc, respectively.
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2.7.2. Conventional thermobarometry

Except for kyanite, garnet cores and rutile, all the minerals formed during the HP-
UHP event underwent recrystallization during the granulite facies overprint.
Therefore, biotite, plagioclase and garnet rims were used to estimate the P-T
conditions for the granulite facies event. Based on the pseudosection modelling
(Fig. 8a), biotite forms during cooling at about 850 °C. Plagioclase is stable and based
on the pseudosection calculations a ternary Na-Ca plagioclase with composition
of An3s can be stable at 850-900 °C and 1.5- 1.8 GPa. However, most analyzed
plagioclase in the matrix of the studied samples is An22-23. The lower anorthite content,
consistent with the increase of Grs and decrease of Prp and Xre at garnet rims (Fig. 4d),
suggests that garnet was partly formed during cooling. The garnet-biotite
thermometer, used for the high-Mg and low-Ca rim in sample F103-10, yields
temperatures in the range 750-900 °C (Table 2). The lowest temperature of 744+29 °C
was obtained using the calibration of Perchuk and Lavrenteva (1983) and the highest
temperature of 907+83 °C by using that of Dasgupta et al. (1991). Temperatures
calculated using Bhattacharya et al. (1992) and Holdaway (2000) are close
to the biotite-in boundary obtained from the pseudosection modelling. GASP
barometry used for the analyzed plagioclase (Anx2) and garnet with the lowest Ca
content yielded pressures of 1.6-1.7 GPa at 850 °C. Lower pressures of 1.4-1.5 GPa can
be obtained using a plagioclase composition (An3s) based on the pseudosection
calculation. Similar temperatures of 850 °C and pressures of 1.76+0.02 GPa (Table 2)
were obtained by calculation of average P-T using the Thermocalc 3.37 package
(Powell et al., 1998; most recent upgrade) and the thermodynamic dataset 5.5 (Holland
and Powell, 1998).
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Tab. 2: Representative chemical analyses used for conventional

thermobarometry
Sample: F103-10
mineral gtl gt2 gt3 btl bt2 pl
SiOaz (wt. %) 39.05 39.08 3915 38.66  37.64 62.64
TiO; 0.07 0.03 0.05 4.93 4.95 0.01
AlLO; 22.72 21.85 21.89 17.31 15.18 23.16
FeO 19.70  20.50 21.14 8.68 10.47 -
MnO 0.54 0.60 0.70 0.06 0.05 -
MgO 10.45 9.72 10.27 15.81 1534 -
CaO 7.05 7.10 6.52 0.08 0.07 4.65
Na;O - 0.03 0.06 0.19 0.09 9.05
K>0 0.03 - 0.02 9.90 9.69 0.08
Total 99.58 9891 9980 95.86 94.51 99.47
Si (per ox.) 2.95 2.99 2.96 2.90 2.90 2.78
Ti 0.003 0.001 0.003 0.28 0.28 -
Al 2.02 1.96 1.95 1.52 138 1.21
Fe 117 1.25 1.21 0.54 0.68 -
Mn 0.03 0.04 0.04 0.003 0.003 -
Mg 1.18 L1 L16 1.77 176 -
Ca 0.57 0.58 0.52 0.006 0.006 0.22
Na - - - 0.03 0.01 078
K - - - 0.95 0.95 -

Temperatures calculated at 1.4 GPa

in °C gtl-btl  gt2-btl gt3-btl gtl-bt2 gt2-bt2 gt3-bt2  average
B92 783 745 761 858 811 832 798 + 50
Dasg91 865 807 832 1003 949 983 906 + 88
PL83 728 715 716 785 751 771 744 £ 31
H2000 923 823 881 923 823 881 875 £ 45

Pressures calculated at 850 °C

in GPa gtl-btl  gt2-btl gt3-btl gtl-bt2 gt2-bt2 gt3-bt2  average

HS82 1.60 1.60 1.57 1.60 1.60 1.57 159 +0.02
GS84 1.79 1.78 1.76 1.79 1.78 1.76 178 £ 0.02
HC85 172 173 1.69 173 173 1.69 172+0.02
K89 1.78 1.79 1.75 1.78 1.79 1.75  1.77+£0.02
Tcalc 1.78 177 173 1.78 177 173 176 £ 0.02

B92=Bhattacharya et al., 1992; Dasg9l=Dasgupta et al., 1991; PL83=Perchuk
and Lavrent'eva, 1983; H2000=Holdaway, 2000; HS82=Hodges and Spear, 1982;
GS84=Ganguly and Saxena, 1984; HC85=Hodges and Crowley, 1985; K89=Koziol,
1989; Tcale=Thermocalc (Powell et al., 1998)
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2.8. Discussion

In addition to major element zoning in garnet from such high-grade rocks,
the striking feature of these samples is the presence of two annular trace element
and REE maxima in garnet porphyroblasts. To assess or reconstruct the early P-T
history of the rocks, we first need to discuss the trace element behavior in garnet
during high-grade metamorphism and discuss the possible origins of the annular

maxima seen in the garnets.

2.8.1. Origin of the annular maxima of Y+REE in the granulite facies garnet

As indicated by Pyle and Spear (1999), the trace element distribution recorded
by any metamorphic rock is a result of the reaction history of the entire rock. Each
unique reaction reflects the modal contents of the major phases involved
in the reaction. However, also important is the presence of trace element-bearing
accessory phases, which buffer trace element activities and can exert very strong trace
element partitioning controls. Incorporation of Y+REE into natural garnet is mostly
assumed to be by menzerite-like or alkali substitutions with relatively low energetic
cost (Carlson et al., 2014). The energetic costs decrease significantly as the host garnet
unit-cell dimension expands, decrease very modestly as temperature rises or pressure
falls, and decrease substantially with the contraction in ionic radius across
the lanthanide series. When studying the origin of compositional zoning in garnet
numerous factors controlling the distribution of major and trace elements should be
considered (Lanzirotti, 1995; Schwandt et al., 1996). These include the following:
(1) element fractionation during mineral growth (e.g. Cygan and Lasaga, 1982;
Hickmott et al.,, 1987; Hollister, 1966); (2) slow re-equilibration of cations
by intracrystalline (volume) diffusion (e.g. Anderson and Buckley, 1973; Carlson, 2012;
Chakraborty and Ganguly, 1992); (3) limitations of intergranular diffusion of cations
at the mineral-matrix interface (e.g. Carlson, 1989); (4) interaction with a metasomatic
fluid (e.g. Chamberlain and Conrad, 1993; Erambert and Austrheim, 1993; Hickmott
etal., 1987; Jamtveit et al., 1993; Young and Rumble, 1993); (5) the breakdown
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or growth oftrace element-rich mineral (Chernoff and Carlson, 1999; Hickmott
and Spear, 1992). In addition to the classic bell-shaped zoning patterns, which are
considered to occur as a result of a fractionation-depletion mechanism during garnet
growth (e.g. Hollister, 1966; Tracy, 1982; Tracy et al., 1976), the annular peak of Y
and HREE near the rim of garnet crystals can be explained in various ways (Fig. 9).
Pyle and Spear (1999) investigated metapelitic rocks in garnet, staurolite, sillimanite
and migmatite zones, where they observed high-Y annuli near garnet rims. Those
researchers interpreted this high-Y peak as the result of partial garnet consumption
in the staurolite zone (Fig. 9a), where Y released into the matrix was incorporated back
into garnet during its second stage of growth. Similarly, an annular peak in Y was
reported by Yang and Pattison (2006) from pelitic rocks metamorphosed in the garnet
to sillimanite zone. The rocks are rich in monazite, and Yang and Pattison (2006)
found an yttrium peak in garnet below the staurolite zone (Fig. 9b). Based on monazite
geochronology those workers concluded that the annular maximum was the result
of decomposition of accessory phases rich in Y and REE. Konrad-Schmolke et al.
(2008b) explained an annular peak of REE, observed in garnet from UHP eclogite,
by changes in mineral assemblage and fractionation of REE during garnet formation
(Fig. 9c). Using pseudosection modelling those workers calculated the modal
proportion of minerals along the high-pressure P-T trajectory and interpreted
the annular peak, similar to that in calcareous pelites (Hickmott and Spear, 1992),
to reflect discontinuous breakdown of zoisite. Therefore, mineral reactions, including
resorption of previously crystallized garnet, can liberate REE or change their bulk
partition coefficients, and are important for understanding trace element distribution
in garnet (e.g. Hickmott et al., 1987; Spear and Kohn, 1996).

A different mechanism for the Y+REE annuli formation in garnets from UHP
eclogites was proposed by Skora et al. (2006). According to those researchers, the peak
is due to uptake of REE limited by rates of intergranular diffusion during garnet
growth (Fig. 9d and e). This occurs when faster diffusion relaxes the concentration
gradient in the intergranular medium of the matrix, which allows the garnet
to incorporate greater concentrations of the REE when higher temperatures are
reached. This model was later adapted by Moore et al. (2013), who studied REE

distributions in garnet with annular peaks from quartz pelitic schists and gneisses
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(Fig. 9f and g). However, a study by Otamendi et al. (2002) indicated that garnet
with strong peaks of Y and HREE in the core without any annuli near the rims can be
present in granulite facies rocks (Fig. 9h and i). As shown by Cheng et al. (2007)
and Faryad et al. (2010a), annular peak of REE as well as of manganese contents can
occur during atoll garnet formation. The early formed small garnet grains or the cores
of large crystals can be dissolved owing to their instability at higher P-T conditions.
The elements released from the core are transported to the matrix by fluid infiltration
through fractures and stabilize new garnet, which continuously overgrows the older
crystal. In addition, a patchy and unsystematic distribution of REE, with irregular
fluctuations at scales of a few tens of micrometers, can occur in garnet as a result
of former accessory phases or pre-existing heterogeneities in the matrix during crystal
growth (e.g. Hirsch et al., 2003; Yang and Rivers, 2002).

In all of the above mentioned models, a single metamorphic event is considered
for garnet formation. In a polymetamorphic terrane, garnet can be partially replaced
during exhumation or cooling and the elements released into the matrix will raise
the activity of Y and REE in the environment. This is the case for the Moldanubian
Zone granulites, for which two separate metamorphic events are assumed (Faryad
et al., 2015; Faryad and Fisera, 2015). The first of these events is the HP-UHP event
and the second is the granulite facies overprint following exhumation to lower
or middle crustal levels during the Variscan Orogeny. Pseudosection calculations
for felsic rocks in the Kutna Hora Complex (Fig. 7) indicate that most of the reactions
between minerals occurred below 1.5 GPa and 500 °C, where up to 7 vol. % of garnet
was formed. Important information deduced from the pseudosection is that only
2 vol. % of garnet formed at UHP conditions and that no garnet was produced during
decompression or cooling. The growth of new garnet during the second event will
occur in an environment with higher Y+REE concentrations, resulting in the formation
of an annulus. When comparing the distribution of Y+HREE in the felsic granulite
from the Kutna Hora Complex (Fig. 9j and k) with those in the literature (Fig. 9),
the garnet from the felsic granulite shows higher values of Y+HREE in the annular
maximum than in the core. This suggests high concentrations of Y+REE in the matrix
that, owing to changing P-T conditions, were incorporated in the new garnet.

However, this does not rule out the effect of other factors, as described above, that
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could control the overall distribution of Y+REE in garnet. This includes small-scale

irregularities or fluctuations in Y+REE concentrations that could relate to

the breakdown of former accessory phases or pre-existing heterogeneities in the matrix

during crystal growth (Hirsch et al., 2003; Yang and Pattison, 2006; Yang and Rivers,

2002). The best example is patchy and irregular phosphorus zoning in Fig. 5d.

The different concentrations of trace elements on the opposite sides of the garnet also

signify grain-scale disequilibrium partitioning or uptake of trace elements limited

by rates of intergranular diffusion (Skora et al., 2006). It should be noted that apart

from apatite, no Y- and REE-bearing accessory phase was observed in garnet.
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Fig. 9. Summary of distribution of Y+REE and annular peaks in garnet from various

metamorphic terranes as discussed in text. (a) staurolite-grade metapelite (British

Columbia), (b) staurolite schist (South Dakota), (c) eclogite (Gneiss Complex, Norway),

(d, e) eclogite (Zermatt-Saas Zone), (f, g) metapelite (Picuris Mountains), (h, i) migmatite

and granulite (Sierra de Pampeanas, Argentina), (j, k) felsic granulite (the Kutna Hora

Complex, Bohemian Massif). Data sources are as indicated.
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The granulite facies overprint has been assumed to occur by nearly isobaric heating
as the result of asthenospheric upwelling and intrusion of ultramafic magma
in the Moldanubian crust (Faryad et al., 2015). According to the pseudosection
modelling, proportionally 5 vol. % garnet was formed during granulite facies
metamorphism, whereas the other 9 vol. % is related to the UHP event. Because
of diffusion during the granulite facies event the exact boundary of these two garnets
cannot be estimated owing to possible partial resorption of UHP garnet and diffusion
modification. Quantitative determinations of rates of diffusion of Y and REE
from partially resorbed garnet crystals by Carlson (2012) showed significant change
at the outermost rims of garnets. Whereas Nd, Sm, and Eu are strongly depleted
in the rims of relict garnet crystals owing to preferential partitioning out of garnet
during resorption, Y and some other REE (Er, Tm, Yb, Lu, Tb, Dy, Ho) are strongly
concentrated in the relict garnet rims by resorption. Therefore, partial increase of Y
and HREE at the rim of UHP garnet could occur by its resorption during exhumation.
Figure 10 shows the distribution of REE [normalized to chondrite after Anders
and Grevasse (1989)] in bulk-rocks and in garnet from the studied samples. Sample
F103-10 has markedly lower REE contents that are probably due to the presence of thin
layers of quartz and K-feldspar. The REE content of sample RJ30-13, which has
a mineral assemblage similar to that of sample F103-10, is also plotted for comparison.
There is generally a decrease, mainly of HREE, from core to rim. All three analysed
garnet grains show negative europium anomalies that reflect the overall bulk-rock
composition. However, a slight change in Eu anomaly is visible between the core
and rim of garnet in sample RJ34-13 (Fig. 10a and b). Considering formation
of the garnet rim during the granulite facies stage, this change in the Eu anomaly could
be due to simultaneous crystallization of garnet and plagioclase or ternary feldspar.
The pseudosection in Fig. 8a indicates the presence of plagioclase with garnet
at temperatures below 650 °C, but above this temperature limit two feldspars are
stable owing to the inclusion of the melt model in the calculation. The two feldspars

are represented here by ternary feldspar.
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2.8.2. Phosphorus zoning in garnet

Apatite is a common phosphate phase in eclogite facies rocks, although moderate
amounts of P can enter garnet as pressure and temperature increases (Konzett
and Frost, 2009). Because phosphorus diffusion in garnet is slow, phosphorus
distribution in garnet can help to decipher its growth history; for example, through
preserved growth zones as described by Vielzeuf et al. (2005). By investigating high-
grade metapelites containing a sub-solidus assemblage with garnet, Spear and Kohn
(1996) showed that phosphorus may increase at the rim of garnet grains, reflecting
increased participation of apatite as melting progressed. According to Kawakami
and Hokada (2010), the P enrichment in garnet rims from high-grade gneiss
in the Litzow-Holm Complex (East Antarctica) was the result of resorption-
reprecipitation of garnet during melt formation. One of the most interesting features
of the garnet in sample R]34-13 is the P zoning, particularly at its rims. Detailed
compositional maps indicate weak P zoning in the central part and three domains
with elevated P concentrations. As mentioned above, apatite is rarely present
as an inclusion in garnet, but occurs in the matrix, mainly in direct contact with garnet
rims or within intergranular spaces of garnet clusters. Therefore, the three domains
could be the result of P diffusion from apatite inclusions below the host garnet surface.
According to Brunet et al. (2006), Si-P exchange in garnet under UHP conditions
occurs by the MgPALSi substitution. The presence of monazite in the matrix (Fig. 3a)
as a P-bearing phase can also have influenced P zoning in the garnet rim. In contrast
to irregular P zoning at the rim of garnet, the zoning in the central part of the garnet
crystal follows its crystallographic planes. This may suggest that the central zoning was
a result of continuous garnet crystallization during eclogite facies metamorphism,
whereas the rim part was formed after a possible growth gap during granulite facies
metamorphism in the presence of a melt. The older eclogite facies garnet that was
partly replaced or consumed by matrix phases during exhumation was overgrown

by a new P-bearing garnet.
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2.8.3. P-T history of felsic granulite from the Kutna Hora Complex
and implications for HP-UHP and subsequent granulite facies

metamorphism in the Moldanubian Zone

The trace element distribution patterns in garnet, in combination
with thermodynamic modelling, in the felsic granulites from the Kutnd Hora Complex
support the interpretation of two separate Variscan metamorphic events
in the Moldanubian Zone (Faryad et al, 2015; Faryad and FiSera, 2015).
From the garnet composition, these two events are recorded by the high Y and HREE
contents in the core and in the mantle (annulus) part, suggesting nucleation
and growth of the first and second garnet, respectively. From the pseudosection
modelling, mainly based on grossular isopleths, we interpret that the first garnet was
formed during a prograde P-T path from pressure and temperature conditions below
0.6 GPa and 400 °C (Fig. 7b) to 3.2-4.0 GPa at about 700 °C (path 1 in Fig. 11).
As the initial profiles of major elements in garnet grains, including calcium contents,
were modified to various degrees by diffusion, the intersection of Grs and Xr. isopleth
values indicate only an approximate P-T condition for the garnet core, whereas
the real values for garnet nucleation were based on pseudosection modelling at even
lower pressures and temperatures. However, UHP conditions for these granulites were
recently confirmed by the finding of micro-diamond and coesite (Perraki and Faryad,
2014). Modal volume calculations of garnet indicate continuous growth during this
UHP event that reached 9 vol. % in the coesite and diamond stability fields (Fig. 7).

There are two alternative scenarios to explain the exhumation of felsic rocks
from mantle depths and their subsequent granulite facies metamorphism that could
produce the second garnet. 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 (paths a, b and c in Fig. 11). However, such a P-T path will,
based on the volume calculations, produce no garnet, even if the rocks are first heated
at UHP conditions and then decompressed at high temperatures to granulite facies
conditions (Fig. 8). In addition, an isothermal decompression to the granulite facies
stage would result in total homogenization of the prograde compositional zoning

in garnet (Carlson, 2006; Chakraborty and Ganguly, 1992; Vielzeuf et al., 2005),
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unless the exhumation rate from mantle depths to crustal levels was too fast.
The second model is an isothermal decompression from UHP conditions
at intermediate temperature (path 2 in Fig. 11). After the rocks were exhumed to lower
or middle crustal levels, they were subjected to heating at granulite facies conditions
(path 3 in Fig. 11). The high peak of Y and HREE concentrations can be the result
of partial decomposition of the first garnet during exhumation, during which the trace
elements released into the matrix participated in the formation of new garnet.
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). This process was followed
by the formation of huge volumes of granitoid magma and their intrusion within
the Moldanubian Plutonic Complex (Zak et al., 2014).

In addition to preservation of prograde zoned garnet, the two separate metamorphic
events recorded by the felsic granulites can also explain the wide range of age
determinations for the felsic granulites and their associated mafic and ultramafic
bodies (e.g. Schulmann et al., 2005). Most U-Pb age data on zircon from granulites
indicate an age of about 340 Ma that is generally accepted as the culmination
of granulite facies metamorphism. However, there are a number of older ages;
for example, Sm-Nd ages on garnet of 370-390 Ma from garnet peridotite
and pyroxenite (Beard et al., 1992) or of 360 Ma from felsic granulites (Prince et al.,
2000), and U-Pb zircon ages of 359-380 Ma from felsic granulites (Nahodilova et al.,
2014; Teipel et al., 2012). The older ages are interpreted to date the HP-UHP event,
whereas the granulite facies metamorphism occurred at around 340 Ma (Faryad, 2011).
The relationship of the granulite facies metamorphism to younger mafic
and ultramafic intrusions in the Moldanubian Zone is assumed based on U-Pb age
dating on zircon from a metatroctolite with granulite facies coronas around olivine

(Faryad et al., 2015).
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Fig. 11. Inferred P-T paths of the HP granulites in the Moldanubian Zone, based
on compositional zoning of garnet and calculated pressure and temperature conditions
from the Kutnd Hora granulites. (1) Prograde stage reaching UHP conditions. The ellipses
indicate P-T fields based on intersection of garnet isopleths for the core and mantle
composition of garnet in combination with the data of Perraki and Faryad (2014). It should
be noted that garnet nucleates at even lower P-T conditions (see Fig. 7). (2) Exhumation
stage to lower crustal levels. (3, 4) Heating and cooling back during the granulite facies
overprint for the Kutnd Hora felsic granulite, obtained in this study. The cooling
and exhumation P-T paths (a-c) of the Moldanubian granulites from different crustal
positions are from (a) Strazek Unit (Taj¢manova et al.,, 2006), (b) South Bohemian
granulites (Kotkova and Harley, 1999; Vrana, 1992) and (c) granulites of Lower Austria
(Carswell and O’Brien, 1993).
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2.9. Conclusions

Major and trace element compositional zoning in garnet from felsic granulites
inthe Kutnd Hora Complex (Moldanubian Zone) demonstrates that the rocks
experienced two metamorphic events. The first metamorphism occurred
in a subduction-zone setting and the second at deep crustal levels, constrained

by the following findings.

1. Major element prograde zoning is preserved in the cores of garnets.
Thermodynamic modelling indicates that both subduction that reached UHP
conditions and subsequent exhumation occurred at relatively low temperatures
(below 650-700 °C). These allowed the preservation of prograde zoning,
including bell-shaped Mn and Y+HREE profiles in garnet cores.

2. Annular peaks of Y+HREE, developed in the mantle part of garnet crystals, are
interpreted as the result of granulite facies metamorphism that mostly occurred
in deeper crustal levels. In addition to Y+REE-bearing mineral reactions
and partitioning of these elements into garnet during an increase
of temperature, the high annular peaks are interpreted to be the result of partial
resorption of HP-UHP garnet and the release of trace elements into the matrix
during exhumation, followed by their incorporation back into the new garnet

during the granulite facies event.

3. The preservation of prograde zoning in garnet, which experienced UHP
and subsequent granulite facies metamorphism, suggests that the tectonic
and metamorphic processes that occurred during continental collision were

too fast to result in total homogenization of the garnet in the felsic rocks.

4. The results of this study support a tectonic model suggesting a short-lived
granulite facies overprint that is assumed to have been caused by break-off
of the subducting slab and mantle upwelling during the Variscan Orogeny

in the Moldanubian Zone.
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FELSIC GRANULITE WITH LAYERS OF ECLOGITE FACIES ROCKS
IN THE BOHEMIAN MASSIF; DID THEY SHARE A COMMON

METAMORPHIC HISTORY?

Radim Jedlicka, Shah Wali Faryad

Institute of Petrology and Structural Geology, Charles University in Prague, Albertov 6, 12843 Prague,
Czech Republic

ABSTRACT

High pressure granulite and granulite gneiss from the Rychleby Mountains
in the East Sudetes form an approximately 7 km long and 0.8 km wide body,
which is enclosed by amphibolite facies orthogneiss with a steep foliation.
Well preserved felsic granulite is located in the central part of the body,
where several small bodies of mafic granulite are also present. In comparison
to other high pressure granulites in the Bohemian Massif, which show strong
mineral and textural re-equilibration under granulite facies conditions, the mafic
granulite samples preserve eclogite facies minerals (garnet, omphacite, kyanite,
rutile and phengite) and their field and textural relations indicate that both mafic
and felsic granulite shared common metamorphic history during prograde eclogite
facies and subsequent granulite facies events. Garnet from both granulite varieties
shows prograde compositional zoning and contains inclusions of phengite. Yttrium
and REEs in garnet show typical bell-shaped distributions with no annular peaks
near the grain rims. Investigation of major and trace elements zoning, including
REEs distribution in garnet, were combined with thermodynamic modelling
to constrain the early eclogite facies metamorphism and to estimate pressure-
temperature conditions of the subsequent granulite facies overprint. The first
(U)HP metamorphism occurred along a low geothermal gradient in a subduction-
related environment from its initial stage at 0.8 GPa / 460 °C and reached
pressures up to 2.5 GPa at 550 °C. The subsequent granulite facies overprint
(1.6-1.8 GPa / 800-880 °C) affected the rocks only partially; by replacement
of omphacite into diopside+plagioclase symplectite and by compositional
modification of garnet rims. The mineral textures and the preservation
of the eclogite facies prograde compositional zoning in garnet cores confirm
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that the granulite facies overprint was either too short or too faint to cause
recrystallisation and homogenisation of the eclogite facies mineral assemblage.
The results of this study are compared with other granulite massifs
in the Moldanubian Zone. In addition, a possible scenario for the Variscan eclogite
and subsequent granulite facies metamorphism in the Bohemian Massif

is discussed.

Keywords: Bohemian Massif, eclogite facies, granulite, granulite facies overprint,

prograde zoning garnet
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3.1. Introduction

The prograde metamorphic history of high-pressure to ultrahigh-pressure
(HP-UHP) rocks is always difficult to decipher because of strong re-equilibration
during subsequent high-temperature overprint and/or exhumation. Minerals stable
at high pressure conditions undergo breakdown reactions, recrystallisation
and/or compositional modification. This is the case of basement rocks
from the Moldanubian Zone in the Bohemian Massif, where numerous lenses
and boudins of garnet peridotite and eclogite are present within felsic granulite.
Although HP-UHP conditions have previously been estimated for those mafic
and ultramafic bodies (Carswell, 1991; Faryad, 2009; Medaris et al., 1995; Nakamura
et al., 2004), their common metamorphic history with the host felsic granulite was
subject of discussion (Faryad, 2009; Faryad et al., 2010b; Stipska and Powell, 2005).
Most of these rocks, cropping-out along the eastern border or in the southern part
of the Moldanubian Zone, are collectively called the Gfohl Unit (Fuchs and Matura,
1976; Tollmann, 1995), but similar rocks are also present along the western border
of the Moldanubian Zone (for ref. see Faryad and Zak, 2016). Two different scenarios
are proposed to explain formation of HP-UHP rocks in the Moldanubian Zone.
In addition to the formation of eclogite and garnet peridotite by westward subduction
in the Moldanubian Zone (Medaris et al., 2006; Faryad et al., 2013a, b), all these
high-grade rocks are assumed either as lower crust material exhumed with fragments
of the upper mantle by buckling during compression of the Moldanubian Zone
between the Brunovistulian and Tepld-Barrandian Blocks (Schulmann et al., 2005)
or formed by subduction of Saxothuringian Zone beneath the Tepla-Barrandian Block
(Fig. 1) and their exhumation within the Moldanubian Zone.

In most felsic granulite localities, the main components of these rocks are feldspars
and quartz with garnet, which usually shows flat compositional profiles. Minor
or accessory phases include kyanite (usually being replaced by sillimanite
or symplectitic spinel and plagioclase), rutile, biotite and in some cases also cordierite.
Recently, garnet with prograde chemical zoning pattern and containing inclusions
of coesite and microdiamond was found in felsic granulite from the Kutnd Hora

Complex (KHC) in the northern part of the Moldanubian Zone (Jedlicka et al., 2015;
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Perraki and Faryad, 2014; Fig. la). It was also established that the granulite facies
overprint of the HP-UHP crustal lithologies occurred after their exhumation to various
crustal levels (Faryad et al., 2015; Jedlicka et al., 2015). Amphibolite-granulite facies
overprint at lower pressures (~0.7 GPa) was also confirmed for eclogite occurring
within amphibolite facies gneiss and migmatite (Faryad and Fisera, 2015).

The granulite body in the Rychleby Mountains is a part of the Orlica-Snieznik dome
(Chopin et al., 2012a) in the East Sudetes (Fig. 1b). Small bodies of strongly
re-equilibrated granulite and garnet peridotite are also present within gneiss
and migmatite in the Gory Sowie Block (Grocholski, 1967; Kryza, 1981; Zelazniewicz,
1990) in the Central Sudetes (Fig. 1a). The Rychleby granulite is characterised by a low
degree of granulite facies recrystallisation and re-equilibration. In contrast to other
granulites in the Moldanubian Zone, the eclogite facies assemblages are preserved
in thin mafic layers intercalated within felsic granulite. Although phengite
and omphacite inclusions in garnet and matrix omphacite were already reported
from these mafic granulites (Kryza et al., 2003; Steltenpohl et al., 1993), the possible
prograde history of these rocks has not been discussed. This enables to estimate
the pre-granulite metamorphic conditions and the degree of recrystallisation and
re-equilibration of the rocks during the granulite facies overprint and to correlate them
with other granulite massifs within the Moldanubian Zone.

