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A detailed petrological and geochemical study of the Blanský les Granulite Massif (BLGM; Moldanubian Zone of the 
Bohemian Massif) provides evidence for processes and mineral assemblages previously unrecognized, or not fully 
appreciated, in the South Bohemian HP–HT Granulite Complex. It also underlines the “patchwork”-like nature of the 
BLGM, caused by distinct protolith compositions as well as the differences in occurrence, or preservation, of mineral 
assemblages, reaction textures, and/or variable changes in chemical compositions. Such a complexity reflects super-
position of several processes operating from the eclogite-facies metamorphic peak to the final emplacement, as well as 
variable resistance of individual rock types with distinct metamorphic fabrics.
Even on a thin section scale, domains preserving evidence for early phases of eclogite-facies metamorphism, including 
original textural relations and largely intact HP–HT mineral assemblages, occur in close proximity to domains domi-
nated by phases produced during later decompression. Consistent high-pressure estimates, 2.2–2.3 GPa (GASP), are 
newly obtained for S1/S2 fabrics in the prevailing (type 1) felsic granulites, and correlate well with the recent finds of 
rare omphacite relics in the mafic granulites. It indicates that much of the HP history of the felsic and mafic rock types 
was shared and took place under eclogite-facies conditions.
Three important metamorphic processes leading to chemical changes in felsic granulites are described. (1) The small 
bodies of Kfs-dominated hyperpotassic granulites with minor Grt (or, rarely, Di) are fairly common and provide direct 
evidence for operation of non-eutectic HP melting. These occurrences are accompanied by compositionally comple-
mentary residual (type 2) felsic granulites, rich in Qtz and Ky and partly depleted in alkalis with Zr. Owing to their 
Ca-poor composition, type 2 granulites were not involved in some of the decompression reactions, such as formation 
of plagioclase rims around kyanite and garnet breakdown, and thus their mineral assemblages remained effectively 
“frozen” during decompression. They further imply that the partial melting and genesis of the hyperpotassic melts took 
place under eclogite-facies conditions. (2) Another case of syn-metamorphic modification is represented by a local li-
mited base-cation loss during superimposed amphibolite-facies de-alkalization, accompanying fluid flux along S3 shear 
domains (formation of feldspar-free Qtz–Sill bands). (3) On a microscale, the retrogression reactions, often incomplete, 
were clearly associated with transfer of ions. 
The felsic Moldanubian HP–HT granulites were assumed by several authors to have undergone only limited modifi-
cation during peak metamorphism, most notably loss of Cs, Th and U. Clearly, some of them may have suffered more 
significant changes, such as perceptible loss of alkalis or even relatively immobile elements (e.g., zirconium), compared 
to the likely primary protolith(s) composition. 
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1.	Introduction

Numerous occurrences of high-pressure (HP) granulites 
represent a characteristic feature of the Variscan orogen 
in central Europe. They typically form large bodies, up 
to several 100 km2 across (O’Brien and Carswell 1993; 
O’Brien and Rötzler 2003; Janoušek and Holub 2007; 
Faryad 2011), in which the prevalent felsic granulites 
are associated with other HP rocks like mafic granulites, 
garnet peridotites and (mafic) eclogites (Medaris et al. 
2005, 2006 and references therein). Most occurrences are 

restricted to the so-called Gföhl Unit of the Moldanubian 
Zone (Fuchs 1976). The nature of protoliths to the HP 
rocks, the mechanism and timing of their passage through 
the mantle to lower crustal depths, and the subsequent 
exhumation to fairly high crustal levels represent cardi-
nal problems of the Variscan Orogeny (e.g., Behr 1961, 
1980; O’Brien 2000; O’Brien and Rötzler 2003; Medaris 
et al. 2006; Lexa et al. 2011). The most interesting stage 
in the evolution of HP granulite massifs is their early 
history, which took place at eclogite-facies conditions. 
Due to traditional 19th century terminology, these high-
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grade rocks are nevertheless still called “felsic granulites” 
(O’Brien 2006). 

The Blanský les Granulite Massif (BLGM), which is 
the object of the current study, stands out as an exception-
ally large complex of eclogite-facies rocks in the frame-
work of the European Variscides, having a total surface 
area near 240 km2. A survey of numerous publications 
dedicated to the petrology, geochronology and geochem-
istry of this body would show a strong preference of the 
authors for a few rock types, including felsic kyanite–gar-
net granulites of granitic or rhyolitic composition, mafic 
garnet–pyroxene granulites of basaltic or basaltic andesite 
composition, and garnet peridotites.

The present work is based on large body of newly 
collected samples, as well as > 400 archival thin sec-
tions, coming mainly from the 1 : 25,000 geological map 
by Kodym (1981 1985). In this investigation we avoid 
inclusion of “typical felsic granulite” and “typical mafic 
granulite” samples, which were described previously in 
numerous publications. Instead, our attention is focused 
on other rock types recording complex metamorphic re-
actions, coexistence of various mineral generations, and 
evidence for processes that have not been previously ob-
served or considered. Along these lines we will show that 
certain mineral assemblages and reactions are confined to 
some particular rock types, domains or even individual 
samples. This variability indicates a “patchwork” type 
of pattern in occurrence, or preservation, of mineral 
assemblages and reaction textures. The studies of such 
“aberrant” phenomena have the potential to elucidate 
additional complexity of processes that operated in the 
evolution of rocks in this body and, indeed, the Variscan 
orogenic root.

In this paper we will demonstrate that the evolution 
of most of the granulite types in the BLGM, mafic to 
felsic, can be traced back deep into the eclogite field 
(P  > 2 GPa). Moreover, we will show that the history 
and original chemistry of the most common calc-alkaline 
granulites (termed type 1 here) can be particularly well 
assessed in relict S1/S2 domains in the southern part of 
the BLGM (Franěk et al. (2011a). Contrary to previous 
ideas, some of the most siliceous and Ky-rich granulites, 
designated as type 2, seem to be residual, i.e. signifi-
cantly impoverished in a HP melt, which separated and 
formed nearby bodies of felsic hyperpotassic granulites 
dominated by K-feldspar, well-known from previous 
works. 

Also described for the first time are occurrences of 
magnetite-bearing granulitic rocks, in addition to the 
predominant and well-known graphite-bearing assem-
blages. Lastly is documented a decompressional trend 
from HP kyanite–garnet felsic granulites to orthopyrox-
ene–garnet charnockites, following the consumption of 
kyanite.

2.	Geological setting

2.1.	Moldanubian Zone in the Bohemian 
Massif

The Bohemian Massif (Fig. 1) consists of the Saxo
thuringian Zone to the West, the Teplá–Barrandian and 
Moldanubian zones in the centre (Kossmat 1927) and the 
Brunovistulian microcontinent to the east (Dudek 1980). 
The Moldanubian Zone is interpreted as an orogenic 
root developed during the Late Devonian to Early Car-
boniferous collision between Gondwana and Laurussia 
(Schulmann et al. 2009). It has been traditionally subdi-
vided into several main rock assemblages (Fig. 1a): the 
medium-grade Varied and Monotonous units, the high-
grade Gföhl Unit, and allochthonous segments of older 
continental crust represented mainly by the Dobra gneiss 
(dominated by a ~1.38 Ga zircon component, Gebauer 
and Friedl 1994; Friedl et al. 2004) in Lower Austria and 
the Světlík orthogneiss (2.1 Ga protolith age, Wendt et 
al. 1993; Trubač et al. 2012) in southern Bohemia. Both 
the amphibolite-facies Monotonous and Varied units are 
dominated by Sill–Bt paragneisses, with amphibolite 
bodies, minor orthogneisses and medium-temperature 
eclogites. As the name suggests, characteristic of the 
Varied Unit is the presence of marbles, quartzites, calc-
silicate rocks and graphitic gneisses (Fiala et al. 1995).

2.2.	Gföhl Unit

This unit includes anatectic Gföhl orthogneisses (Cooke 
and O’Brien 2001; Hasalová et al. 2008), MORB-like 
amphibolite of the so-called Begleit Series (Finger and 
Steyrer 1995; Fritz 1995) and HP granulites, associated 
with variably sized bodies of garnet and spinel perido-
tites, pyroxenites, dunites and (mafic) eclogites (e.g., 
Fuchs and Matura 1976; Fiala et al. 1995; Medaris et 
al. 2005; O’Brien and Rötzler 2003). The earlier works 
viewed the Gföhl Unit as isolated klippen of an original 
regionally extensive nappe (Fuchs and Matura 1976; 
Tollmann 1982). However, other workers stressed that 
nappe structures in southern Bohemia, if ever present, 
were strongly overprinted by later deformation phases 
(Rajlich et al. 1986; Vrána and Šrámek 1999). 

The simple nappe concept has recently been ques-
tioned both in Lower Austria (Racek et al. 2006) and 
Bohemia (Štípská et al. 2004; Franěk et al. 2006, 2011a). 
The current model proposes a gravity-driven vertical 
extrusion of thermally softened orogenic lower crust 
(Lexa et al. 2011). Subsequent mid-crustal reworking 
of extruded high-grade metamorphic rocks and (ultra-) 
potassic intrusions of the ‘durbachite suite’ (Holub 1997; 
Verner et al. 2008) was attributed to the indentation of the 
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Fig. 1a – Principal tectonic division of 
the Bohemian Massif, modified after 
Franke (2000). b – Simplified geological 
sketch of the Blanský les granulite Mas-
sif based on maps 1 : 50 000 published 
by the Czech Geological Survey. The 
position of study area within the Bohe-
mian Massif is indicated in the inset (a). 
Locations of the samples for whole-rock 
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Stanislav Vrána, Vojtěch Janoušek, Jan Franěk

350

Brunia continent into the weak orogenic root (Schulmann 
et al. 2008).

2.3.	High-pressure granulites

2.3.1.	Petrology

In southern Bohemia, the ubiquitous granulite massifs, 
enclosing subordinate bodies of mantle-derived ultramaf-
ic rocks of various sizes (up to 5 km across), tend to be 
roughly oval-shaped. The largest among them is the Blan-
ský les Massif (24 × 14 km), followed by the Křišťanov, 
Prachatice, Lišov and Krasejovka bodies. However, most 
granulites from the Lišov and Krasejovka massifs do not 
belong to the HP family, as their peak metamorphic con-
ditions likely never exceeded c. 800–900 °C and 0.4–0.5 
GPa (Janoušek et al. 2006b). 

In the remaining HP granulite massifs (termed here 
the South Bohemian HP–HT Granulite Complex), acid 
metaigneous granulites (SiO2 > 70 %) strongly prevail 
over basic to intermediate pyroxene-bearing granulites, 
sedimentary-derived granulites and other types (Fiala 
et al. 1987a). A peak assemblage of garnet, quartz and 
unmixed hypersolvus feldspar, commonly with kyanite 
and/or biotite, characterizes typical felsic HP granulites. 
Rutile, zircon, apatite, ilmenite ± monazite are the com-
mon accessories (Vellmer 1992; O’Brien and Rötzler 
2003; Kotková 2007 and references therein). 

2.3.2.	P–T conditions

Even though the south Bohemian granulites have clearly 
recorded high-pressure conditions (at least 1.3–1.5 GPa: 
Pin and Vielzeuf 1988), the peak temperatures remain a 
matter of controversy, with estimates varying between 
c. 850 and 1 050 °C depending on the massif studied and 
the method used (Kröner et al. 2000; Štípská and Powell 
2005; O’Brien 2008; Kotková and Harley 2010; Franěk 
et al. 2011b; Tajčmanová et al. 2012). 

Further evolution was characterised by near isothermal 
decompression (to 0.8–0.5 GPa), variable retrogression 
and intense deformation, reflecting the effects of exhuma-
tion of the deep-seated Moldanubian root (Carswell and 
O’Brien 1993; Verner et al. 2008). In more felsic rocks 
these processes resulted in local inversion of kyanite to 
sillimanite or development of plagioclase rims around the 
former alumosilicate, as well as breakdown of garnet to a 
secondary biotite or plagioclase–orthopyroxene coronas, 
and kyanite to hercynite and garnet coronas. Mafic and 
intermediate granulites typically show garnet overgrown 
by a corona–symplectite decompression assemblage of 
Pl + Opx ± Cpx and Hbl (Owen and Dostal 1996). In 
southern Bohemia (e.g., Prachatice and Blanský les mas-
sifs) a low-P high-T overprint led to the crystallization of 

cordierite and formation of partial melt patches (O’Brien 
2000; Kröner et al. 2000); during uplift, the andalusite 
stability field was reached (Fediuková 1971; Vrána 1992).

2.3.3.	Age of the Variscan eclogite/granulite-
-facies metamorphism 

The high-grade metamorphism in the Moldanubian 
granulite massifs is thought to have occurred at c. 
340 Ma (conventional U–Pb ages for zircon and mona-
zite, SHRIMP ages on zircon rims/multifaceted meta-
morphic grains: van Breemen et al. 1982; Wendt et 
al. 1994; Kröner et al. 2000; Friedl et al. 2003, 2011). 
The most precise determinations timing the HP event 
are U–Pb zircon ages from hyperpotassic granulites of 
the Blanský les Massif (Aftalion et al. 1989: 338 ± 1 
Ma; Sláma et al. 2008: 337.13 ± 0.37 Ma). Svojtka et 
al. (2002) concluded, based on Sm–Nd ages for garnet 
cores with prograde zoning, that the HP–HT metamorphic 
peak may have been c. 10–15 Ma older (354 ± 5 Ma: 
Prince et al. 2000). Even older Sm–Nd Grt ages were 
reported from Moldanubian granulites (Janoušek et al. 
1996; Chen 2002), but are likely spurious and probably 
reflect variable degrees of Variscan disequilibria (Romer 
and Rötzler 2011). On the other hand, modern ion-probe 
data indicate that there could have been two high-grade 
metamorphic events separated by several Ma (342 ± 3 
and 337.1 ± 2.7 Ma: Friedl et al. 2011 or 339 ± 3 and 
336 ± 4 Ma: Harley 2013). The lower age limit of the 
peak HP metamorphism is constrained by c. 342–339 Ma 
durbachite intrusions (Janoušek et al. 2010 and references 
therein), which crosscut exhumation-related structures in 
granulites (Verner et al. 2008).

