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1 Zusammenfassung f•ur Fachfremde

Ziel dieserArbeit ist esmithilfe von geochemischen und isotopengeochemi-

schen Daten Aussagen•uber dasAlter und den Ursprung von Grundgebirgs-

einheiten in den Zentralen Westlichen Karpathen zu tre�en.

Grundlagezur Bestimmung desAlters dieserGesteinebildet die Einzelzir-

kon U-Pb Methode, wof•ur Uran und die Bleiisotopie von Zirkonen massen-

spektrometrisch bestimmt wird. F•ur die geochemische Klassi�zierung der

Einheiten wurdenhaupts•achlich die SeltenenErd Elemente (SEE) und die ra-

dioaktiven Uran-Blei, Rubidium-Strontium und die Samarium-Neodym Zer-

fallsystemebenutzt.

Die Karpathen bilden die •ostliche Fortsetzung der Alpen. Sie wurden

wie diesew•ahrend der Alpinen Gebirgsbildung(Orogenese)aufgefaltet. Der

alpine Gebirgsg•urtel entstand in geologisch relativ junger Zeit zwischen 120

und 60 Millionen Jahren vor heute durch die Kollision der Afrik anischen

Platte im S•uden mit der Eurasischen Platte im Norden. W•ahrend dieser

Gebirgsbildungwurden durch die Intrusion von Graniten neueGesteinege-

bildet (z.B. Poller et al., 2001b)und bereits vorhandeneGesteinedurch De-

formation und Metamorphoseim Aussehenund Zusammensetzungver•andert

(z.B. Jan�ak et al., 2001b). Der Grossteil der Gesteineder Zentralen West-

lichen Karpathen sind jedoch erheblich •alter.

Die Zentralen WestlichenKarpathen k•onnenin drei unterschiedlicheGrund-

gebirgseinheiteneingeteilt werden,von denenzwei im RahmendieserArbeit

bearbeitet wurden:

Im Nordwesten,zwischen der HohenTatra und den Kleinen Karpathen auf-

geschlossen,�nden sich magmatische Gesteine,die gr•osstenteils als Gran-

ite klassi�ziert werden. DieseGesteinegeh•ohren zu der Tatrischen Einheit

und wurden, wie z.B. in Poller and Todt (2000) gezeigtwird, w•ahrend der

VariskischenGebirgsbildungzwischen400Ma und 310Ma vor heutegebildet.
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Zusammenf assung f •ur Fachfremde

Nach S•udenanschliessend�nden sich zum einemleicht deformierteGran-

ite, zum anderenstark deformierte und •uberpr•agte Gneisseund Amphibo-

lite, welche zu der Veporischen Einheit gez•ahlt werden. Die Granite k•onnen

gr•osstenteilsebensoder Variskischen Gebirgsbildungzugeordnetwerden, je-

doch sind Teile dieserEinheit erheblich •alter als die Gesteineder Tatrischen

Einheit. Geochronologische Daten zu diesenGesteinenexistierenkaum. Der

erste Teil der Arbeit besch•aftigt sich daher mit der Entwicklung und dem

Alter der Veporischen Grundgebirgseinheitenund mit den geochemischen

Ver•anderungen,den die Alpine und die Variskische Gebirgsbildungin diesen

Gesteinenverursacht haben (Kapitel 2 und 3).

Als s•udlichste Grundgebirgseinheitschliesst die Gemerische Einheit an.

Siebesteht haupts•achlich ausSedimenten, welche ausvulkanischem Material

entstanden sind. Das Alter der Sedimente kann anhand von Mikrofossilien

als Fr•uh-Palaeozoisch, also zwischen 500 und 400 Ma vor heute, bestimmt

werden (z.B. Voz�arov�a et al., 1998). Die sediment•aren Gesteine,die leicht

metamorph •uberpr•agt sind, werdenvon einigenGraniten durchschlagen. Sie

haben jedoch einenanderenCharakter als die Granite, die in der Tatrischen

und der Veporischen Einheit vorkommen. Sie weiseneinenhohenAnteil an

Turmalin auf und zeichnen sich durch hohe Gehalte von seltenenMetallen

wie Niob, Tantal und Zinn aus. Das Alter der Granite, wie in Kapitel 4

gezeigtwird, ist vergleichsweisejung und liegt bei 250Ma vor heute. Somit

sind dieseGranite w•ahrend dem Perm entstanden.

Am Ende dieser Arbeit werden Details zur Analytik und Auswertung

von Bleiisotopendaten gegeben (Kapitel 5). Die kombinierte Methodik zur

Bestimmung der Strontium und Neodym Isotopieund der Seltenerdelement-

konzentrationen, wie sie w•ahrend dieser Arbeit verwendet wurde, wird in

Kapitel 6 beschrieben.
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2 Zusammenfassung

In dieserArbeit werdengeochronologische und isotopengeochemische Daten

zur Entwicklung derZentralen WestlichenKarpathen pr•asentiert. Die Karpa-

then bilden die •ostliche Fortsetzung der Alpen und k•onnen in drei Alpine

Grundgebirgsdecken unterteilt werden, von denenzwei, die Veporische und

die Gemerische, bearbeitet wurden. In der VeporischenEinheit wurdenpoly-

metamorpheGrundgebirgseinheitenuntersucht, um derengenaueAltersstel-

lung zu de�nieren und sie isotopengeochemisch zu klassi�zieren. Dagegen

wurde in der der Gemerischen Einheit, welche die Veporische Einheit •uber-

lagert, ein spezialisierter S-Typ Granit im Detail untersucht, um die pet-

rogenetischen Prozesse,die zur magmatischen Entwicklung diesesGranits

gef•uhrt haben, zu identi�zieren.

U-Pb Datierungen an Zirkonen der Veporischen Grundgebirgseinheiten

zeigenf•ur die gesamte Veporische Einheit ordovizische Entsehungsalter an

(440-470Ma). DieseDatierungen revidieren publizierte kambrische Entste-

hungsalterdiesesGrundgebirges.Die Isotopensignatur(�N d und 87Sr=86Sr )

der ordovizischen Grundgebirgseinheiten,bestehendaus stark •uberpr•agten

Amphiboliten und Gneissen,ist von der Signatur der sich im Norden an-

schliessendenTatrischen Einheit gut unterscheidbar. Die Blei-isotopenzu-

sammensetzungdieserGesteineist stark krustal gepr•agt und •uberschneidet

sich mit der der Tatrischen Einheit. Zusammenmit den TN d
D M Altern sind

dieseEinheiten vergleichbar mit pr•avariskischen Einheiten der Alpen. Somit

kann dasordovizische Grundgebirgezu denperi-GondwanaTerranengez•ahlt

werden, die an einem aktiven Kontinentalrand im Norden von Gondwana

gebildet wurden.

In den Gesteinender Veporischen Einheit wurde im Weiteren eine starke

metamorphe •Uberpr•agungund intensiver felsischer Magmatismus karbonis-
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chen Alters erkannt (320-350Ma). DiesesEreignis ist zeitgleich mit dem

Magmatismus, welcher haupts•achlich in der sich im Norden anschliessenden

Tatrischen Einheit beobachtet wird. Dieser geh•ort der variskischen Oroge-

nesean.

Intensive alpine Deformation und Metamorphosekonnte in der s•udlichen

Veporischen Einheit anhand der Einzelzirkondatierungenund der Isotopen-

daten der ordovizischen Einheiten nachgewiesenwerden.

Am Dlh�a Dolina Granit in der Gemerischen Einheit k•onnenstarke Frak-

tionierungs- und Auto-Metasomatose-E�ektebeobachtet werden. Durch die

magmatische Fraktionierung wird eineAnreicherungder SEE erzeugt,woge-

gen die Metasomatosedie SEE stark verarmt. Es kommt sogarzur Ausbil-

dung einesTetraden E�ektes im SEE Muster, welche den starken Ein
uss

von Fluiden w•ahrend der sp•at-magmatischen Phasebelegt. Gesamtgesteins

Pb-Pb Daten beschr•anken das minimale Intrusionsalter diesesGranites auf

240Ma. DiesesAlter ist in guter •Ubereinstimmung mit denSr-Isotopendaten

der magmatisch dominierten Gesteine,wohingegendie stark metasomatisch

gepr•agten Gesteineein zu radiogenes87Sr=86Sr ini aufweisen.

W•ahrend dieserArbeit wurde intensiv mit der Blei-Isotopenzusammen-

setzungvon Gesamtgesteinsproben gearbeitet. Um die Auswertung dieser

Daten optimieren zu k•onnen wurde ein Computerscript f•ur das GPL Pro-

gramm Octave erstellt. Die Hauptaufgabe diesesScripts besteht darin, Re-

gressionenf•ur geochronologischeAnwendungengem•a� York (1969)zuberech-

nen. Ausserdemk•onnen� und � -Werte f•ur dieseRegressionenberechnet und

eine Hauptkomponentenanalyse,welche hilfreich f•ur den Vergleich von zwei

Datens•atzen ist, durchgef•uhrt werden.

Am Endeder vorliegendenArbeit wird die analytische Methode f•ur einen

Mikrowellen beschleunigten S•aureaufschluss von granitoidem Material zur

Bestimmung der Sr- und Nd-Isotopenzusammensetzungund der Element-
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konzentrationenvorgestellt. Diesekombinierte Methode nutzt ein TIMS f•ur

die Sr und Nd Isotopenmessungenund eineEinzelkollektor-ICPMS zur Bes-

timmung der SEE, Rb und Sr Konzentrationen, welche mithilfe von relativen

Sensitivit•atsfaktoren gegen•uber einem internen Standard quanti�ziert wer-

den. DieseMethode wird durch Messungenvon internationalen Referenzma-

terialien bewertet. Die ErgebnissezeigeneineReproduzierbarkeit von < 10%

f•ur die Elementkonzentrationen und von < 5% f•ur Elementverh•altnisse.
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3 Abstract

This study presents geochronologicaland geochemicaldata for the evolution

of the Central WesternCarpathians. The basement units of the Veporic unit,

one of three Alpine basement nappes,are mainly studied during the course

of this work. In this unit the poly-metamorphic basement was studied to

clarify its age and to classify it isotope geochemically. Additional to the

Veporic basement units, a specializedS-type granite from in the Gemeric

unit, overlying the Veporic unit, is studied in detail to identify petrogenetic

processesresponsiblefor the magmatic evolution of this granite.

The zircon U-Pb dating for basement units in the Veporic Unit reveal

Ordovician precursor age for the whole unit (440-470Ma). Theseagesre-

vise published Kambrian precursor ages. The isotopic signature, i.e. �N d

and 87Sr=86Sr , for theseOrdovician basement units is distinct from the sig-

natures observed for magmatic rocks in the Tatric unit to the North. The

WR-PbPb isotopic composition of these basement rocks reveals a strong

crustal in
uence and overlap with the the WR-PbPb isotopic composition

of the Tatric unit. Togetherwith the TN d
D M ages,theseare well comparable

with pre-Variscanunits described in the Alps. Thus belong the Ordovician

basement units to the peri-Gondwana terranes, which were formed at the

northern active continental margin of Gondwana.

Carboniferousmetamorphismand felsicmagmatismis alsorecognizedin the

Veporic unit (320-350Ma). This event is contemporaneouswith the mag-

matism observed mainly in the Tatric Unit to the North and belongsto the

Variscanorogeny.

Intensive Alpine deformation and metamorphismcan be observed in the sin-

gle zircon U-Pb data and in the isotopic data for the SouthernVeporic Unit.

The Dlh�a Dolina granite in the Gemeric unit shows e�ects of extensive

fractionation and auto-metasomatism. Magmatic fractionation createsan
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increasein the REE concentration in theserocks, whereasthe metasomatic

processesresult in a depletion and in the generation of a Tetrad e�ect in

the REE pattern, which shows the strong in
uence of 
uids during the late

magmatic phase. WR-Pb-Pb data constrain a minimum intrusion age of

240 Ma for the Dlh�a Dolina pluton, which is in agreement with Sr isotopic

data observed for the magmatic dominated samples,whereasthe samples

with a strong metasomaticin
uence have too radiogenic87Sr=86Sr ini .

The Pb isotopic composition of whole rock (WR) sampleswas usedex-

tensively during this study. Thereforea script for the GPL software Octave

waswritten to evaluate thesedatasets.The main purposeof this script is the

calculation of York (1969) regressionlines for geochronologicalapplications.

Additional � and � -valuescan be calculated for regressionlines and, useful

for comparisonof di�erent datasets, principal component analysescan be

calculated.

At the end of this work, the analytical technique for microwave-assisted

acid digestion of granitoid material for isotopic and elemental analyseswill

be presented. This technique usesa TIMS for Sr and Nd isotopic measure-

ments and a single collector ICPMS for determination of the REE, Rb and

Sr concentrations quanti�ed by relative sensitivity factors (RSF) relative to

an internal standard. This method will be evaluated by measurements of

international referencematerials. Theseresults in a precision of < 10% for

the elemental concentrations and of < 5% for elemental ratios.
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Chapter 1

In tro duction

This work presents the resultsobtainedduring the courseof the PhD study on

\Isotop e Geochemicaland GeochronologicStudiesof Basement Units in the

Central WesternCarpathians (Slovakia)\ and consistsof three main parts:

� Geochronologicaland isotopic studiesof the pre-Variscanbasement in

the Veporic Unit (Chapter 2 and Chapter 3)

� Geochemicaland isotopic constraints on the evolution and timing of a

speciallizedS-type granitoid intrusion in the GemericUnit (Chapter 4)

� Presentation of a computerscript for the evaluation of isotopic Pb data

using the GPL program Octave (Chapter 5) and details on analytical

techniquesusedfor this work (Chapter 6)

These parts are presented as manuscripts ready for publication. Chapter

2 will be printed in a special issue for Lithos edited by BB. Chapter 5 is

submitted to Computers & Geosciences.Chapter 3 and 4 are planned for

submissionto SwissBulletin of Mineralogy and Petrology and to Geologica

Carpathica, respectively.
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The �rst part is split in two chapters:

Chapter 2 presents the �rst single zircon U-Pb agesfor the pre-Variscan

basement in the SouthernVeporic Unit. It results in an Ordovician precursor

age for the felsic Mur�a�n gneiss. This leads to a dichotomy with published

Kambrian multi grain U-Pb agesfrom the Northern Veporic Unit (Puti �s

et al., 2001). In order to resolve this apparent ageprogressionof basement

units from North to South, single and multi grain zircon U-Pb agesare

presented in Chapter 3 for the Northern Veporic Unit. Thesedata fortify the

Ordovician precursoragespresented in Chapter 2. Thus a re-interpretation

of the data published by Puti�s et al. (2001) is proposed. This results in a

commonPre-Variscanevolution of the basement units from the Veporic Unit,

no progressionof the formation agecan be observed.

GeochemicalandPb, Sr, andNd isotopicdata arepresented in both Chapters

to characterizethe samplesand to comparethe Veporic Unit to other units

of the Central WesternCarpathians.

The secondpart (Chapter 4) concernsabout the evolution of a granitoid

plutonic complex sampledby drill coresin the Gemeric Unit (Dlh�a Dolina

valley). Geochemical, Pb and Sr isotopic data are presented to resolve the

e�ects produced by magmatic fractionation and by metasomaticoverprint.

The isotopic data for this intrusion constrainsa minimum intrusion ageof

240Ma, which is in good agreement with publisheddata on similar intrusions

in the GemericUnit.

Chapter 5 presents a new computer script for Octave to evaluate Pb

isotopic data. This script was usedfor evaluation of all Pb isotopic datasets

presented in this work. To show the capabilities of this script the Pb dataset

of the Dlh�a Dolina intrusion is presented and discussedin this Chapter in

detail.
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In Chapter 6 details about the analytical techniquesusedfor this work

are presented. This includes the microwave assisteddigestion of granitoid

samplesfor determination of REE, Rb and Sr concentrations using Relative

Sensitivity Factors(RSF) anddetailson the columnchemistry for the isotopic

measurements.
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Chapter 2

The study presented in this chapter usessinglezircon U-Pb geochronological

data to identify the protolith age of the Mur�a�n GneissComplex and Pb,

Sr, and Nd isotopic data to constrain the geodynamic context of this unit.

The isotopic systematicsof this complexare partially resetby intenseAlpine

deformation, neverthelesssomeconclusionson the sourcescan be drawn, as

will be shown in the following.

A.S. Gaab performedall analysespresented in this chapter and prepared

the manuscript. UP provided an additional sample used for U-Pb single

zircon dating and introducedthe author to the methods usedfor this work.

MJ introducedto the regionalgeologyand supported the author during �eld

work. WT admitted the entry to the cleanlab and to the massspectrometer.

The manuscript presented in this chapter will be published in a special

issueof Lithos edited by BB. Positive reviewsby KS, GO, MK and BB were

applied to the manuscript. Parts of this study were also presented by Gaab

et al. (2003b)and Gaab et al. (2003c)on international meetings.



Alpine rew orking of Ordo vician protoliths in
the Western Carpathians: Geochronological
and geochemical data on the Mur �a�n Gneiss
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Abstract

Magmatic protoliths of Ordovician age have been identi�ed in the metamorphic
rocks of the Mur�a�n GneissComplex, Veporic Unit (Central Western Carpathians).
Vapor digestion single zircon U-Pb dating yields an intrusion age of 464� 35 Ma
(upper intercept) for the granite protolith. A lower intercept age of 88� 40 Ma
records amphibolite facies metamorphic overprint in the Cretaceous,during the
Alpine orogeny. Geochemical and isotopic data suggestcrustal origin of the ortho-
gneiss.�N dini are between-2.5 and -5 and corresponding T N d

D M range between1.3-
1.5 Ga (two-step approach). 87Sr=86Sr ini ratios vary between 0.7247and 0.7120,
and a steepREE pattern further constrains the crustal a�nit y of theserocks. As-
sociated amphibolite bodieshave �N dini valuesof 6.5, 87Sr =86Sr ini ratio of 0.7017,
and a 
at REE pattern. They are interpreted asMORB derived metabasites.Pb, Sr
and Nd isotopic variations observed for the Mur�a�n GneissComplex canbeexplained
by an intenseAlpine metamorphism.

These basement rocks of the Central Western Carpathians are interpreted as
Ordovician magmatic rocks intruded at an active Gondwanamargin. They represent
the easternprolongation of Cambro-Ordovician units, which were part of the peri-
Gondwana superterrane and accretedto Laurussia during Variscanorogeny. Alpine
metamorphic overprint is the most dominant feature and no Variscanmetamorphic
overprint is recordedby the isotopic data of this unit.

Key words: Western Carpathians, Gondwana, Ordovician, basement, Alpine
orogeny

� Andreas S. Gaab
Email address: gaab@mpch-mainz.mpg.de(A.S., Gaab).



Chapter 2: Alpine rew orking of the Ordo vician Mur �a�n Gneiss

1 In tro duction

Ordovician magmatic complexesare recognizedin many areasof the Central
European Variscides,like in the Bohemian Massif (e.g. Hegner and Kr•oner,
2000;Kr•oner et al., 2000), in SW Poland (Oliver et al., 1993)or in the Black
Forest (Chen et al., 2000).Metabasicrocks and orthogneisseswith Ordovician
protolith agesoccur alsoin the basement of the Alps, e.g. in the Austroalpine
units (Miller and Th•oni, 1995;Poller et al., 1997;Schaltegger et al., 1997).
Thesemagmatic rocks are interpreted as fragments of an active continental
margin of Gondwana, and are grouped together under the name \Hun Su-
perterrane" (Stamp
i and Borel, 2002;von Raumer et al., 2002).Ordovician
granitoids are consideredto be the products of this active margin magmatism
forming a longitudinal zone(von Raumeret al., 2002).Terranesweredetached
from Gondwana due to opening of back-arc oceansfollowing the subduction
of the mid-ocean ridge of a former peri-Gondwana ocean, the Proto-Tethys
(Stamp
i and Borel, 2002).Theseterranescollided with Laurussiaduring the
Variscanorogeny.

The Central Western Carpathians represent a tectonic system that extends
eastward from the Alps and its pre-Tertiary complexescomprisesix princi-
pal Slovakocarpathian (analogousto the Austroalpine in the Alps), north-
verging superunits (Fig. 1): the Tatric, Veporic and Gemeric thick-skinned
basement/co ver sheets,and the Fatric, Hronic and Silicic detachment cover-
nappe systems(e.g. Pla�sienka et al., 1997).The Central WesternCarpathians
developed during several orogeniccycles.
During Mesozoic-Cenozoictimes the WesternCarpathians evolved as a com-
plex subduction-collisionalorogenicbelt. They resulted from collision of Eu-
ropeanand Apulian continental domainslocatedbetweentwo oceanicsutures
- Meliatic in the south and Penninic in the north (e.g. Pla�sienka et al., 1997;
Pla�sienka, 1997). High-pressure,blueschist faciesmetamorphismwas related
to subduction of Meliatic oceanin Jurassictime (Faryad, 1995).Subsequent
continental collision during Cretaceouscausedregional metamorphism. The
most intense metamorphism a�ected the Veporic unit, especially its south-
easternparts at the contact to the Gemericunit (Pla�sienka et al., 1999;Jan�ak
et al., 2001b).
Pre-Alpine tectonometamorphicevolution was generally related to the sub-
duction-collisional processesduring Variscan orogeny, resulting from conver-
gence,accretionand amalgamationof crustal blocks derived from Gondwana
with Laurussia(e.g. von Raumerand Neubauer,1993;Pla�sienka et al., 1997).
Variscanmetamorphismand magmatismis well documented in all crystalline
complexesof the Central Western Carpathians, especially in the Tatric unit
with only weak Alpine recrystallization (e.g. Jan�ak et al., 1996; Poller and
Todt, 2000).
Pre-Variscan history of the Central Western Carpathians is not very well
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Chapter 2: Alpine rew orking of the Ordo vician Mur �a�n Gneiss

known. Volcanic activit y and sedimentation in the Early Paleozoictime oc-
curred in the adjacent Gemeric unit (e.g. Grecula, 1982) where both Varis-
can and Alpine metamorphicoverprint reached mostly greenschist facies(e.g.
Faryad, 1997), except minor Variscan amphibolite faciesrocks (Bajan��k and
Hovorka, 1981).

