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Three main Variscan tectono-metamorphic units with distinct metamorphic evolution are present at the eastern boundary 
of the Bohemian Massif: Moldanubian Zone (MZ), Svratka Unit (SU) and Polička Unit (PU). All these metamorphic 
complexes contain calc-silicate rocks, which occur as bodies, layers or nodules within gneisses, mica schists, marbles, 
amphibolites or skarns. Calc-silicate rocks consist of quartz, plagioclase, diopside, titanite and sometimes amphibole, 
scapolite, garnet, minerals of the epidote group, K-feldspar and calcite.
Two groups of calc-silicate rocks are distinguished according to the presence/absence of garnet. The appearance of 
garnet is the result of continuous reactions among Fe-Ca-Al minerals. The dominant garnet-producing reaction calcite 
+ quartz + clinozoisite = garnet + H2O + 5CO2 depends on the P–T conditions, XCO2

 in the coexisting metamorphic 
fluids and bulk rock chemistry. 
Phase relations and mineral compositions document a polymetamorphic history of the calc-silicate rocks. Calc-silicate 
rocks from the middle subunit of the PU have been affected by LP–MT metamorphism M1 and strongly overprinted by 
a temperature peak of the Variscan regional metamorphism under amphibolite-facies conditions (M2; 560–650 °C and 
5–7 kbar). Calc-silicate rocks of the MZ, SU, and lower subunit of the PU reflect post-peak metamorphic decompression 
(M2) after MP–HT metamorphism (M1). Metamorphic P–T conditions of 640–680 °C and 6–7 kbar obtained for the 
calc-silicate rocks from the MZ and SU correspond to data from adjacent metapelites (M2) and are similar to the P–T 
conditions for metapelites from the lower subunit of the PU. The Variscan regional metamorphism in all the studied 
units was followed by younger, greenschist-facies metamorphism (M3).
The temperature, pressure and metamorphic fluids composition were estimated from the mineral assemblages of the 
calc-silicate rocks and surrounding metapelites. The observed mineral reaction sequences require very low X

CO2
 values 

for calc-silicate nodules from the middle subunit of the PU and variable X
CO2

 values for the rest of the studied calc-silicate 
rocks. These variations in fluid composition were controlled by the size of the bodies, their bulk rock chemistry and/or 
the presence of carbonates in the surrounding rock complexes. The metamorphic assemblages with coexisting garnet 
and epidote group minerals from calc-silicate rocks are widespread in all the tectono-metamorphic units at the eastern 
margin of the Bohemian Massif. Appearance of comparable mineral assemblages in the rocks with variable geological 
evolution can be explained by the higher activity of hydrous fluids during metamorphic reactions in the surrounding 
metapelites at 550–680 °C and 5–7 kbar. The bulk rock chemistry and mineralogy of the calc-silicate rocks indicate that 
they were derived from silica-rich calcareous protoliths, such as marls or altered tuffs.
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1. Introduction

Calc-silicate rocks frequently form small bodies or lay-
ers in metamorphosed volcano-sedimentary sequences. 
Their bulk rock chemistry can be used as a good litho-
stratigraphic marker. On the other hand, the mineral as-
semblage of calc-silicate rocks is relatively sensitive to 
the water content in metamorphic fluids and can be used 
as an important indicator of changes in fluid composi-
tion during the metamorphic evolution (e.g. Ferry 1991, 
1994). These rocks usually recorded local equilibrium 
and often show large differences in reaction progress 
from layer to layer (Baumgartner and Ferry 1991). 

The calc-silicate rocks at the eastern margin of the Bo-
hemian Massif (in the adjacent Polička and Svratka units, 
as well as in the Moldanubian Zone) exhibit a number of 
similarities in their petrology and mineralogy. The meta-
morphic assemblage Cpx + Pl + Czo ± Grt ± Scp ± Cal 
± Qtz is widespread in the studied area and it is differs 
from the metamorphic assemblages present in the high-
temperature contact aureoles (Owens 2000) or in terrains 
affected by granulite-facies metamorphism (Shaw and 
Arima 1996; Klemd et al. 2003; Dasgupta and Pal 2005). 
Epidote group minerals coexisting with garnet are known 
from many localities of calc-silicate rocks in all studied 
units in spite of the largely independent metamorphic 
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evolution of these crustal domains (Verner et al. 2009). 
Variscan regional metamorphism in the Moldanubian 
Zone and Svratka Unit can be interpreted as a polyphase 
evolution from high-pressure and temperature to medium-
pressure and temperature (HP–HT to MP–MT) metamor-
phic conditions (Tajčmanová et al. 2001, 2006; Melichar 
et al. 2008). On the other hand, rocks from the Polička 
Unit experienced an anticlockwise P–T path, from older 
LP–MT to younger MP–MT regional metamorphism 
(Buriánek et al. 2009a). 

Calc-silicate rocks preserve important clues to the 
metamorphic evolution of these three units. In general, 
the calc-silicate rocks occur as thin layers, bodies and 
nodules in association with metapelites, metapsammites, 
amphibolites, marbles or skarns. They may provide sup-
plementary information about the evolution of the studied 
units, because they reflect changes in the P–T–fluid his-
tory better than the surrounding rocks.

2. Geological setting

2.1. Polička unit

The Polička Unit (PU) is situated in the E part of the 
Bohemian Massif and in the classic concept of Mísař et 
al. (1983) it belongs to the Bohemicum. The main part 
of this unit is exposed in a NW–SE oriented belt (Fig. 1). 
Generally, the PU is in contact with the metamorphic 
rocks of the Svratka Unit to the SW, and the Lower 
Palaeozoic volcano-sedimentary complex of the Hlinsko 
Unit to the NW. The both boundaries were subsequently 
tectonically reworked by younger, normal faults (Me-
lichar 1993). Sediments of the Bohemian Cretaceous 
basin cover the rocks of PU to the NE. 

The PU is built by three main lithotectonic sequences 
(Melichar 1993) intruded by several magmatic bodies. 
The variegated lower subunit forms the base of the 
PU and it is overlain by a monotonous middle subunit 
and the topmost metasedimentary upper subunit in the 
tectonic hanging wall. All subunits are elongated parallel 
with the regional metamorphic foliation which is NW–SE 
striking and dipping at medium angle towards the NE in 
most of the PU. 

The variegated lower subunit is dominantly exposed 
along the boundary with the underlying Svratka Unit. 
It is represented by medium-grained biotite and musco-
vite-biotite gneisses with strongly deformed bodies of 
metagranitoids, augen gneisses, amphibolites, marbles 
and calc-silicate rocks. Elongated bodies of calc-silicate 
rocks are situated in the lower subunit along the boundary 
between PU and SU. The lower subunit has been referred 
to as “tectonic melange” (Buriánek et al. 2009b). This is 
based on a set of geological observations, of which the 

most convincing seems to be a retrogressive change in 
metamorphic grade from the granulite-facies in the south 
of the lower subunit to the amphibolite-facies recorded 
from the metapelites in its northern part (Buriánek et al. 
2009a). The metamorphic conditions of c. 760–800 °C 
and 7 kbar (Buriánek et al. 2009b) were calculated for 
the garnet-biotite augen gneisses in the northern part of 
the lower subunit. The granulites from the lower subunit 
(Vír granulite body) preserved the P-T conditions of 
850–900 °C and 13–14 kbar (Tajčmanová et al. 2005). 
Granulite-facies metamorphic mineral association is 
partly replaced by decompression-related, retrograde 
mineral assemblage formed at c. 600 °C and 6–8 kbar 
(Štoudová et al. 1999). The metapelites and amphibolites 
surrounding granulite indicate amphibolite-facies meta-
morphic conditions and locally partial melting (Štoudová 
et al. 1999). Amphibolites with MORB-like geochemistry 
form a narrow belt along the boundary of the lower and 
middle subunits of the PU (Melichar and Hanžl 1997). 
A second belt of amphibolites rims the contact of the PU 
with the Svratka Unit (Fig. 1).

The middle subunit is built by monotonous complex 
of medium-grained paragneisses (metagreywackes, 
metapelites, rare metaconglomerates) with locally abun-
dant calc-silicate nodules up to 0.5 m in size. The middle 
subunit recorded an anticlockwise metamorphic evolu-
tion. Relics of the oldest LP–MT metamorphism M1 are 
preserved mainly in the northernmost part of the unit 
(Buriánek et al. 2009a). Later M2 metamorphism at 580–
680 °C and 5–7 kbar affected a substantial part of the PU. 
This metamorphic event was, in the vicinity of tonalite 
bodies and in the southern part of the PU, accompanied 
by partial melting of the metapelites.

The upper subunit is represented by a metasedimentary 
sequence consisting of micaschists with quartzite and 
paragneiss intercalations (Melichar 1993).

During the Variscan orogeny, the PU was intruded 
by a number of intrusive bodies. The following mag-
matic suites were distinguished by Buriánek et al. (2003): 
(1) the earliest basic suite of gabbros and diorites, (2) to-
nalite suite and (3) the latest granite suite.

2.2. Svratka unit

The Svratka Unit (SU) represents a mature continental 
crustal segment consisting of metagranite bodies al-
ternating with layers of migmatites, mica schists and 
paragneisses. Minor lithologies are represented by bodies 
of marbles, calc-silicate rocks, amphibolites and skarns 
(Melichar et al. 2008; Hanžl et al. 2008a). The Svratka 
metagranites dated at c. 515 Ma were emplaced during 
the Cambro–Ordovician magmatic event (Schulmann et 
al. 2005) into the migmatitized Neoproterozoic to Cam-
brian lower crust (Buriánek 2008). Relics of the oldest 
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Fig. 1 Simplified geological maps of the Svratka Unit, Polička Unit and eastern part of the Moldanubian Zone at the eastern margin of the Bohemian 
Massif with sample locations (modified from: Stárková and Macek 1994; Mísař et al. 1995; Stárková et al. 1996, 1998; Hanžl et al. 2006, 2008a, b; 
Melichar et al. 2008; Mrázová et al. 2008; Buriánek et al. 2009a).
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HP (c. 12 kbar) metamorphism were identified in the 
skarns (Pertoldová 1986). 

During the Variscan Orogeny, the Svratka Unit was 
affected by regional metamorphism, which attained am-
phibolite-facies conditions (c. 640–670 ºC at c. 7–8 kbar; 
Pitra and Guiraud 1996; Buriánek and Čopjaková 2008) 
followed by decompression and cooling to c. 580–650 °C 
and c. 6 kbar (Buriánek and Čopjaková 2008). Variscan 
deformation of granitoids and migmatites resulted in 
sub-solidus deformation of primary quartz and feldspar 
crystals (Zavřelová et al. 2006; Buriánek et al. 2009c).

