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Abstract To place constraints on the formation and
deformation history of the major Variscan shear zone in
the Bavarian Forest, Bavarian Pfahl zone, SW Bohe-
mian Massif, granitic dykes and their feldspar-phyric
massive host rock (so-called ‘‘palite’’), zircons were da-
ted by the U–Pb isotope dilution and Pb-evaporation
methods. The dated samples comprise two host rocks
and four dykes from a K-rich calc-alkaline complex
adjoining the SW part of the Bavarian Pfahl shear zone.
The palites, which appear to be the oldest magmatic
rocks emplaced in the shear zone, yield ages of 334±3,
334.5±1.1 Ma (average 207Pb/206Pb-evaporation zircon
ages) and 327–342 Ma (range of U/Pb zircon ages)
suggesting a Lower Carboniferous age for the initiation
of the Pfahl zone. Absence of inherited older cores in all
investigated zircons indicates that incorporation of
crustal zircon material has played virtually no role or
that the melting temperature was very high. Determi-
nation of the dyke emplacement age is complicated by
partial Pb-loss in most of the fractions analysed. This
Pb-loss can be ascribed to higher U content of the dyke
zircons compared to those from host rock. Upper dis-
cordia intercept ages of the different dykes range from
322±5 to 331±9 Ma. The dykes are pre- to synkine-
matic with respect to penetrative regional mylonitisation

along the Pfahl zone, and the upper intercept ages pro-
vide a maximum age for this tectonic event.

Keywords Bavarian Pfahl Æ Granitic dyke Æ Palite Æ
Shear zone Æ U–Pb zircon dating

Introduction

Dyke rocks are useful geological time markers for the
late or post-deformational stage of magmatic activity in
orogenic belts (Crowley 1999) or reactivation of con-
solidated orogens (Košler et al. 2001). Besides, they are
also candidates for dating extensional events like conti-
nental break up (White et al. 1987) or intra-continental
rifting (Amelin et al. 1995; Kamo et al. 1995). Given
their small volume, dykes are fast-cooling intrusives and
even isotopic systems with low closure temperatures (e.g.
K–Ar) can portray the age of dyke formation (e.g.
Anczkiewicz et al. 2001; Košler et al. 2001). In zones of
crustal reactivation, e.g. shear zones, the K–Ar and even
the U–Pb mineral systems can be disturbed or reset by
later reheating (e.g. Mulch et al. 2002). Within such
zones, that have an important control in focussing and
accommodating magma emplacement (e.g. Weinberg
1996; Schneider et al. 1999), the U–Pb system can still
provide appropriate benchmarks for the crystallisation
age, provided the dykes contain accessory U-bearing
minerals with high closure temperature such as zircon.

The recent discovery of numerous granitic dykes in
the Bavarian Pfahl shear zone, Bohemian Massif,
European Variscides, was an unexpected result of a de-
tailed geological mapping survey undertaken by the
second author. The dykes intrude a peculiar rock-type of
prevailing granodioritic composition with varying
amounts of alkali-feldspar megacrysts, known as palite
(Frentzel 1911). The dykes are characterised by WNW
striking fabrics that are the result of multiple episodes of
deformation, the age of which was controversially dis-
cussed by Thiele (1961), Dvorak (1985) and Brandmayr
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et al. (1995). The dykes are mylonitised to various ex-
tents and are therefore important time markers that can
be used to constrain the age of the penetrative myloni-
tisation event along the Pfahl zone. Here, we report the
results of a U–Pb isotope dilution and Pb-evaporation
zircon study of the dyke–host rock assemblage and
discuss their geological significance. The data provide
new information on the onset of the Pfahl formation and
help to constrain the time of mylonitisation. Subsequent
to reporting our geochronological results, we discuss the
compositional relation between host rock and cross-
cutting dykes.

Geological setting

The study area comprises a part of the Bavarian Pfahl
zone (Fig. 1), a major shear zone within the southwest-
ern part of the Bohemian Massif (Hofmann 1962;
Brandmayr et al. 1995; Mattern 2001). The Pfahl zone
represents a tectonic zone of persistent crustal weakness
and, as such, provides a window into processes that
control crustal reactivation. It strikes 120� and runs
>150 km from the town of Schwarzenfeld in the
Oberpfalz to Upper Austria (Fig. 1). It is parallel to a
second crustal flaw, the Danubian shear zone, which is
positioned ca. 30 km further SW (Fig. 1). Including
NNE–SSW running shear zones in the southern Bohe-
mian Massif, these zones belong to a conjugate shear

zone system (Wallbrecher et al. 1992). Recently, it was
argued that the shear zones formed during Silesian block
interaction between Baltica and Western Europe
(Mattern 1995, 2001). For the Pfahl shear zone, it is
assumed that the rocks were initially displaced by dex-
tral shearing and received a sinistral reactivation during
the Rotliegend (Mattern 1995, 2001). According to
Brandmayr et al. (1995), the metamorphic conditions in
the shear zones reached amphibolite facies temperatures
of up to 650�C. Evidence of dextral shear sense is pre-
served in mylonites and ultramylonites, and some of
these rocks were transformed into cataclastic rocks
during a subsequent phase of brittle deformation. In
Permo-Triassic time, the fault system was reactivated
and episodic influx of silica-rich fluids resulted in nearly
vertical zones of Pfahlquartz precipitation (Ochotzky
and Sandkühler 1914; Hegemann 1936; Hofmann 1962;
Horn et al. 1986). The quartz was deposited from
hydrothermal fluids in or in the proximity to the sheared
zones in the temperature range from 280 to 120�C
(Peucker-Ehrenbrink and Behr 1993).

