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Abstract Correct interpretation of zircon ages from high-

grade metamorphic terrains poses a major challenge

because of the differential response of the U–Pb system to

metamorphism, and many aspects like pressure–tempera-

ture conditions, metamorphic mineral transformations and

textural properties of the zircon crystals have to be

explored. A large (c. 450 km2) coherent migmatite com-

plex was recently discovered in the Bohemian Massif,

Central European Variscides. Rocks from this complex are

characterized by granulite- and amphibolite-facies mineral

assemblages and, based on compositional and isotopic

trends, are identified as the remnants of a magma body

derived from mixing between tonalite and supracrustal

rocks. Zircon crystals from the migmatites are exclusively

large (200–400 lm) and yield 207Pb/206Pb evaporation ages

between 342–328 Ma and single-grain zircon fractions

analysed by U–Pb ID-TIMS method plot along the con-

cordia curve between 342 and 325 Ma. High-resolution

U–Pb SHRIMP analyses substantiate the existence of a

resolvable age variability and yield older 206Pb/238U ages

(342–330 Ma, weighted mean age = 333.6 ± 3.1 Ma) for

inner zone domains without relict cores and younger

206Pb/238U ages (333–320 Ma, weighted mean age =

326.0 ± 2.8 Ma) for rim domains. Pre-metamorphic cores

were identified only in one sample (206Pb/238U ages at

375.0 ± 3.9, 420.3 ± 4.4 and 426.2 ± 4.4 Ma). Most

zircon ages bracket the time span between granulite-facies

metamorphism in the Bohemian Massif (*345 Ma) and

the late-Variscan anatectic overprint (Bavarian phase,

*325 Ma). It is argued that pre-existing zircon was vari-

ously affected by these metamorphic events and that pri-

mary magmatic growth zones were replaced by secondary

textures as a result of diffusion reaction processes and

replacement of zircon by dissolution and recrystallization

followed by new zircon rim growth. Collectively, the results

show that the zircons equilibrated during high-grade meta-

morphism and record partial loss of radiogenic Pb during

post-peak granulite events and new growth under subsequent

anatectic conditions.

Keywords Bohemian Massif � Granulite-facies �
Migmatite � U–Pb zircon � Variscides

Introduction

Numerous studies have highlighted the chemical durability

of zircon to intracrustal recycling and metamorphism (for

reviews see Mezger and Krogstad 1997; Scherer et al.

2007). Resistance to Pb diffusion during orogenic cycles

gives zircon a unique capacity among geochronometers and

allows scientists to observe ancient crust-forming periods in

zircons collected from much younger rocks (Wilde et al.

2001). Once formed, zircons can sustain mantle storage

(Siebel et al. 2009), crustal recycling and melt–peridotite

interaction (Liu et al. 2010) or subduction/exhumation and

eclogite-facies metamorphism (Rubatto and Scambelluri
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2003). Zircons have also been shown to survive crustal

anatexis and high-temperature granulite-facies metamor-

phism (Connelly 2001; Möller et al. 2002; Zeck and Williams

2002; Whitehouse and Platt 2003; Crowley et al. 2008).

The paper by Möller et al. (2002) on granulites from SW

Norway has demonstrated that the U–Pb isotope system in

zircons was not completely reset during a thermal overprint

of c. 950 �C. However, Guo et al. (2005) came up with

results that cast some doubt on the robustness of the U–Pb

zircon system. In mafic granulites from the North China

craton, they encountered zircon populations that postdate

the time of magmatism by c. 700 Ma. Their results suggest

that U–Pb isotopic signatures of these zircons were com-

pletely obliterated by later high-grade metamorphism. It

was also reported that during granulite-facies metamor-

phism, whole new zircon grains with magmatic features

can form if a melt phase is present (Roberts and Finger

1997; Schaltegger et al. 1999). An operative mechanism of

zircon formation in the presence of an aqueous fluid or melt

phase is re-equilibration by an interface-coupled dissolu-

tion–precipitation process that operates at an inwardly

moving reaction front (Geisler et al. 2007; Harley et al.

2007; Soman et al. 2010). These studies imply differential

behaviour of the U–Pb system during granulite-facies

metamorphism. Central to this debate is the need to find a

natural example that helps to illustrate the zircon response

to metamorphism. Here, we elaborate the fate of zircons

from an ortho-derivative granulite-facies migmatite com-

plex that was recently discovered in the Bohemian Massif

(Propach et al. 2008). We demonstrate that most of the

zircon ages, in spite of defining a coherent data set, do not

reflect the primary zircon crystallization from a melt. The

results of our study suggest that primary magmatic zircon

was almost completely transformed and modified followed

by later precipitation of new zircon during two high-grade

metamorphic events.

Geological setting and fundamental problems

The newly identified migmatite complex is located in the

SW Bohemian Massif, between the Danube fault and the

Pfahl shear zone, southern Bavarian Forest (Fig. 1). This

area belongs to the innermost part (Moldanubian zone) of

the Variscan orogenic belt in central Europe. The Mol-

danubian zone can be subdivided into a structurally lower

Monotonous Group, a structurally intermediate Varied

Group and a structurally higher Gföhl Group (Schulmann

et al. 2005).

The Monotonous Group is dominated by a several-km-

thick uniform areno-argillaceous greywacke series, now

transferred into migmatitic and anatectic biotite-plagioclase

Fig. 1 a Location map of the

Bohemian Massif and study

area (black square) in central

Europe, and b geological map
showing the distribution of the

migmatite complex of the

Bavarian Forest and sample

localities
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paragneisses. Neoproterozoic–Early Palaeozoic sedimen-

tation was assigned for this sequence (Gebauer et al. 1989;

Kröner et al. 1988). Metafelsic and metabasic intrusions of

Neoproterozoic and Ordovician age are interleaved within

the sedimentary succession (Teipel et al. 2004). The Varied

Group consists of a presumably Early Palaeozoic metase-

dimentary sequence, which includes quartzites, graphite

schists, calc-silicate rocks, as well as metabasic igneous

rocks (Janoušek et al. 2008; Schulmann et al. 2009). The

Gföhl Group is made up of high-grade metamorphic rocks

(eclogites, granulites, amphibolites, migmatites, ultrama-

fics) and orthogneisses with Ordovician and Devonian

protolith ages (Friedl et al. 2004; Kröner et al. 2000). The

Gföhl and the Varied Groups have been considered as tec-

tonically emplaced (allochthonous) units, and contacts

between these units and the Monotonous Group are inter-

preted as shear horizons (Fiala et al. 1995; Franke 2000).

During the Lower Carboniferous (i.e. 355–345 Ma), large

parts of the Moldanubian zone, in particular rocks of the

Gföhl and Varied Groups, were subjected to Variscan

granulite-facies metamorphism (Carswell and O’Brian

1993; Finger et al. 2007). The south-western margin of the

Bohemian Massif, including the study area, was ultimately

affected by another high-temperature metamorphic event

(Bavarian phase). Petrological work indicates pressure

and temperature conditions of 700–850 �C and c. 4–5 kbar

(Kalt et al. 2000) for this thermal overprint, which was

superimposed by major granite intrusions around 328–321

Ma (Siebel et al. 2008).

