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The Lusatian Massif in the Central European Variscides, composed of Upper Neoproterozoic (c. 570 Ma) greywacke
intruded by c. 540 Ma old Cambrian granodiorites (and the somewhat younger Zawidów granodiorites), constitutes
a fragment of the Cadomian basement of the Saxo-Thuringian Zone. The Lusatian Massif adheres on the east to the
Karkonosze-Izera Massif composed of the c. 500 Ma Izera/Rumburk granites related to the Cambro–Ordovician rifting
of the Cadomian basement, and narrow belts of micaschists. Trace-element and Sm–Nd isotope data suggest that the
source rocks for the Lusatian greywacke, the Zawidów granodiorite and the Izera/Rumburk granite could have been
similar, though not the same. The new SHRIMP U–Pb zircon data for the Zawidów granodiorite reveal, apart from the
expected c. 540 Ma ages, three other zircon age populations of around 630 Ma, 600 Ma and 510 Ma, the latest being
evidently younger than 540 Ma that was considered as the age of the granodiorite magma emplacement. Zircons with
206
Pb/238U ages around 510 Ma, and somewhat older (up to c. 538 Ma), have also been reported from the Izera granites.
This could mean that the granitic plutonism related to the Cadomian orogenic cycle and the Cambro–Ordovician rifting
triggered two or more magmatic pulses during at least c. 30 My. During the prolonged period of igneous activity, the
plate-tectonic environment at the Gondwana margin changed from collisional (Cadomian Orogeny), to initial rifting
(Cambro–Ordovician).
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1. Introduction
The demise of the Ediacaran Cadomian orogeny and the
initiation of the Cambro–Ordovician rifting were characterized by intense granitoid magmatism. In the eastern
part of the Saxo-thuringian Zone (Fig. 1a) of the Variscan
belt occur the Cadomian granitoids of the Lusatian Massif (in SE Germany, SW Poland and N Czech Republic),
dated at 540–530 Ma ( 207Pb/ 206Pb zircon evaporation
ages, Kröner et al. 1994; Gehmlich et al. 1997; Tichomirowa 2002). On the other hand, Late Cambrian/Early
Ordovician granites are represented by the Izera granites/
orthogneisses, and their local varieties: the Rumburk
granite, Kowary and Karkonosze (ortho-)gneisses, all
dated at c. 500 Ma using various U–Pb zircon techniques
(Kröner et al. 2001; Oberc-Dziedzic et al. 2009, 2010;
Żelaźniewicz et al. 2009). These Cambro–Ordovician
granites and orthogneisses form the Izera-Kowary Unit in
the Karkonosze-Izera Massif (Fig. 1b; Mazur and Kryza
1996; Mazur et al. 2006).
The field relations show that the Lusatian granodiorites were intruded by the Rumburk granites (Domečka
1970; Opletal et al. 1983). The available age data suggest

that the time gap between the emplacement of the older
Lusatian granodiorites (540 Ma) and the younger Izera/
Rumburk granites was c. 40 My (Kröner et al. 1994,
2001; Gehmlich et al. 1997; Oberc-Dziedzic et al, 2009,
2010; Żelaźniewicz et al. 2009).
In this paper, we present the first SHRIMP U–Pb
zircon data for the Zawidów (Lusatian) granodiorite,
exposed in the eastern part of the Lusatian Massif. We
compare the new ages with available radiometric data
for the Lusatian greywacke (Linnemann et al. 2004) and
the Izera granites and micaschists (Oberc-Dziedzic et
al. 2009, 2010; Żelaźniewicz et al. 2009). Based on the
comparison of the published and new petrological, geochemical, isotopic and age data, we address the problem
of possible genetic relationship between the Lusatian
granodiorites and the Izera/Rumburk granites, and the
prospective contribution of deep-seated sources similar
to the Lusatian greywackes to their genesis. Finally, we
discuss the prolonged, multiphase granitoid magmatic
activity, recorded in the Lusatian and Karkonosze-Izera
massifs, within the context of changing plate tectonic
settings at the northern periphery of Gondwana, from
Cadomian convergence to Cambro–Ordovician rifting.
www.jgeosci.org
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Fig. 1 Simplified geological map of the central part of the Lusatian-Izera Massif (b) and inset showing its position in the Bohemian Massif (a).

