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Abstract The petrogenetic potential of in situ laser

ablation Hf isotope data from melt precipitated zircons was

explored through the analyses of about 700 individual

crystals derived from about 20 different granitic intrusions

covering the Variscan basement segment of eastern

Bavaria, SE Germany. In combination with geochemical

features, four major suites of granitic rocks can be distin-

guished: (1) NE Bavarian redwitzites (52–57 wt% SiO2,

intrusion ages around 323 Ma) have chondritic eHf(t)

values (?0.8 to –0.4). The redwitzites are hybrid rocks and

the Hf data are permissive of mixing of a mantle progenitor

and crustal melts. (2) Various intermediate rock types

(dioritic dyke, granodiorite, palite, 59–63 wt% SiO2, 334–

320 Ma) from the Bavarian Forest yield negative eHf(t)

values between –3.4 and –5.1. These values which appar-

ently contradict a mantle contribution fingerprint an enri-

ched (metasomatized) mantle component that was mixed

with crustal material. (3) Voluminous, major crust forming

granites sensu stricto (67–75 wt% SiO2, 328–298 Ma) are

characterized by a range in eHf(t) values from –0.5 to –5.6.

Different crustal sources and/or modification of crustal

melts by various input of juvenile material can explain this

variation. (4) Post-plutonic (c. 299 Ma) porphyritic dykes

of dacitic composition (64–67 wt% SiO2) from the south-

ern Bavarian Forest have chondritic eHf(t) values (?0.6 to

–1.1) and display large intergrain Hf isotope variation. The

dykes form a separate petrogenetic group and the Hf data

suggest that the zircons crystallized when a pristine mantle-

derived parental melt was modified by infiltration of crustal

material. The zircon Hf data form a largely coherent

positive array with the whole-rock Nd data and both sys-

tems yield similar two-stage depleted mantle model ages

(1.1–1.7 Ga).
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Introduction

Zircon, ZrSiO4, is a unique mineral in Earth sciences

because it offers potential for the applicability of several

different radiogenic (U–Th/Pb, U–Th/He) and stable

(oxygen) isotope systems (see articles in Hanchar and

Hoskin 2003). Technical developments in the last few

years have made it possible to measure the Hf isotopic

composition of individual zircons in situ by laser ablation

ICP-MS (Thirlwall and Walder 1995) and a major recent

scientific breakthrough in application of the Lu–Hf zircon

system was the recovery of information about the early

chemical fractionation of the Earth (Harrison et al. 2005;

Hawkesworth and Kemp 2006; Scherer et al. 2007). The

chemical behavior of Hf is similar to Zr and Hf forms an

integral part of the zircon lattice. Zircon can incorporate

*0.4–4 wt% HfO2 (Hoskin and Schaltegger 2003)
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resulting in Lu/Hf ratios typically\0.001, much lower than

the bulk Lu/Hf ratio of the continental crust. When a zircon

is formed under magmatic conditions, it acquires the
176Hf/177Hf isotope composition of the melt and given the

low Lu/Hf ratio, this ratio remains virtually constant

through geological time. Because Hf is more incompatible

than Lu during mantle melting, the melt acquires a lower

Lu/Hf ratio compared to the residual mantle. As a conse-

quence, crust and mantle show different Hf isotopic evo-

lution with time and the 176Hf/177Hf ratio of a zircon can be

used as an excellent tracer of the source material and the

time of crust/mantle differentiation (Kinny and Maas

2003).

In the past few years, Hf isotope data of detrital zircons

have been successfully used as a provenance indicator of

sedimentary successions (e.g. Augustsson et al. 2006;

Gerdes and Zeh 2006; Flowerdew et al. 2007; Li et al.

2007a, b). On the other hand, the Hf isotopic record of

magmatic zircons can be useful in deciphering the sources

of igneous rocks and petrogenetic processes, like magma

mixing or assimilation (Griffin et al. 2002; Andersen and

Griffin 2004; Belousova et al. 2006; Flowerdew et al. 2006;

Goodge and Vervoort 2006; Kemp et al. 2007; Zeh et al.

2007). In this paper, we augment the latter aspect by

evaluating the Hf isotopic information provided by mag-

matic (melt-precipitated) zircons with respect to the origin

and evolution of their host magmas.

The isotopic character of the zircon can only be related

to the isotopic character of the melt if no pre-magmatic

(inherited) zircon component was present during crystal-

lization. To illuminate the magma generation process, we

have selected samples with zircon populations largely

absent in inherited material. Evidence for the inheritance-

free nature of these populations had been gained from

earlier U–Pb and Pb–Pb analyses and from detailed ca-

thodoluminescence studies of each analyzed grain. Our

purpose was (1) to document the isotopic variability of

the melt from which the zircons crystallized and (2) to

draw conclusions about the relative contribution of pre-

existing crustal and newly added mantle-derived sources

in their genesis and (3) to contribute to the identification

and characterization of different magma systems or evo-

lutionary/petrogenetic processes. In detail, we present

700 Hf measurements from inheritance-free magmatic

zircons comprising c. 20 late-Variscan igneous rocks of

the SW Bohemian Massif. These granitoids are appro-

priate candidates for such investigation because most of

them are well-dated and composed of different rock types

(containing crust- and mantle-derived components) with

well-documented chemical and isotopic composition. This

also allows comparison between the Hf zircon system

and other isotope tracers like the Nd bulk rock isotope

system.

Geology

Variscan granitoids form an integral component in terms of

volume and areal extent within the SW Bohemian Massif.

