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The Žulová Composite Pluton located at the north-eastern margin of the Bohemian Massif exposes undeformed coexis-
ting mafic–felsic association typical of post-orogenic magmatism. The bulk of the pluton is made of biotite granite and 
granodiorites along with subordinate quartz monzodiorite. New LA-ICP-MS U–Pb zircon dating revealed a synchronous 
emplacement of the biotite granite (291 ± 5 Ma), granodiorite and quartz monzodiorite (292 ± 4 Ma). The whole-rock 
geochemistry and the Sr–Nd isotopic data indicate that a plausible source for the biotite granite and the granodiorite could 
have been a lithologically inhomogeneous pile of Devonian arc-derived, immature metagreywackes interbedded with 
volcaniclastics. Melting of this crustal material was probably triggered by the rise of hot basic (quartz monzodioritic) 
magma which could have been an enriched mantle-derived melt contaminated by the underlying Cadomian basement. 
The Žulová Composite Pluton is a part of a Late Carboniferous–Early Permian Sudetic Granite Belt, including in addition 
three large plutonic complexes distributed along major terrane boundaries: the Krkonoše–Jizera, the Strzegom–Sobótka 
and the Strzelin massifs. The genesis of this magmatic belt was likely induced by the rise of hot mantle-derived magma 
in the crust while their spatially and temporally discrete emplacement at shallow levels was probably related to the 
(extensional) reactivation of lithospheric discontinuities at terrane boundaries. Former orogenic wedges, resulting from 
the inversion of youthful plate margins, represent a feasible fertile source for such post-orogenic granitoids.
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2004 for a review). The genesis of post-orogenic gran-
itoids after 10 to 30 My of magmatic and metamorphic 
quiescence remains an intriguing problem. 

In the Variscan Bohemian Massif, two post-collisional 
to post-orogenic magmatic belts have been recognized 
(Finger et al. 1997, 2009). The more voluminous 
southern Saxo-Danubian Granite Belt was built up by 
two magmatic pulses at 330–320 Ma and 317–310 Ma 
(Siebel et al. 2003; Förster and Romer 2010), perhaps in 
response to southward progressing mantle delamination 
(Finger et al. 2009). The northern Sudetic Granite Belt 
(SGB) is younger (c. 315–290 Ma) and its relation to the 
Variscan orogeny remains more enigmatic. The SGB is 
constituted by four composite plutons distributed along 
the major lithospheric faults forming terrane boundaries 
in the Sudetes Mts. In this paper we present an integrated 
geochemical and geochronological study of the Žulová 
Composite Pluton, which exposes an undeformed coeval 
felsic–mafic plutonic association in the easternmost part 
of the SGB.

1.	Introduction

The late stages of orogenic systems are characterized by 
a discrete magmatic activity immediately post-dating the 
main collisional event and continuing for further up to 
40 My (Turner et al. 1992). The plutons produced during 
these magmatic events, referred to as post-collisional and 
subsequently post-orogenic, differ from the preceding 
syn-collisional suites in that they have more primitive 
radiogenic isotopic compositions and often bimodal 
petrology (Bonin et al. 1998). During collision, the con-
tinental crust is strongly reworked by imbrication of 
tectonic units derived from different crustal levels while 
the lithospheric mantle may have been modified (or not) 
by preceding subduction. As a consequence, extremely 
variable rock-types, ranging from silicic peraluminous 
to high-K calc-alkaline or alkaline suites (e.g., Sylvester 
1989, 1998; Liégeois et al. 1998), may arise due to the 
variability of the potential sources. A mantle contribution, 
at least as a heat source, is generally invoked (see Bonin 
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Fig. 1a – Sketch of the Variscan Belt of Europe (modified after Skrzypek et al. 2012). AM = Armorican Massif, BF = Black Forest, BM = Bohe-
mian Massif, C = Cornwall, MC = Massif Central, RM = Rhenish Massif, V = Vosges. The black rectangle depicts the studied area. b – Simplified 
geological map of the Sudetes (modified after Aleksandrowski et al. 1997; Awdankiewicz 2004; Chopin et al. 2012).
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2.	Geological setting

2.1.	Variscan Orogeny in the Bohemian Massif

The Variscan Belt in central Europe is the result of the 
convergence between two macro-continents, Gond-
wana and Laurussia, lasting from Silurian to Permian 
(Lardeaux et al. 2014). Subduction processes were active 
till the Early Carboniferous and led to the accretion of 
several Gondwana-derived blocks to Laurussia (Matte 
1991; Franke 2000). Current model of the geological 
development in the eastern part of the European Variscan 
Belt, i.e. the Bohemian Massif, assumes a SE directed 
(in present-day coordinates) Late Devonian to Early 
Carboniferous subduction of a Saxothuringian Ocean un-
derneath the easterly Teplá–Barrandian and Moldanubian 
domains (Fig. 1a; Schulmann et al. 2009). This subduc-
tion produced arc-related magmatism in the overriding 
plate culminating in the development of the Central 
Bohemian Plutonic Complex at 355–338 Ma (Žák et al. 
2014 and references therein). The subduction episode 
ended with the arrival of the Saxothuringian continental 
crust into the subduction channel which was associated 
with crustal thickening and development of the orogenic 
root (Schulmann et al. 2014b). Subsequently, the indenta-
tion of the thickened crustal root by the easterly Brunia 
microcontinent (Dudek 1980) facilitated the gravity-
driven extrusion of lower crustal material accompanied 
with the emplacement of ultrapotassic plutons (Janoušek 
and Holub 2007; Schulmann et al. 2014b). Late stages 
of the orogeny in the northern Variscan realm involved 
overall dextral strike-slip regime along lithospheric-scale 
structures such as the Elbe, Bavarian and Intra-Sudetic 
faults (Edel et al. 2013). Voluminous post-collisional 
magmatic activity has been recognized, including the 
southern Saxo-Danubian Granite Belt and the northern 
Sudetic Granite Belt (Finger et al. 2009 and references 
therein). From 300 to 270 Ma, the tectonic regime in the 
northern Variscan Belt was extensional, as documented 
by the development of numerous intra-montane Permian 
basins (Kroner and Romer 2013). 

2.2.	Geology of the Sudetes Mts.

In the Sudetes Mts. (Fig. 1b), the Saxothuringian subduc-
tion beneath the Teplá–Barrandian Unit (presently cov-
ered by Permian and Mesozoic sediments) is evidenced 
by the presence of accretionary prisms (Kryza et al. 2007; 
Kryza and Pin 2010) containing relicts of Late Devonian 
blueschists (Maluski and Patočka 1997; Collins et al. 
2000; Žáčková et al. 2010; Faryad and Kachlík 2013). 
The Saxothuringian subduction probably triggered the 
development of a continental arc and back-arc system 
further east on the Cadomian Brunian crust (Janoušek et 

al. 2014 and references therein), known as the Moravo–
Silesian Zone. This episode was characterized by the 
deposition of a thick volcano-sedimentary pile (the Vrbno 
Group) composed of voluminous bimodal volcanics 
interlayered with quartzites/conglomerates, immature 
greywackes, graphitic pelites and carbonates (Kalvoda et 
al. 2008). The bimodal volcanic suite, dated at ~374–371 
Ma, is formed by the Western Volcanic Belt, interpreted 
as a volcanic-arc sequence, and the Eastern Volcanic Belt, 
the former back-arc, with slices of Cadomian basement 
in between (Janoušek et al. 2014). 