Metagranitoids of Late Cambrian and Ordovician protolith age have been
identi�ed only recently in the polymetamorphosedcomplexesof the Veporic
unit (Puti �s et al., 2001;Jan�ak et al., 2002;Gaab et al., 2003b). This study
presents new geochemicaland geochronologicaldata on the protolith and the
timing of metamorphic recrystallization of the Mur�a�n GneissComplex in the
Veporic Unit. It demonstratesthe response of Ordovician magmatic rocks
and their isotopic system to Alpine deformation and metamorphism under
amphibolite faciesconditions (ca. 600� C; 10kbar, Jan�ak et al., 2001b).The
aim of this study is to recognizethe Pre-Variscan elements in the Central
WesternCarpathians,arguing that they possiblybelongedto the former peri-
Gondwana superterrane in the Early Palaeozoictime and to constrain the
timing of metamorphism.

2 Geological Setting

Fig. 2. Geologic Map of the Mur�a�n area after Jan�ak et al. (2001b). Study area is
indicated by the rectangle.Note the location of the Mur�a�n GneissComplex directly
at the contact to the Gemeric unit in the East.
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Chapter 2: Alpine rew orking of the Ordo vician Mur �a�n Gneiss

The Mur�a�n GneissComplex is part of the Veporic Unit. It is exposedeastof
the Mur�a�n tectonic line and west of the Luben��k tectonic line, the transition
from the Veporic Unit to the GemericUnit (Fig. 2).

The Veporic Unit consistsof pre-Alpine basement complexesassembled during
the Variscanorogeny (Bez�ak, 1991,and referencestherein) that are overlain
by the Upper Palaeozoic-Triassicsedimentary cover (Fig. 2). Polymetamorphic
pre-Alpine basement comprisesgranitoids, migmatites, gneissesand amphibo-
lites, mostly mylonitized due to the Alpine overprint. Mica schists, phyllites
and �ne-grained gneissesof metavolcanosedimentary protolith are of uncer-
tain age(Early to Late Palaeozoic).The tectonometamorphichistory of this
basement was interpreted as pre-Alpine with only greenschist faciesAlpine
overprint (Korik ovsky et al., 1989;Bez�ak, 1991;Kov�a�cik et al., 1996).In con-
trast, M�eresand Hovorka (1991) and more recently Pla�sienka et al. (1999),
Lupt�ak et al. (2000) and Jan�ak et al. (2001b) emphasizedthat Alpine over-
print reached amphibolite faciesconditions.
In the central and north-eastern part of the Veporic Unit locally preserved
para-autochthonous cover include Upper Permian sandstonesand conglom-
erates,Scythian quartzites and slates,and Middle-Upper Triassiccarbonates
and shales(Foederataunit). The south-easternrim of the Veporic Unit is com-
posedof Carboniferous,PermianandScythianclasticsequencespartly forming
an allochthonous unit overlying the Foederata cover unit to the north-west.
All theseVeporic cover units werea�ected by Alpine metamorphismof low to
medium grade(Lupt�ak et al., 2003,and referencestherein). Its metamorphic
gradeincreasesfrom anchi- and epizone(350-400� C; 4-5kbar) in the Mesozoic
cover (Lupt�ak et al., 2003)to amphibolite facies(500-620� C; 7-10kbar) in the
basement (Jan�ak et al., 2001b).This regionalmetamorphismwith a geother-
mal gradient of ca. 15� C/km correspondsto a medium to high-pressuretype.
This wasgeneratedby crustal thickening due to an overburdenformed by the
Gemeric basement sheet and the Meliatic accretionary complex during the
Cretaceouscontinental collision.

Lithology and metamorphism of Mur�a�n Gneiss Complex were investigated
by several authors. Felsic gneisses,designatedas "granite-gneiss" or "ortho-
gneiss",wereattributed to either granitoid (Klinec, 1976)or rhyolitic protolith
(Hovorka et al., 1987),or both (Kov�a�cik et al., 2001).Amphibolite layerswere
interpreted as product of basaltic, concomitant volcanism (Hovorka et al.,
1987). Based on whole-rock Sr isotopic studies, Kov�a�cik et al. (2001) pro-
posedthat the protolith of "orthogneisses"was crustal, about 420 Ma old.
Metamorphism of the Mur�a�n GneissComplex rocks was attributed largely
to Variscanorogeny. According to Hovorka et al. (1987), metamorphic condi-
tions reached only greenschist to lower amphibolite facies,whereasKov�a�cik
et al. (2001)estimatedpartial melting conditions for orthogneissesduring the
Variscanorogeny. Jan�ak et al. (2001b) calculated metamorphic conditions of
620� C and 9-10 kbar for overlying meta-sedimentary mica schists and sug-
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Chapter 2: Alpine rew orking of the Ordo vician Mur �a�n Gneiss

gestedthis metamorphismasAlpine, reaching the highestmetamorphicgrade
(staurolite + biotite + kyanite) within the Veporic unit. Publishedgeochrono-
logical data for thesemicaschists provide Cretaceousmetamorphic ages.The
data include in-situ 40Ar � 39 Ar UV laser dating of white mica (72 - 77 Ma,
Jan�ak et al., 2001b), electron microprobe dating of metamorphic monazite
(92� 16 Ma, Jan�ak et al., 2001a)and Sm-Nd dating of garnet (109� 6 Ma,
Lupt�ak et al., 2004).

The deformational structures in the area are dominated by a 
at or moder-
ately NE-dipping metamorphic/mylonitic foliation (S1). The foliation planes
bear a distinct stretching lineation (L 1) plunging generallyto the east.These
structureswereformedduring the �rst Alpine deformation(AD 1) stagewithin
a large-scalesub-horizontal ductile shearzone.This shearzoneis interpreted
as a low-angle detachment fault zone that parallels the basement/co ver in-
terface and lithological boundarieswithin the Veporic cover, as well as the
original Veporic/Gemeric overthrust contact (Jan�ak et al., 2001b,and refer-
encestherein).

3 Sample Description

Three major rock typesoccur in the Mur�a�n GneissComplex:felsicgneiss,am-
phibolite (both generalizedaspre-Alpine basement in Fig. 2) and mica schist
(generalizedas pre-Triassicparagneissin Fig. 2).
The most prominent lithology is a coarsegrainedfelsicgneisswith K-feldspar,
albite, quartz, biotite, phengitic white mica and minor garnet. This gneissis
intercalated with amphibolite bodies,several tens of metersin thickness.Am-
phibolite is �ne- to medium-grainedwith tschermakitic hornblende, epidote,
garnet, plagioclaseand quartz asmajor minerals.At the contact betweenthe
felsic gneissand the amphibolite, a strongly deformed, banded gneisswith
variable amount of ma�c and felsic components is formed. Somecentimeter
thick layers of amphibolite are locally preserved in this banded gneiss.This
gneisscomplexis overlain by a mediumgrainedkyanite- andstaurolite-bearing
mica schist (for detaileddescriptionof this unit seeKov�a�cik et al., 1996;Jan�ak
et al., 2001b).

Several sampleswerecollectedin the areabetweenMur�a�n and Tisovec(Fig. 2)
to cover the whole compositional range of the gneisses.The sampledarea is
approximately 25 km2 and is situated around the coordinate point WGS-84
48� 420 N; 20� 010 E. For U-Pb zircon dating, sampleUP1115wascollectedfrom
a homogeneousfelsicoutcrop. For geochemistry, sampleswere taken from the
amphibolite (02GA21), the felsicgneiss(02GA19,03GA06,and 03GA11)and
the bandedgneiss(03GA07to 03GA10,02GA18sampledat Mur�anska Lehota:
48� 4304600N; 20� 0204500E). Sample03GA08is a 10cmwide amphibolite layer
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Chapter 2: Alpine rew orking of the Ordo vician Mur �a�n Gneiss

in the bandedgneiss.
For Pb-Pb wholerock analyses,additional samplesof the bandedgneiss(UP1112;
UP1115:UP1125;02GA20),togetherwith samplesof the overlying micaschists
(UP1111;UP1113;02GA22),wereanalyzedin order to characterizethe whole
rangeof Pb isotopic compositions.

4 Analytical Metho ds

Major and trace element analyseswere measuredby XRF at the University
Mainz usingpowder and glasstablets. For determination of REE, the samples
were dissolved using a three step microwave assistedH F � H N O3-digestion
(Totland et al., 1995)of approx. 100mgpowderedsample(CEM MARS5, XP-
1500, temperature controlled; step one: H F � H N O3, 40min, max. 200� C;
step two: H F � H N O3, 25min, max. 220� C; step three: H Cl � H N O3, 30min,
max. 120� C).
REE, Rb, Sr and Pb concentrations were analyzedon a Finnigan Element2
singlecollector ICP-MS at the Max-Planck-Institut f•ur Chemie,Mainz. Quan-
ti�cation was achieved by external calibration with I n as internal standard.
Machine drift wascorrectedusing 115I n � 187 Re (Cheatham et al., 1993).Ac-
curacy for elemental concentrations is better than 15%. For elemental ratios
the accuracy is better than 5%, becausetheseare lesssensitive to drift and
matrix e�ects.
For Sr and Nd isotopic analyses,the samplesweredissolved using microwave-
assisteddigestion of 50-150mg whole-rock powder (as previously described).
After dissolution, column chemistry in a clean lab was applied following the
method of White and Patchett (1984). Isotopic ratios were measuredon a
multi-collector TIMS (Finnigan MAT 261) in static mode.
Pb isotopes were measuredon H F � H N O3, H Br leachates of fresh rock
splits. After extraction in 0:5 mol H Br and resin column chemistry, common
Pb was measuredusing static multi-collection on a MAT 261 TIMS (Arndt
and Todt, 1994).
Single zircon vapor digestion analyseswere performed on H F � H N O3 and
H Cl dissolved single zircons without column chemistry. A 205Pb and 233U
mixed spike was added prior to dissolution (Wendt and Todt, 1991; Poller
et al., 2000).After correction for fractionation, the blank, commonlead, and
spikecontribution weresubtracted.The ISOPLOT macrowasusedto evaluate
the U-Pb zircon data (Ludwig, 2001). In addition to the dated ones,zircons
from the samesample were imaged with an cathodo-luminescencedetector
(CL) on a Hitachi 5450at the MPI Mainz from polishedzircon mounts.
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Chapter 2: Alpine rew orking of the Ordo vician Mur �a�n Gneiss

03GA06 03GA11 02GA19 02GA18 03GA10 03GA09 03GA07 03GA08 02GA21
felsic felsic felsic banded banded banded banded ma�c amph

SiO 2 76�9 76�0 75�9 72�8 71�0 68�6 67�6 56�0 47�0
T iO 2 0�05 0�04 0�03 0�18 0�35 0�24 0�25 1�72 1�87
Al 2O3 12�81 13�6 12�47 13�73 14�72 14�34 14�5 15�16 14�07
F e2O3 0�83 0�86 1�00 2�91 2�49 4�81 4�98 9�8 13�11
M nO 0�01 0�02 0�02 0�05 0�03 0�07 0�07 0�17 0�2
M gO 0�08 0�05 0�03 0�66 1�01 2�19 2�35 4�81 6�38
CaO 0�24 0�67 0�54 2�72 2�29 4�47 4�47 7�59 11�34
N a2O 4�16 5�61 3�78 3�73 4�12 4�03 4�06 3�42 3�46
K 2O 3�94 2�39 4�4 2�16 1�66 0�54 0�68 0�32 0�44
P2O5 0�01 0�01 0�01 0�03 0�05 0�04 0�04 0�2 0�15
Sum 99�5 99�6 98�2 99�0 99�2 100�0 99�8 99�9 99�4
Sc 2 1 3 9 7 19 21 30 48
V 3 4 4 38 44 97 108 238 337
Cr 2 3 8 13 18 48 50 112 136
Co 64 73 86 59 74 60 63 52 58
N i nd 2 4 3 8 8 9 37 67
Cu 7 3 3 4 2 5 4 36 24
Z n 2 1 3 27 31 26 31 86 100
Ga 15 16 17 17 17 15 15 20 21
Y 23 53 47 17 17 13 14 53 35
Z r 79 83 111 92 165 86 83 238 119
N b 9 8 8 7 8 5 4 6 7
B a 605 183 291 538 463 167 208 18 nd
P b 19 15 14 11 16 4 7 7 6
T h 13�4 17�5 15�8 6�4 31 5�6 5�1 4�4 n�d
U 3�7 6�7 5�4 3 4�1 2�2 0�4 1�4 0�3
Rb 59 39 93 74 33 7 10 2 36
Sr 40 49 22 131 262 190 227 127 262

03GA06 03GA11 02GA19 02GA18 03GA10 03GA09 03GA07 03GA08 02GA21

La 4�5 6 9�9 15 35 10 9�8 12 4�9
Ce nd nd 28 31 71 19 18 29 14
P r 1�2 1�8 2�9 3�2 7�9 1�9 1�9 3�8 2�1
N d 4�4 6�7 11 11 29 6 6�5 16 11
Sm 1�1 2 3 2�1 5�3 1�2 1�3 4�2 3�4
E u 0�04 0�069 0�1 0�4 0�92 0�29 0�3 1�1 1�5
Gd 1�1 2�3 3 1�9 4�1 1�2 1�2 5 4�5
T b 0�23 0�48 0�5 0�3 0�42 0�16 0�18 0�81 0�7
D y 1�7 3�9 4�2 1�9 2�1 1�1 1�2 5�2 4�9
H o 0�42 0�96 1 0�4 0�31 0�24 0�26 1�1 1
E r 1�6 3�5 3�3 1�2 0�67 0�77 0�8 3�3 2�9
T m 0�3 0�66 0�5 0�2 0�076 0�12 0�13 0�5 0�5
Y b 2 4�5 4�5 1�5 0�43 0�79 0�9 3 3�2
Lu 0�33 0�67 0�6 0�2 0�069 0�13 0�14 0�45 0�4
E u � ;a 0�11 0�097 0�10 0�61 0�6 0�75 0�74 0�74 1�20
Sm=N d 0�25 0�31 0�27 0�19 0�18 0�20 0�20 0�26 0�31

a E u � = E uN =
p

SmN � GdN

Table 1. Whole rock geochemical data. Samplessorted by SiO 2 content. Major
(given in wt% as oxides) and trace elements (given in ppm) measuredwith XRF.
REE, Rb and Sr measuredwith ICPMS. nd for not determined
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Measured atomic ratios a Corrected ages (Ma) b

grain
no.

U tot
P br ad

206 P b
204 P b

2� m
c 207 P b

206 P b
2� m

c 208 P b
206 P b

2� m
c 206 P b

238 U
2� m

207 P b
235 U

2� m
207 P b
206 P b

2� m

I 12�44 985 59 0�07003 26 0�11562 54 444 5 442 12 430 60
E 13�09 267 6 0�11029 33 0�19314 59 431 4 434 14 453 84
B 14�72 751 11 0�07535 20 0�10348 62 385 2 396 5 456 25
H 16�20 2961 149 0�05930 8 0�59314 12 240 1 254 2 388 15
A 17�12 548 15 0�08223 21 0�12246 40 332 3 347 7 443 47
D 17�17 359 3 0�09567 30 0�15241 65 332 2 344 6 421 42

a corrected for fractionation
b corrected for blank, spike and common lead
c 2� m refer to the 2� deviation of the weighted mean of 2-6 blocks (20-60 ratios). Last signi�can t digits given.

Table 2. Vapor digestion single zircon U-Pb data for the felsic gneiss, sample
UP1115.

5 Geochemistry

According to major element classi�cation, amphibolites resemble a typical
basaltic composition (total alkali content: 3.9wt%, SiO2: 46.99wt%, Table1)
and accordingto the AFM-classi�cation have a tholeiitic character. The am-
phibolite has a Zr/Y ratio of 3.4 and a Zr content of 119 ppm, which is
characteristic for MORB (Pearceand Norry, 1979).
Bandedaswell as felsicgneisswith a SiO2 content of 67.6to 75.9wt% and a
total alkali content of 4.8 to 8.2wt% aresub-alkaline granitoid rocks (McDon-
alds,1986).The felsicgneisshasvery low Ca, Mg andFeconcentrations. These
concentrations increasefor the bandedgneisswith decreasingSiO2 drastically
towards the contents measuredin the amphibolite. Such a linear correlation
with SiO2 can be observed for all samplesand most elements (Table 1). This
indicates that bandedgneissesare binary mixing products of the felsic gneiss
and the amphibolite.

The REE diagrams display three di�erent pattern. The amphibolite depicts
a 
at REE pattern at ten times chondritic values (Fig. 3(a)). In contrast,
the most felsicsamples(Fig. 3(c)) have slightly U-shaped pattern with a pro-
nouncednegative Eu-anomaly (Eu� � 0.1), whereasthe bandedgneissshows
steeper pattern with small negative Eu-anomalies(Eu� : 0.60to 0.75,Table 1,
Fig. 3(b)).
Sample 03GA08, a 10cm wide amphibolite layer surrounded by more felsic
bandedgneiss,hassimilar HREE concentrations asthe amphibolite (02GA21),
but displays a small negative Eu-anomaly and a slightly enriched pattern for
LREE (Fig. 3(a)). This indicates, that small bodiesof amphibolite are in
u-
encedby the felsic members.
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Fig. 3. Chondrite normalizedREE-pattern (CI chondrite after Taylor and McLennan
(1985)).
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6 U-Pb dating

Single zircon U-Pb vapor digestion analyseswere performed on zircons from
the felsicgneissUP1115.Measured206Pb=204Pb ratios rangebetween250and
3000(Table2). Commonleadcorrectionwasappliedwith an isotopiccomposi-
tion in agreement with the WR-Pb-Pb data (206Pb=204Pb: 18.413;207Pb=204Pb:
15.699;208Pb=204Pb: 38.502;Fig. 6(a)). Six data points de�ne a discordia line
with an upper intercept of 464� 35 Ma and a lower intercept of 88� 40 Ma
(MSWD: 0.36). Two of these points are nearly concordant with 206Pb=238U
agesof 444� 5 Ma and 431� 4 Ma. Four zircons are clearly discordant with
206Pb=238U agesyoungerthan 385Ma (Fig. 4).

Many zircons from the sampleUP1115have prismatic habit and show oscil-
latory zoning in CL-imaging (upper two zirconsin Fig. 5). They have clearly
a magmatic origin, indicating that the upper intercept age of 464� 35 Ma
re
ects the intrusion age of the granite protolith of the gneiss.Somezircon
grains (e.g. upper and middle left zircon in Fig. 5) show a possibleinherited
core on CL-images.Such coreswere not present in the crystals analyzedfor
U-Pb as no pre-Ordovician 207Pb=206Pb ageswere obtained. Most zircons of
sampleUP1115 (e.g. two lowermost grains in Fig. 5) show a nebulouspat-
tern in their CL-image and the magmatic zoning is overprinted. This suggest
lead lossasmechanism, which producedthe discordancyduring Alpine meta-
morphism. The Utot =Pbr ad ratio in the zircons increasesfrom the concordant
zircons(12.44and 13.09)to higher valuesfor the more discordant ones(14.72

Fig. 4. Concordia diagram for single zircon vapor digestion analysesof the felsic
gneissUP1115.
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to 17.17,Table 2), which is coherent with this interpretation.

7 Isotop e Geochemistry

Mica schists form a narrow array in the 206Pb=204Pb vs. 207Pb=204Pb diagram
(18.4-18.6and 15.6-15.7,respectively). The 208Pb=204Pb ratios are between
39.0and 39.2.This coincideswell with the evolution of upper crustal lead ac-
cording to Zartman and Haines(1988)and resemblesan isotopic composition,
which evolved till 400 to 500Ma in a crustal environment (Fig. 6).

206Pb=204Pband 207Pb=204Pbratios for amphibolitesarebetween18.3-18.4and
15.6-15.7,respectively. Theseratios aredistinct from thosereported for typical
MORB (17.7-18.7and 15.43-15.53,respectively, Sun, 1980). The evolution
line for the upper mantle plots at lessradiogenic ratios out of the range of
Fig. 6 (18.2-18.3and 15.46-15.47for leadevolved till 100to 200Ma, Zartman
and Haines,1988)). Also the 208Pb=204Pb ratios are slightly higher than the
reported values for MORB (38.3-38.6vs. 37.6-38.2, Sun, 1980). The lead
isotopiccomposition coincideswell with the Staceyand Kramers(1975)model
composition at 100 to 200 Ma. This can also be interpreted as a mixture of

Fig. 5. Representativ e cathodoluminescenceimages for zircons of sample UP1115
in a polishedmount. Inherited coresand magmatic zoning present in somezircons.
Most zircons experiencedmetamictisation and show nebulousCL.
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Fig. 6. 207Pb=204Pb vs. 206Pb=204Pb and 208Pb=204Pb vs. 206Pb=204Pb-diagram. Fel-
sic gneiss and amphibolite samples form a linear array in both diagrams. Mica
schists plot distinct in a small array. Staceyand Kramers (1975, lower line, (S&K))
and Upper Crustal (after Zartman and Haines,1988,upper line, (Z&H)) evolution
line drawn with labels in Ma.
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206 P b
204 P b

207 P b
204 P b

208 P b
204 P b

Felsic and banded gneiss
UP1112-1 20�315 15�690 38�894
UP1112-2 20�431 15�692 38�889
UP1115-1 21�308 15�758 40�132
UP1115-2 20�651 15�717 39�391
UP1124-1 22�343 15�815 40�782
UP1124-2 21�651 15�762 40�104
UP1125-1 21�262 15�736 39�725
UP1125-2 20�729 15�723 39�375
02GA18A 19�565 15�650 38�987
02GA18B 19�762 15�666 40�748
02GA18D 19�441 15�651 38�701
02GA19A 19�585 15�673 38�950
02GA20A 21�113 15�745 39�405
02GA20B 20�542 15�722 39�554
Amphib olite
02GA21A 18�321 15�617 38�383
02GA21B 18�440 15�624 38�540
Mica schist
UP1111 18�521 15�689 39�099
UP1113-1 18�462 15�676 39�048
UP1113-2 18�505 15�704 39�102
02GA22 18�572 15�697 39�169

Table3. Pb-Pb-WR data for samplesof the Mur�a�n area.Reproducibilit y is generally
better than 500 ppm.

upper crustal leadwith a more primitiv e lead sampledfrom the upper mantle
(Fig. 6).