They were emplaced in different thrust-bound geological

units, or micro plates (Moldanubian, Saxothuringian,

Teplá-Barrandian), all part of the Armorican Terrane

Assemblage (for geodynamic plate models see Franke

2000; Tait et al. 2000; Kroner et al. 2007). The granitoids

can be subdivided according to different petrogenesis,

composition and age (e.g. Holub et al. 1995). Older, lower-

Carboniferous subduction-related magmatism played a role

during the formation of the calc-alkaline Central Bohemian

batholith (c. 354–336 Ma, Janoušek and Gerdes 2003; Žák

et al. 2005). The majority of granitoids within the SW

Bohemian Massif (e.g. South Bohemian batholith and

numerous northwest extending plutons) formed in a late to

post-orogenic setting, i.e. in a setting unrelated to sub-

duction-collision processes. A final episode of metamor-

phism and anatexis affected the previously thickened lower

Variscan crust of the SW Bohemian Massif during the Late

Visean (Kalt et al. 2000; Finger et al. 2007) and abundant

late to post-orogenic granitoids formed during this high

crustal-heat flow event (Klein et al. 2008; Siebel et al.

2008). Based on mineralogical characteristics, these

granitoids can be subdivided into (1) prevalent masses of

amphibole-free peraluminous biotite and two-mica granites

and (2) minor group(s) of metaluminous (amphibole-

bearing) granitoids. They occupy the c. 250 km long

westernmost margin of the Bohemian Massif along the

boundary between Germany and the Czech Republic

(Fig. 1). The rocks were emplaced at different crustal

depths, likely into the deeper, poly-metamorphic rocks of

the Moldanubian unit (migmatites, para- and orthogneis-

ses) in the southeast and into upper, low-grade Saxothu-

ringian unit (metasediments and minor orthogneisses and

metavolcanics) in the northwest (e.g. Klein et al. 2008).

Late- to post-orogenic extension of the Variscan

mountain belt is documented by extensional movements

along faults or by the formation of intramontane troughs

and sedimentary basins. A post-plutonic phase linked to

late-Variscan lithospheric extension is recorded by mafic to

intermediate dykes that intruded the granitoids and

migmatite complex of the SE Bavarian Forest (Propach

et al. 2008).

Analytical techniques

The whole rock samples, from which zircons were sepa-

rated, were analyzed for major and trace elements by X-ray

fluorescence (XRF). The samples were crushed and split,

and c. 100 g representative material was pulverized in an
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agate mill. The powdered samples were dried at 105�C

before loss on ignition (LOI) was determined gravimetri-

cally at 1,050�C. Major and trace elements were deter-

mined on fused lithium tetraborate glass beads by

wavelength dispersive techniques. The precisions of major

elements are typically better than 2%, except for P and Mn

which have precisions better than 15%. The precision for a

given trace element is better than 5–10%.

Zircons were extracted from the whole-rock samples

using standard techniques of density and magnetic sepa-

ration, handpicked under a binocular microscope, mounted

in epoxy and polished to expose the centers of the grains.

In situ zircon Hf isotopic analyses were carried out at

the Institute of Geology and Geophysics, Chinese Acad-

emy of Sciences, using a Neptune MC-LA-ICPMS with an

ArF eximer laser ablation system. Analytical techniques

have been recently described in detail by Wu et al. (2006)

and the reader is referred to this paper for further infor-

mation on measurement procedures and interference

correction. Isotope analyses were performed on zircons

monitored by cathodoluminescence (CL) studies, and the

CL images provided guidance in the choice of grains and

the beam spot sites. Beam diameters of 63 lm were used

for different samples and the pulsed laser repetition rate

was kept to 10 Hz. The signal intensities of zircon 180Hf

were generally higher than 5.5 V. Isobaric interference of
176Lu on 176Hf was corrected using the intensity of the

interference-free 175Lu isotope and a recommended
176Lu/175Lu ratio of 0.02655 (Machado and Simonetti

2001). Isobaric interference of 176Yb on 176Hf was

Fig. 1 a Schematic map

showing the position of the

Bohemian Massif north of the

Alpine belt in central Europe

with study area (outlined).

b Geological map of the western

margin of the Bohemian Massif

featuring the distribution of

Variscan granites and showing

sample locations (dark circles).

CBSZ central Bohemian shear

zone, WBSZ west Bohemian

shear zone
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corrected using the mean fractionation index proposed by

Iizuka and Hirata (2005). It was suggested that this method

provides accurate correction for in situ Hf isotope com-

position of zircons (Wu et al. 2006). For our instrument, a
176Yb/172Yb ratio of 0.5887 was obtained for zircon 91500

(Wu et al. 2006) identical with previously reported data

(Chu et al. 2002; Vervoort et al. 2004) and this ratio was

applied for Yb correction. Zircon 91500 was used as the

reference material during data acquisition. Forty-nine

analyses of this standard yielded a 176Hf/177Hf weighted

mean value of 0.282326 ± 35 (2-sigma standard devia-

tion). Hafnium isotope ratios are reported relative to a
176Hf/177Hf value of 0.282306 obtained by solution ICPMS

on standard zircon 91500 (Woodhead et al. 2004). The

JMC 475 standard solution was used for evaluating

the reproducibility and accuracy of the instrument and the

results of this standard as well as our in-house standard

solution JMC14374 are published in Wu et al. (2006).

eHf(t) values were calculated using the new chondritic

Hf data of 176Hf/177Hf = 0.282785 and 176Lu/177Hf =

0.0336 (Bouvier et al. 2008). Uncertainty of the eHf

values based on standard (91500) zircon reproducibility is

±1.1 e-units. A value of 1.865 9 10-11 per year (Scherer

et al. 2001), corresponding to a half-life of 37.2 billion

years, was used for the decay constant of 176Lu.