2.3. Moldanubian Zone

The Moldanubian Zone (MZ) is the most internal part 
of the Variscan orogenic belt. The following three units 
have been assembled during the Variscan orogeny and 
modified by several deformation and metamorphic events 
(e.g. Franke 2000; Verner et al. 2009). Migmatitized 
K-feldspar ± cordierite-sillimanite-biotite paragneisses 
represent a major rock type of the structurally lowermost 
Monotonous Unit. The Varied Unit overlies the Monot-
onous Unit and contains biotite-sillimanite paragneisses 
with numerous intercalations of marbles, quartzites, mafic 
and felsic metavolcanic rocks (Kachlík 1999). In general, 
the estimated PT conditions of regional metamorphism 
in rocks of the Monotonous and Varied units are in the 
range of T = 630–720 °C and P = 3–10 kbar (Vrána et al. 
1995; Petrakakis 1997; Racek et al. 2006).

The Gföhl Unit forms structurally the uppermost part 
of the MZ. Therein prevailing quartzofeldspathic crustal 
rocks (migmatites, metagranites and granulites) include 
bodies of mafic HT-HP rocks (peridotites, eclogites). 
Metamorphism of the Gföhl Unit is characterized by early 
eclogite facies: T = ~850–1000 °C and P = ~15–20 kbar, 
followed by granulite-facies re-equilibration (O’Brien and 
Vrána 1995), with subsequent retrograde metamorphism 
at T = c. 600–800 °C and P = c. 6–8 kbar (e.g., Štípská et 
al. 2004; Tajčmanová et al. 2006). According to Drahota 
et al. (2005), regionally metamorphosed skarns from the 
Gföhl Unit reflect post-peak metamorphic decompression 
after high-pressure – high-temperature regional meta-
morphism (c. 800 °C and 12 kbar) and younger regional 
metamorphism (670 °C, 6–8 kbar) accompanied by intru-
sions of granitic bodies.

The calc-silicate rocks of the MZ are present mainly 
in the Varied and Gföhl units, often together with skarns 
or marbles. Marbles in the eastern part of the Varied 
Unit provide evidence for a clockwise metamorphic P–T 
path from amphibolite- to greenschist-facies conditions 
(Novák 1989). The older metamorphic assemblage M1 
with phlogopite and tremolite is typically overprinted 
by younger HT–LP metamorphism M2 characterized 
by mineral assemblages with forsterite, spinel, chlorite 

and locally clinohumite (Chu). The estimated maximum 
metamorphic conditions for M1 event are T = 660 °C and 
P = 6 kbar and the M2 metamorphism corresponded to P 
= 2 kbar, T = 550 °C and XCO2 < 0.1 (Novák 1989). 

3. Methods

We have selected 20 samples representing different 
lithological and structural positions, metamorphic evolu-
tion, mineralogical and textural characteristics (Tab. 1). 
Significant variations in the chemical composition of 
mineral phases between different samples might be 
related to differences in the bulk-rock composition or 
distinct metamorphic evolution. Mineral analyses were 
performed on the Cameca SX-100 electron microprobe 
at the Department of Geological Sciences, Faculty of 
Science, Masaryk University in Brno. The measure-
ments were carried out in a wave dispersion mode under 
the following conditions: 15 kV acceleration voltage, 
5 µm electron beam diameter, 30 nA current and 20 s 
integration time. Augite (Si, Mg), orthoclase (K), jadeite 
(Na), chromite (Cr), almandine (Al), andradite (Fe, Ca), 
rhodonite (Mn), and TiO (Ti) were used as standard. The 
crystallochemical formulae of scapolite were calculated 
on the basis of 12 (Si + Al) cations. Scapolite composi-
tions are expressed in per cent of the meionite end mem-
ber Me = 100Ca/(Ca + Na + K) and equivalent anorthite 
content EqAn = (100*(Al-3)/3) (Ellis 1978). Minerals 
of the epidote group were recalculated to 12.5 oxygen 
atoms. The crystallochemical formulae of feldspars were 
recalculated to 8 oxygen atoms and of micas to 22 oxygen 
atoms. The crystallochemical formulae of garnet were 
obtained on the basis of 12 oxygen atoms. Ferric iron is 
recalculated based on charge balance and stoichiometry. 
The amphibole formulae were calculated on the basis of 
23 oxygen atoms; all analyses can be classified as calcic 
amphiboles (Leake et al. 1997). The Fe2+/Fe3+ ratios were 
estimated on the basis of cation total of 13 excluding Ca, 
Na, K (13 eCNK). The crystallochemical formulae of 
titanite were obtained on the basis of 4 Si. Pyroxene is 
classified according to Morimoto et al. (1988); formulae 
were calculated on the basis of 4 cations and method for 
estimating ferric iron given by Droop (1987). The ab-
breviations of mineral names used in the text correspond 
to Kretz (1983).

Samples at least 3–4 kg in weight were used for the 
whole-rock chemical analyses. Major and trace elements 
were determined at Acme Analytical Laboratories, Ltd., 
Vancouver, Canada. Major oxides were analysed by the 
ICP-MS method. Loss on ignition (LOI) was calculated 
from the weight difference after ignition at 1000 ºC. The 
rare earth and other trace elements were analysed by 
INAA and ICP-MS following a LiBO2 fusion. Geochemi-
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Tab. 1 List of studied samples and their mineral assemblages from Moldanubian Zone (MZ), Svratka (SU) and Polička units (PU)

Sample Unit Longitude (°E) Latitude (°N) Locality Wall rocks Mineral assemblage

115 PU 16°16'50.30" 49°37'17.01" Ubušín gneiss Pl + Cpx + Qtz ± Grt ± Amp + Ttn + Kfs

133 PU 16°12'41.78" 49°40'27.79" Lačnov gneiss Qtz + Cpx + Pl + Ep + Amp + Cal + Ttn + Chl

163 PU 16°11'60.70" 49°42'60.86" Telecí amphibolite Qtz + Cpx + Pl + Ep + Amp + Cal + Ttn + Chl + Kfs

102 PU 16°13'34.56" 49°39'51.15" Borovnice amphibolite Qtz + Cpx + Pl + Kfs + Czo + Amp + Ttn

285 PU 16°17'56.71" 49°37'37.75" Nedvězí amphibolite Qtz + Pl + Cpx + Ttn + Scp + Amp

60 PU 16°21'27.89" 49°36'35.97" Nyklovice amphibolite Qtz + Pl + Cpx + Amp + Ttn ± Scp ± Czo ± Grt

1 PU 16°14'50.90" 49°38'44.78" Sedliště marble Qtz + Pl + Cpx + Amp + Ttn ± Scp ± Bt ± Cal ± Kfs ± Czo

151 PU 16°21'53.63" 49°37'80.84" Hartmanice gneiss Grt + Cpx + Pl + Qtz + Czo ± Cal

202 PU 16°20'43.24" 49°39'45.82" Dol. Jedlová gneiss Cpx + Pl + Qtz + Czo + Ttn ± Tur ± Grt

162 PU 16°18'16.67" 49°39'20.58" Hor. Jedlová gneiss Pl + Cal + Qtz ± Cpx ± Amp + Ttn

101 PU 16°12'47.65" 49°41'53.71" Sádek gneiss Cpx + Grt + Pl + Qtz + Czo ± Cal + Ttn

144 PU 16°13'80.09" 49°40'51.88" Sádek gneiss Cpx + Pl + Qtz + Grt + Czo ± Cal + Ttn

138 PU 16°60'50.24" 49°48'12.29" Proseč gneiss Pl + Cpx + Qtz + Cal + Ttn

276 SU 16°10'43.24" 49°38'28.98" Javorek marble Cpx + Pl + Amp + Qtz + Czo + Ttn

C2 SU 16°20'24.57" 49°45'60.79" Čachnov-1 skarn Amp + Ep + Cpx + Pl + Qtz + Czo + Ttn

C2a SU 16°20'24.57" 49°45'60.79" Čachnov-21 skarn Cpx + Pl + Scp + Amp + Grt + Ep + Ttn

C2b SU 16°20'24.57" 49°45'60.79" Čachnov-22 skarn Cpx + Pl + Grt + Ep

DB2 SU 16°20'24.57" 49°45'60.79" Čachnov skarn Grt + Plg + Cpx + Ep + Czo + Ttn

RU3 SU 16°40'34.29" 49°44'45.48" Ruda u Č.-3 skarn Grt + Cpx + Pl + Ttn + Ap + Aln + Opq

KM5 SU 16°10'31.47" 49°37'48.79" Fryšava skarn Cpx + Ep + Grt + Pl

KM4a SU 15°56'54.54" 49°21'23.86" Hrbov skarn Ep + Pl + Cpx + Ttn

KM4b SU 15°56'54.54" 49°21'23.86" Hrbov skarn Amp + Bt + Pl + Ilm + Cpx + Ttn

KM6 SU 16°40''70.42" 49°37'33.06" Kadov skarn Cpx + Ep + Grt + Pl

KM13 SU 16°19'37.18" 49°27'26.69" Nedvědice marble Ep + Pl + Grt + Cpx + Pl

KM9 MZ 16°50'33.45" 49°36'90.46" Studnice-A marble Amp + Ep + Pl + Kfs + Cpx

KM9b MZ 16°50'33.45" 49°36'90.46" Studnice-B marble Amp + Bt + Cal + Pl + Kfs + Cpx + Ttn

KM1 MZ 15°54'53.86" 49°36'60.98" Polnička migmatite Ep + Kfs + Pl + Cpx + Ttn

KM3 MZ 15°51'30.78" 49°35'10.51" Vepřová-3 skarn Amp + Grt + Pl + Cpx + Ttn ± Czo ± Scp

KM2 MZ 15°51'30.78" 49°35'10.51" Vepřová-2 skarn Amp + Bt + Pl + Kfs + Cpx + Ttn

cal data were recalculated using the GCDkit software 
package (Janoušek et al. 2006).

The THERMOCALC program (Powell and Holland 
1988; version 3.3, tc330) was employed to calculate the 
P–T conditions in the metapelites and garnet-rich calc-
silicate rocks of all crystalline complexes. It was run in 
the average P–T mode using the data set from 8 Decem-
ber 1997 and activities from the AX program (Holland 
and Powell 1998). The principal reactions were calculated 
in the five-component CaO–Al2O3–SiO2–CO2–H2O sys-
tem from the low-variance assemblage activity-corrected 
mineral end-members calcite + clinozoisite + quartz 
+ grossular + anorthite + wollastonite + H2O + CO2. 
Clinopyroxene and tremolite have not been considered 
(Harley and Buick 1992). 