Gneisseswith high felsiccomponent display a largerangeof leadisotopic com-
positions, but align in a linear array converging at lower ratios with array of
the amphibolites (Table 3, Fig. 6). All gneissestogether depict a good linear
correlation with a correlation coe�cien t of r=0.981. The ma�c samplesplot
at lower ratios, whereasthe more felsic samples(according to their higher U
content, Table 1) at more radiogenic206Pb=204Pb and 207Pb=204Pb ratios. The
slope of this referenceline correspondsto an 207Pb=206Pb ageof 134Ma. The
regressionline is calculatedaccordingto York (1969).
A similar good linear correlation (r=0.905, one outlier) is present on the
206Pb=204Pb vs. 208Pb=204Pb diagram (Fig. 6); the slope of the regressioncor-
responds to a � (today) -ratio of 1.48(calculated for 134Ma).

87Sr=86Sr and 143N d=144N d ratios show a largerangefor the investigatedsam-
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86 Sr

b 87 Sr
86 Sr

464 M a 143 N d
144 N d

a
2�

147 Sm
144 N d

b
�N d0 M a �N d464 M a TN d

D M [Ga]c

03GA06 0.739353 8 4.13 0.712038 0.512170 13 0.16 -9.1 -5.0d 1.4d

03GA11 0.735952 8 2.25 0.721048 0.512249 11 0.19 -7.6 -3.9d 1.5d

02GA19 0.802601 10 11.78 0.724741 0.512301 6 0.17 -6.6 -2.6d 1.3d

02GA18 0.715566 11 1.60 0.704998 0.512329 5 0.12 -6.0 -1.5 1.3

03GA10 0.710557 6 0.36 0.708150 0.512312 7 0.12 -6.4 -1.6 1.2

03GA09 0.707833 8 0.11 0.707077 0.512266 9 0.12 -7.3 -3.0 1.4

03GA07 0.707990 8 0.13 0.707126 0.512263 18 0.12 -7.3 -3.0 1.4

03GA08 0.706629 6 0.04 0.706366 0.512733 6 0.16 1.9 3.9 1.1

02GA21 0.705956 53 0.65 0.701662 0.512971 10 0.20 6.5 6.5 1.2

a measuredon TIMS MAT261 multicollection. Errors on the last digits are given as2� deviation
of the weighted mean(6-25 blocks)

b measuredon singlecollector ICP-MS Element2 (Table 1)
c calculatedusing the depletedmantle model after Liew and Hofmann (1988)
d two step model at 88 Ma (147Sm=144N d = 0.12) accordingLiew and Hofmann (1988)

Table 4. 87Sr=86Sr - and 143N d=144N d-whole rock isotopic compositions. Isotopic compositions are also recalculated to the Alpine
overprint. For Nd valuesare reported as �N d and the T N d

D M are given.
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ma�c and the most felsic sample(curvature = 0.012and 0.024). Reservoirs plotted
after Zindler and Hart (1986): BE - bulk earth; DM - depleted mantle; EM I I -
enriched mantle I I; PREMA - prevalent mantle.

ples,which correlateswith the geochemistry of the gneisssuite. The most ra-
diogenicfelsicgneisseshas87Sr=86Srmeas valuesof 0.802601� 10.The �N dmeas

valuesof -6.6are low (Table4). 87Sr=86Sr ini valuesfor all felsicgneissesrange
between0.725and 0.712and �N dini between-5.0and -2.6,which is typical for
crustal dominated rocks. The bandedgneisseshave lower 87Sr=86Sr ini values
at 0.704-0.708and �N dini valuesof -3 to 1.5. Finally, amphibolites have unra-
diogenicratios for 87Sr=86Sr ini of 0.702and for �N dini of 6.5. This is similar
to the prevalent MORB composition (Zindler and Hart (1986), Fig. 7).

Bandedgneisseshave 87Sr=86Sr ratios closeto amphibolite and 143N d=144N d
ratios closeto felsic gneiss.When recalculating the isotopic composition to
the Alpine metamorphic event at 88 Ma, using the Rb/Sr and Sm/Nd ratios
measuredwith ICP-MS, the mixing correlation between the three units can
be approved. In Fig. 7 mixing hyperbola (after Langmuir et al., 1978) are
displayedusinga felsicand a ma�c end-member with elemental concentrations
and isotopic compositionscomparableto thoseobserved for the samples.This
mixing array modelsthe isotopic rangeobserved for the bandedgneisseswell.
If the isotopic composition is recalculated to initial values or to a Variscan
event around 320 Ma the mixing array doesnot model the isotopic rangeas
good.

TN d
D M model agesare slightly youngerfor amphibolites than for felsicgneisses.

20



Chapter 2: Alpine rew orking of the Ordo vician Mur �a�n Gneiss

-10

-8

-6

-4

-2

0

2

4

6

8

10

0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6

eN
d

time [Ga]

CHUR

DM

½¬  Alpine Metamorphism (88 Ma)

½¬  Intrusion age of granite protolith (464 Ma)

Fig. 8. �N d isotopic evolution with time. Depleted mantle model and two-step cal-
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They increasefrom 1.1Ga for the ma�c samplesto 1.5Ga for the felsicsamples
with a two step approach applied for the most evolved samples(seeTable 4,
Fig. 8). The two-step evolution is calculated using the Alpine overprint at
88 Ma recordedby the U-Pb zircon discordia according to the approach by
Liew and Hofmann (1988). The TN d

D M of the banded gneissesare probably
disturbed by the deformation in Alpine time, which results in too young T N d

D M
model ages.Thusreasonablemodel agesfor the initial granitoid rangebetween
1.3 and 1.5 Ga. TheseTN d

D M are in good agreement with valuesobserved for
other peri-Gondwanan terranes(Murphy and Nance,2002).

8 Discussion and Conclusions

Several important consequencesarise from our geochronological,geochemical
and isotopic data obtained for the Mur�a�n GneissComplexin the Veporic unit.
Felsic gneissesrecord an Ordovician magmatic intrusion ageof 464� 35 Ma.
Theserocks weredeformedand metamorphosedunder amphibolite faciescon-
ditions during the Alpine orogeny, in the Cretaceous(88� 40Ma). No evidence
for Variscanmetamorphismwasfound from the U-Pb singlezircon dating. All
measuredzirconsplot on a discordia line inconsistent with a metamorphic or
magmatic event during Variscan time (Fig. 4). This is in contrast to previ-
ousstudieson the Mur�a�n GneissComplex, which interprete deformation and
metamorphismas Variscan(Kov�a�cik et al., 2001).
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The whole rock isotopic data presented in this paper is consistent with the
evolution recordedby zircons:
The WR-Pb-Pb data reveals an Cretaceousageof homogenization(Fig. 6),
which is too old comparedto the lower discordia intercept, but is well com-
parablewith publisheddata on metamorphism(Jan�ak et al., 2001b,a;Lupt�ak
et al., 2004) and �ts within the limits of the WR-Pb-Pb method. The Nd
isotopic evolution yields reasonableTN d

D M ageswhen a two-stepmodeling with
an Alpine event is employed (Fig. 8). The Sr and Nd isotopic variations can
be interpreted as binary mixing during Alpine metamorphism(Fig. 7).

Felsic gneisseshave geochemical features of crustal dominated granitoids.
Their Nd and Sr isotopic compositions are typical for evolved crustal rocks
together with the enriched REE pattern and pronouncedEu-Anomaly. The
TN d

D M model agesrangebetween1.3and 1.5Ga and thus aresigni�cantly older
than the intrusion ages.This suggeststhat most material was reworked older
crustal material, which is a typical feature for the peri-Gondwanan terranes
(Liew and Hofmann, 1988;von Raumer et al., 2003;Kr•oner et al., 2000;von
Raumer et al., 2003).

The geochemistry of amphibolites resembles typical MORB a�nit y. This is
supported by a 
at REE pattern, the Zr/Y ratio as well as the Nd and Sr
isotopic compositions, which are similar to the prevalent MORB composition
(Zindler and Hart (1986), Fig. 7). With �N dini values of 6.5 and TN d

D M of
1.2 Ga they are well comparablee.g. with gabbrosand quartz-eclogitesfrom
the •Otztal basement in the Austroalpine units of the EasternAlps (Miller and
Th•oni, 1995). The Pb-Pb-WR data do not support the MORB character of
the protolith of the Mur�a�n GneissComplexamphibolites, becausethey do not
follow the evolution line of upper mantle, thus showing a contamination with
lead (Fig. 6), which is quite probabledue to their low Pb concentration.

The bandedgneissis interpreted to have beenformedduring Alpine deforma-
tion and metamorphism as a mixture of amphibolite and felsic gneiss.This
is already indicated by the commondeformational structures and the linear
correlation of the major and trace elements (Table 1). Furthermore, in the
87Sr=86Sr vs. �N d diagram a mixing hyperbola canbe �tted to the data when
the isotopic compositions are recalculated to an Alpine overprint (88 Ma;
Fig. 7).

Consideringthe paleotectoniccorrelationsduring the Early Palaeozictime, the
Central WesternCarpathianspossiblybelongedto the assembly of microplates
and crustal blocks derived from the northern margin of Gondwana (\Hun
superterrane", Stamp
i, 1996;Stamp
i and Borel, 2002;von Raumer et al.,
2002, 2003)). According to such scenario,the Central Western Carpathians
weremost probably a lateral prolongation of this superterrane,further eastof
the BohemianMassif and the Alps. Ordovician rocks in the Central Western

22



Chapter 2: Alpine rew orking of the Ordo vician Mur �a�n Gneiss

Carpathiansresultedfrom magmatismat an activeGondwanamargin, tracing
a continuation of considerablylarge orogenicbelt obscuredin the pre-Alpine
basement.

Amphibolite faciesoverprint is alsoobserved in gneissesof Cambro-Ordovician
protolith in the northern parts of the Veporic Unit (e.g. Puti�s et al., 1997).
Locally eclogitefaciesmetamorphismof metabasitesfrom this areahas been
reported (Jan�ak et al., 2003). Published geochronological data (multigrain
zircon U-Pb dating (Puti �s et al., 2001) and electron microprobe dating of
monazite (Jan�ak et al., 2002)) suggestVariscan ageof the high-grademeta-
morphism in the Northern Veporic Unit. However, single zircon U-Pb data
on gneissesfrom this Unit doesnot give evidencefor Variscanmetamorphism
(Gaab, unpublisheddata). Similar to the zircon data presented in this study,
only Ordovician magmatic and Alpine metamorphic events can be identi�ed.
Thus further research should be addressedto the importanceof Alpine meta-
morphism versusVariscanmetamorphismfor the evolution of the whole Ve-
poric Unit.
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Chapter 3

The purposeof the study presented in this chapter is to clarify the apparent

dichotomy, which arisesfrom the U-Pb zircon age obtained for the Mur�a�n

Gneisspresented in Chapter 2 and published multi-grain U-Pb zircon data

(Puti �s et al., 2001). Thereforedetailedsamplingfor U-Pb geochronologywas

performedin the Northern Veporic Unit in 2004and combined with isotopic

data for samplesfrom the Kolesovalley sampledin 2002.

The manuscript and all analysespresented in this chapter wereprepared

by A.S. Gaab. UP introduced the author to analytical methods used for

this manuscript. MJ madethis work possibleby introducing to the regional

geologyand supporting the author during �eld work. WT admitted the entry

to the cleanlab and to the massspectrometer.

This manuscript will be submitted to the SwissBulletin of Mineralogy

and Petrology.
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Abstract

Ordovician magmatism is observed in the whole Veporic unit. New single and
multi grain zircon U-Pb dating reveal an intensive magmatic activit y between460-
470Ma and a minor magmatic phasearound 440Ma in the Northern Veporic Unit.
Carboniferous agesof SHRIMP and single grain TIMS U-Pb dating in this unit
document intense metamorphism and magmatism during Variscan orogeny (330-
350 Ma).

Previously published multi grain U-Pb data in the same area have been inter-
preted to show Cambrian precursor ages.A new interpretation of this multi grain
data is suggested,revealingan Ordovician (464� 23) precursorageand a Carbonifer-
ousmetamorphic overprint. With this new interpretation and published data on the
Southern Veporic Unit a common Ordovician precursor age for the whole Veporic
unit is documented.

The isotopic signature for the Pre-Variscan basement in the Veporic unit is dis-
tinct from the Tatric unit, only the metasedimentary Lower Unit in the Western
Tatra reveals comparable 87Sr =86Sr ini and �N dini as the felsic gneissesin the Ve-
poric basement. These gneissesare characterized by 87Sr=86Sr ini; 460 between .712
and .715 and by �N dmeas460 between-8 and -11. The amphibolites of the Veporic
basement are characterizedby high 87Sr =86Sr ini; 460 of 0.708-0.710and �N dini; 460 of
4.5-5.6.A primitiv e gabbro with �N dini; 460 of 5.9 and 87Sr=86Sr ini of .7028occurs
in the Northern Veporic basement. This signature is similar to a ma�c component
observed in the Southern Veporic Unit.

The Variscan Kralova Hola granites show complete distinct signatures as the
gneissesand amphibolites, but reveal a marked similarit y with diorites and granites
from the High Tatra Mountains with 87Sr=86Sr ini; 330 of .7013-0.7016and �N dini; 330

of -0.5-1.2.
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Key words: Ordovician, zircon, geochronology, isotope geochemistry

1 In tro duction

The pre-Variscanhistory of the Central WesternCarpathians is not very well
known. Late Cambrian to Ordovician protolith agesfor meta-granitoidshave
beenidenti�ed only recently in the polymetamorphosedcomplexesof Veporic
Unit (Puti �s et al., 2001;Jan�ak et al., 2002;Gaabet al., in press).The Veporic
Unit is oneof three thick skinnednorth-vergingSlovakocarpathiansuperunits
(e.g.Pla�sienka et al., 1997).Its tectonic position is betweenthe Tatric Unit in
the North, which is dominated by Variscanmagmatism(e.g. Poller and Todt,
2000),and the GemericUnit in the South, which is dominated by Palaeozoic
sediments intruded by Permian granites (e.g. Voz�arov�a et al., 1998; Poller
et al., 2002).

Reliable radiometric ageson the Veporic Unit, especially U-Pb zircon ages
for the pre-Variscan history, i.e. older than 360 Ma, are only sparselyavail-
able. U-Pb multi grain dating by Puti�s et al. (2001) reveals Cambrian pro-
tolith ages(514� 24 Ma) and Carboniferousages(348� 31 Ma) in the poly-
metamorphosedcomplexesof the northern region. 40Ar � 39 Ar step heating
dating of an amphibolite revealeda staircasepattern with old apparent agesof
up to 440Ma indicating old grainswhich werepartially resetby metamorphism
(Maluski et al., 1993). Jan�ak et al. (2002) presents chemical Th-U-Pb mon-
azite dating with Ordovician (450-490Ma) and Carboniferousages(342� 27).
Jan�ak et al. (2002) interpreted this asa recordof pre-Variscangranitoid mag-
matism and Variscan metamorphic overprint. Gaab et al. (in press), based
on singlezircon U-Pb dating, constrainedan Ordovician agefor the protolith
(464� 40 Ma) and a Cretaceousage(82� 40)for the metamorphic overprint of
the so called \Mur�a�n Orthogneiss" in the southern part of the Veporic unit.

The U-Pb geochronologicaldata imply signi�cant di�erences in timing of pre-
Variscangranitoid magmatismin the Veporic Unit. The purposeof this study
is to resolve this ageprogressionin detail by presenting singlezirconU-Pb data
from the basement rocks of the Northern Veporic Unit. The results together
with a re-interpretation of the multi-grain data publishedby Puti�set al. (2001)
argueagainst this dichotomy and a coeval evolution of the wholeVeporic unit
during Palaeozoictimes is suggestedby this study.

� Andreas S. Gaab
Email address: gaab at mpch-mainz.mpg.de (A.S. Gaab).

30



Chapter 3: Zir con U-Pb ages in the Nor thern Veporic Unit

Hnusta

+ sample location

Fig. 1. Geological map of the Veporic Unit. Sample locations are indicated and
location name usedin this paper given. Outline of Slovakia with major rivers given
in the inlay. Bratislava (BR) and Kosice (KO) indicated.

In order to characterize the Northern Veporic Unit additional to the U-Pb
zircon data this study presents isotopic data for gneissesfrom the Koleso
valley. This data are comparedto the Tatric unit and to the southernpart of
the Veporic unit to resolve similarities and di�erent sourcecontributions.

2 Geological Setting

The Veporic Unit consistof pre-Alpine basement complexesassembled during
the Variscanorogeny (Bez�ak, 1991,and referencestherein) that areoverlain by
Upper Palaeozoicto Triassicsedimentary cover sequences(Fig. 1). The poly-
metamorphicbasement comprisesgranitoids, migmatites, gneissesand amphi-
bolites, mostly mylonitized during Alpine overprint. In the Central and North-
Eastern part of the Veporic unit locally preserved para-autochthonous cover
include Upper Permian sandstonesand conglomerates,Scythian quarzitesand
slates,and Middle to Upper Triassiccarbonatesand shales(Foederataunit).
The South-Eastern rim of the Veporic unit is composed of Carboniferous,
Permian and Scythian clastic sequencespartly forming an allochtonous unit
overlying the Foederatacover unit to the North-West.

Variscan magmatic and metamorphic events in the Veporic basement have
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beendeterminedby U-Pb dating of zirconsin the granitoids, migmatites and
orthogneisses(Cambel et al., 1990;Puti�s et al., 2001).The Variscanage(330-
370Ma) of someVeporic granitoids hasbeendocumented alsoby chemicalTh-
U-Pb electronmicroprobedating of monazite(Finger et al., 2003;Th•oni et al.,
2003). Some hornblende from basement amphibolites preserved pre-Alpine
ages(346-377Ma; Dallmeyer et al., 1996; Kr�al' et al., 1996), however the
40Ar � 39 Ar do not show well plateauages,suggestingmetamorphicoverprint.
In the northern parts of the Veporic unit, in the Kolesovalley, garnet-bearing
metabasitesbear evidenceof eclogite faciesmetamorphism of unknown age
(Jan�ak et al., 2003). The host rocks of theseeclogitesshow Variscan ageof
metamorphicrecrystallization, basedon Th-U-Pb chemicalmicroprobe dating
of monazite (Jan�ak et al., 2002).

The grade of Alpine metamorphic overprint in the Norther Veporic unit is
not very well constrained,although at least greenschist to lower amphibolite
faciesconditions have beensuggestedfor the basement (Puti �s et al., 1997).
Jan�ak et al. (2001b) documented that Alpine overprint in the southeastern
parts of the Veporic basement reached middle amphibolite faciesconditions
(up to 620� and 10kbar). All the Veporic cover units werea�ected by Alpine
metamorphismof low to medium grade(Lupt�ak et al., 2000,2003).Published
geochronologicaldata provide Cretaceousmetamorphicages.The data include
40Ar � 39 Ar dating of micasand amphibole (Maluski et al., 1993;Dallmeyer
et al., 1996; Kov�a�cik et al., 1996; Kr�al' et al., 1996; Koroknai et al., 2001;
Jan�ak et al., 2001a) electron microprobe dating of metamorphic monazite
(Jan�ak et al., 2001b)and Sm-Nd dating of garnet (Lupt�ak et al., 2004).

3 Analytical Techniques

The SHRIMP (Sensitive High Resolution Ion Microprobe) analyseswereper-
formed at the ANU in Canberra. The standards used were SL13 and FC-1
and measuredfor referenceafter 3 spot analyses.Operating proceduresfor
U, Th, and Pb isotopic measurements followed thosedescribed by Compston
et al. (1984) and Williams (1998). For ratio calculation the SQUID program,
version1.02,was used(Ludwig, 2001b).

Isotope dilution U-Pb zircon analyseswere performedat the MPI for Chem-
istry in Mainz. Digestion of the single zircon grains was performed in te
on
bombs accordingto Wendt and Todt (1991)at 200� C with H F � H N O3 after
addition of 205Pb-233U mixed spike. The multi grain fractions were weighted
and, after addition of 205Pb-233U mixed spike, digestedwith H F � H N O3 in
te
on bombs. Pb and U were separatedusing resin column chemistry after
completedissolution for the singleaswell asfor the multi-grain analyses.The
isotopic composition wasmeasuredon a Finnigan MAT 261in dynamic mode

32



Chapter 3: Zir con U-Pb ages in the Nor thern Veporic Unit

equipped with an SEM. Commonleadcorrectionwasappliedusing the Stacey
and Kramers (1975) model composition at 460Ma.

Main and trace elements were analyzedon powder and melt tables by RFA
at the University of Mainz. For Sr and Nd isotopic analysesthe powdered
whole rock sampleswere dissolved using a microwave assistedacid digestion
asdescribed in Gaab et al. (in press)and wereseparatedusing column chem-
istry accordingto White and Patchett (1984). For WR-Pb-Pb analysesrock
splits were leached in H F � H N O3 and Pb wasseparatedusing resin column
chemistry as described in Gaab et al. (submitted). The isotopic data for Pb,
Sr and Nd wasmeasuredat the MPI for Chemistry in Mainz usinga Finnigan
MAT261 in static mode.

4 Sample Description

Samplesfor single and multi grain U-Pb zircon studies were taken on the
southernslope of the mountain ridge \Kr�al'ovohol'ske Tatry" north of the vil-
lageHelpain Central Slovakia. Additional the Ho�skova samplewastakenalong
the northern slope of this mountain ridge accordingto the outcrop described
in Puti�s et al. (2001).Samplesfor the geochemial studiesweresampledin the
Kolesovalley north-east from Helpa and on top of Kralova Hola (Fig. 1).

The location nameswere assignedaccording to the topographic map \T uri-
stick�a mapa 1:50000 'N��zke Tatry Kr�al'ova Hol'a' no.123,3.vydanie".

4.1 Kralova Hola

Kralova Hola is the easternmostpeak along the Kr�al'ovohol'ske Tatry moun-
tain ridge.Sample02GA14wastakennearthe top at 48� 52' 20"N; 20� 09' 20"E.
It is a strongly mylonitized granite with feldspar-augen.Additional the only
weakly deformedsample02GA17wassampledat 48� 50' 40"N; 20� 07' 52"E.
Petrographically and geochemically thesetwo samplesare very similar, only
the grade of tectonic deformation is di�erent. These sampleswere used for
geochemical and for isotopic analyses.