Because of the low Lu/Hf ratio of zircon, a model age

calculated from the measured 176Hf/177Hf and 176Lu/177Hf

ratios of a zircon would give only a minimum limit for the

crustal residence age of the hafnium in the zircon. In this

study, Hf model ages, Hf TDM, were calculated using

the measured 176Lu/177Hf of the zircon to determine the
176Hf/177Hf ratio at the time of crystallization. Based on the

Lu/Hf bulk crust estimate of 0.081 (Rudnick and Gao 2003),

and the present-day isotope composition of Lu and Hf, a

mean crustal 176Lu/177Hf value of 0.0113, was employed to

further trace back this ratio through time and to determine

the intersection with the average depleted mantle evolution

curve. The dependence on the choice of the Lu/Hf ratio

ranging from more mafic (e.g. 176Lu/177Hf = 0.022) to

more felsic (e.g. 176Lu/177Hf = 0.0093, Vervoort and

Patchett 1996) ratios was recently discussed by Nebel et al.

(2007). For reconstructing the depleted mantle evolution

curve, we have chosen present-day isotope parameters of
176Hf/177Hf = 0.28325 and 176Lu/177Hf = 0.0384 (Griffin

et al. 2000), which are similar to those that were reported for

average mid-ocean ridge basalts (e.g. Chauvel and Blichert-

Toft 2001).

The newly presented Nd whole-rock isotopic composi-

tions were determined using isotope dilution thermal ion-

ization mass spectrometry (ID-TIMS) techniques at the

Institute of Geosciences, Tübingen. After spiking with a

mixed 149Sm-150Nd spike, the samples were dissolved in

hydrofluoric acid at 180�C in pressure digestion bombs.

Details of the chromatographic separation of Sm and Nd

are given by Siebel et al. (2008). Isotopic data were

obtained in static multiple collector mode on a Finnigan

MAT 262 mass spectrometer. The 143Nd/144Nd ratios were

normalized to 146Nd/144Nd = 0.7219. Repeated measure-

ments of the La Jolla Nd standard (n = 12) gave a
143Nd/144Nd-ratio of 0.511838 ± 13 (errors are ±2r of the

mean). Blanks were \90 pg for Nd and \20 pg for Sm.

Depleted mantle Nd model-ages (Nd TDM) were calculated

according to the two-stage approach with parameters

given in Liew and Hofmann (1988) and eNd(t) values were

calculated using new present-day CHUR parameters

(Bouvier et al. 2008: 147Sm/144Nd = 0.1960, 143Nd/144Nd =

0.512630).

Granitoid types, petrography, geochemistry and

geochronology

Figure 1 depicts the distribution of late-Variscan igneous

rocks at the western margin of the Bohemian Massif and

shows the location of samples investigated in this study.

The area covers the Fichtelgebirge (Saxothuringian unit),

the Upper Palatinate Forest (transition from Saxothuringian

to Moldanubian unit, including Teplá-Barrandian/Bohe-

mian nappes) and the Bavarian Forest (Moldanubian unit).

Samples can be divided into four distinct igneous rock

types (Fig. 2)

(1) A suite of mineralogically heterogeneous biotite and

hornblende bearing quartz monzodiorites and granodiorites

has geochemical characteristics that fit the I-type classifi-

cation (White and Chappell 1977). Such rocks, referred to

as redwitzites (Willmann 1920; Troll 1968), occur in the

Fichtelgebirge, Upper Palatinate Forest and western

Bohemia (Siebel et al. 2003; Kovárı́kova et al. 2007). Field

and geochemical observations highlight the importance of

mixing between mafic (gabbroic) and felsic (granitic)

magmas in the formation of the redwitzites. Mixing and

hybridisation models were also established in earlier

studies to explain the variation in initial Sr and Nd isotope

ratios (Holl et al. 1989; Siebel 1994). Redwitzites investi-

gated in this study are strongly metaluminous, with high

Mg, Ca, Fe and Ti concentrations (Table 1). Two of the

samples targeted for this study yield zircon 207Pb/206Pb

evaporation ages of 323 ± 3 Ma (sample RL1) and

323 ± 4 Ma (sample R2b) (Siebel et al. 2003), interpreted

as the time of magmatic emplacement of the redwitzite

group.

(2) Granitoids of monzonitic/granodioritic composition

are also present further south in the Bavarian Forest but

these rocks differ in several respects from the redwitzites.

They are hereafter referred to as intermediate granitoids. A

complex of strongly foliated coarse-grained, inequigranular
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granitoids with K-feldspar megacrysts occupies a 5–7 km

wide and approximately 50 km long stripe along the

Bavarian Pfahl zone (Fig. 1). The term palite was intro-

duced by Frentzel (1911) for these rocks. The crystalliza-

tion age of the investigated palite sample (Pf1, 207Pb/206Pb

evaporation age: 334 ± 3 Ma, U–Pb ages: 327–342 Ma,

Siebel et al. 2005) is consistent with a pre-high-temperature

metamorphic emplacement time of these rocks. In the

northwestern prolongation of the palite zone, a geochemi-

cally and mineralogically similar but undeformed grano-

diorite body crops out that was targeted (sample PaDr2).