2.3.4.	Composition and likely protolith(s) to 
the HP granulites

Although whole-rock geochemistry is a powerful tool to 
decipher, or at least constrain, the nature of protoliths of 
the HP granulites, previous studies focussed exclusively 
on the most widespread ‘typical’ felsic granulites, and 
relatively little attention has been paid to the more mafic 
or ‘exotic’ lithologies (Fiala et al. 1987a; Vellmer 1992; 
Janoušek et al. 2004). 

Most of the felsic granulites have undepleted LILE 
inventories, except for Cs, U and Th (Fiala et al. 1987a; 
Janoušek et al. 2004; Lexa et al. 2011). Based on low 
whole-rock Zr contents (coupled with significant pre-
Variscan inheritance), chondrite-normalized REE pat-
terns with moderate to weak LREE/HREE enrichment 
and negative Eu anomalies, and crustal Sr–Nd isotopic 
signatures, the felsic granulites resemble ordinary (low-
pressure) fractionated felsic igneous rocks, such as leu-
cogranites or rhyolites (Janoušek et al. 2004), and not 



Contrasting mafic to felsic HP–HT granulites

351

separated high-pressure melts (Jakeš 1997; Kotková and 
Harley 1999). 

However, thermodynamic modelling demonstrated 
that a certain degree of partial melting (anatexis) was 
inevitable, albeit not great (< 10–15 %), as the pre-
sumed protolith was highly refractory (Janoušek et al. 
2004; Lexa et al. 2011). Indeed, the presence of some 
melt can be convincingly demonstrated by petrographic 
observations (O’Brien and Rötzler 2003), experiments 
(Tropper et al. 2005), and trace-element variations in 
garnet, rutile and zircon (Kotková and Harley 2010). 
Igneous protoliths of the felsic granulites are compo-
sitionally similar to Ordovician–Silurian metarhyolites 
and orthogneisses preserved in the Saxothuringian 
Zone (Janoušek and Holub 2007). The most appropriate 
geotectonic setting for this widespread igneous activity 
throughout Variscan Europe (e.g., Pin and Marini 1993) 
seems to be attenuated crust of a Gondwana intracon-
tinental or back-arc rift (Siebel et al. 1997; Linnemann 
et al. 2000). The high Nd model ages testify that the 
source of the magmas could have been a pre-existing 
crust, possibly Cadomian I-type granodiorites, or 
geochemically undistinguishable immature psammitic 
metasediments, all readily available at the Gondwana 
margin (Janoušek et al. 2004).

2.3.5.	Structure of the studied Blanský Les 
Granulite Massif

The structural geology of the BLGM and emplacement 
mechanisms have been dealt with by Kodym (1972), 
Svojtka et al. (2002) and Franěk et al. (2006, 2011a). 
Polyphase deformation of metasedimentary units sur-
rounding granulites were studied by Vrána (1979), Raj
lich et al. (1986), Vrána and Šrámek (1999) and Franěk 
et al. (2011a). Franěk et al. (2006) reported the following 
succession of three ductile fabrics in the BLGM. The 
oldest one, S1, is represented by rarely preserved compo-
sitional banding defined by an alternation of ≤ 1 cm thick 
quartz-rich bands, ≤ 1 cm thick bands of recrystallized 
alkali feldspar and 1–3 mm thick darker plagioclase–
garnet–biotite-dominated bands. The feldspar-rich bands 
preserve large perthite porphyroclasts (≤ 1 cm) with 
numerous inclusions. The S1 foliation is reworked by 
mesoscopic passive F2 folding with steep N–S trending 
axial planes and penetratively developed axial cleavage 
S2. The S2 foliation is defined by strong subhorizontal 
elongation of quartz ribbons (so-called “platy quartz”), 
biotite aggregates and weak mm-scale compositional 
banding. It displays a strong sub-horizontal L2 stretch-
ing and mineral lineation. Both the S1 and S2 fabrics are 
preserved mainly in an 8.5 × 2.5 km relict domain (Fig. 1) 
in an elliptical area in the southern part of the BLGM, 
where a syntectonic mineral assemblage of Kfs–Pl–Qtz–

Grt–Ky–Bt indicates HP–HT conditions during both the 
deformations. Kyanite grains in S1 and S2 are commonly 
surrounded by decompressional Pl rims (Tajčmanová et 
al. 2007). Mafic boudins enclosed in S1 and S2 are cross-
cut by cm to dm-thick Kfs–Pl–Qtz–Grt–Ky felsic dykes, 
which document the presence of limited amount of felsic 
melt during the HP–HT deformation. At the margin of the 
relict domain, the S2 fabric is transposed by mesoscopic 
F3 folding and development of steeply dipping penetrative 
axial cleavage S3 defined by elongated biotite aggregates. 
The S3 foliation penetratively overprints the older fabrics 
in the majority of the BLGM and forms an ~18 km wide 
sigmoidal asymmetric fold parallel to the margins of the 
massif, with moderately dipping fold axes and steep N–S 
trending axial planes. It shows heterogeneous retrogres-
sive syntectonic replacement of kyanite by sillimanite 
and garnet by biotite, which indicates amphibolite-facies 
conditions during deformation. Syntectonic retrogression 
was accompanied by heterogeneous hydration, mainly 
in the outer parts of the granulite body that resulted in 
partial melting to form a rock type called “granulitic 
gneiss”. The complex tectonic history and early exhuma-
tion in a form resembling a forced diapir was described 
in Franěk et al. (2011a), Lexa et al. (2011) and Maierová 
et al. (in print).

The surrounding Moldanubian Zone in southern 
Bohemia shows an exceptionally complex Variscan tec-
tonic history, including three stages of amphibolite-facies 
shearing and refoliation superimposed on the primary 
high-grade tectonic structure (D1). The superimposed 
deformations took place with variable orientations of 
stress-field and featured notably heterogeneous deforma-
tion. This resulted in a complicated pattern of structural 
relics belonging to various early generations that are 
separated by intervening, younger shearing domains 
(Vrána and Šrámek 1999; Franěk et al. 2011a). The pre-
served domains of primary high-grade tectonic structure 
are estimated to constitute less than 10 % of the wider 
region. In combination with poor exposures, this com-
plexity has resulted in less effective application of struc-
tural methods than in better exposed and/or tectonically 
simpler terrains. A nicely wrapped tectonic-metamorphic 
interpretation would thus rely on over-interpretation of 
tectonic data from the limited relict domains. 

3.	Methods

3.1.	Petrology and mineral chemistry 

Polished thin sections were studied using optical mi-
croscopy with the aim of textural description, mineral 
identification, observation of the types of metamorphic 
reactions and preparation for electron microprobe work. 
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Full size images of thin sections were scanned to expedite 
microprobe work.

Mineral analyses were obtained using a CAMECA SX 
100 WDS electron microprobe at the Joint Laboratory of 
Electron Microscopy and Microanalysis, Department 
of  Geological Sciences, Masaryk University and the 
Czech Geological Survey, Brno. The analytical condi-
tions varied according to the mineral analysed, typically 
including 15 kV accelerating voltage, 10–20 nA probe 
current and acquisition time of 10–30 s. The standards 
used were spessartine (Si, Mn), sanidine (Al, K), al-
mandine (Fe), hornblende (Ti), andradite (Ca), MgAl2O4 
(Mg), albite (Na), fluorapatite (P), chromite (Cr) and 
other materials for REE and some minor elements. Min-
eral formulae were calculated using the spreadsheets by 
Tindle (2012).  Mineral abbreviations in this paper follow 
(Kretz 1983) and (Grew 1996), except baddeleyite – Bd. 
The approximate proportions of the main rock-forming 
minerals (wt. %) were obtained by the constrained least-
squares method (Albaréde 1995) implemented in the 
GCDkit (Janoušek et al. 2006a). The calculation was 
based on whole-rock chemical analyses and represen-
tative microprobe analyses of minerals. In one case, 
where there were additional phases present, the estimate 
is based on the Catanorm (Hutchison 1975). Where no 
whole-rock chemical analysis was available due to small 
sample size, the modal percentages are based on visual 
estimates. Also proportions of some minor and accessory 
minerals were estimated by microscopy. 

Pressure and temperature estimates are based on spot 
analyses from local small domains in adjacent mineral 
grains, presuming such grains to be in local equilibrium. 
GASP barometry (Koziol and Newton 1988), Grt–Cpx 
thermometry (Raheim and Green 1974; Powell 1985; 
Ganguly et al. 1996), Bt–Opx thermometry (Sengupta et 
al. 1990), and Grt–Bt thermometry (Indares and Marti-
gnole 1985) were applied. In felsic granulites of granite 
composition the presence of unmixed ternary feldspar in 
the form of mesoperthite is often considered as a major 
obstacle in using GASP barometry (O’Brien and Rötzler 
2003). It is noteworthy that some of our samples are 
of granodiorite composition and that plagioclase was 
in equilibrium with mesoperthite during the HP–HT 
metamorphic stage. The felsic rocks of (leuco-) granite 
composition commonly show a minor quantity of early 
primary plagioclase (< c. 5 vol. %), which co-existed 
with ternary feldspar (Mora and Valley 1985). We have 
observed uncommon, relatively large plagioclase inclu-
sions in garnet I and used them for pressure estimates. 
The barometry values should be considered as minimum 
pressure estimates with probable error of ± 0.2 GPa. The 
limited ability of silicate assemblages to record and retain 
evidence for ultrahigh-pressure conditions is seen in the 
rare preservation of microdiamonds in gneiss, e.g. in sei

denbachite (microdiamond-bearing Ky–Ms–Grt gneiss) 
in Erzgebirge, Bohemian Massif (Massonne and Nasdala 
2003; Massonne and Fockenberg 2012).

3.2.	Major-element whole-rock composition

Major-element analyses of whole-rock samples (at least 
10–15 kg each) were undertaken by wet chemistry in the 
laboratories of the Czech Geological Survey, Prague–Bar-
randov. The relative 2σ uncertainties were smaller than 
1 % (SiO2), 2 % (FeO), 5 % (Al2O3, K2O, Na2O), 7 % 
(TiO2, MnO, CaO), 6 % (MgO) and 10 % (Fe2O3, P2O5). 
Data handling, recalculation and plotting were performed 
by the R language package GCDkit (Janoušek et al. 
2006a), version 3.

4.	Major-element whole-rock geochemistry

The systematic variability in major-element whole-rock 
geochemical compositions of the individual rock types 
making up the BLGM has never been properly addressed. 
The best studied types are mainly granulitic rocks, with 
leucogranulites prevailing over more mafic and ultrabasic 
types, from the deep borehole drilled in 1965 near the vil-
lage of Holubov (Fig. 1) (Kodym et al. 1978; Fediuková 
1978), revisited by Janoušek et al. (2004, 2007). The 
other locality known in some detail is the large Plešovice 
quarry (Strejček 1986), with particular emphasis on the 
hyperpotassic granulites (Vrána 1989; Janoušek et al. 
2007). Seven major-element analyses from the Lichten-
stein quarry (on the slopes of Mt. Kleť), as well as the 
Plešovice and Zrcadlová Huť quarries were presented 
by Slabý (1983) and thirteen by Fiala et al. (1987a, b). 
Unfortunately the data of the latter authors lack determi-
nations of ferrous/ferric iron and of volatile components. 
Moreover, they are recast to 100 wt. % on an anhydrous 
basis, and thus their quality is uncertain.

The current investigation does not aim to discuss 
the complete whole-rock geochemical variability of the 
BLGM granulites. This complex issue will be the theme 
of a separate contribution, which is currently under 
preparation. The major-element compositions are simply 
used here as essential information determining, along 
with the P–T–t conditions, the petrogenesis of the studied 
granulite types. Samples described in the text are pre-
sented in Tab. 1 and plotted in Fig. 2 on the background 
of a recent, large dataset from localities throughout the 
BLGM, supplemented by previously published analyses 
from the Holubov borehole and hyperpotassic granulites 
carried out in the same laboratory by identical methods 
(Janoušek et al. 2004, 2007, 2013). In total, 53 wet analy-
ses are available, divided here rather arbitrarily into the 
following groups: basic (SiO2 < 52 wt. %), intermediate 
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Tab. 1 Selected major-element analyses (wt. %) from variable rock types of the BLGM

Klt-5 H232 Klt-7† Klt-1 ZH-4 Klt-4 Pls-1 Klt-20† Pls-3 Brl-1 Hol-1

Rock basic  
granulite

intermediate 
granulite

hyper-
-potassic 
granulite

transitional 
granulite

felsic granulite  
(type 1)

residual felsic  
granulite (type 2) felsic granulite (de-alkalized)