In terms of rock lithologies, the Pfahl zone separates
anatectic biotite-plagioclase gneisses (Perlgneise, sensu
Fischer 1938, 1959) and K-feldspar-sillimanite gneisses
on its southwestern side from migmatitic cordierite-sil-
limanite gneisses to the northeast. Both lithological units
are part of the Drosendorf Monotonous series of the
Moldanubian sensu stricto (Matte et al. 1990; Petrakakis
1997; Franke 2000). The rocks known as palites occur in

Fig. 1 Generalised geological
map (simplified from Christinas
et al. 1991) of the Bavarian
Forest showing the Bavarian
Pfahl shear zone, palite
distribution and position of
samples dated in this study
(filled circles palites, open circles
dykes). Additional samples
taken for geochemical analyses
originate from 1:25,000
geological map sheet ‘‘7145
Schöfweg’’ (area indicated by
square) and their exact location
is given in Table 1.
Abbreviations: ST
Saxothuringian zone, MO
Moldanubian zone. KG
Kristallgranit and FP
Fürstenstein Pluton are
Variscan granitoids mentioned
in the text
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a 5–7 km wide zone along the southwestern part of the
Pfahl zone, beginning near the town of Regen and
continuing southeastwards over a distance of >50 km
(Fig. 1). The most distinctive rock type is a coarse-
grained, inequigranular granitoid of dominantly grano-
dioritic composition, which often contains large
megacrysts of K-feldspar, sometimes augen-shaped.
Metabasites (gabbros, diorites and amphibolites) of
various sizes (1–100 m) occur as enclaves or nodules in
the palites (Steiner 1972; Christinas et al. 1991, own
observation). According to Christinas et al. (1991), the
coexistence of palites and mafic bodies is the result of
mechanical mixing during intrusion.

Although several processes (magmatic, metamorphic
and metasomatic) seem to have contributed to the for-
mation of the palites, the rocks are generally considered
by most authors to be dominantly of magmatic origin
(Steiner 1972; Troll 1967; Köhler et al. 1989). Troll
(1967) and Steiner (1969, 1972) presented a hypothesis
which considers the K-feldspar megacrysts as a result of
metasomatic formation. Metasomatic fluids are thought
to have been derived from late-Variscan K-feldspar
bearing granite intrusions. Whatever their exact origin,
palites are witnesses of the complicated deformation
history along the Pfahl zone. Their location parallel to
the Pfahl zone suggests that the presence of this zone has
exerted a structural control on their formation and
geographic distribution.

At various localities, the palites are cross-cut by fine-
grained aphyric granitic dykes. Some of these dykes
show equigranular textures, but most of them are
weakly to strongly deformed and possess a penetrative
foliation (Figs. 2, 3). In contrast to the palites, the cross-
cutting dykes do not contain K-feldspar megacrysts.
Field mapping has proved that the granitic dykes mainly
occur within the palites and their peripheral parts; no
evidence on these dykes penetrating the surrounding
paragneisses away from the palites has been found.
There is a tendency for the dykes to parallel the Pfahl
zone (Köhler et al. 1989, own observations) which
means that they are linked to tectonic activity along this
zone. To the southeast, the palites are intersected by

coarse-grained K-feldspar granitic dykes (Steiner 1972).
These rocks are undeformed and mainly restricted to the
south-eastern part of the palite zone and have lower
silica and higher Ti, Ca and Mg contents compared to
the granitic dykes investigated in this study. Based on
these discernible features, there seems to be no genetic
link between these two types of dyke rocks.

Previous geochronology

Despite much research into various geological aspects of
the Pfahl zone and the palites over the past 135 years
(since the pioneering work of Gümbel 1868), the for-
mation age of this peculiar rock-type is poorly con-
strained. Christinas et al.’s (1991) Rb–Sr dating was the
only geochronological study on the palites before our
investigation. Rb–Sr whole-rock isotope analyses from
nine palite samples yield an isochron with an age of
474±18 Ma. Based on the low initial 87Sr/86Sr-value of
0.7051, Christinas et al. (1991) argued that the palite
magma was derived from an upper mantle source.
According to these authors, the Rb–Sr system was
apparently not disturbed by the tectonic events along the
Pfahl zone or by magma mixing, and the age was re-
garded as Ordovician emplacement age. Rb–Sr mineral
isochrons (biotite and apatite) of palites from the
Saunstein quarry, north of the town of Schönberg,
provide cooling ages between 315 and 303 Ma (mean:
310±7 Ma). Muscovite-whole rock Rb–Sr isotope data
on a granitic dyke rock from this quarry give an age of
316±6 Ma and an initial 87Sr/86Sr isotope ratio of
0.7358±0.0001 (all data from Christinas et al. 1991).
This age was interpreted as the minimum age of regional
mylonitisation. Both newly grown and porphyroclastic
muscovite grains from the southeastern part of the Pfahl
and Danube shear zones yield 40Ar/39Ar ages as young
as ca. 287 Ma, indicating that mylonitisation lasted until
Permian times (Brandmayr et al. 1995). Brittle
extensional movement in the NNE striking Blanice-
Kaplice-Rödl shear zone, southern Bohemia, has been
constrained at 270 Ma by 40Ar/39Ar amphibole dating

Fig. 2 Examples of dyke
outcrops and rock types
a Road-cut at the B12 between
Kumreut and Garham,
revealing a pink granitic dyke
cutting through dark-grey
palite, b dyke enclosing a large
fragment of palite, Saunstein
quarry; c polished rock slab
showing palite with prominent
gneissic foliation (sample P1)
dated in this study; d–f close-up
views of dyke samples PGD (d),
G4 (e) and 60 (f) dated in this
study
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of a microgranodioritic dyke (Košler et al. 2001). Horn
et al. (1986) reported a Rb–Sr isochron age for six quartz
samples from the Bavarian Pfahl of 247±21 Ma, sug-
gesting that hydrothermal quartz crystallisation oc-
curred during the Lower Triassic and, based on an initial
87Sr/86Sr isotope ratio of 0.7133±0.0007, the authors
inferred an upper crustal origin of the mineralisation.