The migmatite/orthoanatexite complex of the southern

Bavarian Forest is sandwiched between the Monotonous

Group and the Varied Group (or Kropfmühl series; for rock

description, see Finger et al. 2007). Towards the Pfahl zone

(Fig. 1b), the complex grades into a zone of feldspar-phyric

ortho-derivative rocks. In the older literature, this rock-type

is referred to as palite (Frentzel 1911). The term ‘palite’ was

used for coarse-grained, inequigranular granitoids of dom-

inantly granodioritic composition, which often contain

large augen-shaped megacrysts of K-feldspar, and numer-

ous mafic enclaves. Lithological and geochemical similar-

ities between the migmatites and the palites imply a similar

tectonomagmatic evolution of both units (Propach et al.

2008). A close genetic relationship between these two units

is also indicated by radiometric age data. Zircon ages from

two palite samples (Pb evaporation data; Siebel et al.

2005a, b) and one orthoanatexite sample (U–Pb SHRIMP

data; Finger et al. 2010) span an identical approximate age

range (*345–325 Ma). In either case, the data provide

ample evidence for two episodes of zircon growth. The

older ages were interpreted as formation ages of the

igneous protoliths whereas the younger ages are regarded

to reflect the final metamorphic overprint (Finger et al.

2010). Straightforward interpretation in terms of protolith

ages may be questioned with regard to the complex

metamorphic evolution of this terrane. During the late-

Variscan Bavarian phase, the rocks were transferred into

migmatites and anatexites (Propach et al. 2008; Finger

et al. 2010 and references therein). Several localities with

relict granulite-facies mineral assemblages and meta-

morphic reaction textures have been identified within the

migmatite complex, and this was taken as evidence for an

older high-grade metamorphic event (Propach et al. 2008).

Thus, it has to be assumed that the rocks were affected by

two distinct cycles of metamorphism—an earlier granulite-

facies metamorphism and a later amphibolite-facies

metamorphism. If the granulite-facies assemblage of the

migmatites/orthoanatexites formed during Early Carbon-

iferous regional high-pressure metamorphism, as in south-

ern Bohemia (Kröner et al. 2000; Wendt et al. 1994), the

intrusion of the original igneous protolith is most likely

pre-Carboniferous in age.

Analytical methods

Sample preparation—geochemistry

Investigations were carried out on ten orthoanatexite

samples collected from different quarries or road cuts.

Additionally, a sample from a garnet-bearing granulite-

facies enclave (sample Ti2, Table 1) was analysed. All

samples were collected from fresh rock surfaces. Sample

locations are plotted in Fig. 1b, and the co-ordinates of our

sampling sites are given in Table 1.

Unless otherwise stated, all analyses were conducted at

the Tübingen geosciences faculty. Rock fragments were

crushed in a jaw breaker and powdered in an agate mill.

Pure zircon fractions from the orthoanatexites and a garnet

fraction from the granulite enclave were obtained by

standard mineral separation techniques, including a Wilfley

table, a Frantz isodynamic separator, heavy liquids and

final selection by handpicking under a binocular micro-

scope. Cathodoluminescence (CL) imaging of polished

zircon grains was carried out on a JEOL JXA-8900RL

electron-microprobe working with an accelerating voltage

of 15 kV and a beam current of 15 nA.

Whole-rock major and trace element compositions were

determined by wavelength X-ray fluorescence (XRF)

spectrometry on a Bruker AXS S4 pioneer spectrometer,

following standard analytical techniques (Potts and Webb

1992). Major elements and most trace elements were

measured on fused glass beads made from whole-rock

powder (1.50 g) mixed with 7.50 g of Spectromelt fluxing

agent. Loss on ignition (LOI) was calculated after heating

the sample powder to 1,050 �C for 1 h. Analytical uncer-

tainties range from 1–5 % and 5–10 % for major and trace
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elements, respectively, depending on the concentration

level.

Sr–Nd isotope analyses

For Rb–Sr and Sm–Nd isotope analyses, samples were

spiked with 150Nd-149Sm and 87Rb-84Sr tracer solutions

prior to dissolution in hydrofluoric acid at 180 �C in pres-

sure digestion bombs. Rb, Sr and the light rare earth

elements were isolated from each other by standard ion-

exchange chromatography (Crock et al. 1984) with a 5-ml

resin bed of AG 50 W-X12 (200–400 mesh). Nd and Sm

were separated on quartz columns using 1.7 ml Teflon

powder coated with HDEHP, di (2-ethylhexyl) orthophos-

phoric acid, as cation-exchange medium (Richard et al.

1976). Isotopic data were obtained in static mode on a

Finigan MAT 262 mass spectrometer. The 143Nd/144Nd

ratios were normalized to 146Nd/144Nd = 0.7219, and the
87Sr/86Sr isotope ratios to 86Sr/88Sr = 0.1194. Repeated

measurements of the LaJolla Nd standard (n = 12) yielded

a 143Nd/144Nd ratio of 0.511844 ± 13 (errors are ± 2r of

the mean) while ten analyses of the NBS 987 Sr standard

yielded a mean value of 87Sr/86Sr = 0.710238 ± 0.000014,

in good agreement with the certified values of 0.511860

(LaJolla) and 0.710248 (NBS 981). Total procedural blanks

were 100 pg for Nd and 220 pg for Sr. eNd values were

calculated using present-day CHUR values of 0.1967 for
147Sm/144Nd (Jacobsen and Wasserburg 1980) and

0.512638 for 143Nd/144Nd (Goldstein et al. 1984).

TIMS and single zircon evaporation technique

For U–Pb analyses, zircons were cleaned with 6 N HCl and

ultra-pure H2O, and a mixed 205Pb-235U tracer solution was

added to the grains prior to pressure dissolution in 22 N

HF. A subset of zircon fractions was submitted to a thermal

annealing experiment (1,000 �C, 48 h) after Mattinson

(2005). Separation and purification of uranium and lead

were performed in small Teflon columns, filled with 40 ll

of Bio-Rad AG1-X8 resin, using standard ion-exchange

separation techniques as described by Manhès et al. (1978).

Uranium and lead isotopic measurements were carried out

on a Finnigan MAT 262 multi-collector mass spectrometer

in single Re filament mode using silica-gel activator. Total

procedure blanks were\10 pg for lead and uranium. U–Pb

age parameters were calculated using the ISOPLOT pro-

gram (Ludwig 2003).

For Pb evaporation analyses, single zircon grains were

embedded into a Re evaporation filament and measured on

a Finnigan MAT 262 mass spectrometer equipped with a

single secondary electron multiplier (SEM). The analytical

procedures are described elsewhere (e.g. Kober 1987;

Klötzli 1997; Siebel et al. 2003). From each zircon grain,T
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lead from 2 to 4 different heating/evaporation steps was

analysed, and the mean of the 204Pb corrected radiogenic
207Pb/206Pb ratio from all steps was calculated if the data

for the individual steps were concordant within the error.