Locality Kleť, 
slopes

Zrcadlová  
Huť 

quarry
Kokotín Kleť,  

summit

Zrcadlová  
Huť 

quarry

Kleť, 
slopes

Plešovice 
quarry Kokotín Plešovice 

quarry
hill NE  
of Brloh

Holašovice, 
disused 
quarry

SiO2 45.77 58.66 64.52 68.37 72.86 73.01 76.40 76.81 73.33 76.67 79.32
TiO2 2.63 0.87 0.07 0.55 0.26 0.26 0.08 0.05 0.34 0.12 0.18
Al2O3 13.95 14.18 18.21 14.97 13.65 13.78 12.34 12.18 13.19 11.80 11.25
Fe2O3 2.82 1.45 < 0.01 0.81 0.19 0.17 0.12 1.61 0.34 0.14 0.14
FeO 9.89 7.26 0.40 4.09 2.38 2.17 1.49 – 1.96 1.80 0.65
MnO 0.183 0.151 0.012 0.066 0.042 0.042 0.049 0.020 0.034 0.036 0.010
MgO 8.70 4.64 0.10 1.69 0.78 0.69 0.34 0.08 0.62 0.21 0.53
CaO 9.46 7.70 0.52 2.67 1.73 1.55 0.61 0.26 0.84 0.50 0.75
SrO 0.028 0.005 0.045 0.007 0.011 0.009 0.005 – 0.008 < 0.005 0.007
BaO 0.012 0.015 0.246 0.057 0.067 0.059 0.010 – 0.040 0.009 0.018
Li2O 0.004 0.008 0.002 0.008 0.010 0.004 0.010 0.003 0.017 0.007 0.004
Na2O 2.82 2.65 1.31 3.58 2.77 2.93 2.97 2.85 2.70 2.36 2.98
K2O 0.57 0.93 13.08 2.28 4.50 4.45 4.27 4.11 5.17 4.94 2.71
P2O5 0.395 0.116 0.440 0.074 0.182 0.153 0.090 0.060 0.204 0.196 0.091
CO2 0.563 0.031 < 0.010 < 0.010 < 0.010 < 0.010 < 0.010 – < 0.010 < 0.010 < 0.010
F 0.105 0.052 0.061 0.072 0.071 0.067 0.030 – 0.113 0.087 0.088
C (rest.) 0.024 0.009 0.014 0.005 0.006 0.016 0.027 – < 0.005 0.018 0.044
S (tot.) 0.189 0.081 < 0.010 0.105 0.034 < 0.010 < 0.010 – 0.015 < 0.011 0.018
F (equiv) –0.044 –0.022 –0.026 –0.030 –0.030 –0.028 –0.014 – –0.048 –0.037 –0.037
S (equiv) –0.047 –0.020 0.000 –0.026 –0.008 –0.001 –0.001 – –0.004 –0.003 –0.004
H2O

+ 1.330 0.489 0.330 0.306 0.281 0.340 0.200 0.190 0.623 0.295 0.490
H2O

– 0.05 0.09 < 0.05 0.11 0.05 0.09 0.10 < 0.05 0.12 0.05 0.06
Σ 99.40 99.35 99.33 99.76 99.84 99.76 99.13 98.22 99.61 99.20 99.30
FeOt 12.43 8.56 0.40 4.82 2.55 2.32 1.60 1.45 2.27 1.93 0.78
FeOt/MgO 1.43 1.85 4.00 2.85 3.27 3.37 4.70 18.11 3.65 9.17 1.46
FeOt/(FeOt + MgO) 0.59 0.65 0.8 0.74 0.77 0.77 0.82 0.95 0.79 0.9 0.59
K2O/Na2O 0.2 0.35 9.98 0.64 1.62 1.52 1.44 1.44 1.91 2.09 0.91
A/CNK 0.62 0.73 1.06 1.13 1.09 1.11 1.16 1.27 1.14 1.16 1.22
mg# 55.51 49.13 30.83 38.47 35.28 34.62 27.5 8.96 32.78 16.27 54.9
Q‡ 0.00 13.89 6.17 26.63 31.74 31.75 38.23 42.45 32.98 40.23 47.21
C 0.00 0.00 2.28 2.35 1.85 2.04 2.24 3.09 2.65 2.61 2.80
Or 3.45 5.64 78.06 13.72 27.13 26.83 25.96 25.29 31.34 30.16 16.53
Plag 50.21 49.15 11.42 45.24 32.51 33.27 29.79 27.59 27.07 22.61 30.25
   Ab 25.92 24.44 11.88 32.73 25.38 26.84 27.44 26.66 24.87 21.90 27.63
   An 24.29 24.71 -0.46 12.51 7.13 6.43 2.34 0.94 2.19 0.71 2.62
Hy 9.09 17.38 0.83 9.95 5.52 4.95 3.22 0.23 4.20 3.27 2.21
Di 13.56 10.60 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
   Wo % 50.00 50.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
   En % 35.33 29.02 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
   Fs % 14.67 20.98 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Ol 14.20 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
   Fo % 70.66 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
   Fa % 29.34 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Mt 3.02 1.56 0.00 0.86 0.20 0.18 0.13 0.00 0.36 0.15 0.15
Hm 0.00 0.00 0.00 0.00 0.00 0.00 0.00 1.17 0.00 0.00 0.00
Il 3.75 1.25 0.10 0.78 0.37 0.37 0.11 0.03 0.49 0.17 0.26
Ru 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.02 0.00 0.00 0.00
Ap 0.95 0.28 1.05 0.18 0.44 0.37 0.22 0.13 0.49 0.48 0.22
Fr 0.32 0.19 0.10 0.29 0.25 0.24 0.10 0.00 0.43 0.32 0.36
Cc 1.46 0.08 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Sum 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00

† analyses from Janoušek et al. (2013)
‡ Catanormative compositions (Hutchison 1975)
For sample locations, see Fig. 1 and online Google map at http://www.jgeosci.org/157
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(52 < SiO2 < 63 wt. %), transitional (63 < SiO2 < 70 
wt. %) and felsic (SiO2 > 70 wt. %, and thus belonging 
with the previous group to the acid rocks). 

The available data span a range of compositions (SiO2 
= 44.9–79.3 wt. %) in the P–Q diagram of Debon and Le 
Fort (1983, 1988), corresponding mainly to granite, ada-
mellite and granodiorite, and to a lesser extent to tonalite, 
quartz diorite and gabbro (Fig. 2a). The trend observed 
in this diagram is calc-alkaline. The hyperpotassic granu-
lites, rich in K-feldspar, have an exceptional composi-
tion, with values of P = K – (Na + Ca) > 100 and thus 
plotting to the right of the (quartz) syenite domain. The 
basic–intermediate samples are metaluminous (A/CNK 
down to 0.55, see e.g. sample Klt-5). The acid granulites 
are mostly slightly peraluminous as shown by the B–A 
diagram of Debon and Le Fort (1983, 1988) modified by 
Villaseca et al. (1998) (Fig. 2b). The most peraluminous 
samples in our set are the very siliceous Klt-20 and 
Hol-1, followed by Pls-1 and Brl-1 (as argued below, 
all seem affected by a limited loss of alkalis to melt or 
fluid). There is a general tendency for a concomitant rise 
in A/CNK and SiO2 values as well as an increase in A = 
Al – (K + Na + 2Ca) value with decreasing maficity (B 
= Fe + Mg + Ti). The hyperpotassic granulites are felsic 
and metaluminous to subaluminous.

Harker plots for the calc-alkaline granulites are char-
acterized by strong negative correlations of SiO2 with 
most oxides, such as TiO2, FeO, MgO and CaO, of which 
only the last is shown here as an example (Fig. 2c). The 
trend for Al2O3 displays a discontinuity at SiO2 ~ 70 
wt.  %, with an initial increase or little change for the 
more mafic (basic–transitional) compositions, and then a 
dramatic drop for the felsic granulites. As expected, the 
hyperpotassic granulites are Al2O3 rich. In the SiO2–K2O 
binary (after Peccerillo and Taylor 1976), the basic and 

intermediate granulites fall mainly into the (normal-K) 
calc-alkaline domain, the felsic types mostly in the high-
K calc-alkaline field, and the transitional types join the 
two trends. There is a general increase in the K2O/Na2O 
ratios (by weight) with silica from basic–intermediate 
(0.35 ± 0.38, median ± 1σ), through transitional (0.89 ± 
0.23), to the common (type 1) felsic granulites (1.29 ± 
0.42). This ratio is somewhat higher (1.66 ± 0.17) in the 
residual (type 2) granulites. Naturally, relatively low SiO2 
and CaO, as well as high K2O and Al2O3 contents charac-
terize the hyperpotassic granulites, which are dominated 
by K-feldspar.

The relations of iron to magnesium are interesting, 
with Fe prevailing over Mg, and FeOt/MgO ratios in-
creasing in the sequence basic–intermediate (1.73 ± 
0.38), transitional (2.87 ± 0.28) and felsic granulites 
(3.70 ± 1.08). The residual type 2 granulites including 
Klt-20, have FeOt/MgO > 4.7. This is also true for partly 
de-alkalized granulite Brl-1, but the analogous sample 
Hol-1 is characterized by a low FeOt/MgO of 0.78. In a 
diagram of FeOt/(FeOt + MgO) vs. SiO2 (after Frost et 
al. 2001), most of the analyses belong to the magnesian 
association, but samples at the very SiO2-rich end of the 
compositional spectrum enter the ferroan domain, which 
include the residual (type 2) granulites such as Klt-20 and 
the partly de-alkalized Brl-1.

5.	Petrology and P–T conditions

The basic compositional characteristics of the studied 
samples are presented in a QAP diagram (Fig. 3) (Streck-
eisen 1976), using the calculated Catanorm proportions 
for each sample. In the following text, samples carrying 
eclogite-facies mineral assemblages and early decompres-
sional reaction textures are described first, followed by 
those representing evidence for superimposed processes 
resulting in changes of rock composition.

5.1.	Relict eclogite-facies mineral assemblages 
and early decompressional reaction  
textures

5.1.1.	Orthopyroxene–biotite–garnet granulite 
of granodiorite composition, Klt-1

The rock has the following modal composition (wt. %): 
23.3 Qtz, 12.6 Kfs, 36.8 Pl, 20.8 Grt, 2.1 Opx, 3.0 Bt, 0.3 
Ilm, 0.3 Rt. The locality is dominated by S2 structures, 
and the Klt-1 thin section shows penetrative mylonitic S2 
foliation (Fig. 4a).

Garnet is present in two generations, the older with 
~23 mol. % Grs and the younger with ~5 % Grs. The 
latter grew by replacement of former kyanite. The sample 


Fig. 2 Whole-rock major-element variation in the samples from the 
Blanský les granulite Massif (Janoušek et al. 2004, 2007, 2013 and 
unpublished data in grey, this work in blue). a – Multicationic P–Q 
plot (Debon and Le Fort 1983, 1988); P represents the proportion of 
K-feldspar to plagioclase and Q the quartz content (ad: adamellite; 
dq: quartz diorite, quartz gabbro, quartz anorthosite; gd: granodiorite; 
go: gabbro, diorite, anorthosite; gr: granite; mz: monzonite; mzdq: 
quartz monzodiorite; mzgo: monzogabbro, monzodiorite; mzq: quartz 
monzonite; s: syenite; sq: quartz syenite; to: tonalite, trondhjemite); 
b – Multicationic B–A plot of the same authors modified by Villaseca 
et al. (1998); B represents the maficity and A alumina saturation (l-P: 
low peraluminous, m-P: moderately peraluminous, h-P: highly peralu-
minous, f-P: felsic peraluminous); note that only acid and hyperpotassic 
granulites are plotted; c – binary plot SiO2–CaO (wt. %); d – binary 
plot SiO2–Al2O3 (wt. %); e – binary plot SiO2–K2O (wt. %) with the 
discrimination boundaries between the tholeiitic, calc-alkaline, high-K 
calc-alkaline and shoshonitic rocks of Peccerillo and Taylor (1976); 
f – diagram SiO2 (wt. %) – FeOt/(FeOt + MgO) (Frost et al. 2001) 
to distinguish between the magnesian and ferroan associations. Note 
that this ‘Fe number’ is calculated from wt. % and not from molecular 
proportions, which is a more common (and sensible) approach.
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exhibits several reaction textures that were not described 
previously in felsic granulites of the BLGM. Neverthe-
less, they are significant for petrological evaluation of 
granulite samples, particularly for calculations of their 
P–T conditions.

The assemblage Cpx + Grt I
The assemblage Cpx + Grt I (Fig. 4b) in felsic granulite 
occurs in domains for which a pressure of 2.10–2.36 GPa 
was indicated by GASP barometry (Koziol and Newton 
1988). It is uncertain whether the rare Cpx inclusions in 
Grt I were in chemical equilibrium with the GASP as-
semblage in the matrix. Possibly a later modification of 
Cpx composition by diffusion took place, resulting in its 
very low jadeite content (Tab. 2). Garnet I–Cpx thermom-
etry indicates temperatures of 736–757 °C (for 2.2 GPa). 
Garnet I– matrix biotite pairs yield T = 890–1  000 °C, 
but it is again uncertain whether the two phases were in 
equilibrium. 

Reaction garnet I → orthopyroxene + plagioclase
Biotite–orthopyroxene thermometry yields 568–577 °C. 
Apparently, equilibration of the pair Bt–Opx took place 
relatively late during the cooling stage. Orthopyroxene–
biotite–feldspars form localized mosaics and internally 

A P

Q
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Hol-1

Klt-1ZH-4

alkali feldspar
granite
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Fig. 3 The QAP diagram (Streckeisen 1976) for the studied rocks based 
on Catanorm calculation (Hutchison 1975; as implemented by GCDkit), 
recalculated to vol. %.
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Fig. 4 Orthopyroxene–biotite–garnet granulite of granodiorite compo-
sition (Klt-1, near the summit of Mt. Kleť). a – Fabric of the rock with 
a strong foliation; b – Clinopyroxene inclusion in garnet I containing 
18 mol. % of the grossular component. Cpx is diopside with 6 mol. % 
Ca-Tschermak and minor jadeite, acmite and Ti-Tschermak molecules 
(2 to 3 mol. %) (Tab. 2). Other inclusions in garnet are plagioclase with 
antiperthite (AP) and pyrrhotite (FeS); BSE. c – Garnet II in complete 
pseudomorph after kyanite, surrounded by a wide plagioclase (Pl) rim. 
Grt II contains numerous inclusions of Zn-bearing hercynitic spinel 
(slightly darker). Outer subhedral contour with concave forms indicates 
coalescence of numerous Grt crystals; BSE.
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appear to be an equilibrium assemblage in the S2 fabric 
(Fig. 4a).

