Johannes Gutenberg-University Mainz

GUTENRERG;:

Institute of Geosciences

- Partial melting within the lower crust —
Constraints from bulk rock geochemical data and
trace element mineral analyses of granulites and migmatites from

Central Finland

Dissertation zur Erlangung des Doktorgrades der
Mathematisch-Naturwissenschaftlichen Fakultat der

Johannes Gutenberg-Universitat, Mainz

submitted by Dipl. Geol. Franziska Nehring

Mainz, Juni 2007



Table of contents

Summary

Zusammenfassung

Part I: Laser-ablation ICP-MS analysis of siliceous rock glasses fused on an
Iridium strip heater using MgO dilution

(Franziska Nehring, Dorrit E. Jacob, Matthias G. Barth, Stephen F. Foley)

Part I1l: - Internal differentiation of the Archean continental crust -
Fluid-controlled melting of granulites and TTG-amphibolite
associations in Central Finland

(Franziska Nehring, Stephen F. Foley, Pentti Holtta, Alfons van den Kerkhof)

Part I11: Trace element partitioning in the granulite facies
(Franziska Nehring, Stephen F. Foley, Pentti Holtt4)

23

76



Summary

The PhD thesis at hand predominantly concerns geochemical constraints on recycling and
partial melting of Archean continental crust. A natural example of such processes was found in
the lisalmi area of Central Finland. The rocks from this area are Middle to Late Archean in age
and experienced metamorphism and partial melting between 2.7-2.63 Ga.

The work is based on extensive field work, carried out in cooperation with the Geological
Survey of Finland. It is furthermore founded on bulk rock geochemical data as well as in-situ
analyses of minerals. All geochemical data were obtained at the Institute of Geosciences,
University of Mainz using X-ray fluorescence (major elements), solution ICP-MS and laser
ablation-ICP-MS (trace elements) for bulk rock geochemical analyses. Mineral analyses were
accomplished by electron microprobe and laser ablation ICP-MS. Fluid inclusions in minerals
were studied by microscope on a heating-freezing-stage at the Geoscience Center, University
Gottingen.

The thesis is subdivided into three major parts. Part | focuses on the development of a new
analytical method for bulk rock trace element determination. Part Il uses the bulk rock
geochemical data and the results from fluid inclusion studies for discrimination of melting
processes observed in different rock types from the working area. Part 111 of the thesis describes
how analyses of minerals from a specific rock type (granulite) can be used to determine partition
coefficients between different minerals and between minerals and melt suitable for lower crustal

conditions.

Part I: Laser-ablation ICP-MS analysis of siliceous rock glasses fused on an Iridium strip
heater using MgO dilution

Laser ablation-1ICP-MS of bulk rock samples requires fusion of rock powder on an Iridium strip
heater in order to produce homogeneous glasses for ablation. This method is easily applicable for
mafic rock samples whose melts have low viscosities and homogenize quickly at temperatures of
~1200°C. Highly viscous melts of felsic samples prevent melting and homogenization at
comparable temperatures. Part | describes how fusion of felsic samples can be enabled by
addition of MgO to the rock powder and adjustment of melting temperature and melting duration

to the respective rock composition. Data obtained by this method from geochemical reference



materials (AGV-2, GSP-2, JG-1a) usually agree within 10 % with published values. Similar
accordance was observed between data from solution ICP-MS and laser ablation-ICP-MS of
natural rock samples. Advantages of the fusion method are lower detection limits compared to
XRF analyses and avoidance of wet-chemical processing and use of strong acids as in solution
ICP-MS as well as smaller sample volumes compared to the other methods. Thus, the method is
an user-friendly analytical tool that can be easily adopted wherever laser ablation-ICP-MS is used

for data acquisition.

Part Il: - Internal differentiation of the Archean continental crust -
Fluid-controlled melting of granulites and TTG-amphibolite associations in

Central Finland

Part Il focuses on the conclusions about crustal recycling and crustal melting that can be drawn
from the field work, bulk rock data and fluid inclusion studies. The working area comprises mafic
and intermediate granulites that are hosted by upper-amphibolite facies migmatitic gneisses of the
typical Archean association ‘tonalite-trondhjemite-granodiorite’ (TTG). Amphibolites of variable
extension are interspersed with the TTG gneisses.

Fluid inclusion studies demonstrate a major change in fluid composition from CO,-
dominated fluids in granulites to aqueous fluids in TTG gneisses and associated amphibolites.
Carbonic inclusions in granulites were captured during peak metamorphism but experienced
retrograde density resetting. Their presence suggests that dry conditions were reached during
metamorphism and melting of the mafic and intermediate precursor rocks of the granulites.
Partial melts were generated in this dry environment by dehydration melting of amphibole that in
addition to tonalitic melts simultaneously produced the typical anhydrous minerals assemblages
of granulites (grt + cpx + pl £ amph or opx + cpx + pl + amph). Trace element modelling showed
that mafic granulites are residues of 10-30 % melt extraction from amphibolitic precursor rocks.
The maximum degree of melting in intermediate granulites was ~10 % as inferred from modal
abundances of amphibole, clinopyroxene and orthopyroxene.

Carbonic inclusions are absent in upper-amphibolite facies migmatites whereas aqueous
inclusion with up to 20 wt% NaCl are abundant. This suggests that melting within TTG gneisses
and amphibolites took place in the presence of an aqueous fluid phase that enabled melting at the
wet solidus at temperatures of 700-750°C. The stability of plagioclase decreases in the presence



of an aqueous fluid such that the melting reaction becomes pl + qtz = melt. The strong
disruption of pre-metamorphic structures in some outcrops suggests that the maximum amount of
melt in TTG gneisses was ~25 vol%.

The presence of leucosomes in all rock types is taken as the principle evidence for melt
formation. However, mineralogical appearance as well as major and trace element composition of
many leucosomes imply that leucosomes seldom represent frozen in-situ melts. They are better
considered as remnants of the melt channel network, e.g. ways on which melts escaped from the
system. Nevertheless, leucosome composition is related to host rock composition what can be
concluded for instance from the Na/Ca ratios of leucosomes. Tonalitic leucosomes are formed in
calcic precursor rocks (mafic granulites, amphibolites) whereas leucosomes from the more sodic
TTG gneisses show affinities towards trondhjemite.