In this paper we investigated mineral compositions and textural relations in mafic
and felsic granulite from the Rychleby Mountains in order to constrain the
pre-granulite facies metamorphic evolution and to quantify the granulite facies
overprint. In addition to mineral inclusions, a study of major and trace elements
zoning in garnet combined with thermodynamic modelling is used to trace
the prograde metamorphic history during the early eclogite facies metamorphism
inthe rocks. Mineral textures and P-T conditions of the earlier eclogite
and subsequent granulite facies metamorphism are compared with similar granulites
from the Gfohl Unit and they are discussed with respect to the Variscan geodynamic

evolution of the Bohemian Massif.
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3.2. Geological background

The Orlica-Snieznik dome (OSD), also called the Orlica-Snieznik Massif
(Anczkiewicz et al., 2007), is located in the East Sudetes (eastern part of the Bohemian
Massif) near the border between Czech Republic and Poland (Fig. 1b). In the east,
the OSD is separated from the Neoproterozoic Brunovistulian microcontinent
(Schulmann and Gayer, 2000; Stipska et al., 2004) by a thin slice of the Staré Mésto
Formation (Fig. 1b) which is a remnant of a late Cambrian intracontinental rift
(Kroner et al., 2001; Lexa et al., 2005; Parry et al., 1997; Stipska et al., 200l).
In the south-west and south, the OSD is bounded by low-medium grade rocks
of the Nové Mésto and the Zabieh Formations (Mazur and Aleksandrowski, 2001;
Mazur et al., 2005; Schulmann et al., 2008). The Central, West and East Sudetes are
formed by several allochthonous metamorphic complexes of Neoproterozoic
to Cambrian-Ordovician protolith age, which are assumed to derive from different
continental blocks that were amalgamated during Variscan collision (Mazur et al.,
2006). The relationship of the OSD to the Moldanubian (Matte et al., 1990;
Mazuretal.,, 2006) or Saxothuringian Zones (Chopin et al, 2012a;
Franke and Zelazniewicz, 2000) is a subject of discussion. Chopin et al. (2012a)
consider the OSD as a part of the Moldanubian Zone that represents a continental
orogenic root zone formed during Variscan orogeny. In addition to medium
and high-grade metamorphism, Variscan tectonothermal phenomena in the OSD
include intense syn-metamorphic burial deformation accompanied by subsequent
exhumation of the high-grade rocks (Mazur et al.,, 2006). In addition to the E-W
oriented sub-horizontal shortening, which was related to collision between the West
Sudetes and Brunovistulian Block, the recent architecture of the OSD was created
by doming and detachment faulting (Jastrzebski, 2009).

The OSD is composed mostly of orthogneiss (migmatitic Gierattéw and Snieznik
augen orthogneiss) with inliers of (U)HP eclogite facies rocks (Brocker and Klemd,
1996; Stipska et al., 2004; 2012), but chlorite- to kyanite-grade mica schist, represented
by a volcano-sedimentary sequence and metapsammites of the Monotonous
Mlynowiec and Varied Stronie Formations, composed of paragneiss, metapelite

amphibolite and felsic meta-volcanics are also present (e.g. Chopin et al., 2012b;
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Don et al., 1990; Jastrzebski, 2009; Jastrzebski et al., 2010). According to detrital
zircon ages, Jastrzebski et al. (2010) and Mazur et al. (2012) assume sedimentation
of these sequences as middle Cambrian-early Ordovician in age. An age of ca 500 Ma
for the magmatic precursor of the orthogneiss was obtained using U-Pb zircon dating
(Kroner et al., 2001; Olivier et al., 1993; Turniak et al., 2000).

The felsic granulite, interlayered with mafic granulite (referred to as omphacite-
bearing granulite - Pouba et al., 1985), forms an approximately 7 km-long, narrow belt
(Fig. 1c). It is part of a gneiss antiform (the Rychleby and Ziote Mountains),
where the granulites are hosted by the Gieraltéw orthogneiss. The surrounding
orthogneiss is partially migmatised and contains small bodies of retrogressed eclogite,
amphibolite and metagranite (Grzeskowiak, 2003). The protolith ages
of those granulites are not precisely known, but most likely are older than 470 Ma
(Brocker et al., 1997; Lange et al., 2005; Stipska et al., 2004). There is a wide range
of ages (369-337 Ma) obtained mostly using U-Pb dating method on zircons
by different authors (Brocker et al., 2009; Lange et al., 2003; 2005; Szczepanski et al.,
2004; Stipska et al., 2004), which determines the time of peak pressure-temperature
(P-T) conditions for the granulite facies metamorphism. Lu-Hf dating of garnet-whole
rock from the Rychleby Mountains granulite yielded 386.6+4.9 Ma, which is
interpreted as the age of garnet growth from low-grade to UHP conditions
(Anczkiewicz et al., 2007). Similarly, a wide range of P-T conditions were obtained
for these granulites. Pouba et al. (1985) estimated temperatures of 850-1000 °C
at 1.3-2.0 GPa based on garnet-clinopyroxene Fe-Mg exchange thermometry
and assumed stability of plagioclase together with kyanite. Pressure and temperature
of 1.8 GPa and 900 °C were obtained by Stipska et al. (2004), but higher pressures
(up to 2.7 GPa) were estimated based on the discovery of quartz pseudomorphs
after coesite near Stary Gierattéw in the southern part of the granulite body
(Bakun-Czubarow, 1992). Recent P-T calculations by Budzyn et al. (2015) for both
felsic and mafic granulite in the Rychleby Mountains near Stary Gieraltéw are
2.0-2.2 GPa at 900-920 °C and 1.8-2.0 GPa at 950-970 °C, respectively. Pressure
and temperature estimate for the Gory Sowie felsic and mafic granulite are about

2.0 GPa and 900-1000 °C (O’Brien et al., 1997). Temperatures of 900 °C and pressures
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of 2.2-3.0 GPa were calculated for both the Goéry Sowie and the Rychleby Mountains
granulites with garnet, orthopyroxene and ternary feldspar by Kryza et al. (1996).
Samples collected for this study come from a 7 km-long belt of felsic and mafic
granulite in the Rychleby Mountains (Fig. 1c). The mafic granulite forms centimetre-
to decimetre- scale layers within the felsic granulite. Both granulites are enclosed
by fine grained (Gieraltow) orthogneiss, which also contains bodies of amphibolite
in the vicinity of the granulite belt. The dominant structure within the granulite belt is
a NE-SW trending vertical foliation defined by an alternation of mafic and felsic layers
varying in thickness from centimetres to several metres (Stipska et al., 2004).
The earliest relict structure is marked by mafic layers re-folded by isoclinal folds

with steep axial planes.
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Fig. 1. (a) simplified geological map of the Bohemian Massif after Chab et al. (2007),
Faryad and Kachlik (2013) and Franke (2000) with a sketch of its position within
the European Variscan Belt (AM - Armorican Massif, C - Cornwall, FMC - French Massif
Central, Vo - Vosges, Sch - Schwarzwald, BM - Bohemian Massif); (b) geological map
of the Orlica-Snieznik dome (simplified after Aleksandrowski et al., 1997; Don et al., 2003;
Zelazniewicz et al., 2006); (c) detail of the studied area in the Rychleby Mountains
(modified after Pouba et al., 1985; Stipska et al., 2004). The solid dots and labels in (c)
indicate sample localities.
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3.3. Analytical methods

Chemical analyses and X-ray maps were obtained by a JEOL JXA-8530F
field-emission gun electron microprobe (FEG-EPMA) equipped with wavelength-
and energy-dispersive spectrometers (WDS and EDS) at the Institute of Petrology
and Structural Geology, Charles University in Prague. The operating conditions
for spot analyses were 15 kV and 30 nA beam current. Standards used were quartz (Si),
corundum (Al), periclase (Mg), magnetite (Fe), rhodonite (Mn), calcite (Ca), rutile
(Ti), chromium oxide (Cr), vanadinite (V), albite (Na), apatite (P). The same method
was applied for detailed compositional profiles of major and trace elements.
For high-resolution compositional mapping of major and trace elements, analytical
conditions of 20 kV and 120 nA were used.

The bulk rock compositions used for thermodynamic modelling were estimated
by quantitative analysis of a representative area of the thin sections using a scanning
electron microscope VEGA-TESCAN at the same Institute equipped with an EDS
detector in order to mitigate possible sample to thin-section scale heterogeneities
(e.g. Pefesty et al., 2016). A total of 20 spectra were acquired in scanning mode at 15 kV
and 1.5 nA for 300 s, each spectrum covering an area of ~16 mm?. The representative
areas were defined to incorporate variations in grain size and mineral distributions
in order to involve all the phases in their appropriate abundances and to avoid late
cracks, alteration zones or veins.

Yttrium and rare earth elements (REEs) in garnet were analysed using an Element
2 high-resolution inductive coupled plasma-mass spectrometer (ICP-MS) coupled
witha 2I3-nm Nd YAG UP-213 laser ablation system at the Institute of Geology
of the Czech Academy of Sciences, Prague. The laser was fired at a repetition rate
of 10 Hz with beam spot size of 55 pm in diameter and energy density of 11-12 J/cm?.
The data were calibrated against NIST 612 glass using the recommended values
from Jochum et al. (2011), and the internal standardisation with Ca was used.
Each individual EPMA data were wused for laser ablation ICP-MS internal
standardisation with Ca to avoid chemical zonality of garnet. The precision of the laser
ablation analyses ranges between 2 and 6% (as relative standard deviation - RSD)

for most of the detected elements. The accuracy was monitored by analysing basalt
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glass BCR2-G and was compared with the values published by Jochum et al. (2005)
and ranged between 5 and 10% for most of the elements.

Abbreviations of minerals in the text, figures and figure captions are those
from Whitney and Evans (2010), except garnet, which is abbreviated as gt. Garnet
end-members are Alm = Fe?* / (Fe?* + Mg + Ca + Mn), Grs = Ca / (Fe?* + Mg + Ca +
Mn), Prp = Mg / (Fe** + Mg + Ca + Mn), Sps = Mn / (Fe?* + Mg + Ca + Mn). Other
ratios are Xre = Fe?* / (Fe?* + Mg); Xmg= Mg / (Fe** + Mg).

3.4. Petrography of the studied rocks and mineral inclusions

in garnets

In total 99 samples of felsic and mafic granulite were collected from three localities
(Ra¢i Udoli, Cerveny Dl and Nové Vilémovice) on the Czech side and one locality
(Stary Gieraltéw) on the Polish side of the Rychleby Mountains in the OSD (Fig. lc).
Relatively fresh samples of both granulite varieties were selected for detailed study.
A total of six samples, three of felsic granulite (F21-8, F26-9, F66-16) and three of mafic
granulite (F3-8, F49-9, F64-16) were used for high-sensitive microprobe measurement

and thermodynamic modelling.

nulite (F21-8) 4 |(b) Felsic granulite (F26-9) BE&2 | (c) Mafic granulite (F64-16)
o, & L TR e o % >y \

Pl =
E ) » & 3

ay,

Fig. 2. Microphotographs of the studied rocks in plane polarized light. (a) fine-grained felsic
granulite F21-8; (b) felsic granulite (F26-9) near the contact with mafic granulite; (c¢) mafic
granulite (F64-16) with omphacite.
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3.4.1. Felsic granulite

The felsic granulite is a fine- to medium-grained massive rock with porphyroblasts
of garnet and kyanite in a plagioclase + K-feldspar + quartz matrix (Fig. 2a). Rutile,
apatite and zircon can be present as accessory phases. In some samples, biotite
or chlorite replace garnet or occur in the matrix. Modal contents of the main phases
are: garnet—10-15%; feldspars—35%; quartz—~40%; kyanite~5%. Near to the contact
with mafic granulite, garnet size increases and the rock becomes coarse-grained
(Fig. 2b). Garnet and some feldspar grains may reach sizes up to 1 mm in diameter
(Fig. 3a, b). Perthitic feldspar is present in the matrix (Fig. 3b) and as inclusions
in garnet. Kyanite is present both in the matrix (Fig. 2a, b) and as inclusions in garnet
porphyroblasts (Fig. 4c). Large kyanite grains in the matrix sometimes have plagioclase
coronas (Fig. 3c). Phengite is present only as inclusions in garnet. Representative
analyses of garnet are listed in Table 1.

Garnet grains often contain inclusions of quartz, plagioclase, apatite, rutile,
phengite, kyanite (Fig. 4a, b, ¢) and polyphase inclusions of plagioclase+quartz,
plagioclase+K-feldspar+quartz. Phengite is always present in the core of garnet and its
silica content ranges between 3.22-3.25 a.p.fu. and titanium content between
0.103-0.209 a.p.f.u. (Table 2). Phengite at contact with garnet is usually replaced
by biotite (Fig. 4a). Only one polyphase inclusion of zoisite (Al = 2.65 a.p.fu,;
Fe = 0.37 a.p.f.u.) with an epidote rim (Al = 2.19 a.p.f.u.; Fe = 0.65 a.p.f.u.) together
with quartz and chlorite was found in the garnet core (Fig. 4b). It is not clear, whether
the rhomboid-shaped zoisite is a pseudomorph after lawsonite or the replacement

product of other phase(s) originally enclosed in garnet.

3.4.2. Mafic granulite

Fine- to medium-grained mafic granulite is composed of garnet and omphacitic
to diopsidic clinopyroxene, plagioclase, quartz, K-feldspar, kyanite and accessory
rutile, apatite and zircon (Fig. 2¢, 3d). Modal contents of major phases are:

garnet—25%; clinopyroxene-—25%; feldspars—20%; quartz—20%. Garnet
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porphyroblasts (around 0.8 mm in size) contain inclusions of phengite, kyanite,
omphacite (Fig. 4d, e, f), quartz and rutile. Omphacite is partially transformed
to diopside along grain boundaries or to symplectite with plagioclase (Fig. 3e, f). Rare
biotite, amphibole and chlorite present in the matrix and in contact with garnet rims
are related to late-stage retrogression of the rock. Representative analyses of garnet are
listed in Table 1.

Phengite enclosed in garnet may have a tabular shape and is partly replaced
by a mixture of plagioclase and biotite (Fig. 4d). Compared to phengite in felsic
granulite, it has a slightly lower silica (3.20 a.p.f.u), but similar titanium content
(0.138 a.p.f.u. - Table 2). Omphacite is present both in the matrix and as inclusions
in garnet. Its jadeite content varies between 27-37.5 mol. %. Omphacite
with the highest jadeite content (37.5 mol. %) is present near the core of a garnet
(Fig. 4e) and that occurring near the rim (Fig. 4f) has lower jadeite contents

(30 to 27 mol. %). Jadeite content in the matrix omphacite is 29 mol. %.

Felsic granulites —
*

Fig. 3. Back-scattered images of felsic (a, b, ¢) and mafic granulites (d, e, f), respectively.
(a) garnet porphyroblasts in quartzo-feldspathic matrix - sample F66-16; (b) perthitic
feldspar in the vicinity of garnet - sample F21-8; (c) kyanite grains with plagioclase rims -
sample F21-8; (d) garnet porphyroblasts and omphacite grains in quartzo-feldspathic matrix
of mafic granulite - sample F3-8; (e) omphacite core surrounded by diopsidic pyroxene -
sample F3-8; (f) symplectite of diopsidic pyroxene and plagioclase - sample F3-8.
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Fig. 4. Back-scattered images of garnets with inclusions of other phases from felsic granulite
F26-9 (a, b, ¢) and mafic granulite F49-9 (d, e, f). (a) phengite inclusion in garnet and its close-
up; (b) polyphase inclusion (zoisite+epidote+quartz) in garnet and its detail; note epidote rim
(bright) along rhomboid-shaped grain of zoisite (after lawsonite?) (c) kyanite enclosed
in garnet; (d) phengite inclusion in garnet and its close-up. Note that phengite in contact
with garnet is replaced by a symplectite of biotite and plagioclase; (e) omphacite inclusion
in garnet and its detail; (f) kyanite and omphacite inclusions in garnet.
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Table 1: Representative chemical analyses of garnets from Rychleby Mountains

granulites.
Sample F26-9 F26-9 F49-9 F49-9 F49-9 F3-8 F3-8
variety felsic felsic mafic mafic mafic mafic mafic
position core rim core near inc rim core rim
oxides (wt. %)
SiOs 39.116 39.762 38.501 38459  38.504 39.005 39.386
TiO; 0.117 0.045 0.116 0.11 0.094 0.086 0.142
ALOs 21.658 22182 21.554 21.554 21.636 22.004 22.164
FeO 22.255 21.172 21.724 22277 21.941 20.194 21.986
MnO 0.598 0.388 0.435 0.413 0.416 0.397 0.507
MgO 491 8.617 4.419 4.424 5.852 5.124 6.489
CaO 11.809 8.233 12.438 11.912 10.283 13.384 9.751
Na;O 0.04 0.009 0.023 0.047 0.036 0.014 0.054
Total 100.603  100.436 99.21 99.196 98.762 100.208  100.479
atoms (per 12 ox.)
Si 3.012 3.010 3.005 3.005 3.002 2.994 3.011
Ti 0.007 0.003 0.007 0.006 0.006 0.005 0.008
Al 1.966 1.979 1.983 1.985 1.989 1.991 1.997
Fe? 1.433 1.340 1.418 1.456 1.43 1.282 1.405
Mn 0.039 0.025 0.029 0.027 0.027 0.026 0.033
Mg 0.563 0.972 0.514 0.515 0.680 0.586 0.739
Ca 0.974 0.668 1.040 0.997 0.859 1101 0.799
Na 0.006 0.001 0.003 0.007 0.005 0.002 0.008
Prp 0.184 0.319 0.171 0.172 0.227 0.193 0.242
Alm 0.466 0.439 0.473 0.486 0.477 0.423 0.459
Grs 0.317 0.219 0.347 0.333 0.287 0.363 0.261
Sps 0.013 0.008 0.010 0.009 0.009 0.009 0.01
Xre 0.718 0.580 0.734 0.739 0.678 0.686 0.655
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Table 2: Representative analyses of mineral inclusions from felsic and mafic granulites,
as illustrated in Fig. 4

Sample F26-9 F26-9 F49-9 F26-9 F26-9 F49-9  F49-9 F49-9
variety  felsic  felsic mafic felsic  felsic mafic mafic mafic
Mineral ph ph ph ep ep omp omp omp
oxides (wt. %)

SiO2 48.012 47.605 46.802 38.098 39.352 52.058 52.264 52.243
TiOz 2.034 4.103 2.676 1.762 0.014 0.659 0475 0.446
ALOs 29476 28.46 28.406 2311 29.222 11354 8.997 8.084
FeO 2.252 1.674 2.878 9.723  5.696 8.02 7.432  7.682
MnO 0.043 0.009 0.026 0.009 0.007 0.055 0.037 0.019
MgO 2.112 2.192 2.075 0.264 0.092 7.269  9.025 9,522
CaO - 0.002 228 23.701 14.428 1634 17.137
Na,O 0316  0.603 0.318 - 0.009 524 4194 3.748
K20 10.64 10.201 10.8 - - - - -
P>2Os - - - 0.068 0.022 - - -

F - - 0.28 - - - - -
Cl 0.021 0.005 0.014 - - - - -
Total 94.906 94.852 94.277 95.863 98.115 99.083 98.764 98.881
atoms (per ox.)

Si 3246  3.232 3.205 3.059 3.024 1906 1925 1.926
Ti 0.103  0.209 0.138 0.106  0.001 0.018 0.03 0.012
Al 2349 2278 2.293 2187 2.646 049 0391 0351
Fe? 0.127  0.095 0.158 0.653  0.366 0.209 0195 0.193
Mn 0.002 0.001 0.002 0.001 - 0.002 0.001 0.001
Mg 0213 0.222 0.212 0.032 0.01 0397 0495 0.523
Ca - - - 1.961 1.951 0566 0.645 0.677
Na 0.041 0.079 0.042 - 0.001 0372 0.299 0.268
K 0918 0.884 0.943 - - - - -
Xmg 0.626 0.700 0.573 Xmg 0655 0717 0.730

Jd 0375 0301 0.273
En 0198 0.248 0.262
Fs 0.104 0.097 0.096
Wol 0.245 0.291 0.308
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3.5. Compositional zoning in garnet

Garnet porphyroblasts from both felsic and mafic granulites reveal a well-preserved
core to rim zonation of major and trace elements. Selected compositional maps
and profiles of major elements and some trace elements (Y, Na, Ti, P) from both mafic
and felsic granulites obtained by detailed X-ray maps are illustrated in Figs. 5-7.
As garnet and omphacite in mafic granulite show only replacement textures along
their grain boundaries, investigation was directed towards whether the garnet
preserves different growth zones indicating distinct metamorphic stages or events.
In such high-grade rocks, the overgrowing garnet can be recognized by annular peaks
of REEs near the garnet rim (Jedlicka et al., 2015). Distribution of trace elements,
including REEs, treated across the garnet grain was obtained by LA-ICP-MS and it is

illustrated in Fig. 8.

Mafic granulite (F64-16) garnet

Fig. 5. Selected back-scattered images (BSE) and compositional maps of major elements
distribution in garnet porphyroblasts from felsic granulite (F26-9) and mafic granulite
(F64-16). Representative spot analyses in wt. % are marked in black circles in the images.
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3.5.1. Major element distribution

With the exception of Mg (which shows the lowest values in the core
with systematic increase towards the rim), the other three major elements (Fe, Ca, Mn)
exhibit the highest concentrations in the core, decreasing towards the rim of grains
(Fig. 5).

Garnets from felsic granulite (Fig. 6a, b) indicate clear prograde zoning with high
grossular (33 mol. %), spessartine (2 mol. %), almandine (55 mol. %) and Xr. (84)
and low pyrope (11 mol. %) contents in the core. Garnet in sample F21-8 (Fig. 6a) has
the highest concentration of grossular (35 mol. %) in the core and it decreases towards
the mantle part. At the very rim of the grain, the grossular content drops to almost
10 mol. %. Spessartine content is low throughout the grain but a visible decrease
towards the rim is recorded. It shows back-diffusion effect due to partial resorption
of garnet at the very rim. The larger garnet in sample F26-9 (Fig. 6b) has high
spessartine content in the core, however, similar to pyrope, spessartine does not show
a central peak. It is not clear, if this is due to the effect of cutting, whereby the plane
of the thin section does not cross the core of the grain or if it was modified
by diffusion. A small peak in grossular content is compensated by slightly lower
almandine content. The almandine, spessartine and Xre continuously decrease
and pyrope increases towards the rim. In contrast, the grossular content changes
stepwise in the mantle and rim parts. At the very rim, all elements are modified
by diffusion that was related to cooling and resorption of garnet as can be seen
from back-diffusion of spessartine.

Similar to felsic granulite, zoned garnets are also present in the mafic granulite
(Fig. 6¢-f). Two compositional varieties of garnet were observed in sample F64-16.
The first variety (Fig. 6¢) has complex zoning with weak bell-shaped profile in the core
(Grsai, Almgg, Prpio - point 1). The grossular content decreases stepwise from core
through mantle (41-35 mol %, points 1-2, Fig. 6c), where it becomes almost flat
(35-34 mol %, point 2-3) with steep decrease towards the rim (33-27 mol. %). Pyrope
content is low in the core (10 mol. %), increasing to about 14-25 mol. % in the mantle
part (point 2-3) and reaching up to 33 mol. % near the rim. It decreases at the very rim,

where both spessartine and Xre increase. The almandine content first slightly increases
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towards the mantle and then decreases to the rim, but at the very rim part it increases
again. Xre decreases from its high value (83) in the core, where the decreasing gradient
becomes flat in mantle part and finally descends sharply towards the rim. Similar
to almandine, Xre strongly ascends at the very rim. A slight decrease of spessartine
towards the rim is visible, but a sharp increase at the very rim of the grain and similar
increase of Xre is a result of garnet consumption and back-diffusion during cooling.
If we consider partial resorption and chemical modification of garnet, small inward
shift of compositional profile at the most rims can be estimated by qualitative
mass-balance of spessartine content (Fig. 6¢). The predicted compositional trends
of major elements (marked by dashed lines) may indicate about 38 mol. % of pyrope
and 21 mol. % of grossular content at the very rim (Fig. 6c). The second variety
(Fig. 6d) has the highest grossular/lowest pyrope content (Grsis-4s, Almae.as, Prps)
in the central part with relatively flat compositional profile in the mantle part
that shows rimward decrease of Ca and Fe and increase of Mg. Garnet from sample
F49-9 (Fig. 6e) exhibits, despite of small grain size, a bell-shaped distribution
of grossular and pyrope with flat spessartine content. Grossular has its maximum
concentration in the core with stepwise decrease through mantle towards the rim,
while pyrope has the lowest content in the central part with increase towards the rims.
This sample contains also second variety garnet with relatively flat compositional
profile in central-mantle part. This garnet (Fig. 6f) with inclusion of omphacite
(Fig. 4e) has high grossular/low pyrope content in the core (Grsss, Almag, Prpie).
Through the mantle part, grossular and pyrope are almost flat, while almandine
content shows a slight decrease. In the rim part, increase of pyrope and decrease
of grossular can be observed. On the left side of the profile is documented partial
modification of all elements (slight decrease of pyrope and grossular and increase
of almandine and Xre) at the very rim, nevertheless it is typical for all studied grains.

Spessartine shows no zoning pattern with low (<1 mol %) values.
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Felsic granulite garnets (a,b) Mafic granulite garnets (c,d,e,f)
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Fig. 6. Back-scattered images and major element profiles of selected garnets from felsic
granulites (a, b) and mafic granulites (c-f). Y-axes indicate molar % *100.
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3.5.2. Trace element zoning

Garnet from two samples of felsic and mafic granulite were analysed for Y, Na, Ti
and P concentrations (Figs. 7, 8). Compositional maps (Fig. 7) indicate a high
concentration of yttrium and sodium in the core and their decrease towards the rims
in garnets from both felsic and mafic granulites (Fig. 7a, b, e, f). However, titanium
concentration trends are not the same for felsic and mafic granulite, respectively.
In garnet from the felsic granulite, titanium has a low concentration in the core, while
that from mafic granulite has lower values at the rim (Fig. 7c, g). Phosphorus indicates
first increase followed by decrease in garnet from felsic granulite, but its content

in garnet from mafic granulite is very low and lacks any zoning (Fig. 7d, h).

Felsic granulite garnet Mafic granulite garnet
i - g g a5 i g g

(@ v ;

JAP
rim <— 1344 ym—>» rim rim <— 586 pym—» rim

Fig. 7. Compositional maps and profiles of trace elements in garnet porphyroblast from
felsic granulite - sample F26-9 (a-d) and mafic granulite - sample F64-16 (e-h). Y-axes
indicate wt. %.
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The largest garnet with strong major elements and yttrium zoning from felsic

granulite (F26-9) was selected for analysing REEs distribution by LA-ICP-MS (Fig. 8).

In addition to Y, the heavy REEs (HREEs - Er, Tm, Yb, Lu) values indicate a classical

bell-shaped zonation with strong peak in the core that is also characteristic

for the spessartine and grossular contents (Fig. 6b). While the middle REEs (MREEs -

Ho, Dy, Gd, Tb) indicate rounded crest in the core with abrupt decrease to the rim,

the light REEs (LREEs - Nd, Sm, Eu, Ce and Pr) exhibit plateau profiles in the central

part followed by a small crest in the mantle part prior to their decrease at the garnet

rims. The weak elevation of the LREEs corresponds well with the rapid decrease

of grossular content in the mantle part of garnet (Fig. 6b).
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Fig. 8. Compositional profiles of Y+REEs in garnet from felsic granulite (F26-9), measured
by LA-ICP-MS; Y-axes indicate concentrations in ppm. The major elements distribution is also

shown.
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3.6. Compositional zoning in omphacite

Although omphacite is partially replaced by symplectite of plagioclase and diopside
that penetrates the grain along thin stripes, it still shows complex compositional
zoning (Fig. 9). The concentration of Na, Mg, Al, Ca and Fe usually change
at the contact with symplectite or around inclusions. However, long-distance profile
set from the jadeite-rich core towards the rim indicates relatively flat profile
in the central domain with continuous decrease of Na, Al and increase of Ca, Mg
and Fe towards the rim. Relatively strong increase of Ca and Mg at the rim is
compensated by decrease of Al and partly by Na. The Xy ratio of zoned omphacite
grains in the matrix decreases from the core (75) to mantle part (74-71) and it is

significantly modified at the rim (75) (Fig. 9).
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Fig. 9. (a) Back-scattered image, (b-g) compositional maps and major element profile of zoned
omphacite grain from mafic granulite (F3-8). Note that the omphacite grain is partially replaced
by a symplectite of diopside and plagioclase, which forms thin veins or occurs along the grain
boundaries. Major compositional change occurs also at contact with plagioclase inside
the omphacite grain. Y-axes in (g) indicate element concentrations in wt. %.
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3.7. Tracing the metamorphic P-T path of the Rychleby Mountains

granulite

Calculation of P-T conditions in high-grade metamorphic rocks with a HP history
suffers from a number of uncertainties, that includes disequilibrium conditions
of minerals, lack of precisely determined thermodynamic data for minerals at HP
conditions, etc. If the rocks preserve prograde zoned garnet, mineral equilibria
modelling, combined with isopleths of mineral compositions, help us to trace
the reaction progress and to quantify modification of the measured compositional
profiles in minerals from that calculated based on the bulk rock composition.
However, it should be noted that Mn, Fe and Mg zoning can be easily modified
due to their faster diffusion rates comparing to Ca which has the slowest diffusion
coefficient among other major elements in garnet (Carlson, 2006; Chakraborty
and Ganguly, 1992). As the rocks reached granulite facies conditions, the P-T estimates
can be further complemented by combination with conventional thermobarometry,
which uses reactions intersection points of minerals in equilibrium. This may include
matrix minerals that have been formed or re-equilibrated during the HT stage
in granulite facies conditions. To trace the probable P-T path of the studied rocks
during their prograde stage, thermodynamic modelling was undertaken using
the Perple_X programs (Connolly, 2005). Mafic granulite with relatively well preserved
prograde zoned garnet was chosen for the pseudosection modelling. Textural
relationships in these samples also show very low degrees of garnet resorption

and omphacite replacement.