The age of the granodiorite was determined at 325 ± 3 Ma

(concordant U–Pb ages, Siebel et al. 2006a). Another

dioritic rock type occurs as small masses such as dykes and

sills, which intrude the Kristallgranit (K1) and paragneisses

of the NW Bavarian Forest. These dykes range in

Fig. 2 Modal classification of

the investigated samples

according to the QAP (quartz-

alkali feldspar-plagioclase)

diagram (Streckeisen 1976) for

plutonic and (sub)volcanic

rocks

Table 1 Whole-rock compositions of samples from redwitzites, intermediate granitoids and porphyritic dykes

Sample Redwitzite Intermediate granitoid Porphyritic dyke

TM2 R2b RL1 DRW PaDr2 Pf1 HzD2 HzD1 StDr2

SiO2 51.59 55.21 57.07 59.41 62.44 62.65 64.02 65.65 66.61

TiO2 1.39 1.52 1.19 1.40 1.20 0.79 0.69 0.52 0.41

Al2O3 17.17 17.39 16.19 16.45 16.36 16.77 17.06 17.02 16.29

Fe2O3 8.06 7.21 7.09 6.45 6.03 4.64 3.83 3.13 2.58

MnO 0.12 0.12 0.11 0.09 0.09 0.07 0.06 0.06 0.04

MgO 7.49 3.22 5.07 1.93 1.96 2.44 1.95 1.53 1.17

CaO 7.22 6.60 5.46 3.49 3.78 3.64 4.10 3.61 3.04

Na2O 2.87 2.76 3.23 4.16 3.41 3.63 4.23 3.91 3.41

K2O 2.81 3.35 3.28 4.73 4.39 4.49 2.73 2.69 3.40

P2O5 0.61 0.47 0.37 0.72 0.43 0.32 0.23 0.17 0.15

LOI 1.15 1.37 1.02 1.45 0.69 0.92 0.74 1.03 1.43

Total 100.5 99.3 99.6 99.7 100.8 100.4 99.8 99.8 99.2

Ba 2,283 1,188 1,140 1,221 1,335 1,178 763 648 945

Rb 123 119 124 187 140 146 77 83 69

Sr 703 591 375 365 329 447 708 568 558

Y 31 26 27 66 52 21 16 13 13

Zr 225 322 244 699 595 266 188 172 181

La 29 62 56 82 68 34 48 45 37

Ce 102 131 117 216 182 76 85 60 70

Nd 46 49 42 98 77 37 26 28 23

Sm 6.7 8.5 7.3 17.2 13.5 4.7 5.8 3.3 4.2

Major elements in wt%, trace elements in ppm

– not determined, LOI Loss on ignition

Int J Earth Sci (Geol Rundsch)

123



composition from diorite sensu stricto to granodiorite

(Köhler and Müller-Sohnius 1986 and references therein).

Our sample (DRW, Fig. 1) is a diorite and was dated by U–

Pb zircon analysis at 322 ± 5 Ma (author’s unpublished

data) considered as representing the emplacement age of

the dyke. Major oxide and trace element characteristics of

the samples from the intermediate granitoids are transi-

tional between the redwitzites and the granites sensu stricto

(Fig. 3).

(3) All granites sensu stricto investigated in this study

are monzogranites with some compositions close to the

granodiorite field (Fig. 2). Based on geochemical charac-

teristics, they can be classified as weakly peraluminous

biotite-granites (granites of Leuchtenberg, Zainhammer,

Tittling) and moderately to strongly peraluminous bio-

tite ± muscovite granites (Kristallgranit, granites of Fin-

sterau, Sattelpeilnstein, Neustift, Saldenburg, Liebenstein,

Tin granite). The latter group displays petrographic and

geochemical features of S-type granitoids. The granites

sensu stricto are distinct from the other plutonic units in

their lack of hornblende, high K2O/Na2O ratios, and high

Al and low Ca contents (Fig. 3). They can be divided into

different age groups. The first age group (328–320 Ma)

comprises the granites of Leuchtenberg, Zainhammer,

Tittling, K1, Finsterau and Sattelpeilnstein whereas the

second group (315–312 Ma) includes the Saldenburg and

Liebenstein granites. The Tin granite (G4) from the Fich-

telgebirge intruded during a distinctly younger event at

298 ± 3 Ma (mean zircon 207Pb/206Pb evaporation age,

author’s unpublished data). The crystallization age of the

Neustift granite has not yet been successfully determined

by U–Pb or Pb–Pb dating of zircon; in analogy to similar

well-dated granites in this part of the Bavarian Forest

(Siebel et al. 2008), a crystallization age of 320 Ma is

assumed for this intrusion. For compilations of published

age data, see Chen and Siebel (2004), Klein et al. (2008),

Siebel et al. (2003) and Siebel et al. (2008).

(4) In the southern Bavarian Forest, the granites and

gneisses are cut by porphyritic dykes, which form a con-

tinuous series from basaltic andesite to dacite (Propach

et al. 2008). According to the QAP classification, the three

samples investigated in this study are dacites (Fig. 2). The

rocks contain amphibole and biotite as mafic phenocrysts

and display slightly metaluminous to peraluminous com-

positions. Their sodium-rich composition and prevalence

of Na over K signals some A-type affinity and the high Sr/

Y ratios suggest that the melt equilibrated with a garnet-

bearing residue (Fig. 3). One of the dykes (HzDr2) was

dated by U–Pb geochronology and the young age

(299 ± 2 Ma, Propach et al. 2008) is in agreement with an

emplacement in a post-plutonic extensional tectonic

setting.

Results

Major and trace elements of the samples from which zir-

cons were analysed are presented in Tables 1 and 2. The

Lu–Hf isotope composition for 700 zircons extracted from

23 samples is summarized in Table 3, organized by rock

Fig. 3 Harker-type diagrams

for whole-rock data of the 23

investigated samples.

A/CNK = molar Al2O3/

(CaO ? K2O ? Na2O) ratio
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types as described above. Hf isotope analyses for the

complete data set are provided as an electronic supple-

mentary data file. Nd isotope composition (Table 3) was

established during the course of this study or compiled

from published sources (Chen and Siebel 2004; Siebel et al.