The age for several zircons from the same sample is given

as weighted average, and the error refers to the 95 % con-

fidence level (ISOPLOT, Ludwig 2003). The accuracy of

the measurements was monitored by repeated measurement

of the Plešovice zircon standard, which yielded a
207Pb/206Pb evaporation age of 335.3 ± 3.2 Ma (n = 5)

and an upper intercept U–Pb zircon age of 337.3 ± 2.7 Ma,

identical within the errors to the weighted mean 238U/206Pb

age of 337.1 ± 0.4 Ma reported by Sláma et al. (2008).

SHRIMP analytical technique

Zircon grains together with grain fragments of standards

were mounted in epoxy resin and polished to expose a

surface suitable for in situ U-Th–Pb data acquisition. Zir-

cons were analysed on the sensitive high-resolution ion

microprobe (SHRIMP) at the John de Laeter Centre of

Mass Spectrometry, Curtin University of Technology,

Perth, Australia, using procedures similar to those descri-

bed in Nelson (1997, 2001). Each analysis was comprised

of six cycles measuring each of nine masses: 196Zr2O (2 s),
204Pb (10 s), 204Pb, background (10 s), 206Pb (20 s), 207Pb

(40 s), 208Pb (10 s), 238U (5 s), 248ThO (5 s) and 254UO (2 s).

Operating conditions for the session included a 2.8 nA O2

primary beam, *30 lm spot size and a mass resolution

[4,500 R (1 % peak height, SHRIMP ‘‘A’’). The Sri

Lankan zircon M257 (Nasdala et al. 2008; 206Pb/238U

age = 561.3 ± 0.3 Ma, 840 lg g-1 U, Th/U * 0.27) was

used for U/Pb calibration and calculation of U and Th

concentrations. During the SHRIMP session, seventeen

analyses of M257 were measured and indicated a Pb/U

calibration uncertainty of ± 1.049 % (1r). SHRIMP data

have been reduced using CONCH software (Nelson 2006).

Common Pb corrections have been applied to all data

using the 204Pb correction method as described in

Compston et al. (1984). Common Pb measured in standard

analyses is considered to be derived from the gold coating

and assumed to have an isotopic composition equivalent

to Broken Hill common Pb (204Pb/206Pb = 0.0625,
204Pb/206Pb = 0.9618, 204Pb/206Pb = 2.2285; Cumming

and Richards 1975).

Field and petrographic observations

The morphology of the migmatites varies considerably, and

a complete range from metatexite to diatexite migmatitic

structures has been produced during high-grade metamor-

phic processes (Fig. 2a). Typical gneisses are mesocratic to

melanocratic and show medium-grain sizes. Gradation

between foliated rocks and those that are dominantly gra-

noblastic with homogeneous diatectic texture (Fig. 2b) are

generally observed. Although pre-migmatitic protolith

textures are disrupted or obliterated by anatectic overprint,

the presence of mafic microgranular enclaves (amphibo-

lites, minor ultramafics) still features their plutonic par-

entage and also attests that magma mixing occurred

(Fig. 2c). The major mineral assemblage of the migmatite

complex consists of plagioclase (20–50 %, and with An50-

An35), K-feldspar (5–20 %), quartz (5–20 %), biotite

(5–30 %), amphibole (3–20 %) and clino- and orthopy-

roxene (0–20 %). Garnet is only present in some leucocratic

migmatite varieties (sample Wa-2) and in the granulite

enclave sample Ti2. Accessory phases are apatite, titanite,

zircon, epidote, magnetite and sulphide minerals.

At microscopic scale, some rocks provide evidence for

an orthopyroxene-bearing granulite-facies assemblage

inferred to have formed by the following types of prograde

mineral reactions: (1) biotite ? quartz ? orthopyroxene

(hypersthene) ? K-feldspar ? H2O and (2) biotite ? quartz ?

amphibole ? orthopyroxene ? K-feldspar ? plagioclase ?

H2O (e.g. Humphreys and Cornell 1989). The orthopy-

roxene-in reaction, which involves the breakdown of

hydrous minerals in quartz-bearing igneous rocks of

intermediate composition, indicates granulite-facies con-

ditions with temperatures exceeding 800 �C. In sample

Wa1b (Fig. 2d), orthopyroxenes are typically mantled by

thin (*100 lm) coronas of polycrystalline amphibole, a

feature that has been related to decompression from gran-

ulite-facies (Grant et al. 2009). Some mafic granulites

containing plagioclase ? pyroxene ± biotite are found

as enclaves in the migmatites, and a biotite ? quartz ?

cordierite ? garnet ? K-feldspar ? plagioclase ± silli-

manite association of an enclave (sample Ti2) attests to

pT-conditions of 4–8 kbar and 700–800 �C. In the northern

sector of the migmatite complex (palite zone, Fig. 1b),

granulite-facies assemblages have not been observed. This

can be explained by strong anatectic recrystallization and

metablastic coarsening of the rocks near the Bavarian Pfahl

shear zone.

Geochemistry, Rb–Sr and Sm–Nd isotope systematics

Geochemical features of the migmatites have been docu-

mented in detail by Propach et al. (2008), and only a brief

summary is provided here. Typically, these rocks have

SiO2 contents of 55–72 wt%, are metaluminous, have high

potassium concentrations and are calc-alkaline in compo-

sition (Table 1). The samples are characterized by com-

positions ranging from tonalite, granodiorite through

monzodiorite, monzonite to granite with intermediate
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compositions being the most abundant. They are amphi-

bole- and magnetite-bearing, I-type granitoids, enriched in

light rare earth relative to heavy rare earth elements as well

as in large ion lithophile elements and depleted in Ti and

Nb. These are common compositional features of magmas

associated with active plate margins. The concentrations of

most major and trace elements decrease with increasing

silica concentration, except for CaO and Na2O, which

portray no correlation with SiO2.

The rocks show considerable isotope variation and

negative correlation between (87Sr/86Sr)340 Ma isotope

ratios (0.7045–0.7132) and eNd340 Ma values (-1.7 to

-8.9) (Fig. 3; Table 1). Interestingly, samples with less-

evolved isotopic composition have distinctively lower

Fe2O3 and higher Na2O concentrations compared with the

isotopically more evolved samples (Fig. 3). The isotopi-

cally more evolved samples (e.g. Wa1a, Wa2 and Ti2:

1.7–2.0 Ga) have older crustal residence Nd model ages

compared with the less-evolved members (1.2–1.5 Ga)

(Table 1).

Sm–Nd analyses were carried out on garnet from the

granulite enclave sample Ti2 (Table 2). An acid leached

powder (6 N HCl, 6 N HNO3, 3 h each at room tempera-

ture) and an unleached garnet fraction from this rock yield

a three-point Sm–Nd whole-rock garnet isochron age of

320 ± 14 Ma (Fig. 4).

Zircon texture and geochronology

All migmatites contain multi-faceted, large euhedral zircon

crystals (200–400 lm) with internal textures that appear to

be very complex. Sample Ti1, leucocratic hornblende

gneiss, contains elongate prismatic and equant zircon

crystals of brownish colour. The grain interiors exhibit very

low CL intensity and either are completely homogenous or

Fig. 2 Field appearance of typical rock types from the migmatite

complex. a Large boulder with migmatitic appearance; b close-up of

a more coarse-grained leucocratic part with homogenization of (pre-

migmatitic) texture; c accumulation of pre-migmatitic enclaves in

diatexite; d thin section photograph of migmatite sample Wa1b

(pyroxene granulite) depicting a large orthopyroxene crystal mantled

by amphibole
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display very chaotic textures (Fig. 5a). These features are

typical of zircons from granulite-facies rocks (Corfu et al.