The P–T–fluid histories of calc-silicate rocks are con-
strained through interpretation of reaction textures based 
on phase diagram (pseudosection) for model systems 

CMFASNCH (CaO–MgO–FeO–Al2O3–SiO2–Na2O–
CO2–H2O). The T-XCO2 pseudosections for samples 101 
(PU) and C2 (SU) have been calculated with the program 
PERPLEX (Connolly 2005) with the thermodynamic 
data of Holland and Powell (1998 updated in 2004). 
Mixing properties of phases used for the calculation 
were taken from Holland and Powell (1998): dolomite 
and epidote, Dale et al. (2000): amphibole, Holland and 
Powell (1996): clinopyroxene, Newton et al. (1980): 
plagioclase, White et al. (2000): garnet, Holland et al. 
(1998): chlorite. 

4. Petrography and mineral chemistry

Calc-silicate rocks are usually present as cm to m thick 
layers rimming the contact between marble or skarn and 
metapelite. Sometimes they are enclosed in amphibolites, 
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metapsammites or metapelites as cm to several tens of m 
thick bodies and/or up to 1 m thick nodules. All the samples 
exhibit similar mineralogy with variable amounts of the 
following minerals: Qtz + Cpx + Pl ± Kfs ± Czo (Ep) ± 
Grt ± Amp ± Cal ± Scp ± Ttn ± Chl ± Ap ± Aln (Tab. 1). 
Two different groups of calc-silicate rocks are distinguished 
according to the presence or absence of garnet.

4.1. Polička unit

Garnet-bearing calc-silicate rocks appear as up to 1 m 
thick nodules surrounded by gneisses in the central and 
southern parts of the PU (Buriánek 2005). However, 
in several m thick bodies of calc-silicate rocks located 
along the boundary with SU, garnet is present only in 
the southernmost part of the middle subunit. The primary 
metamorphic assemblage of the nodules consists of me-
dium- to fine-grained subhedral clinopyroxene (25–50 
vol. %), plagioclase (25–45 vol. %) and grossular-rich 
garnet (up to 10 vol. %). Calcite is usually present only as 
small inclusions in pyroxene or epidote and occasionally 

forms anhedral grains rimmed by plagioclase (An94–97). 
Anhedral quartz grains and subhedral to anhedral cli-
nozoisite to Fe-rich clinozoisite grains are often present 
(Fig. 2a). The content of the pistacite component [Ps = 
Fe3+/(Fe3+ + Al3+)] is between 3 and 15 mol. % (Tab. 2) 
and the individual samples exhibit weak chemical varia-
tions. Some grains are zoned, showing Fe-poor cores and 
Fe-rich rims. Clinopyroxene (Fig. 3a–b) composition 
is fairly uniform [XFe = Fe2+/(Fe2+ + Mg) = 0.33–0.49, 
Tab. 3]. Garnets form anhedral grains up to 1 mm in 
diameter. The core composition (Tab. 4) of individual 
grains is relatively homogeneous (Grs78–91 Alm5–9 Sps1–10 
Adr1–3 Prp0–1). The garnet rims with significant alman-
dine component (Grs48–91 Alm8–34 Sps5–8 Adr1–4 Prp0–3) 
exhibit irregular patchy zoning (Fig. 4a–b). Garnets from 
younger quartz-plagioclase-garnet veins are richest in 
the almandine component (Grs42–51 Alm33–39 Sps8–10 Adr4–6 
Prp3–5). Inclusions of clinozoisite, plagioclase and quartz 
are common close to the rim of the garnet grains. The 
chemical composition of inclusions in garnet identifies 
 5Cal + 3Qtz + 2Czo = 3Grs + H2O + 5CO2   (1) 

Tab. 2 Representative chemical composition of epidotes, clinozoisites and scapolites

Epidote group minerals Scapolite

Sample 102/91 163/95 60/27 151/5 101/13 138/34 Cach2 KM4 KM6 Sample 285/2 60/8 KM2
SiO2 38.31 38.48 38.76 39.44 38.56 38.94 38.71 38.02 38.99 SiO2 46.82 46.91 46.22
TiO2 0.04 0.18 0.04 0.09 0.21 0.06 0.00 0.19 0.39 TiO2 n.d. n.d. n.d.
Al2O3 27.11 23.99 26.98 32.29 28.77 27.63 25.54 24.78 26.02 Al2O3 26.46 26.60 35.55
Cr2O3 0.00 0.10 0.00 0.03 0.03 0.00 0.00 0.02 0.04 Cr2O3 n.d. n.d. n.d.
Fe2O3 8.18 12.80 9.11 1.37 6.61 7.52 10.96 11.42 10.68 FeO2 0.12 0.07 0.14
MnO 0.04 0.18 0.07 0.02 0.06 0.12 0.26 0.07 0.16 MnO 0.04 0.00 0.01
MgO 0.00 0.00 0.00 0.00 0.00 0.00 0.22 0.00 0.00 MgO 0.00 0.00 0.00
CaO 23.93 23.48 23.86 24.65 24.21 23.92 23.42 23.57 23.55 CaO 17.33 17.65 18.56
Na2O n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. Na2O 3.77 3.40 1.35
K2O n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. K2O 0.05 0.18 0.02
Cl n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. Cl 0.01 0.14 n.d.
SO n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. SO 2.61 0.03 n.d.
TOTAL 97.62 99.21 98.81 97.90 98.44 98.19 99.11 98.06 99.83 TOTAL 97.21 94.98 101.85
Si 2.985 2.988 2.987 3.001 2.966 3.007 2.990 2.977 2.986 Si 7.203 7.193 6.295
Ti 0.003 0.011 0.002 0.005 0.012 0.003 0.000 0.011 0.022 Ti n.d. n.d. n.d.
Al 2.489 2.196 2.450 2.895 2.608 2.514 2.325 2.287 2.348 Al 4.797 4.807 5.705
Cr 0.000 0.006 0.000 0.002 0.002 0.000 0.000 0.001 0.002 Cr n.d. n.d. n.d.
Fe3+ 0.527 0.823 0.581 0.086 0.421 0.481 0.701 0.740 0.677 Fe2+ 0.015 0.009 0.016
Mn 0.003 0.012 0.005 0.001 0.004 0.008 0.017 0.005 0.010 Mn 0.005 0.000 0.001
Mg 0.000 0.000 0.000 0.001 0.000 0.000 0.025 0.000 0.000 Mg 0.000 0.000 0.000
Ca 1.998 1.953 1.970 2.010 1.995 1.979 1.938 1.977 1.932 Ca 2.856 2.899 2.708
Na n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. Na 1.123 1.011 0.357
K n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. K 0.009 0.036 0.004
Cl n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. Cl 0.003 0.037 0.000
S n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. S 0.377 0.004 0.000
ΣCAT. 8.005 7.989 7.995 8.002 8.007 7.992 7.997 7.998 7.978 ΣCAT. 16.389 15.995 15.087
Ps mol. % 18 27 19 3 14 16 23 24 22 Me mol. % 72 74 88
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Fig. 2 Typical textures of calc-silicate rocks from the Svratka and Polička units (a to e = BSE images and f = plain polarized light): a – subhedral 
garnet partially replaced by clinozoisite and anorthite-rich plagioclase grains, which are, in turn, partially replaced by albite (Sádek, sample 144); 
b – relationships between garnet-rich and diopside-rich layers in calc-silicate rocks (Ubušín, sample 115); c – clinozoisite stable at the contact 
with calcite and quartz (Proseč, sample 138); d – calc-silicate rocks with scapolite, Nyklovice (sample 60); e – anhedral garnet rimmed by epidote 
(Kadov, sample KM6); f – subhedral amphibole porphyroblast with inclusions of pyroxene, titanite and epidote (Vepřová, sample KM3).

as the main clinozoisite breakdown reaction. Amphibole 
is typical retrograde mineral and its chemical composition 
ranges between actinolite and magnesiohornblende (XFe 
= 0.24–0.39, Si = 7.37–7.62 apfu). Titanite and apatite 
are always present as accessory phases. 

One calc-silicate rock from the lower subunit (sample 
115) consists of millimetre- to centimetre-scale garnet-
rich and diopside-rich layers. Garnet-rich layers (Fig. 2b) 
consist of subhedral plagioclase (An62–65), euhedral gar-
net, anhedral K-feldspar and quartz. Small (0.1–0.5 mm 
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Moldanubian Zone and Svratka Unit (c–d).

in diameter) euhedral, often atoll-shaped garnets have 
almandine-rich composition with significant amounts 
of pyrope, andradite and spessartine (Alm50–71 Grs9–27 
Sps6–16 Prp5–15 Adr0–3). Diopside-rich layers exhibit similar 
mineral composition but, instead of garnet, they contain 
diopside and amphibole (ferroedenite to ferropargasie 
with Fe/(Fe + Mg) = 0.37–0.38 and Si = 6.39–6.53 
apfu). Several mm thick layers in clinopyroxene-bearing 
calc-silicate rocks (lower subunit, samples 285 and 60) 
containing almandine-rich garnet (Grs5-12 Alm68–71 Sps4–7 
Prp13–15 Adr0–5) are rarely present. 

Clinopyroxene-bearing calc-silicate rocks (Tab. 1) 
form small oval nodules up to 60 cm in diameter pre-
dominantly in the NW and NE parts of the middle sub-
unit (sample 183), or several m thick elongated bodies 
located in the lower subunit, along the boundary with 
the adjacent SU (Buriánek 2006). Clinopyroxene and 
plagioclase (An32–95) form subhedral grains or porphy-
roblasts (Fig. 2c). The samples with mineral assemblage 

Cpx + Cal + Pl + Qtz contain clinopyroxene with XFe = 
0.23–0.25 and this value becomes higher (0.34–0.59) in 
the samples with mineral assemblage Cpx + Pl + Qtz 
+ Czo (Fig. 3a–b). The epidote group minerals (Fig. 
5a) from calc-silicate rocks of the lower subunit have 
variable Ps contents (6 to 28 mol. %). The presence of 
relatively homogenous clinozoisite (Ps = 15–17 mol. %) 
grains in contact with quartz and calcite indicates that the 
mineral assemblage in the nodules from the north-western 
part of the PU is stable below P-T-X conditions limited 
by reaction (1) and reactions 
  2Czo + CO2 = Cal + 3An + H2O  (2) 
or 
  4Czo + Qtz = Grs + 5An + 2H2O  (3). 