Part I11: Trace element partitioning in the granulite facies

Mineral analyses were undertaken to constrain distribution of trace elements among
granulite facies minerals and between minerals and melt. Furthermore, these data yield evidence
for melt removal and melt metasomatism.

According to electron microprobe analyses prograde amphiboles in granulites are pargasites
and edenites. Clinopyroxene is augitic-diopsidic (Xmg 0.6-0.8, Xwo 0.4-0.5). The mineralogical
assemblage furthermore comprises enstatitic orthopyroxene (Xmg 0.45-0.7) and garnet with Xaim
0.5-0.62 and Xgrs 0.15-0.28. Plagioclase has a more variable composition ranging between
plagioclase with Xa,0.5-0.7 in mafic granulites and more sodic plagioclase (Xan 0.25-0.5) in
intermediate granulites.

The trace element analyses by laser ablation-ICP-MS show coherent distribution among the
principal mineral phases independent of rock composition. REE contents in amphibole are about
3 times higher than REE contents in clinopyroxene from the same sample. This remarkable
consistency has to be taken into consideration in models of lower crustal melting where
amphibole is replaced by clinopyroxene in the course of melting. Equilibrium distribution of the
REE is also observed between garnet and clinopyroxene or garnet and amphibole intergrown with
each other. However equilibrium between matrix clinopyroxene / amphibole and garnet was not
obtained which suggests a late stage growth of garnet and slow diffusion and equilibration of the
REE during metamorphism.



The data provide a first set of distribution coefficients of the transition metals (Sc, V, Cr, Ni) in
the lower crust. In addition, analyses of ilmenite and apatite demonstrate the strong influence of
accessory phases on trace element distribution. Apatite contains high amounts of REE and Sr
while ilmenite incorporates about 20-30 times higher amounts of Nb and Ta than amphibole.

Mineral / melt partition coefficients were derived from predictive models, comparison with
published data and actually observed ratios between minerals and melt (leucosome). Thereby a
self-consistent set of mineral / melt partition coefficients was derived which is applicable for
models of melting of mafic and intermediate rocks under lower crustal conditions.

Granulite patches from a melt-rich environment (diatexite) contain the most sodic
plagioclase, show enrichment of potassium in amphiboles and frequently comprise potassic
feldspar. This points to an addition of alkalis to these samples. Furthermore, amphiboles from
such granulite patches are enriched in incompatible trace elements (Rb, Nb, Ta, Th) and contain
the highest amounts of REE with noticeable negative Eu anomaly. These geochemical features of
granulite patches within diatexite are interpreted as a result of metasomatism and refertilization
by a percolating melt phase. A high melt / restite ratio in diatexites is inferred from the high
proportion of leucocratic material (leucosomes) in these outcrops. Despite the fact that also this
leucocratic material has residual features (see part Il), its large volumetric amount points to an
increased melt flow through these rocks. Thus, the melt signature became imprinted on minerals
in granulite patches which were disrupted and dislocated from the granulite host and became
incorporated in the melt phase.
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Zusammenfassung

Die vorliegende Dissertation beschéaftigt sich mit geochemischen Prozessen, die im
Zusammenhang mit partiellen Schmelzvorgéngen in archaischen Krustenblocken stehen. Ein
natirliches Beispiel flr krustales Schmelzen in unterschiedlichen Gesteinsarten bietet die Gegend
um lisalmi in Zentral-Finnland. Die Gesteine dieses Gebietes haben einen mittel- bis spat-
archaischen Ursprung und wurden im Zeitraum vor 2.7-2.63 Milliarden Jahren metamorph
Uberprégt und partiell geschmolzen.

Die Arbeit basiert auf umfangreichen Geléndearbeiten, welche in Zusammenarbeit mit dem
Geologischen Dienst von Finnland ausgefiihrt wurden. Anschlieende geochemische Analysen
der Haupt- und Spurenelemente des Gesamtgesteins wurden mittels Rontgenfluoreszenz sowie
mittels Flissig-ICP-MS und Laser-Ablations-ICP-MS am Institut fir Geowissenschaften der
Universitdt Mainz durchgefiihrt. Zur Untersuchung der Mineralphasen wurden die
Elektronenmikrosonde und ebenfalls die Laser-Ablations-ICP-MS am selbigen Institut
verwendet. Fluideinschlisse in Mineralen wurden mikroskopisch am Geowissenschaftichen
Zentrum der Universitat Gottingen untersucht.

1. Teil: Herstellung von Silizium-reichen Gesteinsglasern auf einem heizbaren Iridium-

Streifen und Analyse der Glaser mittels Laser-Ablations-1CP-MS

Um die Laser-Ablations-ICP-MS fir die Analyse von Gesamtgesteinsproben nutzen zu kénnen,
wird das Gesteinspulver auf einem heizbaren Iridium-Streifen zu einem homogenen Gesteinsglas
geschmolzen. Diese Methode ist besonders fur mafische Gesteinsproben geeignet, deren niedrig
viskose Schmelzen bereits bei 1200°C Schmelztemperatur homogenisieren. Dagegen verhindert
die hohe Viskositdat der Schmelzen felsischer Gesteinsproben mit héherem SiO,-Gehalt eine
Homaogenisierung der Schmelze bei vergleichbaren Temperaturen. Um felsische Proben dennoch
zu homogenen Gesteinsgldsern zu verarbeiten, wurde eine Methode erprobt, in der dem
Gesteinspulver Magnesiumoxid zugesetzt wird, welches die Viskositat deutlich verringert.
Zudem werden die Schmelztemperaturen und Schmelzintervalle auf die jeweilige
Gesteinszusammensetzung angepasst. Analysen von geochemischen Referenzmaterialien (AGV-
2, GSP-2, JG-1a), die mit dieser Methode angefertigt wurden, ergaben eine Ubereinstimmung mit
publizierten Werten innerhalb von 10 %. Der Vergleich von Analysen der Laser-Ablations-ICP-



MS und Analysen mittels Rontgenfluoreszenz und Flissig-ICP-MS von den Gesteinsproben aus
dem Untersuchungsgebiet ergab eine dhnliche Ubereinstimmung.