1995, 2005, 2006a, 2008). As expected for zircons, average
176Lu/177Hf ratios are very low, ranging from 0.00072 to

0.00286 for the different samples. Thus, following the time

of zircon crystallization, there was virtually no change in

the zircon 176Hf/177Hf ratios but a relatively strong change

in eHf values due to the increase of the chondritic
176Hf/177Hf ratios over this period; this is seen by the dif-

ferences between the eHf(0) and eHf(t) values. Fig. 4

shows the eHf(t) ratios ordered from the highest (most

radiogenic) to the lowest (least radiogenic) values together

with the standard deviation which monitors the dispersion

(i.e. scatter) of the data. The most pronounced differences

in Hf isotope parameters appear with respect to various

rock types and these can be summarized as follows:

Redwitzites and porphyritic dykes have the highest
176Hf/177Hf(t) ratios (mean values ranging from 0.28256 to

0.28261). As a whole, the samples of both groups have

uniform Hf isotope compositions with mean initial eHf

values from ?0.8 to -1.1 (Table 3; Fig. 4). Large spread

of data occurs in the porphyritic dykes as seen by the large

standard deviation, in particular, for samples HzD1 and

StDr2 (Table 3).

Zircon grains from the intermediate granitoids unit have

unradiogenic Hf ratios (mean 176Hf/177Hf(t) from 0.28244

to 0.28249 and mean initial eHf values from -3.4 to -5.1).

Although these rocks clearly differ from the granite group

with respect to their geochemical composition (see Fig. 3),

their Hf isotope compositions overlap those of this group

(Fig. 4).

Zircons from the granites sensu stricto show a variation

in Hf isotopic composition, from high mean 176Hf/177Hf(t)

ratios around 0.28256 in the Leuchtenberg and Zainham-

mer granites, to low mean 176Hf/177Hf(t) ratios around

0.28242 in the Finsterau II granite. This range corresponds

to a total variation of about five e-units [eHf(t) = -0.5 to

-5.6]. On the basis of the Hf values, the granites can be

classified in two different groups as follows: one group is

characterized by more radiogenic ratios [eHf(t) –0.5 to

–1.9, Leuchtenberg, Zainhammer, Tittling, Saldenburg],

the other group comprises granites with less radiogenic

Hf isotope composition [eHf(t) –2.9 to –5.6, Finsterau I,

Liebenstein, Sattelpeilnstein, Neustift, Kristallgranit, Tin

granite, Finsterau II].

For the Leuchtenberg and Tittling granites, more than

one sample was analysed in order to obtain information

Table 2 Whole-rock composition of samples from granites sensu stricto

Sample Zh Leu18 Fin I K1 Ti1 Li Ti2 Fin II Sat Leu6a Neust Sal G4 Leu2

SiO2 67.37 67.42 67.54 68.53 68.7 69.39 69.9 70.28 70.74 71.47 72.81 73.0 74.71 74.80

TiO2 0.48 0.56 0.68 0.44 0.43 0.26 0.43 0.33 0.44 0.36 0.28 0.38 0.10 0.13

Al2O3 15.90 15.43 15.65 15.50 14.85 16.51 15.16 15.14 14.80 14.01 14.52 13.68 13.27 13.09

Fe2O3 3.14 3.41 3.77 2.94 3.25 1.67 2.58 2.16 2.63 2.55 1.48 2.49 1.73 1.12

MnO 0.05 0.06 0.05 0.04 0.06 0.03 0.05 0.02 0.04 0.06 0.02 0.04 0.03 0.03

MgO 0.69 0.84 1.19 0.77 0.89 0.77 0.89 0.65 0.70 0.47 0.48 0.47 0.07 0.21

CaO 1.32 2.23 2.24 0.85 2.41 0.71 2.46 0.87 1.00 1.48 0.54 1.42 0.44 0.63

Na2O 3.47 3.52 3.54 3.50 3.34 3.15 3.38 3.07 3.09 3.02 3.11 3.19 2.79 3.14

K2O 5.22 4.72 4.10 5.07 4.29 6.70 3.99 5.26 5.48 4.88 5.48 4.66 5.08 5.40

P2O5 0.27 0.21 0.25 0.31 0.16 0.28 0.16 0.27 0.30 0.14 0.30 0.17 0.19 0.04

LOI 1.18 1.02 0.99 1.38 0.48 1.16 0.75 1.21 0.52 1.06 0.73 0.50 1.14 1.00

Total 99.4 99.4 100.2 99.5 99.1 100.8 99.90 99.4 99.9 99.5 99.9 99.8 99.6 99.6

Ba 751 1,001 918 593 1,037 707 1,016 406 436 662 372 478 62 232

Rb 253 181 225 270 153 306 252 270 335 201 309 201 575 206

Sr 129 256 192 126 376 147 569 88 97 172 70 150 7 59

Y 30 15 23 25 24 13 27 15 26 21 14 31 14 13

Zr 211 307 275 222 160 140 179 162 250 229 146 305 83 88

La - 65 53 33 - 24 - 40 38 65 25 - - 22

Ce 66 132 133 84 - 64 - 97 94 133 60 - 35 51

Nd - 45 58 29 28 24 28 36 44 46 25 55 - 20

Sm - 7.5 9.4 4.2 5.4 5.8 5.4 8.7 6.5 8.2 4.1 8.9 - 4.6

Major elements in wt%, trace elements in ppm

– not determined, LOI loss on ignition
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about the isotopic variability within single intrusions.

Analyses of three different samples from the Leuchtenberg

granite give virtually identical results yielding initial eHf

values of –0.49 (2.14) (2-sigma SD), –1.00 (2.46) and –

1.33 (2.30). A striking uniformity of initial zircon Hf iso-

topic composition is also observed in two different samples

from the Tittling granite showing eHf(t) values of –1.50

(2.18) and –1.58 (2.50).