No consistent chemical zoning pattern was observed 
in epidote group minerals of the calc silicate rocks from 
the middle subunit. Some subhedral grains are zoned with 
epidote cores (Ps = 24–28 mol. %) and oscillatory-zoned 
clinozoisite rims (Ps = 6–19 mol. %), while others dis-
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Tab. 3 Representative chemical composition of pyroxenes

Sample 60/43 151/16 133/41 1625/1 2002/9 138/32 102/88 DB2 KM4 KM6 KM13 KM1 KM9 KM2
SiO2 51.83 52.51 51.77 53.57 52.17 52.21 51.19 51.85 50.31 49.46 52.92 51.16 53.86 51.60

TiO2 0.03 0.16 0.06 0.05 0.01 0.07 0.05 0.03 0.03 0.02 0.01 0.03 0.08 0.00

Al2O3 0.84 0.26 0.87 0.62 0.38 0.68 0.85 0.84 0.50 0.35 0.99 0.74 1.13 0.25

Cr2O3 0.03 0.00 0.23 0.22 0.00 0.03 0.04 0.00 0.05 0.00 0.00 0.04 0.00 0.03

Fe2O3
calc 0.39 1.04 0.00 0.00 0.37 0.00 0.00 1.16 2.56 0.00 0.97 2.32 0.17 1.41

FeOcalc 14.69 9.81 14.04 7.31 11.77 12.00 15.77 13.86 14.22 24.56 7.75 10.82 5.71 11.67
MnO 0.23 0.65 0.30 0.38 0.38 1.11 0.25 0.28 0.25 0.78 0.60 0.81 0.13 0.88
MgO 8.62 11.35 9.04 13.36 10.38 9.72 7.93 8.75 7.89 2.27 11.88 9.99 14.27 9.86
CaO 23.41 23.91 23.60 23.87 24.51 24.08 23.29 22.29 24.00 22.79 24.23 24.02 24.23 23.99
Na2O 0.38 0.35 0.24 0.23 0.07 0.15 0.25 0.80 0.18 0.10 0.58 0.22 0.45 0.14

K2O 0.00 0.00 0.00 0.01 0.01 0.01 0.00 0.00 0.02 0.00 0.01 0.00 0.02 0.07
TOTAL 100.43 100.03 100.13 99.61 100.05 100.06 99.61 99.87 99.99 100.33 99.94 100.15 100.05 99.89
Si 1.988 1.988 1.987 2.005 1.989 1.996 1.990 1.993 1.957 1.997 1.986 1.956 1.988 1.980
Al 0.012 0.011 0.013 0.000 0.011 0.004 0.010 0.007 0.023 0.003 0.014 0.033 0.012 0.011
ΣT 2.000 1.999 2.000 2.005 2.000 2.000 2.000 2.000 1.980 2.000 2.000 1.990 2.000 1.991
Al 0.026 0.000 0.026 0.027 0.006 0.026 0.029 0.031 0.000 0.013 0.029 0.000 0.037 0.000
Ti 0.001 0.005 0.002 0.001 0.000 0.002 0.001 0.001 0.001 0.001 0.000 0.001 0.002 0.000
Fe3+ 0.011 0.030 0.000 0.000 0.011 0.000 0.000 0.034 0.075 0.000 0.027 0.067 0.005 0.041
Cr 0.001 0.000 0.007 0.006 0.000 0.001 0.001 0.000 0.001 0.000 0.000 0.001 0.000 0.001
Mg 0.493 0.640 0.517 0.745 0.590 0.554 0.459 0.502 0.457 0.137 0.664 0.569 0.785 0.564
Fe2+ 0.471 0.310 0.451 0.229 0.375 0.383 0.513 0.446 0.463 0.829 0.243 0.346 0.176 0.375
Mn 0.007 0.021 0.010 0.012 0.012 0.036 0.008 0.009 0.008 0.027 0.019 0.026 0.004 0.029
Ca 0.962 0.969 0.970 0.957 1.001 0.986 0.970 0.918 1.000 0.986 0.974 0.984 0.958 0.986
Na 0.028 0.026 0.018 0.017 0.005 0.011 0.019 0.060 0.014 0.008 0.042 0.016 0.032 0.010
K 0.000 0.000 0.000 0.000 0.001 0.000 0.000 0.000 0.001 0.000 0.000 0.000 0.001 0.003
ΣCAT. 4.000 4.000 4.000 4.000 4.000 4.000 4.000 4.000 4.000 4.000 4.000 4.000 4.000 4.000

play the opposite zoning. The clinozoisite core (Ps = 19 
mol. %) is sometimes rimmed by symplectites composed 
of plagioclase (An51–57) and Fe-rich clinozoisite (Ps = 
20–21 mol. %). Clinozoisite grains in the contact with 
calcite and/or plagioclase can be interpreted as result of 
reaction (2) reversal during retrogression. Weak zoning 
in Fe3+ is present in other grains situated inside the pla-
gioclase crystals, probably representing a relict produced 
by prograde metamorphic reaction (2). The Mn content in 
all the studied epidote group minerals from the PU is usu-
ally below 0.01 apfu. Some samples contain amphibole 
(Tab. 5) grains with ferropargasite core (XFe = 0.38–0.49, 
Si = 6.04–6.42 apfu) rimmed by actinolite or magnesio-
hornblende (XFe = 0.55–0.63, Si = 7.45–7.71 apfu). On 
the other hand, amphiboles in samples from the southern 
part of the lower subunit exhibit reverse zoning with 
actinolite core (XFe = 0.50–0.51, Si = 7.50–7.51 apfu) 
and hornblende rim (XFe = 0.39–0.48, Si = 6.74–7.10 
apfu). Subhedral scapolite is present in calc-silicate rocks 
associated with marbles or amphibolites (Fig. 2d). All 
analysed scapolites are meionite-rich (Me 71–74 wt. %, 
EqAn 60–61 %), the SO3 content varies up to 2.60 wt. 
%, and the Cl content is low, lower than 0.15 wt. %. We 

suggest that scapolite was produced as a consequence of 
the clinozoisite breakdown: 
   2Czo + CO2 = Scp + H2O  (4) 
or of the plagioclase breakdown:
     3An + Cal = Scp  (5) 
(Newton and Goldsmith 1975; Buick and Cartwright 
1994). Titanite and apatite are present as typical acces-
sory phases.

4.2. Svratka unit

Clinopyroxene-bearing and garnet-bearing calc-silicate 
rocks in the SU often occur as several dm to m thick 
layers within metapelites, skarns or marbles. 

The early metamorphic assemblage of the garnet-
bearing calc-silicate rocks consists mainly of medium- to 
fine-grained subhedral diopside-rich (Fig. 3c–d) clinopy-
roxene (25–30 vol. %), plagioclase (25–45 vol. %) and 
garnet (30–40 vol. %). Grossular-rich (Grs57–74 Alm21–28 
Sps1–7 Prp0–1 Adr2–13) garnets form subhedral, sometimes 
poikilitic grains up to 0.5 mm in diameter. Garnets with 
significant zoning are relatively rare (Fig. 4b, c). Garnet 
grains have relatively homogeneous cores and usually 
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Tab. 4 Representative chemical composition of garnets

Sample 151/13 101/48 2002/4 115/56 115/57 60/20 60/21 Cach2 Cach2 Cach2 KM5 KM13 KM13 KM3

SiO2 39.47 39.07 38.28 37.58 37.62 37.05 37.01 38.17 38.81 38.15 37.65 38.37 39.06 38.38

TiO2 0.09 0.17 0.40 0.10 0.17 0.00 0.02 0.27 0.07 0.26 0.20 0.39 0.04 0.11

Al2O3 21.13 20.66 20.79 20.80 20.57 20.65 20.44 14.97 19.50 15.80 18.83 19.21 21.17 21.01

Cr2O3 0.04 0.03 0.55 0.08 0.05 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

Fe2O3 0.46 1.26 1.38 0.48 0.85 1.25 1.11 7.38 2.52 6.66 2.97 3.69 1.79 0.74

FeO 9.18 9.54 16.03 22.94 22.97 31.39 31.26 10.41 13.46 11.58 19.26 2.85 0.27 20.97
MnO 3.53 2.64 4.36 7.04 6.87 2.83 2.88 1.87 0.19 2.13 2.28 1.42 0.20 5.10
MgO 0.29 0.16 0.74 1.24 1.27 3.29 3.53 0.08 0.03 0.08 0.19 0.00 0.00 1.20

Na2O 0.00 0.01 0.18 0.03 0.05 0.36 0.43 0.01 0.00 0.00 0.02 0.00 0.01 0.02

CaO 25.76 26.57 19.45 9.94 10.13 3.69 2.97 26.68 25.60 25.67 18.54 33.74 36.93 13.80
Total 99.98 100.10 102.18 100.23 100.56 100.50 99.65 99.84 100.18 100.33 99.94 99.67 99.47 101.33
Si 3.041 3.019 2.955 2.998 2.995 2.963 2.979 3.043 3.025 3.027 3.003 2.967 2.974 3.003
Ti 0.000 0.000 0.023 0.002 0.005 0.000 0.001 0.000 0.000 0.000 0.000 0.023 0.002 0.000
ΣT 3.042 3.019 2.978 3.000 3.000 2.963 2.980 3.043 3.025 3.027 3.003 2.990 2.976 3.003
Al 1.919 1.882 1.891 1.956 1.930 1.946 1.939 1.406 1.792 1.477 1.770 1.751 1.900 1.937
Cr 0.002 0.002 0.034 0.005 0.003 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000

Fe3+ 0.027 0.073 0.080 0.029 0.051 0.075 0.067 0.443 0.148 0.397 0.178 0.215 0.103 0.044

Ti 0.005 0.010 0.000 0.004 0.005 0.000 0.000 0.016 0.004 0.015 0.012 0.000 0.000 0.007
ΣB 1.953 1.966 2.005 1.994 1.989 2.021 2.006 1.865 1.944 1.890 1.960 1.966 2.002 1.988

Fe2+ 0.591 0.617 1.035 1.530 1.529 2.099 2.104 0.694 0.877 0.769 1.284 0.184 0.017 1.372