Vorteile der Schmelzmethode gegeniiber Spurenelementanalysen mittels Rontgen-
fluoreszenz sind die deutlich niedrigeren Nachweisgrenzen der ICP-MS. Die -einfache
Durchfuhrbarkeit des Schmelzprozesses bietet zudem einen analytischen Vorteil gegeniiber nass-
chemischen Aufschlussverfahren unter dem Einsatz starker Sauren fur die Flissig-ICP-MS. Die
Methode ist daher besonders empfehlenswert fir Fragestellungen, in denen Laser-Ablations-1CP-
MS fir ein breites Probenspektrum eingesetzt werden soll.

2. Teil: - Differentierung archaischer kontinentaler Kruste -
Einfluss der Fluidzusammensetzung auf Schmelzprozesse in Granuliten und TTG-

Amphibolit-Vergesellschaftungen in Zentral-Finnland

Im Arbeitsgebiet treten mafische und intermedidre Granulite umgeben von migmatitischen
Gneisen der oberen Amphibolitfazies auf. Diese Gneise gehdren der typisch archaischen
Paragenese ‘Tonalit-Trondhjemit-Granodiorit’ (TTG) an, sind jedoch zudem von Amphiboliten
variabler Ausdehnung durchsetzt.

Die Untersuchung von Fluideinschlissen in Mineralen ergab einen deutlichen Wechsel von
CO,-Einschliissen in Granuliten zu wassrigen Einschlissen in der TTG-Serie und den
Amphiboliten. Die hohe Anzahl der CO,-Einschlisse spricht fiir trockene Bedingungen wéhrend
der Metamorphose und des partiellen Schmelzens der mafischen und intermedidren
Ausgangsgesteine der Granulite. Partielle Schmelzen entstanden unter diesen Bedingungen
durch Dehydrationsschmelzreaktionen von Amphibol, welche parallel zur Entstehung der
typischen wasserfreien Mineralparagenesen (grt + cpx + pl £ amph or opx + cpx + pl + amph) der
Granulite fuhrte. Modellierungen der Spurenelementmuster zeigen, dass mafische Granulite
Restite eines amphibolitischen Ausgangsgesteins sind, die 10-30 % einer tonalitischen Schmelze
verloren haben. In den intermedidren Granuliten sprechen die Verhaltnisse von Amphibol zu
Klinopyroxen und Amphibol zu Orthopyroxen fir einen Schmelzgrad von maximal 10 %.

Wahrend CO,-Einschlisse in der TTG-Serie und den zwischengelagerten Amphiboliten
fehlen, treten wassrigen Einschlisse mit 8-18 eq. wt% NaCl in groRer Anzahl auf. Daraus kann
geschlussfolgert werden, dass partielles Schmelzen in der TTG-Serie und Amphiboliten durch die

Gegenwart eines wassrigen Fluids bei Temperaturen von 700-750°C ermdglicht wurde. In der
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Gegenwart von wassrigen Losungen ist die Stabilitdt von Plagioklas stark herabgesetzt, und
Schmelze entsteht daher durch die Reaktion pl+ qtz - Schmelze. Die starke Zerstérung
prametamorpher Strukturen deutet auf einen VVolumenanteil von bis zu 25 % Schmelze in einigen
Aufschlissen hin.

Leukosome, welche in allen untersuchten Gesteinsarten auftreten, werden als ehemalige
Schmelzbahnen angesehen. Das Na/Ca Verhaltnis der Leukosome spiegelt das Verhéltnis im
jeweiligen Muttergestein wider. Tonalitische Schmelzen sind daher charakteristisch fur CaO-
reiche Gesteine (mafische Granulite, Amphibolite), wéahrend eher trondhjemitische Schmelzen in
der Na,O reicheren TTG-Serie entstehen. Die mineralogische Erscheinung und die
Seltenerdmuster der Leukosome deuten darauf hin, dass Leukosome nicht die Gesamtschmelze
darstellen. Sie bestehen vielmehr aus fruh kristallisiertem Plagioklas und Quartz, wéhrend die

fraktionierte Schmelze das System verlassen hat.

3. Teil: Spurenelementverteilung in der Granulit-Fazies

Die mineral-chemischen Untersuchungen dienen dazu, die Verteilung von Spurenelementen
zwischen unterschiedlichen Mineralphasen sowie zwischen Mineralen und Schmelze unter
granulitfaziellen Bedingungen zu verstehen. Sie kdnnen weiterhin genutzt werden, um die
metasomatische Uberpragung des Restits durch perkolierende Schmelzen nachzuvollziehen.

Anhand von Elektronenmikrosondenanalysen wurden die Amphibole in Granuliten als
Edenite und Pargasite Klassifiziert. Klinopyroxene sind Augite (Xwg 0.6-0.8), Orthopyroxene ist
intermediar mit Xug= 0.5-0.7 und Granat ist Fe-reich (Xaim 0.5-0.62). Plagioklas weist erhebliche
Unterschiede in der Zusammensetzung auf. In CaO-reichen mafischen Granuliten besitzt der
Plagioklas eine hohe Anorthitkomponente mit Xa, 0.5-0.7, wéhrend Xa, 0.25-0.5 in den CaO-
armen intermediéren Granuliten vorherrscht.

Unabhangig von der Gesamtgesteinszusammensetzung sind die Spurenelemente konstant
zwischen den vorherrschenden Mineralphasen verteilt. Insbesondere féllt das Verhéltnis von
3fach hoéheren Seltenerd-Konzentrationen in Amphibol gegentiber Klinopyroxen auf, welches bei
der Modellierung von chemischen Prozessen in der Unterkruste Beachtung finden sollte. Die
Verteilung der Seltenen Erden zeigt weiterhin, dass grofle Granatporphyroblasten nur mit den
direkt mit ihnen verwachsenen Klinopyroxen und Amphibol, jedoch nicht mit der gesamten
Matrix im Gleichgewicht stehen. Das Ungleichgewicht zwischen Granat und Matrix deutet auf

Vil



ein spates Wachstum der Granatporphyroblasten sowie langsame Diffusion der Seltenen Erden
und somit verhinderte Gleichgewichtseinstellung hin.

Neben den Verteilungsmustern der Seltenen Erden wurden auch Verteilungskoeffizienten
fir die Ubergangsmetalle bestimmt (Sc, V, Cr, Ni), fiir die bisher wenige Literaturangaben
existierten. Analysen von Ilmenite und Apatite demonstrierten zudem den starken Einflu} von
akzessorischen Mineralien auf die Spurenelementverteilung. Apatite besitzt hohe Gehalte an
Seltenen Erden und Sr, wahrend lImenite 20-30-mal hohere Gehalte an Nb und Ta als Amphibol
aufweist.