Analytical techniques

Rock samples (5–8 kg) were prepared for geochemical
analyses by jaw crushing and pulverising in disk mills
and ceramic disk grinders. Major elements (SiO2, TiO2,
Al2O3, Fe2O3, MnO, MgO, CaO, Na2O, K2O and P2O5),
selected trace elements (Sr, Ba, Rb, Zr, Y, Th and Pb)
and selected rare-earth elements (REEs: La, Ce, Nd, Sm,
Eu and Yb) were analysed using X-ray fluorescence
(XRF) spectrometry on a Bruker AXS S4 Pioneer
spectrometer. The relative standard deviations are <5
% for major and <10% for trace elements. The con-
centrations of middle REEs and Yb are small. Although
XRF counting time was in the range of 300 s/element

for each REE, these concentrations should be consid-
ered semi-quantitative. Sr and Nd were separated from
whole-rock splits using standard chromatographic
techniques (for details, see Chen et al. 2002c). Zircons
were obtained from the 63 to 125 and 125 to 200 lm
sieve fractions by heavy mineral enrichment on a Wilfley
table, subsequent magnetic separation on a Frantz iso-
dynamic separator and final density separation using
heavy liquids. Whenever possible, grains free of cracks
and inclusions were used for analysis. Cathodolumi-
nescence (CL) investigation of zircons similar to those
chosen for U–Pb and Pb-evaporation analyses was car-
ried out on a JEOL JXA 8900RL electron microprobe
and an LEO 1450 VP scanning electron microscope. For
U–Pb isotope analyses, some zircons were air-abraded
following the technique of Krogh (1982). The minerals
were washed in 6 N HNO3 and 6 N HCl for half an
hour at room temperature and rinsed with ultra-clean
H2O. A mixed 205Pb/235U spike was added to the
samples before dissolution in a Parr bomb. After
dissolution, the solutions were subsequently evaporated,
re-dissolved in 0.8 N HBr and passed through minicol-
umns with a 40-ll bed of AG1-X8 (100–200 mesh) anion
exchange resin in a HBr and HCl medium to purify U
and Pb. Pb and U were obtained together from the
columns, loaded on outgassed Re-filaments together
with 0.1 N H3PO4 and Si-gel, and run on a Finnigan
MAT 262 mass spectrometer. Pb isotopes were mea-
sured at �1,200�C in static mode of collection (Faraday)
with 204Pb measured on a secondary-electron multiplier
(SEM) in ion-counting mode. Uranium was analysed
between 1,300 and 1,350�C using ion counting. Proce-
dure blanks ranged between 5 and 10 pg for Pb and U.
Fractionation factors for U and Pb correspond to 0.1%
per atomic mass unit. Initial common Pb remaining after

Fig. 3 Thin section photographs illustrating microtextures of
various granitic dykes. All photographs taken at the same
magnification (2.5·) and at plane polarised light; samples are
arranged according to increasing grain-size reduction; a dyke
PGD—nearly undeformed with primary magmatic crystallisation
texture, b dyke G1 showing incipient mylonitisation, c mylonite
(sample 60), fine-grained and containing strongly aligned minerals,
d dyke 60*, i.e. the margin of dyke 60 dramatically changed by
shearing and recrystallisation and transformed into ultramylonite.
Matrix is very fine grained, mostly made up of quartz and banding
is more intense. Bright streaks are strung-out bundles of mica
flakes. Two rounded porphyroclasts appear isolated in the quartz
and mica matrix
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correction for tracer and blank was corrected following
the model of Stacey and Kramers (1975). U–Pb data
were calculated and plotted with software from Ludwig
(1988, 2003).

The technique used for zircon evaporation is that
developed by Kober (1986, 1987). Pb isotopes were
measured in a mass sequence of 206-207-208-204-206-
207 with the SEM. Common lead correction was after
Cocherie et al. (1992). Pre-heating of zircon at temper-
atures of ca. 1,380� serves as a cleaning procedure for
micro-inclusions and domains with high common lead
component, and therefore, in all analyses the common
Pb component was so low (204Pb/206Pb <1.3·10�4) that
calculated ages are largely insensitive to the assumed
common Pb composition. The calculated 207Pb/206Pb
ages are based on the means of all measurements eval-
uated, and the errors are given by the 2-sigma standard
deviation. The age error for a single zircon grain given in
Table 2 was calculated according to the formula

Dage ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

ð2r= ffiffiffi

n
p Þ2 þ Df 2

q

; where n is the number of
207Pb/206Pb isotope ratio scans (between 100 and 800 per
grain), 2r is the 2-sigma standard error of the Gaussian
distribution function and Df an assumed uncertainty of
the measured 207Pb/206Pb ratio of 0.1%, which includes
potential bias caused by mass fractionation of Pb iso-
topes and uncertainty in linearity of the multiplier sig-
nal. The amplifiers’ non-linearity was tested and found
to be <0.05% in the required counting range (1–500,000
cps). Age and error of several zircons from the same
sample are given as weighted mean and error of the
weighted mean, respectively. For more details on single
zircon Pb-evaporation technique used in this study and
standard zircon reproducibility, see Siebel et al. (2003)
and Chen et al. (2002a), respectively.

Results

Field observation

Macroscopic and mesoscopic descriptions of palites
have been published elsewhere (Troll 1967; Steiner 1969,
1972; Köhler et al. 1989), and here we emphasise on the
relationship between host rock and cross-cutting dykes.
Field exposures reveal contacts that are generally sharp
and lobate (Fig. 2); chilled margins are not observed. In
general, the dykes are of variable size and range in width
from 1 to 20 m. Individual dykes can be traced in the
field for several 100 m along the strike. Compared to the
palites, the dykes appear stronger deformed in the field;
however, under the microscope quartz deformation and
recrystallisation texture can be observed in both rock
types. Some dykes have lost their igneous texture and
show marked WNW to E-W striking penetrative folia-
tions (e.g. sample 60, Fig. 2f). Along zones where this
deformation was intense, the dykes are transformed into
mylonites or ultramylonites. These deformation textures
can be seen microscopically by grain shape preferred

orientation, grain-size reduction and dynamic recrys-
tallisation in pressure shadows of porphyroclasts
(Fig. 3). Intrusion relationships between dykes and host
rock are best exposed in the Saunstein quarry. One large
dyke currently exposed shows increasing deformation
textures from the centre towards its northern exposed
margin where the rocks are transformed into ultramyl-
onites (Fig. 3d). Shear fabrics seen in the dykes were
probably imposed during emplacement as a result of
host–rock interaction with a highly viscous silicic melt.
It seems likely that the solidifying dykes represent fo-
cussed zones of softened material capable of deforming
more readily than the massive host rock.