Mn 0.231 0.173 0.285 0.476 0.464 0.192 0.196 0.126 0.012 0.143 0.154 0.093 0.013 0.338
Mg 0.034 0.018 0.085 0.148 0.151 0.392 0.424 0.009 0.003 0.009 0.022 0.000 0.000 0.139
Ca 2.127 2.200 1.609 0.850 0.864 0.316 0.256 2.278 2.138 2.182 1.585 2.795 3.013 1.157
Na 0.000 0.003 0.042 0.007 0.011 0.085 0.103 0.002 0.000 0.000 0.006 0.000 0.002 0.005
ΣA 2.982 3.010 3.057 3.011 3.019 3.085 3.082 3.110 3.032 3.103 3.051 3.072 3.045 3.011
ΣCAT. 7.978 7.995 8.040 8.005 8.008 8.069 8.068 8.017 7.999 8.019 8.014 8.028 8.024 8.002

show several µm thick irregular rims rich in Adr and/
or Grs component. The Grs-rich rim is often partially 
replaced by younger epidote (Fig. 2e). Almandine–gros-
sular garnet in the core is in equilibrium with Na-rich 
hedenbergite (XFe = 0.62–0.73, Na2O = 0.42–0.47 wt. %). 
Andradite- and grossular-rich rims (Grs48–59 Alm29–47 Sps3–5 
Prp1 Adr8–11) are in equilibrium with Na-poor clinopyro-
xene (Na2O < 0.15 wt. %) in the matrix (Tab. 3). Some 
garnet rims also preserve early clinozoisite (Ps = 13–14 
mol. %) and quartz inclusions as the relicts after reac-
tions (1) or (3). Minerals of the epidote group are minor 
constituents (up to 5 vol. %; Fig. 5b). Subhedral younger 
epidote (Ps = 19–22 mol. %), together with quartz and 
plagioclase, sometimes partially replaced garnet. The 
replacement textures can by explained by reaction (3) re-
versal. Garnet is rarely rimmed by fine-grained aggregate 
of plagioclase, quartz and calcite, which can be explained 
by a model reaction: 
  Grs + 2CO2 = An + 2Cal + Qtz   (6).

In the same sample, calcite forms intergrowths with 
plagioclase (An90–93) around epidote suggesting its break-
down via reaction (2) reversal. Anhedral quartz grains 

are often present. Anhedral to subhedral amphiboles 
(Fig. 5d, f) range in composition from actinolite to horn-
blende, ferroedenite and hastingsite (XFe = 0.18–0.62, 
Si = 6.16–7.89 apfu, K + Na = 0.02–0.75 apfu; Tab. 5). 
Titanite and apatite are always present as accessory 
phases. K-feldspar occurs in some of the samples, often 
interstitially between plagioclase grains or in veins that 
cut across the plagioclase. 

Clinopyroxene-bearing calc-silicate rocks are more 
abundant. Clinopyroxene is present in subhedral grains, 
porphyroblasts or poikiloblasts and only rarely forms 
almost monomineral bands. Calc-silicates associated with 
skarns contain clinopyroxene with higher XFe than the 
rocks associated with marbles and gneisses (0.31–0.87 
vs. 0.11–0.31; Tab. 3). Clinopyroxene grains are locally 
rimmed by needles of younger actinolite (XFe = 0.59–
0.61, Ca + Na = 1.8–1.9). Subhedral to anhedral plagio-
clase and quartz are occasionally present. Calcite was 
usually found as inclusions in clinozoisite being never in 
contact with plagioclase. Minerals of the epidote group 
(Tab. 2) appear as porphyroblasts, or as small subhedral 
grains in the matrix (Ps = 2–14 mol. %). The presence 
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of plagioclase and calcite relicts enclosed in clinozoisite 
porphyroblasts indicates the reversal of the model reac-
tion (2). Euhedral K-feldspar, scapolite or elongated 
subhedral amphibole are sometimes present. Formation 
of tremolite needles partially replacing diopside can be 
explained by the model reaction:
  5Di + H2O + 3CO2 = 2Qtz + Tr + 3Cal (7). 

Titanite and apatite are present as typical accessory 
phases. 

4.3. Moldanubian Zone 

The calc-silicate rocks in the MZ form dm to m thick 
layers between metapelites and skarns or marbles. 

The garnet-bearing calc-silicate samples contain am-
phibole, plagioclase, clinopyroxene and titanite (Fig. 2f) 

with occasional garnet, K-feldspar, biotite and scapo-
lite. Subhedral plagioclase (An20–23) is sericitized and 
partially replaced by younger albite. Interstitial grains 
of K-feldspar (Ab7–9) and columnar scapolite are rare. 
Scapolite (Tab. 2) represents a marialite–meionite binary 
solid solution (Me 88–94 wt. %, EqAn 91–97 %). Gar-
nets form either anhedral to subhedral isolated grains or 
massive bands with abundant inclusions of clinopyroxene 
and plagioclase. Garnet grains up to 2 mm in diameter 
are relatively homogenous (Grs29–37 Alm42–50 Sps11–15 Prp4–5 
Adr1–3). The garnet composition (mainly almandine and 
spessartine component in the garnet, Tab. 4) indicates 
some garnet forming reaction other than (1) (Donohue 
and Essene 2000), for example:
  12 Ep = Grs + 4 Alm + 6H2O + 3O2 (8).

The presence of the spessartine component in garnet 
enables to write a reaction analogous to 8 involving 
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Tab. 5 Representative chemical composition of amphiboles

Number 115/63 102/80 121/19 60/33 60/13 163/119 133/44 132/30 1625/2 2002/2 KM4  KM9 KM3  KM3
SiO2 42.82 51.93 57.96 46.32 44.27 50.92 42.27 46.80 53.09 52.01 40.20 55.45 47.12 45.74

TiO2 1.06 0.07 0.01 0.37 0.38 0.11 0.74 0.61 0.37 0.08 1.66 0.09 0.74 0.94

Al2O3 11.05 2.61 1.15 9.35 11.05 4.51 12.91 11.34 4.80 3.83 12.36 2.27 8.06 9.36

Cr2O3 0.08 0.04 0.01 0.06 0.09 0.00 0.02 0.04 0.23 0.06 0.08 0.00 0.10 0.02

Fe2O3
calc 2.04 0.00 0.00 0.35 0.11 0.70 0.51 3.54 0.66 1.15 2.79 0.00 2.03 1.41

FeOcalc 19.39 17.27 2.56 18.71 19.04 15.08 18.37 11.32 8.98 14.56 17.26 7.98 16.57 19.98
MnO 0.89 0.19 0.12 0.19 0.22 0.33 0.20 0.29 0.32 0.29 0.25 0.08 0.89 0.63
MgO 6.77 11.95 22.15 8.87 8.10 12.76 7.75 11.05 16.15 12.93 8.11 18.37 9.64 7.34
CaO 11.86 12.57 13.61 12.12 12.22 12.62 12.23 11.71 12.52 12.69 11.96 13.21 11.95 11.89
Na2O 1.13 0.29 0.19 0.92 1.01 0.47 1.01 0.78 0.42 0.22 1.42 0.24 0.66 0.71

K2O 1.40 0.19 0.11 0.98 1.30 0.42 1.62 0.39 0.13 0.03 1.75 0.13 0.46 0.52

H2O 1.98 2.03 2.20 2.02 2.00 2.06 1.99 2.08 2.13 2.07 1.97 2.15 2.03 2.01
TOTAL 100.46 99.15 100.06 100.24 99.79 99.98 99.62 99.96 99.81 99.93 99.80 99.96 100.25 100.55
Si 6.526 7.714 7.965 6.932 6.700 7.463 6.426 6.798 7.537 7.581 6.164 7.801 7.004 6.876
AlIV 1.474 0.286 0.035 1.068 1.300 0.537 1.574 1.202 0.463 0.419 1.836 0.199 0.996 1.124
ΣT 8.000 8.000 8.000 8.000 8.000 8.000 8.000 8.000 8.000 8.000 8.000 8.000 8.000 8.000
AlVI 0.511 0.171 0.151 0.580 0.672 0.242 0.740 0.738 0.340 0.240 0.397 0.177 0.416 0.535
Ti 0.121 0.008 0.001 0.041 0.043 0.012 0.085 0.067 0.039 0.008 0.191 0.009 0.083 0.106
Fe3+ 0.234 0.000 0.000 0.040 0.013 0.078 0.058 0.387 0.071 0.126 0.321 0.000 0.227 0.159
Cr 0.009 0.005 0.001 0.007 0.011 0.000 0.003 0.005 0.026 0.007 0.009 0.000 0.011 0.002
Mg 1.538 2.646 4.539 1.979 1.827 2.788 1.756 2.393 3.418 2.809 1.854 3.852 2.136 1.646
Fe2+ 2.472 2.146 0.294 2.342 2.410 1.848 2.336 1.375 1.066 1.775 2.212 0.939 2.059 2.512
Mn 0.115 0.024 0.014 0.013 0.024 0.032 0.022 0.035 0.039 0.036 0.016 0.010 0.066 0.041
ΣC 5.000 5.000 5.000 5.000 5.000 5.000 5.000 5.000 5.000 5.000 5.000 4.988 5.000 5.000
Mn 0.000 0.000 0.000 0.011 0.004 0.008 0.004 0.000 0.000 0.000 0.016 0.000 0.045 0.039
Ca 1.937 2.001 2.004 1.942 1.982 1.982 1.991 1.823 1.904 1.981 1.965 1.991 1.903 1.916
Na 0.063 0.000 0.000 0.047 0.014 0.010 0.005 0.177 0.096 0.019 0.019 0.009 0.052 0.045
ΣB 2.000 2.001 2.004 2.000 2.000 2.000 2.000 2.000 2.000 2.000 2.000 2.000 2.000 2.000
Na 0.270 0.084 0.050 0.220 0.281 0.124 0.292 0.043 0.019 0.043 0.404 0.057 0.139 0.161
K 0.271 0.037 0.018 0.187 0.251 0.079 0.315 0.072 0.024 0.006 0.342 0.023 0.087 0.100
ΣA 0.541 0.121 0.068 0.407 0.532 0.203 0.607 0.116 0.043 0.049 0.746 0.080 0.227 0.260
ΣCAT. 15.541 15.121 15.072 15.407 15.532 15.203 15.607 15.116 15.043 15.049 15.746 15.068 15.227 15.260

(Cl, F below detection)

Mn released from the piemontite component in epidote 
(Pm) 
  12Pm = 8Grs + 4Sps + 6H2O + 3O2 (9).

Clinopyroxene (XFe = 0.30–0.45, Figs 3b, d) forms 
subhedral grains, and is locally replaced with, or sur-
rounded by, up to 3 mm long magnesio- and ferro-
hornblende porphyroblasts with abundant inclusions of 
titanite, scapolite and quartz. Titanite, apatite and zircon 
are common accessory phases in a majority of the calc-
silicate rocks in the MZ. 