3.7.1. Eclogite facies metamorphism

To constrain the P-T path from initial stage to possible peak pressure conditions
during eclogite facies metamorphism, the pseudosection method was applied
to the samples which contain grossular-rich garnet and inclusions of phengite
and/or omphacite, respectively. In addition to changes in mineral assemblage,

we wanted to know to what extent the observed compositional profiles in zoned garnet
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are modified compared with those predicted by the pseudosection method. Based
on data from the literature regarding UHP conditions of the Rychleby Mountains
granulite (Bakun-Czubarow, 1992; Kryza et al., 1996) and the presence of omphacite
and phengite inclusions, a P-T space in the range of 0.5-3.5 GPa at 400-800 °C was
selected (Fig. 10, 11). The calculation was performed for mafic granulite samples F64-16
and F49-9 in the system SiO2-TiO,-AlbOs-FeO-MgO-CaO-MnO-Na,O-K,O-H>0
(KNMnCFMASHT) by Gibbs energy minimisation using the computer program
Perple_X, version 6.6.8 (Connolly, 2005) with the internally consistent
thermodynamic dataset for mineral end-members and aqueous fluids of Holland
and Powell (1998), upgraded in 2004. The following non-ideal solution models were
used: garnet (Holland and Powell, 1998), phengite (Coggon and Holland, 2002),
biotite (Powell and Holland, 1999), plagioclase (Newton et al., 1980), omphacite
(Holland and Powell, 1996), clinopyroxene (Holland and Powell, 1996), ortho-
and clino-amphibole (Dale et al., 2005) and chlorite (Holland et al., 1998). Because we
have no information about the water content in the protolith of the rocks (if they
derived from sediments or from igneous rocks similar to the granitic precursor
of the felsic granulite in the Moldanubian Zone), pseudosection calculations were
performed with water contents of 1, 2, 5 wt. % as well as with water in excess. Testing
of different amounts of water indicated a shift in the modal amount of garnet to lower
pressures and temperatures with decreasing water content. In the system with water
in excess, garnet starts to nucleate at approximately 400 °C / 0.8 GPa in the presence
of hydrous phases (zoisite, amphibole). With increasing pressure, the amount of water
is reduced and the modal amount of garnet increases up to the coesite stability field.
Figs. 10 and 11 show the pseudosections and compositional isopleths for samples
F64-16 and F49-9 calculated for H20 =1 wt. %. This low water content is in accordance
with the presence of anhydrous phases (except of phengite) in the eclogite facies stage.
The low P-T limit of 400 °C for the pseudosections was selected based on testing
of various water contents, where garnet starts to nucleate at ca 0.8 GPa / 400-450 °C
in  water-saturated system. Both pseudosections are generally similar
and the assemblage observed in garnet cores with omphacite, garnet, phengite,
kyanite, quartz and rutile is stable above 2.4-1.5 GPa / 400-600 °C (Figs. 10a, 11a).

Feldspars are usually present in garnet, but it is not always clear, if they are the original
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inclusions or they formed by recrystallization or replacement of former phengite.
Omphacite modal content in sample F64-16 decreases with temperature increase
and more diopsidic clinopyroxene is stabilized around 550-600 °C (Fig. 10b). The total
amount of clinopyroxene does not change markedly in the P-T space above 1.5 GPa
and 400-800 °C. The same apply for sample F49-9.

Sample F64-16 containing garnet with the highest grossular content and still
preserved the bell-shaped spessartine distribution in the core (Fig. 6d) was used
to estimate pressure and temperature conditions for the initial stage of eclogite facies
event (Fig. 10). In addition to the slowest diffusion rate of Ca among major elements
in garnet (Carlson, 2006; Chakraborty and Ganguly, 1992), the high grossular content
with the flat compositional profile (without concentration gradient) allows us
to estimate P-T conditions relevant to the initial stage of eclogite facies
metamorphism. The garnet content in this sample increases with pressure
from about 2 modal % at 0.8 GPa / 400-450 °C to 16 modal % at 3 GPa / 580 °C
(Fig. 10c) in a system with limited water content (1 wt. %). This modal amount
of garnet (16 modal %) is almost the same as that estimated from image analyses
in the investigated sample, which means that almost all garnet was formed during
the first prograde stage from low P-T to (U)HP conditions. The grossular content
decreases with pressure and temperature increase up to ca 1.2-1.5 GPa / 400-500 °C
(Fig. 10d), where around 8 modal % of garnet is formed (Fig. 10c). Considering that
the grain size reflects the volume content of garnet, based on the compositional
profiles (Fig. 6c, d), most part of garnet was formed during the initial stage
of metamorphism. Because of the flat compositional profile (lack of concentration
gradient, Fig. 6d), almandine and pyrope contents are also less modified and their
isopleths intersect with grossular isopleths (Fig. 10d-f) at around 0.8-0.9 GPa and
460 °C (Point X in Fig. 10a). This point represents P-T conditions for the initial stage
of prograde eclogite facies metamorphism. On the other hand, the garnet
with the complex zoning profile (Fig. 6¢) has lower grossular content in the core that
could be either due to the cutting effect or the garnet started to nucleate later
at relatively higher pressure and temperature than garnet in Fig. 6d. The stepwise
decrease of grossular content in the mantle part of this garnet grain (Fig. 6¢) probably

signifies the amphibole breakdown reaction boundary at 0.8-1.4 GPa (Fig. 10a). Further
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Fig. 10. (a) P-T pseudosection constrained for mafic granulite (F64-16) in the Rychleby
Mountains based on the bulk rock composition (in wt. %) of Si0,=66.48; Al,Os=14.11;
TiO2=0.68; FeO=4.65; MnO=0.09; MgO=3.14; CaO=5.35; Na,0O=3.34; K;0=2.18; H>O=1.0.
Labels for small P-T fields are omitted for clarity. Diagrams with the isopleths of modal %
of omphacite and clinopyroxene (b) and garnet (c) are shown as well as isopleths
of molar % of grossular (d), pyrope (e) and almandine (f).

-72 -



Radim Jedli¢ka, 2017

w

(GPa) o

lal omp amp gt cpx ky kfs gz ilm; /b/ omp amp gt ky ab kfs gz ilm;
Iel omp amp gt ky cz ab kfs gz ilm; /d/ omp ph amp gt ky ab kfs gz ilm;
lel pl gt bt ky ab kfs qz ilm; [/ omp ph pl gt ky kfs gz ilm

oP

w

omp ph gt cpx ky kfs coe rt

5| BB R v

Jd mol.%
—{6— Omp %

<
o

a

P (GPa),
c
0

P (GPa);

et
3y

o

500 600  7007(C)g00

Fig. 11. (a) P-T pseudosection constrained for mafic granulite (F49-9) in the Rychleby
Mountains based on the bulk rock composition (in wt. %) of Si0,=58.64; Al,03=15.59;
TiO2=1.65; FeO=8.52; Mn0O=0.15; MgO=2.97; Ca0=7.16; Nax0=4.38; K>0=0.74; H>O=1.0.
Labels for small P-T fields are omitted for clarity. Diagrams with the isopleths of modal %
of omphacite (b) and garnet (c) are shown as well as isopleths of molar % of grossular (d),
pyrope (e) and almandine (f). In addition, jadeite content in omphacite is shown in (b).
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flattening of the compositional profile towards point 3 (Fig. 6¢) was probably governed
by garnet growth along the grossular isopleths of nearly fixed composition
(33-35 mol. %; Fig. 10d) up to the quartz/coesite boundary. The rim part above point 3
with > 25 mol. % of pyrope, < 33 mol. % of grossular and < 42 mol. % of almandine
could be formed by increase of temperature (above 700 °C) but at lower pressure
to almost 1.5 GPa, while no garnet is formed during temperature increase and pressure
decrease based on isopleths modelling from UHP conditions (Fig. 10c). On the other
hand, if we compare compositional profiles in Fig. 6¢ with the calculated isopleths
in Fig. 10, we can observe that both pyrope and almandine contents were strongly
modified.

As composition of the garnet rim with omphacite in the matrix could be easily
modified during HT granulite facies event, garnet with omphacite inclusions in sample
F49-9 were used to estimate possible high-pressure and low-temperature conditions
reached during eclogite facies stage (Fig. 11). In this sample, the garnet content
increases from 10 modal % at 1.0 GPa / 400-450 °C to 30 modal % at 3.0 GPa / 500 °C.
The calculated modal content of omphacite in this sample (Fig. 11b) is almost similar
tothat in sample F64-16 (Fig. 10b) and its decrease to higher pressures
and temperatures is compensated by the increase of diopsidic clinopyroxene. The best
results were obtained for omphacite inclusion and host garnet in Fig. 4e, which has
almost flat central part with high grossular (Fig. 6f). The grossular content in the core
of garnet (34 mol. %, Fig. 6f), comparing to that calculated based on the pseudosection
(Fig. 11d) suggest that either garnet nucleated later during eclogite facies
metamorphism or crystal cut is beyond the core of garnet grain. The grossular
isopleths (34-35 mol. %) of garnet intersect the jadeite isopleth (37.5 mol. %) of hosted
omphacite inclusion at 2.4-2.5 GPa / 540-560 °C (Point Y in Fig. 11). This point
represents the peak pressure of eclogite facies metamorphism, which we are able

to calculate by direct textural observations from the natural sample.
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3.7.2. Granulite facies metamorphism

To obtain P-T conditions for the granulite facies stage, both pseudosection
modelling and conventional geothermobarometry were combined. The granulite facies
conditions were treated with zirconium in rutile thermometry (Tomkins et al., 2007)
and GASP barometry (Ganguly and Saxena, 1984; Hodges and Crowley, 1985; Hodges
and Spear, 1982; Koziol, 1989; Koziol and Newton, 1988) for plagioclase in the matrix
and garnet rims in felsic granulite with kyanite. While it is clear that biotite was
formed later in the rock, the garnet-biotite thermometry (Perchuk and Lavrent eva,
1983) was used for biotite in the matrix and garnet rim in felsic granulite. We also used
garnet-clinopyroxene thermometry (Ravna, 2000) for diopsidic clinopyroxene
in the matrix with garnet rim from mafic granulite. The results listed in Table 3 and 4
and shown in Fig. 12 indicate a temperature range of 800-870 °C for the pressure range
of 1.6-1.8 GPa.

Based on the results of GASP barometry, garnet-clinopyroxene and zirconium
in rutile thermometry, a pseudosection was calculated in the range of 0.7-2.0 GPa
at 750-950 °C with a modified effective bulk rock composition (Fig. 12). Because some
material is isolated within already crystallized garnet and/or clinopyroxene during
the HP stage and does not participate in the subsequent metamorphic reactions, it is
essential to subtract adequate amount of material from bulk rock analyses. This was
obtained based on the calculated mineral mode and contents of each element
in the microprobe analyses (Konrad-Schmolke et al., 2008a; Stiwe, 1997).
Two alternatives of the effective bulk composition (EBC) were used to constrain
the pseudosections, the first obtained by subtraction of garnet only and the second
by subtraction of both garnet and clinopyroxene.

Fig. 10 shows that about 16 mol. % of garnet was created up to UHP conditions
and very small amount of garnet could form at HT conditions (over 700 °C at 1.5 GPa),
where pyrope content increases up to 32 mol. % and grossular decreases below
20 mol. %. From this information, we subtracted 90 % of garnet according to profile
in Fig. 6c from the bulk rock composition in sample F64-16. A similar approach was
used for the additional subtraction of 95 % of clinopyroxene (according to Fig. 9) that
changes from 24 to 30 mol. % in the selected P-T range above 1.5 GPa (Fig. 10).
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Water content of 0.3 wt. % was calculated based on the modal amount of biotite
(up to 5%), that could crystallize during cooling from granulite facies conditions
in the presence of melt. The pseudosection calculated using the EBC obtained only
by subtraction of garnet shows that only a very small amount of garnet can be formed
at temperatures above 800 °C at 1.5-1.7 GPa, but it will be extremely rich in pyrope
with low grossular content (Fig. 12). This is consistent with the predicted trend
of compositional profile of garnet (Fig. 6c), if assume that the most rim part
of the profile was affected by cooling and resorption. Based on these predictions,
the calculated isopleths (Grsai, Prpss; Fig. 6¢) intersect at ca 1.6-1.8 GPa / 800-870 °C,
which is the same as obtained by conventional thermobarometry (Fig. 12). Using
an EBC with additional subtraction of clinopyroxene will result in the formation
of Mg-richer garnet, but its molar amount remains largely unchanged. The high
compositional gradient of Mg in the system can be easily modified at the rim of garnet
and will accelerate diffusion across the garnet profile, depending on the rate
of diffusion coefficients from the fastest to slowest elements: Mn, Mg, Fe, Ca
(Chakraborty and Ganguly, 1992). Calculation of a pseudosection using of EBC
obtained by subtraction of both garnet and clinopyroxene, yields very low grossular

content (about 6 mol. %) at 800 °C / 1.5 GPa.
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Fig. 12. High-temperature P-T pseudosection for mafic granulite (F64-16) in the Rychleby
Mountains constrained for an effective bulk composition (in wt. %): SiO,=71.53;
AlLOs=12.67; TiO,=0.80; FeO=1.69; MnO=0.05; Mg0O=2.59; Ca0O=4.16; Na,0=3.95;
K>0=2.18; H,0=0.3. Dashed lines show modal % of garnet, thick solid lines (A-D) point out
temperature and pressure conditions with range bars based on the results
of thermobarometry in Table 3 and 4. Labels for small P-T fields are omitted for clarity.

Diagrams show isopleths of pyrope and grossular contents.
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Table 3: Selected chemical analyses used for conventional thermobarometry and its

results.
Sample F26-9 F49-9 F49-9 F49-9  F49-9 F26-9 F26-9
used for GASP, gt-bt  gt-px gt-px gt-px gt-px  gt-bt  GASP
mineral gtl gt2 gt3 pxl px2 bt pl
SiOa (wt. %) 39.21 38.50 38.84 53.18 50.70 37.16 62.60
TiO; 0.11 0.09 0.08 0.43 0.44 416 -
ALOs 2215 21.6 21.79 8.56 6.80 1513 2181
FeO 21.36 219 22.2 8.12 916 14.77 0.07
MnO 0.41 0.41 0.47 - - 0.05 -
MgO 8.71 5.85 6.12 9.05 1030 12.55 -
CaO 7.64 10.28 9.92 17.09 2132 0.01 4.73
NaxO - 0.03 0.04 4.18 1.71 0.08 8.17
K>O - - - 9.97 0.4
Total 99.62 98.73 99.46  100.65 100.47 94.23 97.76
Si (per ox.) 2.996 3.005 3.007 1928 1874 2912 2.852
Ti 0.006 0.006 0.005 0.012 0.012 0.245 -
Al 1.993 1.990 1.989 0366 0.297 1397 1171
Fe 1.358 1.432 1.439 0.198 0.229 0.968 0.003
Mn 0.026 0.027 0.031 0.489 0.568 0.003 -
Mg 0.990 0.681 0.706 0.664 0.844 1465 -
Ca 0.625 0.86 0.823 0.294 0122 - 0.231
Na - - - 0.012 0.722
K - - - - - 0.997 0.022
GASP barometry - reaction (A) in Fig. 11
Temperature HS82 GS84 HC85 K89 KN88
850 °C 1.59GPa 177GPa  1.72GPa 177 GPa 1.88 GPa

garnet-pyroxene thermometry (R2000) - reaction (B) in Fig. 11

Pressure gt2-pxl  gt2-px2 gt3-pxl  gt3-px2
175 GPa 825 °C 824 °C 827°C  825°C

garnet-biotite thermometry (PL83) - reaction (C) in Fig. 11
Pressure PL83
1.75 GPa 864 °C

GS84=Ganguly and Saxena, 1984; HC85=Hodges and Crowley, 1985; HS82=Hodges and Spear,
1982; K89=Koziol, 1989; KN88=Koziol and Newton, 1989; PL83=Perchuk and Lavrent’eva,
1983; R2000=Ravna, 2000

-78 -



Radim Jedli¢ka, 2017

Table 4: Chemical analyses of rutile grains used for Zr-in-rutile thermometry and its

results.
rtl rt2 rt3 rt4 rt5 rt6 rt7 rt8 rt9 rtl0  rtll  detect. limit (ppm)

TiO2 (wt. %) | 98.72 98.44 9896 99.04 97.48 9891 98.77 98.91 99.28 99.17 98.66 73
Zr (ppm) 2100 2160 2100 2130 2040 2320 2050 2680 2130 2240 2090 37
Fe (ppm) 2380 3150 2000 1700 6790 2080 2700 2300 1880 2180 2690 38
Si (ppm) 390 260 220 200 360 160 220 210 170 240 220 72
P (GPa) T (°C) at different pressures calculated for each grain (line D in Fig. 12) average T

1.0 838 841 88 840 85 80 85 867 840 846 838 843

1.5 864 867 864 866 861 876 861 894 866 872 863 869

2.0 890 893 890 892 886 902 887 920 892 898 889 895
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3.8. Discussion

3.8.1. Pre-granulite facies history and preservation of prograde zoning

in garnet in the Rychleby Mountains granulite

Similar to other granulite bodies in the Moldanubian Zone, only cooling
and decompression P-T paths from UHP-UHT conditions were proposed for granulite
in the Rychleby Mountains (Bakun-Czubarow, 1992; Budzyn et al., 2015; Kryza et al.,
1996; Pouba et al., 1985; Stipska et al., 2004). In addition to mineral inclusions,
the prograde metamorphic history in both felsic and mafic varieties of granulite is
confirmed by the distribution of major and trace elements in garnet. The classic
bell-shaped pattern of major and some trace elements is considered to occur
due to strong affinity of these elements into garnet and also as the result
of fractionation-depletion mechanism during garnet growth (e.g. Hollister, 1966;
Otamendi et al., 2002; Tracy, 1982; Tracy et al., 1976). In contrast to garnet
from granulite in the Kutnd Hora Complex (Jedlicka et al., 2015), we did not observe
annular peaks of Y+HREEs near the rim of garnet crystals in the study samples
(Fig. 13). The annular peak in garnet from the Kutna Hora granulite is interpreted
asthe result of two stages of garnet growth that occurred during HP-UHP
metamorphism and subsequent granulite facies overprint. The first garnet, formed
during the HP-UHP event, was partially consumed during exhumation of the rocks,
where Y+HREEs released from the resorbed garnet into the matrix were incorporated
back into garnet during the second stage in granulite facies conditions in lower
to middle crustal positions. The lack of annular peaks in garnet from the Rychleby
granulite suggests its formation by a single HP-UHP event, where almost all garnet
(cal6 modal %, Fig. 10 and also observed in thin-section) was created. If a small
amount of garnet was formed during the granulite facies stage, it could continuously
overgrow the HP garnet without resorption of the core garnet or enrichment
of the system by REEs from an external source by fluid or melt. In comparison

with the Rychleby Mountains, the granulite in the Kutna Hora shows higher
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temperature during granulite facies overprint with formation of leucocratic layers
as result of partial melting (Nahodilova et al., 2011) and overgrowth of granulite facies
garnet with annular peaks of Y+REEs (Jedlicka et al., 2015). Higher temperature
and degree of granulite facies overprint was responsible for local garnet resorption-

regrowth in the Kutnd Hora Complex.
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Fig. 13. Comparison of Y+HREEs distribution in garnet from the Rychleby Mountains felsic
granulite (this study) and in garnet with two annular peaks from Kutna Hora Complex felsic
granulite in the Moldanubian Zone (Jedlicka et al., 2015).

The preservation of prograde zoning in garnet is an important attribute
for constraining P-T history and geodynamic reconstruction of the subduction
and/or collision zone. In contrast to the slow diffusion rates of Y and REEs in garnet
(Carlson, 2012; Carlson et al., 2014), the major elements (mainly Mn) can be easily
homogenized, if the rocks experienced high temperature overprint (Carlson, 2006;
Chakraborty and Ganguly, 1992; Vielzeuf et al., 2007). Considering that the Rychleby
granulite reached pressure conditions in the stability field of coesite (Bakun-Czubarow,
1992; Kryza et al., 1996), two alternative scenarios exist to explain the exhumation
of felsic rocks from the mantle depth and their subsequent granulite facies
metamorphism. 1) peak temperatures were already reached during peak pressure
conditions and then the rocks were exhumed by isothermal decompression (path 1
in Fig. 14) to depths comparable to ca 1.5-1.8 GPa (Bakun-Czubarow, 1992; Budzyn
et al., 2015; Kryza et al., 1996; Stipska et al., 2004). Such a P-T path would however
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result in total homogenisation of prograde compositional zoning in garnet (Carlson,
2006; Chakraborty and Ganguly, 1992; Vielzeuf et al., 2007); 2) heating to granulite
facies conditions after partial decompression (path 2 in Fig. 14). A similar P-T path was
constrained for felsic granulite in the Kutnd Hora Complex (Jedlicka et al., 2015).
The short-term heating during decompression was the reason for the preservation
of the bell-shaped zonation even for Mn which has the fastest diffusion coefficient
among other elements in garnet. There is a general agreement that further exhumation
from the granulite facies stage occurred by cooling of the rocks back to amphibolite
facies conditions of 600-650 °C / 0.4-1.1 GPa (Klemd et al., 1995) which were similar

to that in the surrounding orthogneiss.
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Fig. 14. Inferred P-T path (2) for mafic and felsic granulites from the Rychleby Mountains.
The dashed curve (1) to high-temperature conditions is an alternative P-T path based on the
data from literature (see text for discussion). P-T path of granulites from the Kutna Hora
Complex (Jedlicka et al., 2015) is indicated for comparison.
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3.8.2. Geodynamic implication

Recent studies of felsic granulite in the Gf6hl Unit of the Moldanubian Zone (Faryad
et al., 2010b; 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 granulite-amphibolite facies metamorphism in lower
and middle crustal positions at 0.7-1.5 GPa. Except for granulite of the Kutna Hora
Complex, where prograde zoned garnet with phengite inclusions was observed, most
granulites are strongly re-equilibrated and their earlier HP history is difficult
to establish (for ref. see Faryad and Zak, 2016). In most cases, the eclogite bodies
within granulite were interpreted as result of tectonic imbrication of rocks,
which differs in their metamorphic history (Nakamura et al., 2004; Medaris et al.,
2006). The close spatial and textural relations between mafic and felsic granulites
in the Rychleby Mountains indicate that they both underwent prograde eclogite facies
metamorphism and were subsequently overprinted by the granulite facies
metamorphism. The presence of omphacite in the matrix and strong compositional
zoning in garnet, even in small grains in granulite, suggest that the granulite facies
recrystallisation and mineral modification was relatively weak. On the other hand,
the presence of ternary feldspars in some parts of the granulite body, e.g. near Stary
Gierattow (Kryza et al., 1996, Fig. 1b) suggests that the whole body was not heated
or recrystallised uniformly. Variation in the intensity of recrystallisation
and re-equilibration was also recognized in the Kutnd Hora granulite body (3x9 km
insize). The prograde zoned garnet with phengite inclusions was observed
in the central domains of the body, where partially serpentinised boudins of garnet
peridotite with garnet pyroxenite are also present.

The two stage metamorphic history of the Rychleby granulite, the first at HP-UHP
and the second in MP granulite facies conditions suggests their common geodynamic
evolution with granulites in the Moldanubian Zone for which a similar P-T path was
constrained (Jedlicka et al., 2015; Faryad and Zak, 2016). In the Moldanubian Zone,
granulite facies metamorphism is assumed to have occurred after exhumation

of the HP-UHP rocks by a syn-convergent mechanism (Chemenda et al., 1995) into
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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. Based on geochronological data, the emplacement of mafic-
ultramafic magma (norite, troctolite, gabbro) occurred in various crustal levels
between 360-340 Ma (Faryad et al., 2015; 2016). 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 (Faryad and FiSera, 2015; Jedlicka et al., 2015), the high-grade rocks
were transported to the upper crustal levels due to the subduction 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).

Relation of the Rychleby Mountains and the Gory Sowie Block to other geological
units in the Bohemian Massif is interpreted in different ways. Aleksandrowski
and Mazur (2002) in their tectono-stratigraphical model interpreted the OSD as a part
of the Moldanubian terrane. The Gory Sowie Block is considered as a separate block,
which collided with the OSD at around 370 Ma and later merged with the West
Sudetes (the Saxothuringian Zone) to the west and Brunovistulian Block to the east
(Mazur et al., 2006). According to Kroner and Hegner (1998) the Gory Sowie Block is
a klippe of the Moldanubian Zone. A model of buckling of thickened crustal layers
due to lateral shortening, similar to that assumed for granulites in the Moldanubian
Zone (Schulmann et al., 2005) is considered also for the Rychleby granulite by Stipska
et al. (2004). As regional correlation of geological units needs a multidisciplinary
approach with various information about stratigraphy, magmatism, geophysics, etc.,
this is outside the scope of this contribution. However, the P-T history of the granulite
from the Rychleby Mountains with their subduction-related metamorphism
and subsequent granulite facies overprint is similar to that in the Moldanubian Zone.
They could be formed and exhumed along the Moldanubian suture, which is assumed
to continue across all basement massifs along the European Variscan Belt from
the Bohemian Massif to the Iberian Massif in the southwest (Faryad et al., 2015;
Franke, 2000). The East Sudetes with HP granulite in the Rychleby Mountains

and Gory Sowie might indicate a triple point of three suture zones, the Moldanubian,
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Saxothuringian and the Rheic sutures. Although the timing of subduction of crustal
rocks could vary along the Variscan Belt, the UHP rocks with granulite facies overprint
indicate close similarity with those in the Moldanubian Zone. The difference in age
data mainly of zircon from felsic granulite in the eastern part of the Moldanubian Zone
(about 340 Ma), in the Kutnd Hora Complex (up to 365 Ma) and up to 369 Ma
in the Rychleby Mountains could be due to different degree of recrystallisation of HP

rocks during granulite facies overprint.

3.9. Conclusions

Mineral and textural relations in felsic and mafic granulites from the Rychleby
Mountains in the East Sudetes indicate that they both shared a common metamorphic
history from their HP conditions and preserve evidence of the earlier HP

metamorphism despite subsequent granulite facies overprint. This is documented by:

1. Preservation of omphacite in the matrix of mafic granulite, which forms thin,
centimetre- to decimetre- scale, layers within felsic granulite. Garnet from both
felsic and mafic varieties contains inclusions of phengite and show prograde

zoning related to the eclogite facies event.

2. Thermodynamic modelling of the compositional zoning in garnet suggests
a steep geothermal gradient in a subduction environment from its initial stage
(0.8-0.9 GPa / 460 °C) up to HP-UHP conditions (2.4-2.5 GPa / 550 °C). Trace
elements zoning in garnet, including REEs, does not show annular peaks, which
might signify garnet overgrowth during granulite facies overprint. This is
confirmed by observed and calculated modal contents of garnet which indicates

that almost all garnet was formed during the eclogite facies stage.