Zircon CL imagesfor both samplesare shown in Fig. 2. In general,the zir-
consare simple euhedralmagmatic zirconswith magmatic zoning as seenby
oscillatory magmatic growth in Fig. 2. No metamorphic rim can be observed.
Only a minor part of the zirconsexhibit small remnants of cores.The zircons
of thesesampleswere analyzedby SHRIMP (table 1).
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Fig. 2. Zircon CL imagesfor the Kralova Hola samples02GA14 and 02GA17. Scale
bar indicates 50� m.

4.2 Koleso valley

In the Kolesovalley a large variety of basement rocks occur. Most prominent
arefelsicgneisseswith variableamount of quartz present (table 5). Intercalated
with these felsic gneissesare garnet-bearing amphibolites. All samplesshow
intensedeformation and exhibit lineations.

For the U-Pb zircon dating sample03GA18, a granitoid boudin in strongly
deformedfelsicgneisseswassampledat 48� 53' 55"N; 19� 59' 15"E. The zircons
of this sample(Fig. 3(a)) show magmaticzoningand alsoresorptionrims with
metamorphic overgrowth.

For geochemical analysessamplesfor the felsic gneisses(02GA01, 02GA06
and 02GA10)and for the amphibolites (02GA04, 02GA11and 02GA12)were
collectedin this valley. In addition, a gabbrowith magmatic features,sample
02GA08, was sampledfor comparisonwith the amphibolites. To record the
Pb isotopic variation of these rocks, samples02GA01-02GA12and samples
03GA25-03GA32,taken from the sameoutcrop assample03GA18,wereused
for WR-Pb-Pb analyses.

4.3 Uplaz and Drotacka

Samplesfor U-Pb singlezirconanalysesweretakenat 48� 52' 50"N; 19� 54' 50"E
on the southern slope of the Kr�al'ovohol'ske mountain ridge 3.5 km north of
Z�avadka nad Hronom.
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(a) Koleso (03GA18) (b) Uplaz (02GA49)

(c) Drotacka (03GA48) (d) Ho�skova (03GA61)

Fig. 3. Zircon CL images for samplesfrom the Northern Veporic Unit. Localities
shown in Fig. 1. Scalebar indicates 50� m.

Sample03GA48 resembles a �ne-grained metagranite, very untypical for the
basement in this area.It wassampledon the Drotacka ridge. CL zircon images
are show in Fig. 3(c). The zirconsshow intensive magmatic zoning.Neverthe-
lessresorption structures can be observed in most grains.

In the Uplaz valley sample 03GA49 was taken along a roadside cli�. This
sampleresemblesan intermediate to felsicgneiss,strongly deformedand quite
similar to the felsicgneissesin the Kolesovalley. CL zircon imagesareshown in
Fig. 3(b) and re
ect intenseresorption featureswith magmaticzoningpresent
in the inner parts of the zircons.
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Fig. 4. Zircon CL images for samples from the Northern Veporic Unit. Locality
shown in Fig. 1, SampleMihalik ovo (03GA50). Scalebar indicates 50� m.

4.4 Mihalikovo quarry

Directly abovethe abandonedquarry nearthe Mihalikovo valley at 48� 50' 05"N;
19� 39' 35"E sample03GA50was taken at a small cli� consistingof strongly
layered and deformed intermediate gneisses.The CL imagesof the zircons
from this sampleare shown in Fig. 4. The inner parts of thesezircons show
magmatic zoning, but the zirconsalsoexhibit intensive resorption and meta-
morphic rims.

4.5 Ho�skovavalley

The sample 03GA61 is taken near to the outcrop described for the sample
VBNT-76L in Puti�s et al. (2001)at 48� 55 '22"N; 19� 53 '55"E. The sampled
cli� is 50 m above the road opposite to the small creekon the southernslope
of the ridge. The cli� consistsof strongly banded amphibolites interlayered
with Pl-Qtz rich felsic gneisses.

Zircons for this felsic gneissare presented in Fig. 3(d) on the left side. They
show magmaticzoningin the inner parts but alsostrong resorptionstructures
and rims with a bright CL intensity most probable linked to a metamorphic
overprint.
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5 U-Pb zircon dating

U-Pb zircon dating presented in this study was performedon 7 samplesfrom
the Northern Veporic Unit. Locationsof thesesamplesare indicated in Fig. 1
and zircon CL imagesof each sampleare show in Fig. 2 to Fig. 4. The data
for the individual grains are given in table 1 for the SHRIMP analysesand in
table 2 for the conventional analyses.The concordiadiagramsarepresented in
Fig. 5 asa compilation of all samplesto pronouncesimilarities and di�erences
observed for the samples.The table 4 presents the exact upper and lower
intercept agesfor all samplesinvestigated in this study. Discordia agesand
diagramswere generatedusing ISOPLOT (Ludwig, 2001a).

5.1 SHRIMP dating

The samplesfrom Kralova Hola (02GA14and03GA17)weredatedby SHRIMP.
Both samplesbelongto the samelithological unit, which is demonstratedby
similar geochemical and isotopic composition of thesesamples(table 5). Also
the zircon populations of both samplesare very similar (Fig. 2).

The individual measurements for each sampledo not result in a concordant
age(table 1). The small discordancyof the zircons is probably produced by
the tectonic and metamorphicoverprint. Both samples,the strongly deformed
as well as the undeformed,result in the sameage. A good overlap of both
samplescanbeobserved in the concordiadiagram(Fig. 5) and agesof 345� 11
and 349� 26 are obtained calculating with a discordia with recent lead loss
(table 4). This ageof � 350Ma is, in accordancewith the CL images(Fig. 2),
interpreted as intrusion age.

Cores are present to a minor extend in zircons of both samplesand reveal
207Pb=206Pb agesbetween1500and 1700Ma.

5.2 Conventionaldating

The Koleso and the Uplaz samplesreveal similar upper intercept agesof
462� 10 and 467� 8 Ma, respectively (table 4). Individual grains are discor-
dant and a discordialine with a lower intercept at recent times canbe inferred
(Fig. 5). 206Pb=204Pbratios are between80 and 900for the Kolesosampleand
between65 and 2650for the Uplaz sample(table 2). One zircon of the Koleso
samplerevealsan old 207Pb=206Pb ageof 1500Ma. Two grains of this sample
reveal slightly older agesas the upper intercept ageof the discordia (table 2)
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Table 1. Data for the SHRIMP analysesof the Kralova Hola. Concordia diagram
shown in Fig. 5
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Table 2. Data for the conventional U-Pb singlegrain zircon analysesshown in Fig. 5.
MG - multi grain; SG - single grain; CLC - single grain with CL control.
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Table 2 (continued). Data for the conventional U-Pb single grain zircon analyses
shown in Fig. 5. MG - multi grain; SG - single grain; CLC - single grain with CL
control.
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analysis no. sieve fraction weight weight of H N O3 Pb� / weight
[� m] of fraction [mg] spike [mg] wash of fraction

M1 < 74 8.778 .015 no 32
M2 < 74 7.559 .015 no 43
M3 < 74 6.029 .015 no 39
L39 < 74 3.077 .019 yes 51
L2 < 74 2.615 .019 yes 49
L17 < 74 2.405 .016 yes 50
L42 < 74 1.815 .012 yes 49

Table 3. Details on multi grain analysesof sample 03GA50. Pb� and results given
in table 2.

and they not used for regression(Fig. 5). Neverthelessplot these grains in
agreement with the discordia line intersecting462Ma and recent times.

A slightly youngerintrusion ageof 440� 7 is revealedby the singlegrain data
of the Mihalikovo sample.This ageis additionally constrainedby multi grain
data on the zircon sieve fraction < 74� m. The multi grain measurements, with
206Pb=204Pb ratios between 2860and 4450, result in an upper intercept age
of 443� 6 and recent lead loss (table 2 and 4). Details of the multi grain
measurements are given in table 3. The ratio of the radiogeniclead (Pb� ) and
the weight of zircon fraction recordsthe e�ect of the H N O3 washstep.Washed
fractions have ratios of � 50, whereasthe not washed fractions have lower
ratios between32 and 43 (Table 3) . This suggestthat during washinga large
amount of lessradiogenicminerals were dissolved resulting in an increaseof
the radiogeniclead measured.Nevertheless,this doesnot in
uence the results
of the multi grain dating, becauseall fractions plot nicely on the onediscordia
line.

The singlegrain data of this sampleplot closerto the concordialine than the
multi grain data. The zirconsusedfor singlegrain dating were mostly larger
than 100� m (Fig. 4), whereasfor the multi grain dating only zirconssmaller
than 74 � m were used.Thereforea correlation betweenthe discordancyand
the grain sizebecomesapparent. Smallerzirconsa larger discordancy(Fig. 5).

The youngestagesare revealedby the Ho�skova and the Drotacka samples.
The zirconsplot reversediscordant and result in intercept agesof 334� 19 and
329+72-34,respectively (Fig. 5). As canbe seenin table 2, the radiogeniclead
concentrations and thereforethe U concentrations in the zirconsare very low.
This results in a largecommonleadcorrectionand most analysescould not be
usedfor regression.The low 206Pb=204Pb ratios werereproducible for separate
dissolution stepsfor both samples,thus this is not due to contamination, but
due to low U concentrations of the zircons.
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Sample Location lower upper no. of MSWD Probabilit y
name name intercept +2 � -2� intercept +2 � -2� points of �t

03GA48 Drotac ka - - - 329 34 72 3 0 0.99
03GA61 Ho�skova 0 0 0 334 19 19 4 1.2 0.31
03GA14 Kralo va Hola 0 0 0 345 11 11 20 1.1 0.34
03GA17 Kralo va Hola 0 0 0 349 26 26 11 2.3 0.02
VBNT-764a Ho�skova 464 8.3 23 1297 1100 790 2 0 1
VBNT-764b Ho�skova 333 120 110 489 77 50 2 0 1
03GA18 Kolesko 0 0 0 461.6 9.8 9.9 14 0.3 0.99
03GA49 Uplaz 0 0 0 468.6 7.8 7.9 8 0.76 0.62
UP1115 Muran 88 34 40 464 36 33 6 0.36 0.84
03GA50SG Mihalik ovo 0 0 0 439.8 6.6 6.6 9 0.47 0.88
03GA50MG Mihalik ovo 0 0 0 442.6 6.1 6.2 7 1.7 0.12

Table 4. Compilation of the intercept agesshown in Fig. 5. Reinterpreted data from
Puti �s et al. (2001) and the data from Gaab et al. (in press)are included.

5.3 Discussionof the U-Pb data

The compilation of all U-Pb zircon data is presented in Fig. 5 and in ta-
ble 4. Additional to the samplespresented in this study the singlegrain data
presented in Gaab et al. (in press)and the multi grain data for the sample
VBNT-76L publishedin Puti�s et al. (2001)are included. Pleasenote that the
latter data are reinterpreted and the intercept agesdo not correspond to the
originally published.This will be discussedin more detail below.

A good accordancecan be observed for Koleso (03GA18), Uplaz (03GA49)
and Mur�a�n sample(UP1115) (Gaab et al., in press).All thesehave an upper
intercept age between 460 and 470 Ma. Most zircons of these samplesare
discordant. Only for sampleUP1115a Alpine lower intercept ageof 88� 40Ma
canbe inferred (Gaab et al., in press).The other two samplesshow recent lead
loss(seeTable 2). This correspond with the increasingmetamorphic gradeof
Alpine metamorphism in the Veporic unit from Northwest to the Southeast
(Jan�ak et al., 2001a).

The Mihalikovo sample(03GA50)yieldsa slightly youngerupper intercept age
of � 440 Ma for both, the singlegrain analysesand the multi grain analyses.
Two single zirconsyield 238U=206Pb agesolder than 440 Ma (449� 2 Ma and
462� 9 Ma) indicating slightly older components present in the zircons.Recent
lead lossmust be assumedfor this sample.

A completely di�erent agespectrum is given by the Drotacka (03GA48) and
Ho�skova sample(03GA61). Zircons of both sampleshave extremely low ura-
nium and radiogeniclead contents. Neverthelessboth samplesyield discordia
intercept agesbetween320and 360Ma, wich is clearly distinct from the other
samples.Similar Variscan agescan be also observed for the Kralova Hola
samples(02GA14 and 02GA17). The agesbetween340and 350Ma for these
samplesare comparablewith intrusion agesof diorites and granites in the
West Tatra mountains (Poller et al., 2000).
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Fig. 5. Compilation of the U-Pb zircon data to identify the two main mag-
matic/metamorphic events recorded in the Veporic basement. Intercept agesand
error bars are indicated by the arrows. Pleasenote that the x- and y- axis are shifted
for each sample.Data from Gaab et al. (in press)and from Puti �s et al. (2001) given
for comparison.Pleasenote that the discordia lines for the latter dataset di�er from
the originally published ones.Detailed argumentation on page43.The Kralova Hola
data are measuredon SHRIMP (Table 1), all other data are TIMS measurements
(Table 2). Lower intercept agesare recent except for the Muran sample(seeTab. 4).

Previously published data by Puti�s et al. (2001) is, as can be seenin Fig 5,
in good accordancewith the single and multi grain data of this study, if the
data are reinterpreted. Puti�s et al. (2001) calculated one discordia line from
three of four multi grain data points and interpreted a Variscanmetamorphic
event at 348� 31Ma and a Cambrian magmaticevent at 514� 24Ma. His com-
plete dataset can also be interpreted using two distinc discordia lines and all
measureddata points. According to this interpretation, the discordia (for the
abradedand the HF leached fraction) revealsPre-Cambrian agesof 1300Ma,
similar to the few old grains observed by the single grain data presented in
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this study, and a lower intercept at 464+9-23 Ma. The seconddiscordia for
the sieve fractions > 80� m and > 60� m revealsa similar upper intercept with
a large error and a lower intercept at 330� 120Ma, which may correspondsto
the Variscanmagmatic event (seetable 4).

With the new data presented in this study together with the re-interpretation
of the data publishedby Puti�set al. (2001)a consistent history of the Northern
Veporic Unit can be assumed.

6 Geochemistry (Koleso Valley)

Geochemicaland isotopegeochemicalanalseswereperformedon samplesfrom
the Koleso Valley (Fig. 1). The results for the main and trace elements are
given in table 5. The isotopic data is given in table 6 for the WR-Pb-Pb
analysesand in table 7 for the Sr and Nd isotopic composition.

6.1 Main and Trace Elements

Samplesare classi�ed either as felsicgneissesor asamphibolites (seetable 5).
The SiO2 content of the samplesfrom the Koleso valley vary from 74 to
46 wt%. The total alkali contents for the felsic gneissesare between 5 and
6 wt%, for the amphibolites between1.4and 3.2 wt%. No consistent predomi-
nanceof K 2O vs.N a2O canbeobservedfor both lithologies.The felsicgneisses
are enriched in Pb, U and REE, which re
ects a strong crustal a�nit y.

The gabbroshows a completelydi�erent geochemistry than the amphibolites.
The gabbrohasvery high M gO concentrations of 22.5wt% and relatively low
F e2O3 concentrations of 9.75 wt%. Also Cr and N i are quite enriched with
1212and 354ppm, respectively. In comparisonto the amphibolites P2O5 and
the total alkali content is signi�cantly lower. Therefore this gabbro re
ects a
completedi�erent origin, being more primitiv e than the amphibolites.

6.2 WR-Pb-Pb

WR-Pb-Pb analyseswere performed to gain information on possiblesources
and the evolution of this unit. This dataset will be comparedto the WR-Pb-
Pb dataset avaliable for the Southern Veporic Unit (Gaab et al., in press).
Additional thesedatasetsenablea comparisonof the Veporic unit with data
from the Tatric unit published by Poller et al. (2001). Samplesfor the gab-
bro from the Koleso and the granites from Kralova Hola were also included.
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Felsic Gneisses Amphib olites Gabbro
02GA01 02GA06 02GA10 02GA04 02GA11 02GA12 02GA08

SiO2 73.67 58.97 61.33 46.37 49.47 48.26 42.51
Al 2O3 11.9 21.9 19.73 13.4 18.43 16.64 9.75
F e2O3(t) 4.24 8.43 7.56 18.09 15.12 13.85 12.07
M nO 0.03 0.14 0.11 0.29 0.19 0.29 0.18
M gO 1.24 2.38 2.29 8.33 3.58 5.04 22.47
CaO 0.87 0.38 0.26 9.06 6.23 10.17 6.4
N a2O 2.32 1.34 0.84 1.51 1.28 0.75 0.76
K 2O 2.96 3.72 4.98 0.13 1.93 0.77 0.15
TiO2 0.77 0.96 1.03 3.68 1.75 1.52 0.6
P2O5 0.07 0.08 0.06 0.38 0.31 0.33 0.04
Sum 98.89 99.69 99.41 101 98.96 99.23 99.79
Sc 13 13 14 42 39 42 27
V 76 113 104 512 165 285 144
Cr 57 95 84 22 798 884 1212
Co 63 44 37 98 93 98 88
N i 29 46 45 37 206 326 354
Cu 3 20 10 37 40 29 36
Z n 63 147 129 146 92 128 78
Ga 17 31 30 28 23 21 11
Rb 101 69 206 3 74 24 8
Sr 224 161 156 387 202 377 67
Y 25 26 36 45 30 27 15
Z r 283 165 277 218 110 95 58
N b 16 22 20 28 22 15 3
B a 703 784 1281 bd 763 92 38
Pb 15 30 43 5 16 10 4
Th 14.9 16.1 19.4 bd bd bd bd
U 2.6 4 2.3 bd bd 0.9 bd
La 41 38 49 19 8 7 3
Ce 74 80 97 53 18 25 9
Pr 5 9 13 11 4 7 bd
N d 28 34 42 30 10 7 3
Sm 4 7 9 8 1 6 2

Table 5. Geochemistry for the samplesfrom the Koleso valley. Main elements are
given in wt%, trace element in ppm. 'bd' for below detection limit.

The diagramsand the principal component analysiswas performedusing the
computer script CLEO for Octave presented by Gaab et al. (submitted).

The Pb isotopic composition of the felsic gneissesin the Koleso valley are
given in table 6. The 206Pb=204Pb ratios range between 18.5 and 19.5, the
207Pb=204Pb ratios between15.64and 15.77(Fig. 6). The array of thesesam-
plesplot nearly along the Upper Crustal evolution line (Zartman and Haines,
1988).No ageinformation canberetrievedfrom the 207Pb=204Pbvs. 206Pb=204Pb
diagram for thesesamples,becauseof the large scatter. This indicates that
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206 P b
204 P b

2�
104

207 P b
204 P b

2�
104

208 P b
204 P b

2�
104

207 P b
206 P b

2�
104

02GA01-1 18.6580 17 15.7051 16 39.2763 35 0.8417 0.03
02GA04-1 18.5152 56 15.6485 54 38.5485 118 0.8452 0.30
02GA06-1 18.3010 8 15.6706 6 38.5973 18 0.8563 0.01
02GA10-1 18.5306 13 15.7538 8 39.5476 28 0.8501 0.01
02GA10-2 18.9760 13 15.7262 9 40.5359 28 0.8287 0.01
03GA25-1 18.9812 14 15.7272 8 39.7666 31 0.8273 0.07
03GA25-2 18.8808 29 15.7148 14 39.6318 60 0.8311 0.12
03GA25-3 18.8026 8 15.6905 6 39.4111 16 0.8333 0.09
03GA25-4 18.9553 5 15.6961 17 39.2308 55 0.8269 0.14
03GA25-5 19.4093 12 15.7692 13 40.0601 26 0.8113 0.17
03GA25-6 18.9757 7 15.7263 7 39.6593 15 0.8276 0.06
03GA26-2 18.5400 8 15.6764 8 39.1016 17 0.8443 0.07
03GA31-1 18.8224 9 15.7175 8 39.2826 19 0.8338 0.07
03GA31-2 19.3528 6 15.7138 5 38.7783 12 0.8108 0.04
03GA32-1 18.9742 8 15.7155 7 39.5232 18 0.8271 0.06
03GA32-2 19.0425 17 15.7467 14 39.9142 36 0.8257 0.08
03GA32-3 18.8882 10 15.7200 9 39.5146 22 0.8311 0.07
03GA32-4 19.1397 55 15.7564 44 39.8874 114 0.8220 0.07
02GA11-1 18.7406 20 15.6828 14 38.6234 41 0.8368 0.03
02GA11-2 18.7852 5 15.6878 3 38.7153 13 0.8351 0.00
02GA11-3 18.7102 78 15.6813 57 38.7295 164 0.8381 0.45
02GA12-1 18.6988 14 15.6522 6 38.5560 29 0.8371 0.01
02GA12-2 18.7168 100 15.6769 67 38.6493 204 0.8376 0.68
02GA12-3 18.7326 70 15.7363 61 38.8699 146 0.8400 0.44
02GA08-1 18.9546 94 15.6327 67 38.3038 189 0.8247 0.64
02GA08-2 19.1008 59 15.6239 60 38.3501 119 0.8180 0.36
02GA14 19.2951 10 15.7054 9 38.7790 21 0.8140 0.01
02GA17 18.8792 10 15.7378 7 39.1364 21 0.8336 0.01

Table 6. WR-Pb-Pb data for samplesfrom the Kolesovalley and from Kralova Hola.
Multiple splits were measuredfor each samplesto observe the whole range of Pb
isotopic composition.

multiple components were incorporated during formation of these gneisses.
The 208Pb=204Pb ratios vary between38.5and 40.7 for the Kolesogneisses.

The Kralova Hola samplesplot within the rangeof the felsic gneissesat high
207Pb=204Pb ratios between 15.62 and 15.64 and intermediate 208Pb=204Pb
ratios between 38.78 and 39.14 in Fig. 6. The gabbro plots distinct from
the other samplesat intermediate 206Pb=204Pb and low 207Pb=204Pb and low
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Fig. 6. 206Pb=204Pb vs. 207Pb=204Pb and 206Pb=204Pb vs. 208Pb=204Pb diagrams for
the samplespresented in table 6. Evolution lines in the upper diagram drawn for the
reservoirs after Zindler and Hart (1986) and the model after Stacey and Kramers
(S&K; 1975).

208Pb=204Pb. This indicates a more primitiv e sourcefor this gabbro with a
lower Th/U ratio comparedto the other samples.

In comparison to the Mur�a�n gneiss,the felsic gneissesplot at more radio-
genicvaluesin the 207Pb=204Pb vs. 206Pb=204Pb as well as in the 208Pb=204Pb
vs. 206Pb=204Pb diagram. The slope of a referenceline would be larger for
the Koleso samplesthan for the Mur�a�n samples.Neverthelesspoint the two
datasetsto a similar unradiogeniccomponent. The principal component anal-
ysis (Fig. 7) clari�es the relation of thesetwo datasetsand will be discussed
later.
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Fig. 7. Principal component analysesof the common lead data presented in this
study (table 6) together with the common lead data published in Gaab et al. (in
press).