2. Geological setting
The Lusatian Massif in the eastern Saxo-Thuringian Zone
(or Saxothuringicum, sensu Kossmat 1927; Fig. 1a–b)
represents a fragment of the Cadomian basement within
the Variscan belt. The massif is dominated by a clastic
sedimentary sequence, the Lusatian greywacke, c. 570
Ma old (based on SHRIMP zircon dating of syn-sedimentary volcanic tuff layers, Linnemann et al. 2000).
The Lusatian greywackes are low-grade turbidites with
well-preserved primary sedimentary features of the
Bouma sequence (Kemnitz 1998, 2007). The greywackes
were intruded by the Lusatian granodiorites, c. 540–530
Ma old (207Pb/206Pb evaporation zircon ages, Kröner et
al. 1994, 2001; Gehmlich et al. 1997; Linnemann et
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al. 2000; Tichomirowa 2002). The Lusatian granodiorites show a zonal distribution of compositional types:
medium-grained two-mica granodiorite and mediumgrained muscovite-bearing biotite granodiorite occur in
the center of the magmatic complex, whereas medium- to
coarse-grained biotite granodiorite forms its marginal
part. The granodiorite-type succession: 1) the two-mica
granodiorite, 2) the muscovite-bearing biotite granodiorite, 3) the biotite granodiorite, was established based
on field relationships between the rock varieties, as well
as mineralogical and geochemical arguments (Krauss et
al. 1992).
The Cadomian basement of the Saxo-Thuringian
Zone is overlain by Lower Palaeozoic (meta)sedimentary rocks, separated from the basement by two breaks
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in sedimentation, at c. 540–530 Ma and 500–490 Ma
(Linnemann et al. 2007).
The Neoproterozoic–Lower Cambrian rocks of the
Lusatian Massif cropping out in the study area, near
Zgorzelec, Zawidów and Leśna (Fig. 1b), are represented
by the Zawidów granodiorite (biotite granodiorite = East
Lusatian or Seidenberger granodiorite) including its deformed varieties – granodiorite gneiss (Kozłowska-Koch
1965; Szałamacha 1970), and by the Lusatian greywacke.
The greywacke was intruded and thermally metamorphosed by the Zawidów granodiorite. Contact metamorphic effects in the greywacke include the crystallization
of biotite and, probably, cordierite, the latter completely
transformed into pinite (Borkowska 1959; Smulikowski
1972). These rather faint effects point to a relatively shallow depth of the granodiorite emplacement.
To the east, the Lusatian Massif is adjacent to the
Izera-Kowary Unit (Fig. 1b) of the Karkonosze-Izera
Massif (Mazur and Kryza 1996; Mazur and Aleksandrowski 2001; Żelaźniewicz et al. 2011). The IzeraKowary Unit is composed predominantly of granitic orthogneisses (designated by local names, as the Rumburk,
Izera, Karkonosze and Kowary granites/orthogneisses)
dated at ~500 Ma (U–Pb SHRIMP method, ObercDziedzic et al. 2009, 2010; Żelaźniewicz et al. 2009). The
origin of these granites is ascribed to the Late Cambrian/
Early Ordovician rifting of the Cadomian orogen, prior
to the formation of the Saxothuringian Basin (Pin et al.
2007).
Three latitudinal schist belts occur within the gneisses
of the Izera-Kowary Unit, from N to S: the Złotniki
Lubańskie, the Stara Kamienica and the Szklarska Poręba
belts (Fig. 1b). The boundary between the Lusatian Massif and the Izera-Kowary Unit of the Karkonosze-Izera
Massif is defined as an intrusive contact zone (Domečka
1970; Opletal et al. 1983). Rocks considered as equivalents of the Lusatian granodiorite and Lusatian greywacke were found among the Izera gneisses, far away
from the main outcrops of these rocks in the west. Based
on similar ages (Żelaźniewicz et al. 2004), the granodioritic gneiss in the Izera-Kowary Unit is considered
as a deformed equivalent of the Lusatian granodiorite.
A metamorphosed equivalent of the Lusatian greywacke
can be the Złotniki Lubańskie micaschists (Berg 1935;
Kozłowski 1974; Oberc-Dziedzic 1988; Chaloupský et al.
1989). Indeed, the zircon ages from a volcanogenic intercalation in the Złotniki Lubańskie schists (Żelaźniewicz
et al. 2009) correspond to those from volcanogenic intercalations in the Lusatian greywacke (Gehmlich et al.
1997; Żelaźniewicz et al. 2003).
The protolith age of the Stara Kamienica and
Szklarska Poręba schists is probably Late Cambrian/Early
Ordovician, similar to that of the Velká Úpa schists south
of the Karkonosze Pluton (Oberc-Dziedzic et al. 2009).

Further details on the structure and evolution of the
Karkonosze-Izera Massif can be found in Mazur and
Kryza (1996), Mazur and Aleksandrowski (2001), Mazur (2003), Oberc-Dziedzic (2003), Żelaźniewicz et al.
(2003), Białek (2003, 2007), and Mierzejewski (2003,
2007).

3. Previous geochronology
The depositional age of the Lusatian greywacke was
determined on zircons from an intercalated tuff layer
(Linnemann et al. 2000): 565 ± 3 Ma (by the 207Pb/206Pb
evaporation method) and 574 ± 8 Ma (SHRIMP). Kröner
et al. (1994) obtained zircon evaporation 207Pb/206Pb ages
for the Lusatian granodiorites ranging between 587 ± 17
to 542 ± 9 Ma. They inferred either a prolonged (~40
My) magmatic activity or three successive episodes of
granodiorite emplacement within the same interval (~585,
~563, ~542 Ma). Mean 207Pb/206Pb evaporation ages obtained from zircons by Tichomirowa (2002) suggest that
the melt formation of the Lusatian granodiorites occurred
over a more limited time interval (c. 540–530 Ma). According to Tichomirowa (2002), the ages obtained by
Kröner et al. (1994) have to be reconsidered as a mixture
of two successive magmatic events: a later, late Cadomian (~540–530 Ma) that formed the granodiorites, and
an earlier (~580–570 Ma), indicated by inherited zircons.
Similar age of 541 +7/–8 Ma was obtained for the Zgorzelec granodiorite (Dörr et al. 2002, ID-TIMS U–Pb, on
single, mechanically abraded zircon grains).
The granodioritic gneiss in the western part of the
Karkonosze-Izera Massif was dated at 533 ± 9 Ma (IDTIMS U–Pb, on single, non-abraded and mechanically
abraded zircon grains, Żelaźniewicz et al. 2004).
Sericite pseudomorphs after muscovite in a cataclastic
variety of the Zawidów granodiorite yielded an age of
323 ± 6 Ma (Ar–Ar method, Marheine et al. 2002).
Summing up the published geochronological data,
still unresolved remains the question whether the Lusatian granodiorites and the Izera granites/gneisses were
produced during a protracted (near?) continuous magmatic activity or rather represent distinct plutonic pulses,
separated by relatively short time intervals, during the
waning stages of the Cadomian orogeny, passing to the
Cambro–Ordovician initial rifting.