In Sudetes, the influx of the Saxothuringian felsic 
crust into the orogenic root area also led to crustal 
thickening and rapid vertical extrusion of the Orlica–
Śnieżnik gneiss-dome at c. 340 Ma (Chopin et al. 2012; 
Mazur et al. 2012). To the east, the docking of Brunia 
to the Moldanubian domain caused the inversion of the 
Moravo–Silesian back-arc which resulted in a relatively 
HT/MP metamorphism typical of the Silesian Zone (~340 
Ma; Košuličová and Štípská 2007). The imbrication of 
the Cadomian gneissic basement, yielding zircon mag-
matic ages between 684 and 502 Ma (van Breemen et 
al. 1982; Kröner et al. 2000; Hegner and Kröner 2000; 
Żelaźniewicz et al. 2005; Hanžl et al. 2007), with Devo-
nian volcano-sedimentary sequences led to a deep burial 
(locally eclogite facies; Štípská et al. 2006) of fertile 
material. The three main units forming the Moravo–Sile-
sian orogenic wedge, the Velké Vrbno upper allochthon, 
the Keprník lower allochthon and the Desná paraautoch-
thon (Schulmann and Gayer 2000), were subsequently 
exhumed during Early Carboniferous (Schulmann et al. 
this volume). The cooling of the Silesian orogenic wedge 
occurred between 315 and 305 Ma (Maluski et al. 1995). 
This period also corresponded to large-scale movements 
along the Intra-Sudetic Fault, Sudetic Boundary Fault 
and to the onset of extension recorded by the filling of 
the Intra-Sudetic Basin with erosional products of the 
Variscan basement and bimodal volcanics (Dziedzic and 
Teisseyre 1990; Awdankiewicz 2004). 

This late tectonic evolution was accompanied by intru-
sion of four major composite plutons making up the Su-
detic Granite Belt (Finger et al. 2009) into the basement 
of the Moravo–Silesian and Saxothuringian zones. The 
most voluminous and oldest, ~312 Ma Krkonoše–Jizera 
Massif, intruded the Saxothuringian basement (Kryza et 
al. 2014a). Its genesis may be explained by the hybridiza-
tion of crustally-derived granitic magma with large vol-
umes of mantle-derived (lamprophyric) magmas (Słaby 
and Martin 2008). A mixed crustal–mantle origin is also 
assumed for the Strzegom–Sobótka Massif (~309–302 
Ma; Pin et al. 1989; Turniak and Bröcker 2002; Turniak 
et al. 2005b; Domańska-Siuda 2007). The volumetrically 
minor Strzelin Massif (~306–291 Ma; Oberc-Dziedzic 
1999; Turniak et al. 2005a; Pietranik and Waight 2008; 
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Oberc-Dziedzic et al. 2010, 2013), was emplaced into the 
Cadomian orthogneiss basement covered by Devonian 
metasandstones (the so-called Jegłowa beds). These units 
can be correlated with the Moravo–Silesian Zone (Oberc-
Dziedzic et al. 2005; Szczepański 2007).

2.3. Žulová Composite Pluton

The Žulová Composite Pluton, located at the eastern 
extremity of the SGB, intruded the Moravo–Silesian 

orogenic wedge (Fig. 2). The pluton is delimited to the 
south-west by the termination of the Intra Sudetic Fault, 
which disturbed the original stacking pattern by down 
throwing the southern with respect to the northern block. 
This segment of the Intra Sudetic Fault was described as 
an Alpine normal fault by Aleksandrowski et al. (1997) 
but the nature of the contact between the pluton and 
mid-crustal rocks (Keprník, Velké Vrbno and Staré Město 
units) remains ambiguous as several xenoliths found 
within the pluton are suspected to be derived from these 
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units. To the south-east, the contact with the Devonian 
metasedimentary cover of the Desná paraautochthon 
is intrusive, causing a ~1 km wide migmatitized zone 
within metasediments and a wider peri-plutonic aureole 
characterized by HT–LP metamorphic assemblage (Cháb 
and Žáček 1994; Baratoux et al. 2005).

Based on modal compositions as well as whole-rock 
major- and trace-element chemistry, the Žulová Compos-
ite Pluton has been classified as an I-type suite, whose 
evolution was mainly controlled by fractional crystalliza-
tion (Zachovalová et al. 2002). Cooling of the granodio-
rite south-west of Vápenná has been dated by Maluski 
et al. (1995) (40Ar–39Ar amphibole: 292 ± 3 Ma, biotite: 
290 ± 3 Ma). Monazite from a pegmatite dyke cutting 
the pluton yielded a TIMS U–Pb age of 303.4 ± 1.7 Ma 
(M. Novák, personal communication, 2014). 

3.	Analytical techniques

Detailed analytical procedures are described in Electronic 
Supplementary Material 1. Whole-rock major-element 
analyses were carried out in the Central Laboratory of the 
Czech Geological Survey, Prague. Trace-elements were 
analyzed by ICP-MS or ICP-AES (Ba, Sr, Zr, Y, Ni, Co, 
Zn, Cr and V) at the LHyGeS Laboratory, Strasbourg. 

The Sr–Nd analyses were performed at the Czech Geo-
logical Survey (Prague), following standard procedure 
described in Míková and Denková (2007). The initial εNd 
values and single-stage CHUR Nd model ages were ob-
tained using the Bulk Earth parameters of Jacobsen and 
Wasserburg (1980); the two-stage Depleted Mantle Nd 
model ages were calculated after Liew and Hofmann (1988).

Zircon dating was carried out at the University of Lau-
sanne (Switzerland) with an Element XR sector-field ICP-
MS coupled to an UP-193FX laser ablation system (New 
Wave Research). The U–Pb isotopic ratios of unknown 
samples, paralleled by data from the reference zircons, are 
reported in Electronic Supplementary Material 2.

4.	Petrology

Below, we give a summary of previously published and 
new data concerning the field relationships and petrog-
raphy of the four main lithologies distinguished within 
the Žulová Composite Pluton. Detailed petrography and 
mineral chemistry are reported in Electronic Supplemen-
tary Material 3.

4.1.	Biotite granite

Medium-grained (2–7 mm) biotite granite with hypidio-
morphic texture constitutes much of the pluton. The main 

constituents are (in vol. %): quartz (23–48), K-feldspar 
(25–44), plagioclase (13–31), biotite (4–7) and traces of 
muscovite (< 1), with accessory ilmenite, apatite, zircon 
and rare allanite and monazite. Locally, continuous varia-
tions in biotite contents and in feldspar grain size (up to 
1.5 cm) are observed, as well as K-feldspar and biotite 
crystals accumulation (Fig. 3g). Several amphibole–biotite 
mafic microgranular enclaves (MME, Barbarin and Didier 
1992) and rare biotite schlieren are exposed in active quar-
ries. Numerous metasedimentary xenoliths or screens are 
found, ranging from several centimeters to several tens 
of meters across (Fig. 3a). Late sub-horizontal aplitic and 
pegmatitic veins, 1–5 m thick, are common.

4.2.	Starost granodiorite

The fine-grained (<1 mm) Starost granodiorite is grey in 
colour and occurs only around the town of Žulová. The 
rock is isotropic with hypidiomorphic texture. Typical 
assemblage is (in vol. %) quartz (25–35), K-feldspar 
(20–27), plagioclase (35–40), biotite (7–12) and am-
phibole (2–3). Accessories are represented by sphene, 
apatite, zircon, allanite, ilmenite and secondary chlorite 
and sericite. Centimetre- to decimetre-sized angular 
xenoliths of biotite granite are found within the Starost 
granodiorite; the contacts are always sharp (Fig. 3b–c).

4.3.	Dark granodiorite

The dark granodiorite is fine to medium grained (0.5–
2  mm) and is found along the western margin of the 
pluton. The dark granodiorite has the same mineral as-
semblage as the Starost type but with more biotite (8–14 
vol. %) and amphibole (4–11 vol. %).