Reaction kyanite + garnet I + biotite + plagioclase I 
→ garnet II + spinel + plagioclase II
The spectacular microstructures resulting from kya-
nite-consuming decompression reactions are notable in 
sample Klt-1. They are impor-
tant for identifying the mode 
of generation of decompres-
sion-related garnet II in place 
of the former kyanite (Fig. 4c). 
Although no relict kyanite was 
observed in sample Klt-1, the 
process is reasonably inferred 
by analogy with a number of 
felsic granulite samples pre-
serving intermediate stages of 
this reaction (e.g., see sample 
ZH-4 below).

5.1.2.	 Kyanite–garnet 
granulite of granite 
composition with 
exceptionally well-
-preserved early 
structures, Klt-4

The rock consists of (wt. %): 
33.1 Qtz, 30.0 Kfs, 25.2 Pl, 
8.6 Grt, 1.7 Ky, 0.6 Bt, 0.7 
Ap, 0.2 Rt. It is dominated by 
S1 structures with partial S2 
overprint.

This compositionally homo-
geneous rock contains (meso-) 
perthite, quartz, and plagio-
clase plus euhedral garnet (23 
mol.  % Grs), which is partly 
segregated into mm to 1 cm 
thick nearly monomineralic 
bands, and kyanite inclusions 
in large mesoperthite grains. 
A detailed compositional pro-
file across such garnet was 
published by Franěk et al. 
(2011b), showing a flat uni-
form pattern through most of 
the grain with a decrease in Ca 
and increase in Fe at the rims, 
possibly caused by diffusion 
during exhumation (Fig. 5a). 
The main emphasis of previ-
ous studies from this locality 

was on evolution of the successive sets of deformation 
microstructures (Franěk et al. 2011b) and origin of the 
internal structure of perthitic Kfs crystals (Tajčmanová 
et al. 2012). 

We have selected this sample for GASP barometry on 
perfectly preserved garnets hosting fairly large plagioclase 
inclusions, all being enclosed in mesoperthite porphyroclasts 

Tab. 2 Electron-microprobe analyses of minerals in sample Klt-1

Mineral Grt I Grt II Bt Opx Pl Spl Cpx
Analysis 7 3 9 12 26 30 44
SiO2 38.60 38.80 37.44 51.45 63.36 0.05 51.45
TiO2 0.12 0.01 5.67 0.12 0.00 0.03 0.71
Al2O3 21.58 21.48 14.19 1.39 22.53 61.23 4.05
Cr2O3 0.01 0.02 0.03 0.00 0.00 0.13 0.07
FeO 25.82 29.61 16.64 28.67 0.17 24.59 8.12
MnO 0.49 0.60 0.02 0.23 0.00 0.07 0.05
MgO 6.26 7.52 12.45 18.51 0.00 10.75 13.32
CaO 7.92 2.94 0.00 0.19 4.23 0.02 22.46
Na2O 0.05 0.04 0.03 0.02 9.17 0.60
K2O 9.26 0.02 0.15 0.00
BaO 0.30
V2O3 0.24
ZnO 4.43
F 0.03 0.68 0.07
O=F,Cl – 0.29
Total 100.85 101.05 96.42 100.60 99.61 101.54 100.90
Atoms per given number of oxygen atoms
O 12 12 20 6 5 4 6
Si 2.975 2.994 5.599 1.960 2.814 0.001 1.899
Aliv 0.025 0.006 2.401 1.180 0.176
Alvi 1.940 1.951 0.100 0.062 1.922
Ti 0.007 0.001 0.638 0.003  – 0.001 0.020
Cr 0.001 0.001 0.004 0.000  – 0.003 0.002
Fe3+ 0.047 0.042 0.014 0.074 0.027
Fe2+ 1.618 1.869 2.081 0.899 0.006 0.473 0.224
Mn 0.032 0.039 0.003 0.007 0.002 0.002
Mg 0.719 0.865 2.776 1.051 0.427 0.733
Ni 0.000 0.000 0.004 0.000  –
Zn 0.000 0.000 0.001  –  – 0.087
Ca 0.654 0.243 0.000 0.008 0.201 0.001 0.888
Na 0.010 0.001 0.790 2.991 0.043
K 1.766 0.001 0.008 0.000
Ba 0.018
OH* 3.676
F 0.322
Cl 0.003
Total 8.018 8.011 19.402 4.006 1.873 2.991 4.014
End-members (mol. %)
Almandine 52.76 61.68 An 20.1
Andradite 2.35 2.11 Ab 79.0
Grossular 19.60 5.95 Or  0.9
Pyrope 24.18 28.89
Spessartine 1.08 1.31
Uvarovite 0.03 0.06
Cpx 44: acmite 3 %, jadeite 2 %, Ca-tschermak 6 %, Ti-tschermak 2 %.
OH* – calculated
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(Fig. 5b–c, Tab. 3). The pressure estimate using Koziol and 
Newton (1988) barometry is 2.24 GPa (for 950 °C), a value 
notably higher than that obtained from this locality by the 
pseudosection method (1.6–1.8 GPa) (Franěk et al. 2011b). 
Relict kyanite surrounded by plagioclase rim is illustrated 
in Fig. 5d. Examples of kyanite inclusions in large meso
perthite crystals indicate that the assemblage Grt I + Ky + 
Pl inclusions in Grt I + mesoperthite was at equilibrium 
during the HP–HT stage. The near-peak temperatures of 
these granulites at 900–950 ºC were determined previously 
by Tajčmanová et al. (2012) by means of two-feldspar ther-
mometry based on experiments of Benisek et al. (2010). 

In addition, sample H296-AF, taken from the same 
outcrop as Klt-4, carries two contrasting morphological 
types of apatite. The main population forms relatively 
large, anhedral grains with abundant extragranular 
monazite (Fig. 5e). The other type of apatite is much 
smaller and forms euhedral, acicular crystals. As apa-
tite is a notably refractory mineral, the younger gen-
eration probably crystallized by an additive process, 
likely due to the liberation of phosphorus by unmixing 
and recrystallization of the large feldspar porphyro-
clasts during S2 development. Apatite II (Tab. 4) has 
lower FeO and MgO contents and higher REE than 
apatite I.
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Fig. 5 Kyanite–garnet felsic (type 1) granulite with exceptionally well-preserved early structures from slopes of Mt. Kleť. a – Grs profile (mol. %) 
across a 400 µm large euhedral garnet I inclusion in perthite from S1 fabric, locality the same as sample Klt-4. Data adopted from Franěk et al. 
(2011b). b – Optical cathodoluminescence image of a large mesoperthite porphyroclast, surrounded by a feldspar–quartz mosaic, quartz ribbons and 
young small garnet crystals of the second generation. The mesoperthite encloses a subhedral Grt I crystal (see the next BSE image for its detail). 
Sample Klt-4. c – Subhedral Grt I with plagioclase rim (Pl), carrying plagioclase and zircon (Zrn) inclusions, enclosed in a large mesoperthite 
porphyroclast. Mol. % grossular near centre (Grs22.2) and at rim (Grs16.4) are indicated. Mol. % anorthite in Pl inclusion is also shown (An20.3); 
BSE. d – Optical cathodoluminescence image of a subhedral kyanite parallel to penetrative S2 foliation. Kyanite is partly overgrown by Grt II, all 
together enclosed in plagioclase rim. Sample H261. e – Cluster of relatively coarse anhedral apatite I with minute unmixed monazite. Adjacent 
garnet is also seen. Sample H296-AF near Klt-4, BSE.
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5.1.3.	Complete decompression conversion 
of kyanite-bearing felsic granulite of 
granite composition to orthopyroxene–
biotite–garnet II charnockitic granulite, 
ZH-4

The rock has the following modal composition (wt. %): 
32.7 Qtz, 28.7 Kfs, 28.8 Pl, 7.1 Grt, 1.8 Ky, 2.1 Bt, 0.3 
Ilm, and accessory Ap and Rt (Tab. 5). The sample shows 
relict S1 foliation strongly overprinted by S2 cleavage. A 
pressure estimate of 2.30 GPa at 1 000 °C is obtained by 
GASP barometry, utilizing gar-
net I core composition (Grs 21.5 
mol. %) and a large plagioclase 
inclusion.

Microscopic study of 15 thin 
sections from the quarry reveals 
that the samples preserve various 
stages of transformation of the 
original Ky–Grt I felsic granu-
lite to orthopyroxene–garnet 
charnockite (± biotite). Details 
of kyanite-consuming reactions 
at this locality were also studied 
by Štípská et al. (2010). Inter-
mediate stages show a progres-
sive replacement of kyanite by 
plagioclase, spinel and garnet II 
(Fig. 6a–d). As a regular feature 
of these reactions, orthopyrox-
ene enters the decompression 
assemblage only after kyanite is 
consumed and spinel is mantled 
by garnet II. During quarry op-
erations, charnockite domains c. 
2–3 m across were seen thanks 
to a brownish-grey coloration 
that contrasted with white en-
closing granulite. This mode 
of occurrence of charnockitic 
granulites is another example of 
patchwork-like processes in the 
BLGM. 

5.2.	Hyperpotassic  
granulites

Hyperpotassic granulites that 
occur as meter-scale deformed 
bodies at the Plešovice quarry 
were described as a new rock 
type in the BLGM twenty-five 
years ago (Vrána 1989, 2011). 
Later a small occurrence of 

Tab. 3 Electron-microprobe analyses of minerals in sample Klt-4

Mineral  Grt I core Grt I rim Grt II Pl Bt Ilm Rt
Analysis  1 3 50 4 35 33 28
SiO2 38.75 38.84 38.84 64.56 37.38 0.05 0.02
TiO2 0.15 0.44 0.03 0.00 3.97 53.21 99.14
Al2O3 21.71 21.56 21.72 22.63 16.51 0.00 0.02
Cr2O3 0.00 0.00 0.02 0.00 0.06 0.08 0.10
FeOt 24.44 26.46 28.64 0.20 15.76 42.98 0.24
MnO 0.36 0.39 0.39 0.00 0.06 0.19 0.00
MgO 6.35 6.70 7.71 0.00 12.73 0.23 0.00
CaO 8.44 6.19 2.91 4.28 0.02 0.02 0.00
Na2O 0.00 0.00 0.00 8.83 0.06
K2O 0.01 0.69 9.42
BaO 0.12
V2O3 0.03 0.06 0.13 0.39
P2O5 0.04
ZnO 0.00 0.22 0.01
Nb2O5 0.15 0.71
ZrO2 0.22
F 0.52
Total 100.20 100.58 100.34 101.19 96.67 97.25 100.85
Atoms per given number of oxygen atoms
O 12 12 12 8 22  3 2
Si 2.990 2.994 3.005 2.832 5.542 0.001 0.000
Aliv 0.010 0.006 0.000 1.170 2.458 0.000 0.000
Alvi 1.967 1.955 1.981 0.427
Ti 0.009 0.026 0.002 0.443 1.045 0.996
Cr 0.000 0.000 0.001 0.007 0.002 0.001
Fe3+ 0.022 0.017 0.009 0.000 0.003
Fe2+ 1.555 1.689 1.844 0.007 1.954 0.939
Mn 0.024 0.025 0.026 0.008 0.004
Mg 0.730 0.770 0.889 2.813 0.009
Ca 0.698 0.511 0.241 0.201 0.003 0.001
Na 0.751 0.023
K 0.039 1.781
F 0.244
OH* 3.756
Total 8.005 7.993 7.998 5.000 19.459 2.001 1.000
End-members (mol. %)
Almandine 51.45 55.92 61.30 An 20.1
Andradite 1.09 0.88 0.48 Ab 79.1
Grossular 22.24 16.37 7.54 Or   0.8
Pyrope 24.43 25.97 29.77
Spessartine 0.79 0.86 0.86
Uvarovite 0.00 0.00 0.06

hyperpotassic granulite was discovered near the village 
of Lhotka in the south–central part of the BLGM (Vrána 
1998). Recently, an exceptionally large body (c. 200 × 
45 m) of Grt-bearing hyperpotassic granulite was discov-
ered in the forest at Kokotín on Mt. Kleť ridge (Janoušek 
et al. 2013). Hyperpotassic granulites have the composi-
tion of potassic alkali feldspar syenite (Fig. 3; Tab. 6) and 
consist predominantly of K-feldspar, with either minor 
Grt (Plešovice and Kokotín; designated as the Plešovice 
type) or Di (Lhotka type), and accessory zircon and 
apatite; no primary plagioclase is found. Quartz is pres-
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ent only in a minority of samples. 
Hyperpotassic granulites were 
interpreted as a product of HP 
non-eutectic melting, followed by 
< 40 % HP–HT fractional crystal-
lization of an assemblage domi-
nated by garnet, apatite and zircon 
with, or without, some crystal ac-
cumulation (Vrána 1989; Janoušek 
et al. 2007). Worth noting is that 
hyperpotassic granulites both at 
Plešovice and Kokotín are spa-
tially associated siliceous types 
of Ky-rich granulite, designated in 
the following section as residual 
(type 2) granulites (Fig. 7a).