3. The granulite facies overprint occurred within crustal levels at ca 1.6-1.8 GPa
800-870 °C, but it was too short to recrystallize the rocks and to homogenize

garnet both in felsic and mafic varieties.
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4. The results of this study indicate a close similarity between the metamorphic
history of granulite in the Rychleby Mountains with those in the Moldanubian

Zone.
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SUBDUCTION OF LITHOSPHERIC UPPER MANTLE RECORDED
BY SOLID PHASE INCLUSIONS AND COMPOSITIONAL ZONING

IN GARNET: EXAMPLE FROM THE BOHEMIAN MASSIF

Shah Wali Faryad', Radim Jedli¢ka’, Karl Ettinger>

Institute of Petrology and Structural Geology, Charles University in Prague, Albertov 6, 12843 Prague,
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Abstract

This paper presents monomineral and multiphase inclusions in garnet from
eclogites and clinopyroxenites, which form layers and boudins in garnet peridotites
from two areas in the Moldanubian Zone of the Bohemian Massif. The garnet
peridotites occur in felsic granulites and reached UHP conditions prior to their
granulite facies overprint. In addition to complex compositional zoning, garnets
from hosting eclogites and clinopyroxenites preserve inclusions of hydrous phases
and alkali silicate minerals including: amphiboles, chlorites, micas and feldspars.
Amphibole, biotite and apatite inclusions in garnet have a high concentration
of halogens; COz and sulfur are involved in carbonates and sulfide inclusions,
respectively. The inclusion patterns and compositional zoning in garnet
in combination with textural relations among minerals, suggest that the ultramafic
and mafic bodies are derived from lithospheric mantle above the subduction zone
and were transformed into garnet pyroxenites and eclogites in the subduction zone.
Based on compositional, mineral and textural relations, all of these rocks along
with the surrounding crustal material were overprinted by granulite facies
metamorphism during their exhumation.

Keywords: Bohemian Massif, eclogite, garnet pyroxentite,
multiphase inclusions, petrology, tectonics,
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4.1. Introduction

Recent progress in high- to ultrahigh-pressure (HP/UHP) metamorphic rocks,
exposed along orogenic zones on the Earth, has significantly improved our knowledge
about the depths reached by crustal and mantle rocks during subduction
(for references see Dobrzhinetskaya, 2012; Dobrzhinetskaya and Faryad, 2011; Ernst
and Liou, 2000; Liou et al., 2009). As the crustal basement rocks are dragged down
the subduction channel along with sediments, origin of mafic, but mainly ultramafic
rocks is not always clear, whether they are part of oceanic crust and depleted mantle
or they are derived from mantle wedge above the subduction zone. Understanding
of the geotectonic position of the source area of HP rocks and their P-T paths are
essential for geodynamics of convergent plate tectonics (e.g. Brueckner, 1998;
Brueckner and Medaris, 2000; Medaris et al., 2005; Oncken et al., 2007; Sempere
et al., 2008; van Roermund, 2009; Sajeev et al., 2012; Schellart and Rawlinson, 2010).
To define source material from which the rocks were derived, conventional
geochemical and isotope analyses are usually used (Carlson and Irving, 1994; Demidjuk
et al., 2007; Smith, 2003). These methods provided valuable information about
the geotectonic position of the rocks. However, it was also shown that the overlying
mantle wedge above the subduction zone is usually affected by fluid flux and melt,
derived from the subducting slab (Bebout, 2003; Bebout et al., 1999; Hilton et al.,
2002; Sadofsky and Zheng et al.,, 2003; Zhang et al., 2009). Therefore, the major
and trace elements as well as the isotopic system may or may not accurately reflect
the chemical signatures of the mantle wedge. Additional changes in geochemistry
of these rocks can occur during their exhumation, because these rocks are usually
surrounded by various lithologies, mostly sedimentary material that was subjected
to metamorphism and dehydration. On the other hand, several studies of UHPM rocks
indicated that relict minerals and their inclusions provide significant information
to trace the metamorphic path of the rocks from their original stage through
subduction and exhumation (e.g. Liu et al., 2001; Sobolev and Chopin, 1995; Zhang
etal., 2006).

The Moldanubian Zone of the Bohemian Massif provides the best opportunity

to study the mantle peridotites and eclogites, which occur as lenses and boudins
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in felsic granulites. Geotectonic position of the source material of the eclogites, garnet
peridotites and garnet pyroxenites is interpreted by different ways. Based
on geochemistry and P-T conditions, Medaris et al. (2005) classified the eclogites
and peridotites in two main groups. The first group is represented by peridotites
and associated eclogites that are derived from subcontinental lithospheric mantle
having medium to high P-T regime. The second group is formed from depleted
oceanic mantle and MORB type basalts and they show low to medium P-T regime.
Based on geochemistry, Obata et al. (2006) argued that some kyanite-bearing eclogites
from the first group (from Nové Dvory in this study), for which UHP conditions were
estimated (Nakamura et al., 2004), were derived from cumulate gabbros. Carswell
(1991) interpreted garnet peridotites and garnet pyroxenites with garnet exsolution
lamellae in pyroxene from Dunkelsteinerwald (Lower Austria) as a result of cooling
and pressure increase from shallow levels of the mantle. This paper focuses
on the occurrence and composition of solid phase inclusions and their host minerals
from UHP eclogites, garnet pyroxenites and garnet peridotites to decipher the origin
and metamorphic crystallization of these rocks. Two areas with garnet peridotites
and eclogites in Dunkelsteinerwald (Lower Austria) and in Nové Dvory
(south Moravia) were selected for this research. The results are used to localize
the geotectonic positions of the source materials and their subsequent metamorphic

history.

4.2. Geological setting and sampling

The Moldanubian and the Saxothuringian Zones of the Bohemian Massif are
represented by the presence of amphibolite to granulite facies basement rocks that are
intruded by Variscan granitoids (Fig. 1). Both Zones surround and underplate
the Tepla-Barrandian Block from the northwest and southeast, respectively.
In contrast to the Tepla-Barrandian Block with low- to medium- grade metamorphic
sedimentary sequences, the Moldanubian and the Saxothuringian Zones are
characterized by the presence of lenses of eclogites and garnet/spinel peridotites

within gneisses and felsic granulites. In the Moldanubian Zone, lenses of spinel
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peridotites and medium temperature eclogites occur in the medium-grade rocks (the
Monotonous and Varied groups), while the high-grade rocks (the Gf6hl Unit) contain
lenses and boudins of garnet peridotites and high temperature eclogites. Most
of the granulites with garnet peridotites and eclogites are exposed along the eastern
border of the Moldanubian Zone, but some occur also in the western border of this
Zone (Fig. 1).

The felsic granulites reached HP/UHP conditions (Faryad et al., 2010b; Klemd
and Brocker, 1999; O'Brien, 2008). They consist of ternary feldspar, quartz, garnet,
kyanite and rutile and show various degrees of re-equilibrium through medium-
to low- pressure conditions. Some mafic varieties may contain clino- and ortho-
pyroxene. Well preserved mafic granulites may contain omphacite as a relic phase
from eclogite stage. UHP conditions of 4-5 GPa and 1000-1200 °C for garnet
peridotites and eclogites were estimated based on mineral compositions (Faryad,
2009; Medaris et al., 1990, 2006; Nakamura et al., 2004; Vrana and Fryda, 2003). They
contain relicts of olivine, orthopyroxene, clinopyroxene and garnet, which form
porphyroblasts (reaching 5 mm in size) with kelyphitic coronas of orthopyroxene,
spinel and amphibole. In addition to boudins of eclogites, the garnet peridotites
contain layers or veins of garnet clinopyroxenites. In some cases, they preserve
a coarse-grained variety with porphyroclasts of clinopyroxene, which have exsolution
lamellae of garnet+orthopyroxene with ilmenite rods. Unmixing and exsolution
of garnet+pyroxene occurred due to cooling and pressure increase from 1400-1300 °C /
2.2-2.5 GPa to 1100-900 °C / 4.5-5.0 GPa (Faryad et al., 2009).

The studied garnet peridotites, garnet clinopyroxenites and eclogites come
from Dunkelsteinerwald (Austria) and from Nové Dvory (Czech Republic) (Fig. 1b, c).
In the Dunkelsteinerwald, the rocks occur within felsic granulites, which are exposed
south of the Danube River near Krems an der Donau. The garnet peridotites are highly
deformed with a platy fabric affected by late-stage serpentinization. Boudinaged layers
or lenses of pyroxenites within the peridotites are relatively unaltered and preserve
high-pressure garnet-clinopyroxene assemblages (Carswell, 1991). Garnet peridotites
have composition of lherzolite, harzburgite, and rarely of dunite (Becker, 1997a,

1997b).
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Fig. 1. Schematic geological map of the Bohemian Massif (a) [modified from Franke (2000),
Willner et al. (2002), Chab et al. (2007), Faryad and Kachlik,( 2012)] with location
(squares) of the studied area from Dunkelsteinerwald (b) and Nové Dvory (c). Sample
locations: GH - Gurhof, KT - Karlstetten, MT - Meidling im Tal, PG - Plaimberg.

Garnet clinopyroxenites occur as millimeter to decimeter thick layers within garnet
peridotites. Most of them show relatively sharp contacts with the host garnet
peridotites. Garnetites with more than 90 vol. % of garnet are also present within
peridotites (Becker, 1997a, 1997b). Based on the exsolution lamellae of garnet
in orthopyroxene, Carswell (1991) assumed cooling and pressure increase from
1350 °C / 2.2 GPa to 1000 °C / 3.3 GPa. Samples selected for this study come from four
localities (Fig. 1b): Meidling im Tal (peridotite-clinopyroxenites, samples M-6/IEC
and DS27D), Karlstetten (peridotites, samples KI-IEC, K9-IEC, and KI4-IEC),
Plaimberg (clinopyroxene-rich eclogite or garnet-rich clinopyroxenite, sample DS-27E)
and from Gurhof (eclogite, sample F15-10 and garnet clinopyroxenite, sample F12-10).

The peridotite block at Nové Dvory is serpentinized garnet lherzolite (Medaris et al.,
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1998) within migmatitic and granulite gneisses. It contains several large (up to 500 m
long) lenses of eclogite (Fig. 1c) and thin layers of clinopyroxenite. UHP conditions
for both garnet peridotites (5.5 GPa / 1100 °C) and for eclogites (5 GPa / 1000 °C) were
estimated by Medaris et al. (1998) and Nakamura et al. (2004), respectively.
Clinopyroxenites from this locality show exsolution lamellae of garnet in clinopyroxene
and, similar to that in the Dunkelsteinerwald, a P-T path with cooling and pressure
increase from 1300 °C / 2.5 GPa to 900 °C / 4 GPa was estimated (Faryad et al., 2009).
Samples selected for this study are from garnet peridotites (F46-6) and from eclogites
(D6-11, D8-11, D9-11 and DI12-11), exposed in the southern part of the peridotite body
(Fig. 1c).

4.3. Petrology of investigated samples

4.3.1. Peridotite

The rocks are strongly serpentinized, but relatively well preserved parts show
inequigranular texture with porphyroblasts of garnet (up to 1 cm in size), that occurs
in a medium- to fine- grained matrix with relicts of olivine, clino- and orthopyroxenes.
Some samples may contain red-brown spinel, which occurs as inclusion in garnet
(Fig. 2a, b). Garnet is surrounded by an inner, fine-grained pyroxene-spinel kelyphite
and an outer, fibrous amphibole-spinel kelyphite. In some cases, the garnet
porphyroblasts are totally replaced by kelyphite. If the garnet peridotite contains layers
of pyroxenite, it may have a foliation, which is parallel to the pyroxenite layers. Garnet

may contain inclusions of olivine and pyroxene.

4.3.2. Clinopyroxenite

Clinopyroxenite occurs in both areas, where it forms layers or veins in garnet
peridotites. The layers and veins have a thickness from millimeters to several

centimeters. In the Nové Dvory, they may have a porphyroclastic texture with relicts
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of large igneous clinopyroxene porphyroclasts, which have exsolution lamellae
of garnet and clinopyroxene (Fig. 2¢), occurring in a fine-grained recrystallized matrix.
In Meidling im Tal, the clinopyroxenite forms thin veins and preserves garnet, which is
in contrast to the host peridotites, where garnet is totally replaced by kelyphite-

symplectite.

4.3.3. Eclogite

Two samples (DS27E and FI2-10) of eclogite were selected
from the Dunkelsteinerwald. The first sample has a high amount of clinopyroxene
(about 70 vol. %) and transitions to clinopyroxenite. In the pyroxene-rich sample,
garnet porphyroblasts occur in a finegrained matrix consisting of clinopyroxene,
plagioclase and amphibole. The garnet porphyroblasts contain many solid phase
inclusions (Fig. 2d-f). Although the matrix is strongly recrystallized, the shapes
of primary omphacite crystals (transformed to plagioclase, clinopyroxene
and amphibole) can be recognized. Some relatively large grains of clinopyroxene have
open fractures in the central parts with fracture-free rims (Fig. 2g). The fractures have
parallel orientation in two directions. The main and relatively long fractures follow
the c-axis of pyroxene crystal. Most samples of the eclogite were selected from Nové
Dvory. They are foliated to various degrees and the foliation is defined by omphacite
and its replacement products and also by prolonged garnet grains. The eclogites are
medium- to coarse- grained with garnet porphyroblasts having sizes between
1 and 3 mm, locally up to 8 mm. Garnet content varies between 50 and 60 vol. % of the
rock. Garnets may have mono- or multiphase inclusions (Fig. 3a-e). Some samples are
rich in rutile and apatite, which occur in garnets and also in the matrix. Rutile is
usually replaced by ilmenite. Apatite contains thin rods of monazite. Garnet has
usually a corona of fine-grained symplectite. Green amphibole is present
in the symplectite after omphacite, but red-brown amphibole occurs at contact with
ilmenite. The omphacite may contain very small inclusions (needles, samples D8-11
and DI2-11), which have direction parallel to the crystallographic shape of the host
grains (Fig. 3f).
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Ds-27E @

Fig. 2. Photomicrograph (a) and BSE image (b) of garnet with Cr-spinel inclusions from
peridotites in the Dunkelsteinerwald. (a) shows garnet with thick kelyphitic corona. It has
numerous Cr-spinel inclusions (K9-IEC). Interface between spinel and garnet is formed by thin
zone of ortho- and clinopyroxene symplectite (see detail in the upper left corner of b).
(c) photomicrograph of clinopyroxenite with clinopyroxene porphyroclast from Nové Dvory.
The clinopyroxene has lamellae of garnet and orthopyroxene, which are partly replaced by
amphibole. (d-f) inclusion patterns in garnet from clinopyroxene-rich eclogite
in Dunkelsteinerwald. (d) monomineral and multiphase inclusions in garnet (detail from
Fig. 5a). (e) undefined melt inclusions in garnet. Note the negative hexagonal shape
of the inclusions. (f) large inclusion of omphacite (om) with K-feldspar (kfs), albite (ab)
and amphibole (am) in the core. Note diopside inclusion in omphacite. Other abbreviations
are: afs - alkali feldspar, bt - biotite, chl - chlorite, m - melt. (g) relatively coarse grains
of clinopyroxene in the matrix have cores with open fractures. The scheme in the upper right
corner shows two directions of the fractures. The main fractures are along the c-axis
of pyroxene crystal.
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Table 1: Microprobe analyses of selected garnet and clinopyroxene from
clinopyroxenite and eclogite

Rocks Clinopyroxenite-eclogite Eclogite Cpx-Ecl Eclogite

Sample DS27E D8-11 DS27E D8-11 D911 Dé6-11
Mineral Garnet Clinopyroxene

Position c rc T c Ic T In grt Ingrt  Ingrt
SiO2 41.44 4130 40.83 39.96 39.76  40.03 50.73  53.45 56.86 5423 5544
TiO: 0.11 0.04 0.01 0.23 0.17 0.15 0.44 030 0.24 040 0.00
ALOs 2295  23.05  22.66 2232 2231 2272 11.90 9.19 1239 10.3 13.61
Cr20s 0.04 0.08 0.07 0.00 0.00 0.05 0.00 0.07 0.00 0.08 0.00
FeO 12.58 13.26 16.46 16.41 15.14 16.50 3.37 3.05 3.66 4.48 4.69
MnO 0.20 0.22 0.41 0.45 034 030 0.02 011 0.01 0.06 0.03
MgO 17.68 15.97 14.71 9.94 9.21 8.58 1210 12.82 7.29 9.76 7.08
CaO 5.22 6.58 5.14 10.76  12.73 12.16 1855  17.05 13.86 1711 12.69
NaxO 0.00 0.00 0.00 0.00 0.00 0.00 2.86 3.82 6.46 4.19 6.57
Total 100.22 10049 100.29 100.07  99.65 100.49 99.97 99.86 100.78 100.44 100.11
Per 12 (O) 6 (0)

Si 2980  2.985 2.993 2991 2987 2997 1.822  1.909 2.0 1.948 1974
Al 1.945 1.963 1.957 1969 1976  2.006 0.504 0.387 0517 0429 0571
Ti 0.006 0.002  0.001 0.03 0.009 0.009 0.012 0.008 0.006 0.011 0.000
Cr 0.002 0.005 0.004 0.000 0.000 0.003 0.000 0.002 0.000 0.002 0.000
Fe* 0.080 0.058 0.052 0.024 0.031 0.000 0.018 0.041 0.000 0.000 0.000
Fe?* 0.676  0.743  0.956 1003 0.920 1.033 0.083 0.050 0.108 0.35 0.140
Mn 0.012 0.03 0.026 0.029 0.022  0.019 0.001 0.003 0.000 0.002 0.001
Mg 1.895 1.721 1.607 1109 1031  0.958 0.648 0.683 0385 0523 0376
Ca 0.402 0510 0.404 0.863 1024 0975 0.714  0.653 0526  0.659 0.484
Na 0.000 0.000 0.000 0.000 0.000 0.000 0199 0.264 0.443 0292 0454
Alm (Aug) 224 24.7 318 333 30.6 34.6 68.5 69.5 48.9 65.6 54.6
Prp (Jd) 62.9 57.2 53.4 36.8 343 321 17.9 28.2 44.2 29.8 47.6
Grs (Aeg) 12.9 16.6 B.1 28.6 34.0 325 1.8 0.8 0.7 0.0 0.0
Sps (ts) 0.4 0.4 0.8 1.0 0.7 0.6 1.7 15 4.0 1.7 53
Xmg 0.74 0.70 0.63 0.52 0.53 0.48 0.90 0.80 0.76 0.80 0.73

c. rc. and r for garnet in sample DS27Eand D8-11 represent core. core-rim and rim compositions as indicated in Fig. 5b and d.

4.4. Mineral compositions

Most minerals were analyzed at the Institute of Earth Sciences in Graz, using a JEOL
JSM-6310 scanning electron microscope (SEM) equipped with wavelength- and energy-
dispersive spectrometers. Standards were pyrope (Mg, Al), adularia (K), rutile (Ti),
tephroite (Mn), jadeite (Na, Si), and andradite (Fe, Ca). Na and F were measured with a
Microspec wavelength-dispersive spectrometer, and operating conditions were 15 kV
and 10 or 15 nA, with 20 s counting time on peak and 10 s on each background.

Representative analyses of some selected minerals are given in Tables 1 and 2.
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Fig. 3. BSE images of garnet (a-e) and pyroxene (f) from eclogite in the Nové Dvory.
(a) monomineral and multiphase inclusions (pa - paragonite, do - dolomite) in garnet.
(b) garnet with detail in (c) and (d) shows various inclusions with calcite (cc), diopsidic
clinopyroxene (cpx), and Fe-sulfide. Note that spinel (sp) occurs at contact between amphibole
and garnet. (e) amphibole with apatite and albite occurs in inclusion, which primarily had

an idiomorphic shape and now the garnet is partly replaced by amphibole. (f) albite rods

in omphacite.
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4.4.1. Garnet

Figure 4a shows compositional variation of garnet from garnet peridotite, garnet
clinopyroxenite and eclogite, where pyrope content decreases and almandine
and grossular increase from peridotites through clinopyroxenites to eclogites. Cr20s3
content in garnet from peridotite ranges from 0.4 wt % in sample KI-IEC through
1.9 wt % in F46-6 to 2.9 wt % (DS27D). It shows slight increase toward the rims, which
is similar to Fe, but opposite to the change of Mg content.

Garnet from thin clinopyroxenite veins (sample M6-IEC) has relatively high Fe
content, comparing to that in the peridotites (Fig. 3a). More Fe-rich garnet is in sample
DS27E, which has transitioned from clinopyroxenite to eclogite. CroOs content
in garnet from clinopyroxenites is relatively low (below 0.6 wt %), but similar to that
in the peridotites, it systematically increases toward the rim (Fig. 4b).
In the clinopyroxene rich sample (DS27E), garnet shows compositional zoning
with increase of grossular and decrease of pyrope in the core, followed by decrease
of grossular toward the rim (Fig. 5a, b, Table 1). However, pyrope shows first
an increase and then decrease at the rim. Almandine has a flat profile in the core,
but similar to Xre it shows systematic increase toward the rim.

Small garnet grains in eclogite are usually homogeneous in composition with only
slight decrease of Mg and increase of Fe toward the rim. However, some larger garnet
porphyroblasts may preserve compositional zoning, which could be more complex.
Fig. 5c-d shows zoning profiles of garnet from eclogite in the Nové Dvory, where
grossular content first increases and then decreases at the rim (see Table 1). Pyrope
shows first a decrease, then slight increase, followed by its decrease at the rim.
The almandine values indicate a decrease in the core and an increase near the rim. Xre
contents are flat in the core and increase toward the rim. Ti contents, observed in most
garnets, show a slight decrease toward the rim. Cr content is very low and shows no

zoning in garnet from eclogite.
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Fig. 4. Composition of garnet (a) from peridotite, clinopyroxenite and eclogite
from Dunkelsteinerwald and Nové Dvory. (b) shows compositional map with rimward
increase of Cr content in garnet from clinopyroxenite.
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Fig. 5. BSE images (a, ¢) and compositional profiles (b, d) of garnet from eclogite from
Dunkelsteinerwald (DS27E) and Nové Dvory (D8-11). Box in (a) shows position of Fig. 2d.
Note that garnet (c) contains inclusions of omphacite (om) and apatite (ap). In addition
to molar proportion of Alm, Grs and Prp, Fig. 5b shows Ti content (a.p.f.u.). ¢, rc and r are
position analyses listed in Table 1.
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4.4.2. Clinopyroxene

Clinopyroxene from garnet peridotite is rich in diopside and has jadeite content
between 3 and 7 mol % in samples from Dunkelsteinerwald and between
11 and 13 mol % fromthe Nové Dvory. Reintegrated composition of exsolution phases
(garnet+orthopyroxene) and of host pyroxene indicated that the primary pyroxene
in the clinopyroxenite from the Nové Dvory was rich in Al and contained 8 mol %
of Tschermak components (Faryad et al., 2009). There is no significant difference
in clinopyroxene between garnet peridotite and clinopyroxenite layers from
the Dunkelsteinerwald (M6-1EC and F12-10).

Clinopyroxene in the inclusions in garnet from clinopyroxene-rich eclogite (sample
DS27E) is omphacite (Jd»s-28), but the matrix clinopyroxene with plagioclase has Jdis-17
(Table 1). As mentioned before, no phase was observed in the fractures inside
the relatively coarse grains of clinopyroxene crystals (Fig. 2g). It is not clear
if the fractures are results of volume change during cooling or they are tracks after
fluid flow that migrated during later granulite facies overprint. Jadeite-rich omphacite
(up to Jdasa and Jds47) occurs in eclogites (samples D8-11 and D6-11, see Table 1).
The albite exsolutions in omphacite (Fig. 3f) can be explained as result of quartz
precipitation from relatively Si-rich clinopyroxene (Ca-Eskola component) and then

by the decompression reaction of quartz + jadeite = albite (Tagiri et al., 1995).

4.4.3. Orthopyroxene

Orthopyroxenes in garnet peridotites from both areas are enstatite
(Xmg = 0.90-0.94), but they differ from each other in Al2Os content, which is <0.9 wt
% in the Nové Dvory and higher (1.2-3.6 wt %) in the Dunkelsteinerwald. Cr2O3

content in both localities is <0.6 wt %.
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4.4.4. Olivine

Olivine in garnet peridotites from both areas is rich in forsterite content
(Fo = 89-91 mol %). Some pyroxene-rich samples from Nové Dvory have olivine with

lower Fo = 83 mol %.

4.4.5. Spinel

Al-rich spinel occurs in kelyphitic rims and in symplectites around garnet. Cr-rich
spinel occurs as inclusions in garnet. It has Xai=Al / (Al+Cr+Fe?*) ratios ranging from

0.68 to 0.78.

4.5. Inclusions in garnet

Garnets from peridotites contain inclusions of Cr-spinel, olivine and in some cases
also of ortho- and clinopyroxene. The olivine and orthopyroxene inclusions are usually
replaced by serpentine. The clinopyroxene in the inclusions in garnet from peridotite
may contain exsolution lamellae of orthopyroxene. Cr-spinel in the inclusions is
preserved, but it may have a thin zones formed by symplectite of ortho-
and clinopyroxene (Fig. 2b).

A wide variety of inclusions was observed in garnet from eclogites (sample D6-11,
D8-11, D9-11, D12-11, and F15-10), including clinopyroxene-rich eclogite (sample DS27E)
(Tables 2 and 3). In addition to one phase inclusion, most inclusions are multiphase
or have undefined composition. Table 3 shows monomineral and multiphase
inclusions observed in garnet from eclogite. The monomineral inclusions are
represented by omphacite, apatite, rutile, amphibole, biotite, chlorite and calcite.
Omphacite in the inclusions has usually higher jadeite content compared to that

in the matrix.
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Table 2: Selected microprobe analyses of minerals observed as inclusions in garnet.

Sample D8-11 D8-11 DS27E DI2B-11 D9-11 D8-11 F15-10
Mineral Amphibole Biotite Pl Epidote Prh? Spinel Dol Hbs
SiO, 39.30 39.54 38.17 4094  34.20 62.26 38.06 4436 0.3 0.00 39.41
TiO, 114 0.73 038 0.86 4.75 0.00 030 0.00 0.04 0.00 0.01
ALOs 19.61 18.93 18.40 15.59 18.05 22,57 28.19 26.33 61.83 0.00 2211
Cr,03 0.05 0.00 0.06 0.03 0.00 0.00 0.00 0.00 0.1 0.00 0.01
FeO 7.58 9.01 11.22 3.59 17.47 0.27 5.91 0.40 21.68 7.21 154
MnO 0.04 0.04 0.00 0.01 0.07 0.00 0.00 0.00 0.04 0.41 0.40
MgO 11.91 11.55 11.53 25.00 11.28 0.00 0.63 0.00 14.26 16.39 0.92
CaO 1.31 12.32 1212 0.06 0.44 418 22.94 26.63 0.25 29.68 35.10
Na,O 3.18 1.97 2.57 1.81 0.57 7.64 0.00 0.06 0.00 0.00 0.04
K0 1.09 1.03 037 9.07 6.96 1.72 0.02 0.02 0.00 0.00 0.03
ZnO 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 175 0.00 0.00
BaO 0.00 0.00 0.00 0.00 0.00 1.22 0.00 0.00 0.00 0.00 0.00
F 170 127 031 0.00 0.00 0.00 0.00 2.28 0.00 0.00 0.27
Cl 0.65 1.02 176 0.52 0.81 0.00 0.00 0.03 0.00 0.00 0.02
Total 97.55 9742 96.88 97.47 94.61 99.86 96.06  100.11 100.08 53.69 99.87
Per 23 (0) 11 (O) 8(0) 125(0) 1(0) 4(0) 12 (O)
Si 5.844 5.895 5.720 2.838 2.709 2.815 2.986 2.975 0.003 0.000 2.968
Al 3.437 3.326 3.249 1273 1.685 1.203 2.606  2.080 1.938 0.000 1.963
Ti 0.128 0.082 0.043 0.045 0.283 0.000 0.018 0.000 0.001 0.000 0.000
Cr 0.000  0.000 0.000 0.002  0.000 0.000 0.000  0.000 0.002 0.000 0.001
Fe3+ 0.000 0.016  0.508 0.004  0.000 0.000 0388 0.000 0.000 0.000 0.097
Fe2+ 0.942 1107  0.898 0.204 1157 0.010 0.000  0.022 0.482 0.096 0.000
Mn 0.004 0.005 0.000 0.001  0.005 0.000 0.000  0.000 0.001 0.006 0.025
Mg 2.639 2.568 2.576 2.583 1.332 0.000 0.074  0.000 0.565 0390 0.104
Ca 1.801 1.969 1.946 0.004  0.037 0.203 1.926 1913 0.007 0.508 2.833
Na 0917 0570  0.748 0243 0.088 0.670 0.000 0.008 0.000 0.000 0.005
K 0.207 0.197  0.070 0.802 0.703 0.099 2986  0.002 0.000 0.000 0.003
Zn 0.000  0.000 0.000 0.000  0.000 0.000 0.000  0.000 0.034 0.000 0.000
Ba 0.000  0.000 0.000 0.000  0.000 0.022 0.000  0.000 0.000 0.000 0.000
F 0.802  0.600 0.147 0.000  0.020 0.000 0.000 0483 0.000 0.000 0.063
Cl 0163 0258  0.446 0.062  0.000 0.000 0.000  0.003 0.000 0.000 0.003
Xwig 0.737  0.699 0.742 0.927 0.535 0.540

Except sample DS27E of clinopyroxenite-eclogite from Dunkelsteinerwald. the rest of the samples are eclogites from Nové Dvory.
Abbreviations: hbs — hibschite. p] — plagioclase. prh — prehnite.