2003). But we note that certain grains have high U and Th

content (see below) and radiation damage by their decay

may also suppress the CL emission (Geisler and Pidgeon

2001). The dark CL cores are surrounded by high-lumi-

nescent rims, and these rims may represent new zircon

growth during a late high-temperature metamorphism

(Fig. 5a). Four zircon crystals from sample Ti1 give
207Pb/206Pb evaporation ages between 336.8 ± 2.5 and

327.6 ± 3.2 Ma with a weighted mean age of 333.9 ±

4.4 Ma (Fig. 6a; Table 3). U–Pb SHRIMP data from the

low-luminescent inner regions are apparently older (two

spots at 341.1 ± 3.5 and 334.2 ± 3.4 Ma) compared with

those of the bright luminescence outer zones (four spots

between 325 and 320 Ma) (Figs. 7, 8a; Table 4).

Sample Hu1, mafic hornblende tonalitic gneiss, contains

a zircon population composed of large transparent to

translucent, long-prismatic crystals, frequently with inclu-

sions of dark-coloured mineral phases and growth discon-

formities, but without evidence for oscillatory growth

zoning or inherited cores. The zircons display either uni-

form CL or fluctuation between high- and low-luminescent

domains (Figs. 5b, 7). The U–Pb isotope systematic of four

single zircons from sample Hu1 was measured by ID-TIMS

analyses (Table 5). These fractions, which were submitted

to a thermal annealing experiment at 1,000 �C for 48 h

(Mattinson 2005), plot along or near the concordia curve

in the age range between 342 and 329 Ma (Fig. 6b).

Regression of the data points, anchored at the origin, would

yield an intercept age of 336.1 ± 7.8 Ma. Eleven U–Pb

SHRIMP ages from high and low luminosity zones show

no significant difference in 206Pb/238U age and all ages

cluster between 331 and 320 Ma (Figs. 7, 8b; Table 4).

Wa1b is migmatitic gneiss with the best preserved

granulite-facies assemblage among our samples (Fig. 2d).

Zircons from sample Wa1b consist of translucent, white and

brownish grains of short- or long-prismatic habits. CL

images often reveal core-rim features with oscillatory zoned

cores surrounded by recrystallized or newly grown rims

(Figs. 5c, 7). Four zircon crystals from this sample give
207Pb/206Pb evaporation ages between 336.9 ± 2.6 and

331.1 ± 2.7 Ma with a weighted mean age of 333.5 ±

2.8 Ma (Fig. 6a; Table 3). Another four fractions from this

sample were measured by ID-TIMS analyses (Table 5) and

cluster along or near the concordia curve in the age range

Fig. 3 Initial eNd versus initial 87Sr/86Sr isotope plot of samples

from the migmatite complex. Sample Ti2 is from a granulite enclave.

P1 and Pf1 (palite) taken from Siebel et al. (2005a, b). Insets: Na2O

versus 87Sr/86Sr and Fe2O3 versus eNd diagrams. 87Sr/86Sr and eNd

values are those for 340 Ma

Table 2 Sm–Nd isotopic composition of two garnet fractions from granulite enclave sample Ti2

Sample Ti2 Sm (ppm) Nd (ppm) 147Sm/144Nd 143Nd/144Nd ±2rmeasured

Garnet unleached 5.22 17.29 0.1827 0.512028 0.000008

Garnet leached 2.84 5.07 0.3395 0.512364 0.000006

For whole-rock isotope data, see Table 1

Fig. 4 Isochron plot presenting the results from garnet (leached and

unleached fraction) ? whole-rock Sm–Nd analyses of a granulite-

facies enclave (sample Ti2). Quoted errors are 2r
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between 341 and 320 Ma (Fig. 6b). Regression of these

data points, anchored at the origin, would yield an intercept

age of 335.5 ± 3.0 Ma. SHRIMP results reveal older
206Pb/238U ages for the low-luminescent inner domains

(342–330 Ma) and younger rim ages between 334 and

327 Ma (Figs. 7, 8c; Table 4). The results also reveal
206Pb/238U ages of 375.0 ± 3.9, 420.3 ± 4.4 and

426.2 ± 4.4 Ma for three small core domains. This is the

only evidence we found for the existence of pre-metamor-

phic xenocrystic cores.

Sample Wa3 is diatectic migmatite with abundant green

hornblende (probably after pyroxene). The sample was

collected from the Richardsreut quarry. As for sample

Wa1b, the zircons display a diversity of recrystallization

and replacement textures and new growth. Generally, inner

domains of dark luminescence are surrounded by rims of

bright luminescence with sector zoning in both domains

(Figs. 5d, 7). In some grains, the rim zones display faint

oscillatory zonation (Fig. 7). Zircons from sample Wa3

contain up to 2,000 ppm U and 700 ppm Th (Table 4),

suggesting that some of the core areas with low CL

response might be metamict (cf. Geisler and Pidgeon

2001). 207Pb/206Pb evaporation ages of six grains vary

between 341.6 ± 3.6 and 330.5 ± 3.5 Ma with a weigh-

ted mean age of 336.4 ± 4.1 Ma (Fig. 6a; Table 2).
206Pb/238U SHRIMP ages obtained for the inner low-

luminescent domains are older (generally between 341 and

320 Ma) whereas the high-luminescent rim zones yield

younger ages between 333 and 320 Ma (Figs. 7, 8d;

Table 4).

Discussion

Before we assess the implication of our results on zircon

geochronology, we would like to point out an interesting

aspect unveiled by whole-rock major element and isotopic

data. It was already mentioned by Propach et al. (2008) and

Finger et al. (2010) that the geochemical and isotopic

diversity of the orthoanatexite unit and numerous mafic

microgranular enclaves hosted in these rocks can be

attributed to mingling and mixing of mafic and felsic melts.

The wide range of Sr–Nd isotopic compositions (Table 1)

is indicative of an isotopically heterogeneous magma body.

In combination with major element data, these results

allow further refinement on the compositional properties of

end-member magmas involved in the mixing process.

Surprisingly, the isotopically less-evolved members of the

orthoanatexites (87Sr/86Sr \ 0.709, eNd [ -5) exhibit

higher Na2O and lower Fe2O3 contents than those observed

in the isotopically evolved samples (Fig. 3). These obser-

vational constraints cannot be attributed to simple mantle–

crust mixing. More likely, it reflects incomplete mixing

between a sodium-rich trondhjemitic-tonalitic liquid, gen-

erated by partial melting of amphibolite/eclogite, and a

melt derived from a metasedimentary source with isotopic

characteristics of the granulite enclave. A very essential

conclusion from these findings is that the orthoanatexite

precursors formed by melting of crustal sources including

amphibolites and pre-existing metasediments.