Tab. 4 Electron-microprobe analyses of apatite I and apatite II in sample H296-AF

Analysis 7 6 7 6
Generation Ap I Ap II Ap I Ap II
SiO2 0.07 0.24 La2O3 0.05 0.19
Al2O3 0.00 0.01 Ce2O3 0.15 0.70
FeOt 0.46 0.12 Nd2O3 0.25 0.60
MnO 0.03 0.01 Sm2O3 0.11 0.11
MgO 0.31 0.01 Pr2O3 0.05 0.09
CaO 54.78 53.99 Gd2O3 0.02 0.12
SrO 0.00 0.00 Dy2O3 0.00 0.01
PbO 0.02 0.00 Y2O3 0.02 0.02
Na2O 0.11 0.24 ThO2 0.00 0.00
P2O5 40.44 39.45 UO2 0.00 0.00
SO3 0.00 0.01 O=F. –1.54 –1.44
F 3.66 3.41 O=Cl –0.03 –0.02
Cl 0.15 0.09 Total 99.11 97.94
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Fig. 6 Complete decompression conversion of Ky–Grt I in felsic granulite to Opx–Bt–Grt II charnockitic granulite. a – Kyanite overgrown by Grt 
II. Sample ZH-4, Zrcadlová Huť quarry, PPL. b – Kyanite crystal is overgrown and both marginally and internally partly replaced by newly formed 
Grt II. Kyanite interface with enclosing Pl rim is indicated by blue line. Sample ZH-4, BSE; c – Relict kyanite crystal overgrown by narrow her-
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LV93B, PPL; d – Orthopyroxene–garnet charnockite representing final stage of decompression-related metamorphism in S2 fabric; garnet I (Grt I) 
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5.3.	Kyanite-rich residual (type 2) felsic  
granulites 

5.3.1.	Kyanite–garnet felsic granulite, Pls-1

The rock is composed of (wt. %) 39.4 Qtz, 28.4 Kfs, 25.6 
Pl, 4.4 Grt, 1.3 Ky, 0.9 Bt, 0.1 Ap and < 0.1 Rt (Tab. 7). 
This part of the Plešovice quarry is dominated by S3 
structures with relics of S2.

Sample Pls-1 is similar to a group of four high-
silica kyanite–garnet felsic granulite samples from the 
same locality analysed previ-
ously (Strejček 1986). Specific 
features of this rock are the 
absence of plagioclase rims 
around kyanite (Fig. 7b), low 
Ca content in garnet (7.7 mol. 
% Grs in the core) (Tab. 7), and 
Ca-poor plagioclase (normative 
An08). The original mesoperthite 
is largely recrystallized to fine-
grained mosaics of K-feldspar 
and sodic plagioclase; quartz 
is transformed to platy grains. 
Kyanite is rarely inverted to 
sillimanite. Accessory biotite 
parallel to foliation is probably 
of retrograde origin. 

P ressu res  o f  2 .06  GPa 
(at 900 °C) or 2.32 GPa (at 
1  000 °C) were obtained from 
GASP barometry, using the 
compositions of garnet core 
and a large plagioclase inclu-
sion (130 µm in diameter) in 
the subhedral garnet (Fig. 7c). 
A calculation using the same Pl 
analysis and Grt rim (No. 110, 
Tab. 7) yields a pressure of 1.65 
GPa at 1  000 °C. The Grt rim 
composition is considered to 
reflect severe Ca depletion. 

It is suggested that the low 
Ca-content in this rock was such 
that sufficient Ca could not be 
mobilized to sites of potential 
formation of plagioclase rims 
around kyanite. Also, given the 
relatively low Grs content in gar-
net, decompression breakdown of 
garnet to plagioclase + orthopy-
roxene rims did not take place. 
As a result of this Ca-poor and 
anhydrous composition the rock 

Tab. 5 Electron-microprobe analyses of minerals in sample ZH-4

Mineral Grt I Grt II Pl Pl Bt Ky Ilm
Analysis  21 12 20 22 16 11 18
SiO2 38.18 38.21 62.62 58.91 37.34 37.15 0.01
TiO2 0.10 0.03 4.02 0.04 52.73
Al2O3 21.34 20.89 22.85 25.48 16.68 62.67 0.00
Cr2O3 0.00 0.03 0.07 0.02 0.02
FeOt 25.97 30.97 0.02 0.15 12.12 0.21 44.94
MnO 0.44 0.50 0.05 0.01 0.12
MgO 5.40 6.71 15.30 0.04 0.83
CaO 8.34 2.46 4.64 7.50 0.04 0.00 0.00
Na2O 0.03 0.02 8.62 7.39 0.07 0.00
K2O 0.01 0.00 0.27 0.33 9.59 0.00 0.00
BaO 0.15
P2O5 0.06 0.02 0.03 0.06
Y2O3 0.03 0.00
V2O3 0.01 0.05 0.19 0.01 0.14
Nb2O5 0.10
F 0.05 0.06 2.07 0.03
Total 99.96 99.95 99.05 99.82 97.69 100.18 98.89
Atoms per given number of oxygen atoms
O 12 12 8 8  22 5 3
Si 2.983 3.003 2.806 2.633 5.491 1.000 0.000
Al iv 0.017 0.000 1.207 1.343 2.509 1.988 0.000
Al vi 1.952 1.939 0.382
Ti 0.006 0.002 0.445 0.001 1.008
Cr 0.001 0.001 0.008 0.002
Fe3+ 0.037 0.049 0.000 0.006 0.005 0.000
Fe2+ 1.660 1.987 0.001 0.000 1.491 0.955
Mn 0.029 0.033 0.006 0.003
Mg 0.629 0.786 3.354 0.002 0.031
Ca 0.698 0.207 0.223 0.359 0.006 0.000
Na 0.749 0.640 0.020 0.000
K 0.015 0.019 1.799 0.001
Ba 0.009
F 0.963 0.003
OH* 3.037
Total 8.012 8.007 5.001 5.000 19.520 2.999 2.000
End-members (mol. %)
Almandine 54.53 65.53 An 22.6 An 35.3
Andradite 1.85 2.48 Ab 75.9 Ab 62.9
Grossular 21.51 4.41 Or   1.6 Or   1.8
Pyrope 21.10 26.40
Spessartine 0.98 1.12
Uvarovite 0.03 0.06

passed through the decompression stage with its HP–HT 
mineralogy effectively “frozen”. 

5.3.2.	Kyanite–garnet felsic granulite, Klt-20

The rock composition is as follows (wt. %): 41.9 Qtz, 
28.2 Kfs, 23.9 Pl, 3.5 Grt, 2.3 % Ky, 0.2 Bt, 0.04 Rt and 
traces Ap. The dominant structure in this subarea is S2.

Sample Klt-20 comes from the immediate vicinity 
(c. 100 m) of the Kokotín hyperpotassic granulite body 
(Janoušek et al. 2013). The rock is very fine-grained, 
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0.03–0.3 mm, containing garnet porphyroclasts ≤ 3 mm 
and kyanite ≤ 1 mm. An abundance of vivid blue kyanite 
crystals on foliation planes is a distinctive feature of this 
granulite type (Fig. 7a). A planar fabric is megascopically 
prominent, but platy quartz is recrystallized to a granular 
mosaic. The garnet contains 89–91 mol. % Alm, 5.9 mol. 
% Prp and 3.7–1.4 mol. % Grs (Tab. 8). Formally, based on 
garnet composition, the rock would not qualify as granu-
lite, but such a designation is supported by the unusual 
rock chemistry. It contains only 0.08 wt. % MgO, and its 
FeOt/MgO ratio is 18. An approximate pressure calculation 
based on garnet core (Grs = 3.7 mol. %) and marginally 
adjacent plagioclase yields 1.7 GPa at 950 °C. Garnet rims 
are significantly depleted in Ca (Grs = 1.4 mol. %), and 
presumably, Ca released from garnet was accommodated 
in the neighbouring plagioclase. Most likely, at the high-P 
stage plagioclase was lower in Ca content, and combina-
tion with a garnet core composition would yield a pressure 
higher than 1.7 GPa. Abundant mesoperthite with an Ab/Or 
ratio near unity and 9 mol. % An (reconstructed by micro-
probe scanning analysis; area 50 μm across), indicates T ~ 
900 °C (calculation based on Benisek et al. 2010).

5.4.	Retrogression-related partial de- 
‑alkalization of felsic granulites in  
sillimanite stability field, Pls-3, Brl-1, 
Hol-1

Examples include felsic granulite Pls-3 from the 
Plešovice quarry (Fig. 8a), sheared Ky–Sil–Bt–Grt 

granulite Brl-1 from a hillock near the Brloh village and 
retrogressed felsic granulite Hol-1 from the abandoned 

Tab. 6 Whole-rock composition of hyperpotassic and corresponding 
residual (type 2) granulites 

Kokotín Plešovice
Sample Klt-7† Klt-20† 1/VS89‡ Pls-1
wt. %
SiO2 64.52 76.81 61.18 76.34
TiO2 0.07 0.05 0.07 0.08
Al2O3 18.21 12.18 17.86 12.34
FeOt 0.40 1.45 0.89 1.60
MnO 0.01 0.02 0.04 0.05
MgO 0.10 0.08 0.28 0.34
CaO 0.52 0.26 1.79 0.61
Na2O 1.31 2.85 1.91 2.97
K2O 13.08 4.11 11.99 4.27
P2O5 0.440 0.065 1.120 0.086
LOI/H2O

+ 0.33 0.19 0.44 0.18
H2O

- < 0.05 < 0.05 – 0.10
Total 98.99 98.07 97.57 98.97
ppm
Rb 215 368 686 241
Sr 327 9 318 30
Zr 186 1.2 5877 9

† Janoušek et al. (2013)
‡ Vrána (1989)

Ky

Ky

Qtz

Fs

FsGrt

0.5 mm

(b)

x

x x

Grs
7.7

Grs
1.1

Pl An11

Pl

Kfs

Bt

Grt
250 mμ

(c)

1 cm

(a)

Fig. 7 Residual (type 2) granulite. a – Macrophotograph of a Ky-rich 
rezidual granulite from the type locality at Kokotín. b – Kyanite free 
of plagioclase rims and garnet in felsic granulite with quartz ribbons in 
strongly flattened fabric. Sample Pls-1, Plešovice quarry, PPL. c – Grt 
I with plagioclase inclusion used for GASP pressure estimate. Mol. % 
Grs near center (Grs7.7) and at rim (Grs1.1) are indicated. Mol. % An in 
Pl is also shown (An11). Sample Pls-1, BSE.
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Holašovice quarry (Fig. 8b). Fine-grained granulite Pls-3 
(0.05–0.5 mm) has the following composition (based on 
visual estimate, vol. %): 40 Qtz, 25 Kfs, 25 Pl, 4 Bt, 2 
Grt, 2 Sil and 1 Ky. Owing to finely dispersed biotite the 
rock resembles a metasedimentary rock. 

The mylonitic matrix of sample Brl-1 contains Grt 
and Kfs porphyroclasts up to 3 mm. The rock has an 
estimated modal composition of 40 Qtz, 28 Pl, 25 Kfs, 2 
Grt, 2 Sil, 1 Ky, and 1 Bt. 

Retrogressed granulite Hol-1 is fine-grained (0.1–1 
mm) and nearly free of garnet. The rock has the follow-
ing composition: 40 Qtz, 29 Kfs, 27 Pl, 3 Bt, 2 Sil, and 
less than 0.2 Grt.

Common to all three samples are 1–2 mm thick 
bands of sillimanite II and quartz, localized along late 
generation S3 shear-foliation or semibrittle fractures. 
Prismatic to acicular sillimanite II differs texturally 
from fibrolitic sillimanite I, which formed by inver-
sion of kyanite elsewhere in the BLGM. Feldspars are 
absent in these bands and no relation to possible former 
kyanite sites is indicated. These bands are interpreted 
as a product of partial de-alkalization of feldspars 
comparable to numerous examples of sillimanite–quartz 
nodules or bands from a variety of amphibolite-facies 
complexes in the Moldanubian Zone of the Bohemian 

Tab. 7 Electron-microprobe analyses of minerals in sample Pls-1

Mineral Grt Pl Bt Ky
Analysis 109 core 110 rim 111 114 107
SiO2 38.13 38.16 66.54 37.48 37.82
TiO2 0.02 0.02 0.70 0.00
Al2O3 21.42 21.25 21.40 20.02 63.09
Cr2O3 0.00 0.02 0.01 0.00
FeOt 32.35 34.13 0.46 16.20 0.04
MnO 0.84 0.87 0.02 0.03
MgO 5.12 5.74 12.17 0.00
CaO 3.32 1.03 2.31 0.00 0.00
Na2O 0.00 0.03 10.52 0.07 0.00
K2O 0.19 8.47 0.00
P2O5 0.09 0.09 0.00 –
Y2O3 0.01 0.00
V2O3 0.02 0.02
F 1.26 0.04
Total 101.32 101.33 101.42 96.40 101.02
Atoms per given number of oxygen atoms
O 12 12 8 22 5
Si 2.984 2.991 2.886 5.547 1.010
Aliv 0.016 0.009 1.094 2.453 1.986
Alvi 1.963 1.957 1.040
Ti 0.001 0.001 0.078
Cr 0.000 0.001 0.001
Fe3+ 0.032 0.036 0.017 0.001
Fe2+ 2.086 2.201 0.000 2.005
Mn 0.056 0.058 0.003 0.001
Mg 0.597 0.671 2.685
Ca 0.278 0.086 0.107 0.000
Na 0.885 0.020
K 0.011 1.599
F 0.590
OH* 3.410
Total 8.013 8.011 5.000 19.430 2.998
End-members (mol. %)
Almandine 68.79 72.75 An 11.0
Andradite 1.60 1.82 Ab 88.0
Grossular 7.73 1.01 Or   1.0
Pyrope 20.02 22.42
Spessartine 1.87 1.93
Uvarovite 0.00 0.06

Tab. 8 Electron-microprobe analyses of minerals in sample Klt-20

Mineral Grt Pl MP Ky Rt
Analysis 33 core 34 rim 35 40 32 75
SiO2 36.09 36.28 66.47 60.85 37.31 0.05
TiO2 0.03 0.02 0.00 99.74
Al2O3 20.97 20.85 21.29 18.46 63.22 0.03
Cr2O3 0.02 0.02 0.01 0.01
FeOt 38.76 39.43 0.23 0.01 0.25 0.28
MnO 0.75 0.80 0.03 0.00
MgO 1.35 1.44 0.00 0.00
CaO 1.26 0.49 1.93 0.45 0.02 0.00
Na2O 0.05 0.02 10.78 6.20 0.00 0.00
K2O 0.00 0.00 0.12 7.18 0.02
Y2O3 0.01 0.01
V2O3 0.01 0.00 0.00 0.02
P2O5 0.33 0.13 0.09 0.09 0.05
ZrO 0.26
ZnO 0.00 0.09
Nb2O5 0.01
Total 99.63 99.49 100.91 93.24 100.91 100.49
Atoms per given number of oxygen atoms
O 12 12 5  5 5 2 
Si 2.969 2.983 2.893 2.918 0.984 0.001
Aliv 0.031 0.017 1.092 1.043 1.965
Alvi 2.004 2.006 0.000
Ti 0.002 0.001 0.996
Cr 0.001 0.001 0.000
Fe3+ 0.000 0.000 0.008 0.000 0.005 0.003
Fe2+ 2.677 2.723 0.000 0.000 0.000
Mn 0.052 0.056 0.001
Mg 0.166 0.177
Ca 0.111 0.043 0.090 0.023 0.001
Na 0.910 0.576
K 0.007 0.439
Total 8.013 8.007 5.000 4.999 2.956 1.000 
End-members (mol. %)
Almandine 88.92 90.77 An   9.0 An   2.0
Andradite 0.00 0.00 Ab 90.0 Ab 55.0
Grossular 3.68 1.38 Or   1.0 Or 42.0
Pyrope 5.58 5.92
Spessartine 1.76 1.87
Uvarovite 0.07 0.07

MP – mesoperthite
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Massif and other localities worldwide (e.g. Losert 1968, 
1977). Volumes affected by the partial de-alkalization 
in the three samples are estimated to be c. 5 %, but 
the phenomenon is difficult to recognise without a 
microscope.