4. Materials and methods

4.1. Whole-rock geochemistry
Two new bulk-rock chemical analyses of undeformed
granodiorites from Zawidów (ZAW) and Zgorzelec
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(ZG 2) were performed at Acme Analytical Laboratories
(Vancouver, Canada). Major- and trace elements (including REE) were measured using combined ICP-OES and
ICP-MS techniques [analytical package 4LITHORES
(11+): Major Elements Fusion ICP(WRA)/Trace Elements Fusion ICP/MS(WRA4B2)]. The available data
for the Zawidów granodiorite, the Lusatian greywacke
and the Izera granites have been plotted using the GCDkit
software (Janoušek et al. 2006).

4.2.	Nd isotopes
For the Sm–Nd isotope analyses, the samples were first
decomposed by fusion in an induction furnace with
LiBO2 as a fluxing agent (Le Fèvre and Pin 2005), and
the resulting melt was dissolved in 1.25M HCl. Then, Sm
and Nd were separated from matrix elements and each
other by a procedure adapted from Pin and Santos Zalduegui (1997) combining cation-exchange with extraction
chromatography techniques. Samarium concentrations
were measured with a 149Sm-enriched tracer on an upgraded VG54E mass spectrometer in the single collector
mode (Clermont-Ferrand), while Nd concentrations and
143
Nd/144Nd isotope ratios were determined concomitantly
with a 150Nd-enriched tracer and a Triton TIMS machine
operated in the static multicollection mode (GIS Laboratory, Nîmes University). Two measurements of the Japan
Geological Survey standard JNdi-1 made along with
the samples provided 143Nd/144Nd ratios of 0.512102 ± 2
and 0.512099 ± 3, respectively, the mean of which corresponds to a value of 0.511843 for the La Jolla standard
(Tanaka et al. 2000).
The depleted-mantle model ages are calculated following the single-stage model originally proposed by
DePaolo (1981a, b). As it is believed that these ages do
not reflect specific geological events, but rather an average crustal residence, it was not found useful to use more
elaborate (i.e., two-stage) models.

4.3. SHRIMP U–Pb dating of zircon
One of the samples, the Zawidów granodiorite (ZG 2),
was selected for SHRIMP zircon dating. Details of the
SHRIMP analytical procedure are given in the geochronology section below.

5. Petrography of the Zawidów
granodiorite
The Zawidów granodiorite is a medium-grained rock
characterized by the presence of K-feldspar phenocrysts.
It is composed of quartz (32 vol. %), sodic plagioclase
(44 %), K-feldspar (15 %), biotite (8 %) and small
316

amount of muscovite. Accessory phases are titanite,
apatite, monazite zircon and opaque.
Plagioclase (An19–1) forms subhedral tabular grains
showing albite and Carlsbad twinning, normally or
reversely zoned. Plagioclase commonly forms clusters
of two to three grains together with biotite. Some plagioclase crystals have altered cores, but usually entire
grains are altered to a mixture of sericite, quartz and
clay minerals.
K-feldspar grains are usually poikilitic, microperthitic
and show both Carlsbad and cross-hatched twinning. The
largest subhedral crystals contain inclusions of plagioclase, biotite and quartz that, locally, show zonal or, in
case of biotite, subparallel arrangement.
Biotite occurs as single flakes or in clusters with
muscovite or plagioclase. It shows a distinctive reddish brown color and intense pleochroism. Locally, it is
altered to chlorite and muscovite. Inclusions of apatite,
zircon and monazite are common.
Muscovite is both primary and secondary, according to
the criteria of Zen (1988). The primary muscovite forms
larger flakes which, together with quartz, fill the spaces
between other minerals or are intergrown with biotite.
The secondary muscovite occurs as small flakes in the
alteration products of biotite and feldspars.
Quartz forms anhedral interlobate grains, up to 1 cm
across, in the matrix and, also, small inclusions in
K-feldspar megacrysts.
Granodiorites exposed near Zgorzelec and Zawidów
are cut by shear zones, up to several meters wide, with
fabrics varying from typical of undeformed granodiorite,
to mylonite. The shear zones experienced fluid migration, as evidenced by sericitization and chloritization of
primary minerals. Deformation within these shear zones
took place under approximately constant volume (Białek
1999a).