In terms of its geotectonic position, the orthogneiss unit

from the southern Bavarian Forest was regarded as a relic

Fig. 5 Cathodoluminescence (CL) images of representative internal textures of zircons from the Bavarian migmatite complex. Length of scale

bars = 50 lm. See text for details
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of a Paleozoic volcanic island arc sequence (Propach et al.

2008). Finger et al. (2010) interpreted the rocks as a

granodiorite intrusion that emplaced around 344 ± 2 Ma

and later experienced intense high-temperature low-pres-

sure regional anatectic conditions. These authors correlated

the unit with the plutons of the Central Bohemian Batholith

(Holub et al. 1997). Such model scenario critically depends

on correct interpretation of the significance of measured

ages. The results of zircon dating suggest the existence of a

complex zircon population in the Bavarian orthogneiss

complex. The following discussion therefore mainly focuses

on the significance of these zircon ages.

The migmatite complex was subjected to severe poly-

phase Variscan deformation, and it is obvious from the

zircon dates that the U–Pb isotopic systematics was dis-

turbed by these processes. From the evidence provided by

SHRIMP results, it becomes clear that the 207Pb/206Pb

evaporation age data and the range of TIMS dates (i.e.

Fig. 6 a Histograms showing

the distribution of radiogenic
207Pb/206Pb ratios obtained from

Pb evaporation of single zircon

grains from migmatite samples

Ti1, Wa1b and Wa3; b U–Pb

concordia diagrams of zircon

analyses from samples Hu1 and

Wa1b. Sample Hu1 thermally

abraded, sample Wa1b non-

abraded before U–Pb analyses.

Individual analyses shown as 2r
error ellipses
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single-grain dates) are produced by mixing of various

amounts of older inner zone domains (i.e. those without

relict cores) and younger rim domains with slightly dif-

ferent ages (i.e. *340 vs. *325 Ma). The same explana-

tion may be applied for two previously investigated

samples from the palites (Siebel et al. 2005a, b), which

yield average 207Pb/206Pb evaporation zircon ages of

334 ± 3 Ma (n = 5) and 334.5 ± 1.1 Ma (n = 6), and
206Pb/238U TIMS ages between 342 and 327 Ma.

Evidently, the rocks were affected by two metamorphic

events, an earlier high-pressure granulite-facies event, as

indicated by the mineral paragenesis of sample Wa1b, and

the late-Variscan metamorphic event (Bavarian phase),

which reached anatectic pressure–temperature conditions.

The age of granulite-facies metamorphism in the Bavarian

Forest has not yet been well determined. Zircon rims in

adjacent garnet-biotite and biotite-plagioclase gneisses of

the Kropfmühl series are interpreted to have grown during

this high-grade metamorphic stage at *340 Ma (Teipel

et al. 2002). The Sm–Nd garnet age of the granulite

enclaves (320 ± 14 Ma), although not rigorous, arguably

reflects a high-grade metamorphic event. Granulite-facies

metamorphism is better constrained in the southwest

Bohemian Massif by zircon ages around 340–345 Ma

(Kröner et al. 2000; Wendt et al. 1994). In the light of this

evidence, two different tectonothermal evolution models

for the orthogneiss complex are conceivable:

1. The zircon ages of *340 Ma obtained from inner zone

domains date the intrusion of the orthogneiss progen-

itor, and all younger ages are related to complex

metamorphic overprint. According to this concept,

favoured by Finger et al. (2010), the protolith was

generated in a Lower Carboniferous continental

margin or island arc tectonic setting, and the oldest
206Pb/238U ages (*420 Ma, this study, *580 Ma

Finger et al. 2010) represent pre-magmatic inherited

cores.

2. The igneous protolith of the orthogneisses is older than

most of the zircon ages. From geological relationships,

an Early Palaeozoic age of the complex is a reasonable

estimate (Propach et al. 2008). In this scenario, the

zircon ages of *340 Ma and 330–320 Ma approxi-

mate the time of two high-grade metamorphic

events that affected the gneiss complex during the

Carboniferous.

Table 3 207Pb/206Pb evaporation data for single zircons from the migmatite complex

Sample/grain no. Noa 204Pb/206Pb 208Pb/206Pb Th/Ub 207Pb/206Pbc Age (Ma) Error (Ma)d

Ti1

1 337 0.000742 0.05 0.17 0.052972 ± 50 327.6 3.2

2 524 0.000121 0.08 0.24 0.053148 ± 18 335.2 2.4

3 667 0.000356 0.07 0.21 0.053186 ± 22 336.8 2.5

4 228 0.000886 0.04 0.12 0.053164 ± 77 335.8 4.0

Weighted average 333.9 4.4

Wa1b

1 719 0.000122 0.08 0.24 0.053092 ± 32 332.7 2.7

2 486 0.000032 0.06 0.20 0.053188 ± 26 336.9 2.6

3 254 0.000016 0.19 0.59 0.053054 ± 31 331.1 2.7

4 181 0.000028 0.14 0.43 0.053097 ± 58 333.0 3.4

Weighted average 333.5 2.8

Wa3

1 317 0.000281 0.05 0.18 0.053176 ± 43 336.4 3.1

2 179 0.000029 0.06 0.20 0.053097 ± 43 333.5 3.0

3 358 0.000025 0.08 0.27 0.053199 ± 38 337.3 2.8

4 361 0.000029 0.06 0.19 0.053251 ± 30 339.5 2.6

5 212 0.000060 0.08 0.26 0.053039 ± 63 330.5 3.5

6 223 0.000228 0.03 0.12 0.053298 ± 65 341.6 3.6

Weighted average 336.4 4.1

a Number of measured 207Pb/206Pb isotope ratios per grain
b Model ratio calculated from radiogenic 208Pb/206Pb ratio and 207Pb/206Pb age of the sample
c ±2r standard deviation

d Error calculated using following formulae:

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

2r=
ffiffiffi

n
p

ð Þ2þDf 2

q

; where n is the number of measured 207Pb/206Pb isotope ratios, 2r is the 2-sigma

standard error of the Gaussian frequency distribution function and Df is an assumed uncertainty of the measured 207Pb/206Pb ratio of 0.1 %
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The crystallization time of the migmatite precursor is

not easy to reconcile with the U–Pb analytical data. Since

there is no unambiguous proof that the three 206Pb/238U

SHRIMP ages obtained from inner cores of Wa1b

(375.0 ± 3.9, 420.3 ± 4.4 and 426.2 ± 4.4 Ma) represent

the relict from original igneous zircon, the possibility of a

Fig. 7 Cathodoluminescence images of zircons from SHRIMP dated

samples of the migmatite complex. Length of scale bars = 50 lm.

Analytical spots and obtained 206Pb/238U ages (in Ma) are shown.