Comparedto the WR-Pb-Pb data publishedby Poller et al. (2001), the data
for the Kolesogneissesfall mostly within the rangeof valuesobserved for the
Tatric Unit in the 207Pb=204Pb-206Pb=204Pb and the 208Pb=204Pb-206Pb=204Pb
diagram (Fig. 6). They display relative radiogenicvaluesand few samplesplot
at more radiogenicvaluesoutside the �eld for the Tatric unit. The samples
from Kralova Hola fall in the samearray at relatively high 207Pb=204Pb ratios,
whereasthe gabbro plots outside this array at low 207Pb=204Pb ratios.

With the principal component analysis the di�erences between the datasets
for the Kolesogneissesand for the Mur�a�n gneissescan be shown:
The principal component 3 observesthe largestvarianceof 76%for the Koleso
and the Mur�a�n dataset (Fig. 7A). The 206Pb=204Pb, 207Pb=204Pb and the
208Pb=204Pbratios have nearly the samein
uence on this main principal com-
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ponent. The range of the Mur�a�n samplesoverlap the range of the Koleso
samples.This principal component is interpreted to display mostly the radio-
genicgrowth of Pb from U and Th. The Mur�a�n dataset plots nearly parallel
to this principal component. This corresponds to the interpretation of Gaab
et al. (in press) that the dataset displays the metamorphic Pb equilibration
around 134Ma re
ecting the Alpine overprint.

The principal component 2 with 18.4%variancedisplays only a minor overlap
of the two datasets.The 206Pb=204Pb correlatespositively with this principle
component, whereasthe 207Pb=204Pb and 208Pb=204Pb are negatively corre-
lated. In the plot of the two principal components with the largest variance,
two di�erent trends can be observed for the Mur�a�n and the Koleso samples
(Fig. 7A). This re
ects a distinct evolution for both units. Neverthelessboth
units have an overlap at unradiogenicvalues.This indicatesa commonsource
for both units. For the samplesfrom Kolesothis trend is interpreted to re
ect
a mixing with a radiogeniccomponent.

The principal component 1 with 5.6%varianceis plotted against the principal
component 2 in Fig. 7B. The Kralova Hola granits plot distinct from the
Kolesosamplesshowing that the Kralova Hola samplesdo not represent the
radiogeniccomponent responsiblefor the variations of the Kolesosamples.

The gabbro in the Kolesovalley plot completelydistinct from the other sam-
ples in Fig. 7, thus re
ecting a distinct source.

The Pb isotopicvariation of the Kolesosamplescanbe interpreted asa mixing
between a lessevolved mantle reservoir and more evolved crustal reservoir.
The timing of this mixing can not be inferred from this dataset. The less
evolved lead reservoir is comparablewith the unradiogenicsamplesobserved
in the Mur�a�n area, therefore a similar geodynamic setting for both units is
inferred.The evolvedcrustal reservoir is characterizedby high 207Pb=204Pband
208Pb=204Pbratios asidenti�ed by the principal component 2. This radiogenic
component is not observed in the Mur�a�n area.The Kralova Hola samplesalso
are in
uenced by a crustal component. But this crustal component is distinct
from the crustal component observed in the Kolesosamples(Fig. 7), revealing
a distinct history for theseunits.

6.3 Sr and Nd Isotopes

The available 87Sr=86Sr and �N d data for rocks from the Central Western
Carpathiansarepresented in Fig. 8 to revealdi�erent sourcesin thesesamples.
The data arecomparedto publisheddata on the Mur�a�n gneiss(Gaab et al., in
press)and to the Tatric unit (Poller et al., 2001,in press).In this diagram, the
isotopic compositions are calculatedback in time accordingto Ordovician or
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Mafic Gneiss

Felsic Gneiss

Gabbro

Kralova
Hola

Fig. 8. �N d vs. 87Sr=86Sr diagram. Isotopic compositions are calculated back to
initial values.Data for the High Tatra (HT), Western Tatra (WT), Low Tatra (LT)
(Poller et al., 2001,in press)and the Kralova Hola samplesarecalculated to 330Ma,
data from the Kolesovalley and the Mur�a�n area(Gaab et al., in press)arecalculated
to 460 Ma.

Carboniferousformation age.In order not to over interprete the datasetsand
to include additional uncertainties of the exact formation age,the samplesare
either recalculatedto initial valuesat 460Ma or to at 330Ma, respectively. The
data for the Tatra mountains from Poller et al. (2001,in press)arerecalculated
to 330Ma, exceptthe data for the metasediments from the Lower Unit in the
Western Tatra Mountains, which are recalculated to 460 Ma. The samples
presented in this study are recalculatedto 460 Ma, except the Kralova Hola
samples,which formed during the Variscanorogeny (seeFig. 5). The data of
the Mur�a�n areaareplotted accordingto the interpretation presented in (Gaab
et al., in press).

The basement samplesfrom the Kolesoareaare calculatedto initial valuesat
460 Ma. Two distinct groups can be recognizedin Fig 8. The ma�c samples
form a small array at un-radiogenic87Sr=86Sr ini; 460 valuesof .705to .715with
radiogenic �N dini; 460 values between 4 and 6. This array does not coincide
with the primitiv e mantle composition of Zindler and Hart (1986), thus indi-
cating either a crustal contamination or a non-primitiv e sourcecomposition.
All felsic samplesplot in a narrow array between .712 to .715 and -11 to 8
for 87Sr=86Sr ini; 460 and �N dini; 460, respectively. Thesevalues re
ect a major
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in
uence of an evolved crustal component in thesesamples.

The gabbrosamplefrom the Kolesoareaplots at low 87Sr=86Sr ini; 460 valuesof
.703and �N dini; 460 valuesof 6, re
ecting a more primitiv e sourceasthe ma�c
gneisses.Initial valuesfor this sampleare alsocalculatedusing 460Ma.

The Kralova Hola samplesvary between.703 to .705 for 87Sr=86Sr ini; 330 and
-1.5 to -0.5 for �N dini; 330, which are valuescloseto the bulk earth composition
after Zindler and Hart (1986).The mylonitized sampleplots at slightly higher
�N dini and lower 87Sr=86Sr ini , which probably is causedby deformation and
metamorphism.

The meancrustal resident ages,TN d
D M for the samplesare presented in table 7.

Two agegroupsbecomeevident. The felsicsamplesresult in old T N d
D M between

1.8 and 2.0 Ga using a two step approach with 460Ma as agefor the second
step. Theseresults �t well with TN d

D M for the Lower Unit in the WesternTatra
between1.8 and 2.0 Ga (Poller et al., 2001).All ma�c samplereveal younger
TN d

D M between0.6 and 1.5 Ga and thus have crustal resident agescomparable
to the diorites in the High Tatra mountains (1 Ga) and the Granites from the
Tatra mountains (1.25-1.45Ga, Poller et al., 2001).The Kralova Hola granite
has TN d

D M between1 and 1.2 Ga, the gabbro in the KolesoValley has a T N d
D M

of 1.2 Ga.

In comparisonwith published data for the West- and High Tatra Mountains
(Poller et al., 2001), the basement rocks from the Kolesoarea can be clearly
distinguished. The felsic gneisseshave lower �N d and are only comparable
with the meta sediments of the Lower Unit in the WesternTatra Mountains.
The ma�c gneissesand the gabbro plot distinct from amphibolites from the
WesternTatra (Poller et al., in press)and from the other reference�elds from
the Tatra Mountains (Poller et al., 2001). This indicates, that the Veporic
basement has di�erent sourcesas the Tatric unit which formed during the
Variscanorogeny.

The samplesfrom Kralova Hola on the other handrevealan overlap in 87Sr=86Sr
�N d with diorites and granites from the High Tatra mountains (Poller et al.,
2001).Thus the Kralova Hola is not only similar in agewith the Tatric unit,
but also in the isotopic composition.

The Mur�a�n gneissfelsic component presented in Gaab et al. (in press) in
the Southern Veporic Unit plot distinct from the Koleso samples.The felsic
member has too high 87Sr=86Sr ratios and too high �N d valuescomparedto
the felsic gneisses.The Mur�a�n ma�c component coincideswith the gabbro
from the Kolesovalley, but not with the amphibolites (Fig. 8).
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7 Conclusion

A common evolution for the whole Veporic Unit in Paleozoictimes can be
inferred form the U-Pb zircon data presented in this study. The apparent
dichotomy, which ariseswith comparisonof literature data (Puti �s et al., 2001),
can be circumvented, if the literature data are reinterpreted.

At least three major events can beenrecognizedin the U-Pb data from the
Northern Veporic Unit:

(1) Major Ordovician magmaticevent (460-470Ma), followed by minor mag-
matic activit y (� 440Ma).

(2) Variscanmagmaticand metamorphicevent (330-350Ma) with formation
of granitoids and re-crystallization of Ordovician basement.

(3) Alpine metamorphic event during the Cretaceoustime, which causedlo-
cally leadlossin the zircons.This event is mainly recordedin the Southern
Veporic Unit (Gaab et al., in press),according to the increasingmeta-
morphic gradeobserved by Jan�ak et al. (2001a).

The commonlead data together with the isotopic data from the Kolesoval-
ley reveal a marked di�erence between the Northern Veporic Unit and the
SouthernVeporic Unit (i.e. the Mur�a�n gneiss).It reveal an important role of
an additional sourceof radiogeniclead, which is absent in the Mur�a�n Gneiss.
This sourcecould not be identi�ed within the Veporic unit, but is charac-
terized by high 207Pb=204Pb and 208Pb=204Pb ratios and thereforerepresents a
typical crustal source.The Kralova Hola granitespoint in a similar direction as
the Kolesogneisses,but do not coincideexactly with the observed variations
as demonstratedby the principal component analysis.

The �N d and the 87Sr=86Sr isotopic compositions of the felsic gneissesin the
Northern Veporic Unit are similar to the metasedimentary Lower Unit in the
WesternTatra and distinct from the other units observed in the Tatra moun-
tains and in the Veporic unit. The Lower Unit hasa minimum sedimentation
age of � 500 Ma according to U-Pb zircon studies (Gurk, 1999; Gurk and
Poller, 1999) and therefore can not be attributed as sediments derived from
theserocks. But a commonsourceof both units can be assumed.

The amphibolites in the Kolesovalley, which weremetamorphosedunder HP
metamorphic conditions (Jan�ak et al., 2003), are distinct in their �N d and
87Sr=86Sr isotopiccomposition from the amphibolites from the WesternTatra
mountains Poller et al. (in press).They are characterizedby relatively high
87Sr=86Sr ini and low �N d thus re
ection a crustal component. They are also
distinct in their �N d and 87Sr=86Sr composition from Mur�a�n ma�c member
observed in the SouthernVeporic Unit (Gaab et al., in press).Only the gab-
bro from the Kolesovalley depicts marked similarities with the Mur�a�n ma�c
component, suggestingcommonsources.
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Chapter 4

The magmaticandpost-magmaticevolution recordedby REE, Pb and Sr iso-

topesof the Dlh�a Dolina intrusive complexwill be discussedin this chapter.

This intrusive complex belongsto the sS-type granits occurring in several

areasin the GemericUnit. They typically contain tourmaline and evolve in

someplacesto W-Nb-Ta-Snrich granites.

The manuscript and the analysesare prepared by A.S. Gaab. IB and

MK motivated this study by introducing the author to the �eld geology. ID

provided accessto the drill core samples. IB also provided an additional

dataset for main and trace elements and the referencedataset for Gemeric

Granites. WT and UP introducedthe author to the analytical methods and

provided accessto the cleanlab and to the massspectrometer.

The manuscript presented in the following will be submitted to Geologica

Carpathica. First results from the Sr isotopeswerepresented by Gaab et al.

(2003a)at the meetingof the Deutsche Mineralogische Gesellschaft.
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Abstract

The variations of REE within the magmatic complex in the Dlh�a Dolina show
a large range from 50 times chondritic to valuesbelow 0.1 times chondritic. Both,
enrichment and depletion of the REE concentration, can be shown in this complex.
Enrichment is due to magmatic fractionation, whereasthe depletion is causedby in-
tenseauto-metasomaticprocesses,which also produceTetrad e�ects of TE 1;3 > 1.6.

Thesemagmatic and metasomaticprocessesalso led to a redistribution of U, Th,
and Rb, which producedwith time di�eren t signaturesin the Pb and the Sr isotopic
composition. The Pb isotopic composition constrains the minimum intrusion age
of this complex to 241 Ma and records the intensive fractionation of U from Th
during metasomatism. The Sr isotopic composition of the magmatic dominated
samples agree with these age constraints and the initial 87Sr=86Sr composition
is estimated at 0.704. The strongly metasomatized samplesshow too radiogenic
87Sr=86Sr ini values,which are interpreted to be producedduring metasomatismby
intensedepletion of Rb.

Key words: REE Tetrad e�ect, sS-type granite, metasomatism,Gemeric Unit

� Andreas S. Gaab
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1 In tro duction

Granites in Gemeric Unit show strong magmatic fractionation and metaso-
matic overprint. They form a large variety of granitoid rocks ranging from
tourmaline bearing granites to Sn-bearing greisen.These Spi�s-Gemergran-
ites can be classi�ed as so called specializedS-type granites (Broska et al.,
2002). Often feldspatization, albitization, special mineralization and forma-
tion of greisenisedcupolascanbeobserved(Malachovsk�y et al., 1983;Diani�ska
et al., 2002).

The aim of this paper is to use the redistribution of trace elements, mainly
REE, and radiogenicisotopes(Pb and Sr) within the granite complexof the
Dlh�a Dolina to gain information on the processesduring formation aswell as
on the ageof �nal 
uid activit y.

The Dlh�a Dolina sS-type granitoid intrusion is build up by two main units,
a barren Lower Complex and an ore-bearing Upper Complex with rare metal
W-Nb-Ta-Snmineralizations.Due to the available drill coresa vertical pro�le
is sampledand the evolution from the barren granite to the rare-metal-rich
granite can be studied in detail.

2 Geological Setting

The sub-surfacegranite complex is located in the Dlh�a Dolina valley near
Gemersk�a Poloma in Eastern Slovakia (Fig. 1). It belongsto the specialized
S-type granite suite of the Gemericsuperunit (Broska and Uher, 2001).This
represents the uppermost of three thick skinned Alpine nappes (Pla�sienka,
1997).The Gemericsuperunit formsa mega-anticline and is build up by meta-
volcanosedimentary rocks belongingto the Gelnica and the Rakovec Group.

To the NE the Veporic superunit underlies the Gemeric superunit. The Ve-
poric superunit consistmainly of Pre-Variscanbasement units (Gaab et al., in
press),magmatites (e.g. Poller et al., 2000) and paragneisses(Lupt�ak et al.,
2000). The Northernmost and tectonic highest unit is the Tatric superunit,
which consistsmainly of I- and S-type granites, orthogneisses,amphibolites
and to a minor extend paragneisses(Poller et al., 2000).

The intensively foldedLower Palaeozoicvolcano-sedimentary complexesof the
Gemeric superunit (seeFig. 1) consist mainly of phyllites and pyroclastites
with rhyolitic to dacitic composition as well as lensesof coarse-grainedcar-
bonates(dolomites, ankerites, sideritesand magnesites).The magnesitesare
intensively steatitized and they represent apotential source for talk (Kil ��k,
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Fig. 1. Simpli�ed geologicalmap of the Gemeric Unit modi�ed after Broska et al.
(2002) and crosssection through the Dlh�a Dolina subsurfacegranite modi�ed af-
ter Diani�ska et al. (2002). Vertical position of the samplesindicated by numbers
(compare with table 1).

1997).Sedimentary agesare early Ordovician to early Silurian for the lower-
most and most prominent Gelnica Group (e.g. Voz�arov�a, 1998)The Gemeric
Unit underwent green-schist facies metamorphism with 300-350� and 0.5-
0.7GPa during Alpine orogeny (Krist et al., 1992;Faryad and Dian�ska, 1999).

Numerousgraniteswereemplacedinto thesePalaeozoicmetasediments (Fig. 1).
All granites occuring in the GemericUnit show typical featuresof the S-type
peraluminousleucogranitesuite. The chemical composition is generallychar-
acterizedby high SiO2 contents (usually up to 77 wt%), relatively high alkali
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elements, especially K 2O (around 5 wt%) and relatively low MgO and CaO
(0.3 wt% and 0.6 wt%, respectively). High volatile contents (H 2O, B � , F � )
are typical for theserocks (e.g. Kubi�s and Broska, 2005).

The REE show relatively 
at normalizedpattern withsigni�can t negative Eu
anomalies(Eu=Eu� � 0.2). The S-type character is alsodemonstratedby high
87Sr=86Sr ini ratio (Cambel et al., 1990).The special compositional character
of the Spi�s-Gemergranites is alsore
ected in the rare-metalmineralization of
thesegranites (Malachovsk�y et al., 1983;Diani�ska et al., 2002).

The Permian ageof thesespecializedS-type granites waspreviously detected
by whole rock Rb-Sr analyses(Cambel et al., 1990,seeFig. 6), by chemical
Th-U-Pb monazitedating (276� 13Ma; Finger and Broska, 1999)and alsoby
U-Pb CLC singlezircon dating (243 � 18 Ma; Poller et al., 2002).Chemical
Th-U-Pb age determinations on monazite from the lower part of the Dlh�a
Dolina granite complexshow an ageof 282� 16 Ma (Kubi �s, 2004).A Permian
intrusion age is also indirectly indicated by Re-Os dating of associated ore
mineralization on molybdenite of the Hnilec granite (262.2� 0.9 Ma; Koh�ut
et al., 2004). 40Ar � 39 Ar dating of amphibolites from the contact aureoleof
S�ulov�a granite (Hnilec area) result in an ageof 140 Ma indicating an Paleo-
Alpine metamorphic superimposedevent (Voz�arov�a et al., 2000).

The specializedS-type granitesin GemericUnit may have resultedfrom melt-
ing triggered by increasedheat 
o w from the mantle below the continental
crust during the post-collisionalextensionafter the main Variscanorogeny. In
this sensethe specializedS-type granites are Variscan postorogenicgranites
(Broska and Uher, 2001).

3 Sample Description

The Dlh�a Dolina granite is a subsurfacegranitoid body which wasinvestigated
by a intense drilling program in the 1980s.This area is located in Eastern
Slovakia at 48� 460N; 20� 320E, 12 km north of Ro�z�n�ava. The samplesof the
drill coreDD-3 areusedfor this study. Thus samplesareavailable in a vertical
sectionthrough the body (seecrosssectionin Fig. 1). This coreis 912m long
and samplesare from 910m, 786m, 691m, 577m and 504m depth (table 1).
The �rst two sectionsarerepresentativ esof the Lower Complexbarrengranites
which occur from 718,5m depth to the baseof drill coreat 912,9m depth. The
next two sections(691 m and 577 m) represent highly evolved Li-micas and
topasbearinggranitesfrom the Upper Complexoccurring from 558,5-718,5m.
The uppermost specimentypi�es albitites found within 454,5-558,5m depth.

62



Chapter 4: Redistribution of elements in Dlh �a Dolina

No. sample name rock name depth (m) main minerals main accessory minerals

¬ DD-908 porphyric 910-908 kfs, qtz, ab, bt, tur, ap, mnz, zrn, grt, phe

¬ GA-908 biotite granite porphyirc kfs, qtz 
, thor, xt

­ DD-783 two mica 788-783 qtz, kfs, ab, bt, ms, tur, ap, zrn, ilm, rt

­ GA-783 porphyric granite porphyric kfs mnz, thor, bast

® GA-691 proto-lithionite 691-681 qtz, kfs, ab, zrn, mnz, xt, ap, 
,

granite Li-ms, lith, tur thor, ura, cst, wf, col, goy

¯ DD-577 topas-zinnwaldite 582-577 qtz, ab, kfs, zrn, ap, mnz, xt, 
, wf, cst

¯ GA-577 albite granite Li-ms, tp NB-T a minerals, W-ixiolite, ilm

° DD-504 albitite 507-504 ab, qtz cst, ap, zrn, Nb-T a minerals

° GA-504 ura

Table 1. Short description of the samplesusedfor this study, more detailed descrip-
tion in Diani�ska et al. (2002). Numbers refer to location in crosssection (Fig. 1).
Mineral abbreviations are given on page77.

3.1 Petrographical Description

As shown in the crosssection(seeFig. 1), the granite complexin Dlh�a Dolina
is comprisedof several primary granitoid and metasomatizedgranitoid rocks
(Diani�ska et al., 2002).In general,this intrusion consistsof two distinct com-
plexes.The barren Lower Complex is formedby a porphyric two-micagranite
and a porphyric biotite granite, whereasthe ore-bearing Upper Complex is
formedby evolved rare-metalLi-mica and topasbearinggranites.Theseshow
intensealterations in the roof zone.

The barren Lower Complexis mainly build up of the following two rock types:
The porphyric biotite granite (910-908m) shows 1-3 cm long alkali feldspar
phenocryst of euhedralshape and is �ne-grained. It consistsof quartz, plagio-
claseand biotite. Typical accessoryminerals are tourmaline, apatite, zircon,
garnet, 
uorite.
The barren porphyric two-mica granite (788-783m) is medium-grainedand
quartz, K-feldspar, plagioclase,biotite, muscovite, and tourmaline are present
in thin-sections.Also perthitic alkali feldsparof up to 4 cm in length is abun-
dant. Main accessorymineralsexcepttourmaline arezircon, apatite and mon-
azite.

The lower part of ore-bearing Upper Complex from 691 to 681 m depth
consistsof a coarse-grainedtourmaline-bearing, proto-lithionite leucogranite.
Typical modal composition is quartz (40 vol.%), alkali feldspar (36 vol.%),
albite (14 vol.%), Li-mica (3.5 vol.%), proto-lithionite (3 vol.%) and tourma-
line (2.7 vol.%). Accessoryminerals present are zircon, monazite, xenotime,
apatite, 
uorite, wolframite, cassiterite.
Upper parts of the Upper Complex (582 to 504 m) is formed by topas-
zinnwaldite granite and resemblesthe most evolvedsamplesof the Dlh�a Dolina
pluton, which crystallized in the cupolas. This is composedof quartz, alkali
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feldspars,topas and Li-mica. Typical accessoryminerals are apatite, 
uorite,
xenotime, wolframite, cassiterite,Nb-Ta minerals.