Es wurden Verteilungskoeffizienten zwischen Mineralen und Schmelzen durch die
Anwendung rechnerischer Methoden, sowie durch den Vergleich mit Literaturangaben und
tatsachlich beobachteten Verhéltnissen in Mineral und Schmelze (Leukosomen) ermittelt.
Dadurch war es mdoglich, eine Reihe in sich konsistenter Schmelzverteilungskoeffizienten zu
formulieren, die in der Modellierung von Schmelzen mafischer und intermedidrer Gesteine unter
den Druck-Temperatur-Bedingungen der Unterkruste Anwendung finden kdnnen.

Kleine Bruchstiicke von Granuliten wurden in Aufschlissen mit einem hohen
Volumenanteil von Schmelze gefunden (Diatexite). Die Minerale dieser Bruchstiicke weisen eine
Anreicherung von Alkalien auf, die sich in niedrigen Anorthitgehalten der Plagioklase, erhohten
Kalium-Gehalten der Amphibole und dem seltenen Auftreten von Kalifeldspat manifestiert.
Zudem sind die Amphibole dieser Proben an inkompatiblen Spurenelementen (Rb, Nb, Ta, Th)
angereichert und besitzen hohe Gehalte der Seltenen Erden mit deutlich entwickelten negativen
Eu-Anomalien. Diese Merkmale deuten auf eine metasomatische Uberpragung der Minerale
durch eine Schmelze hin. Obwohl das leukokrate Material der Aufschliisse (Leukosom)
groRtenteils eine residuale Zusammensetzung aufweist, deutet sein hoher Volumenanteil auf
einen groRen Durchsatz an Schmelze hin. Diese Schmelze Uberpréagte die Spurenelementmuster
der Minerale in Granulitfetzen, die aus dem urspriinglichen Gesteinsverband herausgeldst und in
die Schmelze inkorporiert wurden.

Vi
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Abstract

Trace element determination in rocks by fusion on an Iridium strip heater followed by LA-
ICP-MS analysis of the glass beads is extended here to SiO,-rich rocks; rapid fusion of samples
with >55 wt% SiO; is facilitated by dilution by high purity MgO. The method developed here can
rapidly and accurately determine numerous trace elements in a large range of rock compositions
in a short time (about 50 samples/day). Systematic evaluation for a large range of rock
compositions (natural rocks and reference materials AGV-2, GSP-2, JG-1a) with SiO, contents
between 45-80 wt% shows that reproducibility and accuracy within 10% can be routinely
achieved for most of the 28 trace elements investigated (Rb, Sr, Cs, Ba, Ti, Zr, Hf, Nb, Ta, Sc, V,
Cr, Ni, Pb, Th, U, REE). The 40 mg sample size is smaller than for XRF, INAA or solution-1CP-
MS, detection limits are lower and trace element palettes more complete than XRF and INAA.
This microchemical method is thus attractive for the analysis of all natural geological materials as
well as for experimental applications with small samples. Samples with SiO,-contents >55 wt%
require hot and long melting to achieve homogeneous glasses and eliminate all residual minerals,
particularly refractory accessory phases. Melting conditions of 1600°C and 20 s for samples are
recommended for SiO,-contents between 55-70 wt%, whereas 1800°C and 20-30 s are often
required for samples with >70 wt% SiO,. Problems are encountered for Pb and Cs due to
volatilization on the Ir-strip, for Sc due to interferences, and Zr and Hf due to their sequestration

in refractory accessory minerals.

1. Introduction and summary of previous studies

Precise determination of bulk rock trace element contents is required for most geochemical
studies. Several standard analytical techniques for trace element analysis are available (e.g. XRF,
ICP-MS, INAA), which have particular advantages and disadvantages in routine use. Amongst
the disadvantages are the need for chemical dissolution of samples and problems of incomplete
dissolution (ICP-MS), high detection limits (XRF) or time consuming processing (INAA). A
relatively new and rather simple microanalytical tool for trace element determination is direct
fusion of rock powder on an Iridium strip heater and analysis of trace elements by LA-ICP-MS
(Laser Ablation Inductively Coupled Mass Spectrometry). This method provides low detection
limits for a large range of elements and can be performed rapidly and easily, by-passing the need

for sample dissolution. This is an improvement over the use of lithium borate glasses by Eggins
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(2003), whose analysis by ICP-MS eliminates the possibility of Li determination and may
contaminate the instrument for Li analysis in other samples.

The Ir-strip fusion method was first described by Nicholls (1974) for determination of
major element concentrations on glass beads by electron microprobe and was later extended with
slight modification (Tungsten strips) to determine trace element concentrations (Fedorowich et
al., 1993). The procedure is well established and unproblematic for mafic compositions (<55 wt%
Si0,) that can easily be fused at 1200°C with routine accuracies better than 10 % (pers. comm.
K.P. Jochum, Max-Planck-Institute for Chemistry, Mainz). Fusion of siliceous samples is more
problematic, because rapid homogenization during melting on the strip is hindered by high melt
viscosities. Homogeneity in such samples can only be obtained by applying high melting
temperatures (1700-1800°C) and long fusion times (60-120 s) combined with stirring at high
temperatures, but this is disadvantageous for elements with high volatility.

Another approach to facilitate rapid fusion and homogeneity is dilution of high SiO,-
concentrations by addition of high-purity MgO (Gumann et al., 2003, Gumann, 2004). These
authors focused on glass beads of granitic materials for the analysis of major elements by electron
microprobe, and discovered that homogeneous beads are best obtained by two sequences of
grinding MgO and sample material together in an agate mortar and fusing on the Ir-strip. They
documented accuracies better than 5 % except for MgO, and encountered problems with trace
elements in geochemical reference material JG2; LREE-contents were generally too low, whereas
Ni and Cu contents were contaminated by the strip heater electrodes.