5.5.	Local variations in oxygen fugacity,  
samples H232 and H232E

Sample H232 has the following modal composition 
(wt. %): 19.9 Qtz, 51.3 Pl, 4.0 Kfs, 10.0 Grt, 6.0 Opx, 
2.5 Cpx, 3 Bt, 2.5 Ilm and 0.25 Ap. These proportions 
are based on a Catanorm calculation and thin section 
estimates of minor and accessory components. 

The rock forms a c. 60 m boudin in felsic granulite of 
weakly foliated intermediate granulite of tonalitic com-
position (Fig. 9a–b), with minor magnetite in plagioclase 
+ orthopyroxene ± biotite symplectite aggregates around 
Grt. A younger symplectite II formed along some frac-
tures in Grt (Fig. 9a, Tab. 9). Structurally the locality 
exhibits an overprint of S2 by S3 fabric.

Sláma et al. (2007) dated the decompression reaction, 
Grt → Opx + Pl + Hbl (1.2–1.4 GPa, 1 000 °C), in this 
intermediate granulite boudin at 333 and 331 Ma (Lu–Hf 
mineral data). Another similar sample from this locality 
was described by Faryad et al. (2010), who reported a 
single relict grain of omphacite (Jd28) in garnet. In our 
sample, Ca-in-Opx thermometry (Brey and Köhler 1990) 
gave 767–833 °C at 0.7 GPa, and orthopyroxene–biotite 
thermometry yielded 500 °C (at 0.7 GPa).

Felsic garnet granulite from the vicinity of the mafic 
boudin, sample H232E, contains minor magnetite ≤ 200 
μm, altered to hematite, around corroded garnet and in 
spinel–plagioclase pseudomorphs after kyanite (Fig. 9c, 

Tab. 10). Otherwise it consists of a common felsic granu-
lite mineral assemblage.

5.6.	Garnet-rich metabasite carrying ilmenite–
hornblende symplectites, PlsGrt 2

This minor rock type forms cm- to dm-sized, cigar-
shaped boudins in felsic granulites in the Plešovice 
quarry. Structures in this part of the quarry display a 
heterogeneous transition from S2 to dominant S3 fabrics. 
A visual estimate of the modal composition is (vol. %): 
38 Pl, 25 Grt, 10 Ilm, 8 Amp, 7 Qtz, 5 Bt, 3 Ap, 3 Po, 
< 1 Rt. The average grain size is 0.2–1 mm. 

The texture is dominated by Pl + Hbl symplec-
tite around Grt relicts and Ilm + Hbl +Pl symplectite 
(Fig.  10a, Tab. 11). In places, where surrounded by 
Qtz, the Grt is preserved. The total volume of ilmenite 
symplectite is estimated to be 10–15 vol. %; rutile is 
found solely as rare and minute inclusions in garnet. The 
ilmenite symplectite most likely resulted from reaction 
of titanite with the enclosing minerals. 

As no titanite was observed in this sample, a similar 
mafic enclave, 20 cm across, from the Zrcadlová Huť 
quarry (sample LV110) was used for supplementary 
information. A visual estimate of the modal composition 
is (vol. %): 50 Pl, 10 Opx, 10 Qtz, 5 Ilm, 5 Bt, 4 Cpx, 3 
Grt, 2 Po, accessory Tnt, Ap and Rt. The average grain 
size is 0.2–1 mm. The fabric is dominated by radiating 
Cpx + Pl symplectites after Grt and peripheral coarser 
Opx (Fig. 10b). 

The stage of titanite formation in mafic rocks is dif-
ficult to constrain, as the presumed evolution of the mafic 
protolith from eclogite to mafic granulite did not include 
conditions suitable for titanite formation. One possible 
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Fig. 8 Retrogression-related partial de-alkalization of felsic granulites in sillimanite stability field. a – Local Sill II–Qtz lens + Bt marking de-
-alkalization domain in partly retrogressed felsic biotite–kyanite–garnet granulite. Sample Pls-3, Plešovice quarry, PPL. b – Sillimanite II–quartz 
band in retrogressed granulite resulting from local de-alkalization of feldspars. Sample Hol-1, disused Holašovice quarry, PPL.
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Fig. 9 Local variations in oxygen fugacity. a – Partly consumed garnet in intermediate granulite is surrounded by an inner rim of plagioclase 
(white) and outer rim of granular orthopyroxene. A younger symplectite (SyII) of clinozoisite ± amphibole and plagioclase transects garnet. Sample 
H232, PPL. b – Magnetite–orthopyroxene–plagioclase symplectite around garnet. Sample H232, BSE. c – Hematite after magnetite in felsic garnet 
granulite with spinel–plagioclase pseudomorphs after former kyanite. Sample H232E, near domain of the above described intermediate granulite 
with magnetite (H232). d – A cluster of graphite crystals (Gr), associated with biotite, and surrounded by feldspar–quartz mosaic. Sample 1059, 
Holubov borehole, BSE. For whole-rock chemical composition, see Janoušek et al. (2004).
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Fig. 10 Garnet-rich metabasite with Ilm–Hbl symplectites. a – Ilmenite + Hbl + Pl symplectite associated with garnet reacted extensively to Hbl 
+ Pl symplectite (H + P), quartz and plagioclase. Sample PlsGrt 2, Plešovice quarry, BSE. b – Titanite relic associated with ilmenite–plagioclase 
symplectites in two-pyroxene granulite with relict garnet. Sample LV110, PPL.
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explanation for titanite occurrence would be low-grade 
alteration of the mafic protolith prior to eclogitization, or 
alternatively the presence of igneous titanite relics from 
the protolith.

6.	Discussion

This contribution presents evidence for processes and 
mineral assemblages previously unrecognized in the 

Tab. 9 Electron-microprobe analyses of minerals in sample H-232

Mineral Grt core Grt rim Pl Pl Opx Opx Bt Cli Ilm Mt Bd
Analysis  7 6 16 3 8* 14* 10 2 12 15 13
SiO2 38.96 38.65 47.75 54.90 51.67 52.14 37.17 38.41 0.00 0.17 0.00
TiO2 0.27 0.19 0.16 0.75 6.65 0.00 50.34 0.07 0.45
Al2O3 21.44 21.33 33.47 27.93 1.15 1.24 13.89 29.81 0.02 0.38 0.00
Cr2O3 0.01 0.02 0.05 0.02 0.18 0.01 0.08 0.19
FeOt 19.46 21.05 0.65 1.29 28.75 27.50 17.46 6.05 48.28 93.05 0.56
MnO 0.40 0.46 0.46 0.60 0.08 0.08 0.48 0.02
MgO 5.55 5.32 17.56 19.04 11.57 0.70 0.07 0.04
CaO 14.13 13.22 17.36 10.95 0.73 0.54 0.02 22.90 0.01 0.04 0.02
Na2O 0.03 0.03 1.99 4.96 0.04 0.02 0.03 0.03
K2O 0.00 0.01 0.08 0.20 0.00 0.01 9.76 0.01 0.03
BaO 0.00 0.02 0.03 0.00 0.26 0.00
SrO 0.00 0.00 0.00
V2O3 0.03 0.02 0.08 0.00 0.27 0.00 0.29 0.27
P2O5 0.04 0.02 0.06 0.00 0.03
ZnO 0.02 0.09 0.07 0.00 0.04 0.06
NiO 0.03 0.02 0.06 0.01 0.00
Nb2O5 0.11 0.11
ZrO2 99.24
HfO2 0.97
F 0.03 0.02 0.00 0.00 0.54 0.11
Total 100.35 100.34 101.36 100.25 100.72 101.97 98.01 98.21 99.73 94.27 101.27
Atoms per given number of oxygen atoms
O 12 12 8 8 6 6 22  12.5 3 4 1
Si 2.985 2.977 2.164 2.484 1.973 1.954 5.546 2.941 0.000 0.006
Aliv 0.015 0.023 1.788 1.490 0.052 0.055 2.443 2.690 0.001 0.017
Alvi 1.926 1.918 0.000
Ti 0.016 0.011 0.005 0.021 0.746 0.960 0.002 0.007
Cr 0.001 0.001 0.002 0.001 0.021 0.001 0.002 0.006
Fe3+ 0.051 0.062 0.025 0.000 0.000 0.000 0.387 0.079 1.962 0.009
Fe2+ 1.196 1.294 0.000 0.049 0.918 0.862 2.179 0.945 0.993
Mn 0.026 0.030 0.015 0.019 0.010 0.005 0.010 0.001
Mg 0.634 0.611 0.999 1.063 2.573 0.080 0.003 0.002
Ni 0.000 0.000 0.001 0.001 0.000 0.008
Ca 1.160 1.091 0.843 0.531 0.030 0.022 0.003 1.878 0.002
Na 0.175 0.435 0.003 0.001 0.009 0.005 0.000
K 0.005 0.012 0.000 0.000 1.858 0.001 0.001 0.001
Zr 0.976
F 0.255
OH* 3.745
Total 8.010 8.018 5.000 5.001 3.998 3.999 19.388 7.992 2.001 3.000 0.992
End-members (mol. %)
Almandine 38.98 41.82 An 82.4 An 54.3
Andradite 2.59 3.12 Ab 17.1 Ab 44.5
Grossular 36.28 33.47 Or   0.5 Or   1.2
Pyrope 21.25 20.52
Spessartine 0.87 1.01
Uvarovite 0.03 0.06
Opx 8* is from mosaic with Bt and Pl, Opx14* is from coarse symplectite with ilmenite around Grt
Bd 13 contains also 0.16 wt. % Th, U and HREE oxides.
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BLGM, but which are important to unravel the complex 
granulite history, P–T conditions, and changes in rock 
compositions.

6.1.	Heterogeneous preservation of early 
mineral assemblages in orthopyroxene– 
biotite–garnet granulites of granodiorite 
composition

Granulite of granodiorite composition (Klt-1) preserves 
an early mineral assemblage of Cpx + Grt I, as well as 
domains of minerals indicating the reactions, Grt I → 
Opx + Pl, and Ky + Grt I + Bt + 
Pl I → Grt II + Spl + Pl II, in a 
single thin section. This observa-
tion is interpreted such that the 
two reactions and accompanying 
recrystallizations were confined 
to specific reaction sites involv-
ing short-range transfer of ions, 
whereas elsewhere, the original 
assemblage was preserved on a 
mm-scale.

Similar phenomena were ad-
dressed several times in the lit-
erature, with the conclusion that 
such reactions are diffusion-
controlled (Loomis 1979; Har-
ley 1989; Messiga and Bettini 
1990; Owen and Dostal 1996; 
Ashworth et al. 1998). The sil-
ica-undersaturated character of 
former kyanite sites with their 
plagioclase rims (Tajčmanová 
et al. 2007, 2011; Štípská et al. 
2010) follows from the compo-
sition of kyanite, whose atomic 
ratio of Al : Si is 2 : 1, whereas 
the other minerals involved 
have much lower ratios: gar-
net 2 : 3, alkali feldspars 1 : 3. 
Attempts to define a “sphe-
roidal compositional volume” 
around such pseudomorphs 
(Tajčmanová et al. 2007) by 
thermodynamic modelling and 
the construction of pseudo-
sections are invalid, because 
the starting composition of the 
kyanite-bearing micro-domain 
was vastly different from the 
final one, resulting from the low 
diffusivity of Al and Si and high 
diffusivity of Fe, Mg, Ca and 

Tab. 10 Electron-microprobe analyses of minerals in sample H-232E

Mineral Grt Grt Pl Pl MP Hem Spl
Analysis 74 71 68 72 76 75 67
SiO2 37.91 37.78 60.45 65.23 64.51 0.08 0.04
TiO2 0.06 0.02 0.00 0.01
Al2O3 20.97 20.86 25.11 22.21 18.94 0.29 56.25
Cr2O3 0.00 0.00 0.02 0.01
FeOt 30.33 33.81 0.51 0.18 0.07 89.34 39.00
MnO 0.52 0.63 0.00 0.22
MgO 3.55 4.38 0.00 4.54
CaO 6.59 2.05 6.61 3.17 0.75 0.01 0.03
Na2O 0.02 0.01 8.14 9.93 4.85 0.00
K2O 0.00 0.00 0.17 0.17 9.54
Y2O3 0.18 0.18
V2O3 0.01 0.01 0.02 0.00
P2O5 0.06 0.02 0.04 0.01 0.00
ZnO 0.19
NiO 0.00 0.04
Total 100.20 99.75 101.03 100.90 98.66 89.76 100.33
Atoms per given number of oxygen atoms
O 12 12 8 8 8 3 4
Si 3.007 3.025 2.662 2.850 2.952 0.002 0.001
Aliv 0.000 0.000 1.303 1.144 1.022 0.009 1.876
Alvi 1.962 1.969
Ti 0.004 0.001 0.000 0.000
Cr 0.000 0.000 0.000 0.000
Fe3+ 0.024 0.004 0.019 0.006 0.003 1.986 0.122
Fe2+ 1.988 2.247 0.000 0.001 0.000 0.002 0.801
Mn 0.035 0.043 0.005
Mg 0.420 0.523 0.191
Ni 0.000 0.000 0.001
Zn 0.000 0.000
Ca 0.560 0.176 0.312 0.148 0.037 0.001
Na 0.695 0.841 0.430
K 0.010 0.009 0.557
Total 8.000 7.988 5.001 4.999 5.001 1.999 2.998
End-members (mol. %)
Almandine 65.91 74.95 An 30.7 An 14.9 An   3.6
Andradite 1.22 0.21 Ab 68.4 Ab 84.2 Ab 42.0
Grossular 17.60 5.74 Or   0.9 Or   0.9 Or 54.4
Pyrope 14.10 17.67
Spessartine 1.17 1.44
Uvarovite 0.00 0.00
MP – mesoperthite

Na. The crystallization of kyanite-consuming decom-
pression minerals (Pl II, Spl, Grt II) thus proceded as a 
metasomatic process on a microscale.