Zircon Hf model ages, Hf TDM, are compared with

whole-rock Nd depleted mantle model ages, Nd TDM in

Table 3. Both Lu–Hf zircon and Sm–Nd whole-rock sys-

tems yield similar model age information and are indis-

tinguishable within their uncertainties. Zircons from the

granites and intermediate granitoids yield Hf–Nd model

ages generally between 1.3 and 1.7 Ga. Hf–Nd model ages

of the redwitzites and porphyritic dykes are younger (1.1–

1.3 Ga), consistent with a higher contribution of mantle, or

less ancient crustal material in their sources.

Discussion

Hf isotopes and magma source variation

The zircons analysed in the present study are from igneous

rocks generated episodically over a timescale of c. 35 Ma,

from Viséan to Stephanian, but we found no systematic

variation of initial 176Hf/177Hf ratios with age. On the other

Table 3 Laser ablation Hf isotope data from zircons of granitoids from eastern Bavaria

Sample no. Age (Ma) 176Lu/177Hf 176Hf/177Hf(t) (StdDev) eHf(t) (StdDev) eNd(t) Hf TDM Nd TDM

Porphyritic dyke

StDr2 (38) 299 0.00135 0.282565 (0.000146) -1.12 (5.14) -2.4* 1.22 1.27

HzD1 (32) 299 0.00158 0.282602 (0.000122) 0.16 (4.32) -0.3* 1.15 1.10

HzD2 (31) 299 0.00172 0.282613 (0.000068) 0.56 (2.44) -0.6* 1.12 1.12

Granite sensu stricto

Fin II (38) 324 0.00125 0.282423 (0.000098) -5.60 (3.44) -7.2 1.48 1.67

G4 (17) 298 0.00105 0.282470 (0.000056) -4.53 (1.98) -7.0* 1.40 1.63

K1 (30) 325 0.00146 0.282456 (0.000072) -4.42 (2.56) -6.0* 1.42 1.57

Neust (24) 320 0.00139 0.282464 (0.000100) -4.24 (3.56) -5.3* 1.40 1.51

Sat (20) 322 0.00119 0.282482 (0.000096) -3.56 (3.42) -5.8 1.37 1.55

Li (27) 315 0.00180 0.282499 (0.000096) -3.13 (3.36) -6.4* 1.34 1.59

Fin I (36) 326 0.00116 0.282498 (0.000054) -2.92 (1.92) -5.4 1.34 1.52

Sal (25) 312 0.00143 0.282536 (0.000048) -1.86 (1.70) -3.6 1.27 1.36

Ti2 (33) 322 0.00160 0.282538 (0.000070) -1.58 (2.50) -3.7 1.26 1.38

Ti1 (21) 324 0.00155 0.282539 (0.000062) -1.50 (2.18) -3.8 1.26 1.39

Leu18 (42) 323 0.00173 0.282544 (0.000064) -1.33 (2.30) -2.7* 1.25 1.30

Leu2 (28) 324 0.00286 0.282553 (0.000070) -1.00 (2.46) -2.8 1.23 1.32

Zh (23) 321 0.00246 0.282564 (0.000094) -0.68 (3.32) -3.0* 1.21 1.33

Leu6a (39) 328 0.00156 0.282566 (0.000060) -0.49 (2.14) -2.8 1.20 1.32

Redwitzite

RL1 (39) 323 0.00206 0.282572 (0.000050) -0.37 (1.74) -0.4 1.19 1.11

TM2 (26) 323 0.00128 0.282580 (0.000088) -0.05 (3.08) -1.1* 1.18 1.20

R2b (26) 323 0.00229 0.282603 (0.000066) 0.75 (2.30) -1.6 1.13 1.27

Intermediate granitoid

DRW (30) 322 0.00261 0.282440 (0.000108) -5.08 (3.82) -5.1* 1.45 1.49

Pf1 (37) 334 0.00092 0.282478 (0.000070) -3.43 (2.46) -4.4 1.37 1.45

Padr2 (25) 325 0.00072 0.282491 (0.000056) -3.17 (1.96) -5.1 1.35 1.50

Number of zircons analysed is given in parentheses behind the sample no. Nd isotope whole-rock data are shown for comparison. StdDev = 2r
standard deviation (95.4% probability)

Data sources for granitoids crystallization ages (column two) used for calculation of initial Hf–Nd parameters: porphyritic dykes Propach et al.

(2008), granites sensu stricto Chen and Siebel (2004), Klein et al. (2008), Siebel et al. (2003, 2008); redwitzites Siebel et al. (2003); intermediate
granitoids Siebel et al. (2005, 2006a)

eNd(t) values obtained during this study are marked with an asterisk (*). References for Nd data obtained in previous studies are Chen and Siebel

(2004) for samples Sal, Ti1 and Ti2, Siebel et al. (1995) for samples RL1, R2b, Leu2 and Leu6a, Siebel et al. (2005) for sample Pf1, Siebel et al.

(2006a) for sample PaDr2, Siebel et al. (2008) for samples Sat, Fin I and Fin II
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hand, a clear correlation does exist between the Hf and Nd

isotope parameters (Fig. 5). Nd isotope composition was

acquired by digestion of whole-rock samples, i.e. by con-

ventional bulk rock analyses. The Hf–Nd array is bracketed

between a crustal end-member with low e-values [eHf(t)

around –6, eNd(t) around –7] and a relatively primitive

component with ratios close to the chondritic values. The

trend defined by the Bavarian granitoids deviates from the

terrestrial Hf–Nd array (Vervoort et al. 1999) and requires

a line with a shallower slope (eHf = 0.83eNd ? 1.02,

Fig. 5). This offset must be regarded with some caution

since the total range in e-values and the number of samples

in the Bavarian data set is small, compared to that in the

terrestrial array. However, the reason for this offset could

lie in the fact that the Bavarian samples represent a limited

range in age and lithologies or do not simply constitute a

binary mixing trend.