Inhigh-level cupolas the topaz-zinnwaldite granitesare overprinted to quartz-
albitites and albitites (Fig. 1). The thicknessof albitite cupola in the drill
coreDD-3 is more than 100m. Arepresentativ e samplefor the albitite cupola
hasbeentaken at 507m. It consistsof quartz and albite or of mono-mineralic
albite with a �ne grainedhypidiomorphic structure. Accessorymineralssuch as
cassiterite,uranite, Mn-tantalocolumbuite, tantalocolumbite, struverite, and
others.

4 Geochemistry

Main and trace elements are analysedfor 9 samplesfrom the drill coreDD-3
(table 2). Depth are given in table 1 and shown in Figure 1B. Samplesnamed
'DD' were analysedat the ACME Laboratory (Vancouver, Canada), samples
named'GA' were analyzedat MPI for chemistry in Mainz.

4.1 Main and trace elements

The SiO2 is very similar for all samplesbetween 73 and 77 wt%, whereas
the Al 2O3 increasesfrom the lower to the upper parts (table 2 and Fig. 2).
F e2O3 is decreasingdrastically from 1.3-1.5to < 0.2 wt%. The alkali elements
N a2O and K 2O are present in a comparableamount for the samplesbetween
910 m and 577 m, only the uppermost sample re
ects a drastic increasein
N a2O accompaniedby a decreaseof K 2O. This exchangeof N a2O vs. K 2O is
alreadyrecognizedin the intensealbitisation of thesesamples.The increaseof
P2O5 in the upper samplesin comparisonto the lower samplesis signi�cant
and thus classi�es the granites from the Upper Complex as P-rich granites,
which typically develop in highly evolved granite systems(Fig. 2).

The trace elements Sn, Ta and N b increasefrom the Lower Complex to the
Upper Complex (20 to 350ppm, 3 to 40 ppm and 9 to 57 ppm, respectively),
whereasZr and Ba decrease(76 to 19 ppm and 66 to 12 ppm, table 2). Rb
and Sr �rst increasefor the samplesbetween910m and 577m from � 400and
� 25ppm to � 1900and � 400ppm, respectively and then decreasesigni�cantly
for the uppermost samplesto � 80 and � 40 ppm, thus theseelements behave
similar to K 2O.
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Sampl e depht SiO 2 T iO 2 Al 2O3 F e2O3 M nO M gO CaO N a2O K 2O P2O5 L:O :I : T OT AL Sr =Eu K =Rb
D D � 504 507-504 74.49 0.02 15.40 0.20 0.01 0.19 0.55 7.89 0.51 0.31 0.5 100.07 N A 48
GA � 504 507-504 74.28 0.03 15.09 0.19 0.01 0.14 0.52 8.5 0.39 0.27 0.6 100.05 N A 60
D D � 577 582-577 73.24 0.02 15.37 0.78 0.05 0.02 0.7 3.96 4.19 0.52 1.4 100.25 N A 18
GA � 577 582-577 73.91 0.03 16.22 0.66 0.04 BD 0.48 4.44 4.81 0.4 1.1 102.07 N A 20
GA � 681 691-681 76.70 0.07 13.07 1.08 0.01 0.56 0.37 3.44 2.76 0.27 1.0 99.37 287 35
D D � 783 788-783 76.42 0.15 12.39 1.58 0.03 0.21 0.56 2.84 4.88 0.16 1.1 100.32 157 94
GA � 783 788-783 74.77 0.19 12.80 1.90 0.03 0.18 0.63 3.16 4.53 0.15 0.9 99.32 100 88
D D � 908 910-908 76.72 0.09 12.73 1.21 0.03 0.16 0.52 3.07 4.88 0.12 1.0 100.53 140 92
GA � 908 910-908 75.92 0.10 12.86 1.32 0.03 0.09 0.46 3.35 4.79 0.12 0.8 99.84 138 95

V Sc Sn T a N b Ga Cs M o Cu As Z n Z r B a Rb Sr P b T h U

D D � 504 < 5 3 347 40.5 57 56 7 5.4 1.0 8 2.2 7 19 12 88 40 2 7.6 12.2
GA � 504 2 2 N A N A 57 46 NA NA 1 NA NA 33 26 54 36 3 6.5 10.1
D D � 577 < 5 6 79 19.7 66 43 72.4 5.0 1 17.6 28 25 53 1866 170 5 8.6 19.4
GA � 577 2 2 N A N A 48 42 NA NA 4 NA NA 29 112 1919 456 9 12.0 12.1
GA � 681 4 4 N A N A 15 23 NA NA 8 NA NA 59 53 650 23 7 8.3 14.3
D D � 783 10 3 31 2.7 12 22 18.1 2.2 8 9.8 23 88 108 430 27 9 14.8 15.7
GA � 783 9 4 N A N A 13 20 NA NA 5 NA NA 115 70 425 26 17 16.6 11.3
D D � 908 6 2 21 2.8 10 20 14.0 2.8 2 55.3 13 63 76 439 20 8 12.3 13.6
GA � 908 6 3 N A N A 9 19 NA NA 2 NA NA 76 66 418 18 10 12.0 16.9

Y La Ce P r N d Sm E u Gd T b D y H o E r T m Y b Lu T E 1;3 E u=E u�

D D � 504 0.7 B D B D B D B D B D B D B D B D B D B D B D B D B D B D N A N A
GA � 504 3 B D B D B D B D B D B D B D B D B D B D B D B D B D B D N A N A
D D � 577 5.6 0.7 3.1 0.31 1.2 0.8 < 0:006 0.62 0.2 1.11 0.15 0.37 0.06 0.52 0.08 1.62 < 0:03
GA � 577 1 0.37 1.7 0.21 0.76 0.47 < 0:006 0.43 0.12 0.69 0.091 0.25 0.04 0.38 0.038 1.6 < 0:04
GA � 681 12 3.6 9.9 1.3 5.1 1.7 0.08 1.79 0.37 2.27 0.395 1.1 0.17 1.2 0.14 1.2 0.14
D D � 783 30.8 15.2 32.2 3.62 13.2 4.2 0.17 3.92 0.8 5.03 1.03 2.68 0.43 3.14 0.43 1.1 0.12
GA � 783 30 20 47 5.4 19 4.7 0.26 4.4 0.86 5.6 1.1 3.2 0.48 3.2 0.41 1.14 0.17
D D � 908 24.1 9.6 20.5 2.42 8.7 3.1 0.14 2.52 0.55 4.06 0.84 2.47 0.4 3 0.44 1.12 0.15
GA � 908 20 10 25 2.9 10.3 2.9 0.13 3.1 0.62 4.6 0.9 2.9 0.47 3.5 0.46 1.16 0.13

Table 2. Geochemical data for the Dlh�a Dolina complex. Main and trace elements analysed with XRF, REE analysed with ICPMS.
N A for not available, B D for below detection. 0.006ppm Eu assumedfor sampleswith Eu below detection limit. Tetrad e�ect (TE 1;3)
calculated according Irb er (1999). Eu=Eu� = E uNp

GdN � SmN
.

65



Chapter 4: Redistribution of elements in Dlh �a Dolina

Fig. 2. Harker diagramsfor the granites occurring in the GemericUnit. Data for the
Dlh�a Dolina (black rimmed symbols) given in table 2. Referencedata (grey circles)
for the Gemeric Granites from (Broska and Uher, 2001).
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Fig. 3. REE diagram normalized to chondrite (Taylor and McLennan, 1985).A: The
drill core samples.Data given in table 2. B: Modelling of crystal fractionation for
this dataset. SampleDD-908 and DD-783 shown in solid usedasinitial composition,
sampleGA-577 shown as reference.Grey lines represent 10, 30, 50, 70, and 90 % of
fractionation. Detailed discussionin the text.

4.2 REE and Tetrad e�ect

The samplesfrom the Lower Complex show moderate steep REE pattern.
Chondrite (Taylor and McLennan,1985)normalizedLa concentrations (LaN )
vary from 20 to 60 and Lu N is nearly constant at 10 times chondric (see
Fig. 3A). The Eu anomaly (EuN =Eu�

N ) increasesslightly from 0.13 to 0.17
from the lower samplesto the upper samples(table 2). Thesesamplesshow a
small Tetrad e�ect of 1.1 (calculated accordingto Irber, 1999).

The REE concentrations decreasesigni�cantly for the Upper Complex from
10times chondrite normalizedvaluesfor La to valuesbelow detection limit for
the albitized samples.Together with the decreaseof REE, the Tetrad e�ect
increasesfrom 1.2 to 1.6 (table 2).

Two di�erent e�ects in
uencing the concentrations of the REE can be recog-
nized in the Dlh�a Dolina intrusive complex:
A fractional crystallisation trend can be observed for the samplesfrom 908m
to the samplesfrom 783 m. This leads to a three to four times enrichment
of the light REE and up to a two times enrichment for the heavy REE. The
Eu-anomaly doesonly increaseto a minor extent with fractionation.
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The secondtrend observable is the depletion of REE for the Upper Complex.
This develops, with respect to the most fractionated sample GA-783, from
a �v e times depletion for the 681 m sample to a 20 times depletion for the
577 m samplesand further to a depletion below the detection limit for the
samplesat 504 m (table 2 and Fig. 3A). Simultaneously to this depletion of
the REE, the Tetrad e�ect evolves from < 1.2 for the samplesbelow 681 m
to 1.6 for the samplesabove 577 m. The Tetrad e�ect is, accordingto Irber
(1999), calulated as the geometricmeanof the �rst (La, Ce, Pr, Nd) and the
third (Gd, Tb, Dy, Ho) tetrad (seeFig. 3).

Modelling of fractional crystallization using the partition coe�cien ts summa-
rized by Irber (1999) with sampleDD-908 as initial composition this enrich-
ment can be modelled by fractionating mainly quartz (99.88%)and a small
amount of accessoryminerals (0.113%zircon and 0.007%of xenotime) with
50%of fractionation. The e�ect of fractionating such a mineral assemblage is
shown in Fig. 3B by the dark grey lines. In this diagram the sampleDD-908
and sampleGA-783 are shown asreference.If feldsparis assumedto fraction-
ate, it is expectedthat the Eu-anomalyincreaseswith increasingfractionation.
Becausethis is not observed to the extendexpectedif feldsparis fractionating,
the modelling wascalculatedusingquartz. The exact amount of the accessory
minerals fractionating is di�cult to estimate, but becauseof the only small
enrichment of the heavy REE, the presenceof such phasesmust be assumed.
The assumedfractionation of 0.113%zircon and 0.007%of xenotime result in
a good approximation of the composition of the sampleGA-783.
For the more evolved samplesfrom the Upper Complex such a good approx-
imation can not be reached. The samemineral assemblage as usedby Irber
(1999) to modell the Tetrad e�ect was used with sampleGA-783 as initial
composition. As can be seenin Fig. 3B (light grey lines) such an assemblage
can diminish the REE concentration to a similar extent as observed for sam-
ple GA-577 by assuming90% fractional crystallization. But neither can the
Tetrad e�ect be reproducedby this modelling, nor can the very low REE con-
centrations in the uppermost samplesbe explained.This corresponds to the
resultsby Irber (1999),wherethe Tetrad e�ect could alsonot be modelledby
fractional crystallization.

According to Bau (1996) the Tetrad e�ect is causedby complexation of the
REE with ligandsase.g.H2O, CO2, F � , and Li . If such complexationoccur,
the behavior of the REE is no longer simply dependent on the ionic radii,
which are comparablefor all REE (Onuma et al., 1968),but is dependent on
the �lling stagesof the 4f orbitals (Irb er, 1999). Thus REEs with 0/4 (La),
1/4 (Nd, Pm), 2/4 (Gd), 3/4 (Ho, Er) and 4/4 (Lu) �lled 4f orbitals can be
fractionated from the other REEs.

Comparingthe Tetrad e�ect and the Eu anomalyobserved for the Dlh�a Dolina
intrusive complexwith data compiledby Irber (1999),the e�ect for the Lower
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Fig. 4. Comparison of the Tetrad e�ect observed in the Dlh�a Dolina sampleswith
the data from Irb er (1999). Data given in table 2.

Complex plots well within the range of the published data at typical values
for granites (Fig. 4). The samplesfrom the Upper Complexextend the range
of presented values, neverthelessare in good agreement with the negative
correlation observed for all data. This suggestthat the Tetrad e�ect observed
in the Dlh�a Dolina granitic suite is in correspondencewith similar evolved
granitoid suites.

4.3 Lead Isotopes

WR-PbPb data for the drill cores and cassiterite bearing greisen from an
outrop in the Dlh�a Dolina arepresented by Gaabet al. (submitted) and shown
in Fig. 5. According to this study the Pb isotopesyield a good constraint for
the ageof the last magmatic activit y of this intrusive complex.The data for
the drill core and for the cassiterite greisenshow a good correlation in the
207Pb=204Pb vs. 206Pb=204Pb diagram with 206Pb=204Pb ranging from 19.9 to
170 (Fig. 5(a)). This correlation is interpreted as the uranogenicPb growth
after the last Pb isotopic homogenizationdue to magmatic activit y. Therefore
a minimum agefor this intrusion can be estimatedat 241Ma from the linear
regressionof this data (Gaab et al., submitted). The corresponding � 1 values
for this regressionline of 10 using the Staceyand Kramers (1975) modell is
typical for a crustal evolution.

This magmatic activit y alsoled to a redistribution of U and Th and fraction-
ated theseelements from each other, which becomesvisible in the 208Pb=204Pb
vs. 206Pb=204Pb diagram (Fig. 5(b)). The samplesfrom the Lower Complex
(circles and pluses in Fig. 5(b)) re
ect a more or less undisturbed system
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Fig. 5. 207Pb=204Pb vs. 206Pb=204Pb diagram and 208Pb=204Pb vs. 206Pb=204Pb for
the samplesof the Dlh�a Dolina subsurfacegranite. � today calculated for reference
lines and the ageof 241 Ma. Data published by Gaab et al. (submitted).
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sample 87Sr=86Sr 1 � 2� 87Rb=86Sr 2 87Sr=86Sr 241 M a

GA-908 I 0�9996 6 83�0 0�715
GA-908 I I 1�0047 4 83�0 0�720
GA-783 I 0�8869 5 50�3 0�714
GA-783 I I 0�8879 2 50�3 0�715
GA-577 I 0�7809 2 11�6 0�741
GA-577 I I 0�7833 3 11�6 0�744
GA-504 I 0�7420 2 4�7 0�726
GA-504 I I 0�7420 5 4�7 0�726

1measured on TIMS MAT261 in static mode. Errors are given as 2�
deviation of the weighted mean (6-25 blocks)

2measuredon single collector ICP-MS Element2

Table 3. Sr isotopic composition of the Dlh�a Dolina drill core samples. Isotopic
analysesare reproduced twice.

with � valuesbetween1.5-1.8calculated from the slopes of lines connecting
the sampleswith the least radiogenicsampleand the ageobtained from the
207Pb=204Pb-206Pb=204Pb diagram (Gaab et al., submitted). With lower � val-
uesplot the samplesfrom the Upper Complex (squares,crosses,and stars).
Thus thesewere depleted in Th vs. U during the last magmatic activit y. In
contrast to this the greisen(�lled symbols) are enriched in Th vs. U and plot
left of the samplesfrom the Lower Complex (i.e. left of the line connect-
ing thesesamples,except one outlier). Thus a Th-rich 
uid, probably which
depletedTh in the Upper Complex,generatedthe greisenin the country rock.

4.4 Sr isotopes

The two mica granite of the Lower Complex (sample GA-908) reveal very
high 87Sr=86Sr ratios of � 1 and an extremely high 87Rb=86Sr ratio of 83.
Also very radiogenicvaluesof � 0.89areobtained for the biotite granite of the
Lower Complex. In contrast, un-radiogenic 87Sr=86Sr ratios between � 0.74
and � 0.78have beenmeasuredfor the Upper Complex (table 3).

The Sr isotopesof the drill coresamplesdo not result in an isochron (FIg. 6).
If a referenceline with a slope corresponding to 241Ma, accordingto the last
magmaticactivit y revealedby the WR-PbPb data, is drawn for the radiogenic
sample GA-908II, the data of the sample GA-783 plot nicely on this line
(Fig. 6). This line correspondsresults in a 87Sr=86Sr ini of .704,which is in the
rangeof the expectedvalues(Poller et al., 2001;Cambel et al., 1990).

The samplesfrom the Upper Complex plot at too radiogenic 87Sr=86Sr ra-
tios for the measured87Rb=86Sr ratios, thus they plot above the previously
mentioned referenceline. This indicateseither recent Rb lossor too radiogenic
initial 87Sr=86Sr values.The too radiogenicvaluescould be generatedby late
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Fig. 6. 87Rb=86Sr vs.87Sr =86Sr diagram for Gemeric Granites. Black symbols are
the data presented in this study (table 3). WR data compiled by Cambel et al.
(1990) shown in grey, localities given in the key. Referenceline corresponding to
241 Ma shown (black line). Fields of the WR \isochrons" (dark grey �eld) and
the WR-Biotite \isochrons" (light grey �eld) of the Cambel et al. (1990) dataset
indicated. Biotite data points are not shown due to their heigh 87Rb=86Sr .

magmatic albitization and thus a intenselossof Rb, which is observed for the
uppermost sample(table 2).

In comparisonwith Sr WR analysescompiled by Cambel et al. (1990, dark
shadedarea in Fig. 6), the data for the drill coreshave similar a�nities. The
87Sr=86Sr ini of this compilation vary between0.690and 0.728,with a mean
value of 0.720.This large spreadand the existenceof geologicalmeaningless
87Sr=86Sr ini valuesbelow the BABI composition of 0.699(Papanastassiouand
Wasserburg,1969)shows that the Rb-Sr systematicsof the Gemericgranites
was disturbed by co-magmaticprocesses,as shown by the data presented in
this study, or by metamorphic processes.

Alpine metamorphismdisturbed by Rb-Sr systematicsof thesesamplesascan
de seenfrom the WR-Bt pairs from the compilation by Cambel et al. (1990).
The WR-Bt pairs result in consistently higher 87Sr=86Sr ini between0.722and
0.759with a mean value of 0.743as the corresponding WR \isochrons" and
correspondingly lower agesbetween 92 and 142 Ma (light grey shadedarea
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in Fig. 6). All data points for biotites plot below the WR regressionlines at
high 87Rb=86Sr values, showing that during metamorphism the biotites re-
equilibrated partially.

5 Conclusions

The intrusive complex of Dlh�a Dolina shows magmatic fractionation and in-
tensemetasomaticactivit y. The Lower Complex is dominated by magmatic
processes,but alreadyshows metasomaticin
uences like the presenceof tour-
maline and a minor Tetrad e�ects. The Upper Complexis strongly in
uenced
by a 
uid phaseand shows a strong Tetrad e�ect and strong fractionation of
e.g. U from Th. Neverthelessthe Pb isotopic data show a contemporaneous
emplacement of both complexes.Thus the metasomatic overprint is inter-
preted to be co-magmaticand the observed variations are due to the di�erent
mechanismsof magmatic evolution.

The Tetrad e�ect observed for this suitesevolvesfrom a only minor e�ect for
the magmatic dominated samplesof the Lower Complex (TE1;3 < 1:1) to a
very high Tetrad e�ect for the evolved and metasomatizedsamplesfrom the
Upper Complex (TE1;3 = 1:2 � 1:6). The REE data of this complexis consis-
tent with publisheddata on the Tetrad e�ect by Irber (1999)and extendsthe
rangeof observed Tetrad e�ect slightly. This show that metasomaticoverprint
was very intenseduring intrusion of the Dlh�a Dolina pluton.

This is also recorded by the Sr isotopes of the Upper Complex with too
radiogenic87Sr=86Sr ini , thusre
ecting late-magmaticredistribution of Rb and
Sr. The Sr data for the samplesfrom the Lower Complex,which aredominated
by magmatic processesare in good agreement with the timing of intrusion
constrainedby the WR-Pb-Pb isotopespublished in Gaab et al. (in press).

Published agesfor intrusion ageof the granites in the GemericUnit do show
a wide agerangefrom 300to 240Ma.
Chemical U-Th-Pb agesrecord the oldest ages.They range from 282 Ma for
the Dlh�a Dolina (Kubi �s, 2004) complex to 276 Ma for the Hnilec complex
(Finger and Broska, 1999).Re-Oswork in the Hnilec area(Koh�ut et al., 2004)
points to a youngerageof intrusion of the granitesat 262Ma. A wide variety
of agesare documented by WR Sr isotopic analysescompiled by Cambel
et al. (1990) from 290to 150Ma, with even youngeragesobtained by WR-Bt
pairs. This and the Sr data presented in this work suggestthat the Sr isotopic
systematicswerestrongly disturbed by metasomatismduring intrusion of the
granites and during later metamorphic overprint. Thus very much care must
be taken, if thesedata areusedfor geochronologicpurpose.Neverthelessis the
Sr data presented in this study for the Lower Complex consistent with the
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timing of Pb isotopichomogenizationpresented by Gaabet al. (in press).Both
datasetsimply a young intruion agearound 241Ma. This young intrusion age
is con�rmed by U-Pb singlezircon dating (Poller et al., 2002) for the Hnilec
and the Betliar granites with agesof 250� 18 and 246� 5, respectively.
If intrusion agesfor the granites in the Spi�s-Gemercan be restricted to a
period between 260-240Ma or if the granites intruded during a longer time
span must be clari�ed by further studies.At least the minimum ageof these
granites is constrainedby this study to 240Ma.
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A mineral abbreviations

kfs alkali-feldspar
qtz quartz
ab albite
bt biotite

ms muscovite
Li-ms Li-mica

lith proto-lithionite
tur tourmalin
ap apatite

mnz monazite
zrn zirkon
grt garnet


 
uorite
thor thorite

xt xenotime
ilm ilmenite

rt rutile
bast bastnezite
ura uranite
cst cassiterite
wf wolframite
col columbite

goy goyazite
tp topas
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Chapter 5

All Pb isotopic analyseson whole rock sampleswere evaluated using the

script CLEO for Octave. This script and its capabilities will be described in

this chapter.