An extreme case of high diffusivity is represented 
by zinc, as the hercynitic spinel enclosed in garnet II 
(Fig.  4c) carries c. 4 wt. % ZnO (Tab. 2), whereas the 
whole rock contains only 60 ppm Zn. Tajčmanová et al. 
(2009) described three examples of spinel or gahnite 
from the Moldanubian Zone including: i) low-Zn hercy
nitic spinel in Si-deficient domains of plagioclase rims 
around kyanite (granulite I), ii) Zn-rich local domains in 
felsic granulite II, carrying gahnite, garnet and biotite 
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relatively rich in Zn, and iii) low-Zn hercynitic spinel in 
cordierite–biotite migmatite. Sample Klt-1 contains low-
Zn hercynite in the kyanite consumption sites, resembling 
granulite I in the study above, but with a difference in the 
occurrence of spinel with 4 wt. % ZnO as tiny particles 
in newly formed garnet II (Fig. 4c).

Compared to the Zn whole-rock concentration of 60 
ppm in Klt-1, this represents a case of exceptionally 
strong preference of Zn for the spinel structure, result-
ing in Zn enrichment factor of 500×. It is probable that 

Zn mobilization took place over 
a longer range, at least sev-
eral mm. In places the spinel in 
garnet II was transformed at a 
later stage to sphalerite–chlo-
rite pseudomorphs, indicating 
sulphur mobility.

The preservation of early 
mineral assemblages and tex-
tural domains seems to exclude 
operation of a significant fluid 
flux that would have been in-
strumental in promoting com-
positional changes. Yet, the two 
reactions above, with their cor-
responding textures, indicate 
that significant quantities of 
ions were mobilized. Equigran-
ular matrix aggregates of Opx 
+ Bt + Pl II ± Kfs in samples 
Klt-1 and H232 appear as lo-
cal equilibrium assemblages 
formed during decompression 
metamorphism. As the HP pro-
toliths are commonly free of 
biotite, it is probable that fluids 
accompanying decompressions 
were hydrous with a significant 
fluorine content, as Bt in several 
samples contains 0.5–1.2 wt. % 
F and exceptionally (metabasite 
PlsGrt2) 2.7 wt. % F. 

6.2.  The GASP  
      barometry

Pressure estimates on several 
samples with a range of whole-
rock Ca abundances indicate 
the robust character of the net 
transfer reaction products un-
derlying the GASP barometry. 
This is demonstrated by con-
sistent maximum P estimates 

of 2.3 GPa (2.2–2.3 GPa at 950 and 1 000 °C; Tab. 12) 
obtained for a range of mineral compositions (Grt: Grs 
= 0.222–0.077, Pl: An = 0.23–0.11). These values are 
considered as minimum pressure estimates.

The difference between the new pressure estimates 
and some previously published ones, e.g. 1.3–1.5 GPa 
(Pin and Vielzeuf 1988, and review of published es-
timates in O’Brien and Rötzler 2003; Janoušek et al. 
2006b; Kotková 2007; Faryad 2011) can be explained 
by differences in selection of mineral domains for 

Tab. 11 Electron-microprobe analyses of minerals in sample Pls1Grt2

Mineral Grt I Grt II Pl Pl Bt Ky Ilm
Analysis  21 12 20 22 16 11 18
SiO2 38.18 38.21 62.62 58.91 37.34 37.15 0.01
TiO2 0.10 0.03 4.20 0.04 52.73
Al2O3 21.34 20.89 22.85 25.48 16.68 62.67 0
Cr2O3 0 0.03 0.07 0.02 0.02
FeOt 25.97 30.97 0.02 0.15 12.12 0.21 44.94
MnO 0.44 0.5 0.05 0.01 0.12
MgO 5.40 6.71 15.30 0.04 0.83
CaO 8.34 2.46 4.64 7.5 0.04 0 0
Na2O 0.03 0.02 8.62 7.39 0.07 0
K2O 0.01 0 0.27 0.33 9.59 0 0
BaO 0.15
P2O5 0.06 0.02 0.03 0.06
Y2O3 0.03 0
V2O3 0.01 0.05 0.19 0.01 0.14
Nb2O5 0.10
F 0.05 0.06 2.70 0.03
Total 99.96 99.95 99.05 99.82 98.50 100.18 98.89
Atoms per given number of oxygen atoms
O 12 12 8 8 22  5 3
Si 2.983 3.003 2.806 2.633 5.491 1.000 0.000
Aliv 0.017 0.000 1.207 1.343 2.509 1.988 0.000
Alvi 1.952 1.939 0.382
Ti 0.006 0.002 0.445 0.001 1.008
Cr 0.001 0.001 0.008 0.002
Fe3+ 0.037 0.049 0.000 0.006 0.005 0.000
Fe2+ 1.660 1.987 0.001 0.000 1.491 0.955
Mn 0.029 0.033 0.006 0.003
Mg 0.629 0.786 3.354 0.002 0.031
Ca 0.698 0.207 0.223 0.359 0.006 0.000
Na 0.749 0.640 0.020 0.000
K 0.015 0.019 1.799 0.001
Ba 0.009
F 0.963 0.003
OH* 3.037
Total 8.012 8.007 5.001 5.000 19.519 2.999 2.000
End-members (mol. %)
Almandine 54.53 65.53 An 22.6 An 35.3
Andradite 1.85 2.48 Ab 75.9 Ab 62.9
Grossular 21.51 4.41 Or   1.6 Or   1.8
Pyrope 21.10 26.40
Spessartine 0.98 1.12
Uvarovite 0.03 0.06
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analysis, choice of geobarometer, and calculation 
procedure. 

Preliminary data on omphacite relics preserved as in-
clusions in garnet of mafic granulites (partly retrogressed 
mafic eclogites) from the BLGM indicates compositions 
of Jd28 (Faryad et al. 2010) and a suggestion of pressure 
near 2.2 GPa. Štípská et al. (2013) mentioned omphacite 
inclusions in Grt and estimated pressures near 2.0 GPa 
from a locality near our sample Klt-1. Such omphacite 
compositions point to pressures near the estimates ob-
tained by GASP barometry on felsic granulites in the 
present study.

6.3.	Protolith, a melt-depleted residue or 
a restite-poor high-pressure melt?  
Variability of the felsic granulites in  
the BLGM

The “ordinary” felsic kyanite–garnet granulites with a 
composition close to granite or rhyolite, which are pre-
dominant in the Moldanubian HP–HT granulite massifs, 
have been viewed as chemically undepleted with respect 
to alkalis (except Cs) and Zr, the latter reflecting zircon 
saturation levels in the igneous protoliths (Janoušek et al. 
2004). However, the current work documents the pres-
ence of another, so far unrecognized class, designated 
here as the residual (type 2) granulites. Compared with 
pristine type 1 granulites, exemplified by sample Klt-4, 
these are Ky-rich, more peraluminous and more siliceous 
rocks stripped of some alkalis, much of Zr and a number 
of other elements. For instance, felsic type 2 granulites 
from the Plešovice quarry contain (if compared with pris-
tine, type 1 granulites) low K2O, Na2O and CaO, as well 
as high SiO2 and normative corundum, and feature very 
low Zr abundances, often less than 50 ppm, even close 
to nil. Four samples of felsic kyanite–garnet granulite 
analysed by Strejček (1986) are clearly of the type 2. The 
new analyses in the current work show normative plagio-
clase compositions between An05 and An10, and normative 
corundum contents 2.5 to 3.5 wt. %, which correspond to 
c. 3 vol. % kyanite, depending on the garnet abundance. 

Interestingly, highly silicic (c. 76 wt. % SiO2) Ky-rich 
residual granulites, low in CaO and extremely impov-
erished in Zr (Klt-20) surround a large hyperpotassic 
granulite body at Kokotín on the slopes of Mt. Kleť 
(Janoušek et al. 2013). Also, three layers, up to five m 

thick, of hyperpotassic granulites rich in zircon occur 
in the Plešovice quarry (Vrána 1989), although a direct 
spatial link to the residual (type 2) granulites in their 
vicinity has not yet been demonstrated. 

Based on the experimental work of Huang and Wyl-
lie (1975, 1986), the hyperpotassic granulites have been 
interpreted as dry, high-pressure melts (Vrána 1989), 
most likely derived from the common felsic calc-alkaline 
granulites and modified by Grt-, Ap- and Zrn-dominated 
fractional crystallization, with or without crystal accumu-
lation (Janoušek et al. 2007). Experiments have shown 
that during such dry, HP melting, orthoclase is the first 
phase to enter the non-eutectic melt, while quartz and ky-
anite remain in the residue (Vrána 1989; Schreyer 1999). 

It should be stressed that the loss of alkalis in re-
sidual (type 2) granulites is relative and was not severe 
enough to lead to compositions greatly different from 
strongly fractionated, rather K-rich granites. Regardless, 
if compared with pristine (S1) granulites of type 1, such 
as Klt-4, the residual granulites seem to be stripped of 
some of the Or component that shows a complementary 
enrichment in the hyperpotassic types (see fig. 13 in 
Janoušek et al. 2007).

In order to test the hypothesis that type 2 granulites 
represent residua left after extraction of variable pro-
portions of the hyperpotassic melt and to constrain the 
potential amount of such a melt lost, we have used the 
major-element based mixing test, commonly invoked in 
magma mixing scenarios (Castro et al. 1990; Janoušek 
et al. 2000). As shown by Fourcade and Allègre (1981) 
the mass-balance mixing equation for major elements 
can be rearranged so that it yields, for concentrations of 
several elements/oxides, a straight line in a plot of cA–cB 
vs. cM–cB (A and B being the end-members and M their 
putative mixture), with the slope corresponding to the 
fraction f of the end member A. In our case (Fig. 11), 
the pristine granulite Klt-4 is viewed as a ‘mixture’ of 
the potentially residual Klt-20 and the relatively basic 
hyperpotassic granulite UK2 from Janoušek et al. (2007). 
The data define a straight line, confirming the genetic 
hypothesis. The least-squares regression fit indicates that 
the ‘residual’ granulite Klt-20 may have lost c. 20 wt. % 
of hyperpotassic melt. Accordingly, residual (type  2) 
granulites should have originally exceeded the volume of 
perpotassic granulites by a factor of at least 5.

The mineral assemblages of the type 2 granulites 
record high pressures for samples Pls-1, 2.3 GPa, and 
Klt-20, 1.8 GPa, both at 1 000 °C. A relative abundance 
of kyanite, and absence or rarity of kyanite inversion to 
sillimanite, support conditions near the metamorphic peak 
for compositional depletion. However, the extremely low 
MgO content in Klt-20 and the presence of nearly pure 
almandine with a FeOt/MgO ratio of 28 in the same rock 
indicate that removal of some (significant) quantity of 

Tab. 12 GASP barometry data

sample Klt-1 Klt-4 Pls-1 ZH-4 Klt-20
XGrs 0.196 0.222 0.077 0.215 0.037
XAn 0.20 0.20 0.11 0.226 0.09
P (GPa)
950 °C 2.23 2.24 2.19 2.16 1.72
1 000 °C 2.36 2.37 2.32 2.30 1.83
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Mg and Ca was also probably involved. Accordingly, 
the non-eutectic partial melting that most likely resulted 
in depletion of Ky-rich siliceous granulites and separa-
tion of high-pressure melts parental to the hyperpotassic 
zircon-rich garnet granulites took place under eclogite-
facies conditions. Three major types of felsic granulites 
can be thus recognised:
a)	calc-alkaline felsic kyanite–garnet granulites (type 1),
b)	kyanite-rich residual (type 2) felsic granulites (mostly 

of alkali feldspar leucogranite composition, normative 
An05–10, exceptionally An03),

c)	hyperpotassic garnet granulites, Grt- or Di-bearing 
(Plešovice and Lhotka types).

6.4.	Occurrence of local domains with higher 
oxygen fugacity carrying magnetite

Granulites of the Blanský les Massif formed at relatively 
low oxygen fugacity compatible with the widespread 
occurrence of accessory graphite (Vrána 1992; Vrána et 
al. 2010) (Fig. 9d) and pyrrhotite in felsic rocks, which 
are devoid of magnetite. Basic to intermediate granulites 
carry the assemblage ilmenite–pyrrhotite and are also 
free of magnetite.