4.5.1. Amphibole

In addition to individual grains, amphibole occurs with one or more phases
in the inclusions. It is pargasite with Si = 5.6-6.3 a.p.f.u. and high AI"!' (above
1.0 a.p.f.u.), which based on the amphibole nomenclature (Leake et al., 2003) can be
classified as aluminopargasite. The Xwmg ratios in amphibole range from 0.7 in eclogites
to 0.9 in pyroxene-rich sample (DS27E). It shows no systematic variation between
monomineral and multiphase inclusions. No compositional relationship

to the coexisting phase was observed. In one case a potassic amphibole with
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K=0.63a.p.fu. was analyzed. The total CI+F content is wusually between
0.40 and 0.96 a.p.f.u. (Table 2). Maximum F = 0.82 a.p.f.u. was analyzed in Al-rich
amphibole with AIV' = 1.28 a.p.f.u. The F/Cl ratio changes from one inclusion
to another and similar to the main cation contents, no systematic relationship

to monomineral and multiphase inclusions was observed.

4.5.2. Clinopyroxene

In addition to monomineral inclusions of omphacite, diopside usually occurs
together with one or more minerals (Table 3). It has low jadeite content (<10 mol %)
and slightly higher Xwmg = 0.83 compared to omphacite (Xmg < 0.8). Spinel associated
with diopside is poor in Cr and has Xwmg = 0.54 (Table 2) and 3.4 mol % of gahnite end-
member (ZnALO4).

4.5.3. Micas

Phlogopite was analyzed in garnet from pyroxene-rich sample (DS27E). It occurs
in multiphase inclusion and has Xmg = 0.92 (Table 2). Biotite with Xmg = 0.5-0.6 is
present in garnet from eclogite. In addition to paragonite with amphibole
and dolomite, a Na-rich phase having a composition similar to paragonite was also
analyzed in one inclusion. The X site of the mineral formula of mica XY2Z3010(OH): is

occupied by 0.70 Na, 0.14 Ca and 0.02 K a.p.f.u.

4.5.4. Feldspars

Albite and K-feldspar are the most common inclusions. In addition to alkali
feldspar, plagioclase with Ansp-s0 was also found in many multiphase inclusions. BaO

content analyzed in K-feldspar is 1 wt % and 1.22 wt % in plagioclase (Table 2).
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4.5.5. Carbonates

In addition to almost pure calcite, dolomite with dolomite-ankerite solid solution
was found. It has a composition of Calsi-53 Dolzg_40 Ankio Rdss-s (Table 2) and occurs

in a multiphase inclusion with amphibole and paragonite.

4.5.6. Apatite

Apatite is common in eclogite from Nové Dvory. It occurs in the matrix and also as
inclusions in garnet and omphacite. Total amount of halogens ranges between
2.7and 3.7 wt % in apatite. It is rich in fluorine (2-3 wt %) and has a maximum
chlorine content of 1.1 wt %. Apatite has a dusty appearance, which is the result of very
fine exsolution lamellae of monazite that has an orientation parallel to the c-axis

of apatite crystal.

4.5.7. Other minerals

Epidote was observed in three inclusions from sample DS27E. It has a composition
of Xal = (Al-2) / (Al-2+Fe) = 0.48-0.63, but in some cases it is zoned with lower Xaj
in the core. In one case, a phase having a composition similar to prehnite (Table 2) was
analyzed. However, it has F = 2.28 wt %. Prehnite, pumpellyite and hydrogrossular
(hibschite) with plagioclase were analyzed in several grains of garnet from eclogite
sample F15-10. The hibschite with a composition of Grsgs-92 Ands-g Prpz-s Almo has
0.2-0.3 wt % of F in the analyses (Table 2). However, the inclusions with hydrous
minerals are connected with matrix by fractures. Chlorite is common as separate
inclusion as well as in multiphase inclusions. As it seems to be a replacement product,
its composition varies in relation to the phases occurring in the inclusions. Iron sulfide
was observed in two polyphase inclusions with amphibole+calcite and
plagioclase+amphibole+diopside, respectively. In both cases it has an almost pure FeS

composition without having detectable amounts of Ni, Cu or As.
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4.5.8. Melt?

There are a number of not-well identified inclusions in garnet. Mostly, they were
found in garnet from clinopyroxene-rich rock (DS27E). These inclusions have
the negative shape of crystals (Fig. 2c, d). Based on oxide content, they can be
subdivided into two groups. The first group has low FM (FeO+MgO) = 6-8 wt %,
but high SiO2 = 53-66 wt %. The second group has higher FM = 24-30 wt % and lower
SiO2 = 36-47 wt %. There is no systematic variation in Al2Os, CaO, MgO, FeO, NaxO
and K>O contents. The total oxide content ranges between 92.86 and 98.65 wt %.
Fig. 6 shows variation of major oxide contents of the melt (?) inclusions along
with the polyphase inclusions, calculated using microprobe analyses and modal

contents of the phases (Tables 2 and 3).

Table 3: Monomineral and multiphase inclusions in garnet from eclogite and
clinopyroxenite with estimated mode of each phase in the inclusions

Sample Phase
Rt Ap Om Di Am Sp Bt Pa Cc Do FeS Pl Kfs Prh? Ep

DS27E X X X X X X X X X X
D8-11 X X X X X X X

D9-11 X X X X X X X

D6-11 X X X

D12-11 X X X X X

Numbers (column 1) and estimated modal abundance of phase in selected inclusions
1 1

1 1

1 1

1 1

1 1

1 1

2 0.2 0.8

2 02 08

2 0.8 0.2

2 0.1 0.9

2 08 0.2

2 04 0.6

3 0.18 0.7 0.3
3 04 0.25 0.35

3 0.4 0.4 0.2
3 0.7 0.1 0.2

3 0.6 0.2 0.2

4 0.05 02 05 025

4 03 04 015 0.15

5 04 002 03 01 018

Ep - epidote. Prh - prehnite. other abbreviations are as in Figs. 2 and 3.
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4.6. Discussion and interpretation

The occurrence of millimeter to decimeter thick layers of pyroxenites
and the compositional variation of mafic-ultramafic rocks from peridotites through
clinopyroxenites and eclogites to garnetites (with more than 90 vol.% of garnet)
in the studied areas suggest that all these mafic and ultramafic lithologies represent
fragments of mantle, which were involved in the subduction zone. This is consistent
with the interpretation of Medaris et al. (2005) and Ackermann et al. (2009), who
assumed that mafic-ultramafic layers had formed from melt that migrated through
the lithospheric mantle wedge above the subduction zone. However, this process was

not coeval with the formation of solid phase inclusions in garnet as discussed below.

4.6.1. Origin of solid phase inclusions in garnet from garnet peridotites,

pyroxenites and eclogites

4.6.1.1. Garnet peridotites

Inclusions of olivine and pyroxene are common in garnet from peridotites, however
the succession of mineral formation in relation to pressure or temperature changes can
hardly be evaluated. On the other hand, spinel inclusions in garnet indicate that
the peridotites crossed the spinel-garnet stability field either by an increase of P
or a decrease of T (e.g. Brey et al., 1999; Griitter et al., 2006; Klemme and O'Neill,
2000; Nickel, 1986; O'Neill, 1981; Webb and Wood, 1986). In addition to high
concentration of Cr around spinel inclusions, the increase of Cr content from core
to rim of garnet can be interpreted as result of spinel breakdown in the matrix during

garnet formation (Faryad, 2009).

4.6.1.2. Pyroxenites

Spinel inclusions are also present in garnet from clinopyroxenite which, similar

to that in peridotite, suggest pressure increase and temperature decrease (Faryad et al.,
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2009). Garnet exsolution lamellae in Al-rich clino- and orthopyroxene porphyroclasts
was formed by the reactions 2Di + Ca - Ts = En + Grs and 2En + Ca - Ts = Di + Prp,
which occurred due to cooling and pressure increase during metamorphism (Carswell,

1990; Faryad et al.,, 2009). Such P-T trend is supported by compositional zoning
in garnet from clinopyroxene-rich sample DS27E (Fig. 5b), which has transitioned

from clinopyroxenite to eclogite. Garnet from this sample is rich in solid phase

inclusions, similar to that in eclogite (see below).

4.6.1.3. Eclogite

Apart from mineral inclusions, garnet from eclogites contains numerous inclusions,
which are difficult to define as their compositions do not match with any mineral.
As shown in Figs. 2 and 3, most of the inclusions are not connected with the matrix
by fractures. These, together with negative shapes of some inclusions (Fig. 2e), mainly
those following crystallographic planes, suggest that they were precipitated
or crystallized from a fluid-bearing phase or from melt, which was present during
garnet formation. Polyphase inclusions in garnet that precipitated from melt have
recently been reported from several UHP terrains (e.g. Gao et al., 201l; Lang
and Gilotti, 2007; Zheng et al.,, 2011). However, Perchuk et al. (2008), based
on experimental works on eclogite facies garnet, showed that the melt could form
by decomposition of former hydrous minerals, e.g. epidote, amphibole, titanite etc.,
which were included in garnet during prograde stage of garnet growing. Direct features
of minerals enclosed during prograde stage in HP/UHP garnet are difficult to find,
because of possible melting and subsequent recrystallization during decompression.

In addition to high concentrations of Na and K that are incorporated in alkali
feldspars, most inclusions studied here consist of mineral phases that contain one
or more of the volatiles H>O, F, Cl, CO2 and SO4. High concentrations of halogens
occur in apatite (up to 3.69 wt %) and in amphibole (up to 2.35 wt %), but also
in biotite with up to 0.8 wt % (Table 2). Apart from calcite and dolomite, other
COz-bearing phases were not observed. Fluid and solid phase inclusions with similar
components in minerals have been investigated from many HP/UHPM terrains

(e.g. Andersen et al., 1990; Ferrando et al., 2005; Fu et al., 2001; Gao et al., 201];
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Malaspina et al., 2006; Philippot, 1993; Svensen et al., 2001; Zheng et al., 2011). Origin
of the fluid and other lithophile elements are interpreted as a result of dehydration
and melting of subducted crustal rocks. Fluids generated by dehydration accelerate
the reaction progress, control material transport in the subduction zone and finally
result in melting and syn-subduction magmatism (e.g. Manning, 2004; Schmidt
and Poli, 1998). Crustal material undergoes dehydration and prograde metamorphism
by both P and T increases, but the hot mantle rocks can be recrystallized by cooling
as well as fluid and melt infiltration.

Mineral analyses and modal amounts of phases in the studied inclusions within
garnet indicate that their composition varies from one inclusion to another, even in
the same grain of host mineral. In addition to the monomineralic phases, e.g. biotite,
calcite, amphibole, etc., the reintegrated composition of polyphase inclusions shows a
large range of major oxide contents (SiO2, Al203, MgO, FeOy, K20 and NaxO, Fig. 6).
This is in contrast to the in situ melt inclusions trapped during crystallization in the
magmatic system, where equilibrium magma is enclosed by the host mineral (for
reference see Kent, 2008). Although potential modification of trapped melt
compositions can occur during entrapment or post trapping equilibration, the melt
inclusions reflect the same compositional range present within the host magmatic

system (e.g. Shimizu, 1998; Slater et al., 2001; Sobolev, 1996).

4.6.2. Significance of the solid phase inclusions for the origin of UHPM mafic

and ultramafic rocks in the Moldanubian Zone

Melt and fluid infiltration into the lithospheric mantle is a continual process,
which supplies magmatic activity in the arc. However, a portion of the melt interacting
with mantle rocks can crystallize as layers and veins of pyroxenites and gabbros
in different levels of the mantle above the subduction zone. As shown by Medaris et al.
(2005), this is the case of clinopyroxenites and some eclogite bodies within peridotites
in the Moldanubian Zone. The data presented in this paper indicates that the eclogites
and garnet pyroxenites are not products of direct HP crystallization from melt,
but they were in solid state prior to their transformation into eclogites and garnet

peridotites or garnet pyroxenites. Their recrystallization occurred both
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with and without the presence of fluids. Spinel inclusions in garnet from peridotites
and formation of garnet lamellae in pyroxenes in pyroxenites are examples
of recrystallization in a relatively dry environment, while the eclogites with inclusions
of hydrous phases in garnet suggest the presence of fluids. Both rocks show evidence
of cooling and pressure increase.

Metamorphic P-T conditions estimated for garnet peridotites and eclogites from
Nové Dvory (Medaris et al., 2005; Nakamura et al., 2004) and from Dunkelsteinerwald
(Becker, 1997a, 1997b; Carswell, 1991) indicate that they passed UHP conditions at
temperatures above 1000 or 1100 °C. All these rocks occur within felsic granulites,
which together with mafic and ultramafic bodies shared granulite facies
metamorphism at about 900-1000 °C (Faryad et al., 2010b; Kotkova, 2007; O'Brien
and Carswell, 1993; Tajémanova 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 (Fig. 5b and c) 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., 2010b). This zoning is preserved despite of relatively low Ca, the element
which has slow diffusion coefficient (Chakraborty and Ganguly, 1992) and prevents

homogenization of compositional profile of garnet at high temperature.
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Fig. 6. Plots of selected oxides (wt.%) against silica of potentially melt
and reintegrated polyphase inclusions in garnet (Tables 2 and 3). Filled symbols are
from garnet-rich clinopyroxenite (sample DS27E) and open symbols are from
eclogite (samples D8-11 and D9-11).
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ECLOGITE FACIES ROCKS OF THE MONOTONOUS UNIT, CLUE
TO VARISCAN SUTURE IN THE MOLDANUBIAN ZONE

(BOHEMIAN MASSIF)

Shah Wali Faryad, Radim Jedlicka, Stephen Collett

Institute of Petrology and Structural Geology, Charles University in Prague, Albertov 6, 12843 Prague,
Czech Republic

Abstract

The formation and exhumation of Variscan high- to ultrahigh-pressure metamorphic rocks
from the Moldanubian Zone in the Bohemian Massif is the subject of controversy regarding
their unclear relationship to possible subduction zones. In this paper we present the results
of a petrological study of eclogites that occur together with serpentinites within
amphibolite facies gneisses in the Moldanubian Zone, east of the Tepld-Barrandian Block.
More than 100 bodies of retrogressed eclogite and serpentinite follow an approximately
250 km long SW-NE trending zone in the central part of the Bohemian Massif. Together
with surrounding gneisses, the eclogites share a medium to low-pressure amphibolite facies
metamorphism. P-T conditions estimated for the eclogite facies stage indicate a relatively
low-temperature geothermal gradient similar to those observed in the Saxothuringian
Zone, which occurs north and northwest of the Tepld-Barrandian Block. The presence
and distribution of eclogites and comparison of their P-T and age data with HP-UHPM
rocks in other units in the Bohemian Massif allow us to constrain the Variscan suture,
which straddles the SE of the Tepld-Barrandian Block. The existence of this suture
in relation to available geotectonic models and its possible continuation through other

allochthonous units along the European Variscan Belt are discussed.

Keywords: Bohemian Massif, eclogite, Variscan suture
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5.1. Introduction

Definition and localization of suture zones responsible for the formation
and/or exhumation of HP-UHPM rocks along old orogenic belts are among the most
challenging questions in geological research. This is usually due to poly-metamorphic
and poly-deformation histories, where former structures are modified and HP minerals
are obliterated by medium- to low- pressure assemblages (Banno et al., 2000; Chopin,
2003; Ernst, 1988; Faryad and Kachlik, 2013; Jandk et al., 2009; O'Brien, 1997). To trace
the original suture zones, a complex and multi-disciplinary approach, involving
geophysical, structural, mineralogical and geochemical methods, is needed. Mineral
inclusions and mineral zoning are the best tracers to decipher, whether the rocks have
been subjected to subduction or exhumed from mantle depth along the subduction
channel (e.g. Liu et al., 2001; Sobolev and Chopin, 1995; Zhang et al., 2006).

The Bohemian Massif is well known for the presence of Variscan eclogite facies
and UHPM rocks that are hosted by amphibolite and granulite facies lithologies,
respectively. The HP-UHPM rocks are restricted to the Saxothuringian
and the Moldanubian Zones which surround the Tepla-Barrandian Block in the core
of the Bohemian Massif. Many newly discovered occurrences of HP-UHPM rocks
or refinement of P-T conditions of known localities (Faryad, 2009; Kotkova et al., 2011;
Medaris et al., 2006; Naemura et al., 2011; Nakamura et al., 2004) help to localize
subduction zones or sutures which need to be considered when creating or modifying
a geotectonic model for the European Variscan Belt (Franke, 2000; Kroner and Romer,
2010; Linnemann et al., 2010; Matte, 1986; Schulmann et al., 2005, 2009).
The Saxothuringian Zone is characterized by the presence of blueschist facies rocks
that form a discontinuous belt related to the Tepla Suture at contact with the Tepla-
Barrandian Block (Faryad and Kachlik, 2013; Franke, 2000; Mazur and Alexandrowski,
2001). By contrast, the relationship of eclogite facies and UHPM rocks
in the Moldanubian Zone to a possible Variscan suture is the subject of discussion
and controversy. Some authors (Babuska and Plomerovd, 2013; Franke, 2000; Medaris
et al.,, 2006) consider formation of HP-UHPM rocks as the result of closure
of the Moldanubian basin that was situated east from the Tepla-Barrandian Blocks.

On the other hand, Schulmann et al. (2005, 2009), Lexa et al. (2011) and Guy et al.
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(2011) assume that the HP-UHPM rocks in the Moldanubian Zone came from
the Saxothuringian Zone by underplating the Tepla-Barrandian Block.

In this paper, we present mineral textural relations and maximum P-T conditions
reached by eclogites that form lenses and boudins within amphibolite facies gneisses
in the Moldanubian Zone. The eclogites record evidence of rapid subduction
and exhumation and their occurrence along a SSW-NNE traverse (200 x 50 km)
signifies a possible remnant of the Variscan suture zone. The results of this study are
combined with the available information about HP-UHPM rocks in the Moldanubian
Zone to analyze the interplay between petrological data and existing geotectonic

models for Variscan Orogeny in the Bohemian Massif.

5.2. Geological position

The Bohemian Massif represents the easternmost segment of the European Variscan
Belt and is formed by two blocks (the Brunovistulian and the Tepla-Barrandian) that
are separated or surrounded by two zones (the Moldanubian and the Saxothuringian,
Fig. 1). The zones are characterized by the presence of eclogite facies and UHPM rocks
that occur as lenses and boudins within amphibolite and granulite facies rocks, while
the blocks are free from HP-UHPM rocks. The Saxothuringian Zone occupies
the northern part of the Bohemian Massif, including the Erzgebirge in the west
and the Sudetes in the east (Fig. 1). In addition to eclogite facies and UHPM rocks,
it contains blueschist facies rocks that are strongly overprinted by greenschist facies
metamorphism. The estimated P-T conditions are: 1-2 GPa at 300-550 °C
for blueschists (Faryad and Kachlik, 2013; Kryza et al., 2011; Za¢kova et al.,, 2010)
and 1.5-2.7 GPa at 600-650 °C for eclogite (Bakun-Czubarow, 1998; Klapova et al.,
1998; Massonne and O'Brien, 2003). UHP conditions are estimated for some eclogites,
garnet peridotites (Schmadicke et al. 1992; 2010), garnet pyroxenite (Massonne
and Bautsch, 2004) and for diamond-bearing gneiss and granulite (Kotkova et al., 2011;
Nasdala and Massonne, 2000). The Saxothuringian Zone with the Sudetes
and Erzgebirge is also characterized by the presence of blueschist facies rocks.

The contact between the south-eastward-dipping Saxothuringian plate beneath
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the Tepla-Barrandian Block is called the Saxothuringian (Tepl4) Suture (Franke, 2000;
Matte, 2001; Seston et al, 2000), which is assumed to continue along
the Saxothuringian and Tepld-Barrandian boundary to the NE, where it is partly
covered by Upper Palaeozoic and Mesozoic sedimentary rocks (Faryad and Kachlik,
2013). Ophiolite complexes are exposed at the contact with the Tepla-Barrandian
Block (the Maridnské Lazné Complex) in the west and at the contact
with the Brunovistulian Block in the east, where they follow the Rheic/
Rhenohercynian Suture. In the eastern part of the Sudetes, both the Saxothuringian
and the Rheic Sutures are cut and reoriented to the south and north due to westward
compression and underplating of the Brunovistulian plate beneath the Moldanubian
Zone and the West Sudetes (Kryza and Pin, 2010; Mazur et al., 2006).

The Moldanubian Zone occurs between the Tepla-Barrandian and Brunovistulian
blocks. It is formed by medium-grade (the Monotonous and Varied units) to high-
grade (the Gfohl Unit) rocks. They are intruded by Variscan granitoids with two belts
(Fig. 1) of the Central Bohemian Plutonic Complex (CBPC) and the Moldanubian
Batholith (MB). Similar to that in the Saxothuringian Zone, the medium- and high-
grade rocks contain lenses and blocks of eclogites and peridotites. Most granulite
bodies occur along the eastern boundary of the Moldanubian Zone, but some of them
are also exposed in its southwestern (the south Bohemian granulite massifs)
and northern parts (the Kutnd Hora Complex, Fig. 1). The estimated P-T conditions
for the high-grade rocks are in the range of 1.6-31 GPa and 850-1 000 °C
for granulites, (e.g. Carswell and O'Brien, 1993; Cooke, 2000; Faryad et al., 2010b;
Kotkovd, 2007; Tajémanova et al., 2006); 2-4 GPa and 800-1 000 °C for the eclogites
(Faryad, 2009; Nakamura et al.,, 2004; Vrana and Fryda, 2003); and 3-5 GPa
and 1 000-1 200 °C for the garnet peridotites (Faryad, 2009; Medaris et al., 2006).
Based on geochronological data, the HP-UHP and subsequent granulite
to amphibolite facies metamorphism occurred in a time scale of 370-340 Ma
(Brueckner et al., 1991; Carswell and Jamtweit, 1990; Friedl et al., 2011; Kréner and
Willner, 1998; Kroner et al., 2000; Schulmann et al., 2005; Wendt et al., 1994).
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Fig. 1. Simplified geological map of the Bohemian Massif and location of HP-UHPM rocks
(compiled from data after Chab et al., 2007; Faryad and Kachlik, 2013; Franke, 2000;
Machart, 1984; Willner et al., 2002). A-Aubach CBPC-Central Bohemian Plutonic Complex,
KH-Kutnd Hora and MB-Moldanubian Batholith. The studied eclogite localities are:
B-Borek, S- Selmberk, K-Katov and H-Huté.
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The medium-grade rocks of the Moldanubian Zone contain numerous bodies
of retrogressed eclogite and serpentinized peridotites. They were mapped by Machart
(1984), who described about 100 occurrences of eclogite with or without serpentinites
that form an approximately 200 km long belt parallel to the CBPC (Fig. 1). The size
of bodies ranges from several meters to almost 4 km in length. P-T conditions
of twelve eclogite occurrences were summarized by Medaris et al. (1995).
Temperatures, calculated using garnet-pyroxene thermometry, are in the range
of 615-705 °C with an average 657 + 26 °C and minimum pressure values of 1.3-1.5 GPa
are based on the maximum jadeite content in omphacite. Higher temperatures
of about 800 °C and pressures of 1.6 to 2.0 GPa, that are comparable with eclogite
in the Gfohl unit, were calculated for eclogites associating with pyroxenites
in the southern part of the Bohemian Massif (Faryad et al., 2006; O'Brien and Vrdna,
1995). The presence of disordered graphite as possible precursor of microdiamond was
also reported in these eclogites (Faryad et al., 2006). The surrounding rocks are mostly
gneiss, some may contain relicts of kyanite, and they are usually re-equilibrated
at lower pressure, where andalusite or cordierite may form as result of granite
intrusion. The studied eclogite samples come from four localities (Fig. 1):
1) In Borek (B), about 60-70 m thick lens of eclogite that is part of serpentinite body
with ca. 400 x 250 m in size (Synek and Oliveriova, 1993). The serpentinized peridotite
consists of harzburgite with minor lherzolite and dunite (Fiala and Jelinek, 1992).
In addition to olivine (Fogo), it contains orthopyroxene (Engo), minor diopsidic
clinopyroxene and accessory spinel. 2) Eclogite from Huté (H) forms about
400 x 100 m large body within biotite gneiss-migmatite (Machart, 1984). K-Ar data
from amphibole yields age of 366 + 26 Ma (Udovkiny et al., 1977). 3) Eclogite body
(200 x 100 m in size) near Katov (K) is exposed within two mica gneiss. 4) Serpentinite
body (1100 x 500 m) near Selmberk (S) ruin contains several boudins of eclogite
(the largest being 200 x 20 m in size). It is dunite in composition and contains relicts
of clinopyroxene and orthopyroxene (Schovadnek, 1977) and occurs at contact between

orthogneiss and two mica gneiss.
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5.3. Petrography

Two samples, one with and the other without kyanite, were selected from the Borek
locality for detailed study. The kyanite free eclogite (sample 8B-4) is coarse-grained
with weak foliation and consists of garnet, relict omphacite and quartz, amphibole,
rutile and ilmenite. Garnet forms porphyroblasts (up to 5 mm) that may contain
inclusions of rutile, ilmenite, amphibole and locally omphacite (Fig. 2a). Sample
RJBI-1l has up to 5 vol % of kyanite or its pseudomorphs (Fig. 2b) formed
by plagioclase + spinel. Garnet has only inclusions of rutile and it is usually rimed
by plagioclase and amphibole coronas. Omphacite is fully replaced by symplectite
of amphibole + plagioclase. The sample from Huté (F120-12) is fine- to medium-
grained and consists of garnet, omphacite, ilmenite, quartz, amphibole and accessory
amounts of epidote, titanite and rutile. Garnet may contain inclusions of amphibole.
Omphacite is transformed into plagioclase + amphibole + diopside symplectite.
In comparison to eclogites from other localities, this rock has high ilmenite content
of up to 10 vol %. Together with omphacite it defines foliation of the rock. The sample
from Katov (F146-12) is coarse-grained with garnet porphyroblasts surrounded
by symplectite of amphibole + plagioclase + diopside with relicts of omphacite. All
eclogites in the studied localities are strongly retrogressed. Amphibole and plagioclase
first form symplectite after omphacite or thin coronas around garnet and finally large
amphibole crystals overgrow the symplectite and stabilize amphibolite facies

assemblage.

pltam

Fig. 2. BSE image (a) of garnet with inclusions of taramite (tar) in the core and omphacite
near to the rim (sample 8B-4). Garnet has numerous inclusions of rutile (ru). (b) shows
retrogressed eclogite (sample RJBI-11) with symplectite of amphibole (am) + plagioclase (pl)
after omphacite and of spinel (sp) + plagioclase after kyanite. Garnet has corona
of amphibole and plagioclase.
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5.4. Mineral compositions

5.4.1. Garnet

Fig. 3 and Table 1 show composition of garnet from all four localities and it ranges
from almandine-rich variety (Alms4Prp22Grs23) in samples F146-12, F120-12 and 8B-4
to relatively pyrope-rich type (AlmasPrpssGrszo) in sample F3-6. The spessartine
content is low with a maximum of 4 mol % in samples from Borek. Garnet from both
kyanite-free and kyanite-bearing samples in Borek shows strong and complex zoning,
but generally with increase of pyrope and decrease of grossular and spessartine
towards the rim (Fig. 4). In garnet from the kyanite-bearing sample almandine
indicates a rimward decrease, but shows a flat profile in kyanite-free sample

(Fig. 4¢, d).

Alm * F3-6

(a) * 3B-4 2.0@ |
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Fig. 3. Composition of garnet (a), pyroxene (b) and amphibole (c) from the studied eclogites
in the Monotonous Unit. Abbreviations in the NaM* and AlY diagram (c) are:
Gl-glaucophane, Nb-nyboéite, Ri-richterite, Kat-katophorite, Tar-taramite, Tr-tremolite,
and Ed-edenite. F and Mg refer to ferro- and magnesian prefixes.