In this study, we use an improved Ir-strip heater design with computer-controlled heating
and melting under an Ar atmosphere to systematically evaluate melting behaviour of a wide
range of rock compositions (55-80 wt% SiO,) and the behaviour of trace element concentrations
on the sample/MgO mixing ratio, melting time and melting temperature. The study also
employed three commercially available international reference materials (AGV-2, GSP-2 and JG-
1a).
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2. Experimental

2.1 Instruments and analytical procedure

The Iridium strip heater consists of an Iridium strip (20 x 0.5 x 0.05 mm in size) clamped
between the poles of a 3V / 250 A electric source, enabling resistance heating (Fig. 1). The
heating assemblage is located in a closed chamber flooded with Argon during melting to suppress
oxidation of the sample. Temperature is computer-controlled by adjusting the electrical current
according to a calibration of melting temperature using a pyrometer. Melts are quenched by a
cold argon jet located immediately beneath the Iridium strip.

<lomy, argon outlet | Fig. 1:
j & The strip heater cell at the Department of
iridium strip Geosciences, University, Mainz, showing the

with sample

Iridium strip clamped between two copper
electrodes. During fusion and quenching, argon
flows through the cell via two outlets to prevent
oxidation. An Ar jet directly below the Ir strip helps

to quench the glass.

LA-ICP-MS measurements were performed at the Department of Geosciences, University
of Mainz with an Agilent 7500ce quadrupole ICP-MS coupled with a NewWave Research UP-
213 laser. Data acquisition was accomplished in peak-jumping mode with one point per peak and
10 ms dwell time. LA-ICP-MS operating parameters are given in Table 1. Background
measurements were performed for each analysis for 60 s prior to ablation. Plasma conditions
were adjusted to oxide formation rates below 0.5 % (monitored using the 248/232 mass ratio), so
that no further oxide corrections were necessary. Either “*Ca or **Ca were used as internal
standards for the geochemical reference materials and most natural samples, whereas *°Si was
used as internal standard for samples with less than 1wt% CaO. Certified glass reference
material NIST SRM 612 served as the external standard and was measured at the beginning and
at the end of each group of unknowns as well as after every tenth to fifteenth sample
measurement during long runs to monitor instrumental drift. Data reduction was carried out using
“Glitter” software. Detection limits generally range between 0.001 and 0.5 pgg™. The elemental

concentrations of NIST SRM 612 were taken from Pearce et al. (1997) except for Zr for which
4
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the preferred value given in the GeoReM database (Jochum et al., 2005) was used. Measured
trace elements in NIST SRM 612 have a reproducibility better than 5 % (exceptions are Cs, Pb,

Th and U at <10 %) and correspond within 5 % to recommended values.

Table 1: LA-ICP-MS operating parameters

Laser New Wave UP 213, Nd:YAG Laser
Wavelength 213 nm
Pulse Energy 0.36 -0.45mJ
Repetition rate line scasni?ozt(.) 1I—(|)z|_/|220 pum/s
Spot size 100 pm
ICP-MS Agilent 7500ce
Forward Power 1200 W
Plasma Gas Flow (Ar) 15 I min*
Carrier Gas Flow (Ar) 1.2 I min®
Cone Material Ni
ThO*/Th* <0.5%

Instrument performance and stability were monitored by repeated measurements of USGS
basaltic reference glass BCR-2G during the analytical sessions. Reproducibility on BCR-2G is
better than 10 % except for Ni (16 %) and Pb (11 %), and measured concentrations generally
agree within 10 %.

In addition to the determinations on Ir-strip glasses, several samples were analysed for
comparative purposes for rare earth elements (REE) and Y by solution ICP-MS after Li-
metaborate fusion (Mareels, 2004), and for Sc, V, Cr, Ni, Zr, Sr and Ba by XRF (MagiXPro) on
pressed powder tablets. After Li-metaborate fusion the material was dissolved in 0.42 M HNO:s.
Solutions were analysed at the Department of Geosciences at the University of Mainz using a VG
Elemental Plasma Quad 3 following routine methods. Quantification of element concentration
was carried out by external calibration using reference material AGV-2 processed in the same
way as the samples. In and Re were added as internal standards to the sample solutions for

instrumental drift correction.
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2.2 Samples and sample preparation

Geochemical reference materials AGV-2 and GSP-2 (United States Geological Survey, USGS) as
well as JG-1a (Geological Survey of Japan, GSJ) were used for the experiments. AGV-2 is an
andesite with a SiO, content of 59.3 wt%. GSP-2 and JG-1a are granodiorites with SiO, contents
of 66.6 wt% and 72.3 wt%, respectively. The natural rock samples cover a range of SiO,-contents
from 45 - 80 wt% SiO, and represent igneous and metamorphic rocks typical of the continental
crust (see Part Il). In addition, paragneisses, sandstones and litharenites (Meinhold et al., 2007)
were included to test the applicability of the strip heater method to sedimentary rocks.

All samples were milled in an agate rotary mill before fusion. About 40 mg of mafic and
intermediate samples with up to 55 wt% SiO, were fused directly at 1100-1400 °C at a current of
110-120 A (140-170 W) for 10 s. Samples with >55 wt% SiO, were dried at 1000 °C for 15 min
to reduce degassing during the fusion process. Afterwards high purity MgO powder was added to
reduce the SiO, content of the mixture to ~55 wt%. Trace elements in the MgO as determined by
solution ICP-MS are in the range of 0.00002-0.2 pgg™ (pers. comm. G. Brey, Institute
Geosciences, University Frankfurt on Main.). The mixtures were blended for several minutes in
an agate mortar adding a few drops of acetone. This procedure has the advantage of producing a
very fine powder that was easier to fuse than the routinely milled rock powder. About 40 mg of
the mixtures were fused for 10 s, 30 s and 70 s using a current of 116-125 A (160-190 W, 1200-
1600 °C). At 1600°C quench crystals occurred in compositions with more than 70 wt% SiO, but
even the most siliceous samples yielded homogeneous clear, translucent glass beads at 1800 °C
(135 A /220 W). Therefore, melting conditions were chosen according to initial SiO; contents as
1200°C for mafic, undiluted samples, 1600 °C for samples with less than 70 wt% and 1800 °C
for samples with more than 70 wt% SiO,. We also applied grinding of primary glass beads and
re-melting of the glass powder. Glass powders melted easily and always produced optically
homogeneous beads. For analysis by LA-ICP-MS, beads were stuck onto a microscope slide
using double-sided adhesive tape.