Most zircon crystals contain distinct interiors and rims and a

systematic trend of younger ages in zircon rims (high-luminescent

domains) can be observed
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Fig. 8 Wetherill concordia

plots of SHRIMP U/Pb zircon

data of samples a Ti1, b Hu1,

c Wa1b and d Wa3. Individual

analyses are shown as two

sigma error ellipses. Dark grey
error ellipses inherited zircon

cores from sample Wa1a. Light
grey error ellipses metamorphic

grown inner zone domains

without inherited cores; white
error ellipses metamorphic

grown rims or grains without

distinct core and rim domains

(sample Hu1)
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Table 4 U–Th–Pb shrimp analytical data for zircons from the migmatite complex

Grain.spot U ppm Th ppm Th/U Pb ppm 207Pb/206Pb 204corr ±1r % 206Pb/238U 204corr ±1r %

TI1-1.1a 1,335 27 0.02 65 0.0537 0.95 0.05321 1.053

TI1-3.1a 1,258 838 0.67 74 0.0534 0.56 0.05435 1.051

TI1-5.1 181 181 1.00 11 0.0545 5.91 0.05096 1.119

TI1-4.1 865 116 0.13 43 0.0551 2.25 0.05122 1.060

TI1-1.2 1,043 107 0.10 86 0.0474 9.47 0.05157 1.148

TI1-2.1 391 197 0.50 21 0.0547 4.69 0.05175 1.088

HU1-9.1 392 556 1.42 26 0.0521 6.08 0.05092 1.106

HU1-11.1 350 641 1.83 25 0.0533 1.96 0.05123 1.060

HU1-4.1 202 206 1.02 12 0.0566 5.74 0.05123 1.114

HU1-6.1 474 871 1.84 34 0.0535 1.99 0.05129 1.061

HU1-3.1 153 166 1.08 9 0.0528 4.78 0.05143 1.101

HU1-10.1 278 370 1.33 18 0.0516 15.19 0.05178 1.336

HU1-8.1 118 110 0.93 7 0.0523 7.61 0.05189 1.152

HU1-7.1 287 420 1.46 19 0.0545 3.40 0.05220 1.075

HU1-5.1 131 164 1.25 9 0.0476 8.35 0.05227 1.146

HU1-2.1 149 188 1.26 10 0.0520 2.85 0.05269 1.078

HU1-1.1 360 591 1.64 26 0.0528 1.52 0.05269 1.059

WA3-7.1a 551 44 0.08 26 0.0535 1.19 0.05119 1.055

WA3-4.1a 1,136 308 0.27 59 0.0523 1.53 0.05171 1.054

WA3-3.1a 2,065 744 0.36 110 0.0528 0.85 0.05284 1.052

WA3-5.1a 1,575 634 0.40 84 0.0526 0.62 0.05287 1.052

WA3-2.1a 597 123 0.21 31 0.0535 1.88 0.05353 1.057

WA3-6.1a 2,324 665 0.29 126 0.0524 1.00 0.05436 1.052

WA3-7.2 422 161 0.38 22 0.0520 2.74 0.05088 1.065

WA3-6.2 393 158 0.40 20 0.0528 4.26 0.05095 1.082

WA3-5.2 398 160 0.40 21 0.0525 1.21 0.05128 1.057

WA3-4.2 354 140 0.40 19 0.0541 1.06 0.05162 1.056

WA3-2.2 432 185 0.43 23 0.0528 1.84 0.05248 1.059

WA3-1.2 434 183 0.42 23 0.0538 1.67 0.05280 1.057

WA3-3.2 379 156 0.41 20 0.0550 3.77 0.05294 1.077

WA1B-2.1b 532 363 0.68 35 0.0559 0.76 0.05989 1.057

WA1B-8.1b 413 184 0.45 29 0.0551 3.61 0.06737 1.079

WA1B-1.1b 481 110 0.23 32 0.0560 1.02 0.06835 1.058

WA1B-6.1a 477 192 0.40 25 0.0532 2.97 0.05248 1.067

WA1B-4.2a 327 319 0.97 20 0.0553 2.26 0.05266 1.063

WA1B-5.1a 602 104 0.17 31 0.0539 1.76 0.05322 1.058

WA1B-7.1a 350 55 0.16 18 0.0512 3.00 0.05349 1.067

WA1B-1.3a 364 19 0.05 18 0.0543 2.45 0.05435 1.063

WA1B-3.1a 328 14 0.04 16 0.0535 3.68 0.05442 1.075

WA1B-8.2 181 120 0.66 10 0.0568 5.39 0.05199 1.108

WA1B-1.2 307 265 0.86 18 0.0517 2.40 0.05249 1.065

WA1B-2.2 144 74 0.51 8 0.0530 1.59 0.05252 1.066

WA1B-3.2 194 120 0.62 11 0.0514 7.66 0.05321 1.137

Grain.spot 207Pb/235U 204corr ±1r % %c 206Pb/238U date (Ma) ±1r Ma 207Pb/235U date (Ma) ±1r Ma

TI1-1.1a 0.3943 1.51 93 334.2 3.4 337.5 4.3

TI1-3.1a 0.4001 1.25 99 341.2 3.5 341.7 3.6

TI1-5.1 0.3826 6.15 82 320.4 3.5 329.0 17.3

TI1-4.1 0.3888 2.60 78 322.0 3.3 333.5 7.4
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Table 4 continued

Grain.spot 207Pb/235U 204corr ±1r % %c 206Pb/238U date (Ma) ±1r Ma 207Pb/235U date (Ma) ±1r Ma