5.4.2. Clinopyroxene

Jadeite contents analyzed in clinopyroxene range between 23 and 43 mol % while
aegirine is up to 3 mol % (Fig. 3b). Maximum jadeite-rich omphacite comes from
kyanite-free samples (8B-4 and F120-12) and the lowest jadeitic clinopyroxene occurs
in the sample from Selmberk (F3-6). Clinopyroxene in the symplectite with plagioclase

and amphibole is diopside with low jadeite content (below 20 mol %).
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Amphibole in the matrix is pargasite and hornblende. At contact with ilmenite,

it may have high Ti content and corresponds to titanium hornblende. Composition

of amphiboles enclosed in garnet from the studied samples is shown in Fig. 3c.

Taramite is present in the sample from Borek. Its B site is occupied by 0.51 to 0.76 Na

atoms per formula unit (a.p.f.u.) and the A site contains 0.6-0.8 Na + K a.p.f.u.

(the ferric/ferrous ratio in amphibole was calculated by normalization to 13 cations

and 46 charges). The Xy = Mg / (Mg + Fe?*) ratio is about 0.5. Inclusions of taramite

to barroisite occur also in garnet from samples in Huté and Katov.
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Fig. 4. BSE images (a) and compositional map of Mg (b) of garnet with inclusions of quartz

(q) and Na-Ca amphibole (am). The matrix omphacite is replaced by symplectite

of amphibole + plagioclase. (c and d) show compositional profiles with mol fractions

of almandine, pyrope, grossular and spessartine contents.
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Table 1: Microprobe analyses of selected garnet and clinopyroxene from
clinopyroxenite and eclogite

Mineral Garnet

Sample 8B-4 RJBI-11 F120-12 F146-12 F3-6
Position r rc [« [« T c om
SiO2 39.33 38.71 38.39 39.06 40.49 38.50 38.63 39.42 40.09
TiO2 0.05 0.06 0.14 0.03 0.02 0.03 0.05 0.09 0.07
AlLOs 22.43 22.10 22.05 21.99 22.45 21.69 21.66 21.73 22.76
FeO 22.78 23.31 22.60 20.36 16.58 24.08 23.01 25.13 14.50
MnO 0.35 0.97 1.93 1.55 0.38 0.72 0.71 0.37 0.28
MgO 8.62 6.97 5.18 6.25 .12 6.73 7.49 5.66 11.83
CaO 7.18 8.23 10.41 10.22 8.91 7.83 7.75 836 10.90
Total 100.74 100.34 100.71 9947  99.95 99.58 9930 100.77 100.43
Si 2.971 2.959 2.944 3.016 2999 2982 2985 3.019 2.947
Ti 0.003 0.003 0.008 0.002 0.001 0.002 0.003 0.005 0.004
Al 1.997 1.991 1.993 2.001 1.981 1.980 1.972 1.981 1.972
Fe3+ 0.056 0.085 0.1 0.000 0.018 0.054 0.054 0.000 0.121
Fe?* 1.391 1.423 1.358 1314 1.019 1.505 1.432 1.625 0.770
Mn 0.022 0.063 0.126 0.102 0.024 0.047 0.047 0.024 0.017
Mg 0.971 0.794 0.593 0.720 1.242 0.777 0.863 0.652 1.297
Ca 0.581 0.674 0.856 0.846 0.715 0.650 0.641 0.693 0.859
alm 46.6 47.7 45.7 441 34.0 50.2 47.7 543 258
prp 32.5 26.6 20.0 241 414 259 28.7 21.8 435
grs 19.2 221 281 28.4 23.8 21.5 21.2 23.1 27.6
sps 0.7 2.1 4.2 34 0.8 1.6 1.6 0.8 0.6
Xre 0.59 0.64 0.70 0.65 0.46 0.66 0.62 0.71 037
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Table 1 (continued)

Mineral Clinopyroxene Amphibole
Sample 8B-4 F120-12 F146-12 F3-6 F146-12 F120-12 8B-4 8B-4
SiO2 55.46 55.65 56.21 56.45 5511  SiO: 43.13 46.96 41.75 39.2
TiO: 014 0.10 0.06 0.16 0.07 TiO2 0.52 0.21 1.98 3.92
AlLOs 10.83 10.10 9.51 9.05 6.64 AlLOs 19.15 1338 17.80 20.5
FeO 492 4.68 4.04 5.12 1.87 FeO 11.83 9.91 13.39 12.1
MnO 0.04 0.00 0.03 0.07 0.00 MnO 0.05 0.00 0.12 0.12
MgO 8.89 820 9.52 10.64 1330 MgO 11.04 15.07 9.57 8.93
CaO 13.66 1412 14.55 1473 1914 CaO 9.43 9.27 7.97 8.73
NaxO 6.52  6.72 5.69 501 346 NaO 3.49 3.25 5.53 5.13

K20 0.17 0.12 0.07 0.04
Total 100.46 99.57 99.61 101.23 99.60  Total 98.80 98.17 100.66 100.92
Si 1.963 1988 2.013 1999 1972 Si 6.063 6.519  6.044 5.671
Ti 0.004 0.003 0.002 0.004 0.002 AllV 1.937 1481 0.956 2.330
Al 0.452 0.425 0.401 0378 0.280 AlVI 1.235 0.708 1.080 1166
Fe3+ 0.042 0.038 0.000 0.000 0.004 Ti 0.055 0.022 0.216 0.426
Fe 0.103 0.102 0.121 0152 0.051 Fe* 0.770 1.075 0.404 0.153
Mn 0.001 0.000 0.001 0.002 0.000  Fex 0.621 0.075 1.217 1311
Mg 0.469 0.437 0.508 0562 0710 Mn 0.005 0.000 0.015 0.014
Ca 0.518 0.540 0.558 0.559 0.734 Mg 2313 3120 2.066 1.926
Na 0.448 0.465 0.395 0344 0240 Ca 1.420 1379 1.236 1.353
aug 459 53.3 56.2 558 75.0 NaM4 0.580 0.621 0.767  0.652
jd 36.4 423 40.0 349 23.6 Na(A) 0.371 0.255 0.784  0.788
aeg 3.8 3.8 0.0 0.0 0.5 K 0.030 0.021 0.03  0.007

A 0.401 0275 0.798 0.795
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5.5. P-T conditions

The compositional zoning and the presence of Na-Ca amphibole inclusions
in garnet from eclogite suggest a prograde metamorphism from high-temperature
blueschist facies to eclogite facies conditions (Faryad and Bernhardt, 1996).
To estimate maximum P-T conditions in the eclogite, garnet-pyroxene thermometry
(Ai, 1994; Ravna, 2000) was used for all four localities. End-member reactions
for garnet with inclusions of taramite and omphacite in sample 8B-4 were calculated
based on Thermocalc software V3.21 (Holland and Powell, 2003) and the Holland et al.
(1998) dataset. The Gibbs-free energy minimization technique [Perplex 09 by Connolly
(2005)] was used for kyanite bearing eclogite (sample RJB1-11). We used the solution
models for garnet, chlorite and omphacite after Holland et al. (1998), updated
by Holland and Powell (2003), plagioclase after Newton et al. (1980) and amphibole
after White et al. (2003). The results of garnet-clinopyroxene thermometry
for different samples and different localities (Table 2) are in the range of 640-670 °C.
A temperature of 650 °C at 2.3 GPa was obtained by calculation of endmember

reactions among amphibole, clinopyroxene and garnet in sample 8B-4:

(1) prp + hed = di + alm
(2) parg + q = prp + grs + di + jd + H20
(3) parg + alm + q = prp + grs + jd + hed + H20

(4) parg + hed + q = grs + di + jd + alm + H2O.

Table 2: Results of thermobarometric calculations.

Calibration Ravna (2000) Ai (1994) Thermocalc
Samples T (°C)? T (°C)? T (°C)a P (GPa)
8B-4 667 +11 642 £ 16 650 23
RJBI-11 651 +19 641 + 20

F146-12 660 + 36 649 + 34

F120-12 665 + 22 645 + 22

F3-6 659 + 29 649 + 27

* Temperature calculation at 2.0 GPa
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Fig. 5 shows pseudosection constrained for kyanite-bearing sample (RJBI-11) from Borek.

All fields in the selected P-T range (400- 700 °C and 1.5-2.5 GPa) contain garnet, zoisite
and rutile. Kyanite is present at relatively low temperature (below 550 °C). Mantle
composition near the rim of garnet (Xc. = 0.27, Xre = 0.53) yields pressure above 2.3 GPa
at cca 600 °C which is similar to that obtained by the end-member equilibrium reactions.
The rim composition of garnet shows lower pressure of 2.0 GPa, but higher temperature of
about 660 °C. It should be noted that most garnets in this sample indicate various degree of

replacement with amphibole + plagioclase coronae.
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5.6. Discussion
5.6.1. Significance of pressure-temperature variations

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 and compare them with similar
rocks in the Saxothuringian Zone. The calculated temperature conditions for eclogites
in the amphibolite facies Monotonous and Varied units (600-650 °C, Fig. 6) are
consistent with those already reported by Medaris et al. (1995). Pressures
of 1.3-1.5 GPa, reported by these authors, were obtained using jadeite content
in clinopyroxene and indicate only minimum values for the eclogite facies event.
Maximum pressure, calculated based on the pseudosection method and equilibrium
reactions among minerals, is almost one order higher (about 2.3 GPa, Fig. 6).
Compared to the high-grade Gfohl Unit, the pressures and temperatures of eclogite
facies metamorphism are low, however intermediate P-T conditions between these
two units have been reported from the nearby South Bohemian Granulite massif
(Faryad et al., 2006; Kobayashi et al., 2011; Kotkova et al., 1997).

When comparing P-T conditions of eclogites in amphibolite facies units from the
Moldanubian Zone with those occurring in the Erzgebirge and Sudetes
[the Saxothuringian Zone, Massonne and Koppe (2005), Klemd and Brocker (1999)],
both show a P-T gradient of 7-9 °C/km (Fig. 6) 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,
similar to that in eclogites from Maridnské Lazné Complex (Faryad, 2012), suggest
arapid and/or relatively cool subduction environment. In contrast to eclogites
in amphibolite facies units in the Erzgebirge and from Sudetes, where decompression
and cooling history (path 2 in Fig. 6) are defined by formation of barroisitic amphibole,
overgrowing or replacing the eclogite facies assemblage, the eclogites
in the Moldanubian Zone show almost isothermal decompression (path 1). Amphibole
in the matrix is pargasite or hornblende. It is not clear, if the isothermal

decompression path, deduced from compositional zoning in garnet, was due to
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re-equilibration during exhumation, or it was a result from later amphibolite facies
overprint. This process was documented by geochronological dating of amphibole
occurring at around 370-380 Ma (Ar-Ar method) in the Maridnské Lazné Complex
(Dallmeyer and Urban, 1998; Zulauf, 1997) and 365 Ma (K-Ar method) in the Huté
eclogite (Udovkiny et al., 1977).
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Fig. 6. Summary of P-T data from eclogites in theMoldanubian Zone, east from the Tepla-
Barrandian Block. Gray shaded field shows average temperatures, obtained by garnet-
pyroxene thermometry for the studied samples (Table 2). Solid square corresponds
to P and T values obtained by the end-member reactions (1-4). Filled circles are P-T data by
Medaris et al. (1995) from eclogite in this area. The thick solid line arrow (1) is P-T path,
obtained by mantle and rim compositions (open squares) of garnet in Fig. 5. P-T data from
medium-temperature eclogite in the Saxothuringian Zone are also shown for comparison:
E-Erzgebirge (Klapova et al., 1998; Massonne and Koppe, 2005), MLC-Maridnské Lazné
Complex (Faryad, 2012), and S-Snieznik in the Sudetes (Brocker and Klemd, 1996). P-T
path (2) is from eclogite in the Erzgebirge (Faryad et al., 2010a).
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5.6.2. Geodynamic implication of the medium-temperature eclogites

for Variscan Orogeny in the Moldanubian Zone

Figure 7 shows tectonic zonation along the European Variscan Belt with location
of major allochthonous Units (Massifs) (Franke, 2000; Matte, 1986). All massifs are
characterized by the presence of ophiolites and HP rocks and they are crossed by one
or more suture zones. The most prominent Variscan suture is formed by north-
or northwest-verging subduction in all massifs. In the Bohemian Massif, two sutures
are considered to be formed by closure of the Saxothuringian and Moldanubian
Oceans (Franke, 2000). In the present geographic situation, the two oceans were
closed by opposite subductions beneath the Tepla-Barrandian Block from northwest
and southeast, respectively. A younger subduction beneath the Moldanubian Zone is
assumed by closure of the Rhenohercynian (Rheic) Ocean with the suture following
the eastern border of the Moldanubian Zone, including Sudetes (Fig. 1) (Finger et al.,
2007). Because of similarity of felsic granulites with HP-UHPM rocks both
in Saxothuringian and Moldanubian Zones, Schulmann et al. (2009) consider only one
subduction from the Saxothuringian side beneath the Tepla-Barrandian Block. In this
model, a part of subducted material, now occurring in the Saxothuringian Zone, was
exhumed back along the subduction channel, but a part penetrated the lower crust-
mantle boundary beneath the Tepla-Barrandian Block and Moldanubian Zone
and then exhumed due to buckling of crustal layers in the Moldanubian Zone.
The calculated P-T conditions in eclogites from the Monotonous and Varied units
and the preservation of the prograde P-T paths even in HT eclogites and host
granulites (Faryad et al., 2010b) in the Moldanubian Zone, however do not support
long distance transport beneath continental blocks (zones) but testify a rather cooler
environment both for their subduction and exhumation. Therefore, the westward
subduction by closure of the Moldanubian Ocean (Franke, 2000), where burial
and exhumation of HP-UHPM rocks occurred along the same subduction channel,
seems to be the relevant model for the Moldanubian rocks. The Moldanubian suture
was adapted by Medaris et al. (2006) to explain formation and exhumation of eclogites
and garnet peridotites in the eastern part of the Bohemian Massif and its existence is

supported by geophysical data (Babuska and Plomerova, 2013).
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The 250 km long suture in the Moldanubian Zone, from Aubach (A) in the SW
to the Kutnd Hora (KH) in the NE (Fig. 1), is followed not only by the presence
of eclogites and serpentinites, but also by granulites with HT eclogites and garnet
peridotites. Its continuation to the northeast is not clear due to the Cretaceous
sedimentary cover, however Vrana et al. (2009) correlate the high-grade rocks from
the Kutnd Hora Complex (the Moldanubian Zone) with those in the Sudetes.
Formation of HP-UHPM rocks, occurring along the Saxothuringian Zone from Sudetes
to the Erzgebirge (Fig. 1) by one subduction zone and from a similar source material is
generally accepted (for ref. see Faryad, 2011). Based on similarity in lithologies, P-T
regime and age of metamorphism (see below) of HP-UHPM rocks between
the Saxothuringian and Moldanubian zones, we assume that they were formed
by a single subduction that related to the closure of the Moldanubian Ocean.
The Moldanubian Zone with melange-like structure is characterized by volumetrically
larger amounts of HP-UHPM rocks with greater regional extent than that occurring
in the Saxothuringian Zone (Fig. 1). The present position of HP-UHPM rocks
surrounding the Tepla-Barrandian Block from north and west could be partly
explained by orocline bend of the Moldanubian suture in the north, and mostly
by tectonic transport after their exhumation to various crustal levels. A hairpin bend
suture model north of the Tepla-Barrandian Block with oroclinal bending
in the Sudetes was proposed to explain distribution of ophiolites and HP rocks (Finger
and Steyrer, 1995). This model, primarily assumed connection of the Saxothuringian
suture with much younger Rhenohercynian suture, can fit for possible continuation
of the Moldanubian suture to the north of the Tepld-Barrandian Block. Statistical
evaluation of paleomagnetic data documents various degrees of clockwise
and anticlockwise block rotations in the Bohemian Massif since Devonian (Edel et al.,
2003; Krs et al., 1995; Tait et al., 1994). In addition to more than 90° rotation
in the East Sudetes and Silesian Block, up to 60° block rotation against each other can
be documented when comparing paleomagnetic data from Carboniferous sediments
in the Tepla-Barrandian Block (cca 30° anticlockwise rotation, Krs et al., 1995)
and Variscan plutonites in the Moldanubian Zone (ca. 25° clockwise rotation, Edel
et al., 2003). This implies significant displacement and tectonic transport of material

around rigid block as that of the Tepla-Barrandian. The block rotations occurred
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during convergence and closure of the Rhenohercynian Ocean during Carboniferous
(Edel et al., 2003) which was followed by crustal thickening in the Moldanubian Zone
as a result of deep-level westward wedging (indentation) of Brunovistulian Block
(Schulmann et al., 2005). The presence of amphibolite facies Moldanubian rocks
surrounding the Tepla-Barrandian Block from south to south-west and the occurrence
of eclogite bodies further west near Winklarn in Germany and of the Marianské Lazné
Complex at contact with the Saxothuringian Zone (Fig. 1) are the best examples
of possible tectonic transport from their main Variscan suture.

It is commonly accepted that closure of the oceans in the central part
of the Variscides occurred in the Devonian (see Franke, 2000; Timmermann et al.,
2004; Zulauf, 1997), as indicated for example by the 400 Ma age for high-pressure
metamorphism. Some younger ages of 340 Ma from HP granulite and diamondiferous
gneiss in the Erzgebirge are explained by crustal thickening, where the HP rocks were
maintained in the crustal root for about 50 Ma and then exhumed due to delamination
of lithospheric mantle (Willner et al., 2000). Although, ages of about 340 Ma are
known from HP granulite in the Moldanubian Zone and in Sudetes, there are
an increasing number of new geochronological data indicating 390-370 Ma age of HP-
UHP metamorphism (Brocker et al., 2009; Lange et al., 2005; Nahodilova et al., 2014;
Prince et al., 2000; Teipel et al., 2012). A similar age is also reported from garnet
pyroxenite (Brueckner et al., 1991). Based on the preservation of prograde zoning
in garnet from granulites and associated eclogites and pyroxenite (Faryad et al., 2010b,
2013), we assume that the younger ages could be the results of granulite facies
overprint. This process related to subduction of the Rhenohercynian Ocean
and subsequent collision between the Moldanubian Zone and Brunovistulian Block

(Babuska and Plomerova, 2013; Finger et al., 2007; Schulmann et al., 2005).

Fig. 7. Position of the pre-Carboniferous Moldanubian type allochthonous units along,
the European Variscan Belt (Franke, 2000; Matte, 1986). The allochthonous units are
followed by a suture that continues from the Iberian Massif, through French Massif Central,
Vosges (V), Schwarzwald (S) to the Moldanubian Zone.
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5.7. Conclusions

The occurrence of eclogite bodies with serpentinite along cca 250 km zone
southeast of the Tepla-Barrandian Block is interpreted as Variscan suture formed
by closure of the Moldanubian Ocean (Franke, 2000). The eclogites and serpentinites
are part of the amphibolite facies Monotonous and Varied units and the suture zone is
followed by the presence of granulite massifs that contain bodies of garnet peridotite,
showing UHP conditions. The Moldanubian suture is part of the main Variscan suture
that can be traced within other allochthonous massifs along the European Variscan
Belt. In the Bohemian Massif, it continues from the Moldanubian Zone to Sudetes
inthe northwest. The calculated P-T conditions from eclogite bodies
in the Moldanubian Zone indicate low geothermal gradient, similar to that in eclogites
from the Saxothuringian Zone and suggest their formation by rapid subduction
and exhumation process. Based on their analogy in lithology, P-T regime and ages
of metamorphism of HP-UHP rocks, we assume that the Moldanubian suture was
responsible for the formation and exhumation of these rocks both in the Moldanubian
and Saxothuringian zones. Present position of HP-UHPM rocks in the Saxothuringian

Zone could be the result of tectonic transport after their exhumation to crustal levels.
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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
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Czech Republic
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Institute of Geology AS CR, Rozvojova 269, 16500 Prague, Czech Republic

Abstract

Leucocratic metagabbro and amphibolite from a mafic-ultramafic body within migmatite
and granulite in the Kutnd Hora Complex were investigated. The mafic-ultramafic rocks show
amphibolite facies metamorphism, but in the central part of the body some metagabbro preserves
cumulus and intercumulus plagioclase, clinopyroxene and spinel. Spinel forms inclusions in both
clinopyroxene and plagioclase and shows various degree of embayment structure, that was probably
a result of reaction with melt during magmatic crystallization. In the metagabbro, garnet forms
coronae around clinopyroxene at the contacts with plagioclase. Amphibolite contains garnet
with prograde zoning and plagioclase. Phase relations of igneous and metamorphic minerals
indicate that magmatic crystallization and subsequent metamorphism occurred as a result
of isobaric cooling at a depth of 30-35 km. U-Pb dating on zircon from leucogabbro yielded
a Variscan age (337.7 + 2 Ma) that is similar or close to the age of granulite facies metamorphism
(cca 340 Ma) in the Moldanubian Zone. Based on the calculated P-T conditions and age data, both
the mafic-ultramafic body and surrounding granulite shared the same exhumation path from their
middle-lower crustal position at the end of Variscan orogeny. The coincidence of mafic-ultramafic
intrusives and granulite—amphibolite facies metamorphism is explained by lithospheric upwelling
beneath the Moldanubian Zone that occurred due to slab break-off during the final stages
of subduction of the Moldanubian plate beneath the Tepld Barrandian Block. The model also
addresses questions about the preservation of minerals and/or their compositions from the early
metamorphic history of the rocks subjected to ultradeep subduction and subsequent granulite facies
metamorphism.

Keywords: Granulite, Heat source, Spinel-bearing gabbro, Variscan age
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6.1. Introduction

The Kutnda Hora Complex is a composite unit of stacked crustal and mantle rocks
metamorphosed in amphibolite to granulite facies conditions (Faryad et al., 2010b;
Nahodilova et al., 2011; Pouba et al., 1987; Vrana et al., 2006). It contains granulite
and eclogite bodies, which are present also in the central and western parts
of the Moldanubian Zone and form a cca 200 km long belt from the Kutnda Hora
Complex in the north to the South Bohemian granulite massifs in the south (Fig. 1).
The felsic granulites and granulite gneisses contain lenses and boudins of garnet
peridotite, garnet pyroxenite and eclogite for which high-pressure to ultrahigh-
pressure (HP-UHP) conditions were estimated (Faryad, 2009). The high-grade rocks
of the Kutnd Hora Complex have been traditionally correlated with the Gfohl Unit
(Synek and Oliveriova, 1993), which is characterized by the presence of bodies of felsic
granulite, which are mostly exposed along the eastern border of the Moldanubian Zone
[Fuchs and Matura (1976), Fig. 1]. Mineral inclusion studies by Perraki and Faryad
(2014) indicated that some felsic granulite from the Kutnd Hora Complex experienced
an earlier UHP metamorphism. Based on major and trace element zoning in garnet,
Jedlicka et al. (2015) concluded that the UHP conditions in felsic rocks were reached
at relatively low temperature and that the granulite facies metamorphism occurred
after the UHP rocks were exhumed and emplaced in a mid-crustal position.
While the first metamorphism is related to subduction of the Moldanubian plate
beneath the Tepla-Barrandian Block (Faryad et al., 2013; Franke, 2000; Medaris et al.,
2005), the mechanism and source for granulite facies heating remains unclear.
According to Lexa et al. (2011), the granulite facies metamorphism in the Bohemian
Massif occurred due to the radioactive heat production within the lithospheric felsic
lower crust. Willner et al. (2000, 2002) consider delamination and detachment
of mantle lithosphere under the crustal root for the generation and exhumation
of high-pressure and high-temperature rocks. Jedlicka et al. (2015) and Faryad and
FiSera (2015) showed that the granulite facies metamorphism was a short-lived
process, otherwise the prograde compositional zonation in garnet from the HP-UHP
event would totally homogenize. By investigating the coronitic troctolite, occurring

adjacent to granulite in the eastern part of the Moldanubian Zone, Faryad et al. (2015)
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proposed that the heat source for granulite facies metamorphism of HP-UHP rocks
in the Moldanubian accretionary complex was upwelling of asthenospheric magma,
a process governed by slab break-off.

In this paper we present results of a petrological and geochronological study within
a several km long mafic-ultramafic body that occurs within migmatite and granulite
gneiss in the southeastern part of the Kutna Hora Complex. In composition the mafic-
ultramafic rocks range from norite, pyroxenite, troctolite to anorthositic gabbro.
In contrast to the surrounding granulites, which experienced an earlier UHP
metamorphism, the mafic-ultramafic body shows only a single amphibolite facies
metamorphism, where igneous phases are preserved mostly in the central part of the
body. The zircon U-Pb data from plagioclase rich gabbro yielded Variscan magmatic
crystallization age which is similar to the age of granulite facies metamorphism in the
nearby rocks. Phase and textural relations of igneous and metamorphic minerals are
used to define the crystallization depth of magma and subsequent metamorphism
of the mafic-ultramafic rocks. The results of petrological and geochronological study
are discussed to decipher a possible relationship between the mantle melting process
and granulite facies metamorphism in the Moldanubian Zone. The relationship
of high-ultrahigh pressure metamorphism to post-collisional magmatism in the

Moldanubian is also discussed.
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Fig. 1: (a) Position of the pre-Carboniferous Moldanubian type allochthonous units along the

s

European Variscan Belt with presumed Moldanubian suture = MS [modified from Franke (2000),
Faure et al. (2014)]. The stars indicate the occurrences of HP-UHP rocks (Faryad and Kachlik, 2013)
within basement massifs: AM = Armorican Massif (NA = North Armorica, SA = South Armorica),
BM = Bohemian Massif, FMC = French Massif Central, IM = Iberian Massif with Ossa-Morena
Zone (OM). Basement units in the Bohemian Massif are: BB = Brunovistulian Block,
MZ = Moldanubian Zone, SZ= Saxothuringian Zone, TBB = Teplad-Barrandian Block; (b) Simplified
geological map of the Bohemian Massif, modified from Franke (2000), Chab et al. (2007) and Faryad
and Kachlik (2013). KHC = Kutna Hora Complex, SCU = Svratka Crystalline Unit, CBPC = Central
Bohemian Plutonic Complex, MPC = Moldanubian Plutonic Complex. Variscan (~340Ma) mafic
and ultramafic intrusions are: CK = Certtiv Kdmen, RB = Ronov body, RC = Ransko Complex,
ST = Stalky, NPC = Nasavrky Plutonic Complex.
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6.2. Geological setting

The Bohemian Massif is the easternmost segment of the European Variscan Belt
(Fig. 1a) and it consists of four major tectonic domains: (i) the Saxothuringian Zone,
(ii) the Moldanubian Zone, (iii) the Tepla-Barrandian Block and (iv) the Moravo-
Silesian (Brunovistulian) Block. The Saxothuringian Zone occupies the northern part
of the Bohemian Massif, while the Moldanubian Zone is located in the southern part
between the Tepla-Barrandian Block in the West and the Brunovistulian Block
in the east. The zones are characterized by the presence of lenses and boudins of HP
and UHP metamorphic rocks within amphibolite to granulite facies rocks,
while the Brunovistulian and the Tepld-Barrandian blocks have no HP-UHP
metamorphic rocks. In addition to eclogite facies and UHP metamorphic rocks
(see Kotkova et al., 2011; Massonne and O'Brien, 2003), the Saxothuringian Zone
contains blueschist facies rocks that are strongly overprinted by greenschist facies
metamorphism (Faryad and Kachlik, 2013).

The Tepla-Barrandian Block with its crustal units tectonically overlies Moldanubian
Zone along a dextral oblique shear zone in the Zelezné hory area (Fig. 2). It is formed
by Neoproterozoic and Early Paleozoic sedimentary and volcanic rocks.
The Neoproterozoic rocks are black shales, greywackes with intercalations
of conglomerate. They are intruded by Neoproterozoic (cca 580 Ma) tonalite
and Ordovician (cca 480 Ma) granite with numerous bodies of co-magmatic gabbro
(Fig. 2). The Early Paleozoic sequence consists of Cambrian to Devonian sediments
with Cambrian intermediate to acid calc-alkaline volcanics. The Neoproterozoic
and Early Paleozoic rocks, imbricated along the Zelezné hory Fault zone show various
degrees of metamorphism, ranging from lower greenschist to amphibolite facies
conditions. The degree of metamorphism increases generally towards the underlying
Moldanubian Zone. Some rocks in the southwestern edge of the Tepla-Barrandian
Block (Fig. 1b) show up to granulite facies conditions (Bues and Zulauf, 2000).

The Moldanubian Zone is formed by medium-grade (the Monotonous and Varied
units) to high-grade (the Gfohl Unit) rocks with Paleoproterozoic to Devonian
protolith ages (Kosler et al., 2014; Schulmann et al., 2005 and references therein).