Clinopyroxene-bearing calc-silicate rocks are medium-
grained with granoblastic texture, often layered. Individ-
ual layers are several cm thick and differ in proportions 
of calcite, clinopyroxene and feldspars. Clinopyroxene 
(Tab. 3) occurs as crystals up to 2 mm in diameter in 

calc-silicate rocks adjacent to marble (XFe = 0.16–0.22) 
or migmatite (XFe = 0.38–0.41). Amphibole (Tab. 5) com-
position in the sample associated with marbles is remark-
ably homogeneous (XFe = 0.75–0.82, Si = 7.6–7.9 apfu). 
Plagioclase (An21–24) is usually the dominant mineral 
(65–80 vol. %) and the content of clinopyroxene is 20–35 
vol. %. Quartz, K-feldspar (Ab8–9) and biotite are minor 
mineral phases. Younger epidote grains and/or needles of 
actinolitic amphibole are locally abundant. 

5. Whole-rock chemistry

Geochemical data indicate a close relationship of samples 
from the MZ, SU and PU (Tab. 6). We can also see weak 
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Tab. 6 Representative whole-rock chemical analyses

Sample KM2 KM3 KM4a KM1 KM9 KM6 C2 C2 101 60
SiO2 68.84 47.34 61.58 64.04 54.90 65.77 58.30 67.73 54.30 72.56
TiO2 0.43 0.51 0.52 0.39 0.60 0.55 0.61 0.64 0.40 0.39
Al2O3 11.07 15.54 11.08 12.75 16.19 11.76 13.89 12.59 16.06 11.56
Fe2O3 0.47 2.41 0.31 0.65 0.25 1.72 2.04 0.89 4.79 2.95
FeO 2.62 9.47 2.93 3.18 1.79 4.63 5.12 2.72 n. d. n. d.
MgO 2.23 1.58 1.66 2.55 4.58 1.55 2.29 1.68 1.44 1.20
MnO 0.18 0.18 0.05 0.26 0.08 0.29 0.24 0.12 0.46 0.06
CaO 7.16 18.63 13.08 12.35 11.05 9.74 10.77 6.93 18.52 5.21
Na2O 2.86 1.13 1.64 2.41 2.46 1.66 5.10 4.84 0.37 2.07
K2O 3.12 0.43 2.02 0.24 5.17 0.59 1.03 1.10 0.16 2.59
P2O5 0.14 0.17 0.13 0.12 0.25 0.14 0.17 0.16 0.35 0.16
LOI 0.75 1.83 4.82 0.82 1.8 1.53 0.44 0.58 2.95 1.24
Total 99.87 99.22 99.82 99.76 99.12 99.93 100 99.98 99.8 99.99
Nb 9.0 9.0 10.0 11.0 15.0 9.0 13.3 11.9 12.8 7.0
Rb 113.0 30.0 86.0 23.0 171.0 36.0 62.9 44.0 5.8 82.0
Sn 4 298 7 3 43 22 70 18 10 2
Sr n. d. n. d. n. d. n. d. n. d. n. d. 677.6 654.7 245.1 598.7
U 2.0 <0.1 5.0 4.0 2.0 <0.1 4.3 3.5 1.7 1.9
Zr 157.0 132.0 143.0 85.0 276.0 155.0 164.7 246.4 118.8 196.6
Y 25.0 29.0 27.0 22.0 44.7 24.0 28.2 27.5 23.8 16.4
La n. d. n. d. n. d. n. d. 54.5 n. d. 33.8 34.6 18.5 15.7
Ce n. d. n. d. n. d. n. d. 115.9 n. d. 68.1 65.5 41.7 45.0
Pr n. d. n. d. n. d. n. d. 12.61 n. d. 7.94 8.19 4.18 3.73
Nd n. d. n. d. n. d. n. d. 49.54 n. d. 32.90 33.20 19.60 15.50
Sm n. d. n. d. n. d. n. d. 12.5 n. d. 5.8 6.0 3.9 3.2
Eu n. d. n. d. n. d. n. d. 2.02 n. d. 1.54 1.33 0.93 0.91
Gd n. d. n. d. n. d. n. d. 9.59 n. d. 5.17 5.09 3.70 2.78
Tb n. d. n. d. n. d. n. d. 1.43 n. d. 0.80 0.84 0.64 0.53
Dy n. d. n. d. n. d. n. d. 8.32 n. d. 4.36 4.38 3.54 2.97
Ho n. d. n. d. n. d. n. d. 1.73 n. d. 0.88 0.85 0.68 0.54
Er n. d. n. d. n. d. n. d. 3.66 n. d. 2.61 2.73 1.97 1.54
Tm n. d. n. d. n. d. n. d. 0.72 n. d. 0.40 0.38 0.29 0.24
Yb n. d. n. d. n. d. n. d. 3.78 n. d. 2.78 2.42 1.99 1.65
Lu n. d. n. d. n. d. n. d. 0.50 n. d. 0.41 0.40 0.26 0.26
Mo 1.0 <0.1 <0.1 <0.1 <0.1 <0.1 0.3 0.2 0.3 0.2
Cu 7.0 12.0 11.0 13.0 7.0 14.0 1.2 1.5 5.3 12.3
Pb 11.0 17.0 20.0 11.0 39.0 27.0 1.2 0.7 0.9 3.8
Zn 168 80 68 264 149 194 5 5 4 13
Ni 15.0 17.0 17.0 21.0 17.0 25.0 7.1 9.5 5.1 14.6
As 6.0 23.0 6.0 8.0 7.0 6.0 1.4 1.2 0.6 1.4

n. d. – not determined

negative correlation of SiO2 with Al2O3 and CaO (Fig. 6). 
K-feldspar-bearing mineral assemblages in some calc-
silicate rocks are reflected by higher contents of K2O 
(3.1–5.2 wt. %) and Rb (171–113 ppm). The studied 
samples can be subdivided into two groups according to 
the major-element contents, as illustrated in the SACF 
diagram (Fig. 7a), where S = SiO2, A = Al2O3, C = CaO 
and F = FeOt + MgO. The bulk rock chemistry of the first 
group is close that of the marlstones. In the ACF diagram, 
samples of the second group plot between calcareous 
sediments and metavolcanites (amphibolites). The TiO2/
Al2O3 ratio for samples from the PU is slightly lower 

(0.25–0.34) than for samples from the other studied units 
(0.31–0.51). Relatively small differences in the bulk rock 
chemistry, especially in the SiO2, Al2O3, CaO and Fe2O3 
contents, may have strongly affected stability of epidote 
and garnet (Fig 7a).

The variable contents of Rb (6–171 ppm), Ba (18–713 
ppm) and Sr (245–678 ppm) suggest distinct geochemical 
evolution and/or protolith chemistry. The low concentra-
tions of some other trace elements, for example Y (16–45 
ppm) and Nb (5–15 ppm), indicate a possible sedimentary 
origin. Some calc-silicate rocks related to skarns in the 
MZ and SU contain higher concentrations of Zn, Cu, 
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Fig. 6 Variation diagrams of silica vs. selected major, minor and trace elements for calc-silicate rocks from the studied area.

Ni and Pb when compared to the other studied samples 
(Fig. 7b). 

Chondrite-normalized REE patterns (Fig. 7c) for 
samples from the Polička and Svratka units are mutually 
comparable (total REE contents of 95 and 167 ppm), 
with a moderate degree of the LREE/HREE fractionation 
(LaN/YbN = 6.3–9.6) and weak negative Eu anomalies 
(Eu/Eu* = 0.74–0.93). One sample has a weak positive 
Ce anomaly. The REE patterns for samples from the MZ 
exhibit a broadly similar shape (LaN/YbN = 5.5–9.7), 
however with more pronounced negative Eu (Eu/Eu*= 
0.56–0.66) and sometimes Ce anomaly. 

6. P–T conditions and fluid composition

6.1. P–T metamorphic conditions of calc- 
silicate rocks in the middle subunit of 
the Polička unit

The best-studied samples represent calc-silicate nodules 
from the middle subunit of the PU, which have composi-
tion and metamorphic evolution different from the MZ 
and SU. The nodules of calc-silicate rocks are enclosed 
in biotite to muscovite-biotite gneisses. Reaction textures 
involving clinozoisite and garnet have been described by 
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Buriánek (2005) for garnet-rich calc-silicate nodules. The 
presence of clinozoisite together with quartz, plagioclase 
and garnet (reaction 1) establishes an upper temperature 
limit of c. 600 °C at pressure of 6 kbar (Fig. 8a). The P–T 
conditions calculated by THERMOCALC in the average 
P–T mode are 5 to 7 kbar and 564 to 647 °C for XCO2

 = 
0.05 (Fig. 8b). These are in a good agreement with the 
data obtained for surrounding metapelites (580–680 °C 
and 5–7 kbar; Buriánek 2005). The temperatures calcu-
lated using the geothermometer of Ravna (2000) with 
garnet-clinopyroxene pairs in mutual contact and without 
evidence for retrogression range from 560 to 722 °C for 
nodules in southern part of the PU (e. g. sample 151) and 
514–669 °C in central part of the PU (sample 101). The 
garnet-clinopyroxene-plagioclase-quartz geobarometer 

(Eckert et al. 1991) yields 2–3 kbar for the central PU 
(sample 101) and 4–5 kbar for the southern part of the 
middle subunit. These results are about 1–2 kbar lower 
than those calculated using THERMOCALC. Figure 9 
depicts the P–T pseudosection computed by PERPLEX 
for a bulk composition of the sample 101 over a T–XCO2

 
range of 556–700 °C and XCO2

 of 0.0–0.5 at the pressure 
of 6 kbar. The stabilization of the mineral assemblage 
Ep/Czo + Pl + Grt +Cpx + Qtz requires low XCO2

 (< 0.3) 
and the maximum temperature must be below 680 °C. It 
is evident that the metamorphic assemblage Ep/Czo + Pl 
+ Cal +Cpx + Qtz observed in the calc-silicate nodules 
from the northern part of the middle subunit is stable 
under lover temperatures and/or higher XCO2

 (Fig. 9; 
sample 101).
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THERMOCALC; the position of the Al2SiO5 triple point is taken from 
Holdaway and Mukhopadhyay (1993).