4.4.	Quartz monzodiorite

The quartz monzodiorite to monzogabbro forms mostly 
enclaves several cm to several dozens of meters across, 
enclosed within the biotite granite. This rock type also 
forms isolated bodies within migmatized metasedimen-
tary units along the south-eastern margin of the pluton. 
The bodies are macroscopically rather heterogeneous, 
exhibiting variable grain size (0.5–8 mm), textures and 
proportions of mafic minerals (Fig. 3f). The fine-grained 
quartz monzodiorite shows locally a macroscopically 
well-developed sphene-centred ocellar texture (Vegas et 
al. 2011) consisting of leucocratic ocelli with brownish 
sphene crystals in the centre, enclosed in a biotite-rich 
matrix.

Within the main granitic body occurs homogeneous 
coarse-grained quartz monzodiorite with doleritic texture 
(Fig. 3i). Typical assemblage is (vol. %) quartz (10–20), 
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Fig. 3 – Selected field photographs. a – Strongly net-veined and fragmented metapelitic roof pendant fallen into the biotite granite. Vertical size of the 
outcrop is ~10 m (WGS 84 coordinates: N 50°18.757', E17°06.193'). b – Polished slab from a typical sharp contact between the Starost granodiorite 
(top) and the biotite granite (bottom). c – Angular fragment of the biotite granite included within the Starost granodiorite (N 50°18.757', E17°06.193'). 
d – Interaction between a metasedimentary xenolith and the biotite granite (N 50°18.757', E17°06.193'). e – Biotite restite found within the quartz 
monzodiorite (N50°18.648', E17°7.420'). f – Hand specimen of an inhomogeneous fine-grained quartz monzodiorite showing a typical sphene-centred 
ocelli texture (N 50°15.524', E17°08.810'). g – Accumulation of K-feldspar and biotite crystals within the biotite granite (N50°18.648', E17°7.420'). 
h – Mingling textures between the biotite granite and the fine-grained quartz monzodiorite (N 50°17.348', E17°12.452'). i – Hand specimen of a 
coarse-grained quartz monzodiorite (N 50°19.917', E17°04.917').
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K-feldspar (5–20), plagioclase (40–45), biotite (20–25) 
and amphibole (10–20). Pyroxene relics enclosed in 
plagioclase were described by Scharff (1920). Acces-
sory minerals include ilmenite, sphene, apatite, zircon, 
allanite and secondary chlorite, epidote and sericite. In 
our dataset, only three magnesio-hornblendes from the 
quartz monzodiorite ZU-6 were in textural equilibrium 
with the matrix and fall in the calibration range of the 
geothermobarometer by Ridolfi and Renzulli (2012). 
Calculated P–T conditions are 758 ± 22 °C and 100 ± 11 
MPa (Electronic Supplementary Material 3).

Mingling features between fine-grained quartz mon-
zodiorite and biotite granite are common, including 
lobate, liquid–liquid contacts, felsic pipes as well as 
load casts and flame structures (e.g., Wiebe and Collins 
1998) (Fig.  3h). Restitic biotite-rich enclaves forming 
elongated trains within the coarse grained quartz mon-
zodiorite, itself included in biotite granite, have been 
observed (Fig. 3e).

4.5.	Xenoliths

Numerous country-rock xenoliths or even larger roof pen-
dants (up to several tens of meters in size) are present in 
the pluton underscoring the importance of stoping at final 
stages of the granitic magma emplacement. Migmatitic 
biotite–sillimanite gneiss from the Devonian Desná para-
autochthon was identified among the country-rock xeno-
liths. Restitic metapelite (Fig. 3d) with garnet-bearing 
melt patches occurs either as big septa or sub-horizontal 
screens. Calc-silicate rocks, with cm-scale garnets and 
pyroxenes, are probably derived from the Branná Group 
marbles. Amphibolite, partially recrystallized, showing 
striking modal and textural similarities with the dark 
granodiorite, is found within the biotite granite. Metased-
imentary staurolite-bearing xenoliths (< 1 cm) are present 
in isolated bodies of quartz monzodiorite. 

5.	Geochronology

Three samples were dated (all taken from active or 
just recently abandoned quarries): a quartz monzodio-
rite (sample ZU-6; WGS84 coordinates: N50°19.917', 
E17°04.917'), a biotite granite (ZU-3; N50°17.890', 
E17°05.789') and a Starost granodiorite (ZU-17; 
N50°18.757', E17°06.193'). 

In quartz monzodiorite ZU-6, zircon grains are up 
to 0.5 mm long with a mean size of 100–250 µm. They 
are elongated with an aspect ratio of 1:20 and sometimes 
have skeletal habits. In cathodoluminescence (CL) im-
ages, zircons show a patchy zoning, sometimes flame-like 
with frequent inclusions forming straight lines along the 
long axis of the grain (Fig. 4a). Special care was taken 

to avoid inclusions and cracks and only homogenous 
parts of zircon grains were used for the analysis. From 
ZU-6, 21 spots located in CL-bright parts of 17 zircon 
grains yielded U–Pb concordia age of 292 ± 4 Ma (2σ; 
Fig. 4b). Ten spots in CL-dark parts of eight zircon grains 
revealed a discordance of the U–Pb isotopic system but 
yield a similar mean 206Pb/238U age of 290 ± 4 Ma (2σ; 
MSWD = 1).

The CL images of zircons from the biotite granite 
ZU-3 show clearly magmatic oscillatory zoning and, 
sometimes, conspicuous bright rounded inherited cores 
(Fig. 4c). From ZU-3, seven spots in seven different zir-
con grains exhibiting a magmatic zoning yielded U–Pb 
concordia age of 291 ± 5 Ma in the Tera and Wasserburg 
(1972) plot (2σ; Fig. 4d). One analysis from the centre of 
an oscillatory-zoned zircon gave a concordant 206Pb/238U 
age of 299 ± 3.2 Ma. Five discordant analyses, together 
with this latter 299 Ma spot, fall on the same line in the 
Tera and Wasserburg (1972) plot, with a lower intercept 
of the concordia curve at 299 ± 5 Ma (MSWD = 0.65). 
A  rounded inherited core yielded a 206Pb/238U age of 
513 ± 9 Ma (Electronic Supplementary Material 2)

Zircons from the Starost granodiorite ZU-17 have 
euhedral prismatic shapes, with an aspect ratio of 1 : 5 
and pinkish colour. Several grains are sub-rounded and 
have low aspect ratios of 1 : 2. Typical length is between 
75 and 150 µm. In CL images, zircon crystals show a 
very regular oscillatory zoning disrupted by angular frag-
ments. Dissolution–recrystallization features blurring the 
previous oscillatory pattern are common (Fig. 4e). The 
U–Pb dating revealed two distinct populations, the first 
composed of six spots in six different zircon grains, with 
a mean 206Pb/238U age of 388 ± 7 Ma (95 % conf.; MSWD 
= 2; Fig. 4f) and the second consisting of eight spots in 
seven grains, with a mean 206Pb/238U age of 298 ± 5 Ma 
(95 % conf.; MSWD = 1.1; Fig. 4f).

6.	Whole-rock geochemistry

6.1.	Major elements

The new dataset of ten samples (Tabs 1–2) was supple-
mented by 41 unpublished trace- and major-element anal-
yses from the database of the Czech Geological Survey 
(Čadková et al. 1985; Žáček et al. 2004b, 2005b; Pecina 
et al. 2006) and four by Zachovalová et al. (2002) which 
are reported in Electronic Supplementary Material 4.

A wide range of rocks are represented in the pluton, 
ranging from 54 to 75 wt. % SiO2. Using the P–Q mul-
ticationic plot (Debon and Le Fort 1983), samples can 
be classified between monzodiorite and granite end-
members, with transitional compositions corresponding 
to quartz monzodiorite, granodiorite and ‘adamellite’ 
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(a disused term according to the current IUGS classifi-
cation scheme) (Fig. 5a). The B–A plot (Debon and Le 
Fort 1983) (Fig. 5b) can be used to express the contents 
of mafic components Fe, Mg and Ti (= B), their relation 
to the aluminium balance (A) and thus the characteristic 
mineral assemblage. Samples define a trend from the 
hornblende > biotite metaluminous field for quartz mon-
zodiorite and granodiorites, to the weakly peraluminous 
biotite field for granite. If expressed by the Shand’s index 
A/CNK [molar Al2O3 / (CaO + Na2O + K2O)], quartz 
monzodiorite (A/CNK = 0.73–0.79) and granodiorites 
(A/CNK = 0.93–0.97) are metaluminous whereas biotite 
granites are slightly peraluminous (A/CNK = 1.02–1.07). 