Figures 4 and 5 depict the average Hf and Hf–Nd iso-

tope composition of the individual granitoids. Zircons from

granites sensu stricto show considerable variations in Hf

(five e-units) and Nd isotope ratios extending from more

mantle-like values to more crustal-like values. Potential

source lithologies for the granites from the Bavarian Forest

are Moldanubian paragneisses and anatexites. On the basis

of bulk-geochemistry and Sr-Nd isotope composition, it

has been proposed that the S-type granites, equivalent to

the granites with low Hf zircons of this study, were pro-

duced by partial melting of such lithologies (Siebel et al.

2006b). The origin of the high eHf granites is less well-

constrained. Their isotope signatures are appropriate for

contribution of mantle-derived melts or pre-existing mafic

crust. Alternatively, melts of the more mafic Teplá-Bar-

randian/Bohemian crust may have been involved in granite

genesis (Siebel et al. 1997). Such units occur in the Saxo-

thuringian/Moldanubian transition zone and could be

potential source components for some of the granites in this

region (e.g. Leuchtenberg, Zainhammer).

The intermediate granitoids are characterized by com-

paratively low eHf(t) values. Melt contribution from the

mantle accords with the mafic character of these rocks. The

Hf data are also permissive for interaction with an enriched

supracrustal component. Further emphasis is needed to

determine the conditions how this was achieved. The

deformed granodiorites (palites) were recently interpreted

as the southwestern extension of enriched shoshonitic rocks

(durbachites) from central Bohemia (Finger et al. 2007). It

was assumed by these authors that this enrichment took

place in a supra-subduction zone. Although there is no

evidence for an enriched mantle at this time in other parts

of the study area (see discussion below) this event might

have enriched part of the mantle below the Bavarian

Forest.

The Hf isotope compositions of the redwitzites are close

to chondritic values (Figs. 4, 5). Source heterogeneity was

inferred for the redwitzites based on prominent variation of

Sr and Nd bulk rock isotope composition (Holl et al. 1989;

Siebel et al. 1995). This was explained by a mixing

Fig. 4 Summary of Hf isotope composition of melt-precipitated

zircons ordered from most (bottom) to least (top) radiogenic. Each

data point represents the mean initial eHf(t) value; error bars denote

the 1r standard deviation. For number of zircons analysed see

Table 3. Inset eHf(t) zircon against SiO2 concentration of the

corresponding whole-rock sample

Fig. 5 Plot of eHf(t) values of melt-precipitated zircons versus eNd(t)

whole-rock values in Bavarian granitoids at the time of crystalliza-

tion. Terrestrial array (solid trend line) from Vervoort et al. (1999)

recalculated, using the new decay constant of 1.865 9 10-11 y-1 for
176Lu (Scherer et al. 2001). The data for the granitoids from eastern

Bavaria do not plot along this line but require a line with a shallower

slope (the dotted line shows the best-fit linear regression through this

data). The analytical uncertainty in eNd is about 0.5 epsilon units

(2r). For error bars of eHf, see Fig. 4. Inset Projection of the initial

eHf values to the depleted mantle Hf evolution curve (Griffin et al.

2000; Chauvel and Blichert-Toft 2001), depicting the range of Hf

model ages for Bavarian granitoids
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relationship between gabbroic and granitic end-members.

Source heterogeneity, however, is not clearly seen in the

Hf–Nd data array but this could be due to the limited

number of investigated samples (n = 3). If the granitic end

member had a crustal isotope signature, a relatively

depleted component is required to explain the chondritic

isotope characteristics of the redwitzites. In terms of the

mixing model, this would imply that the redwitzites com-

prise a blend of depleted mantle and enriched (crustal)

material. Hence, as opposed to intermediate granites, the

isotopic composition of the redwitzites does not point

towards the involvement of an enriched mantle source.

Tracking magmatic processes (fractional

crystallization, assimilation)

A key question in magma genesis concerns the ultimate

reason for compositional variation. Fractional crystalliza-

tion and crustal assimilation are the most important physical

mechanisms of melt differentiation but often it is not

straightforward to identify the prevalent process (e.g. Kemp

and Hawkesworth 2003). The range of Hf isotope ratios

obtained from a melt-precipitated zircon population of a

single sample can help to evaluate this subject because it

gives important information about the isotopic homogeneity

of the melt from which the zircons grew (Griffin et al. 2002;

Belousova et al. 2006; Kemp et al. 2005, 2007). The Leuch-

tenberg granite has long been regarded as an outstanding

example of closed system fractional crystallization (Madel

1968; Siebel 1995). The three samples from the Leuchten-

berg granite, which were investigated in this study, come

from differently evolved parts of this pluton. The major and

trace element characteristics of unfractionated sample

Leu18 (SiO2 = 67.4 wt%, Rb/Sr = 0.7) are controlled by

the nature of the source materials whereas sample Leu2

(SiO2 = 74.8 wt%, Rb/Sr = 3.5) reflects a higher degree of

fractional crystallization (or assimilation). These two and a

third intermediate sample from the Leuchtenberg granite

(Leu6a, SiO2 = 71.5 wt%, Rb/Sr = 1.2) have overlapping

Hf isotopic compositions [eHf(t) Leu18 = - 1.33 ± 2.30,

Leu6a = –0.49 ± 2.14, Leu2 = –1.00 ± 2.46] confirming

that the magma of the Leuchtenberg granite underwent

closed-system fractionation without major assimilation

processes.