Melting of silicic glasses is accompanied by degassing of the sample and formation of
vesicles in the melt. Degassing can be a result of release of crystal-bound water as well as of
water absorbed by the powders during grinding; the latter is indicated by the fact that vesicle

formation during fusion of glass powders is especially strong.
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3. Results

3.1 Homogeneity and accuracy of analyses of reference materials

Homogeneous results can be achieved in the three reference materials (Fig. 2-4) by adjusting the
fusion conditions to the SiO,-content of the sample. For the elements Sr, Ba, Th, U, Ti, Nb, Ta,
Th and the REE (Rare Earth Elements), accuracy is usually within 10 % of the reference value
(Table 2-4). Reproducibility is also within 10 %, which may partly be due to similar fractionation
to the internal standard Ca during laser ablation (Guillong & Giinther, 2002, Kuhn et al., 2004).
Homogeneity of REE in reference material JG-1a and highly siliceous samples is only achieved
under the highest temperature fusion conditions applied (1800°C and 30s), whereas the
behaviour of Sr, Ba, Th, U, Nb and Ta is evidently not influenced by fusion conditions. This may
be due to storage of the REE in refractory accessory phases (zircon, apatite, monazite, allanite)
that do not easily dissolve in the melt. Similary, REE contents in reference material GSP-2 only
agree with the reference values if the fusion process is prolonged (30-70 s) or the glass beads are
reground and molten again.

Inhomogenously distributed Zr and Hf contents in the glass beads of GSP-2 and JG-1a are
most likely related to incomplete melting of microscopic zircon crystals. Re-grinding and a
second fusion cycle improved the homogeneity of these elements. However, similar
improvements are obtained during hotter and prolonged fusion of the siliceous compositions,
which is preferred to re-grinding and re-fusion.

Reproducibility of Cr and Ni contents is poorer at 10-15 %, which may be attributed to less
well determined Ni and Cr concentrations in the reference materials (Table 3). Reference values
for Cr and Ni contents of AGV-2 are documented with relative standard deviations (RSD%) of
12 % and 16 % respectively (Cr 17 pgg™ + 2 pgg™; Ni 19 ugg™ + 3 pgg™) and uncertainties are
larger for GSP-2 (Cr £30 %, Ni £12 %) and JG-1a (Cr 25 %, Ni £27 %). Our values lie within
the given RSD% of the reference materials.

Pb and Cs are depleted in the glass beads compared to the reference values, which is due to
volatilization during melting. Their determination by the strip heater method is therefore not
recommended. The loss of these elements increases with increasing fusion temperature and time
and, hence, is especially strong if a second melting cycle is applied.

We investigated several degrees of dilution to the reference materials AGV-2 and GSP-2.

The fusion procedure and the homogeneity of the glasses is not significantly improved by
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dilution down to 50 wt% SiO,. On the contrary, accuracy suffered slightly, probably due to

mixing problems.

1.6
AGV-2 12 spots on 4 beads fused at 1200°C

14

L 1 L 1 1 L 1 1 1 1 L 1 L ' 1 L 1 1 1 1 L 1 L 1 1 L

6 spots on 3 beads reground and refused at 1200°C

measured value / reference value

12

1.0

0.8 |

0.6

0.4 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1

Ti V Cr Ni Rb Sr Y Zr Nb Cs Ba La Ce Pr Nd Sm Eu Gd Dy Er Yb Lu Hf Ta Th U

Fig. 2:
Data for reference material AGV-2 presented as the ratio of measured value divided by the reference
value. Stippled lines denote 10 % deviation from the reference value. Short melting durations at the lowest

temperatures provided the best results for this intermediate rock material.



Table 2: Results obtained for reference material AGV-2. Due to the low SiO,-content of

this sample, excellent recoveries are obtained even at low fusion temperature.

AGV-2
reference 1200°C 1600°C
values 4 beads, n=12 4 beads, n=12
mean SD mean RSD% rec. % | mean RSD% rec. %

Li 11 1 10.7 9 97 10.9 10 99
Sc 13 1 15.2 4 117 15.3 3 118
Ti 6300 130 7122 5 113 | 6570 8 104
\% 120 110 7 92 106 8 88
Cr 17 16.4 13 96 17.7 7 104
Ni 19 17.2 11 91 16.4 11 86
Rb 66.7 3.8 58.6 14 88 53.1 14 80
Sr 657 4 610 93 598 3 91
Y 18.8 15 19.1 102 18.6 99
Zr 225 14.1 223 99 218 97
Nb 14.1 0.6 13.8 4 98 13.2 4 93
Cs 1.25 0.08 0.96 17 77 0.87 16 70
Ba 1139 24 1031 4 91 997 5 88
La 36.9 1.3 37.4 3 101 36.1 4 98
Ce 68.8 2.3 64.0 3 93 61.0 4 89
Pr 7.79 0.31 7.63 3 98 7.35 3 94
Nd 30.1 0.5 30.4 4 101 28.6 3 95
Sm 54 0.07 5.48 6 101 5.20 3 96
Eu 1.53 0.04 1.46 5 96 1.40 5 92
Gd 4.50 0.05 4.53 6 101 4.36 4 97
Dy 3.44 0.11 3.51 6 102 3.44 4 100
Er 1.80 0.05 1.80 6 100 1.74 5 96
Yb 1.60 0.03 1.71 8 107 1.65 5 103
Lu 0.24 0.01 0.26 6 108 0.25 8 105
Hf 4.97 0.17 5.17 9 104 4.99 5 100
Ta 0.86 0.03 0.89 5 104 0.86 5 103
Pb 31 949 28 73 | 858 46 66
Th 6.05 0.22 6.25 5 103 5.99 4 99
U 1.82 0.11 1.65 90 1.49 82
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CaO as internal standard measured as *Ca. All data in ugg™. Reference values are averages compiled from

the GeoReM database (Raczek et al., 2001,Yu et al., 2003, Kent et al., 2004, Willbold & Jochum, 2005)

and from the USGS. rec% = recovery
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12 spots on 4 beads fused for 10s at 1800°C

0.4 1 1 1 1 1 1 1 1 1 1 1
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Fig. 3:

Data for reference material GSP-2 presented as ratio of measured value divided by the reference value.

Stippled lines denote 10 % deviation from the reference value. Note improvement of results during longer

melting (30 s) and after regrinding and remelting.
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Table 3: Results obtained for reference material GSP-2. Recoveries are best if a long melting

time is applied or if beads are reground and fused again.