The pluton is composed of sub-alkaline rocks, as dem-
onstrated by the TAS diagram (Irvine and Baragar 1971; 
Cox et al. 1979) (Fig. 5c), defining a calc-alkaline series 
in the AFM diagram (Irvine and Baragar 1971) (Fig. 5d) 
and following a high-K calc-alkaline trend in SiO2 vs. 
K2O plot (Peccerillo and Taylor 1976) (Fig. 5e). The mg 
numbers [molar 100× MgO/(MgO + FeOt)] correlate 
negatively with SiO2, from 0.44–0.38 in the intermediate 
samples down to 0.24 in the most acidic rocks (Fig. 6).

Harker diagrams display negative linear correlations 
of SiO2 with TiO2, FeOt, MgO, CaO while P2O5 is slightly 
inflexed (Fig. 6). The Al2O3, Na2O and K2O show poor 
correlations with marked inflexion at ~70 % SiO2. So-

dium prevails over potassium in quartz monzodiorite 
(K2O/Na2O = 0.58–0.70 by weight), whereas this ratio 
ranges from 1.2 to 1.5 in granites. The CaO/Na2O ratios 
show a negative linear correlation with SiO2, varying 
between 2.1 in the quartz monzodiorite and 0.34 in the 
most acidic granite. 

6.2.	Trace elements

The trace-element signatures of the studied samples 
are presented as Normal Mid-Ocean Ridge Basalts 
(NMORB) normalized (Sun and McDonough 1989) 
spiderplots (Fig. 7a). The quartz monzodiorites show 
strong enrichment in the Large Ion Lithophile Elements 
(LILE; e.g., RbN up to 150× NMORB) whilst they are 
rather poor in Heavy Rare Earth Elements (HREE; LuN 
~ 2× NMORB). On this steep pattern are superimposed 
weak negative anomalies in U, Nb, Sr, Ti and a positive 
anomaly in Pb. High contents of High-Field-Strength 
Elements (HFSE: e.g., Nb and Zr) but also Y are typical. 
Biotite granites show larger enrichments in LILE (RbN 
= 300–450× NMORB) but much lower HFSE contents 
and deeper Nb, Sr, P, and Ti troughs as well as a more 
conspicuous Pb peak relative to quartz monzodiorites. 
The Starost granodiorite displays a pattern very similar 
to that observed for the biotite granite while the dark 

Tab. 1 Whole-rock major-element data from the studied samples (wt. %)

Sample Zu-8 Zu-11 Zu-14 Zu-3 Zu-17 Zu-7 Zu-5 Zu-9.1 Zu-6 Zu-10

Rock type Biotite 
granite

Biotite 
granite

Biotite 
granite

Biotite 
granite

Starost
grano
diorite

Dark
grano
diorite

Dark
grano
diorite

Quartz
monzo
diorite

Quartz
monzo
diorite

Quartz
 monzo
diorite

x N50°18.648 N50°18.152 N50°19.285 N50°17.890 N50°18.757 N50°19.917 N50°16.590 N50°15.477 N50°19.917 N50°17.348 
y E17°7.420  E17°11.301  E17°10.183 E17°5.789 E17°06.193 E17°4.917 E17°7.860 E17°8.343 E17°4.917 E17°12.452 
SiO2 73.00 73.70 74.50 74.80 71.00 63.70 65.00 54.20 54.60 56.50
TiO2 0.30 0.20 0.19 0.19 0.29 1.11 0.88 1.96 1.75 1.73
Al2O3 13.50 13.90 13.30 13.10 14.10 15.50 15.20 15.60 15.40 15.30
FeO 1.74 1.44 1.44 1.21 1.81 4.33 3.60 7.39 7.32 7.02
Fe2O3 0.36 0.09 0.06 0.25 0.56 1.69 1.33 2.00 1.58 1.94
MnO 0.04 0.03 0.03 0.03 0.06 0.10 0.07 0.16 0.17 0.16
MgO 0.46 0.41 0.27 0.25 0.70 1.51 1.78 3.30 4.09 2.98
CaO 1.73 1.59 1.18 1.17 1.99 4.15 3.32 7.01 7.15 6.20
Na2O 3.28 3.52 3.20 3.41 3.75 3.71 3.74 3.76 3.35 3.43
K2O 4.30 4.06 4.65 4.61 4.37 2.75 3.38 2.17 2.34 2.33
P2O5 0.06 0.07 0.05 0.05 0.08 0.23 0.31 0.83 0.74 0.70
F 0.06 0.06 0.07 0.06 0.06 0.07 0.08 0.13 0.12 0.13
CO2 0.09 < 0.01 0.07 0.05 < 0.01 0.06 0.02 0.01 0.07 0.06
LOI 0.56 0.59 0.60 0.55 0.58 1.00 0.90 1.20 1.29 1.44
H2O

– < 0.05 < 0.05 < 0.05 < 0.05 0.12 < 0.05 0.06 0.05 0.11 0.06
Total 99.60 99.70 99.60 99.70 99.40 99.90 99.70 99.80 100.00 99.90
K2O/Na2O 1.31 1.15 1.45 1.35 1.17 0.74 0.90 0.58 0.70 0.68
CaO/Na2O 0.53 0.45 0.37 0.34 0.53 1.12 0.89 1.86 2.13 1.81
mg# 28.5 32.5 24.4 23.8 35.1 31.5 39.8 39.0 45.5 37.7
A/NK 1.35 1.37 1.29 1.20 1.29 1.70 1.55 1.83 1.90 1.87
A/CNK 1.02 1.06 1.07 1.03 0.97 0.93 0.96 0.73 0.73 0.79
Al2O3/TiO2 45.1 69.6 69.8 68.9 48.5 14.0 17.3 8.0 8.8 8.8
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Tab. 2 Whole-rock trace-element data from the studied samples (ppm)