TI1-1.2 0.3369 9.68 472 324.2 3.6 294.9 24.8

TI1-2.1 0.3901 4.94 82 325.3 3.5 334.4 14.1

HU1-9.1 0.3658 6.32 110 320.1 3.5 316.6 17.2

HU1-11.1 0.3765 2.34 94 322.1 3.3 324.5 6.5

HU1-4.1 0.4001 5.98 67 322.1 3.5 341.8 17.4

HU1-6.1 0.3783 2.37 92 322.5 3.3 325.8 6.6

HU1-3.1 0.3743 5.04 101 323.3 3.5 322.8 13.9

HU1-10.1 0.3684 15.42 122 325.5 4.2 318.5 42.2

HU1-8.1 0.3745 7.84 109 326.1 3.7 323.0 21.7

HU1-7.1 0.3926 3.70 83 328.0 3.4 336.2 10.6

HU1-5.1 0.3429 8.57 421 328.5 3.7 299.4 22.2

HU1-2.1 0.3774 3.17 117 331.0 3.5 325.1 8.8

HU1-1.1 0.3836 1.96 103 331.0 3.4 329.7 5.5

WA3-7.1a 0.3777 1.69 92 321.8 3.3 325.3 4.7

WA3-4.1a 0.3730 1.96 109 325.0 3.3 321.9 5.4

WA3-3.1a 0.3849 1.44 103 331.9 3.4 330.6 4.1

WA3-5.1a 0.3835 1.28 106 332.1 3.4 329.6 3.6

WA3-2.1a 0.3951 2.27 96 336.1 3.5 338.1 6.5

WA3-6.1a 0.3924 1.54 113 341.2 3.5 336.1 4.4

WA3-7.2 0.3650 3.06 112 319.9 3.3 316.0 8.3

WA3-6.2 0.3711 4.53 100 320.4 3.4 320.5 12.4

WA3-5.2 0.3712 1.70 105 322.4 3.3 320.5 4.7

WA3-4.2 0.3848 1.58 87 324.5 3.3 330.5 4.5

WA3-2.2 0.3824 2.24 102 329.7 3.4 328.8 6.3

WA3-1.2 0.3919 2.09 91 331.7 3.4 335.8 6.0

WA3-3.2 0.4017 4.04 80 332.6 3.5 342.9 11.8

WA1B-2.1b 0.4617 1.38 84 375.0 3.9 385.5 4.4

WA1B-8.1b 0.5121 3.90 101 420.3 4.4 419.9 13.4

WA1B-1.1b 0.5274 1.56 95 426.2 4.4 430.1 5.5

WA1B-6.1a 0.3848 3.28 98 329.8 3.4 330.6 9.3

WA1B-4.2a 0.4012 2.62 78 330.8 3.4 342.6 7.6

WA1B-5.1a 0.3952 2.16 92 334.3 3.5 338.2 6.2

WA1B-7.1a 0.3773 3.30 136 335.9 3.5 325.1 9.2

WA1B-1.3a 0.4070 2.79 89 341.2 3.5 346.8 8.2

WA1B-3.1a 0.4012 3.96 98 341.6 3.6 342.5 11.5

WA1B-8.2 0.4069 5.63 68 326.7 3.5 346.6 16.5

WA1B-1.2 0.3740 2.74 122 329.8 3.4 322.6 7.6

WA1B-2.2 0.3839 2.03 100 330.0 3.4 329.9 5.7

WA1B-3.2 0.3768 7.89 130 334.2 3.7 324.7 21.9

207Pb/206Pb 204corr = 204Pb-corrected 207Pb/206Pb ratio

206Pb/238U 204corr = 204Pb-corrected 206Pb/238U ratio

207Pb/235U 204corr = 204Pb-corrected 207Pb/235U ratio

%c = % Concordance

206Pb/238U date = 204Pb-corrected 206Pb/238U date

207Pb/235U date = 204Pb-corrected 207Pb/235U date

207Pb/206Pb date = 204Pb-corrected 207Pb/206Pb date
a Inner zone domain without relict core;
b Relict core
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xenocrystic origin cannot be completely ruled out. Indirect

constraints on primary crystallization of the orthogneiss

complex are provided by the study of similar rocks: a

Devonian magmatic protolith age (*370 Ma, U–Pb zircon

age) was assigned for granulites from southern Bohemia

(Wendt et al. 1994), and orthogneisses from the Austrian

part yielded Early Palaeozoic (Cadomian and Ordovician)

protolith ages (Friedl et al. 2004; Kröner et al. 2000).

Based on textural information, two types of zircon

domains can be distinguished in most of the migmatite

samples: zones that are characterized by structureless low-

intensity CL emission and those with usually bright lumi-

nescence and planar banded zoning (Fig. 5). Except sample

Hu1 where CL emission contrasts are more randomly

distributed within the crystals (Fig. 5b), darker central

areas are generally concentrically overgrown by brighter

rim zones (Fig. 5a, c, d). We consider that the low-lumi-

nescent zircon domains are the result of metamorphic

transformation rather than new zircon growth. In CL

images, this interpretation is supported by the lack of

igneous growth textures, dark featureless zones and areas

of sector zoning in the inner parts of the grains (Fig. 5).

Similar characteristics are reported in a number of other

studies on zircons from metamorphic rocks (e.g. Schal-

tegger et al. 1999; Vavra et al. 1999; Corfu et al. 2003). It

was already noted that partial loss of radiogenic Pb asso-

ciated with structural transformation processes can produce

U–Pb dates that are younger than the zircon crystallization

age (e.g. Hoskin and Black 2000). Th/U ratios from the

low-intensity CL core zones are relatively high, on average

0.29 (n = 14, Ti1, Wa1b, Wa3, Table 4), and thus within

the range of igneous zircon. High Th/U ratios, however,

have been also reported from recrystallized zircons or

zircons grown in high-temperature regimes (see Piedgeon

1992; Harley et al. 2007 and references therein). From

these observations, we conclude that the U–Pb system of

the inner zircon domains was reset to various extents

during granulite-facies metamorphism. The upper age limit

obtained from those domains (*340 Ma) would be the

best estimate for the time of granulite metamorphic over-

print of the orthogneisses. Overall, spots in the inner

domains gave 206Pb/238U ages between 342 and 322 Ma

with a weighted mean 238U/206Pb age of 333.6 ± 3.1 Ma.

The fact that these domains suffered a second high-grade

thermal event during the Bavarian metamorphic phase

could be a reasonable explanation for the more pronounced

age variability of the inner zone domains compared with

the rims. An additional explanation for this age variation is

that secondary radiation damage might have affected the

U–Pb systematic of inner zircon domains. As mentioned

above, the low CL intensity in inner domains of samples

Ti1 and Wa3 might be the result of metamictization.

Although the degree of metamictization was not con-

strained for the investigated zircons, such process would

result in a weakening of the zircon structure. The large

scatter of ages in the core zones from these grains (down to

320 Ma in sample Wa3) could thus reflect the effect of Pb

loss from radiation damaged zircon domains.

According to the 238U/206Pb SHRIMP ages, the rim

zones represent zircon growth domains developed during

the final metamorphic stage. The weighted mean
238U/206Pb age of 326.0 ± 2.8 Ma obtained for fourteen

Table 5 U-Pb ID-TIMS data for zircon fractions from the migmatite complex

Sample/

fraction

Weighta

(mg)

206Pbb/
204Pb

U (ppm) Pb

(ppm)

208P/
206Pb

Atomic ratiosc Apparent ages (Ma)

206Pb/238U 207Pb/235U 207Pb/206Pb 206P/238U 207P/235U 207Pb/206Pb

Hu1

1d 0.078 8,006 209 14 0.38 0.05397 ± 30 0.3962 ± 29 0.05323 ± 26 339 339 339

2d 0.043 1,518 123 8.3 0.36 0.05455 ± 40 0.4011 ± 63 0.05332 ± 77 342 342 342

3d 0.045 4,306 277 19 0.44 0.05243 ± 31 0.3835 ± 32 0.05305 ± 32 329 330 331

4d 0.035 4,278 247 17 0.40 0.05342 ± 36 0.3915 ± 54 0.05315 ± 66 335 335 335

Wa1b

1 0.060 5,020 302 16 0.17 0.05092 ± 27 0.3723 ± 23 0.05302 ± 17 320 321 330

2 0.027 3,925 484 26 0.08 0.05180 ± 44 0.3798 ± 54 0.05318 ± 59 326 327 336

3 0.024 2,890 389 23 0.18 0.05430 ± 28 0.3982 ± 22 0.05319 ± 10 341 340 337

4 0.014 2,137 284 16 0.17 0.05212 ± 32 0.3815 ± 50 0.05308 ± 58 328 328 332

All isotopic measurements corrected for instrumental mass bias of 1 % per mass unit
a Weight and concentration error better than 20%
b Measured ratio corrected for mass discrimination and spike contribution
c Corrected for blank Pb, U, and initial Pb with 206Pb/204Pb = 18.24, 207Pb/204Pb = 15.60; errors are 2rm

d Thermally abraded zircon fractions
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zircon rim domains corresponds with the U–Pb ages of

326–323 Ma reported for the late-Variscan thermal over-

print (Kalt et al. 2000). Th/U ratios are higher in the rim

zones (0.48, n = 15, samples Ti1, Wa1b, Wa3, Table 4)

than in the grain centres (0.29, n = 14), but are charac-

terized by significantly lower trace element contents:

U = 409 ppm, Th = 155 ppm, Pb = 24 ppm in rims

compared with U = 949 ppm, Th = 292 ppm and Pb = 50

ppm in inner zone domains. Such relation is strongly

analogous to zircon grains affected by metamorphic re-

equilibration (Geisler et al. 2007 and references therein). In

such case, earlier crystallized U–Th-rich zones are replaced

by late U–Th-poor zircon. This modification is attributed to

the reaction of zircon with a melt fraction, and there was

certainly a melt phase present in the rocks during late-

Variscan anatexis. Growth of zircon in the presence of melt

would also explain the general lack of distinctive round

anhedral zircon morphologies usually found in metamor-

phic rocks, which formed below melting temperatures

(Corfu et al. 2003).