It can be used to correct the measurements for fractionation, to generate

diagrams for evaluation of WR-Pb-Pb isotopic datasets or to calculate a

principal component analysis. The capabilitiesof the script aredemonstrated

by evaluating the WR-Pb-Pb datasetfor the Dlh�a Dolina intrusion presented

in Chapter 4.

The script and the manuscript is written by A.S. Gaab. WT provided

accessto the massspectrometerfor Pb isotopicmeasurements and supported

this work by extensive discussionsabout evaluation. UP provided accessto

the clean lab and introducedthe author to Pb column chemistry.

The manuscript and the computer script are submitted to Computers&

Geosciences.



CLEO: Common Lead Evaluation using
Octa ve

A.S. Gaaba;� WT a UP a

aMax-Planck-Institut f•ur Chemie; Abt. Geochemie; PF 3060; 55020Mainz;
Germany

Abstract

Common lead isotopic data can provide important informations on the history
and the evolution of geologicalsamples.

To evaluate common lead data speci�c calculations are needed,which are not
always trivial, especially in a non-programming environment. Therefore a set of
pre-de�ned functions are helpful.

This paper presents an implementation of some basic functions for Octave, a
GNU Public License program, for the evaluation of common lead data. To show
the capability of the script a common lead data set for the Dlh�a Dolina intrusion is
presented and evaluated using CLEO. The timing of this evolved magmatic body
can be constrained by the WR-Pb-Pb method to a minimum ageof 241� 0.5 Ma.

Key words: Lead isotopes,Octave, geochemical modeling, magmatic
fractionation, principal component analysis

1 In tro duction

Common lead is useful for environmental (e.g. Chillrud et al., 2003; Char-
alampidesand Manoliadis, 2002),climatological (e.g. Abouchami and Zabel,
2003;Planchon et al., 2003),archaeological(e.g. Schettler and Romer, 1998;
Habicht-Mauche et al., 2002), volcanological (e.g. Abouchami et al., 2000)
and geochronologicalstudies(e.g. Poller et al., 2004).It is analyzedon whole
rock splits (WR-Pb-Pb) or on feldspar separates,which contain signi�cant

� Andreas S. Gaab
Email address: gaab at mpch-mainz.mpg.de (A.S. Gaab).
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amounts of the non-radiogenic204Pb, together with U-genic 206Pb and 207Pb,
and Th-genic208Pb.

To evaluate lead isotopic data, complex calculations and iterations are fre-
quently needed.These can be solved easily with a mathematical program-
ming environment like Octave. This study presents a script with sometools
to evaluate lead isotopic data together with a dataset measuredwith TIMS
(Thermal-Ionisation-Mass-Spectrometry).

As the evaluation is not always trivial, e.g.Ludwig (2001) hasdeveloped Iso-
plot for geochronological applications as for calculation of isochrons, evalu-
ation of U-Pb zircon data and more. This program can only be used with
MsExcelT M . Thus the usability of that program is limited to people with
WindowsT M or MacintoshT M operated computer systemswith a commercial
versionof MsExcelT M installed. Additional it is not possibleto read or mod-
ify the sourcecode of Isoplot, e.g. to check the calculations performed or to
extend the abilities of the program.

Becauseof the fast enhancinguser-friendlinessof Linux basedcomputer sys-
tems,alternativesfor commercialprogramsareprovided.As shown by Janousek
et al. (2003), who presents a tool for modeling and displaying geochemical
data, GNU GPL (GeneralPublic License,http://www.gn u.org/copyleft/gpl.h tml)
software can be very helpful for geochemical applications. Also the usageof
a mathematical programmingenvironment for evaluation of geochemicaldata
proofedusefuland applicablefor scientists aswell asfor students (Middleton,
2000;Grunsky, 2002).A further advantage of programsunder the GNU GPL
is that they can be obtained free of chargein the Internet for most operating
systems.

This study presents a script written for Octave, which introducesmany useful
functions for evaluation of Pb isotopic data. The script can be executedwith-
out knowledgeof the Octave language,becauseall functions are included in
the script and no further installation is needed.By a more experienceduser
thesefunctions can be usedfor further calculationsby entering Octave from
within the script. The main purposeof CLEO is the calculation of regressions
using the algorithm after York (1969) and of the corresponding 207Pb=206Pb
agefor WR-Pb-Pb dating. This method yields good results for di�erentiated
magmatic bodies(this paper), for inhomogeneousmetamorphicbodies(Gaab
et al., in press),or on a regional scale(Poller et al., 2004). Additional, dia-
grams and tables can be easily generatedwith CLEO, e.g. all diagramsand
tables in this paper are generatedwith this script. Somefurther tools are in-
cluded, like plotting lead evolution curves,principal components analysisand
radiogenicPb diagrams.

To demonstrate an application of the WR-Pb-Pb method evaluated using
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CLEO, a specializedS-type granitoid body with extensive fractionation in the
apical parts drilled in the GemericUnit (Central Slovakia) was chosen.Dur-
ing evolution of such a magmatic system, the elements are redistributed by
magmatic fractionation or by hydrothermal processes.This leads to enrich-
ment or depletionof U vs. Th vs. Pband thereforedeterminesthe subsequent
evolution of the Pb isotopeswith time. The aim of this study is to evaluate,
whether the observed mineralogical variations of theserocks were generated
by oneor more events and to gain an ageinformation on thoseevents.

2 WR-Pb-Pb dating

The basisof dating with naturally occurring lead isotopes is the radioactive
decay of U and Th to Pb: (238U ! 206Pb, 235U ! 207Pb and 232Th ! 208Pb).
The 238U=204Pb (� ) and the 232Th=238U (� ) ratios determine the Pb isotopic
evolution of geologicalsampleswith time.
Thesedecays are in fact complex decay series,but for geologicaltime-spans
(generally > 106 a, which are at least 4 times larger than longesthalf life of
an intermediate isotope) the decay chain can be simpli�ed as a single decay
reaction. 204Pb is a stable isotope, which is not producedby decay, and is used
for normalization of the measurements.

Due to the fact, that two distinct U isotopesdecay to two distinct Pb isotopes,
measuringonly the lead isotopic composition canyield ageinformation by the
following equation:

207Pb�

206Pb�
=

235U(e� 235 � t � 1)
238U(e� 238 � t � 1)

, with a uniform
238 U
235 U ratio on earth (= 137:88) and known decay constants

(� 238 and � 325, Steiger and J•ager, 1977), the age can be solved iterativ ely.
The

207 P b�

206 P b� (the ratio of the radiogenic isotopes) is a function of the slope of
a straight line in a 207Pb=204Pb vs. 206Pb=204Pb diagram and the agecan be
interpreted as the time of the �nal Pb isotopic homogenizationof samples
de�ning this line.

The errors of the measurement of the Pb isotopic composition are mainly de-
pendent on the accuracyof the 204Pb measurement, which is the least abun-
dant isotope of common lead. Thus the errors of the 206Pb=204Pb and the
207Pb=204Pb ratios are highly correlated. CLEO calculatesthe error correla-
tion betweenthe 206Pb=204Pb, 207Pb=204Pb and 207Pb=206Pb measurements, if
all three isotope ratios are given with their analytical error. For calculation of
the regressionline, the algorithm accordingYork (1969) can be used,which
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[ 1] add new data

[ 2] load/sa ve/imp ort/exp ort dataset [ 1] load CLEO data �le

[ 2] save CLEO data �le

[ 3] save as CLEO data �le

[ 4] imp ort space separated �le

[ 5] exp ort space separated �le

[ 6] exp ort as .tex table

[ 7] exp ort as .cvs �le

[ 3] mo dify data [ 1] save dataset

[ 2] save dataset as

[ 3] delete data p oin t

[ 4] change data p oin t

[ 5] add dataset

[ 6] sort data

[ 7] displa y dataset

[ 8] displa y regressions

[ 9] delete regressions

[ 4] plot diagram [ 1] 207/204-206/204

[ 2] 208/204-206/204

[ 3] 208/204-207/204

[ 4] 207/204+208/204-20 6/ 204 (w/o multiplot)

[ 5] 207/206-206/204

[ 6] 207/206-204/206

[ 7] de�ne sym b ols for this dataset

[ 8] principal comp onen ts

[ 5] mo dify diagram [ 2] add title

[ 3] remo ve legend

[ 4] add legend

[ 5] edit lab els

[ 6] re-sho w lab els

[ 7] rescale axes

[ 8] calculate regression (selected samples only)

[ 9] de�ne regression line by coe�cien ts or displa y previous

[10] displa y evolution lines

[11] in tersection of regressions with evolution lines

[12] exp ort diagram

[ 6] exit

[ 7] switc h to octa ve

Table 1. Main and sub menu of CLEO

respects the error on both variablesand the correlation betweentheseerrors.
The correct error calculation for this regressionis adopted from Titterington
and Halliday (1979).

In a 207Pb=204Pbvs. 206Pb=204Pbdiagrama straight line canalsobeinterpreted
asmixing betweentwo distinct isotopic reservoirs, thus caremust be taken in
interpreting such datasets.

3 CLEO

CLEO is a script written for Octave. It can be used and modi�ed without
commercialprograms,requiring only an installation of Octave, which is avail-
able for most operating systems(http://www.o ctave.org). The script can be
executedwithin Octave or depending on the operation system be executed
interactively (seeappendix A).

82



Chapter 5: Common Lead Evalua tion using Oct ave

3.1 Capabilities

CLEO is used to input the Pb isotopic data and to correct them for mass
fractionation (the mass-spectrometerdependent fractionation valuesmust be
modi�ed in the script. Already de�ned valuesare3.5	 per � amu for dynamic
measurements usingthe SEM, 1.45	 per � amu for static measurements using
the Faraday cups). Loaded data can be converted into a .txt �le to use the
data with other applications or into a .tex �le to produce tables with LATEX
(as Table 2).
Additionally , text �les can be imported, if the data are already in a computer
readableformat. Thus Pb data can be imported from MsExcelT M or from an
electronicdocument by pasting the data to a text �le.

Data can be saved and reloaded,data points can be removed, or new data
can be appended.If a dataset is available, it can be resortedaccordingto the
samplenamesor to a selectedvariable. Additional previous datasetscan be
appended.

For geologicalsamplesit is often useful to compare the sampleswith lead
evolution models.CLEO can display the most important evolution lines (i.e.
Stacey and Kramers (1975), Cumming and Richards (1975), Canyon Dia-
bolo Troilite (Doe and Zartman, 1979) and the reservoirs used in Zartman
and Haines (1988)) and calculate the intersectionsof a regressionline with
theseevolution lines. Additional it calculatesthe � 1 valuesfor the Staceyand
Kramers (1975) and the Canyon Diabolo Troilite (Doe and Zartman, 1979)
initial lead compositions, if a regressionline is calculatedin a 207Pb=204Pb vs.
206Pb=204Pb diagram. The � 1 value is the average� value, which is neededto
producethe initial Pb isotopic composition of the samplesfrom the initial Pb
isotopic composition of the accordingmodel.

CLEO is capableof calculating a Principal Component Analysis (PCA) ac-
cording to Albar�ede (1995) and of displaying a two dimensional diagram
with two principal components as x- and y-axis. The original 206Pb=204Pb,
207Pb=204Pband 208Pb=204Pbaxesand the scaleddata arealsoprojectedto this
planein the diagram.PCA of leadisotopic data reducesthe three-dimensional
isotopicspaceto a two dimensionalspacewith the main variancesasaxes.The
percentage of variancealong the PCA axesmeasuresthe number of indepen-
dent in
uences on the dataset and helps to identify di�erent processes(this
study) or helps to identify parallel trends (e.g. Abouchami et al., 2000).

All diagramscreatedwith CLEO can be exported as postscript �le (used for
Figure 1-3) or asenhancedmeta-�le. UsingWindowsT M or Macintosh OsXT M ,
the diagramscan alsobe directly copiedto the clipboard by clicking the main
bar with the left mousebutton.
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sample
206 P b
204 P b

2�
104

207 P b
204 P b

2�
104

208 P b
204 P b

2�
104

207 P b
206 P b

2�
104 R

02GA70 19.9457 9 15.7566 8 39.2465 19 0.7900 0.01 0.99
02GA70-2 22.0632 106 15.8753 82 40.7129 194 0.7195 0.88 0.97
02GA70-3 34.6379 23 16.5222 13 39.2866 29 0.4770 0.03 0.99
02GA71 20.2585 109 15.8036 85 39.1506 210 0.7801 0.94 0.97
02GA71-2 18.5374 13 15.6984 7 38.6688 27 0.8468 0.01 0.99
02GA71-3 19.8953 12 15.7831 9 39.4074 20 0.7933 0.01 0.99
02GA74-1 31.1250 71 16.3334 40 40.3913 95 0.5248 0.29 0.97
02GA74-2 149.3610 437 22.4068 64 43.1648 96 0.1500 0.02 1.00
02GA74-3 31.8925 121 16.4252 39 40.3311 148 0.5150 0.48 0.95
02GA72 35.9993 20 16.5629 10 40.5800 22 0.4601 0.02 0.99
02GA72-2 34.6311 12 16.5021 5 40.0104 14 0.4765 0.01 0.99
02GA72-4 22.4035 23 15.8978 16 39.6341 41 0.7096 0.04 0.99
02GA72B 186.7779 3791 24.1928 483 44.0186 896 0.1293 0.01 1.00
02GA72B-2F 25.8040 9 16.0756 7 40.1118 15 0.6230 0.01 0.99
02GA72B-2T 24.9118 40 16.0073 7 40.7234 65 0.6426 0.03 0.99
02GA73 47.2085 123 17.1557 34 40.7020 103 0.3634 0.43 0.88
02GA73-2 32.5299 69 16.4013 29 39.8335 81 0.5042 0.20 0.97
02GA73-3 45.4237 31 17.0810 10 40.0430 26 0.3760 0.03 0.99
03GA75-1 20.4210 48 15.7468 35 41.2052 98 0.7711 0.18 0.99
03GA77-1 22.1189 20 15.8790 13 39.3518 35 0.7179 0.03 0.99
03GA77-2 20.2040 42 15.8041 34 41.4763 86 0.7822 0.15 0.99

Table 2. 206Pb=204Pb, 207Pb=204Pb, 208Pb=204Pb, 207Pb=206Pbratios for the samples
of the Dlh�a Dolina drill core. Measurements are corrected for fractionation. Errors
are absolute. R gives the correlation of the error on the 206Pb=204Pb, 207Pb=204Pb
and 207Pb=206Pb measurements.

3.2 Usage

The script is menu based,which is summarizedin Tab. 1. The main menu,
which appearsdirectly at the start of CLEO, is for adding new data, entering
the load-data, the modify-data, the plot-data and edit-plot sub menus and
for exiting CLEO. After entering data, it should be saved and diagramscan
be createdwith 'plot diagram'. Here the usercan decide,what isotope ratios
should be plotted (207Pb=204Pb vs. 206Pb=204Pb, 208Pb=204Pb vs. 206Pb=204Pb,
208Pb=204Pb vs. 207Pb=204Pb, or a combined 207Pb=204Pb and 208Pb=204Pb vs.
206Pb=204Pb. For radiogenic lead data a 206Pb=204Pb vs. 207Pb=206Pb and a
204Pb=206Pb vs. 207Pb=206Pb can alsobe useful) and speci�c symbols to group
the samplescanbede�ned. Diagramscanbeeditedusingthe 'modify diagram'
sub-menu. This is the most important menu for calculating agesand modeling
the dataset.
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4 The Dlh �a Dolina granite

The intrusive complexof Dlh�a Dolina, located in Central Slovakia at 48� 460N;
20� 320E, resembles a tourmaline bearing granite, which is typical for the
Gemericunit. ThesespecializedS-type granitesare rich in Li, B and rare met-
als (Broska and Uher, 2001).U-Pb zircon vapor digestion dating and EMPA
chemicalU-Th-Pb monazitedating result in a Permian agefor thesegranites
(Monazite: 260-290Ma, Finger and Broska (1999);Zircon: 241-303Ma, Poller
et al. (2002)). Outcrops of the Dlh�a Dolina intrusion are not found, only cas-
siterite bearing greisens,which were formed due to this intrusion, crop out.
Several authors suggesttwo separatedintrusions for this complex,becauseof
the sharp evolution from a barren granite to a rare-metal rich granite (for
detailed description of the granites seeDiani�ska et al., 2002;Diani�ska, 1983;
Broska and Uher, 2001).

The Dlh�a Dolina granite wasdrilled in 1980s.The coreDD-3 is 912m long and
samplesusedfor this study arefrom 908m (03GA70),783m (03GA71),691m
(03GA74),577m (03GA72)and 504m (03GA73)depth. Thesesamplesevolve
from a barren lower granite to a highly evolved granite on the top. Additional
to the drill coresamples,cassiteritebearinggreisenfrom the outrop (03GA75
and 03GA77) were analyzedfor their lead isotopic composition following the
method after Arndt and Todt (1994). The data is given in Table 2.

4.1 The WR-Pb-Pb data

The samplesshow a very large spread in the Pb isotope spaceand all drill
core samplesre
ect a good correlation in the 207Pb=204Pb-206Pb=204Pb space
(Figure 1). The un-fractionated granite samples(02GA70 and 02GA71) have
normal (\common") 206Pb=204Pb ratios between 18.5 and 22.1. The more
evolved samples(02GA72 to 02GA74) have 206Pb=204Pb ratios between22.4
to 35.9, which is a large spread for whole-rock samples.Few splits yielded
higher 206Pb=204Pb ratios, which is due to grain e�ects whena U-rich mineral
is present in the rock split. One fraction even had 206Pb=204Pb ratio of 186
(seeTable 2). Nevertheless,all data points fall on a commonregressionline.
The samplefrom the cassiteritegreisenon the surfacehave 206Pb=204Pbratios
between20.2and 22.1,which is comparableto the barren granite and plot on
the sameregressionline.

The slope of the regressionline of the samplescorrespondsto an 207Pb=206Pb
ageof 241� 0.5 Ma, which re
ects a Permian to Early-Triassicage.

In the 208Pb=204Pb-206Pb=204Pb space(Figure 1), the situation is completely
di�erent. Here no correlation of all data can be observed, only most of the
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ageof 241� 0.5 Ma. Samesymbols for samplesusedin all diagrams.� today calculated
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barren granite samplesare aligned along a straight line. With the previously
calculated 207Pb=206Pb age, a � -value (i.e. 232Th=238U ratio) of 1.8 can be
calculated from the slope in the 208Pb=204Pb vs. 206Pb=204Pb diagram. The
data points for the more evolved samplesplot right of this referenceline at
lower 208Pb=204Pbratios with high 206Pb=204Pbratios. In Fig. 1 a referenceline
is alsodrawn for thesesamples.This referenceline correspondsto a � valueof
0.1,thusTh is depletedwith respect to U. All greisensamplesfrom the outcrop
plot left to the referenceline at high 208Pb=204Pb values.Thus thesesamples
are enriched in Th vs. U relative to the barren granite. Thereforea e�ective
fractionation of U from Th, which behave di�erent in oxidizing environments,
can be observed in this dataset. The U is connectedto the magmatic phase
and immobile in the 
uid phase,whereasthe Th is transported in a 
uid
phase,which causedthe greisenization.

Pb evolution lines for the reservoirs after Zartman and Haines (1988) are
drawn in Figure 2. The evolution line for Upper Crustal leadplots closeto the
regressionline and the most unradiogenicsamples,whereasthe evolution lines
for Mantle lead and Lower Crustal lead plot distinct from the regressionline.
This indicates that only lead from an Upper Crustal reservoir, extracted at
agessimilar to the intrusion age,contributed to the initial leadcomposition of
the granite complex.This can be alsoseenwith the � 1 value of 10 for Stacey
and Kramers (1975)model composition, which re
ects a crustal precursorfor
the magmatic intrusion.
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Fig. 3. Two dimensionaldiagram for the two principal components with the largest
variance.

4.1.1 Principal Component Analysis of the Dlh�a Dolina data

With PCA the evolution of the granite body canbe depicted.The PCA shows
that two components result in a total varianceof 100%and even onecompo-
nent is accountable for 92.9%of the total variance observed in this dataset.
Thus this systemis in
uenced by two e�ects, radioactive decay and fraction-
ation of U from Th, which leadswith time to a distinct evolution in the lead
isotopes,whereasthe radioactive decay results by far in the largest variance.

Fig. 3 showsthat the 206Pb=204Pb, 207Pb=204Pband 208Pb=204Pbvectorshavea
positive in
uence on the main principal component, whereasthe secondprin-
cipal component, is negatively correlated to the 208Pb=204Pb and positively
correlated to the 206Pb=204Pb and 207Pb=204Pb vectors. The main principal
component thus displays the radioactive decay and the secondprincipal com-
ponent measuresthe fractionation of Th from U.

4.2 Discussion

The 207Pb=206Pb ageof 241� 0.5 Ma is in good accordanceto U-Pb dating of
similar granite bodiesin the �SpisGemer((U-Pbzircon age:241-303Ma Poller
et al., 2002);(chemical monaziteage:260-290Ma Finger and Broska, 1999)).
The youngeragere
ects the lower closingtemperature for the whole rock Pb
system,which correspondsto the last magmatic/hydrothermal activit y of this
granitoid system.The good correlationof 206Pb=204Pbwith 207Pb=204Pbproves
a common evolution of the lower barren parts and the upper evolved parts
of the Dlh�a Dolina granite body and no di�erent timing of these intrusions
can be inferred. Becauseof the di�erent pattern in 208Pb=204Pb for the lower
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and the upper parts di�erent mechanism of fractionation must be employed.
Fluids probably played a major role in the development of the upper, more
evolved parts, which led to a extensive depletion in Th. The greisenisationwas
producedby these
uids, which are enriched in Th. The lower parts re
ect a
normal magmatic fractionation and only a small amount of fractionation of U
vs. Th is observed.

5 Summary

Lead isotopic studies are useful in environmental and geologicalstudies and
evaluation of thesedatasetsis mathematical not trivial (i.e. York (1969) re-
gressionsand iterativ e 207Pb=206Pb agecalculations). With CLEO a tool for
the most important calculationsneededfor the evaluation of WR-Pb-Pb data
is available for non-commercialprogram users,which can be distributed and
modi�ed freely.
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A Octa ve

Octave is a free GNU public licenseprogram for mathematical calculations.
Installation instructions can be found on the Website http://o ctave.org and
downloadedfor most recent operating systems.The CLEO code is tested on
a SUSELinux 8.0 (Octave 2.1.57),WindowsT M 2k (Octave 2.1.36)and Mac-
intosh OsXT M (Octave 2.1.46).