Sample Zu-8 Zu-11 Zu-14 Zu-3 Zu-17 Zu-7 Zu-5 Zu-9.1 Zu-6 Zu-10

Rock type Biotite 
granite

Biotite 
granite

Biotite 
granite

Biotite 
granite

Starost
grano
diorite

Dark
grano
diorite

Dark
grano
diorite

Quartz
monzo
diorite

Quartz
monzo
diorite

Quartz
 monzo
diorite

Ba 887 1030 550 493 719 930 1060 811 710 729
Rb 177 197 229 252 117 113 120 79.4 62.5 95.0
Sr 149 186 95 84 225 293 321 334 350 309
Zr 203 132 140 180 207 339 336 515 415 495
Nb 17.4 14.1 18.8 21.4 12.9 26.5 25.7 48.9 45.8 48.4
Ni < 3 3 < 3 < 3 < 3 4 4 7 10 7
Co 5 3 3 3 6 20 16 36 40 35
Zn 48 41 48 42 64 88 76 130 120 123
Cs 3.1 5.9 5.4 6.5 4.4 3.5 3.4 < 0.7 0.8 2.2
Ta 1.56 1.34 1.87 2.46 1.02 2.07 1.71 2.55 2.83 2.82
Hf 6.58 4.32 5.31 6.28 6.45 9.5 9.53 13.3 11.0 12.8
Sc 4.87 3.99 4.20 4.05 6.41 15.4 10.7 19.2 18.7 19.3
Cr 9 10 10 10 12 9 28 30 95 30
V 22.1 15.6 10.9 9.4 30.5 117 58.9 139 126 140
Th 21.1 24.1 28.2 25.5 13.0 13.2 11.1 10.2 9.32 13.7
U 5.55 5.67 5.90 3.47 1.30 3.42 2.22 1.24 1.35 2.04
Pb 22.2 22.5 27.9 25.1 15.1 15.2 16.7 11.0 12.1 13.1
Y 27.7 32.3 30.9 35.0 24.1 45.4 38.3 58.8 50.3 56.7
La 56.8 49.8 48.1 40.5 35.2 51.8 60.4 70.9 70.2 85.9
Ce 114 96.7 101 87.8 78.5 109 120 160 154 183
Pr 12.3 10.3 11.3 9.9 7.95 12.8 14.2 19.6 18.4 21.2
Nd 43.4 36.5 41.2 36.5 29.2 50.6 55.2 80.0 73.7 82.9
Sm 7.54 6.36 8.02 7.44 5.30 10.04 9.76 15.5 13.8 15.2
Eu 0.80 0.69 0.58 0.54 0.91 1.83 1.74 3.09 2.92 3.03
Gd 5.30 4.60 6.40 6.20 4.00 8.70 8.00 13.4 11.7 12.8
Dy 4.99 5.46 5.67 6.18 3.98 8.18 6.88 11.2 9.64 10.8
Ho 1.08 1.040 1.21 1.36 0.92 1.80 1.51 2.35 2.04 2.32
Er 2.83 2.70 3.17 3.58 2.48 4.65 3.95 6.06 5.38 5.90
Tm 0.39 0.391 0.44 0.51 0.35 0.64 0.55 0.81 0.72 0.80
Yb 2.55 3.15 3.06 3.53 2.54 4.28 3.81 5.29 4.78 5.31
Lu 0.42 0.51 0.50 0.56 0.45 0.69 0.63 0.92 0.83 0.89
Eu/Eu* 0.38 0.39 0.25 0.24 0.60 0.60 0.60 0.66 0.70 0.67
La N/YbN 15.01 21.31 10.60 7.72 9.33 8.17 10.71 9.04 9.89 10.92
LaN/SmN 4.74 4.93 3.77 3.42 4.18 3.25 3.89 2.88 3.20 3.55
ΣREE 254 214 232 206 173 267 288 392 371 433

granodiorite has incompatible trace-element concentra-
tions intermediate between the quartz monzodiorite and 
the biotite granite.

For the quartz monzodiorite, the REE patterns nor-
malized to chondrite (Boynton 1984) exhibit a fairly 
low degree of LREE/HREE enrichment (LaN/YbN = 
9–11; LaN/SmN = 2.8–3.6) and a significant negative 
Eu anomaly (Eu/Eu*= 0.65–0.70) (Fig. 7b). The total 
REE concentration is high (ΣREE ~ 400 ppm). The dark 
granodiorite and the Starost granodiorite REE patterns 
are sub-parallel to that of the quartz monzodiorite, with 
a significantly lower total REE concentrations (ΣREE ~ 
287 ppm in the dark granodiorite and ~ 172 ppm in the 
Starost granodiorite) and a slightly more pronounced 
negative Eu anomaly (Eu/Eu* ~ 0.60). The biotite granite 
is characterized by a low to moderate degree of LREE/

HREE enrichment (LaN/YbN = 6–15; LaN/SmN = 3.4–5.5) 
and a deep Eu anomaly (Eu/Eu* = 0.24–0.39) compared 
to granodiorites and the quartz monzodiorite. The sample 
ZU-2 has a distinctly higher LREE content (LaN = 260× 
chondrite) but its HREE distribution resembles that of 
the other biotite granites.

In granitic rocks, the LILE are hosted by major phases 
such as biotite, K-feldspar and plagioclase. In course of 
fractional crystallization, especially Ba, Rb and Sr pro-
vide important constraints on the cumulus composition 
due to their contrasting behaviour. Barium and Rb are 
incorporated preferentially into K-bearing phases, biotite 
and K-feldspar, while Sr is partitioned mainly into both 
feldspars, given the low modal amounts of apatite.

The SiO2 vs. Ba plot (Fig. 8a) has a bell shape indi-
cating an independent position of the more basic rocks 
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within the suite. Indeed, the Ba–Sr plot in logarithmic co-
ordinates shows the presence of two distinct but broadly 
parallel linear trends, the first represented by granitic and 
the second by granodioritic samples (Fig. 8b). The first 
trend is compatible with up to 15 % fractional crystalliza-
tion of a K-feldspar > plagioclase assemblage. The log 
Ba vs. log Rb plot underscores the independent position 
of the quartz monzodiorite and confirms that K-feldspar 
with minor plagioclase fractional crystallization is a 
plausible model to explain the variation in the granites 
(Fig. 8c).

In the tectonic discriminant diagrams proposed by 
Pearce et al. (1984), quartz monzodiorites plot in the 
within-plate field whereas granites fall systematically in 
the volcanic-arc field or straddle the boundary between 
the two fields (Fig. 9a–b). In a ternary diagram of Hf–
Rb/30–3×Ta (Harris et al. 1986), most granites fall in 
the late or post-collisional calc-alkaline field which is 
distinguished from volcanic-arc granites by higher Ta/
Hf ratios and from syn-collisional granites by  lower 
Rb (Fig. 9c). The Starost granodiorite falls in the 
volcanic-arc granite field along with one analysis of the 
biotite granite. In the ternary Th–Hf/3–Nb/16 tectonic 

discriminant diagram for basic rocks (Wood 1980), the 
quartz monzodiorites form a linear array in the field of 
calc-alkaline basalts. This distribution reflects high, but 
variable, Th contents compared to MORB and within-
plate tholeiites (Fig. 9d) rather than the presence of 
Nb depletion characteristic of igneous-arc settings (see 
also the lack of pronounced Nb anomaly in NMORB-
normalized spiderplot).

6.3.	Zircon saturation temperatures

The temperature of a magma from which accessory min-
erals such as apatite, monazite or zircon crystallized may 
be estimated from experimentally calibrated saturation 
models (e.g., Hanchar and Watson 2003). The negative 
SiO2–Zr correlation in the whole suite suggests early zir-
con saturation (Fig. 10a). Zircon saturation temperature 
(TZrn) calculations following Watson and Harrison (1983) 
yield broadly similar results for the quartz monzodiorite 
(776–814 °C), the Starost granodiorite (798 °C) and the 
biotite granite (773–806 °C) (Fig. 10b). The dark grano-
diorite has a distinctly higher TZrn of 825–830 °C. 
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The TZrn have proven to be rather robust to the pres-
ence of minor inheritance (Janoušek 2006). Thus, the 
TZrn (773–806 °C) from the biotite granite is probably a 
good estimate of the liquidus magma temperature. For 
the quartz monzodiorite, the skeletal shapes, the high 
elongation ratios of zircons and the presence of axial 
melt trails support a rather late and rapid growth (Corfu 
et al. 2003). Given the absence of inheritance, TZrn only 
provide a lower constraint on the liquidus temperature 
of quartz monzodiorite magma which was in excess of 
800 °C.

6.4.	Sr–Nd isotopes

Whole-rock Sr–Nd isotopic compositions of nine selected 
samples are presented in Tab. 3. The initial εNd values 
were age-corrected to 292 Ma, assuming the newly de-

termined U–Pb zircon age. The isotopic data of quartz 
monzodiorite show only minor variations, with slightly 
negative ε292

Nd of –2.7 to –3.0 and rather radiogenic 
strontium (87Sr/86Sr292 = 0.7073–0.7076). Neodymium 
isotopic compositions for granites are more scattered 
but still similar to those of quartz monzodiorite (ε292

Nd = 
–2.0 to –3.6); Sr is less radiogenic (87Sr/86Sr292 =0.7051 
to 0.7059). Dark granodiorite shows the lowest ε292

Nd 
(–4.2) and highest 87Sr/86Sr292 (0.7076), similar to that of 
quartz monzodiorite (Fig. 11a). The Starost granodiorite 
has the most primitive characteristics (ε292

Nd = +0.6 and 
87Sr/86Sr292 = 0.7045). The two-stage Depleted Mantle 
Nd model ages (Liew and Hofmann 1988) for granite 
and quartz monzodiorite samples show a similar crustal 
residence (1.18–1.30 Ga) (Tab. 3; Fig. 11b), whereas the 
Starost granodiorite yields a slightly younger model age 
of 0.97 Ga.