6. Whole-rock chemical composition

6.1. Major elements
The Zawidów granodiorite contains, in the two newly analyzed samples, 65.4 and 66.9 wt. % of SiO2. The K2O and
Na2O contents are mutually comparable (3.66 and 3.71
wt. %, and 3.46 and 3.58 wt. %, respectively) and much
higher than CaO (1.78 and 2.05 wt. %). Alumina concentrations are 14.75 and 15.10 wt. %. The contents of Fe2O3
(3.82 and 4.34 wt. %), MgO (1.28 and 1.56 wt. %) and
TiO2 (0.57 and 0.67 wt. %) vary slightly (Tab. 1).
The granodiorite is peraluminous (A/CNK = 1.2;
Tab. 1). The sum of quartz, orthoclase and albite is between 80–95 % of the total CIPW norms, whereas the
normative corundum ranges up to 5.3 % (Białek 2007).
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Two new analyses of undeformed Zawidów granodiorites
(Tab. 1), together with ten archive analyses of these rocks
(Białek 1999b), eight earlier reported analyses of the
Izera and Kowary granites (Oberc-Dziedzic et al. 2005,
2010) and two analyses of the Lusatian greywackes (WL
and ZGORZ; Oberc-Dziedzic et al. 2009) have been compared in multielement diagrams normalized to chondrite
(Sun and McDonough 1989) (Fig. 2).
Multielement diagrams for all the rocks show a strong
enrichment of the most incompatible elements (Cs, Rb,
Ba, K, Th, U, LREE), with distinct positive Pb anomalies
and strongly negative anomalies for Nb, Sr, P, Eu and
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Using the K2O vs. SiO2 systematics of Peccerillo and
Taylor (1976), the Zawidów granodiorite is classified as
high-K calc-alkaline, with transitions to both normal calcalkaline and shoshonitic suites (Białek 2007).

b
1

Tab. 1 Major (wt. %) and trace-element (ppm) whole-rock analyses of
the Zawidów granodiorite

La

Ce

Pr

Nd

Eu

Gd

Dy

Ho

Er

Yb
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Fig. 2 Chondrite-normalized multi-element diagram (a) and Chondritenormalized rare earth element (REE) plot (b), using normalization
values of Sun and McDonough (1989). Samples of the Zawidów granodiorite (Tab. 1) and Lusatian greywacke (Oberc-Dziedzic et al. 2009),
are compared with data for undeformed Izera-Kowary granites (ObercDziedzic et al. 2005, 2009) and Zawidów granodiorite (Białek 1999b).
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Ti (Fig. 2a). The magnitude of Nb, Sr and Ti anomalies
is almost identical for the Lusatian greywacke and the
Zawidów granodiorite, and higher for the Izera-Kowary
granites. Barium contents decrease from the Lusatian
greywacke, in which it is more than 100× higher than in
chondrite, to the Izera-Kowary granites.
In the Zawidów granodiorite, the total REE contents
(157–177 ppm; Tab. 1; Fig. 2b) are similar as in the
Lusatian greywacke (173–191 ppm; Oberc-Dziedzic et
al. 2009). The contents of REE in the Izera and Kowary
granites vary from 18 to 409 ppm (Oberc-Dziedzic et
al. 2005, 2010). The chondrite-normalized REE patterns
show that, despite the different concentrations of REE
in particular rock varieties, the proportions between
them are similar. The LaN/YbN ratios in the Zawidów
granodiorite (5.64–6.95, Tab. 1) are lower than in the
Lusatian greywacke (7.36–8.93; Oberc-Dziedzic et al.
2009), but higher than in the Izera granites (3.64–5.51;
Oberc-Dziedzic et al. 2005).
The negative anomaly in the Lusatian greywacke (Eu/
Eu* = 0.67–0.70; Oberc-Dziedzic et al. 2010) and in the
Zawidów granodiorite (0.53–0.59; Tab. 1) are not as deep
as those in the Izera-Kowary granites (0.11–0.42; ObercDziedzic et al. 2005, 2010).

6.3. Sm–Nd isotope systematics
In the Lusatian greywacke, 147Sm/144Nd ratios are 0.1149
and 0.1173, but significantly higher in the Zawidów
granodiorite, 0.1234 and 0.1244 (Tab. 2). In the Izera
granites, this ratio shows a large scatter, between 0.1332
and 0.2219 (Oberc-Dziedzic et al. 2005, 2010).
The Lusatian greywacke has εNd570 values of –7.4 and
–7.5 (Tab. 2). The Zawidów granodiorites show a more
radiogenic Nd isotope signature, with εNd540 values of
–4.6 and –4.7 (Tab. 2). The epsilon Nd values calculated
for the possible younger age of 510 Ma would be only
by c. 0.3 epsilon-units lower (–5.0 to –4.9). The IzeraKowary granites show intermediate εNd500 values, from
–5.2 to –6.9 (Oberc-Dziedzic et al. 2005, 2010).
Single-stage model ages (DePaolo, 1981a), TDM, are
1.68 and 1.70 Ga for the Lusatian greywacke and 1.52
and 1.54 Ga for the Zawidów granodiorite (Tab. 2). The
TDM for the Izera granites are somewhat higher, 1.73 to
2.17 Ga, with a mean of 1.89 Ga (Oberc-Dziedzic et al.
2005).