Petrography, geochemistry and Sr–Nd isotopes

A set of nine palites and nine dykes was selected for
petrographic and compositional investigation. Geo-
chemistry, isotope composition (four samples) and
location of samples are summarised in Table 1, and
some of the geochemical results are shown in Fig. 4.
Further geochemical data on palites are given in Steiner
(1972), Köhler et al. (1989) and Christinas et al. (1991).
The palites are observed to contain various proportions
of K-feldspar (xeno)megacrysts, plagioclase, biotite,
hornblende, interstitial quartz, minor titanite, epidote,
pyroxene, apatite and Fe–Ti oxides. In spite of their
textural diversity, the chemical compositions mainly
correspond to granodiorite, and some analyses plot in
the monzonite, monzodiorite and monzogabbro fields
(Fig. 4a). With a few exceptions, the rocks are metalu-
minous [(A/CNK) 0.83–1.06, mainly between 0.9 and
1.0] and highly potassic (K2O between 3.3 and 7.0 wt%),
with a range in SiO2 contents between 57 and 72 wt%.
Chondrite-normalised REE patterns of the palite sam-
ples investigated in this study are roughly parallel and
these patterns show variable degrees of REE-enrichment
and are characterised by a general decrease from La to
Yb and a slightly positive to no Eu-anomaly (Fig. 4i).

The mineral composition of the dykes is characterised
by the paragenesis quartz, K-feldspar, plagioclase, bio-
tite and ± muscovite. Biotite is often altered to chlorite.
All studied dykes contain zircon as U-bearing accessory
mineral phase. Dyke compositions include intermediate
to felsic varieties. According to the QAP classification
(Streckeisen 1976), all samples tightly plot together in
the monzogranite field (Fig. 4a) and contain a higher
proportion of modal quartz compared to the palites. The
studied dykes are moderately peraluminous, [(A/CNK)
1.00–1.17], with SiO2 contents between 69 and 76 wt%.
A marked negative Eu-anomaly can be inferred from the
REE spectra for all dykes investigated here (Fig. 4j).

The whole-rock geochemical data reveal a composi-
tional continuum between palites and dykes (Fig. 4). In
both rock types, parallel to an increase in SiO2, there is a
decrease of TiO2, Al2O3, Fe2O3, MnO, CaO, MgO,
P2O5, Sr and an increase in Rb, Th, Pb, L(light)REEs
and alumina saturation index (A/CNK). The A/CNK
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versus SiO2 correlation trend crosscuts the metalumi-
nous/peraluminous boundary (Fig. 4c). Na2O and K2O
show a negative correlation and vary more in the palites

than in the cross-cutting dykes, but there is no system-
atic difference in concentration of these elements in both
rock types (Fig. 4e). Sr and Nd isotope compositions
were determined for two dykes and two host rocks
(Table 1). Measured ratios were corrected for in-situ
decay with an age of 330 Ma (based on age results
outlined below). Initial 87Sr/86Sr ratios are higher in the
dykes (0.7118 and 0.7147) than in the host rocks (0.7079
and 0.7077), whereas initial �Nd-values are at �6.5 and
�4.3 in two dykes and at �4.3 and �4.6 in two host
rocks.

U–Pb and Pb–Pb zircon geochronology

Analyses were performed using the U–Pb method on
single grains, broken pyramidal ends of larger grains or
multi-grain fractions (maximum up to four small grains)
and the Pb-evaporation method on single zircon grains.
Pb-evaporation data are listed in Table 2 and U–Pb
analytical data are given in Table 3. CL studies were
performed to evaluate the macrostructural characteris-
tics, and representative images (Fig. 5) are discussed
together with the geochronological data.

Palites

The two samples selected for dating (PF1 and P1) con-
tain large, elongated, long- to short-prismatic, colourless
idiomorphic zircons with some dark inclusions (Fig. 6a),
and CL investigations show the homogeneous ‘‘inte-
rior’’, i.e. microstructural homogeneity of these zircons
(Fig. 5, zircons A1–A5 and B1–B5). The grains exhibit
oscillatory zoning, i.e. banding of CL dark and CL light
regions, and some exhibit different growth stages (Fig. 5,
grains A2 and A3) but are generally free of inherited
cores. Zircons chosen for dating were the most trans-
parent and least-cracked grains from each sample.

Measurements employing the single grain Pb-evapo-
ration method by different evaporation steps lead to
207Pb/206Pb-ages of zircons from sample P1 between 332
and 338 Ma with a mean age of 334±3 Ma (Fig. 7,
Table 2). Six zircon grains from sample PF1 yielded Pb-
evaporation ages between 333 and 336 Ma with a mean
age of 334.5±1.1 Ma. From sample PF1, nine zircon
fractions were analysed by U–Pb isotope dilution
method. They plot along the concordia and define
206Pb/238U ages between 327 and 342 Ma and
207Pb/235U ages between 329 and 341 Ma (Fig. 8a) with
data spread slightly too large for a single-phase zircon
population.

Zircons from samples PF1 and P1 possess similar
calculated Th/U ratios between 0.26 and 0.51 (calculated
from 208Pb/206Pb ratios and age of sample). Variation of
this ratio, that is generally thought to reflect spatial
variation of the Th/U ratio within the zircon crystal
(Klötzli 1999), becomes evident from the evaporation
data (Fig. 7). Zircons from sample PF1 show increasing