Cs  Ba U    K Ce   Pr P Zr   Eu   Dy Yb

Rb Th   Nb   La  Pb   Sr   Nd Sm Ti Y Lu

0
.1

1
1

0
1

0
0

1
0

0
0

1
0

0
0

0
Cs  Ba U    K Ce   Pr P Zr   Eu   Dy Yb

Rb Th  Nb   La   Pb   Sr   Nd  Sm Ti Y Lu

0
.1

1
1

0
1

0
0

1
0

0
0

1
0

0
0

0

La Pr Pm      Eu Tb      Ho Tm Lu

Ce Nd Sm     Gd Dy Er Yb

S
a
m

p
le

/ 
N

M
O

R
B

S
a
m

p
le

/ 
C

h
o
n
d
ri
te

La Pr Pm      Eu Tb      Ho Tm Lu

Ce Nd Sm     Gd Dy Er Yb

1
1

0
1

0
0

1
0

0
0

La Pr Pm     Eu Tb      Ho Tm     Lu

Ce Nd Sm     Gd Dy Er Yb

1
1

0
1

0
0

1
0

0
0

0
.1

1
1

0
1

0
0

1
0

0
0

1
0

0
0

0

Starost

Dark

Cs  Ba U K    Ce   Pr P Zr    Eu Dy Yb

Rb Th   Nb   La  Pb   Sr    Nd Sm Ti Y Lu

1
1

0
1

0
0

1
0

0
0

(a)

(b)

quartz monzodiorite

quartz monzodiorite

biotite granite

biotite granite

granodiorites

granodiorites

Starost

Dark

Fig. 7a – Spider plots normalized to NMORB (Sun and McDonough 1989). b – Rare Earth Element patterns normalized to chondrite (Boynton 
1984). The dataset is divided into three groups based on major-element geochemistry: quartz monzodiorite, biotite granite and granodiorites. The 
grey shaded area represents the overall variability of the dataset.



Antonin Laurent, Vojtěch Janoušek, Tomáš Magna, Karel Schulmann, Jitka Míková

428

7.	Discussion

7.1.	Timing of emplacement

Timing the assembly of composite plutons may be chal-
lenging, especially when using LA-ICP-MS or SHRIMP 
methods (e.g., Kryza et al. 2014b). The most reliable 
data to constrain the final emplacement age in such cases 
come from the intermediate lithologies which underwent 
rapid cooling and zircon crystallization, although care 
must be taken to avoid zircon crystals re-equilibrated 
with late magmatic fluids (e.g., Kusiak et al. 2009). In 
the Žulová Composite Pluton the final emplacement of 
the quartz monzodiorite is constrained by the new U–Pb 
age at 292 ± 4 Ma and that of biotite granite at 291 ± 5 
Ma. These ages overlap within error, in accord with the 
field evidence indicating mafic melt injection into still 
not fully solidified granitic mush. Besides, the Starost 
granodiorite displays two age components: the older, 
388 ± 7 Ma population that is most likely inherited from 
the source, and the younger, 298 ± 5 Ma, probably mag-
matic. From the field relationships, the Starost granodio-
rite is slightly younger than the biotite granite suggesting 
(i) incorporation of antecrysts (Miller et al. 2007) during 
incremental building of the magma chamber over several 
My or (ii) the presence of zircons that have crystallized 
in the partially molten source, before melt extraction. Six 
spots displaying older apparent 206Pb/238U ages retrieved 
from the biotite granite (dashed ellipses in Fig. 4f) also 
point to unresolved inheritance. 

Even though the precision of our zircon age data from 
the Starost granodiorite is not high enough to unequivo-
cally prove a protracted magmatic activity, we suggest 
that the magmatic episode, from source melting to final 
emplacement, could have spanned some 5–10 My with a 
well constrained emplacement episode at ~292 Ma. This 
scenario is in broad agreement with 40Ar–39Ar dating of 
a Žulová granodiorite sampled along the south-western 
margin of the pluton (Maluski et al. 1995). The similarity 
of 40Ar–39Ar ages obtained from amphibole (292 ± 3 Ma) 
and biotite (290 ± 3 Ma), which have different closure 
temperatures, indicate rapid cooling and thus may be 
close to the emplacement age.
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Tab. 3 Sr–Nd isotopic data, measured and age-corrected to 292 Ma

Sample Rock type 87Sr/86Sr ± 2 SE 87Rb/86Sr 143Nd/144Nd ± 2 SE 147Sm/144Nd 87Sr/86Sr292 ε292
Nd TDM TDM 2 st.

Zu-3 Bt granite 0.741286 0.000010 8.71 0.512340 0.000016 0.1232 0.70510 –3.1 1.29 1.26
Zu-8 Bt granite 0.719709 0.000010 3.43 0.512358 0.000019 0.1050 0.70544 –2.0 1.06 1.18
Zu-11 Bt granite 0.717975 0.000010 3.07 0.512280 0.000029 0.1052 0.70522 –3.6 1.17 1.30
Zu-14 Bt granite 0.734993 0.000015 6.99 0.512351 0.000016 0.1177 0.70593 –2.7 1.20 1.23
Zu-17 Starost gd 0.710728 0.000012 1.50 0.512503 0.000011 0.1097 0.70450 +0.6 0.90 0.97
Zu-7 Dark gd 0.712190 0.000010 1.11 0.512274 0.000018 0.1201 0.70756 –4.2 1.35 1.35
Zu-6 Q mnzd 0.709761 0.000011 0.52 0.512326 0.000019 0.1129 0.70761 –3.0 1.18 1.25
Zu-10 Q mnzd 0.711066 0.000012 0.89 0.512318 0.000017 0.1109 0.70737 –3.0 1.17 1.25
Zu-9.1 Q mnzd 0.710182 0.000012 0.69 0.512349 0.000020 0.1172 0.70732 –2.7 1.20 1.23
Starost gd = Starost granodiorite, Bt granite = biotite granite, Q mnzd = quartz monzodiorite. 
TDM = single-stage Depleted Mantle Nd model age after Jacobsen and Wasserburg (1980), TDM 2 st. = two-stage Depleted Mantle Nd model age 
after Liew and Hofmann (1988) – both in Ga.
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7.2.	Magma evolution

The local differences in feldspar abundance and grain-
size within the biotite granite may be explained by 
fractional crystallization. Modelling of 15 % fractional 
crystallization in Ba–Sr and Ba–Rb diagrams (Fig. 8b–c) 
documents a dominant influence of K-feldspar and minor 
role for plagioclase. This is in line with a sharp drop in 
Al2O3 and Na2O within the biotite granite, as well as the 
progressively deepening negative Eu anomaly. Strontium 
in the biotite granite (87Sr/86Sr292 = 0.7051–0.7059) has 
a distinctly more primitive signature than in the quartz 
monzodiorite (0.7073–0.7076), even though the Nd 
isotopic compositions are similar. The evolution of the 
felsic suite (i.e. biotite granite and Starost granodiorite) 
by wall-rock assimilation and fractional crystallization 
of a an intermediate or mafic melt parental to the quartz 
monzodiorite is therefore unlikely as it would require a 
hypothetic SiO2-rich contaminant with Sr isotopic com-
position close to, or even less evolved than, the Bulk 
Earth (87Sr/86Sr292 ~ 0.7042).