7. SHRIMP zircon study

7.1. Methods
The selected sample, c. 5 kg in weight, was crushed and
the heavy mineral fraction (0.06–0.25 mm) separated
using a standard procedure with heavy liquid (tetrabromoethane, C2H2Br4) and magnetic separation. Zircons
were handpicked under a microscope, mounted in epoxy
and polished. Transmitted and reflected light photomicrographs were made along with CL images in order to
select grains and choose sites for analysis (Fig. 3). The
Sensitive High Resolution Ion Microprobe (SHRIMP II)
at the Centre of Isotopic Research (CIR) at the AllRussian Geological Research Institute (VSEGEI) in
St. Petersburg was used to determine zircon ages in the
samples selected. In-situ U–Pb analyses were performed
in the peak-jumping mode by using a secondary electron
multiplier, following the procedure described in Williams
(1998) and Larionov et al. (2004). A primary beam of molecular oxygen was employed to bombard zircon in order
to sputter secondary ions. The elliptical analytical spots
had a size of c. 27 × 20 μm, and the corresponding ion
current was c. 4 nA. The sputtered secondary ions were
extracted at 10 kV. The 80 μm wide slit of the secondary
ion source, in combination with a 100 μm multiplier slit,
allowed mass-resolution of M/ΔM > 5000 (1% valley)
so that all the possible isobaric interferences were resolved. One-minute rastering over a rectangular area of
c. 60 × 50 μm was employed before each analysis in order
to remove the gold coating and any surface contamination
by common lead.
The following ion species were measured in sequence:
196
(Zr2O)–204Pb–background (c. 204 AMU)–206Pb–207Pb–
208
Pb–238U–248ThO–254UO with integration time ranging
from 2 to 20 seconds. Four cycles for each spot analyzed
were acquired. Each fifth measurement was carried out on
the zircon Pb/U standard TEMORA 1 (Black et al. 2003)
with an accepted 206Pb/238U age of 416.75 ± 0.24 Ma. The
91500 zircon with a U concentration of 81.2 ppm and
a 206Pb/238U age of 1062.4 ± 0.4 Ma (Wiedenbeck et al.
1995) was applied as a U-concentration standard. Error
in TEMORA standard calibration was 0.78 % (1σ).
The results were processed with the SQUID v1.12
(Ludwig 2005a) and ISOPLOT/Ex 3.22 (Ludwig 2005b)
software, using the decay constants of Steiger and Jäger

Tab. 2 Sm–Nd isotope data for the Zawidów granodiorite and Lusatian greywacke
εNd0

εNd570 Ma

Lusatian
2 greywacke

ZGORZ

7.11

36.6

0.1173

0.511967 (3)

–13.1

–7.4

WL

6.31

33.2

0.1149

0.511953(4)

–13.4

–7.5

3

ZAW

6.57

31.9

0.1244

0.512144 (5)

–9.7

–4.7

1.54

ZG 2

6.78

33.3

0.1231

0.512142 (5)

–9.7

–4.6

1.52

Rock
1

4

Zawidów
granodiorite
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147

Sm/144Nd

143

Nd/144Nd

εNd540 Ma

TDM (Ga)
1.70
1.68
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2-1
541 ± 8

5-2
546 ± 5

6-1
592 ± 5

7-1
665 ± 6

1-1
545 ± 7

3-1
625 ± 7
1-2
542 ± 5

9-1
512 ± 5

10-2
509 ± 7

4-1
639 ± 6

7-2
632 ± 6
10-1
512 ± 5

5-1
2018 ± 11

11-1
548 ± 5

13-1
1035 ± 43

12-2
549 ± 5

13-2
540 ± 5

12-1
601 ± 5

8-1
510 ± 6

200 m
Fig. 3 Cathodoluminescence images of zircons analyzed from granodiorite ZG 2. Analytical spots correspond to those in Tab. 3;
and 1σ errors are given.

(1977). The common lead correction was done using
measured 204Pb and the isotope composition given for
the appropriate age by the two-stage Pb evolutionary
model of Stacey and Kramers (1975). The ages given in
text, if not additionally specified, are 207Pb/206Pb ages for
zircons older than 700 Ma, and 206Pb/238U ages for those
younger than 700 Ma. The errors are quoted at 1σ level
for individual points, and at 2σ level in the Concordia
diagram, for Concordia ages or any previously published
ages discussed in the text.

7.2. Sample characteristics
Sample of the Zawidów granodiorite ZG 2, used for the
SHRIMP study, was collected from an exposure located
in the town park in Zgorzelec, on the eastern bank of the
Nysa Łużycka River. This granodiorite is a medium- to
coarse-grained rock, with a week preferred orientation of
feldspars. Euhedral plagioclase laths, 4 to 8 mm in length,
are frequently zoned, with zonation highlighted by breakdown products (mainly sericite). Rims of plagioclase
are clear and uneven. Small plagioclase grains forming
inclusions in K-feldspars, and part of the grains in the
groundmass, show tiling. K-feldspar is anhedral, without cross-hatched twining. In places, it reveals patchy
perthites. Quartz is anhedral, with undulose extinction.
Biotite forms coarse flakes with undulose extinction and
strong pleochroism: α – yellow, γ – red-brown. It en-

206

Pb/238U ages

closes zircon with wide pleochroic haloes, and elliptical
inclusions of apatite.

7.3.	Zircon characteristics
The zircon population in the granodiorite is rather
homogeneous: the euhedral crystals are short- to longprismatic, clear and transparent, with a few inclusions.
Characteristically, they comprise two pyramids, with
the steep (211) dominating over the shallow one (101),
resulting in barrel-shaped crystals.
The cathodoluminescence (CL) images reveal various
internal structures (Fig. 3). Most of the zircons show
oscillatory, “igneous-style” zoning. Many of them, especially those short-prismatic, contain distinct cores, usually CL-brighter than the regularly zoned magmatic overgrowth. Internal parts of some crystals are CL-dark, and a
few grains have very bright, thin external rims. However,
some grains (e.g. 5.2, 8.1) have dark rims suggesting their
possible late-magmatic or metamorphic origin.