Fig. 4 Geochemical classification and selected major- and trace-
element diagrams illustrating the geochemical composition of host
rocks (filled circles) and cross-cutting dykes (open circles);
a Samples in the QAP diagram; fields based on Streckeisen
(1976): 3a syenogranite, 3b monzogranite, 4 granodiorite, 8* quartz
monzonite, 9* quartz monzodiorite, b AFM ternary plot with
tholeiitic and calc-alkaline division showing that the palites and
cross-cutting dykes share a calc-alkaline trend, c A/CNK versus
SiO2, horizontal line shows the boundary between metaluminous
and peraluminous rocks, d Fe2O3 versus SiO2 diagram; similar
trends can be found for other major elements such as TiO2, Al2O3,
MnO, CaO, MgO and P2O5 (not shown), e K2O versus Na2O;
f–h Rb, Th and Pb versus SiO2, i and j Chondrite normalised REE
diagrams for palites and dykes, respectively. Chondrite concentra-
tions of McDonough and Sun (1995) were used for REE
normalisation.
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208Pb/206Pb ratios with increasing evaporation temper-
ature. 208Pb/206Pb ratios in zircons from numerous
granitoids in NE Bavaria vary in the same way (Siebel
et al. 2003) indicating that the Th/U ratio has decreased
during magmatic growth from the inner to the outer
sector of the crystal. Zircons from sample P1 either show
no clear trend or a decrease of 208Pb/206Pb ratios with
increasing evaporation temperature (Fig. 7). It is likely
that the Th/U chemical zoning varies according to the
coexisting mineral assemblage present during crystalli-
sation and largely depends on the presence or absence of
concurrent growth or co-precipitation of other Th-
bearing phases such as allanite or monazite.

Granitic dykes

Zircons from all four investigated dyke samples display
concentric magmatic zoning and apart from few grains
(grains C5 and E3 in Fig. 5) show no clear evidence for
the presence of inherited cores. Sample PGD contains
small red zircon crystals (Fig. 6b) that show no CL
emission at all. CL intensity in zircons depends on
structural parameters such as crystallinity (Nasdala et al.
2002) and on trace element abundances, and emission is
inversely correlated to their contents of U and Y (e.g.
Hanchar and Miller 1993; Kempe et al. 2000). In sample
PGD, the U content is anomalously high (between
3,000–25,000 ppm) and might be the main reason for the
suppressed CL signal of zircons from this sample. Cal-
culated Th/U ratios of zircons from sample PGD mainly
vary between 0.19 and 0.54 and are indicative for zircon
formed from igneous crystallisation (Rubatto and Ge-
bauer 2000). Fraction PGD-9a yields an outstanding
high Th/U ratio of 32 and high Pb concentration
(1,340 ppm), that is probably caused by a Th-mineral
inclusion. The mechanically untreated (non-abraded)
zircons suffered variable Pb loss, resulting in a disper-
sion of apparent 206Pb/238U and 207Pb/235U ages be-
tween 321 and 254 Ma (4.1–18.6% discordant). Six
zircon fractions (PGD-7a to PGD-12a in Table 3) were
air-abraded (Krogh 1982) before analysis and approxi-

mately 10–20% of the entire volume of each zircon was
removed by this procedure. Air-abrasion did not mini-
mise the degree of discordance and four fractions still
give discordant (1.1–18.8%) results (Fig. 8b). However,
two of these abraded fractions plot on the concordia
close to 320 Ma. All fractions (abraded and non-abra-
ded) plot on a discordia line that gives an upper inter-
cept age of 322±5 Ma (MSWD=3.1, all errors for
discordia intercepts refer to 95% confidence limit). The
lower intercept indicates that the main Pb-loss event
seems to have occurred in more recent times.

The zircon population recovered from the leucocratic
dyke 60 (Fig. 2b) includes elongated prismatic grains
that appear hazy, ranging in colour from honey-yellow
through brown to red. The CL images display oscilla-
tory zoning supporting their magmatic origin (Fig. 5,
grains C1–C5). Two fractions plot on the concordia
curve at 329 and at 324 Ma (Fig. 8c), whereas the
remaining three fractions plot slightly below the con-
cordia (2.3–5.5% discordance) indicating some Pb-loss.
A discordia line through all fractions yields an upper
intercept age of 326±9 Ma (MSWD=1.9). The U
content of the grains ranges from 379 to 1808 ppm, i.e.
lower than in PGD, and the calculated Th/U ratios vary
between 0.37 and 0.75.

Dyke sample G1 contains a high percentage of clear
or colourless long-prismatic grains with aspect ratios
>4. The majority of the zircon crystals are euhedral
with simple prismatic-pyramidal morphology and show
a remarkable variation in size (�40–300 lm). CL
images show that the zircon grains exhibit zoned tex-
ture (Fig. 5, D1–D5). The U–Pb results of nine frac-
tions are shown in Fig. 8d. Most data points plot on
the concordia curve and comprise fractions around
326, 322 and 315–318 Ma. An additional fraction lies
discordant at ca. 290 Ma. Two data points plot on the
concordia at 339 Ma substantiating an older compo-
nent in the dyke. All data points define a discordia
yielding an upper intercept age of 331±8 Ma
(MSWD=1.1). All fractions have intermediate to high
U contents (435–1760 ppm) and calculated Th/U ratios
vary between 0.11 and 0.96.

Table 2 Data from zircon 207Pb/206Pb evaporation analyses (palite samples P1 and PF1)

Sample No. of ratios 204Pb/206Pb 206Pb/208Pb Th/Ua 207Pb/206Pb 207Pb/206Pb age (Ma)

P1-1 484 0.000032 9.4 0.33 0.053106±22 333.4±2.5
P1-2 292 0.000129 12.4 0.26 0.053084±46 332.4±3.0
P1-3 717 0.000085 7.0 0.45 0.053079±20 332.2±2.5
P1-4 322 0.000040 11.9 0.27 0.053117±46 333.8±3.0
P1-5 446 0.000044 10.3 0.31 0.053214±26 338.0±2.6
Weighted average 334.0±3.0
PF1-1 555 0.000057 10.4 0.30 0.053137±42 334.7±2.9
PF1-2 554 0.000131 11.0 0.36 0.053140±38 334.8±2.8
PF1-3 367 0.000021 7.6 0.43 0.053117±63 333.8±3.5
PF1-4 593 0.000032 12.6 0.26 0.053163±22 335.8±2.5
PF1-5 625 0.000035 12.5 0.26 0.053104±45 333.3±3.0
PF1-6 331 0.000101 10.1 0.31 0.053121±37 334.0±2.8
Weighted average 334.5±1.1

aTh/U model ratio calculated from 208Pb/206Pb ratio and age of the sample
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The zircon population extracted from dyke G4
exhibits a variety of forms including well-preserved eu-
hedral to subhedral transparent to translucent crystals
of various size and equant to needle-like shape. CL
images show no significant internal features apart from
oscillatory zoning typical for magmatic zircons (Fig. 5,
E1–E3). The U–Pb data define two distinct groupings
(Fig. 8e). Three data points plot close to the concordia

at 330 Ma and one of them is slightly reversely discor-
dant. The second group of points are discordant. When
these analyses are regressed by forcing through zero (i.e.
present day), an upper intercept age of 331±9 Ma
(MSWD=0.37), that coincides with the average age of
the older fractions, is obtained. All zircon fractions of
this sample have intermediate to high U contents (218–
1595 ppm) and intermediate to high Th/U ratios of
0.24–1.50.