The Monotonous and Varied groups, collectively known as the Drosendorf Unit (Fuchs
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and Matura, 1976), consist of various types of paragneisses and migmatites. The Varied
Unit additionally contains lenses and layers of marbles, amphibolite, quartzite
and graphite-bearing paragneiss. Both the Monotonous and Varied units contain
bodies of retrogressed eclogite and spinel peridotite. The Gfohl Unit is represented
by felsic granulite, orthogneisses and various types of migmatite including kyanite-
bearing migmatite. The felsic granulite forms up to 10 x 20 km large bodies that are
imbricated within the Drosendorf Unit rocks. They contain lenses of garnet peridotite
and eclogite. Recent thermobarometric and mineral inclusion studies (Faryad et al.,
2010b; Jedlicka et al., 2015; Perraki and Faryad, 2014) showed that the felsic granulite
experienced HP-UHP metamorphism prior to their granulite facies overprint. Fig. la
shows that rocks of Moldanubian affinity are present along the internal and most
eroded part of the European Variscan Belt. The most striking feature
of the Moldanubian Zone in the Bohemian Massif is the presence of more than one
hundred bodies of retrogressed eclogite and serpentinized spinel peridotites (Machart,
1984; Medaris et al., 2015), which together with bodies of granulite (former HP-UHP
rocks) are interpreted as integrated members of the Moldanubian accretionary
complex or orogenic wedge (Faryad et al., 2013). The distribution of HP-UHP rocks
along the whole Moldanubian Zone from the Bohemian Massif in the east
to the Iberian Massif in the southwest (Fig. 1a), is consistent with the subduction and
exhumation hypothesis of Franke (2000) and related to the Moldanubian suture
(Faryad et al., 2013).

Variscan igneous rocks of the Moldanubian Zone, some also intruding the overlying
Tepla-Barrandian Block, can be classified into four groups. The first group
(cca 350-346 Ma) is represented by arc-related intrusions [the Central Bohemian
Plutonic Complex = CBPC; Z4k et al. (2014)] and synkinematic gabbro-tonalite bodies
within the Upper Devonian to Lower Carboniferous flysh complexes, (Fig. 1a), which
occur along the boundaries between the Moldanubian Zone and Tepld-Barrandian
Block (Fig. 1b). The second group (ccO. 360-340 Ma) consists of separate intrusive
bodies of mafic-ultramafic rocks (Figs. 1b, 2) that include the Certéiv Kdmen (Bues
et al., 2002), Stalky (Faryad et al., 2015) and the Ransko Complex (Ackerman et al.,
2013). They show different degrees of post-magmatic and metamorphic

recrystallization. Several gabbroic bodies are present in the Nasavrky Plutonic
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Complex dominated by a tonalite to granite suite (Schulmann et al., 2005; Fig. 2a).
The largest Ransko gabbro-peridotite Complex (up to several km in size) is not affected
by metamorphism, but others, e.g. the metatroctolite at Stalky in the Drosendorf stack
at the Moldanubian-Moravian Boundary (Fig. 1b), show granulite facies
recrystallization. The third group is represented by unmetamorphosed plutons
(melagranite, melasyenite, Fig. 1b) and dyke swarms of ultrapotassic rocks
(343-337 Ma) that penetrated the Moldanubian Zone rocks (Holub, 1997; Kotkova
et al., 2010; Kusiak et al., 2010). The youngest (cca 329-305 Ma) anatectic granitoids
of the Moldanubian Plutonic Complex (MPC) are related to formation of the dome like
structure generated along the Pfibyslav Mylonite Zone (PMZ in Fig. 2) as a response
to underthrusting of Brunovistulian Block under the Moldanubian Zone (Zik et al.,

2011, 2014).
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Fig. 2. Geological map and relations between the Moldanubian Zone and Tepla-Barrandian
Block near Caslav showing widespread occurrences of Variscan mafic-ultramafic intrusions.
The age data are: Ronov (this work), Ransko (2; Ackerman et al., 2013), CMPC (3; Z4k et al.,
2011).
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The Kutna Hora Complex (KHC) including the Ronov mafic-ultramafic body is
located in the uppermost part of the Moldanubian Zone (Fig. 1b). It tectonically
overlies the Drosendorf Unit. The KHC consists mostly of orthogneisses at the base,
structurally overlain by migmatites and micaschists that contain tectonic bodies
of granulites and granulite gneisses (Stédrd and Nahodilova, 2009) that are usually
correlated with the Gf6hl Unit (Pouba et al., 1987; Synek and Oliveriova, 1993). UHP
conditions for felsic granulites, hosting boudins of garnet peridotite and garnet
pyroxenites, were confirmed by the presence of microdiamond and coesite inclusions
in garnet and zircon (Perraki and Faryad, 2014). The age of ~365 Ma, obtained using
U-Pb method on zircon from less re-equilibrated granulite in the Kutna Hora Complex
(Nahodilova et al., 2014), is interpreted to date the HP-UHP event (Jedlicka et al.,
2015).

The Ronov mafic-ultramafic body (4.5 x 0.5-1.0 km) is exposed within granulite
and migmatite at the contact with micaschist (Fig. 1b) and it is partly covered by
quaternary sediments. In composition it ranges from norite through pyroxenite,
troctolite to anorthositic gabbro (Munshi, 1981; Holub and Munshi, 1984). The mafic
varieties are transformed mostly into banded amphibolite and norite is completely
serpentinized. Relict igneous and coronitic textures are preserved in small (decimeter-
meter in size) boudins in the northern and central parts of the body. The long axes
of the boudins are elongated in the NNW-SSE direction parallel to the orientation
of the whole body. The asymmetry of the boudins and asymmetric pressure shadows
show mostly oblique dextral sense of shear. Coronitic metagabbro was investigated
by Holub and Munshi (1984) and they deduced their formation by subsolidus reactions
that occurred at 0.7-0.8 GPa and 900-950 °C.

3. Methods

In addition to analyses of the bulk rock and minerals, the rock was dated using LA-
ICP-MS U-Pb analysis of zircon. The whole rock geochemistry was undertaken
at the Laboratories of the Geological Institutes, Charles University in Prague. Major
oxides, analysed by classical wet chemical methods together with normative mineral

contents are listed in Table 1. Chemical analyses and X-ray maps were obtained by the
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JEOL JXA-8530F microprobe equipped with wavelength- and energy-dispersive
spectrometers (WDS and EDS) at the Department of Petrology and Structural Geology,
Charles University in Prague. Quantitative analyses and maps were obtained by WDS
only. The operating conditions were 15 kV and 30 nA beam current for spot analyses
and 20 kV and 120 nA for element mapping. Standards were quartz (Si), corundum
(Al), periclase (Mg), magnetite (Fe), rhodonite (Mn), calcite (Ca), rutile (Ti),
chromium oxide (Cr), vanadinite (V), albite (Na), apatite (P). Representative analyses
of selected minerals are given in Table 2. Mineral abbreviations are: ab = albite,
am = amphibole, an = anorthite, and = andalusite, cpx = clinopyroxene, fo = forsterite,
sil = sillimanite, gt = garnet, parg = pargasite, pl = plagioclase, opx = orthopyroxene, sp
= spinel, tr = tremolite, ts = tschermakite, garnet: alm = Fe / (Ca + Fe + Mg + Mn),
prp = Mg / (Ca + Fe + Mg + Mn), grs = Ca / (Ca + Fe + Mg + Mn), sps = Mn / (Ca + Fe
+ Mg + Mn), Xmg = Mg / (Fe + Mg).

Table 1: Major element and normative mineral contents in olivine
metagabbro from the Ronov mafic-ultramafic body.

Wt % V878 V890 Mineral V878 V890
SiO; 44.68  42.64 Plagioclase 57.06  55.89
TiO, 0.15 0.12 Diopside 18.18 16.41
AlLOs 22.82 23.97  Olivine 1718  23.62
Fe 03 1.18 2.07  Orthopyroxene 7.08 3.08
FeO 3.27 4.5 Magnetite 0.51 1.00
MnO 0.1 0.12
MgO 9.17 9.43
CaO 15.56 14.73
Na,O 0.91 03
K20 0.04 0.02
P,0s 0.07 0.07
Total 97.95 97.97
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Table 2: Selected microprobe analyses of minerals from metagabbro and amphibolite from the Ronov mafic-ultramafic body.

Mineral Clinopyroxene Amphibole
Sample V890 V890 V890 V878 V890 V890 V890 V878 V878 R124 R124
Position cpx oi cpx oi in cpx in grt with grt with cpx
SiO, 53,09 53,14 52,39 53,02 SiO, 43,13 46,50 46,41 44,63 46,28 42,88 46,68
TiO, 0,18 0,29 0,30 0,00 TiO, 0,20 0,02 0,28 0,19 0,07 1,30 0,72
ALO; 3,67 4,18 5,63 2,86 ALO; 17,26 B,12 13,41 15,25 11,80 11,58 8,41
Cr,05 0,00 0,10 0,04 0,15 Cr,05 0,00 0,01 0,30 0,19 0,07 0,10 0,04
FeO 4,49 4,09 4,63 3,86 FeO 8,90 7,80 7,18 8,86 7,69 14,43 13,37
MnO 0,05 0,00 0,06 0,00 MnO 0,10 0,05 0,08 0,06 0,3 0,3 0,15
MgO 16,90 16,20 14,43 16,22 MgO 3,12 14,79 14,23 14,62 16,76 10,70 12,72
CaO 21,82 21,90 22,30 23,82 CaO 12,37 13,26 12,75 12,32 12,35 11,70 1,88
Na,O 0,00 0,00 0,02 0,01 Na,O 0,10 0,47 0,64 0,99 0,58 1,65 1,24
K0 0,05 0,05 0,02 0,04 K0 0,24 0,04 0,07 0,00 0,08 0,62 0,31
Total 100,26 99,94 99,83 99,99 Total 95,42 96,05 95,36 97,11 95,81 95,08 95,51
Si 1,934 1,940 1,900 1,937 Si 6,217 6,672 6,707 6,356 6,608 6,503 6,940
Ti 0,005 0,008 0,008 0,000 AV 1,783 1,328 1,293 1,644 1,392 1,497 1,060
Al 0,158 0,180 0,241 0,123 A 1,149 0,891 0,990 0,915 0,593 0,574 0,43
Cr 0,000 0,003 0,001 0,004 Ti 0,022 0,002 0,031 0,020 0,007 0,148 0,081
Fe3+ 0,000 0,000 0,000 0,001 Cr 0,000 0,001 0,035 0,021 0,008 0,012 0,005
Fe2+ 0,137 0,125 0,140 0,17 Fe3+ 0,546 0,401 0,066 0,395 0,601 0,209 0,281
Mn 0,002 0,000 0,002 0,000 Fe2+ 0,527 0,536 0,802 0,660 0,317 1,621 1,381
Mg 0,918 0,882 0,780 0,883 Mn 0,012 0,006 0,010 0,007 0,016 0,017 0,019
Ca 0,844 0,861 0,925 0,932 Mg 2,819 3,164 3,066 3,103 3,568 2,419 2,820
Na 0,000 0,000 0,001 0,001 Ca 1,915 1,947 1,974 1,879 1,889 1,901 1,892
K 0,002 0,002 0,001 0,002 NaM# 0,020 0,053 0,026 0,121 0,111 0,099 0,108
Na* 0,000 0,078 0,153 0,152 0,051 0,385 0,249
Xnmg 0,87 0,88 0,85 0,88 K 0,043 0,007 0,013 0,000 0,013 0,119 0,059
augite 85,64 84,60 90,30 93,83 A 0,063 0,085 0,166 0,152 0,064 0,504 0,308
Ca-tsch 0,00 0,00 3,08 0,00
FeMgts 7,18 8,01 5,14 4,03
Opx 6,16 6,00 0,00 1,51
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Table 2: (continued)

Mineral Spinel
Sample V878 V890 V877 V890 V890 V890
Position in grt Cpx-oi in pl in cpx in pl in pl
AlLOs 59.22 60.26 63.00 60.89 60.39 63.36
Cr20s 0.00 216 0.00 0.00 211 0.02
FeO 3439 24.16 23.03 27.54 27.08 23.85
MnO 0.55 0.27 0.16 0.51 035 0.28
MgO 5.46 12.91 13.65 9.95 9.21 11.91
CaO 0.35 0.04 0.10 0.11 0.01 0.03
ZnO 0.00 0.12 0.08 0.00 0.16 0.07
Total 99.97 99.92 100.02 99.01 9931 99.52
Al 1.947 1.895 1.952 1.954 1.950 1.986
Cr 0.000 0.046 0.000 0.000 0.046 0.000
Fe* 0.053 0.060 0.048 0.046 0.005 0.017
Fe2+ 0.750 0.479 0.459 0.581 0.616 0.514
Mn 0.013 0.006 0.004 0.012 0.008 0.006
Mg 0.227 0.513 0.535 0.404 0.376 0.472
Ca 0.010 0.001 0.003 0.003 0.000 0.001
Zn 0.000 0.003 0.002 0.000 0.003 0.002
Spinel 22.64 57.79 53.49 40.31 4318 4715
Galaxite 2.60 0.81 0.48 155 1.26 0.84
Hercynite 7215 35.94 43.64 56.47 44.88 51.53
Gahnite 0.00 0.28 0.19 0.00 0.47 0.18
Chromite 0.00 2.28 0.00 0.00 2.62 0.02
Magnetite 2.56 2.73 2.21 1.59 7.60 0.26
Garnet
V890 V890 V890 V878 V878 R124 R124 R124
Domine light dark light with pl dark core rim rim
SiOa 39.10 40.74 3837 3916 4018 37.92 37.91 38.30
TiO2 0.00 0.00 0.00 0.00 0.07 0.15 0.00 0.00
ALO:s 2251 2293 22.01 2230 2261 2130 2139 2139
Cr20s 0.00 0.02 0.00 0.02  0.00 0.01 0.01 0.04
FeO 18.62 15.73 21.78 19.27 16.28 26.36 26.36 24.51
MnO 1.09 0.18 2.62 0.83 020 2.85 0.23 0.55
MgO 6.78 14.15 3.50 5.86 11.65 2.07 2.96 3.66
CaO 11.29 6.64 11.78 11.86 9.11 9.53 10.53 10.99

Total 99.40 100.39 100.06 9932 100.10 100.19 99.39 99.44

Si 2.998 2.996 2.992 3.000 2.980 3.007 3.001 2.998
Ti 0.000 0.000 0.000 0.000 0.000 0.009 0.000 0.000
Al 2.034 1.987 2.023 2.010 1980 1.990 1.996 2.010
Cr 0.000 0.001 0.000 0.000 0.000 0.000 0.001 0.002
Fe3+ 0.000 0.020 0.000 0.000 0.040 0.000 0.002 0.000
Fe2 1194 0.947 1.420 1230 0.970 1.748 1.743 1.604
Mn 0.071 0.011 0.173 0.050 0.010 0.191 0.015 0.037
Mg 0.775 1.551 0.407 0.670 1290 0.245 0.350 0.427
Ca 0.928 0.486 0.984 1.020 0.720 0.810 0.893 0.922
Alm 40.23 31.53 47.59 4141  32.22 58.37 58.06 53.64
Prp 26.12 1.65 13.64 2246 4296 8.18 11.64 14.29
Grs 31.26 16.01 32.97 3425 23.80 27.02 29.70 30.71
Sps 239 0.37 5.79 1.82 0.42 6.39 0.51 1.22
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Table 3: LA ICP-MS zircon U-Pb data from the sample KHC46c

Measured isotopic ratios Ages (Ma)

Zircon
Nr. type? Th U 206ph  207Ph 20 206ph 20 207ph 20 207Pb 26 2Pb 26 297Pb 20 Dpisc.’

(ppm) (ppm) 204Pb U (abs) 287 (abs) 206pp (abs) 28 (abs) 28U (abs) 2Pb (abs) (%)
) 151 1310 370 03971 0.0l16 0.0535 0.0018 0.0543 0.0010 339 n 3359 1 365 42 8.0
@) 538.2 3309 1030 03957 0.016 0.0538 0.0018 0.0538 0.0010 338.4 n 3377 1 349 42 3.2
)
)

492 2398 580 03959 0.016 0.0538 0.0018 0.0537 0.0010 338.5 1 3378 n 351 43 38
213.5 1716 480 03911 0.016 0.0537 0.0018 0.0531 0.0010 334.9 n 3373 1 320 43 54

O 00NNV R WN—~O
—~
o
-~

(a) 293 2091 570 03955 0.016 0.0543 0.0018 0.0531 0.0010 3379 11 340.7 | 317 41 -75

2456 1006 210 03711 0.015 0.0504 0.0017 0.0536 0.0011 319.9 n 3171 n 338 44 6.2
(b) 150.8 142 150 03872 0.016 0.0531 0.0018 0.0532 0.0011 332 12 3332 n 318 46 -4.8
(b) 1402 1274 360 03895 0.015 0.053 0.0018 0.0535 0.0010 333.6 1 3329 n 332 43 03
(b) 95.5 1291 320 03746 0.015 0.0512 0.0017 0.0532 0.0010 322.7 1 3218 n 323 42 04
(a) 1683 1083 230 03944 0.016 0.0541 0.0019 0.053 0.001 337 12 3397 1 31 45 -9.2

10 (a) 4379 2666 610 03988 0.016 0.0546 0.0018 0.0533 0.0010 340.8 12 3425 1 330 43 38
1 (@ 1959 1625 340 0391 0.016 0.0535 0.0018 0.0532 0.0010 334.6 1 3361 n 324 43 37
2 (a) 192.6 1746 20 03953 0.016 0.054 0.0018 0.0533 0.0010 337.8 1 338.7 n - 327 42 3.6
B (a) 269.4 1938 70 03941 0.016 0.0537 0.0018 0.0534 0.0010 337 n 3371 n 333 41 -12
14 (a) 54 1057 92 0.4002 0.016 0.0544 0.0019 0.0536 0.0011 3413 12 3414 n 335 45  -19
15 (a) 40.11 840 109 03961 0.017 0.0537 0.0019 0.0538 0.0012 338 12 336.8 12 342 52 15
16 (a) 2429 1668 0 03901 0.015 0.0533 0.0018 0.0531 0.0010 3341 1 3347 n 321 41  -43
17 (b) 1256 2766 310 03835 0.015 0.0519 0.0018 0.0539 0.0010 3293 1 3261 n 357 44 87
18 (a) 95.7 986 -39 03901 0.016 0.0532 0.0018 0.0532 0.0010 334 11 334 n 320 43 44
19 (a) 2342 498 -16 03955 0.018 0.0531 0.0020 0.0544 0.0014 337.6 B 3332 12 36l 58 7.7
20 (o) 0294 1129 -34 04269 0.019 0.0566 0.0020 0.0557 0.0016 358.7 B 3545 12 364 60 2.6
21 (o) 0334 1616 14 03821 0.017 0.0509 0.0018 0.0554 0.0016 327.4 B 3198 1 364 63 121
22 (o) 1331 249.2 -7 03814 0.016 0.0517 0.0018 0.0541 0.0013 326.7 12 325 1 330 50 15
23 (a) 1038 199.8 -6 0395 0.017 0.0533 0.0019 0.0542 0.0015 336.2 B 3348 i 331 58 -11
24 (a) 058 1373 -9 04016 0.017 0.0543 0.0019 0.0547 0.0014 340.8 B 3404 n 335 55 -1.6
25 (a) 1187 182 -28 03968 0.017 0.0536 0.0018 0.0535 0.0013 337.5 12 3365 n 307 52 -9.6
26 (o) 0.279 149.7 -3 03887 0.017 0.0529 0.0018 0.0533 0.0014 3314 12 3325 n 284 56 -17.1
27 (o) 1392 4223 30 03904 0.017 0.0531 0.0019 0.0533 0.0013 334 12 3335 1 315 54 -59
28 (b) 227 4412 -33 03778 0.015 0.0511 0.0017 0.0534 0.0011 324.4 1 3215 n 318 47 -11
29 (o) 3.018 3251 -9 0.4002 0.016 0.052 0.0018 0.0557 0.0012 340.7 12 326.8 1 404 48 191
30 (o) 1193 1050 -120 03476 0.014 0.0473 0.0016 0.0531 0.0011 302.4 1 2981 10 316 46 5.7
31 (b) 212.6 1610 -190 03837 0.015 0.0519 0.0018 0.0536 0.0010 3293 1 3258 n 339 42 39
32 (o) 172.6 1473 -120 0.3917 0.016 0.0500 0.0017 0.0563 0.0011 335.2 1 3145 10 450 42 301
33 (a) 4558 3567 -650 0.3964 0.016 0.0541 0.0018 0.0528 0.0010 338.9 1 3397 n 307 42 -10.7
34 (b) 1832 596.6 -199 03851 0.016 0.0515 0.0018 0.0536 0.0011 3303 12 3235 n 333 47 29
35 (b) 1883 1620 -280 03779 0.015 0.0509 0.0017 0.0533 0.0010 3253 11 3201 n 330 43 3.0
36 (o) 1709 1932 45 03812 0.018 0.0504 0.0018 0.0549 0.0019 3273 B 3169 1 346 71 84
37 (o) 0.41 162.8 -33 03828 0.0l16 0.0512 0.0018 0.0543 0.0015 327.7 12 3216 n 319 56 -0.8
38 (o) 1175 4528 -93 03644 0.015 0.0491 0.0017 0.0534 0.0012 314.6 11 308.8 10 314 47 17
39 (a) 0.747 180.2 -41 03948 0.017 0.0534 0.0018 0.0533 0.0013 336.4 12 3351 n 29 51 -13.6
40 (o) 1348 2343 -61 03872 0.016 0.0526 0.0018 0.0532 0.0013 330.5 12 3304 n 28 52 -16.7
41 (o) 1.868  316.7 -73 03853 0.016 0.0517 0.0018 0.0536 0.0012 329.9 12 3245 n 321 49 -11
42 (a) 82.9 963 -213 0391 0.016 0.0533 0.0018 0.0528 0.0010 334.9 1 3346 1 303 42 -10.4
43 (a) 1331 138 -380 0.3929 0.016 0.0535 0.0018 0.0527 0.0010 336.2 11 3356 1 305 42 -10.0
44 (a) 213.2 1914 -390 03962 0.016 0.0537 0.0018 0.0532 0.0010 338.8 1 3372 n 322 44 47

@ Zircon type corresponds to the description in the text; SDisc. = (1 - (2°°Pb/?**U) / (**’Pb/2*°Pb))) * 100.

A Nu AttoM High resolution ICP-MS coupled to a 193 nm ArF excimer laser
(Resonetics RESOlution M-50 LR) at the University of Bergen, Norway, was used
to measure the Pb/U and Pb isotopic ratios in zircons (Table 3). The laser was fired
at a repetition rate of 5 Hz and energy of 80 mJ with 19 pm spot size. Typical
acquisitions consisted of 15 s measurement of blank followed by measurement of U, Th
and Pb signals from the ablated zircon for another 30 s. The data were acquired

in time resolved - peak jumping - pulse counting mode with 1 point measured

per peak for masses 294Pb + Hg, 2°°Pb, 297Pb, 208Pb, 232Th, 2*°U, and 233U. Due to a non-
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linear transition between the counting and attenuated (=analog) acquisition modes
of the ICP instrument, the raw data were pre-processed using a purpose-made Excel
macro. As a result, the intensities of 28U are left unchanged if measured in a counting
mode and recalculated from ?*°U intensities if the 2*U was acquired in an attenuated
mode. Data reduction was then carried out off-line using the Iolite data reduction
package version 3.0 with the VizualAge utility (Petrus and Kamber, 2012). Full details
of the data reduction methodology can be found in Paton et al. (2010). The data
reduction included correction for gas blank, laser-induced elemental fractionation
of Pb and U and instrument mass bias. For the data presented here, blank intensities
and instrumental bias were interpolated using an automatic spline function while
down-hole inter-element fractionation was corrected using an exponential function.
No common Pb correction was applied to the data but the low concentrations
of common Pb were controlled by observing 2°Pb/2%4Pb ratio during measurements.
Residual elemental fractionation and instrumental mass bias were corrected
by normalization to the natural zircon reference material Plesovice (Slama et al.,
2008). Zircon reference materials GJ-1 {nr. 63} (Jackson et al., 2004) and 91500
(Wiedenbeck et al., 1995) were periodically analysed during the measurement for
quality control and the obtained mean values of 596 + 3Ma (20) and 1071 + 5Ma (20)
are 1 % accurate within the published reference values [600.5 + 0.4 Ma, Schaltegger
et al. (2015); 1065 Ma,Wiedenbeck et al. (1995), respectively]. The zircon U-Pb ages are
presented as concordia (pooled) age plot generated with the ISOPLOT program v. 3.70
(Ludwig, 2008).

6.4. Petrological characteristics

Detailed petrographical characteristics of the Ronov mafic-ultramafic body was
reported by Munshi (1981), who distinguished several varieties of mafic and ultramafic
rocks that include norite, pyroxenite, troctolite, anorthositic gabbro and gabbro-
diorite. The ultramafic rocks are strongly serpentinized, but may contain relicts
of clinopyroxene. The gabbro and anorthositic rocks are extensively deformed
and recrystallized into amphibolite with various degrees of foliation. They consist

mostly of amphibole and plagioclase with quartz and rarely titanite. Amphibole
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and quartz define a foliation in the rocks. In some cases, amphibolite shows thin
leucocratic banding formed by plagioclase with quartz. Locally, garnet-bearing
amphibolite is present. Two varieties of garnet were observed. The first forms
porphyroblasts of up to 2 mm in size and it is a main phase in the amphibolite. The
second occurs in isolated boudins of metagabbro in the central part of the body
(Culek, 1951), where it forms coronae around amphibolized clinopyroxene
at the contacts with plagioclase. In some case, spinel can be also present
in the coronae. Two varieties of mafic rocks with different degree of metamorphic
recrystallization were selected for this study. The first is a metagabbro with igneous
plagioclase, clinopyroxene and spinel (samples V877, V878, V890) and the second is
a garnet amphibolite (sample R124) with no observed igneous phases. Sample (KHC-

46c¢), utilized for U-Pb age dating of zircon, is a garnet-free amphibolite.

6.4.1. Spinel-bearing metagabbro

Based on normative (CIPW) mineral composition (Table 1), the metagabbro
corresponds to plagioclase-rich olivine gabbro near to leucogabbro with 17-23 mol %
olivine and 3-7 mol % orthopyroxene. It consists of amphibole, plagioclase, with relics
of clinopyroxene and small amounts of spinel and garnet. Plagioclase may form up to
5 mm large crystals, but mostly it is fine- to medium- grained. No pseudomorphs after
olivine or orthopyroxene were observed. Except small amounts of garnet most
of the replacement product is amphibole. Mineral textures show two stages
of crystallization and/or their transformation. The first is related to a magmatic stage,
where two varieties of clinopyroxene can be distinguished. The first ones are oikocrysts
with abundant spinel inclusions (Fig. 3a, b). Most clinopyroxene grains contain various
amounts of spinel inclusions (Fig. 3d, e), but some are also free of spinel inclusions.

Several textural varieties of spinel can be distinguished. The first comprises
inclusions in clinopyroxene. Some inclusions show various degrees of embayment
structure development (Fig. 3e) that seems to be the result of reaction
with intercumulus melt during crystallization. This is supported also by a channelized

structure of spinel inclusions (Fig. 3f). Spinel is present also as inclusions in plagioclase
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as well as in amphibole (Fig. 4a), the latter formed by replacement of original
clinopyroxene. Spinel may form clusters of several relatively large grains within
amphibole or at the contacts with plagioclase. In some cases, spinel forms seams along
boundaries between plagioclase and clinopyroxene pseudomorphs, where garnet
coronae forms. It is not always clear, if the spinel seams relate to a magmatic stage
or formed by reactions between clinopyroxene and plagioclase. Garnet is a later phase
and usually contains inclusions of spinel.

Clinopyroxene shows varying degrees of replacement to amphibole. It starts
with formation of thin amphibole crystals following cleavage planes of clinopyroxene
(Fig. 4b). In most cases the clinopyroxene is completely replaced by amphibole and its
shape can be deduced by the garnet coronae (Fig. 4c, d). Garnet is present also
in the matrix, but usually it forms coronae around clinopyroxene. Detailed BSE images
show thin bright smears (Fig. 4e) following probably boundaries of grains formed
by multiple nucleation and coalescence processes. In some garnets with inclusions
of spinel, relatively dark domains (Fig. 4f), representing diffusive contact after spinel

inclusions, are present.