7.4. SHRIMP ages
All 19 analytical points in 13 crystals yielded concordant
or slightly discordant ages, with degree of discordance,
D, ranging between –8 and +5 % (Tab. 3). The common
lead contents, 206Pbc, are low, usually accounting for less
319
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Tab. 3 SHRIMP data for the Zawidów granodiorite, sample ZG 2
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than 0.3 % of the measured 206Pb. The U
and Th concentrations are highly variable
(77–1431 and 18–664 ppm, respectively).
The 232Th/238U ratios are low to moderate,
mostly between 0.05 and 0.81 (Tab. 3),
typical of zircons that crystallize within
igneous, late-magmatic- to metamorphic
conditions (we should notice, however, that
there is no evidence of metamorphism in
the studied granodiorite).
The oldest Precambrian dates (207Pb/206Pb
ages) have been obtained from two points
located in crystal cores (Fig. 3): 2018 ± 11
Ma (5.1) and 1035 ± 43 Ma (13.1). Six other points yielded Neoproterozoic 206Pb/238U
ages, scattered between 592 ± 5 (point 6.1)
and 665 ± 6 Ma (point 7.1), with discordance D of 0 to –8 % (Tab. 3).
The remaining majority of zircon analyses fall within two distinct groups of
the following Concordia ages: 544 ± 4
Ma (7 points) and 511 ± 5 Ma (4 points;
Fig. 4b). Both groups are formed by analyses from core as well as rim domains.
In the older group, two points (1.1 and
5.2; Fig. 3) are represented by CL-bright
distinct cores, four others by rather dark
rims (points 2.1, 11.1, 12.2 and 13.2).
Four analytical points in three grains of
the younger group gave the following ages:
point 8.1 (core of magmatically-zoned
crystal) – 510 ± 6 Ma, point 9.1 (rim) –
512 ± 5 Ma, point 10.1 (CL-dark core, with
~360 ppm U) – 512 ± 5 Ma and point 10.2
(CL-brighter rim of the same crystal, with
~1120 ppm U) – 509 ± 7 Ma.

8. Discussion

8.1. Source and petrogenesis
The strong Nb, Ti and Sr anomalies shown
by the chondrite-normalized trace element
diagrams for the Lusatian greywacke, the
Lusatian granodiorite and the Izera granites
are typical of materials from the upper
continental crust (Taylor and McLennan
1985; McLennan et al. 2006). The depth
of the Nb anomaly is practically the same
in all the rocks studied (Fig. 2a). This may
indicate that the granodiorites and granites
could have inherited their chemical and
isotopic features from a sedimentary source
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Fig. 4 Concordia diagram showing results of all SHRIMP zircon analyses from granodiorite ZG 2 (a). b – Zoomed up portion of the same
diagram showing Concordia ages of about 544 Ma for seven selected
zircon grains and of about 511 Ma for four selected domains.

material, possibly similar to the Lusatian greywacke.
However, the negative Ti anomaly, which is similar in
the greywacke and the Zawidów granodiorite, but much
deeper in the Izera granites (Fig. 2a), suggests that the
magma of the Izera granites separated either from a
Ti-poor source or from a residuum containing a Ti-rich
phase, e.g. rutile. Furthermore, the deeper negative
anomaly of Eu/Eu* in the Izera granites may reflect a
more advanced plagioclase fractionation during differentiation of the Izera granite magmas, and/or a source
more depleted in Eu.
The 147Sm/144Nd ratios in the Zawidów granodiorite
(0.1234 and 0.1244, Tab. 2) are lower than in the Izera
granites (0.1332–0.2219, Oberc-Dziedzic et al. 2005,
2010). The great scatter of the 147Sm/144Nd ratios in the