Within the pluton, the coexistence of mafic and fel-
sic magmas is demonstrated by liquid–liquid contacts, 
mixing microtextures and similar U–Pb ages. However, 
large-scale hybridization between granitic and quartz 
monzodioritic magmas cannot account for the observed 

Sr and Nd isotopic variation (Fig. 11a). Indeed, the pu-
tative intermediate mixing products, i.e. the Starost and 
dark granodiorites, have the least and the most evolved 
isotopic signatures, respectively. It may well be that mafic 
to intermediate melts were present in limited volumes 
and had isotopic compositions too similar to influence 
significantly that of the granitic melt. Therefore, the 
different rocks making up the Žulová Composite Pluton 
should have originated from distinct and/or heteroge-
neous sources.

7.3.	Source of the parental magmas

7.3.1.	Quartz monzodiorite 

During the post-collisional to post-orogenic period, both 
mantle and crustal sources are thought to be involved in 
magma genesis (Bonin et al. 1998; Bonin 2004). A mixed 
crustal–mantle origin for the quartz monzodiorite is sup-
ported by (i) the initial Sr isotopic ratios of 0.707 and 
ε292

Nd values of –2.7 to –3.0 which are outside of typical 
mantle composition and (ii) disequilibrium textures in 
minerals (Electronic Supplementary Material 3). The 
relative contribution of mantle- and crustally-derived 
material may be assessed from the trace-element com-
position.

In NMORB normalized spiderplots, the quartz mon-
zodiorite pattern is characterized by LILE enrichment, 
weak negative Sr anomaly and rather high contents of 
HFSE (especially Zr, Nb and Ti) and Y. The high con-
tents of LILE, Th and Pb have been used as a hint for 
crustal contamination of mafic magmas (Wood 1980). 
Yet, it is difficult to decipher whether most of the crustal 
contamination took place during magma ascent (e.g., De 
Paolo 1981; Kemp et al. 2007; Pietranik et al. 2011) or 
whether these are inherent characteristics of the mantle 
itself (e.g., Janoušek et al. 1995; Miller et al. 1999; 
Conticelli et al. 2009; Willbold and Stracke 2010). In the 
latter case, this could reflect the interaction with deeply 
subducted continental crust, metasomatism by fluids/
small-scale melts derived from oceanic slab above an 
older subduction zone or even metasomatism of an an-
cient lithospheric mantle. Besides, the rather high HFSE 
contents are typical of within-plate settings (Pearce et al. 
1984) and are interpreted to reflect a primitive (or even 
enriched) mantle source. Thus, two hypotheses arise: 
(i) melting of a mantle enriched in LILE, metasoma-
tized/contaminated probably during the Early Devonian 
subduction, by heat of the upwelling asthenosphere or 
(ii) extensive crustal contamination of a basaltic melt, 
extracted from a primitive mantle source, by the me-
tagranitic and metasedimentary basement of the Desná 
Dome – a suitable contaminant from the Nd isotopic 
perspective (Fig. 11b).

50 55 60 65 70 75 80

1
0

0
2

0
0

3
0

0
4

0
0

5
0

0
6

0
0

Z
r

(p
p

m
)

SiO2 (wt. %)

780 790 800 810 820 830

Zircon saturation T (°C)

(a)

(b)

Dark granodiorite

Quartz monzodiorite

Biotite granite

Starost granodiorite

Fig. 10a – Binary plot of SiO2 (wt. %) versus Zr (ppm). b – Boxplot 
of zircon saturation temperatures after Watson and Harrison (1983) 
presented for each rock-type.



Granitoids of the post-collisional Žulová Pluton, Bohemian Massif

431

anomalies, associated with a positive Pb anomaly as well 
as high Th/Ta ratios, are diagnostic of subduction-related 
materials (Pearce and Peate 1995; Schandl and Gorton 
2002). Consequently, for both igneous units, one can 
assume an arc-related source, depleted in HFSE, which 
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7.3.2.	Biotite granite and Starost granodiorite

The biotite granite and the Starost granodiorite show mu-
tually comparable trace-element patterns and Sr isotopic 
compositions. The observed negative Nb, Ta, P and Ti 
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should have relatively unradiogenic strontium (87Sr/86Sr292 
= 0.7045–0.7059) and a low time-integrated Rb/Sr ratio.

The predominance of ilmenite over magnetite in the 
Žulová granitoids (Zachovalová et al. 2002) points to a 
rather reduced environment which is typical of sedimen-
tary lithologies rich in organic matter (Ishihara 1981; 
Takagi 2004). Another constraint comes from the CaO/
Na2O ratio which is supposed to reflect the plagioclase to 
clay proportion in the source and can therefore be used 
to distinguish between pelitic and psammitic parentages 
(Sylvester 1998). The biotite granite has a mean CaO/Na2O 
ratio of 0.42 (Tab. 1), supporting a plagioclase-rich source.

Based on a compilation of experimental data, Jung et 
al. (2009) proposed a diagram to discriminate between 
possible sources of granitoids. In this diagram (Fig. 11c), 
the biotite granite falls in the greywacke field while the 
Starost granodiorite is at the boundary between the grey-
wacke and the amphibolite fields. This is in line with the 
subaluminous to slightly peraluminous character of the 
suite and the negative Eu and Sr anomalies which favour 
a plagioclase-rich residue.

The Starost granodiorite contains a reasonable amount 
of large (>  150 µm) inherited zircon meaning that the 
melt was oversaturated with respect to Zr during anatexis 
(Miller et al. 2003) and that the source region was prob-
ably Zr-rich. The zircons yield a narrow range of concor-
dant ages of 388 ± 7 Ma, with thin overgrowths (< 10 µm) 
or even lacking any visible rims (Fig. 4e lower row). This 
observation points to a source dominated by Devonian 
(meta-) volcanic rocks and/or immature metasediments 
(greywackes) with a considerable volcanic admixture. 
In contrast, in mature metasedimentary lithologies one 
would expect to encounter a wider range of inherited 
age components. One possible protolith for the Starost 
granodiorite would be fairly radiogenic in Nd (ε292

Nd = 
+0.6), easy to melt, and volcanic in nature, i.e. most 
likely Devonian tuffs of the Vrbno Group. The derivation 
of the Starost granodiorite from a Western Volcanic Belt 
tuff (Janoušek et al. 2014), with a small contribution of 
the Cadomian basement, is in line with the Nd isotopic 
considerations (Fig. 11b). 

The protolith to the biotite granite should have un-
radiogenic Nd, be plagioclase-rich and clastic as sug-
gested by numerous rounded xenocrystic zircon cores 
revealed by CL. The single inherited core measured for 
ZU-3 yielded a 206Pb/238U age of 513 ± 9 Ma which is in 
the range of Desná orthogneiss magmatic ages. Indeed, 
the biotite granite has Nd isotopic composition overlap-
ping that of the Desná Dome basement composed of 
metagreywackes and metagranites (Fig. 11b). The direct 
derivation of the biotite granite from the metagranitic 
basement is yet precluded as its anatexis would likely 
produce an A-type granite (Patiño Douce 1997; Hanžl 
et al. 2007; Janoušek et al. 2014). For that reason, the 

Cadomian zircon inheritance rather reflects the fact that 
(Devonian) greywackes are composed of both Devonian 
arc-derived detritus and material eroded from the Desná 
Dome Cadomian basement.