GSP-2
reference 1600°C, 10s 1800°C, 10s 1600°C, 30s reground, 1600°C
values 4 beads, n=15 2 beads, n=6 1 bead, n=3 3 beads, n=6
mean SD [mean RSD% rec. % |mean RSD% rec. % |mean RSD% rec. % [mean RSD% rec. %

Li 36 2 38.1 13 106 | 46.4 6 128 | 349 14 97 40.9 4 114
Sc 6.3 0.7 946 12 150 | 9.93 3 158 8.2 131 | 9.80 5 155
Ti 3960 120 | 4151 105 | 4311 2 109 | 4538 4 115 | 4045 3 102
Y, 52 4 48.2 9 93 52.3 3 101 | 509 14 98 46.9 2 90
Cr 20 6 21.0 105 | 232 13 116 | 21.9 14 110 | 191 23 96
Ni 17 2 164 10 96 19.3 13 113 | 18.2 18 107 | 169 22 100
Rb 247 7 208 20 84 225 7 91 193 18 78 199 11 81
Sr 241 7 213 3 88 212 2 88 209 3 87 214 1 89
Y 271 1.2 24.2 5 89 22.8 2 84 25.4 4 94 26.9 5 99
Zr 564 13 487 24 86 543 27 96 502 7 89 560 4 99
Nb 26.8 0.7 24.4 4 91 25.1 2 94 25.6 6 96 26.7 2 99
Cs 1.27 0.12 0.97 17 76 1.05 14 82 0.89 17 70 0.99 13 78
Ba | 1373 66 | 1197 6 87 | 1197 2 87 | 1156 4 84 | 1149 9 84
La 186 11 169 4 91 165 3 88 186 1 100 178 2 96
Ce 436 26 387 5 89 407 3 93 445 9 102 400 6 92
Pr 55 5.1 48.7 3 88 49.5 2 90 53.8 5 98 50.4 2 92
Nd 215 19 188 3 87 187 2 87 206 2 96 198 2 92
Sm 27.5 1.3 23.4 5 85 23.1 3 84 26.3 1 96 25.4 2 92
Eu 239 0.15 1.98 5 83 1.96 3 82 2.1 3 89 2.07 2 87
Gd 13 13 11.6 6 89 1.1 4 85 12.2 1 93 12.7 4 98
Dy 6.12 0.37 | 5.43 6 89 5.08 4 83 5.78 4 94 5.95 6 97
Er 239 021 | 2.16 8 90 2.02 4 84 2.33 6 97 2.37 4 99
Yb 1.7 01 1.58 9 93 1.50 8 88 1.64 6 96 1.70 2 100
Lu 024 0.02 [ 0.24 19 101 | 0.24 26 101 | 0.24 6 98 0.24 9 100
Hf 157 15 129 28 82 13.7 25 87 13.3 9 85 14.8 5 94
Ta 0.95 0.02 0.83 6 88 0.83 9 87 0.87 4 92 0.98 3 103
Pb 42 3 33.7 34 80 22.8 28 54 39.3 25 94 15.5 46 37
Th 109 7 99.4 8 91 93.3 4 86 108 2 99 111 2 102
U 2.46 0.06 2.0 13 81 2.34 10 95 2.3 18 93 2.14 17 87

CaO as internal standard measured as “Ca. All data in pugg™. Reference values are averages compiled from

the GeoReM database (Jochum & Jenner, 1994, Raczek et al., 2001, Vendemiatto & Enzweiler, 2001,
Yu et al., 2003) and from the USGS. rec% = recovery
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JG-la
reference 1800°C, 30s
values 1 bead, n=3
mean SD | mean RSD% rec. %

Li 79.5 4.5 94.4 5 118
Sc 6.21 0.49 9.74 3 157
Ti 1500 180 | 1557 2 104
\% 227 3.8 19.1 3 84
Cr 17.6 4.4 19.3 10 110
Ni 6.91 1.9 7.95 15 115
Rb 182 9 159 5 87
Sr 183 5 160 1 87
Y 30.2 1.3 26.9 4 89
Zr 117 9 119 3 102
Nb 11.1 0.8 10.5 2 95
Cs 11.3 05 9.6 7 85
Ba 465 7 408 1 88
La 21.8 1.8 20.9 12 96
Ce 46.4 2.4 44.4 11 96
Pr 544 0.35 4.88 9 90
Nd 20.3 1.2 18.7 13 92
Sm 46 0.27 4.35 5 95
Eu 0.74 0.08 0.6 7 81
Gd 436 0.36 4.09 5 94
Dy 436 0.37 4.44 2 102
Er 285 0.32 2.75 3 96
Yb 296 0.34 2.85 4 96
Lu 0.45 0.05 0.46 11 102
Hf 36 0.24 3.98 1 111
Ta 1.85 0.16 1.67 4 90
Pb 264 2.8 8.3 39 31
Th 12.8 1.6 12.1 8 95
U 463 0.29 4.13 1 89
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Table 4:

Best result obtained for reference material JG-1a. Due to
the high SiO,-content (72.3 wt%) high fusion temperature
and a prolonged melting duration had to be applied. At
lower temperatures and shorter fusion duration
homogeneity was not sufficient. Note that Pb is strongly

depleted at these high fusion conditions.

Ca0 as internal standard measured as “*Ca. All data in pugg™.
Reference values are averages compiled from the GeoReM
database (Jochum & Jenner, 1994, Govindaraju, 1994, Imai et
al.,, 1995, Stix et al., 1996, Dulski., 2001, Boaventura et al.,
2002, Ishikawa et al., 2003, Orihashi & Hirata, 2003, Yu et al.,
2003) and the GSJ. rec% = recovery
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1.6

| JG-1a 3 spots on 1 bead fused for 30s at 1800°C
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Ti V Cr Ni Rb Sr Y Zr Nb Cs Ba La Ce Pr Nd Sm Eu Gd Dy Er Yb Lu Hf Ta Th U

Fig. 4:
Data for reference material JG-1a presented as the ratio of measured value divided by the reference value.

Results within 10 % of the reference values for this highly siliceous reference material are only obtained if

hot and prolonged melting is applied.