Izera granites most likely reflects the fractionation of a
LREE-rich mineral (e.g. monazite), leading to progressive rise of Sm/Nd ratio in the residual melt.
The Lusatian greywackes show εNd 570 values of ~
–7.5, lower than those in the Zawidów granodiorite and
the Izera granite. These values indicate that the sedimentary basin was fed by clastic components derived from
average source regions with low time-integrated Sm/Nd
ratios, as typical of the upper continental crust. There is
no evidence for any significant contribution from igneous rocks containing a substantial proportion of juvenile
(mantle-derived) materials, as would be typical of subduction-related magmas, or for the mafic end-member of
a bimodal igneous suite emplaced in a rift setting.
Although also clearly derived from magmas that
were enriched in LREE on a secular basis, the Zawidów
granodiorites have a distinctly more radiogenic Nd
isotope signature, as shown by their εNd540 values of ~
–4.6. This observation precludes materials similar to the
Lusatian greywackes as the sole source for the granodiorites, and requires the contribution of component(s) with
more radiogenic Nd isotopes, either from a lower crustal
source, or as a more juvenile contribution at the time of
magma genesis. Compared to the Zawidów granodiorite,
the lower εNd values (–5.2 to –6.9, Oberc-Dziedzic et al.
2005, 2010) for the Izera granites reflect a higher contribution of mature crustal components in these chemically
more evolved rock-types.
On general grounds, Nd model ages do not have any
geological significance. This is simply because they are
based on simplistic evolutionary models, a condition
which is clearly violated in cases of mixing processes,
which are very common in sedimentary and in igneous
contexts. However, Nd model ages convey a geochemical
information, specifically the average crustal residence
age, based on the observation that the major fractionation
of Sm from Nd occurs during extraction of low-degree
partial melts from the mantle. Concerning sedimentary
clastic rocks, or granitoid magmas derived therefrom, Nd
model ages are interpreted to reflect the broad, averaged
crustal residence age of the different components which
contributed to their formation. Because most crustal rocks
contain LREE in non-negligible amounts, Nd model ages
are not prone to strong biasing effects, in contrast with
zircon age spectra which, by essence, cannot record the
contribution of zircon-poor sources adequately. These
model ages reflect the weighted average of the different
components involved in the sedimentary mixing.
In the pre-Variscan realm, a large body of data shows
that the mixing was dominated by two components, c. 2.0
Ga and c. 0.6 Ga old, corresponding to the major rockforming episodes known from the West African Craton
and its Pan-African margins (e.g. Linnemann et al. 2004).
The Nd model ages for the Lusatian greywacke (TDM =
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1.68 and 1.70 Ga) and the Zawidów granodiorite (1.52
and 1.54 Ga) are much older than either the deposition or
igneous emplacement ages (Tab. 2), and emphasize the
dominant role of recycled, old crustal components, albeit
to a somewhat lesser degree in the granodiorites. They
fit well the apparent average crustal residence ages, from
1.4 to 1.7 Ga, assigned by Liew and Hofmann (1988) to
metamorphic, sedimentary and granitic rocks involved
in the Hercynian Fold Belt of Central Europe. The TDM
model ages for the Izera granites are somewhat higher,
1.73 to 2.17 Ga, with a mean of 1.89 Ga, but these might
have been biased to spuriously old values by late-stage
fractionation of Sm/Nd ratios associated with the removal
of LREE-rich accessories in these more evolved magmas
(Oberc-Dziedzic et al. 2005).
The age spectra of the inherited zircons: c. 2.0 Ga, 1.0
Ga and 592–665 Ma from the Zawidów granodiorite (this
work), and c. 3.4 Ga, 1.8 Ga and 609–556 Ma from the
Izera granites (Oberc-Dziedzic et al. 2009) are broadly
similar to the ages reported for detrital zircons from the
Lusatian greywacke: c. 2.4 to 1.9 Ga and ~730–540 Ma
(Linnemann et al. 2004). Similar zircon age spectra were
found in the Złotniki Lubańskie schists: c. 2.1–1.9 Ga, and
c. 620 and 559 Ma (Żelaźniewicz et al. 2009).The only
exception represents the newly obtained age of c. 1.0 Ga,
which has not been reported from Lusatia yet, but sporadically found throughout Saxo-Thuringia (Zeh et al. 2001).
The age spectra of inherited zircons suggest that the
likely protolith for both the early Cambrian Lusatian
granodiorite and the late Cambrian/early Ordovician Izera
granites, could have been similar to the source rocks that
delivered detrital material to the upper Neoproterozoic
Lusatian greywacke. However, this is not well supported
by Nd isotopes. In contrast, they indicate that the possible
metasedimentary protolith of the Lusatian granodiorite
contained a greater proportion of isotopically more juvenile components. This could have been in the form of
mafic/intermediate volcaniclastic rocks in their mixed,
metasedimentary lower crustal source. Alternatively,
mantle-derived magmas might have provided a volumetrically minor, but a thermally important contribution
at the time of generation of the granodioritic magma.

8.2. Significance of Cambro-Ordovician ages
In the granodiorite (ZG 2), the majority of zircon
analyses yielded a Concordia age of 544 ± 4 Ma. Four
analytical points, located both in cores and rims, gave
a Concordia age of 511 ± 5 Ma. Zircons of similar ages
were ascertained (using the same SHRIMP method and
similar sampling and analytical procedures) in the Izera
granites and orthogneisses:
– fine-grained granite (loc. Chmieleń, sample CH) –
9 analytical points in cores and rims in prismatic
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crystals of various internal structures form a group of
scattered ages of 538–509 Ma (Oberc-Dziedzic et al.
2009);
– coarse-grained granite (loc. Wrzeszczyn, sample WR1)
– 4 analytical points, mostly in CL-dark zoned rims
(late-magmatic zircons), with ages between 517 and
510 Ma (Oberc-Dziedzic et al. 2009);
– fine-grained gneiss (loc. Izerski Stóg, sample Istog)
– 5 analytical points, mostly in mantles of zoned
prismatic crystals, ranging between 536 and 512 Ma
(Żelaźniewicz et al. 2009);
– leucogranite (loc. Kotlina, sample Kotli) – 5 analytical
points in mantles and rims of zoned prismatic crystals,
yielding ages between 539–510 Ma (Żelaźniewicz et
al. 2009).
In all these samples, a proportion of dates “transitional” between zircon ages regarded as the likely maximum
age of the Zawidów granodiorite intrusion (c. 540–545
Ma), and as the Izera granite emplacement (c. 500–510
Ma), is about 25 %.
Analytical limitations (such as poor counting statistics
on 207Pb/206Pb and 207Pb/235U ratios in the SIMS method
used, implying that 206Pb/238U ages are, strictly speaking, apparent ages) put significant constraints on the
attempts of geological interpretation of the SHRIMP
dates obtained in this work, with two a priori possible
alternatives:
1. The quoted 206Pb/ 238U ages are truly concordant
and thus provide unbiased, accurate estimates for
the zircon growth ages. If so, the c. 540 Ma zircons
originated during the crystallization of older granitoid magma, while the 510 Ma ones grew during a
subsequent thermal event (broadly contemporaneous
with the emplacement of the Izera-type granitoids).
The 540 Ma grains could be antecrysts, inherited
from the source (which would be very young in this
case), or xenocrysts, incorporated from the country
rocks during ascent and emplacement of the younger
magma at c. 510 Ma. Both zircon age groups would
reflect igneous episodes within a protracted magmatic
activity, lasting at least c. 30 My.
2. The 206Pb/238U ages obtained for either the ~540 or the
~510 Ma groups, or both, are merely apparent ages,
due to real discordance of the data points beyond the
resolving power of SHRIMP dating. In this more conservative interpretation of the data, several models are
permitted, specifically (but not exhaustively):
A – The c. 540 Ma grains provide a close, though minimum estimate of the true igneous emplacement age, and
the c. 510 Ma ages reflect a much younger radiogenic
lead loss. It could have been due to the Variscan tectono-metamorphic overprint, which affected the eastern
part of the Lusatian Massif, together with in Karkono
sze-Izera Massif (Żelaźniewicz et al. 2003, 2004).