Relationship between Th/U ratio, 206Pb/238U age and
U content for all investigated zircon fractions is com-
piled in Fig. 9. Whereas U-poor fractions show a large
range in Th/U ratios, the U-rich fractions are mainly
characterised by low Th/U ratios (Fig. 9a). However, it
is interesting to note that the Th/U ratio does not con-
tinue to decrease in the extreme U-rich fractions (i.e.
>3,000 ppm U), implying that most of the U-rich
fractions are also rich in Th. This would not be expected
if the zircon were affected by later fluid infiltrations due
to the higher mobility of U compared to Th. Most cal-
culated Th/U ratios are in the range typical for mag-
matic zircons and higher than in metamorphic zircons
(Rubatto and Gebauer 2000; Rubatto 2002). The rela-
tionship between the U content and apparent U–Pb ages
will be discussed in the following section.

Discussion

Age constraints on host rock

Based on the data presented here, the age of the palites is
confined to the Lower Carboniferous. U–Pb and Pb–Pb-
evaporation analyses yield ages of 334±3 and
334.5±1.1 Ma (average 207Pb/206Pb-evaporation zircon
ages of samples P1 and PF1, respectively) and 327–342
and 328–341 Ma (range of 206Pb/238U and 207Pb/235U
ages of sample PF1). These ages are some 140 Ma
younger than the Ordovician Rb–Sr isochron age ob-
tained from different whole-rock samples (Christinas
et al. 1991). Although in recent years Ordovician mag-
matism was confirmed by SHRIMP zircon analyses in

Fig. 5 Cathodoluminescence images of polished zircon sections
from host rocks and cross-cutting dykes. Grains from both rock
types show oscillatory zoning with alternating bands of bright and
dark luminescence intensities mainly parallel to the growing crystal
faces. A1–A5 and B1–B5 internal structure of characteristic zircons
from the palite samples P1 and PF1, C1–C5 typical zircons from
dyke 60, D1–D5 typical zircon from dyke sample G1, E1–E5 typical
zircons from dyke G4. Note that in zircons from dyke sample PGD
(not shown), CL is suppressed probably by high U abundance.
Images for palites were obtained with a Jeol JXA 8900RL electron
microprobe and those for dykes with a Leo Scanning Electron
Microscope. The more brightly luminescent domains of dyke
zircons compared to host rock may be due to different microscopic
techniques. Scale bars are 30 lm

Fig. 6 Photomicrographs of zircons from a host rock PF1, b cross-
cutting dyke PGD (for outcrop locality see Fig. 2a). The dark red
spots within the zircons from the dyke come from impurities and
small inclusions. Zircons from this sample are ‘‘leaky’’ with respect
to Pb and up to 20% discordant
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different regions of the SW Moldanubian zone (Mielke
et al. 1996; Teipel et al. 2003), the new data for the
palites exclude an Ordovician formation and the Rb–Sr

age therefore most likely represents a mixing line (comp.
Holl et al. 1989). In all analysed grains, no clear evidence
of inheritance or Pb-loss was found. The excess scatter

Fig. 8 Concordia diagrams
showing U–Pb data for zircons
from a host rock and four
different dykes. For the dykes,
discordia lines generated by
variable Pb loss of the U-rich
zircon fractions are added to
the figure; a Palite PF1 (host
rock) with nine concordant or
nearly concordant fractions,
b dyke PGD, different shading
of ellipses to distinguish
abraded (white) and non-
abraded (dark) zircon fractions,
c dyke 60, d dyke G1, e dyke
G4. Ellipses indicate the
uncertainty at the 2r level (95%
confidence level)

Fig. 7 Histograms showing the
distribution of radiogenic
207Pb/206Pb ratios obtained
from evaporation analyses of
zircons from the palite samples
P1 (left) and PF1 (right). Insets
show the 208Pb/206Pb
distribution obtained from
different evaporation steps for a
given zircon grain
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of concordant 206Pb/238U and 207Pb/235U ages in sample
PF1, however, might indicate mixing of two episodes of
zircon growth (i.e. �340 and �330 Ma) which would fit
with the core-rim relationships visible in grains A2, A3
and A5 (Fig. 5). Sample PF1 was taken in close prox-
imity to dyke PGD. The first episode of zircon growth
may be related to the crystallisation from the palite melt
and the second could be to thermal or hydrothermal
influence during dyke emplacement.

The U–Pb and Pb–Pb ages confirm previous suppo-
sitions from field observations (e.g. Troll 1967) that the
palites are of late-Variscan age. The deformation tex-
tures suggest that these rocks were formed during high-
temperature shearing. As known from other crustal-
scale shear zones, e.g. Red River, Yunnan (Zhang and
Schärer 1999) and Ivrea-Verbano, Alps (Mulch et al.
2002), magmatic activity often occurs in direct relation

to strike-slip movement. Therefore, it seems likely, that
there was a link between formation of the palites and
deformation related to the Pfahl zone. This means that
the Pfahl shear zone was already active during the
Lower Carboniferous.