The mineral assemblage Cpx + Cal + Pl + Qtz + Czo 
in clinopyroxene-bearing calc-silicate nodules from NW 
part of the PU is not suitable for the thermobarometric 
calculations. The peak P–T metamorphic conditions of 
566 ± 28 °C and 5 ± 1 kbar were calculated from the 
metapelites (Buriánek 2005). The upper metamorphic 
conditions are limited by the reactions (1) and (2).

These two groups of mineral assemblages in calc-
silicate rocks can be interpreted as a result of prograde 
metamorphism of a similar protolith under the narrow 
range of XCO2

 and different P–T conditions. The northern 
part of the middle subunit represents a domain affected 
by metamorphism of a lower grade than the central and 
southern parts of this subunit. However mineral assem-
blage without garnet and epidote group minerals (Qtz + 
Cal + Pl + Cpx ± Amp) is occasionally present all over 
the subunit in the carbonate-rich nodules, and can be 
interpreted in terms of higher XCO2

 during metamorphism 
(Buriánek 2005).
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Fig. 9 The T–XCO2
 pseudosections for calc-silicate rocks from Polička 

Unit (101) and Svratka Unit (C2b) calculated in the NCFMASCH 
system using the PERPLEX software. Bulk-rock composition (in 
wt. %) and pressure used for the calculation are indicated above the 
plots. Light, medium and dark grey fields are tri-, four- and five-variant 
fields, respectively.

6.2. P–T metamorphic evolution of calc- 
silicate rocks in the lower subunit of  
the Polička unit

The calc-silicate rock bodies are associated with amphi-
bolites, marbles or gneisses in the lower subunit. The 
surrounding metapelites yield P–T conditions of approxi-
mately 600–650 °C and 6–7 kbar (those calculated using 
THERMOCALC are 624 ± 29 °C and 6 ± 1 kbar for the 
metapelite near the sample 133 and 654 ± 29 °C and 7 ± 
1 kbar for the metapelite near the sample 285). 

The mineral assemblage typical of bodies in the main 
part of the lower subunit is Cpx + Pl + Kfs + Qtz + Ttn 
+ Amp I (ferrohornblende or ferropargasite) ± Cal ± 
Czo (samples 163, 102, 133; Fig. 1). The temperatures 
calculated using the hornblende-plagioclase thermometer 
(Holland and Blundy 1994) for pressure of 6 kbar are 
598–629 °C. The metamorphic XCO2

 for majority of the 
samples from the lower subunit were usually higher than 
in the nodules from the middle subunit (Buriánek 2006). 
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The upper stability of the Cal + An + Qtz assemblage is 
limited by the reaction (6). 

The mineral assemblages of calc-silicate rocks from 
the lower subunit indicate a decrease in the metamorphic 
grade from SE to NW. The peak P–T conditions were 
probably somewhat higher at the southern edge of the 
lower subunit (samples 285, 115, 60), because here the 
calc-silicate rocks sometimes contain garnet. Typical 
mineral assemblage is Qtz + Cpx + Pl + Cal + Ttn ± Kfs 
± Czo/Ep ± Amp ± Grt and, occasionally, meionite-rich 
scapolite. Scapolite is present only in the lithologies lack-
ing garnet. The Al/Si ratio (0.65–0.67) is typical of scapo-
lites formed at above 600 °C (Oterdoom and Wenk 1983). 
Temperatures of 586–628 °C were calculated for the 
surrounding amphibolites for a pressure of 7 kbar, based 
on the hornblende-plagioclase thermometer (Holland and 
Blundy 1994). The temperature obtained for a pressure of 
7 kbar, using the garnet-clinopyroxene geothermometer 
(Ravna 2000), is 672–701 °C for the sample 115. Layers 
with clinopyroxene (hedenbergite-rich) and hastingsite 
require a low oxygen fugacity. Interaction with reduced 
fluids destabilizes the metamorphic assemblage heden-
bergite, magnetite and grossular–andradite garnet and 
produces hastingsite and quartz (Thomas 1982). 

The peak mineral assemblages (Qtz + Cpx + Pl + Cal 
+ Ttn ± Kfs ± Czo/Ep) for nearly all the calc-silicate 
rocks in the lower subunit were partially affected by 
retrograde metamorphism. The youngest assemblage 
is represented by clinozoisite–epidote, actinolite (Amp 
II), albite, calcite or chlorite. The bulk of epidote group 
minerals are produced due to reversal of the reaction (2) 
during the retrogression. 

6.3. P–T metamorphic evolution of calc- 
silicate rocks in the Svratka unit and  
the Moldanubian Zone

In both units, garnet is present predominantly in the 
calc-silicate rocks associated with skarns. According 
to Pertoldová (1986) and Drahota et al. (2005), skarns 
from both units indicate a metamorphic decompression 
(620–750 °C, 6–8 kbar) following HP–HT regional meta-
morphism (c. 800 °C and 12 kbar). The P–T conditions 
estimated from garnet-bearing calc-silicate rocks are con-
sistent with the younger regional metamorphic conditions 
obtained from skarns. 

Calc-silicate rocks from the SU associated with skarns 
are characterized by the Grt + Cpx + Ttn + Pl ± Kfs ± 
Amp ± Bt ± Ep ± Czo mineral assemblage. The metamor-
phic conditions of 678 ± 65 °C and 7 ± 2 kbar for XCO2

 = 
0.05 were calculated for the equilibrated matrix mineral 
assemblage using THERMOCALC (sample KM5, Fig. 1). 
The same mineral assemblage yielded a temperature of 
490 °C using the garnet-clinopyroxene geothermometer 

(Ellis and Green 1979) and a pressure of 5 kbar using 
the clinopyroxene-plagioclase geobarometer (Ellis 1980). 
At temperatures lower than 730 °C and XCO2

 below 0.6, 
the assemblage Czo/Ep + Cpx + Pl + Qtz is predicted in 
the P–T pseudosection in the model system NCFMASH 
for the sample C2b (Fig 9). As shown in Figs 8a and 
9, higher pressure (7 kbar) and/or higher Fe content in 
studied samples (mainly in epidote group minerals) shift 
the epidote-out reaction (2) towards higher temperature 
and XCO2

. For the peak mineral assemblage Grt + Cpx + 
Pl ± Scp ± Ttn in garnet-rich calc-silicate rock associated 
with skarn from locality KM3 in MZ, the pressure and 
temperature conditions of 637 ± 49 °C and 7 ± 1 kbar for 
XCO2

 = 0.05 were calculated using THERMOCALC. The 
garnet-clinopyroxene geothermometer (Ellis and Green 
1979) and the clinopyroxene-plagioclase geobarometer 
(Ellis 1980) yielded P–T conditions of c. 637 °C and 
5 kbar (3 kbar using geobarometer of Eckert et al. 1991). 
Textural equilibrium between plagioclase and scapolite 
suggests that the scapolite-forming reaction was (5). 

Many studied samples exhibit the reversal of the reac-
tion (1) and/or (3) locally accompanied by the reaction 
(2) reversal. These reactions can be interpreted as being 
the result of decreasing temperature and/or pressure to-
gether with decreasing XCO2

 in the coexisting fluid phases 
during the exhumation of the SU and the MZ.

Clinopyroxene-bearing calc-silicate rocks from the 
SU contain Cpx + Pl + Ttn ± Qtz ± Amp ± Czo ± Cal ± 
Bt ± Kfs. The XCO2

 during prograde metamorphism was 
probably in the many studied garnet-free samples higher 
than in the garnet-bearing rocks, because calcite was of-
ten found at the contact with plagioclase (reaction 2) and 
clinozoisite is present as inclusions in plagioclase. Maxi-
mum T–XCO2 conditions for many samples are limited by 
the reaction (3). Clinozoisite porphyroblasts with calcite 
and plagioclase inclusions from other samples (calcite 
poor) can be interpreted as a result of reaction (2) rever-
sal. The youngest tremolite partially replaced diopside in 
most samples of the calc-silicate rocks from all the stud-
ied units, which can reflect the retrograde metamorphism 
under greenschist-facies conditions (reaction 7).

The most common mineral assemblage in calc-silicate 
rocks from the MZ (Cpx + Ttn + Pl + Kfs ± Amp ± Bt 
± Ep) is not suitable for constraining the P–T condi-
tions (samples KM1, KM2, KM3, KM9, KM9b; Tab. 1). 
Some calc-silicate rocks are associated with marble in 
the MZ (KM9, KM9b; Tab. 1). Metamorphic mineral 
assemblages of marbles (Cal + Phl + Fo ± Sp ± Tr ± Dol 
± Chu) were studied by Novák (1989) and the estimated 
maximum metamorphic conditions are T = 660 °C and P 
= 6 kbar (M1). The metamorphic assemblage Cpx + Pl + 
Kfs + Qtz + Bt I in the calc-silicate rocks from Studnice 
corresponds to this metamorphism. The younger mineral 
assemblage (Amp + Czo + Pl + Bt II) can be linked to 
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the HT–LP metamorphism M2 in the surrounding marbles 
(according to Novák 1989: P = 2 kbar, T = 550 °C and 
XCO2

 < 0.1). The M3 retrograde metamorphism produced 
chlorite replacing biotite and amphibole. Several cm 
thick zones with strongly sericitized plagioclase are lo-
cally present. 

7. Discussion

7.1. Protolith of calc-silicate rocks

Geochemical data suggest that the sedimentary protolith 
of the calc-silicate rocks from all the studied units was 
probably similar, corresponding to marlstones or altered 
intermediate–basic tuffs (Fig. 7a). Studied samples show 
wide range of Al2O3 (11–16 wt. %) and SiO2 (47–73 
wt. %) contents. Garnet-rich samples are characterized 
by lower Na2O contents and lower MgO/(MgO + FeOt) 
ratios when compared to pyroxene-bearing samples 
(0.4–1.7 vs. 1.6–5.1 and 0.12–0.25 vs. 0.25–0.69, re-
spectively). Lower proportion of albite component in the 
plagioclase and higher Fe contents in the rock-forming 
minerals probably stabilized the Mg-Fe-Ca garnet.

7.2. Comparison of P–T–X conditions of calc-
silicate rocks in the eastern part of the 
Bohemian Massif

The observed changes in the mineral assemblage of 
nodules in the middle subunit of the PU seem to reflect 
an increase in metamorphic grade towards the SSW. 
Minerals in the matrix of calc-silicate rocks correspond 
to nearly peak P–T conditions and indicate very low XCO2

. 
Estimated P–T conditions (temperature between <560 and 
650 °C and pressure 6–7 kbar) are in good agreement with 
data obtained from the surrounding metapelites (Buriánek 
et al. 2009a). The upper temperature stability limit of 
coexisting quartz and clinozoisite is c. 650 °C and XCO2

 
< 0.3 for pressure of c. 6 kbar (sample 101; Fig. 9). The 
nodules without garnet in the NW and NE parts of the PU 
indicate lower metamorphic temperature as demonstrated 
by the stability of the clinozoisite + quartz + calcite as-
semblage (Figs 8b, 9). 