The association of a 60 m boudin of intermediate 
granulite H232 with felsic granulite H232E shows 
that domains with a higher oxygen fugacity existed in 
the BLGM. It is possible that conditions for increased 
oxygen fugacity were established as late as during the 
decompression stage. This scenario is supported by the 

absence of magnetite inclusions in the early minerals 
(Grt I) and by rather low calculated Adr content in garnet 
in both samples. It is uncertain whether the martitization 
of magnetite to hematite in sample H232E was supergene 
or whether it was endogenous. Information available at 
present does not permit an estimation of the number and 
locations of additional magnetite-bearing domains in 
the BLGM, as secondary magnetite in numerous partly 
serpentinized peridotite bodies significantly contributes 
to the regional magnetic field, recorded by airborne 
magnetometry.

6.5.	Uncertainty concerning early  
metamorphic history of mafic granulites 
– did all samples experience true  
eclogite-facies metamorphic conditions?

Worth noting is the fact that typical mafic granulites 
often carry ilmenite as a product of titanite breakdown, 
whereas rutile is rare. Rutile would be expected as a relict 
mineral, if mafic granulites were formed by transforma-
tion of eclogites. Typical mafic granulites commonly 
contain garnet that is rimmed by Pl + Opx symplectite. 
Such texture indicates that garnet was unstable under LP 
granulite-facies conditions and that it originally equili-
brated at higher pressures. The problem in identification 
of the earlier (eclogite-facies) history is that omphacitic 
pyroxene is mostly absent. Sample Klt-1 of granodiorite 
composition carries rare inclusions of diopsidic clino-
pyroxene in garnet which are free of any evidence for 
decompression reaction from former omphacite. One 
possible explanation for the absence (or rarity) of pre-
served mafic eclogite relics is in contrasting reactivities 
of various lithologies during pressure release under high 
T. At one extreme are the type 2 granulites with their 
sodic (low-Ca) plagioclase and low-Grs garnets that 
have remained “frozen” during decompression from the 
HP stage. At the other extreme are the mafic granulites, 
which were derived from mafic eclogite and were prob-
ably much more reactive during the nearly isothermal 
decompression, i.e. at 800–900 °C. The major factor in 
the extensive transformation of eclogite to mafic granu-
lite was probably the instability of Grs-rich garnet and 
omphacitic pyroxene during decompression.

6.6.	 Fluid-triggered partial de-alkalization of 
felsic granulites in sillimanite stability field

Unlike the near-peak HP loss of some alkalis due to 
limited HP melting described above, the production of 
sillimanite II–quartz domains proceeded mainly under 
subsolidus conditions. This is the conventional inter-
pretation found in the literature on amphibolite-facies 
rocks in the Moldanubian Zone (Losert 1968, 1977) and 
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various metamorphic units abroad (e.g., Buddington and 
Leonard 1962). The preferred sites of this type of partial 
de-alkalization were either newly produced shear folia-
tions or (semi-) brittle fractures. A similar process could 
have taken place in other terranes with production of 
newly formed kyanite, if the superimposed conditions 
were in the kyanite stability field (Vrána 1973). At low 
pressures, such as in acid to intermediate volcanic rocks, 
hydrothermally induced partial de-alkalization produced 
andalusite-rich products (Vernon et al. 1987; Taner and 
Martin 1993). In the BLGM, in granulite samples affected 
by de-alkalization and containing residual sillimanite and 
quartz (Fig. 8a–b), approximately 5 % of the rock was 
altered. This would result in the loss of c. 0.40 wt. % K2O 
+ Na2O + CaO to a supercritical water solution. In turn, 
this process suggests that a significant amount of water-
rich fluids percolated through the granulite massif during 
amphibolite-facies retrogression and is consistent with 
the significant amount of water needed to account for the 
extensive breakdown of Grt to Bt observed elsewhere in 
S3 fabrics in the BLGM. From a geochemical point of 
view, such inferred fluid migration points to open-system 
behaviour of the felsic granulites at this stage.

6.7.	Uncertainty concerning compositional 
changes of felsic granulites in the process 
of polyphase metamorphism

This study documents a variety of metamorphic reactions, 
including near-peak processes under eclogite-facies con-
ditions, decompression reactions in granulite-facies, and 
superimposed amphibolite-facies modifications. All these 
processes exhibit a highly heterogeneous distribution 
and/or intensity. It is important to consider the possible 
influences of the individual reactions on granulite com-
position, whose intensity and extent vary in individual 
domains of the massif and from sample to sample.

It has long been thought that chemical compositions 
in high-grade Moldanubian rocks behaved conservatively 
and that many processes were isochemical. A strong sup-
port for this view was the interpretation that migmatiza-
tion of Moldanubian paragneisses was a nearly isochemi-
cal process, based on major-element geochemistry (Suk 
1964). In contrast, Vrána and Bártek (2005) presented 
evidence for major chemical changes accompanying 
retrogression of Sil–Bt paragneisses to muscovite–biotite 
gneisses of the Kaplice Unit, driven by fluid flux local-
ized in a large syn-metamorphic shear zone. 

In the felsic HP granulites, the interpretation of limit-
ed, if any, melt loss was based on the fact that some LILE 
ratios susceptible to melt extraction (e.g., K/Rb, Rb/Sr) 
were not modified beyond the ranges for typical crustal 
lithologies (Fiala 1987a, b; Vellmer 1992; Janoušek 
et al. 2004). Moreover, this concept was supported by 

comparison of felsic granulite compositions with those 
of their likely protoliths (Ordovician–Silurian metaigne-
ous rocks of Saxothuringian provenance; Janoušek et al. 
2004). On this basis a near isochemical character of the 
HP metamorphism was inferred and only significant U, 
Th, Cs, ± Pb, and Li loss was postulated (Fiala 1987a, 
b; Vellmer 1992; Janoušek et al. 2004; Lexa et al. 2011). 
The trouble is that the ‘statistical’ approach using large 
datasets covering a number of granulite massifs, often 
coming from various laboratories and restricted to part 
of the overall variability (cf. Janoušek et al. 2004) tends 
to obscure more subtle differences that have potentially 
large petrogenetic significance. 

The current detailed petrological study, supported by 
high-quality major-element data from a single laboratory, 
has allowed recognition of two superimposed processes 
affecting the compositions of BLGM felsic granulites. In 
this way were recognized the felsic type 2 granulites, i.e. 
residual rocks which lost part of their alkalis and much 
of their Zr in the process of small-scale, non-eutectic 
melting, and which are thus complementary to the small 
bodies of hyperpotassic granulites. The existence of 
such residual granulite domains was anticipated but 
previously unproven (Vrána 1989; Janoušek et al. 2007). 
Moreover, partial base-cation loss, due to fluid-assisted 
amphibolite-facies de-alkalization and leading to a forma-
tion of quartz–sillimanite bands along S3 shear domains, 
has been documented. Relative volumes affected by this 
process can be estimated at 5 to 10 vol. % of the respec-
tive domains. 

Lastly, processes involving mobilization and transport 
of ions on a microscale and associated with decompres-
sion metamorphism include mobilization of Zn (for 
spinel), P (for apatite II in H296-AR), and Na, Ca, Fe, 
Mg (for Pl II, Spl, Grt II replacements of kyanite). Espe-
cially in the last case the total mass volumes mobilized 
are important on a geological scale (e.g. due to extensive 
occurrence of Grt II); although transfer distances did not 
exceed several mm or cm.

6.8.	Eclogite-facies metamorphism and  
terminological remarks

The enigmatic joint occurrence of upper mantle Spl- and 
Grt-peridotites with a variety of granulites and bodies of 
Bt or Grt–Bt orthogneisses in the BLGM (and, indeed, 
other HP–HT granulite massifs in the Bohemian Massif) 
was noticed long time ago (Kodym 1972). These dispa-
rate lithologic associations indicate that the BLGM is an 
incoherent unit, but the question remains as to when and 
under what P–T conditions the dissimilar rock types were 
juxtaposed. 

The maximum pressure estimates from felsic Molda-
nubian granulites previously relied on extrapolation from 
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more mafic lithologies, which represent only a small 
fraction of the HP massifs. As these conditions lie above 
those required for plagioclase stability in quartz tholei-
ites, they are in fact eclogites (O’Brien 2006). However 
the timing and P–T conditions of their incorporation into 
the prevalent felsic mass has remained largely uncon-
strained, and thus it was uncertain to what extent such 
P–T results can be relevant to the most voluminous felsic 
lithologies. 

Our new petrological results from structurally and 
geochemically well-constrained samples, for the first time 
indicate pressures in felsic Moldanubian granulites as 
high as 2.2–2.3 GPa. The comparable maximum pressure 
estimates obtained from basic granulites (Faryad et al. 
2010; Štípská et al. 2013 and this work), combined with 
our results suggest that much of the HP and retrograde 
history of the felsic and mafic granulites was shared. 
In turn, juxtaposition of the felsic and mafic types had 
to be earlier than, or contemporaneous with, near-peak 
metamorphism. 

Undoubtedly, the HP–HT stage in felsic granulites took 
place deep in the eclogite-facies field, outside the stability 
of orthopyroxene in rocks of granitic composition. Due 
to obsolete terminology, which did not envision that so 
siliceous lithologies could reach such extreme conditions 
(Eskola 1915), these eclogite-facies rocks have tradition-
ally been termed ‘felsic granulites’, and because this term 
is ingrained in the literature, it is retained in this contri-
bution. Moreover, basic to intermediate, eclogite-facies 
metaigneous rocks have been called ‘eclogite’, where they 
are enclosed in MP metasedimentary assemblages, such 
as the Varied and Monotonous units. However, basic to 
intermediate rocks in the Gföhl Unit that experienced 
similar peak P–T conditions have been referred to as 
‘mafic granulites’. This terminology has caused consider-
able confusion among petrologists unfamiliar with the 
local literature and traditional terminology, and clearly 
requires a revision. 

7.	Conclusions

Data presented in this contribution provide evidence for 
processes and mineral assemblages previously unrecog-
nized, or not fully appreciated, in the South Bohemian 
HP–HT Granulite Complex. Our petrological study of 
a large sample set documents the operation of several 
important processes, as follows.
1.	Evidence for early stages of eclogite-facies metamor-

phism in felsic rocks with preservation of their original 
textural relations and largely intact HP–HT mineral 
assemblages. Such domains occur in a close proxi-
mity to sites dominated by phases produced by later 
decompression reactions. The retrogression reactions, 

often incomplete, were clearly associated with transfer 
of ions on the microscale.

2.	Consistent high-pressure estimates, 2.2–2.3 GPa, are 
newly documented, not only for mafic granulite, but 
also for S1 fabrics in felsic granulite (type 1). Such 
pressure estimates demonstrate that much of the HP 
history was shared by the felsic and mafic metaigneous 
lithologies. This observation has tectonic implicati-
ons about their subduction and introduction into the 
base of the thickened Variscan crust. Corresponding 
temperatures possibly reached at least 900–950 ºC, 
according to previously published estimates.

3.	 In the south-eastern sector of the Blanský les Granulite 
Massif occur small bodies of Kfs-dominated hyper-
potassic granulites with Grt (Plešovice type) or minor 
Di (Lhotka type). They are interpreted as a product of 
non-eutectic HP melting. The recent discovery of an 
exceptionally large (length ~ 200 m) body of Plešovice 
type hyperpotassic granulite at Kokotín shows that 
these rock types may be more common than previously 
thought.

4.	The occurrences of Grt-bearing hyperpotassic granu-
lites are accompanied by residual (type 2) granulites, 
which contain more quartz and kyanite and less Ca 
with Zr than the more common felsic type 1 granulites. 
The field relations, mass balance of major-elements, 
and previously published experimental data on HP 
partial melting show that the type 2 granulites repre-
sent a residue after extraction of considerable amounts 
of non-eutectic melt, which subsequently evolved by 
fractional crystallization of mainly Grt and Kfs to 
produce the hyperpotassic granulites.

5.	Residual (type 2) granulites, with their low normative 
anorthite content, carry sodic plagioclase (An05–10) 
and garnet with low grossular component. Due to this 
composition, type 2 granulites escaped some decom-
pression reactions, such as formation of plagioclase 
rims around kyanite and garnet breakdown. The HP 
mineral assemblages were thus effectively “frozen” 
during decompression (except rare kyanite inversion to 
sillimanite and garnet biotitization in some samples).

6.	On a regional scale, felsic granulites are characterized 
by a reducing assemblage of graphite, pyrrhotite and 
ilmenite. However, one 60 m boudin of mafic granulite 
and adjacent felsic granulite both contain magnetite, 
demonstrating that, at least locally, the oxygen fugaci-
ty was elevated during granulite-facies retrogression. 

7.	Partial depletion of alkalis in the sillimanite stability 
field occurred along late S3 shear foliation, resulting 
in the formation of feldspar-free quartz–sillimanite 
bands. Activity of the related hydrous fluids coincided 
with amphibolite-facies retrogression.

8.	The superposition of several processes, each localized 
in certain domains, resulted in a patchwork-like varia-
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bility in mineral assemblages and chemical compositi-
on of the entire Blanský les Granulite Massif. In order 
to gain more insight into the areal extent of individual 
domains, protolith variability, and differences in me-
tamorphic development, further detailed petrological, 
geochemical, and geochronological studies are needed.

9.	Two examples of syn-metamorphic changes in whole-
-rock composition are demonstrated by a combination 
of petrological and geochemical methods: (a) near-
-peak depletion of some felsic granulites (type 2) 
by extraction of (non-eutectic) HP partial melts that 
subsequently crystallized as hyperpotassic granulites; 
(b) local base-cation loss during partial de-alkalization 
under amphibolite-facies conditions, accompanying 
fluid flux along S3 shear domains (formation of quartz–
sillimanite bands). Such processes indicate that not all 
Moldanubian felsic granulites are closed-system rocks 
with respect to their primary protolith compositions, 
or the most pristine felsic (type 1) granulites.

10.  Most, if not all, mafic and felsic ‘granulites’ experi-
enced HT eclogite-facies metamorphic conditions, and 
thus revision of their nomenclature may be required.  
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