3.2 Comparison of scanning mode ablation with spot ablation

Comparison of line scan and single spot ablation analysis showed no advantage of line
scans over spot analyses. Considerably higher Rb and Cs contents (up to 30 %) were obtained in
line scan ablations than in spot ablation analyses. Material ablation in scanning mode is confined
to the surface of the bead and has been shown to produce larger particles than spot ablations,
resulting in high matrix effects and significant contribution to elemental fractionation effects in
the ICP (Guillong & Giinther, 2002, Kuhn et al., 2004). Large particles may be incompletely
ionized in the plasma and elemental fractionation due to preferential ionization of the more
volatile elements such as Cs and Rb from the surface of large particles (Kuhn & Gunther, 2004)
may result. Pb shows contrasting behaviour; it is depleted in the line scans compared to the spot
ablation patterns, although it is more volatile than Cs. The time-resolved signal of the spot
ablations shows an increase of the Pb signal intensity with increasing depth, indicating that Pb is
depleted at the surface of the beads during the melting process. Thus, since line scans only ablate
depleted material from the surface, Pb contents are lower than those calculated from spot ablation

patterns.

13
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3.3 Application of LA-ICP-MS on glass beads to natural rock samples

For most trace elements analysed, the results by LA-ICP-MS are comparable to those from
other methods. Comparison of LA-ICP-MS data of REE and Y contents in a selection of the
natural rock samples with SiO, of 59 - 85 wt% with data from solution ICP-MS indicates
agreement within 10 % (Fig. 5). Larger deviations in one of the samples (a leucosome with
67 wt% SiO,) are due to the low contents of HREE in this sample (Lu 0.03 pgg™). Furthermore,
this sample was fused for only 10s at 1600 °C and longer melting could improve agreement with
solution-ICP-MS data (Table 5).

Table 5:

Comparison of REE and Y values (mean + 1SD) of natural rock samples derived by LA-ICP-MS after
strip-heater fusion (normal font) with values derived by solution ICP-MS after Li-tetraborate fusion
(bold). All data in pgg™.

sample granulite leucosome leucosome sandstone sandstone
SiO; 59.7 wt% 64.3 wt% 67.0 wt% 73.2 wt% 84.8 wt%
method LA-ICP-MS I'\C/IlSP LA-ICP-MS IﬁSP LA-ICP-MS I,\(A:SP LA-ICP-MS I,\(A:SP LA-ICP-MS I,\CA:SP
temperature| 1600°C 1600°C 1600°C 1800°C 1800°C
time 10s 10s 10s 20s 20s
spots n=6 n=3 n=3 n=6 n=3
La 16.8+0.5 | 17.3 | 20.7#1.1 | 21.7 | 10.2#0.9 | 10.7 | 13.4+1.1 |13.15| 14.6+0.2 | 16.4
Ce 33.3+t0.9 | 37.2 | 38.1+1.9 | 40.9 | 15.9+1.8 | 16.5 | 27.5+2.3 | 27.28 | 33.8%0.4 | 32.9
Pr 4.14+0.13 | 4.49 | 4.67+0.14 | 5.01 | 1.64+0.15 | 1.77 | 3.09+£0.26 | 3.07 | 3.57+£0.07 | 3.61
Nd 17.4+0.6 | 17.2 | 20.4+0.7 | 19.7 | 6.02+0.73 | 5.79 | 11.7#0.9 |11.59| 13.6%0.6 | 14.8
Sm 3.3520.17 | 3.60 | 4.66x0.12 | 4.76 | 0.97x0.17 | 0.82 | 2.32%0.16 | 2.32 | 2.86x0.21 | 2.91
Y 15.7#0.45 | 16.5 | 20.0x0.4 | 20.6 | 2.28+0.30 | 2.34 | 13.2+0.2 | 13.7 | 13.8%0.4 | 15.7
Eu 1.02+£0.02 | 1.04 | 1.51+0.17 | 1.53 | 0.55+0.02 | 0.63 | 0.48+0.04 | 0.47 | 0.61+0.01 | 0.65
Gd 3.17+0.14 | 3.19 | 4.72+0.09 | 4.59 | 0.69+£0.04 | 0.72 | 2.25+0.12 | 2.19 | 2.49+0.14 | 2.63
Dy 2.90+0.1 | 2.90 | 4.23+0.31 | 4.09 | 0.49+0.07 | 0.44 | 2.26+0.09 | 2.38 | 2.56+0.07 | 2.54
Er 1.66+0.07 | 1.59 | 2.06+0.07 | 1.98 | 0.19£0.04 | 0.20 | 1.31+0.08 | 1.39 | 1.55£0.11 | 1.52
Yb 1.64+0.05 | 1.53 | 1.84+0.22 | 1.69 | 0.19+0.04 | 0.18 | 1.31+0.11 | 1.36 | 1.39+0.17 | 1.55
Lu 0.2520.01 | 0.24 | 0.2420.01 | 0.23 | 0.03x0.02 | 0.02 | 0.20£0.03 | 0.22 | 0.22+0.02 | 0.24
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Fig. 5:
LA-ICP-MS values compared to total dissolution ICP-MS values for natural rock samples. The deviation
for the methods is less than 10 % (stippled line) even for samples with exceptionally high SiO,-contents

such as sandstones.
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There are, however, a few elements for which problems were encountered, namely Sc, Zr,
Hf, Pb and Cs. Scandium contents determined by LA-ICP-MS on glass beads in the highly
siliceous samples are consistently higher than XRF analyses of powdered rocks and the reference
values of standard materials. The difference becomes larger with increasing SiO,-contents and
simultaneously decreasing Sc-contents (Fig. 6). This overestimation of Sc by LA-ICP-MS is not
related to the fusion process but most likely results from interferences of 2Si*’O and #Si*°O on
isotopic mass 45. This becomes more noticeable in samples with higher SiO,-contents because

this trend generally correlates with decreasing Sc in natural rocks.

2.0

—_ natural rock samples [ acv-2
€ ,c|  ©noMgO added < Gsp-2 o
x 1 o
et ® MgO added /\ JG-1a - O °
- 12 o0 g %o
rg 1.0 ....‘.__..__.____mﬁ___,_,*___ﬂ____,_m%l_ L g el
3 08 | o o Ce
L o6 | © ®
S oaf 5
0 02|
» 0.0 1 | 1 | 1