For other late-Variscan granitoids in the Bavarian
Forest close to the Pfahl zone, slightly younger U–Pb
zircon and monazite ages were reported (Kristallgranit I,
�315 Ma, Grauert et al. 1974; Propach et al. 2000;
Ödwieser granodiorite, 318 and 320 Ma, Propach et al.
2000). Compared to the palites, these magmatic rocks
are hardly affected by late-Variscan deformation and are
probably not related to the initiation of the Pfahl zone.
A regional comparison with rocks outside the Pfahl zone
shows that the age of the palites is indistinguishable
from that of the Fürstenstein diorites (�335 Ma, Chen
et al. 2002b) and the Rastenberg granodiorite, Upper
Austria (338±2 Ma, Klötzli and Parrish 1996). The age
is also in the range of U–Pb zircon ages obtained from
granitoids of the Central Bohemian Batholith (330–
350 Ma, e.g. Franke 2000; Janoušek and Gerdes 2003)
and correlates with metamorphic monazite ages in the
Austrian and Czech parts of the Drosendorf assemblage
(Friedl et al. 1993, 1993; Gebauer and Friedl 1994, see
also Franke 2000).

Age constraints on dykes

Three out of four investigated dykes contain some zircon
fractions that nearly approach the age of the host rock.
Most fractions, however, plot in a slightly discordant
manner or yield younger concordant ages. Dyke sample
G1 contains two zircon fractions with U–Pb ages of
�339 Ma. It seems rather unlikely that these ages rep-
resent the dykes’ emplacement time. More likely, these
zircons might have grown during an earlier igneous
crystallisation event. During melting, they might have
been incorporated in the magma and they now form
complete xenocrysts in the dykes. Alternatively, these
fractions might comprise accidental grains incorporated
from host-rock xenoliths during emplacement.

In contrast to the zircons from the palites, the dyke
zircons plot up to 20% below concordia (Fig. 8). Most
of the dyke zircons contain much higher U concentra-
tion compared to those of the palites (Fig. 9b) and this is
the most likely reason for the different behaviour.
Compared to zircons with low U concentration, zircons
enriched in U might be expected to be more susceptible
to Pb-loss due to accumulated radiation damage of the
crystal lattice caused by a-particles and fission products
(Silver and Deutsch 1963; Woodhead et al. 1991; Mezger
and Krogstad 1997). Such metamict zircons often show
differential rejuvenation, i.e. an increase in discordance.
Excluding some fractions with the highest U content
(PGD), there is a slight negative correlation between the
apparent 206Pb/238U age and the U concentration, i.e.
grains with higher U concentration yield younger ages
(Fig. 9b). Although trace element content in zircons can

Fig. 9 Plots showing the Th/U ratio, 206Pb/238U age and U content
of the zircon fractions of host rock and cross-cutting dykes; a Th/U
(calculated from the Pb isotope data) versus U concentration (in
ppm) diagram. Inset with arrow indicates fraction with a calculated
Th/U ratio of 32 (PGD-9a), b 206Pb/238U ages as a function of U
content. Analyses within the dark shaded field show negative
correlation between apparent ages and U concentration, indicating
Pb loss controlled by radiation damage. In both figures, bright
shaded field comprises non-luminescent fractions from sample PGD
with U content >3,000 ppm
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vary largely (Hinton and Upton 1991; Rubatto 2002)
such high U concentrations, as found in zircons of
sample PGD, are strongly indicative of the presence of
some U (and Th) within inclusions (Gorz 1974), a pos-
sible explanation for the lack of a clear correlation be-
tween apparent age and U concentration in fractions
from sample PGD.

If a later Pb-loss event for the dyke zircons is as-
sumed, the time of dyke emplacement can be inferred
from the upper discordia intercepts at about 322±5 Ma
(sample PGD), 326±9 Ma (sample 60), 331±8 Ma
(sample G1) and 331±9 Ma (sample G4) (Fig. 8b–e). A
certain degree of inconfidence must be attributed to the
slightly younger age of sample PGD based on the
probability of nearly complete, non-recent Pb-loss. Due
to their extremely high U concentration, zircons from
sample PGD are definitely affected by metamictisation
and might have already become severely metamict a few
Ma after formation. The natural annealing of metamict
zones does take place only above the amorphisation
temperature and severely metamict zircons may there-
fore lose their Pb at low temperature conditions (Cher-
niak et al. 1991; Meldrum et al. 1998; Cherniak and
Watson 2000). Pb can also be readily leached from
metamict zircons under hydrothermal conditions (e.g.
Pidgeon et al. 1966; Sinha et al. 1992). Thus, zircons
from sample PGD could become susceptible to Pb loss
either during or after late-Variscan regional high-tem-
perature metamorphism (326–322 Ma, Kalt et al. 2000),
or when hydrothermal fluids circulated through the
Pfahl zone. It is therefore likely that the upper intercept
age of sample PGD only provides an approximation of
the minimum age of this dyke. In sample G1, several
fractions which are analytically concordant plot between
315 and 320 Ma (Fig. 8d); the coincidence in age of
several fractions may likewise result from near-complete
resetting shortly after emplacement. Given the coinci-
dence (within error) between the upper intercept ages of
samples 60, G1 and G4, we believe that these ages rep-
resent a close approximation for the time of zircon
growth. Combining all observations, we suggest that
dyke intrusion took place shortly after palite formation
at around 330 Ma. Compared to the palites and dykes
analysed in this study, other granitoids adjacent to the
Bavarian Pfahl zone (Patersdorf granite and Rinchnach
granite) are largely undeformed. The emplacement ages
of these post-tectonic granitoids still have to be deter-
mined in order to define the lower age limit of the pen-
etrative mylonitisation event in the Bavarian shear zone.