Regional metamorphic peak conditions of 580–680 °C 
and 5–7 kbar have been reported for rocks surrounding 
the calc-silicate bodies in the lower subunit of the PU 
(Buriánek et al. 2009a). Under such P-T conditions, 
calcite, epidote group minerals, plagioclase and quartz 
should coexist with fluid compositions that are systemati-
cally higher in XCO2

 than those estimated for nodules of 
the calc-silicate rock (Buriánek 2006). The only excep-
tion is represented by garnet-rich calc-silicate rock body 
(sample 115), which is associated with metapelites. 

The matrix mineral assemblage of garnet-rich calc-
silicate rocks of the MZ and SU reflects P–T conditions 
estimated in surrounding metapelites (750 °C with 7–10 
kbar and 640–680 °C with 5–7 kbar, respectively). 
Lower Na contents in matrix clinopyroxene compared 
to clinopyroxene inclusions from the garnet core can be 
interpreted as being the result of post-peak decompres-
sion during exhumation. This is in good agreement with 
the evolution of the associated skarns (Pertoldová et al. 
2009). The lower temperature stability limit of the min-
eral assemblage Grs + An + Qtz + Czo is defined by the 
reaction (1). The upper temperature limit for majority 
of garnet-bearing assemblages in calc-silicate rocks is 
imposed by the univariant reaction (3). For the studied 
samples, position of metamorphic reaction (3) in isobaric 
T–XCO2

 diagram calculated at 6 kbar (Fig. 8a) shows wide 
range of temperatures (570–670 °C). In the NCFMASH 
system (Fig. 9) that closely approximates the composi-
tion of the reported calc-silicate rocks, the stability field 
of Czo/Ep + Cpx +Grt + Pl + Qtz-bearing assemblage is 
relatively wide. Ferromagnesious phases in the studied 
rocks are rich in both Mg and Fe end-members, usually 
with predominance of Mg. For majority of the studied 
rocks, formation of metamorphic assemblage Czo/Ep + 
Cpx +Grt + Pl + Qtz is restricted to the XCO2

 below 0.6 
(for sample C2b in Fig. 9) due to reactions (1) and (3). 
However, in the calc-silicate rocks with low quartz and 
calcite contents, epidote group minerals can be stabilized 
in the wide range of T–XCO2

 conditions (Fig. 8a). In this 
case garnet can be produced by other garnet-forming 
reactions such as Ep + Chl + Qtz = Grt + H2O or Ep = 
Grs + Alm + H2O + O2.

Matrix mineral assemblage of the pyroxene-rich calc-
silicate rocks (Qtz + Cpx + Pl ± Kfs ± Amp ± Cal ± Scp ± 
Ttn) from the MZ and SU corresponds to peak metamor-
phic conditions in surrounding marbles and migmatites, 
and is very similar to assemblages in calc-silicate bodies 
in the lower PU subunit. The primary minerals may have 
been partially replaced by post-peak metamorphic assem-
blage, with amphibole and clinozoisite–epidote formed 
under equilibrium with H2O-rich fluids. Fine-grained 
mixture of chlorite and calcite replacing clinopyroxene, 
and aggregates of albite and/or epidote replacing Ca-
rich plagioclase, could have resulted from retrograde 
metamorphism.

One possible explanation for the presence of the two 
distinct peak metamorphic assemblages is that XCO2

 was 
higher in the pyroxene-rich rather than in the associated 
garnet-rich calc-silicate rocks. This assumption was con-
firmed by the occurrence of mineral assemblages with 
garnet (sample KM13) and/or wollastonite in the calc-
silicate rocks from MZ and SU metamorphosed at higher 
activity of H2O in the metamorphic fluids (e.g. Novák and 
Houzar 1996). Under amphibolite-facies conditions (c. 
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Fig. 10 Simplified map of the studied region, depicting the distribution of the mineral assemblages in calc-silicate rocks of the Moldanubian Zone, 
Svratka and Polička units. The rocks are subdivided according to their mineralogy and host-rock type (gneisses, skarns, marbles and amphibolites). 
The P-T paths indicate metamorphic evolution of metapelites in the studied units according to Büttner and Kruhl (1997), Racek et al. (2006) and 
Buriánek et al. (2009a).

6 kbar, c. 600 ºC), the presence of wollastonite suggests 
very low XCO2

 < 0.05 [Fig. 8a, Cal + Qtz = Wo + CO2 
(12)]. Wollastonite decarbonation reactions represent a 
petrological fingerprint of aqueous fluids infiltration dur-
ing metamorphism (e.g. Ferry 1991, 1994). 

The occurrence of actinolite, chlorite and partly also of 
clinozoisite resulted from later retrograde metamorphism 

usually accompanied with higher activity of H2O in the 
metamorphic fluids. For example, textural observations 
confirm the breakdown of grossular-rich garnet to epidote 
group minerals, plagioclase and quartz. Reaction textures 
around garnet were produced by the reaction (1) and are 
consistent with cooling (with or without change in P or 
XCO2

).
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7.3. Factors controlling the presence of  
garnet in calc-silicate rocks

Mineral assemblage Cpx + Czo + Grt + Pl + Qtz is rela-
tively widespread in all the studied units. This mineral as-
semblage has formed in most of the rocks at the expense 
of calcite by the model reaction (1). It is evident from 
Fig. 8a that this assemblage grew mostly in equilibrium 
with water-rich fluids. The presence of clinozoisite in 
contact with quartz is typical of the majority of the stud-
ied samples. This observation suggests that the reaction 
(3) was not crossed. The lack of evidence for the opera-
tion of the wollastonite-producing reaction Cal + Qtz = 
Wol + CO2 (12) at most of the studied localities excludes 
an extremely water-rich fluid composition (Fig. 8a)

Irregular distribution of garnet (Fig. 10) in the three 
studied units can be explained by combination of at least 
three main factors. 

The first is locally higher XCO2 in metamorphic fluids 
as a consequence of higher carbonate content in the 
protolith. The occurrence of marble bodies in the lower 
subunit of the PU and SU was probably of substantial 
significance for the high CO2 content in the metamor-
phic fluid. Secondly, rocks from the lower PU subunit, 
SU and MZ were affected by higher pressures, usually 
accompanied by higher temperature. The calc-silicate 
samples indicate a decompressional P–T path (Fig. 10) 
at least from the higher-pressure part of the amphibolite-
facies metamorphic field (Pitra and Guiraud 1996; Bur-
iánek et al. 2009b). The matrix mineral assemblage of 
the calc-silicate rocks represents the middle amphibolite 
facies P–T conditions (640–680 °C and 6–7 kbar). Dur-
ing decompression, several mineral reactions occurred 
between garnet, epidote, plagioclase, diopside, amphi-
bole, calcite and quartz in the presence of a pore fluid. 
The epidote group minerals were produced mainly due 
to the metamorphic reaction (3) and their growth was 
locally accompanied by the appearance of amphibole 
and by the change in plagioclase chemical composition. 
The third most important factor is probably the chemical 
composition of the protolith, because garnet is present 
in rocks with specific bulk rock chemistry (i.e. low Fe 
and high Ca and Al contents). Occurrence of the mineral 
assemblage Czo + Grt + Pl + Qtz + Cpx is restricted to 
the middle amphibolite facies and low XCO2, neverthe-
less higher content of pistacite component in epidote 
may significantly extend its stability field (Fig. 9). 

8. Conclusions

The bulk rock chemistry and mineralogy of the calc-sili-
cate rocks indicate that they were derived from silica-rich 
calcareous protoliths, for example marlstones or altered 

tuffs. Two different groups of calc-silicate rocks in all the 
studied metamorphic units are distinguished according to 
the presence/absence of garnet. The spatial distribution 
of garnet-bearing calc-silicate rocks in the studied units 
depends mainly on the bulk rock chemistry and fluid 
composition during metamorphic evolution. Most of 
the studied samples of calc-silicate rocks contain min-
eral assemblages in equilibrium with a H2O–CO2 fluid, 
characterized by low XCO2 mole fraction. The dominant 
garnet-producing reaction was calcite + quartz + clino-
zoisite = garnet + H2O + 5CO2. However, the presence 
of Fe and other components in the studied rocks affected 
significantly the stability of the Grt–Czo/Ep–Pl–Qtz–Cpx 
mineral assemblage allowing its formation at higher P–T– 
XCO2 than it would occur in the CASCH system with pure 
clinozoisite and grossular end-members. In the Fe-rich 
systems, epidote group minerals were probably consumed 
also by other garnet-forming reactions as e.g. Ep + Chl + 
Qtz = Grt + H2O or Ep = Grs + Alm + H2O + O2.

Temperatures of 560–680 °C and pressures of 5–7 
kbar were calculated for calc-silicate rocks from the 
middle PU subunit. These P–T conditions are similar to 
those obtained for surrounding metapelites. Metamorphic 
grade in the calc-silicate rocks from the PU increases 
towards the SSW; the temperature peak of the Variscan 
regional metamorphism was followed by a younger LT–
LP greenschist-facies metamorphism. 

The majority of the calc-silicate rocks from the lower 
PU subunit does not contain garnet, although the sur-
rounding metapelites indicate similar metamorphic tem-
peratures and slightly higher pressures (600–650 °C and 
6–7 kbar) compared to rocks from the middle subunit. 
This fact can be explained by differences in the meta-
morphic fluids composition. Fluid compositions estimated 
for metamorphism of the calc-silicate rock nodules in the 
middle PU subunit are systematically lower in XCO2

 than 
those in equilibrium with the metamorphic assemblage of 
the calc-silicate rocks in the lower PU subunit. 

The metamorphic P–T path for the calc-silicate rocks 
in the MZ and SU reflects post-peak metamorphic de-
compression after the HT–HP regional metamorphism. 
The P–T conditions obtained for calc-silicate rocks 
in the MZ and SU are 640–680 °C and 5–7 kbar. The 
mineral assemblage of these rocks is interpreted to have 
been formed due to an influx of water-rich fluids from 
the surrounding metapelites. The presence of younger 
actinolite, chlorite and clinozoisite in most of the samples 
could have resulted from later retrograde cooling with, or 
without, change in P or XCO2

.
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