Zircon saturation temperatures (Watson and Harrison

1983) calculated from bulk rock compositions of ten mi-

gmatite samples (Table 1) range from 782 to 890 �C

(mean = 831 �C). If the melt produced during metamor-

phic melting was undersaturated in zirconium, as indicated

by the general lack of zircon inheritance, these tempera-

tures should be the minimum temperature that prevailed

during crystal growth. However, since the textures of these

rocks provide strong evidence for polymetamorphism

involving dehydration reactions and thus multiple melt loss

or gain events, it is difficult to decide what whole-rock

composition was saturated with respect to Zr during which

phase of zircon growth, and thus, caution is warranted

about interpreting the significance of these temperatures

despite the absence of zircon inheritance.

Although studies on the kinetics of zircon dissolution in

crustal melts are rare, some studies have provided evidence

for the re-equilibration of natural zircon in a melt phase (see

Geisler et al. 2007; Gagnevin et al. 2010). Dissolution

behaviour depends on several factors such as zircon size,

volume, alkalinity and temperature of the melt reservoir

with which the zircons interact (Watson and Harrison 1983).

For zircons from south Bohemian granulites, it was argued

that during post-peak granulite-facies metamorphism and

formation of a melt phase, pre-existing grains were dis-

solved in the melt and new zircons crystallized (Roberts and

Finger 1997). In this example, peak metamorphic temper-

atures of 900–1,050 �C were attained (Carswell and

O’Brian 1993). Nevertheless, felsic granulites from south-

ern Bohemia contain inherited old zircons (Roberts and

Finger 1997; Wendt et al. 1994). In the present study, only

one sample (Wa1b) provides some evidence for pre-meta-

morphic zircon growth. This leads to the conclusion that

granulite metamorphism has strongly erased initial (inher-

ited or primary magmatic) zircon. The scarcity of older

inherited cores and the lack of small zircon crystals in the

rocks could be a result of dissolution of smaller crystals in

a melt. Dissolution of zircon would increase zircon satura-

tion of the melt and promote formation of overgrowth on

larger grains via Ostwald ripening (Nemchin et al. 2001).

Overall, the range of zircon ages that has been found (i.e.

342–320 Ma) could reflect a protracted period of zircon

transformation, followed by dissolution and growth of new

rims around transformed grains during decompression

melting from granulite (i.e. 345–340 Ma) to amphibolite-

facies conditions (326–323 Ma). Such interpretation is

substantiated by recent studies showing that zircons from

high-grade rocks do not necessarily date peak metamorphic

conditions, but can re-equilibrate and grow during retro-

grade stages (Hermann et al. 2006; Whitehouse and Platt

2003).

Conclusions

A large region of the southern Bavarian Forest is com-

posed of anatectic rocks comprising migmatites/orthoa-

natexites, with subordinate paragneiss enclaves and relict

domains having granulite affinities. Field relations and

geochemical and isotopic composition of this unit favours

magma mixing between a trondhjemitic-tonalitic progen-

itor and anatectic material derived from supracrustal

rocks. Our study reveals complex internal zircon textures

and age information for the migmatites. The observed

range of zircon ages prevents us from placing tight con-

straints on primary crystallization of the gneiss protolith

from an igneous melt. Most likely, originally magmatic

zircons were overprinted between two high-grade meta-

morphic events between *340 Ma and 326–323 Ma. The

older metamorphic event is related to granulite-facies

metamorphism whereas the younger event was associated

with the late-Variscan anatexis. We conclude that the

migmatites from the Bavarian Forest have undergone

pervasive dehydration melting of biotite and probably

amphibole, during and after granulite-facies metamor-

phism and during regional decompression and exhuma-

tion. These processes first resulted in rejuvenation of pre-

existing zircon grains followed by dissolution and growth

of new zircon domains.
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Finger F, Dunkley DJ, René M (2010) Remnants of early Carbon-

iferous I-type granodiorite plutons in the Bavarian Forest and

their bearing on the tectonic interpretation of the south-western

sector of the Bohemian Massif (Bavarian zone). J Geosci

55:321–332

Franke W (2000) The mid-European segment of the Variscides:

tectonostratigraphic units, terrane boundaries and plate tectonic

evolution. In: Franke W, Haak V, Oncken O, Tanner D (eds)

Orogenic processes: quantification and modelling in the Variscan

belt. Spec Publ Geol Soc, London, vol 179, pp 35–61

Frentzel A (1911) Das Passauer Granitmassiv. Geognostisches Jahrb

24:31

Friedl G, Finger F, Paquette JL, von Quadt A, Mcnaughton NJ,

Fletcher IR (2004) Pre-Variscan geological events in the

Austrian part of the Bohemian Massif deduced from U–Pb

zircon ages. Int J Earth Sci 93:802–823

Gagnevin D, Daly JS, Kronz A (2010) Zircon texture and chemical

composition as a guide to magmatic processes and mixing in a

granitic environment and coeval volcanic system. Contrib Miner

Petrol 159:579–596

Gebauer D, Williams IS, Compston W, Grünenfelder M (1989) The

development of the Central European continental-crust since the

early Archean based on conventional and ion-microprobe dating

of up to 3.84 b.y. old detrital zircons. Tectonophysics 157:81–96

Geisler T, Pidgeon RT (2001) Significance of radiation damage on the

integral SEM cathodoluminescence intensity of zircon: an

experimental annealing study. N Jb Miner Mh 10:433–445

Geisler T, Schaltegger U, Tomaschek F (2007) Re-equilibration of

zircon in aqueous fluids and melts. Elements 3:43–50

Goldstein SL, O’Nions RK, Hamilton PJ (1984) A Sm–Nd study of

atmospheric dusts and particulates from major river systems.

Earth Planet Sci Lett 70:221–236

Grant ML, Wilde SA, Wu FY, Yang JH (2009) The application of

zircon cathodoluminescence imaging, Th–U–Pb chemistry and

U–Pb ages in interpreting discrete magmatic and high-grade

metamorphic events in the North China Craton at the Archean/

Proterozoic boundary. Chem Geol 261:154–170

Guo JH, Sun M, Chen FK, Zhai MG (2005) Sm–Nd and SHRIMP U–

Pb zircon geochronology of high-pressure granulites in the

Sanggan area, North China craton: timing of Paleoproterozoic

continental collision. J Asian Earth Sci 24:629–642
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