Significance of compositional variation

Nearly all dykes were found within the palite zone which
raises the possibility of a genetic relationship between
both rock types. The continuous chemical variation
between palites and cross-cutting dykes (Fig. 4) could
result from various processes including magma mixing
or fractional crystallisation. Palites and dykes have

several geochemical features in common such as similar
range of Na2O and K2O; compositional variation (i.e.
increase of SiO2 from palites to dykes combined with
linear decrease of Ti, Al, Fe, Mn, Ca, Mg, P and Sr)
suggests that both rock types could have formed
through fractional crystallisation of the same parental
magma. Compared to the palites, the dykes show a
significant negative Eu-anomaly, which is a reflection of
a larger amount of feldspar fractionation (Nagasawa
and Schnetzler 1971). Despite these relationships, the
dykes are generally more enriched in LREE than the
palites (Table 1). Such a feature is not consistent with a
model of in-situ fractional crystallisation because
increasing differentiation of a granitic melt decreases the
LREE due to fractionation of trace phases such as
allanite or monazite (e.g. Miller and Mittlefehldt 1982;
Michael 1984). High LREE content in the dykes can be
attributed to the suspension of allanite or monazite
fractionation in the parental melt. Th is a major element
in both monazite and allanite, and the high Th content
observed in the dykes (Fig. 4g) probably reflects the
presence of one of these minerals. We argue that the
dykes were derived from a fractionated metaluminous
parental melt that was enriched in LREE and Th.
Enrichment of LREE can be achieved in a more mafic
magma before attainment of allanite saturation. Gen-
erally, the LREE rich accessory phase in a metalumi-
nous melt is allanite. Thus, we think that the dykes were
derived from a mafic parental magma that has frac-
tionated apatite and or epidote instead of allanite, pro-
ducing a final melt enriched in LREE and Th.

The isotope data reveal evidence of considerable
variation of the initial 87Sr/86Sr isotope ratios between
host rock and dykes. Including an initial 87Sr/86Sr ratio
of 0.7358±0.0001 (dyke sample studied by Christinas
et al. 1991), it becomes evident that the dykes are likely
to have been affected by Sr isotopic disturbances. Sub-
solidus hydrothermal alteration has a great potential to
redistribute the Sr isotopic composition, and the addi-
tion of Rb from circulating solutions would also result in
enhanced initial Sr ratios (Siebel 1995). Given the low
mobility of the REE, the Nd isotope ratios can provide a
better image of the source. Dyke PGD has almost the
same �Ndi (�4.3) as the two palite samples (�4.2 and
�4.6), indicating that these rocks could have been de-
rived from the same source. However, the difference
between the Nd isotope composition of dyke G1
(�Ndi=�6.5) and the palites may indicate the involve-
ment of crustal contamination during the formation of
this dyke. Given the limited number of isotope data, it
remains somewhat enigmatic to which extent palites and
dykes were derived from related sources.

The absence of muscovite, cordierite and Al-silicates
(except in local retrograde zones) indicates that the pa-
lites cannot be regarded as a product of in-situ partial
melting of the adjacent gneisses (Perlgneise) south of the
Pfahl zone. Besides, the palites have higher Nd values
compared to common Moldanubian gneisses (Liew and
Hofmann 1988), indicating a different source. The gen-
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eral lack of inherited zircon components is compatible
with melting of the lower crust at very high temperatures
or with direct contribution of a mafic mantle melt as
already proposed by Christinas et al. (1991). In addition,
the frequency of metabasic inclusions in the palites ar-
gues against a derivation purely by crustal anatexis and
implies that some of the melts have formed in the
mantle. Due to shear zone activity, these melts could
have migrated through the crust where they triggered
melting leading to anatectic textures and the formation
of the palites.

Conclusions

Zircon dating provides effective constraints on the early
evolution of the Bavarian Pfahl shear zone. Syn-tectonic
biotite-hornblende granitoids with large K-feldspar
megacrysts (‘‘palite’’) show Lower Carboniferous U–Pb
and Pb–Pb zircon ages. The rocks predate the thermal
peak of the Upper Carboniferous low-pressure
amphibolite facies regional metamorphism in the
Bavarian Forest by about 10–15 Ma. Spatial association
of the palites with the Pfahl zone suggests that their
formation is closely linked to the initiation of the shear
zone. Magma emplacement was facilitated by fracturing
associated with the early shear zone activity, with in-situ
lateral expansion. The shear zone acted as a localising
conduit for the rise and entrapment of mantle melts into
the surrounding crust driving the palite formation pro-
cess.

The palites were subsequently intruded by granitic
dykes and dyke injection was associated with penetrative
mylonitisation. U–Pb age discordance caused by sub-
sequent partial Pb loss causes a potential problem in
determining the exact emplacement age of the dykes. U–
Pb age discordance is found in particular in those frac-
tions with high U content. Given the fact that the low U
host rock zircons are concordant without exception, our
data confirm earlier findings that metamictisation is the
major driving force for the discordance of zircon. Upper
discordia intercept ages between 326 and 331 Ma esti-
mate the emplacement time of the dykes and thus define
the maximum age of mylonitisation in the Bavarian
Pfahl zone.

The petrologic history of the dyke and host-rock
association is complex and not yet fully understood. The
rocks preserve element signatures consistent with mag-
matic differentiation such as high-K calc-alkaline trend,
decreasing Ti, Al, Fe, Mn, Ca, Mg, P and Sr concen-
tration with increasing silica content. However, en-
hanced LREE and Th concentration in the dykes as well
as evidence from Sr and Nd isotopes is difficult to ex-
plain with this concept. The set of presently available
geochemical and isotopic data argue against a simple
genetic relationship between palites and dykes.
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Entwicklung seiner Landschaft im Laufe der geologischen
Geschichte. Jahrb Preuß Geol Landesanstalt 59:355–382

Fischer G (1959) Der Bau des Vorderen Bayerischen Waldes. Jber
Mitt Oberrh Geol Ver NF 41:1–22

Franke W (2000) The mid-European segment of the Variscides:
tectonostratigraphic units, terrane boundaries and plate tec-
tonic evolution. In: Franke W, Haak V, Oncken O, Tanner D
(eds) Orogenic processes: quantification and modelling in the
Variscan belt. Spec Publ Geol Soc Lond 179:35–61

Frentzel A (1911) Das Passauer Granitmassiv. Geognostisches
Jahrb 24:31

Friedl G, von Quadt A, Finger F (1993) 340 Ma U/Pb-Monazit-
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edonian ages in Variscan rocks: Rb–Sr and Sm–Nd isotope
variations in dioritic intrusives from the northwestern Bohe-
mian Massif, West Germany. Tectonophysics 157:179–194
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