The porphyritic dykes of the southern Bavarian Forest

contain zircons with a range in 176Hf/177Hf (up to ten

e-units), significantly larger than the analytical uncertain-

ties (equivalent to ±1.1 e-units). This grain-to-grain vari-

ation is also reflected by the high standard deviations in

the dyke samples StDr2 and HzDr1 (Table 3). Zircons

from the dykes form a homogeneous population and the

CL images did not yield any evidence for pre-magmatic

core material in the investigated samples (Fig. 6). A

concomitant U–Pb study identified a single age population

at 299 ± 2 Ma in dyke sample HzDr2 (Propach et al.

2008) and no evidence for pre-magmatic zircon growth

was found. This suggests that the zircons largely precipi-

tated from a melt. Given the small grain size of the zircons,

spatial resolution was not sufficient to evaluate intra-crystal

isotope variability. However, the variation in Hf isotope

composition of different grains from the same sample

indicates an open system process. The dyke swarm ranges

in composition from basaltic andesite to dacite and the

spectrum of rock types was explained by magma mixing

(Propach et al. 2008). If the dykes originated from a

mantle-derived melt that was modified by fusion and

assimilation of crustal rocks, this process should be

recorded in the Hf-isotope composition of the zircons. In

all three dyke samples, some zircons extend to positive,

mantle-like eHf values around ?3, indicating that the

parental mafic magma was derived from a depleted mantle

source. During assimilation, the release of Hf from crustal

rocks can take place either by entrapment or by dissolution

of zircons, or other Hf-bearing minerals and this process

would modify the Hf isotope composition of the melt

towards less radiogenic Hf ratios. If such process takes

place during concomitant zircon crystallization, the Hf

isotope composition of this mineral would likely record this

process. The unradiogenic eHf values as low as –5 to –6

measured in some zircons of dyke samples HzD1 and

StDr2 can be interpreted as a result of progressive assim-

ilation of the melt by crustal material.

Fig. 6 Hf isotope composition of melt-precipitated zircons from

three different samples of porphyritic dykes. Increase in data

dispersion can be observed from sample HzD2 through HzD1 to

sample StDr2. All samples are characterized by similar morphological

zircon types and internal structures of these grains (CL images) do not

show evidence for inherited material. Circles on CL images indicate

locations of laser spots (all *63 m in diameter) and corresponding

eHf(t) values
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Conclusions

This study shows the feasibility to explore the origin of

metaluminous and peraluminous (S-type) granitoids using

in situ Hf data from melt-precipitated (i.e. non-inherited)

zircons. To avoid pre-magmatic zircons from analyses

careful monitoring by CL is a prerequisite in order to

identify grains without discernible cores and a single-phase

growth history appropriate for analysis.

Hf analysis of melt-precipitated zircons offers insights

into the production of granitoids of the Bavarian Forest and

the contributions of different granitoid source rocks.

The data show that the texturally and geochemically dif-

ferent intrusions were derived from various crustal and

mantle sources. In combination with geochemical and Nd-

isotope data, single-grain Hf analysis of zircons provides a

sensitive tool for tracing the involvement of both enriched

and depleted mantle material and crustal components in

these rocks.

Hf data on magmatic zircons can provide important

additional constraints for the processes operating during

magma crystallization (i.e. differentiation or crustal con-

tamination processes). It is documented that in certain

granites (Leuchtenberg, Tittling) geochemical variation

was achieved under closed-system conditions during

crystallization. On the other hand, porphyritic dykes con-

tain zircons with a range in eHf(t) significantly larger than

the analytical uncertainties. This reflects an open-

system behavior probably caused by crustal assimilation

processes of a mantle melt. Such insights would be easily

camouflaged by whole-rock geochemical or isotopic

studies.
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Žák J, Holub FV, Verner K (2005) Tectonic evolution of a continental

magmatic arc from transpression in the upper crust to exhuma-

tion of mid-crustal orogenic root recorded by episodically

emplaced plutons: the central bohemian plutonic complex

(Bohemian Massif). Int J Earth Sci (Geol Rundsch) 94:385–400

Zeh A, Gerdes A, Klemd R, Barton JM (2007) Archaean to

Proterozoic crustal evolution in the central zone of the Limpopo

belt (South Africa–Botswana): constraints from combined U–Pb

and Lu–Hf isotope analyses of zircon. J Petrol 48:1605–1639

Int J Earth Sci (Geol Rundsch)

123

http://dx.doi.org/10.1007/s00710-005-0091-7
http://dx.doi.org/10.1093/petrology/egn049
http://dx.doi.org/10.1016/0012-8252(76)90052-0
http://dx.doi.org/10.1016/0009-2541(95)00003-5
http://dx.doi.org/10.1016/0009-2541(95)00003-5
http://dx.doi.org/10.1016/0016-7037(96)00201-3
http://dx.doi.org/10.1016/S0012-821X(99)00047-3
http://dx.doi.org/10.1029/2004GC000721
http://dx.doi.org/10.1016/0040-1951(77)90003-8
http://dx.doi.org/10.1016/0040-1951(77)90003-8
http://dx.doi.org/10.1016/j.chemgeo.2004.04.026
http://dx.doi.org/10.1016/j.chemgeo.2006.05.003
http://dx.doi.org/10.1016/j.chemgeo.2006.05.003

	Zircon Hf isotope perspective on the origin of granitic rocks �from eastern Bavaria, SW Bohemian Massif
	Abstract
	Introduction
	Geology
	Analytical techniques
	Granitoid types, petrography, geochemistry and geochronology
	Results
	Discussion
	Hf isotopes and magma source variation
	Tracking magmatic processes (fractional crystallization, assimilation)

	Conclusions
	Acknowledgments
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /SyntheticBoldness 1.00
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org?)
  /PDFXTrapped /False

  /Description <<
    /ENU <>
    /DEU <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [5952.756 8418.897]
>> setpagedevice