6.4.2. Garnet-bearing amphibolite

Most amphibolite samples are bi-mineralic formed by hornblende and plagioclase
with minor quartz and accessory ilmenite, titanite and apatite. In some cases, relics
of clinopyroxene can be also observed. The selected sample for this study contains
hornblende (50 vol %), plagioclase (40 vol %), garnet (5-10 vol %) and small amounts
of quartz. The rocks show foliation, defined by amphibole and porphyroblastic garnet
(up to 3 mm in size). The garnet grains are rimmed by a plagioclase + amphibole

corona.
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0.2 mm

Fig. 3. Subsolidus mineral textures in metagabbro. (a and b) clinopyroxene oikocryst
with spinel inclusions (sample V890). Note the optically continuous clinopyroxene
oikocryst (a), in which densely scattered spinel crystals are embedded, occurs at contact
with intercumulus clinopyroxene grain. (c) spinel inclusions in clinopyroxene (sample
V877) show embayment structure due to reaction with fluid or melt, (d) the clinopyroxene
grain is partly replaced by amphibole (sample V890). (e) is detail from (d), (f) primary
clinopyroxene, now replaced by amphibole, has corona of garnet with clinopyroxene
and spinel (sample V878).
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0.05 mm

Fig. 4. Post-magmatic and metamorphic textures in metagabbro. (a) chromium

concentration map of plagioclase with spinel inclusions (sample V890). Note compositional
variation of Cr in spinel as well as in amphibole. (b) replacement of clinopyroxene along
cleavage planes (sample V890), (c and d) garnet corona around clinopyroxene that is partly
replaced by amphibole (sample V890). (e) is detail of garnet from (d) and shows thin bright
channels along boundaries of micrograins. Note relict grains of Fe-rich spinel partly
enclosed by garnet. (f) Garnet with Mg-rich spinel inclusions (sample V878). Some darker
domains indicate probably diffusive contact with spinel under polished surface.
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6.5. Mineral compositions

6.5.1. Plagioclase

Most analysed plagioclase in both samples of coronitic metagabbro (V787, V890) is
pure anorthite (Angoo). The Na;O and K>O contents are below 0.06 and 0.04 wt %
in the analyses. No variation was observed among different sizes of grains or between
the core and rim of plagioclase crystals. Only locally plagioclase has small domains
or thin veins with composition of Ango. Normative contents, calculated
for the analysed samples, indicate plagioclase with Ang and Anos.

Plagioclase in amphibolite has anorthite content ranging from 0.37-0.43.

The higher anorthite content was measured at the coronae around plagioclase.

6.5.2. Clinopyroxene

Clinopyroxene is augite with 73-88 mol % diopside and 10-13 mol % hedenbergite
end-member components analysed in different samples. It is relatively rich in Al with
4-9 mol % Fe-Mg-tschermak end-members. No systematic core to rim zoning was
observed. The oikocrystic clinopyroxene grains with spinel inclusions show slightly
elevated MgO and ALOs contents compared to those free of spinel (Table 2).
No diffusion zoning was observed in clinopyroxene at the contacts with spinel

inclusions.

6.5.3. Spinel

There is a wider range in spinel composition. Spinel densely scattered in oikocryst
has elevated Cr with 2.0-2.3 mol % chromite content. This spinel is also relatively rich
in spinel end-member (Spss Hcss). Spinel clusters in plagioclase show strong variation
in Cr content ranging from 0.1 to 2.1 wt %. The grains are variably zoned (Fig. 4a).

Most of spinel in plagioclase or in pyroxene and amphibole lacks or has very
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insignificant amounts of chromite end-member content and its spinel and hercynite
contents range between 42-54 mol %. A hercynite-rich spinel (Sp23-27 Hczi-72) was
found in garnet. All spinel has variable amounts of magnetite end-member ranging
between 2-4 mol %. Zinc and titanium is very low in spinel and they are mostly under

detection limit.

6.5.4. Garnet

Major component contents in garnet from different samples of coronitic
metagabbro are in range of almso-ss prpuss grszsss spsia (Table 2, Fig. 5).
Compositional change in garnet is irregular and depends on its occurrence at contacts
with other phases, which supplied major elements to garnet. Up to 5 wt % increase
of FeO and decrease of CaO was observed in garnet at contact with clinopyroxene
in a distance of 20 pm. This zone also shows an increase of MnO to about 2 wt %
compared to the rest of garnet with MnO <l wt %. However, this variation is not
gradual and it probably relates to the element availability during garnet growth. BSE
images with high contrast (Fig. 4e) show the presence of thin irregular channels
with light shades in garnet. These light thin zones have higher Fe and lower Mg and Ca

content. Vice versa, darker domains in garnet occur around spinel inclusions (Fig. 4f).

B-
V877 } metagabbro
V878.

R

=}
&
o
* R124 amphibolite

50.

alm 50 ars

Fig. 5. Compositional range of garnet in coronitic metagabbro and amphibolite from the
Ronov mafic-ultramafic body.
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Garnet from amphibolite has higher almandine and lower pyrope and grossular
content comparing to that in metagabbro (Fig. 5) and large porphyroblasts show core
to rim zoning. The core is rich in Mn and Ti and the Mg values show an increase
towards the rims (Fig. 6). Slight increase toward the rims can be seen also in Fe and Ca
content, but most of the central part of garnet contains several domains with different
Ca contents. The most rim part shows first increase of Ca with decreasing of Mg and Fe

and then decrease of Ca and increase of Mg and Fe.

6.5.5. Amphibole

Amphibole in coronitic metagabbro is tschermakite with transition
to magnesiohorblende (Hawthorne et al., 2012) with Si = 6.3-6.6 atoms per formula
unit (a.p.f.u.). The Xmg content ranges between 0.78-0.92, depending on its position
within other phases and in different samples. The highest Xmg occurs in amphibole
at the contact with clinopyroxene. Amphibole has a relatively low Na <0.27 a.p.f.u.
(<1 wt % Na20) content. Al-rich amphibole with AIV' = 1.14 a.p.f.u. occurs at contact
with spinel. Compositional mapping in Fig. 4a shows that amphibole near spinel
clusters has relatively higher (0.3 wt %) Cr content (Table 2). Some amphibole grains
show weak zoning characterized by the decreasing Mg and increasing Al and Fe from
core to rim of grains.

Amphibole from garnet amphibolite is magnesiohornblende with Xmg about 0.7

with Si = 6.52-6.92 a.p.f.u. Na content is about 0.4 a.p.f.u. with 0.1 a.p.f.u. in NaM# site.
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Fig. 6. Compositional profile of garnet from amphibolite (sample R124). Note the irregular
variation in Ca and Mg contents, mainly near rim of garnet.
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5.6. Metamorphic P-T conditions

To quantify the metamorphic overprint in both coronitic metagabbro and garnet-
bearing amphibolite, amphibole-garnet-plagioclase thermobarometry (Dale et al.,
2000) was used. Ferric and ferrous iron contents in amphibole were calculated based
on the charge balance. The temperature-depending reaction (1) in this calculation is
based on Fe-Mg exchange between garnet and amphibole end-members (actinolite,

tremolite, pyrope and almandine):
(1) fact + prp = tr + alm

This multivariant reaction calculated for coronitic metagabbro yields temperatures
of 680-780 °C for the pressure range of 0.7 to 1.4 GPa (Fig. 7). Very high temperatures
exceeding 900 °C could be obtained, if the most Mg-rich garnet with spinel inclusions
is used. The pressure-depended reactions (2-4) involve pargasite and grossular

end-members with anorthite, albite and quartz:
(2) ts + grs + prp + q = tr + an
(3) parg + grs + prp + q = tr + an + ab
(4)gl+gr+prp+q=tr+an+ab

Free quartz was not observed, however its solution in fluid during the garnet
forming reaction is assumed. The reactions are calculated for asio, = 1. Using lower asio.
contents (e.g. 0.9, 0.8), the changes in P-T values are not significant and they are
in the range of error calculated for different mineral analyses. We used both
plagioclases with 21 and 0.6 mol % albite component. There is no change in the
position of the reaction curve (2) and it gives pressure of about 0.7-1.0 GPa at
700-750 °C, but the curves of reactions (3) and (4) give higher pressure for plagioclase
with 0.6 mol % albite and lower for plagioclase with 21 mol % albite component.

In garnet-bearing amphibolite, the near-rim composition of garnet with high Mg
content yielded temperatures of 720-770 °C at pressures of 1.0-1.2 GPa. Lower
temperatures up to 700 °C at 0.8 GPa were obtained by using garnet composition from

the mantle and central part of zoned garnet.
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Fig. 7. Pressure-temperature diagram and position of reaction curves, calculated using

garnet-amphibole-plagioclase thermobarometry (Dale et al., 2000) in coronae from

metagabbro (a) and garnet-bearing amphibolite (b).
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6.7. Geochronology

Only a limited amount of zircon was extracted from the sample and thus available
for U-Pb dating. The cathodoluminescence (CL) imaging revealed 3 types of zircon
in the polished section (Fig. 8): (a) long prismatic grains, dark in CL with oscillatory
zonation and partially resorbed rims overgrown by thin CL bright zircon; (b) CL dark
prismatic grains with irregular zonation, sometimes with remnants of oscillatory
zonation; (c) CL bright zircons with sector zonation forming either isometric grains,
sometimes with remnants of CL dark zircon in the centre, or thin rims around the dark

cores.

337.7+11 Ma (C)
3198+11 Ma

(a) 340.7 + 11

326.1+ 11 Ma

100 im

3545+12 Ma

Fig. 8. Representative CL images of zircon together with respective 2°°Pb/?8U ages in the
sample KHC-46c¢. The individual zircon types are described in the text; see Fig. 9 for the
corresponding U-Pb data. Note the two distinctly different ages detected in (c), the zircon
type characterized by isotopic disequilibrium.

The U-Pb data from the type (a) zircon grains form a homogenous cluster
in the concordia diagram with a pooled (Concordia) age of 337.7 + 2.0 Ma (20)
in Fig. 9. They have relatively high U, Th and Pb concentrations (average values
of 1455 ppm, 186 ppm and 93 ppm respectively) and Th/U ratio of 0.13. The type (b)
zircon has similar composition (average concentrations of U: 1305 ppm, Th: 131 ppm,
Pb: 67 ppm; Th/U: 0.10) to the type (a) but its U-Pb data are more or less discordant
and scattered between cca 335-320 Ma (Fig. 9). The type (b) zircon most probably
represents isotopically disturbed grains of the type (a) zircon. The type (c) zircon did

not provide meaningful U-Pb data (Fig. 9). The spread of slightly to more discordant
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ages between cca 305-355 Ma together with lower trace element concentrations
(U:319 ppm, Th: 11 ppm, Pb: 6 ppm) point to an isotopic disequilibrium during type (c)
zircon growth. Its lower Th/U ratio of cca 0.03 indicate that this zircon grew probably
under metamorphic conditions while the types (a) and (b) most probably represent
magmatic stage. The temporal separation of the two events are not distinguishable
using the obtained data but the presence of oscillatory zonation and U, Th and Pb
concentration typical of magmatic rocks in zircon (a) and (b) indicate, that
the Concordia age of 337.7 Ma dates the magmatic emplacement and the metamorphic

overprint followed shortly after.

data-point error ellipses are 2¢

380

0.062

Concordia age = 337.7 £ 2.0 Ma (20)
MSWD (of concordance) = 0.14
0.058 } | Probability (of concordance) = 0.71

0.054
)
&
e
a
[(=}
&
0.050
i | (a) CL dark, oscillatory zonation
(b) CL dark, irregular, patchy zonation
(c) CL bright, sector, patchy zonation
0.042 : : . . .
0.30 0.34 0.38 0.42 0.46
207ppy /235

Fig. 9. Concordia plot of the U-Pb data of the sample KHC-46¢c. For the calculation of
Concordia age only the type (a) zircon data (solid black ellipses) were used based on the

textures observed in CL.
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6.8. Discussion

6.8.1. Textural and phase relations

The bulk rock chemistry and normative mineral contents of coronitic metagabbro
combined with the liquidus phase relations (Fig. 10) suggest that most spinel are
formed during the magmatic stage. The projection of the spinel field in relation
to the An-Di-Fo triangle diagram in the Al,O3-CaO-MgO-SiO2 (Morse, 1980; Osborn
and Tait, 1952) shows that crystallization continued along the spinel+clinopyroxene
cotectic line from about 1430 °C to the eutectic point at 1410 °C. This is consistent
with the textural relations, where spinel occurs as inclusions in clinopyroxene
and plagioclase. Depending on the crystallization depth or pressure conditions
(Cameron and French, 1977; Presnall et al., 1978), the plagioclase field will shrink
and the diopside and spinel fields will expand with pressure increase (Fig. 10b, c).
Considering the experimental data of Kinzler and Grove (1992) on basaltic melt
with bulk rock Mg# = Mg / (Mg + Fet) = 0.7-0.8 similar to the studied metagabbro,
the pressure conditions for its crystallization range between 1.0-1.4 GPa
at temperatures above 1330-1430 °C. However, the high CaO in the gabbro
(up to 14 wt %, Table 1) suggests that pressures could be below 1.0 GPa (Villiger et al.,
2007). Longhi et al. (1999) indicated that mantle basaltic magma may produce
anorthositic rocks up to 1.1 GPa. The presence of different compositional varieties
of spinel inclusions in clinopyroxene and plagioclase suggest either mixing
of replenishing magma with existing (cooler) resident magma, with subsequent crystal
settling (Dunham and Wilkinson, 1985; Henderson, 1975; O'Driscoll et al., 2009)
or partial modification by a residual melt (Hoshide and Obata, 2014). Regarding
the first alternative, the relatively Mg-rich clinopyroxene with spinel having higher Cr
contents, may represent different crystal populations grown at slightly different sites
in the magma chamber.

In a mafic-ultramafic system, the plagioclase rich members (e.g. anorthosite) rise
to the top of magma chamber and they may ascent as crystal mush plutons because
of density-buoyancy relations with the overlying crust (Ashwal, 1993). Depending

on the crystallization rate and composition, the An content in plagioclase decreases
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with crystallization and fractionation (Maaloe, 1978; Wager and Brown, 1968).
The presence of almost pure anorthite plagioclase with no rimward zoning,
but with only local domains and veins with elevated Na content in the studied

metagabbro, could be due to rapid cooling and concentration of Na in the residual

melt that resulted in plagioclase alteration during the subsolidus stage.

. 1465 ' 7 s ' 1610 i
CaALSi 0, corundum Mg Si0,

Fig. 10. Liquidus phase relations on the join CaMgSi>Os (Di) — Mg:SiO4 (Fo) - CaAlLSi>Os
(An) at 0.7 and 1.5 GPa after Presnall et al. (1978). (a) shows position of spinel and Di-Fo-An
triangle in CaO-ALO3-MgO-SiO: tetrahedron. Heavy (red) lines are liquidus boundaries.
Star indicates bulk rock composition of metagabbro. Note that with pressure increase the
anorthite field shrinks while spinel field increases (b, c).

Stabilization of garnet instead of spinel in gabbro occurred after cooling down
below subsolidus conditions. The formation of only small grains of garnet
in the corona at the contacts between plagioclase and clinopyroxene or around spinel
suggests that garnet forming reaction was a short term process. This can be confirmed
also by the preservation of Fe-rich capillaceous zones that escaped compositional
modification due to rapid cooling. This process was accompanied by the presence
of fluid which stabilized amphibole formation. Transformation of clinopyroxene

oikocrysts with spinel into amphibole resulted in relatively high concentration of Cr
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in the new amphibole (Fig. 4a). It is not clear, whether the deformation of plagioclase
occurred partly during diapiric ascent of gabbro or it was only related to the post-
consolidation amphibolite facies overprint. In contrast to metagabbro in the central
part, the other mafic rocks of this massif show higher degrees of deformation
and metamorphism that is defined by amphibole and may contain garnet

porphyroblasts.

6.8.2. Geotectonic implication

Figure 11 summarizes the results of this work on the Ronov mafic-ultramafic body
in relation to the metamorphic history of the surrounding rocks in the Kutna Hora
Complex. Considering different varieties of rocks within the Ronov body,
the metagabbro represents a more evolved member with composition near
to the boundary of gabbro-anorthosite. The presence of almost pure anorthite
in metagabbro suggests its formation by fractionation of a mantle ultramafic magma
without or with only limited contamination with crustal material. Based on the phase
relations in Fig. 10, the metagabbro crystallized at middle to lower crustal levels. This
is supported also by the experimentally determined pressure stability field
of the assemblage with spinel, plagioclase and clinopyroxene (Gasparik, 2003) that
ranges between 0.8-1.4 GPa (Fig. 11). Pressures of 0.9-1.0 GPa are favoured
by a combination of both igneous and metamorphic mineral equilibria. This also
suggests a near isobaric cooling to amphibolite facies overprint at about 750-700 °C
and 1.0 GPa (position III in Fig. 11). The presence of kyanite in granulite and migmatite
suggest that further exhumation of the rocks to their present position occurred
in the kyanite stability field. No sillimanite was observed in the surrounding gneiss
and granulite as well as in the whole Kutnd Hora Complex.

The position of the Ronov mafic-ultramafic body, surrounded by granulite gneiss
and granulite, in combination with the new age data from coronitic metagabbro has
important implication for geodynamic interpretation of the Variscan orogeny in the
Moldanubian Zone. The metamorphic history of granulite facies rocks with lenses

of eclogites and garnet peridotites adjacent to the Ronov mafic-ultramafic body has
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been the subject of extensive study (Faryad, 2009; Faryad et al., 2010b; Jedlicka et al.,
2015; Perraki and Faryad, 2014). These authors indicated that the felsic granulite
and hosting rocks were first subducted to UHP conditions (path I in Fig. 11) and after
their exhumation into the middle crustal levels within an accretionary wedge they
were shortly heated and overprinted by granulite facies metamorphism (path II
in Fig. 11). Most of the age data, obtained for zircon in granulite range from
365-342 Ma (Nahodilova et al., 2014), which date both the UHP event about 370 Ma
(Brueckner et al., 1991) and the granulite facies metamorphism of cca 340 Ma
in the Moldanubian Zone (for ref. see Schulmann et al.,, 2005; Friedl et al., 2011).
The Variscan (337.7 + 2 Ma) age obtained for the leucocratic member of the Ronov
mafic-ultramafic body suggests that crystallization of its parent magma was probably
coeval or slightly younger than the granulite facies peak temperature conditions.
Jedlicka et al. (2015) calculated peak pressure for the granulite facies event at about
1.5 GPa. This means that the Ronov mafic-ultramafic body crystallized at relatively
higher crustal levels (30-35 km), comparing to the surrounding granulites. In contrast
to granulite facies assemblages (garnet+sapphirine+clinopyroxene+orthopyroxene)
in the coronitic troctolite at Stalky (Faryad et al., 2015), recrystallization and corona
formation in the Ronov body occurred in amphibolite facies conditions. During
exhumation, the mafic body was sampled by granulites, which reached higher
temperatures close to the asthenosphere. Both the host granulite and the Ronov
mafic-ultramafic body then shared a common P-T path from their crystallization
depth corresponding to 1.0 GPa.

Fig. 2 shows that the Variscan mafic-ultramafic intrusives are not only restricted to
a single occurrence, but they are widespread in the Moldanubian Zone and even
penetrated the hanging wall of Teplda-Barrandian Block. Some of them are
unmetamorphosed and their relations to post-collisional Variscan magmatism is clear,
others show recrystallization under amphibolite facies conditions and they were
intruded into the middle crustal levels and subsequently metamorphosed
and transported into their present positions. The coincidence of magmatic
crystallization of mafic—ultramafic bodies and granulite facies metamorphism of HP-
UHP rocks is a good argument for the interplay of mantle-derived magmas

and granulite—-amphibolite facies metamorphism. Mantle dynamics and related magma
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generation during Variscan post-collisional events is supported by ultrapotassic
magmatism in the Bohemian Massif (Holub, 1997; Janousek and Holub, 2007).
The extensive mantle-related melting process not only caused formation of various
mafic and ultramafic rocks but also operated as heat source for the granulite facies
metamorphism in the Moldanubian Zone. The role of asthenospheric magma as a heat
source for the granulite facies metamorphism, mainly at UHT conditions, is widely
considered (see Brown and Korhonen, 2009; Mints, 2015; Miyashiro, 1994). In our
case, a rapid heating and short-lived process for the granulite facies metamorphism is
supported by the preservation of prograde zoning garnet in felsic granulite which
formed during the high-pressure metamorphism.

The common occurrence of both mafic-ultramafic intrusive and granulite facies
rocks within or adjacent to amphibolite facies gneisses and migmatites are indicative
for crustal scale tectonic zones along which these rocks were exhumed. In the case
of the Ronov amphibolite facies mafic-ultramafic body and surrounding felsic
granulite this will mean their common exhumation from the middle-lower crustal
levels. Faryad et al. (2013) proposed that the 200 km long zone with retrogressed
eclogite and serpentinite that occurs east of CBPC (Fig. 1) might represent the relic
of a suture created by subduction of the Moldanubian plate beneath the Tepla-
Barrandian Block (Franke, 2000). This zone is also characterized by bodies of felsic
granulite with former UHP history that include the south Bohemian granulite massifs,
Podolsko Complex (see also Faryad and Zak, 2016) and the Kutnd Hora Complex.
Possible continuation of this suture along the European Variscan belt through
Schwarzwald, Vosges, the French Massif Central, the Armorican Massif to the Iberian
Massif (Fig. 1a) is assumed by the affinity of the Moldanubian Zone rocks in other
crystalline massifs (Franke, 2000). However, surface tectonic features of this suture
zone were probably destroyed due to syn- to post-collisional metamorphism and

associated granite magmatism mainly within Moldanubian lower plate.
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Fig. 11. P-T diagram showing cooling history of spinel-bearing metagabbro and subsequent
amphibolite facies metamorphism (III). The univariant (1, 2, 3) and solidus (4) boundaries
are from Gasparik (2003). Line (4) delineates the two pyroxene + anorthite + spinel-bearing
assemblage from two pyroxene + garnet field. Lines (I) and (II) indicate earlier UHP and
subsequent granulite facies metamorphism, respectively in the surrounding granulite

(Jedlicka et al., 2015; Perraki and Faryad, 2014).
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6.9. Conclusions

To summarize, observations in the mafic-ultramafic body and its relation

to the surrounding granulite revealed the following:

1. The mafic—ultramafic rocks of the Ronov body formed by a continuous process
of magma emplacement in the middle-lower crustal levels and subsequent

deformation and metamorphism in the amphibolite facies conditions.

2. Based on the presence of almost pure anorthite plagioclase in metagabbro,
the different varieties of rocks were formed by fractionation of mantle related

magma, without contamination of crustal material during magma ascent.

3. Subsolidus and metamorphic reactions occurred by isobaric cooling
in the depth of about 25-30 km. Post-consolidation reactions led to formation

of garnet and amphibole that occurred by isobaric cooling up to 700-750 °C.

4. Variscan age of magmatic crystallization of the mafic-ultramafic body was
coeval with granulite facies metamorphism and supports the interpretation
of the asthenospheric magma as heating source of granulite facies

metamorphism in the Moldanubian Zone.

5. Based on the calculated P-T conditions and age data of the mafic-ultramafic
body and surrounding granulite, they both shared the same exhumation path

from their middle-lower crustal position at the end of Variscan orogeny.
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7.1. Discussion and Conclusions

A wide spectrum of metamorphic rocks from broad area of the Bohemian Massif
was investigated in presented chapters above. Starting from crustal lithology rocks
represented by felsic a mafic granulites from northern part of Moldanubian Zone
(Kutnd Hora Complex) and from East Sudetes (Rychleby Mountains), through mafic
rocks such as eclogites and metagabbros occurring as numerous bodies and forming
a long belt in the Monotonous unit of the Moldanubian Zone and in the Ronov Massif,
respectively and finally finishing with the ultramafic mantle rocks - ganet peridotites,
pyroxenites and garnetites enclosed in crustal felsic granulites and migmatites
in the southern part of the Moldanubian Zone (Nové Dvory, Dunkelsteinerwald).
Special attention was focused on garnet composition within these rocks. Variation
in mineral chemistry determines zoning, which could be characteristic for different
conditions in P-T space. According to that, we were able to trace the possible
metamorphic history of the rocks. Inclusions of characteristic minerals within garnet,
which are not in equilibrium with other minerals presented in the rock, can provide
information about previous metamorphic conditions prior to the high-temperature
overprint. In combination with thermodynamic modelling it is possible to trace

the pre-exhumation history of strongly re-equilibrated rocks in a Variscan orogeny.

7.1.1. Felsic and mafic granulites and their prograde metamorphic history

Similar to other granulite bodies in the Moldanubian Zone, only cooling
and decompression P-T paths from UHP-UHT conditions were proposed for granulite
in the Kutnd Hora Complex and from the Rychleby Mountains (Bakun-Czubarow,
1992; Budzyn et al., 2015; Kryza et al., 1996; Nahodilova et al., 2014; Pouba et al., 1985;
Stipska et al., 2004; Vrana et al., 2005). In addition to mineral inclusions, the prograde
metamorphic history in both felsic and mafic varieties of granulite is confirmed
by the distribution of major and trace elements in garnet. The classic bell-shaped
pattern of major and some trace elements is considered to occur due to strong affinity
of these elements into garnet and also as the result of fractionation-depletion

mechanism during garnet growth (e.g. Hollister, 1966; Otamendi et al., 2002;
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Tracy, 1982; Tracy et al., 1976). The annular peak in garnet from the Kutna Hora
granulite is interpreted as the result of two stages of garnet growth that occurred
during HP-UHP metamorphism and subsequent granulite facies overprint. The first
garnet, formed during the HP-UHP event, was partially consumed during exhumation
of the rocks, where Y+HREEs released from the resorbed garnet into the matrix were
incorporated back into garnet during the second stage in granulite facies conditions
in lower to middle crustal positions. In contrast to garnet from granulite in the Kutna
Hora Complex, the annular peaks of Y+HREEs near the rim of garnet crystals were not
observed in garnet from Rychleby granulite. The lack of annular peaks suggests its
formation by a single HP-UHP event, where almost all garnet was created. If a small
amount of garnet was formed during the granulite facies stage, it could continuously
overgrow the HP garnet without resorption of the core garnet or enrichment
of the system by REEs from an external source by fluid or melt. In comparison
with the Rychleby Mountains, the granulite in the Kutnd Hora shows higher
temperature during granulite facies overprint with formation of leucocratic layers
as result of partial melting (Nahodilova et al., 2011) and overgrowth of granulite facies
garnet with annular peaks of Y+REEs. Higher temperature and degree of granulite
facies overprint was responsible for local garnet resorption-regrowth in the Kutna
Hora Complex.

The preservation of prograde zoning in garnet 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 Kutnd 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 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 coesite pseudomorphs 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
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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; Stipska et al., 2004; Taj¢manova et al., 2006; Vrana, 1992; Vrdna 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 breakoff and mantle upwelling

as a potential heat source for the granulite-facies metamorphism (Faryad et al., 2015).

7.1.2. UHP metamorphism of eclogites and garnet peridotites

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 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 [the Saxothuringian Zone,
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 Nové Dvory (Medaris et al, 2005; Nakamura et al., 2004)
and from Dunkelsteinerwald (Becker, 1997a, 1997b; Carswell, 1991) indicated that they
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passed UHP conditions at temperatures above 1000 or 1100 °C. All these rocks occur
within felsic granulites, which together with mafic and ultramafic bodies shared
granulite facies metamorphism at about 900-1000 °C (Faryad et al., 2010b; 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., 2010b).

7.1.3. Geodynamic implications

Recent studies of felsic granulite in the Gf6hl Unit of the Moldanubian Zone (Faryad
et al., 2010b; 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 granulite-amphibolite facies metamorphism in lower
and middle crustal positions at 0.7-1.5 GPa. In most cases, the eclogite bodies within
granulite were interpreted as result of tectonic imbrication of rocks, which differs
in their metamorphic history (Nakamura et al., 2004; Medaris et al., 2006).

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 (part II, IIT of this thesis). In the Moldanubian Zone,
granulite facies metamorphism is assumed to have occurred after exhumation

of the HP-UHP rocks by a syn-convergent mechanism into lower-middle crustal
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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 (part VI of the thesis). After this short-lived thermal process, the high-grade
rocks were transported to the upper crustal levels due to the subduction 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 eclogites and serpentinites are part of the amphibolite facies Monotonous
and Varied wunits. The calculated P-T conditions from eclogite bodies
in the Moldanubian Zone indicate low geothermal gradient and suggest their
formation by rapid subduction and exhumation process (part V of the thesis).
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 northwest. The Moldanubian
suture might be responsible for formation and exhumation of the UHP granulite

bodies in the Moldanubian Zone.
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