In a Linux/Unix platform the script can be executeddirectly from the shell
(chmod +x ./CLEO.o ct andexecutewith ./CLEO.o ct), whereason a WindowsT M

platform the the extension .oct can be linked with the Octave program �le
(select \open with .." and select the octaveprogram). Double-klicking will then
invoke the script. With Macintosh OsXT M the script can be executeddirectly
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from a Terminal (./CLEO.o ct), if the �rst line in the script is changed to
/sw/bin/o ctave -qf. Alternativ ely on all platforms it can be started directly
from the Octave prompt using source("PATH TO CLEO/CLEO.o ct") .

Prior to the use of CLEO, some values have to be modi�ed in the script.
Thereforeopen the script in a simple text editor and go to line no. 47. Here
the correct values for the machine dependendmassfractionation has to be
modi�ed, and accordingto the operating systemthe accordingline should be
uncommented two lines below.

B Analytical Technique

Fresh rock splits are used for the analysis of the WR-Pb-Pb isotopic data.
On the onehand this eliminatescontamination with Pb during crushing and
milling of the sampleand on the other hand it enhancesthe spreadof the WR-
Pb-Pb data due to inhomogeneitiesin the rock splits. The splits are leached
with H F � H N O3 mixture overnight on a hotplate. After drying, the sample
is taken up in 7n H Br , heatedfor several hoursand dried down again.1 ml of
0.6nH Br is usedto extract the leachate. Te
on columnswith 0.1ml resinare
usedto separatethe Pb to provide a clean fraction for TIMS measurement.
Pb is eluated with 6n H Cl. This fraction is loaded with silica gel onto a
Re single �lament and measuredo nFinnigan MAT 261 in static mode with
multi-collection.

The results of the measurement must be corrected for machine dependent
massfractionation. The correctionfactorsaredeterminedfor the international
standard NBS 981 (Todt et al., 1996) and a exponential correction with a
fractionation coe�cien t of 1.45 
 per � amu for static mode on the Faraday
Cups is applied using CLEO.
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Chapter 6

Analytical techniques

For the Sr and Nd isotopic analysesand the determination of the Rb/Sr and

Sm/Nd elemental ratios, a combined approach was establishedduring the

courseof this PhD study. The goal was to circumvent the needof isotopic

tracer for determining the elemental ratios and to enhancethe digestionpro-

cedureby using a microwave oven. The isotopic Sr and Nd composition, the

Rb/Sr and Sm/Nd ratios, and the completeREE pattern can be obtained

using the samedigestionsolution. This method yields an accuracyof � 10%

for the REE concentrations and � 5% for the elemental ratios as is demon-

strated by �rst results on international referencematerial (IRM) (table 2 to

4).

This approach usesa TIMS (Finnigan MAT 261)in multi-collection mode

for isotopic and an ICPMS (Finnigan Element2) with a single collector for

elemental analyses.For the microwave assisteddigestiona CEM Mars5 with

temperaturecontrol equippedwith 12pressuresaveXP-1500vesselswasused

(Fig. 2).

In order to enhancecleanlinessand to facilitate the weighing procedures,

only small PTFE beakers (7 ml) are used for the sampledigestion. These

beakers are introducedto pressure-safemicrowave digestion vesseland H Cl

is addedto ensurepressureequilibrium outsideand inside the PTFE beaker
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Figure 1: Detail for the assembly of the vesselsfor the microwave assisted

digestion. PTFA beakers containing the sampleand acid are introduced to

the pressuresafemicrowave vessel.H Cl is addedoutside the beaker to the

vesselto ensurepressureequilibrum.

analogouslyto Parr bombs classicallyused.

For quanti�cation and drift correctionof the ICPMS measurements two stock

solution were added to the samples.A 2 ppm I n solution is addeddirectly

at the weighingstep for quanti�cation and a 2 ppm Re� Ru mixed solution

is addedprior to ICPMS measurement for drift correction.

In the following sectiondetails about this approach will be given.

1 Micro wave assisted digestion of granitoid

material

To facilitate the samplepreparationand digestion,a microwave assistedtech-

nique was used. Similar approaches are described by Das et al. (2001),
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Figure 2: P-T diagram for the three digestion steps used for microwave

assisteddigestion. Acids usedfor the �rst and secondstep are H F � H N O3,

for the last step H Cl. Temperature limits shown in the diagram, energyof

the microwave oven indicated at the top of each diagram.
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Sen Gupta and Bertrand (1995), Totland et al. (1992) and Totland et al.

(1995). For digesting granitoid material, having a high SiO2 content, these

approacheswere slightly modi�ed for this procedure:

The powderedsampleis weighted into 7 ml PTFE beakers. 50 � l of the

I n stock solution is added to each sampleand weighingsare recorded. To

the beakers � 3 ml H F and � 1 ml H N O3 is addedso that the beakers are

�lled to two-third and introduced to the pressure-safemicrowave digestion

vessels(Fig. 2). Into these vessels5 ml of H Cl is added to provide high

pressureenvironment outside the beakers. Thesevesselsare closedtightly

and introducedto the microwave CEM Mars5 and radiated for 18 min with

300 W, 7 min with 600 W, 5 min with 1200 W and �nally 10 min with

600W. Thesestepsare temperature controlled, thus that 100� , 180� and

200� , respectively, are not exceeded(Fig. 2a). Maximum pressureattained

during this step is � 16 bar at the end. After cooling, the vesselsare opened

and the H Cl is discarded. The beakers, which lost approximately 50% of

acid, are re�lled with H F and H N O3 so that the beakers are again �lled

to two-third. Between the microwave digestion steps the samplesare not

evaporated to complete dryness to prevent formation of insoluble residue.

The lossof acid cannot be prevented, becauseH F dissolvessilicate minerals

and forms SiF 4, which is gaseous.Thus a over pressuresforms inside the

beaker and the SiF 4 is expectedto be lost from the beaker. To prevent loss

of sampleduring digestion, the temperature is hold at 100� for 18 min to

ensurepressureequilibrium and minimize excessive boiling. The beakersare

re-assembled togehter H Cl into the vessels.The secondH F -H N O3 step is

irradiated for 6 min at 300W, for 7 min at 600W, for 9 min at 1200W, and

for 10min at 600W. Maximum temperature and pressureduring the 1200W

step is 220� and 25 bar (Fig. 2b). After cooling, the beakers are re�lled

with H Cl and introducedoncemore to the microwave. This last step heats

the samplesfor 25 min at 160� using600W. After the last H Cl microwave
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step the samplesare evaporated to incipient drynesson a hotplate, re�lled

with H Cl and left overnight on a warm hotplate for equilibration. These

solutions are checked for clearnessand evaporated to completedryness.

Lossof samplefrom the beaker to the vesselduring microwave digestion

wasmonitored onceand the lossfrom the beaker wasgenerallylessthen 1%.

The blank level in the closedPTFA beakersis below 15� g for Sr , whereasthe

blank level outside the closedbeaker can be up to 10 ng due to the handling

of the beakers. This shows that contamination from the vesselto the beaker

is very low (Poller and Neuh•auser,pers. comm).

For splitting, the dried sampleis dissolved in 5n H N O3. After overnight

equilibration on hotplate a clear solution is obtained. This is split in two

halfs, one split for isotopic analysis,one split for elemental analysis. There

is no needof weighing the splits exactly, becausethe quanti�cation will be

obtained by the sample-to-I n ratio and the isotopic composition is indepen-

dent of the amount of split used. The split for isotopic analysisis againdried

down and preserved for column chemistry (section 2).

The ICPMS split is transferedto 50ml PE tube, 50
 l of Re� Ru solution

is added,and the exact weight of this is recorded.This is important for the

drift correction. The 50 ml PE tube is then �lled to 50 ml with 5n H N O3

to provide the solution for ICPMS analysis(section 3).

2 Column chemistry for Sr and Nd sepera-

tion and loading for TIMS measurmen ts

Column chemistry for separation of Sr and N d is applied to the samples

accordingWhite and Patchett (1984).

This method appliesstandard ion exchangeprocedures.The sampleis dis-

solved in 2.5n H Cl and transferred to the prepared5ml columns�lled with

AG50W-X12 resin. Sr is eluted from the column after 42 ml 2.5n H Cl with
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8 ml 2.5n H Cl and the REE consecutively eluted with 13 ml 6n H Cl after

an additional wash step with 5 ml 6n H Cl. The Sr fraction is cleanedon

1 ml resin columns with an accordingsmaller amount of 2.5n H Cl. N d is

separatedfrom the REE fraction using columns�lled with 2 ml Te
on pow-

der coatedwith di-2-ethylhexyl orthophosphoricacid. It is eluted with 6 ml

0.18nH Cl after 10 ml 0.18nH Cl wash.

Measurements were made on a Finnigan MAT261 in static mode. A

fraction of the cleanedSr (� 50 ng), depending on the concentration of the

sample, is loaded using 2n H Cl on W single �laments. The W �laments

were prepared with 1� l TaF prior to loading the sample. The �lament is

dried at 2.5A and heatedfor 30 secwith 4.2A.

Also a fraction of the cleanedN d (� 50 ng) is loadedon Re double �laments

with 2n H Cl. The sampleis dried at 1.2A and glowed shortly at 2A.

3 Relativ e-Sensitivit y-Factor quan ti�cation for

ICPMS analysis

The ICPMS solutionsweremeasuredon the ICPMS Element2 usingmedium

and high resolution mode to analyzeSr, Rb, and the REE. The high resolu-

tion modeis necessaryfor the HREE to resolve isobaricinterferences.Table1

lists details for the measurement. Measuringtime for each samplewas� 5 min

with 30 individual scanssummarizedto 3 runs for each resolution. Together

with the washand the takeup time onesamplewasmeasuredwithin 10 min.

The quanti�cation was obtained using a dissolution of the IRM GSP-2

with known concentrations (Raczeket al., 2001). This standard is prepared

analogouslyasthe samplesandusedasstandardfor calculationof the relative

sensitivity factors (RSF) relative to the added I n. These RSF are then

applied to the samplesafter a linear massdependent drift correction using

Re � Ru (Eggins et al., 1997;Cheathamet al., 1993).
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measured resolution mass integration settling samples

isotope window2 [%] window3 [%] time [s] per peak4

85 Rb MR 120 80 0.300 20
88 Sr MR 120 80 0.001 20

101 Ru MR 120 80 0.037 20
115 In MR 120 80 0.001 20

139 La 1 MR 180 80 0.050 25
140 Ce MR 120 80 0.001 20
141 P r MR 120 80 0.001 20
143 N d MR 120 80 0.001 20
147 Sm MR 120 80 0.001 20
187 Re MR 120 80 0.051 20
101 Ru HR 200 80 0.300 20

115 In HR 200 80 0.001 20
151 E u HR 200 80 0.057 20
158 Gd HR 200 80 0.001 20
159 T b HR 200 80 0.001 20

163 D y1 HR 230 80 0.001 25
165 H o HR 200 80 0.001 20
167 E r HR 200 80 0.001 20

169 T m HR 200 80 0.001 20
172 Y b HR 200 80 0.001 20
175 Lu HR 200 80 0.038 20

187 Re HR 200 80 0.001 20
1used as locked mass
2width actually measuerd
3width used for quanti�cation by integration
4samples measured during one scan over 100% of the peak width.

Table 1: Details for the method usedfor measurements on Element2.
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In the following the calculation for evaluation will be described:

Blank correction:

A blank correctionwasappliedby the softwareof the Element2. Therfore

the 5n H N O3 was analyzedat the start of a sequence.Blank level was in

generalbelow 0.1%of the analyte intensity.

Drift correction: The drift wascorrectedwith a linear correctionusing

the Re � Ru mixed solution added prior to measurement. A correction

factor x is calculated for Re and Ru and the intermediate massescorrected

accordingto:

x =
I smp=mReRu;smp

I std=mReRu;std

x =
I smp=(wReRu;smp � cReRu )
I std=(wReRu;std � cReRu )

becausecReRu is equal for sampleand initial sample:

x =
I smp=wReRu;smp

I std=wReRu;std

Correction for each analyte isotope is accordinglyobtained by:

x isotop =
(xRe � xRu )
MRe � MRu

� (MRe � M isotop ) + xRe

I corr = I meas � x isotop M

, with smp - sample
std - standard

ReRu - stock solution used for drift correction
cReRu - concentration of the stock solution [ppm]

x - correction factor [1]
I - Intensit y [cps]

m - amount of internal standard in sample [ � g]
w - weight of internal standard stock solution [mg]

meas - measured
corr - corrected
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Relativ e Standard Factor Quan ti�cation:

The generalformula for SF (Sensitivity Factors)accordingto Doherty (1989):

SF =
c

I � H
=

m
D

I � H

formula to calculatethe RSF (Relative Sensitivity Factors) for an isotope of

a standard sample:

RSFA =
SFA

SFN
=

=

m A
D A

I A � H A
m N
D N

I N � H N

=
mA
D A

I A � HA
�

I N � HN
mN
D N

=

, becausethe dilution factor D = DA = DN

=
mA

mN
�

I N � HN

I A � HA
=

(cA � wstd )
(cN � wI nstock ;std )

�
I N

I A
�

HN

HA

to calculatethe concentration in the samplesusing the previously calculated

RSF:

csmp;A = RSFA �
I smp;A

I smp;N
�

HA

HN
�

(cN � wI nstock ;smp)
wsmp

, with H - isotopic abundance
A - analyte isotope
N - normalizing isotope

smp - sample
std - standard
SF - sensitivit y factor [ng/ml/cps]

RSF - relativ e sensitivit y factor [1]
m - amount of element [ng]
D - �nal Dilution [ml]
I - intensit y [cps]
c - concentration [ppm]

cN - concentration of In stock solution
w - weight [mg]

101



C
hapter

6:
A

nal
ytical

T
echniques

GSP-2r ef GSP-2c GSP-2a GSP-2b1 GSP-2b1 GSP-2b1 GSP-2c1 GSP-2d GSP-2eI 1 GSP-2eI I 2 mean RSD [%]
used as standard GSP-2b GSP-2eI
measured on 31.7.03 2.2.04

Rb 242 245 202 239 237 235 239 247 243 243 237 5.5
Sr 238 242 228 237 237 237 234 240 236 239 237 1.6
La 186.0 177.3 138.2 184.4 188.0 191.4 192.2 198.4 183.7 185.0 182.5 9.1
Ce 445.0 440.0 349.0 452.8 448.6 464.0 453.1 460.6 422.6 426.6 436.2 7.7
Pr 50.7 50.2 38.5 51.0 49.9 49.9 55.0 57.0 50.5 50.2 50.3 9.5
Nd 207.0 177.3 165.4 207.6 196.8 204.4 222.8 224.6 206.7 210.5 202.3 9.1
Sm 26.2 24.7 21.3 26.3 26.1 25.4 27.2 27.3 25.9 26.0 25.6 6.7
Eu 2.3 2.2 1.9 2.2 2.2 2.2 2.4 2.3 2.2 2.3 2.2 5.6
Gd 12.2 12.2 10.5 12.9 13.0 13.2 12.5 12.3 11.8 12.3 12.3 6.1
Tb 1.3 1.4 1.2 1.5 1.4 1.4 1.4 1.3 1.3 1.4 1.4 5.3
Dy 5.7 5.4 4.9 5.7 5.6 5.6 5.9 5.5 5.3 5.7 5.5 5.0
Ho 1.0 1.0 1.0 1.1 1.1 1.1 1.0 1.0 1.0 1.0 1.0 3.8
Er 2.3 2.3 2.2 2.4 2.4 2.4 2.3 2.2 2.2 2.3 2.3 3.2

Tm 0.3 0.3 0.3 0.3 0.3 0.3 0.3 0.3 0.3 0.3 0.3 4.7
Yb 1.6 1.6 1.6 1.7 1.7 1.7 1.7 1.6 1.6 1.7 1.7 2.1

Rb/Sr 1.017 1.014 0.886 1.005 1.002 0.993 1.022 1.031 1.028 1.018 1.002 4.2
Sm/Nd 0.127 0.140 0.129 0.127 0.132 0.124 0.122 0.122 0.125 0.124 0.127 4.3

1double measurement on same dilution 2analysis on second split

Table2: Analysesof IRM GSP-2of two independent microwave dissolutionproceduresand two independent analysis

sequences.GSP-2band GSP-2eIusedas standard. Referencevalue after Raczeket al. (2001).
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JG-1 r ef JG-1a JG-1b JG-1c JG-1d mean RSD [%]
used as standard GSP-2b GSP-2eI
measured on 31.7.03 2.2.04

Rb 178 138 131 179 180 179 0.1
Sr 186 174 178 187 188 187 0.4
La 20 18.8 15.6 24.0 24.0 24.0 0.1
Ce 43 40.7 35.4 50.2 49.7 50.0 0.7
Pr 4.9 4.3 3.9 5.8 5.7 5.7 0.5
Nd 17.8 18.8 17.4 23.5 23.6 23.5 0.3
Sm 4.14 4.2 4.2 5.1 5.1 5.1 0.5
Eu 0.67 0.7 0.7 0.8 0.8 0.8 1.0
Gd 4.4 4.1 4.5 4.5 4.6 4.5 1.4
Tb 0.75 0.7 0.8 0.8 0.8 0.8 1.7
Dy 4.75 3.8 4.5 4.2 4.1 4.1 2.3
Ho 0.99 0.8 1.0 0.8 0.8 0.8 0.8
Er 2.99 2.4 2.9 2.3 2.3 2.3 1.0

Tm 0.46 0.4 0.5 0.4 0.4 0.4 3.0
Yb 3 2.4 3.1 2.6 2.5 2.6 2.7

Rb/Sr 0.957 0.792 0.735 0.962 0.956 0.959 0.4
Sm/Nd 0.233 0.221 0.238 0.216 0.217 0.217 0.2

Table 3: Analysesof IRM JG-1 of two independent microwave dissolution

proceduresand two independent analysissequences.GSP-2b and GSP-2eI

usedasstandard. Referencevalueafter Dulski (2001). For JG-1aand JG-1b

too low concentrations were measuredand these analysesare classi�ed as

outliers.

3.1 Results on IRM

Two digestion runs and measurement sequencesof IRM were performed to

check the precisionof the RSF evaluation (tables 2 to 3).

Within each digestionrun, GSP-2wasdissolved thrice (a-c and d-f), JG-1

and JG-2 twice(a-b and c-d). Every dissolutionwasspit in two fractions and

onesplit diluted for ICPMS analysis. The two digestion runs wereprepared

and analyzedseparately.

For the �rst run, GSP-2b was used as standard to calculate the RSF and

re-measuredthrice during the measuringsequenceto check for drift e�ects.

Also GSP-2cwasre-measuredonceto check for drift e�ects (table 2). JG-1a,

JG-1b, JG-2a and JG-2b were quanti�ed using the RSF determined for the

GSP-2bin the beginningof this sequence(table 3 and 4).
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JG-2 r ef JG-2a JG-2b JG-2cI 2 JG-2d JG-2d1 JG-2cI I 2 mean RSD [%]
used as standard GSP-2b GSP-2eI
measured on 31.7.03 2.2.04

Rb 293 298 301 302 302 303 306 302 0.9
Sr 16.2 17 17 17 17 17 17 17 1.1
La 19 21.5 21.0 23.9 23.9 24.1 24.1 23.1 6.2
Ce 45 54.7 52.4 57.3 57.8 57.4 58.3 56.3 4.0
Pr 6.0 6.4 6.1 7.4 7.3 7.3 7.4 7.0 8.3
Nd 24 29.7 27.5 32.3 31.4 31.9 32.2 30.8 6.1
Sm 7.5 9.0 8.1 9.4 9.1 9.2 9.3 9.0 5.2
Eu 0.09 0.1 0.1 0.1 0.1 0.1 0.1 0.1 6.7
Gd 9.3 11.3 9.6 10.4 10.0 9.9 9.7 10.1 6.0
Tb 1.74 2.2 1.9 2.0 2.0 1.9 1.9 2.0 6.5
Dy 11.7 12.9 10.9 12.0 11.8 11.3 11.6 11.8 5.9
Ho 2.5 3.1 2.7 2.7 2.7 2.6 2.5 2.7 6.6
Er 7.8 8.7 7.6 8.0 7.8 7.8 7.5 7.9 5.6

Tm 1.2 1.5 1.3 1.3 1.3 1.3 1.3 1.3 5.2
Yb 8.1 9.5 8.3 9.1 9.0 8.7 8.9 8.9 4.4

Rb/Sr 18.086 17.716 18.011 17.765 18.130 17.864 17.876 17.894 0.9
Sm/Nd 0.313 0.304 0.295 0.292 0.288 0.290 0.288 0.293 2.1

1double measurement on same dilution 2analysis on second split

Table 4: Analysesof IRM JG-2 of two independent microwave dissolution

proceduresand two independent analysissequences.GSP-2b and GSP-2eI

usedas standard. Referencevalue after Dulski (2001).

For the secondrun, dissolutionGSP-2ewasusedasstandardand re-measured

once. Additional for sampleGSP-2eand JG-2c both splits (I and I I, table 2

and 4) werediluted and measuredto check for e�ects causedby the splitting.

The drift correction results in good results as can be seenfor the re-

measurements of the samesolution. Also if the two splits were diluted indi-

vidually, the results correspond within error (table 2 and 4).

As shown in table 2 to 4 result this method in a precision of � 10% for

elemental concentrations and � 5% for elemental ratios. The results agree

with the referencevaluesfor the samples,only two dissolutions,JG-1a and

JG-1b, resultedin a too low concentrations probably due to problemsduring

weighingof the samplesand are classi�ed asoutliers (table 3). Theseresults

arecomparableto the precisionreported for external calibration aspresented

in Egginset al. (1997). Egginset al. (1997)even reports precisionbelow 5%
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for a I n normalized external calibration procedurefor the REE, indicating

that the precisioncan be enhancedby prolonging measuringtime.

The REE pattern and concentration obtained with this method are in

good agreement with analysesfrom ACME Laboratories,Vancouver (Canada).

This can be seenin Chapter 4 where two datasets,measuredin Mainz and

in Vancouver for samplesfrom the sameunits, are joined and interpreted

together. Also the Rb/Sr and Sm/Nd ratios obtained by this method result

in reasonablevaluesfor the geodynamic calculationsand interpretations.
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