Zawidów granodiorites in the Cadomian Lusatian Massif

B – Alternatively, subtle unresolved inheritance might
have jeopardized the interpretation of the data. In this
case, the 510 Ma age might provide an upper estimate
for the true age of igneous emplacement, while the
c. 540 Ma 206Pb/238U ages would be apparent, reflecting
inheritance of significantly older zircons.
Keeping in mind the above-mentioned methodological
limitations and consequent interpretation ambiguities, the
zircon ages older than c. 510 Ma can be interpreted as representing inherited material or as an artefact resulting from
analytical overlapping of the older core and younger rim
ages (Oberc-Dziedzic et al. 2009). However, it can not be
excluded that such a wide span of “magmatic” ages both
in the Zawidów granodiorite and the Izera granites may
indicate prolonged or multiphase magmatic activity. Thus,
the crystallization of the Zawidów granodiorite could have
taken place 30 My later than assumed based on the earlier datings, whereas the Izera granites could begin their
magmatic evolution several My earlier than previously
assumed. This model, however, would have to be verified
keeping in mind, e.g., that we are dealing with relatively
shallow plutons which should have cooled down rather
quickly. They may reflect two discrete igneous episodes,
separated by c. 30 My, and possibly involving reworking
of successive magma intrusions.
Within a wider plate-tectonic context, the magmatic
pulses would be related to inferred different tectonic regimes: (a) slab break-off of the subducted oceanic plate
(Linnemann et al. 2007) ending the Cadomian cycle,
clearly represented by the Lusatian granodiorite and
also by the inherited materials (c. 540 Ma old) in the
Zawidów granodiorite, and (b) the Cambro–Ordovician
rifting generating the Izera/Rumburk granites (Pin et al.
2007). This hypothesis, however, is proposed so far only
for the Zawidów granodiorite, in the eastern periphery
of the Lusatian Massif, close to the Izera granites of the
Izera-Karkonosze Massif. Whether the model of successive events of granitic magmatism is valid for the granodiorites in the western part of the Lusatian Massif would
need further testing by more geochronological work.
Summing up the geochronological data, our reconnaissance SHRIMP zircon study of the Zawidów granodiorite yielded two main age populations, at c. 540 and
510 Ma, which are difficult to interpretat unequivocally.
At this stage, however, we prefer a scenario assuming
that both zircon age groups in the granodiorite reflect
important igneous episodes, in the framework of a
protracted magmatic evolution, involving reworking of
successive magma intrusions (model 1), during tectonic
regime changing from the ceasing Cadomian cycle to the
Cambro–Ordovician initial rifting. However, based of the
available data, we cannot exclude other possible interpretations. To make a substantiated choice between possible
scenarios, we would need more high-precision dates.

9. Conclusions
1. The Zawidów (Lusatian) granodiorite and the Izera
granites differ in geochemical parameters that indicate lower fractionation of granodioritic magmas than
granitic ones.
2. The slightly more radiogenic Nd isotopes of the Zawidów granodiorite imply a greater participation of
more juvenile materials, possibly mafic/intermediate
volcaniclastic in the predominantly mature crustal
sources or, alternatively, a small contribution of
mantle-derived melts at the time of granodioritic magma generation.
3. The zircons from granodiorite ZG 2 are mostly homogeneous and were probably produced in magmatic
events. However, rather abundant and diverse zircon
inheritance of c. 2.0, 1.0 Ga and between 597 and
665 Ma suggests that metasedimentary rocks (broadly
similar to the Lusatian greywacke) were likely the
main magma source.
4. Two well-defined main 206Pb/238U age groups, at c.
540 and 510 Ma, could be tentatively interpreted as
the main zircon-producing magmatic events during
Early and Late Cambrian times, respectively. Their
presence in one sample of the granodiorite indicates
that the rock could be a product of magmatic reworking (at ~510 Ma) of an earlier granitoid (~540 Ma),
but the age of ~510 Ma might also be interpreted as
the granodiorite emplacement age.
5. The existence of zircons dated at c. 540 and 510 Ma
in the Zawidów granodiorite and at c. 538–509 Ma in
the Izera granites may suggest a prolonged granitoid
magmatic activity that involved two discrete magmatic
pulses separated by c. 30 My time gap between the
Early and Late Cambrian times.
6. Provided that the 206Pb/238U ages can be considered as
significant (that is, correspond to really concordant
spot analyses), the granitoid magmatic pulses, between c. 540 and 510 Ma, might reflect tectonothermal
crustal processes marking the change of the global-tectonic environment, from the final Cadomian convergence, to the initiation of the Late Cambro–Ordovician
rifting along the Gondwana margin, eventually leading
to the opening of the Palaeozoic Rheic Ocean.
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