7.3.3.	Toward a plausible model

Several lines of geological evidence favour an exten-
sional setting at the Carboniferous–Permian transition in 
the Moravo–Silesian Zone (Cháb et al. 1994; Maluski et 
al. 1995; Schulmann and Gayer 2000). This regime may 
have promoted the rise of mantle-related mafic magmas 
into the relaxing post-orogenic crust, thereby providing 
a suitable source of heat for crustal melting (Annen et 
al. 2006; Bea 2012). The mantle heat input would have 
triggered an anatexis of a deeply buried sequence of in-
homogeneous and immature Devonian sedimentary rocks 
containing arc-derived and Cadomian detritus interbed-
ded with volcaniclastics. The mantle-derived intrusions, 
and related anatexis of crustal material, probably spanned 
5–10 My. The melt extraction episode at ~292 Ma led 
to the upper crustal emplacement of the biotite granite, 
Starost granodiorite and dark granodiorite together with 
quartz monzodiorite melts. 

7.4.	Regional correlation

7.4.1.	Strzelin Massif

The intermediate rocks (SiO2 < 60 %) of the Žulová and 
Strzelin plutonic associations share trace-element patterns 
(Fig. 11d) and a shallow level of emplacement (Pietranik 
and Waight 2008; this study). Strong similarities exist 
also in Sr–Nd isotopic signatures (Žulová: ε292

Nd = –2.7 
to –3.0, 87Sr/86Sr292 = 0.7073–0.7076; Strzelin: ε300

Nd = 
–3.0 to –4.6, 87Sr/86Sr300 = 0.7065–0.7080) (Fig. 11a) 
(this work, data of Oberc-Dziedzic et al. 1996, 2010, 
age-corrected to 300 Ma, and those of Pietranik and 
Waight 2008). Conversely, the trace-element pattern of 
the biotite granite from the Strzelin Massif, normalized 
to the average composition of the biotite granite from the 
Žulová Composite Pluton, shows lower Nb contents and 
variable enrichment/depletion in other incompatible trace 
elements (Fig. 11d). The Sr isotopic composition of bio-
tite granites from Strzelin (87Sr/86Sr300 = 0.7063–0.7083) 
is also very close to that of the Žulová biotite granite 
(87Sr/86Sr292 =0.7051–0.7059).

While the variability in acidic end-members in Žulová 
and Strzelin may reflect the local mid-crustal compositions, 
the similarities between intermediate rocks in both plutonic 
complexes suggest a derivation from a large (at least 70 km 
long belt), fairly uniform and fertile reservoir. The existence 
of such a deep source is likely as both plutons are hosted 
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by the same lithotectonic unit consisting of a Carboniferous 
orogenic wedge. This wedge resulted from the closing of a 
Devonian arc and back-arc domain developed on the Bru-
nian margin. The distribution of additional small granitic 
bodies (not shown in Fig. 2), cropping out or known from 
boreholes between the Žulová Composite Pluton and the 
Strzelin Massif (Klomínský et al. 2010), indicates a spa-
tially discrete magmatism along the Moldanubian–Brunian 
terrane boundary (Oberc-Dziedzic et al. 2005).

7.4.2.	The Sudetic Granite Belt

The four major composite plutons constituting the Su-
detic Granite Belt exhibit the same field characteristics 
(coexisting mafic–felsic magma) and similar Sr and Nd 
isotopic compositions reflecting contribution of both 
mantle- and crust-derived magmas (Fig. 11a). Their dis-
tribution does not seem random but is localized within 
imbricated crust on periphery of the Teplá–Barrandian 
and Moldanubian domains. This accumulation of plutons 
may either be the result of (i) focussed (mantle) heat 
input along major faults, and/or (ii) localized occurrence 
of fertile metasedimentary sources at former continental 
margins. These two conjugate regions are represented 
by Ordovician oceanic sedimentary wedge thrust onto 
the Saxothuringian plate in the west and Early–Mid 
Devonian arc and back-arc domains imbricated with 
Proterozoic basement of Brunia back stop to the east. The 
convergence took place during Late Devonian to Early 
Carboniferous times when the Sudetic orogenic system 
originated (Mazur et al. 2006). Besides, the widespread 
presence of an enriched mantle beneath the north-eastern 
Bohemian Massif is testified by several Late Carbonif-
erous lamprophyre dyke-swarms intruding most of the 
lithologies, especially in the Moldanubian and Teplá–
Barrandian domains (Awdankiewicz 2007). We point 
out that the distribution of these dyke-swarms, reflecting 
the mantle heat input, does not follow the major faults 
thereby favouring the second hypothesis. 

The duration of post-orogenic magmatism at the 
north-eastern margin of the Bohemian Massif was at 
least 20 My with an apparent eastward migration from 
the ~312 Ma old Krkonoše–Jizera Massif to the ~292 Ma 
old Žulová Composite Pluton. This timeframe contrasts 
with the quick assembly of a typical composite pluton 
(< 1 My; e.g. Schoene et al. 2012; Kryza et al. 2014a), 
demonstrated by liquid–liquid contacts and similar high-
resolution ID-TIMS ages. Besides, the assignment of 
unique crystallization age to granites is complicated by 
the tendency of zircon to keep records of multiple events, 
including residence in partially molten source. In the 
Sudetes, numerous recent geochronological studies have 
been carried out and systematically revealed a zircon 
record of ~10 My (Fig. 12) associated with Ar–Ar ages 

identical, within errors, to the younger U–Pb zircon ages 
(Maluski et al. 1995; Marheine et al. 2002; Turniak et al. 
2007). We suggest that the dispersion of U–Pb ages is not 
only analytical or data-treatment artefact but that it may 
also reflect a protracted anatexis in a deep crustal hot 
zone. The emplacement of the composite plutons at shal-
low levels probably reflected episodic magma extraction 
linked to the reactivation of lithospheric discontinuities 
at terrane boundaries.

The transition from orogenic to anorogenic settings or 
from the end of an orogenic phase to the beginning of the 
next one is a continuum. It is yet not clear whether the 
thermal energy involved in the generation of the Sudetic 
granitoids was linked to processes specific to the end of 
the Variscan Orogeny or whether it heralded a new oro-
genic cycle/phase. In this respect it is worth noting that 
the emplacement of the Sudetic Granite Belt was con-
temporaneous with a major high-T event in the southern 
Variscan realm interpreted by Schulmann et al. (2014a) 
as a collision at the Carboniferous–Permian transition. 

8.	Conclusions

Though displaying an apparently continuous trend in 
major-element compositions from quartz monzodiorite to 
biotite granite, the Žulová Composite Pluton does not con-
stitute a single differentiation series from the same paren-
tal magma. The whole-rock geochemistry and the Sr–Nd 
isotopic data indicate that the source of the biotite granite 
and the granodiorite could have been an inhomogeneous, 
arc-derived pile of immature metagreywackes containing 
variable proportions of Cadomian detritus and interbed-
ded with Devonian volcaniclastics. Quartz monzodiorite 
may have crystallized from an enriched mantle-derived 
melt, variably contaminated by a crustal component, most 
likely the Cadomian basement of the Desná Dome. The 
magmatic episode probably spanned 5–10 My from source 
melting to the upper crustal emplacement. The emplace-
ment ages of the biotite granite (291 ± 5 Ma), Starost 
granodiorite, dark granodiorite and quartz monzodiorite 
(292 ± 4 Ma) were within the error identical. 

The Žulová Composite Pluton intruded during a 
regional-scale event along with additional three plu-
tonic complexes composing the Sudetic Granite Belt: 
the Krkonoše–Jizera, the Strzegom–Sobótka and the 
Strzelin massifs. The extensional regime prevailing in 
the Variscan realm at the Carboniferous–Permian transi-
tion may have promoted the rise of mantle-related mafic 
magmas into the relaxing post-orogenic crust thereby 
triggering mid-crustal anatexis. The emplacement of 
composite plutons at shallow levels was subsequently 
related to the reactivation of lithospheric discontinuities 
at terrane boundaries. 
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Taken together, this study documents that in a post-
orogenic setting, mantle-derived melts may display iso-
topically more evolved signatures than immature crustal 
sources. Former orogenic wedges, resulting from the 
inversion of youthful plate margins, represent a feasible 
source for such post-orogenic granitoids.
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