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There are places I remember

All my life, though some have changed
Some forever not for better

Some have gone and some remain

All these places had their moments
With lovers and friends

I still can recall

Some are dead and some are living

In my life I’ve loved them all

Lennon and McCartney

All beings so far have created something beyond themselves; and do you want to be the
ebb of this great flood and even go back to the beasts rather than overcome man? What is
the ape to man? A laughingstock or a painful embarrassment. And man shall be just that
for the overman: a laughingstock or a painful embarrassment. ..

Friedrich Wilhelm Nietzsche
(Also Sprach Zarathustra, 1883)



To my lovely wife, Paulinha

Written in Heidelberg in 2007-2008 using I&TEX
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Summary

This study focuses on the trace element composition of rutile, a frequent acces-
sory mineral in various rock types (mafic, pelitic and felsic protoliths; common
at blueschist-, eclogite- and granulite-facies conditions) and one of the most sta-
ble minerals in sedimentary environments. Rutile is an important carrier of highly
charged elements, such as Ti, V, Cr, Zr, Nb, Sn, Sb, Hf, Ta and W. Due to these
characteristics rutile has attracted significant interest in various fields of geology,
e.g., as a likely controller of Nb and Ta budgets in subduction zones. Furthermore,
it is useful as a geothermometer (Zr incorporation is strongly temperature depen-
dent in quartz- and zircon-bearing systems), and as a geochronological tool (U-Pb
and (U-Th)/He dating), and to assess the nature of an initial source rock in sediment
provenance studies (Nb and Cr contents can de used to distinguish between mafic
and felsic sources).

An increasing number of today’s geochemical studies, which include the inves-
tigations presented here, are based on microanalysis of trace elements, several of
which are carried out in-situ. All of these techniques depend on calibration using a
homogeneous material with well documented chemical concentration. In this sense,
having a rutile standard is a key issue. A set of rutile crystals were investigated
in order to find rutiles suitable for use as mineral standards. Trace element concen-
trations of 15 elements (V, Cr, Fe, Zr, Nb, Mo, Sn, Sb, Hf, Ta, W, Lu, Pb, Th and
U) as well as Pb and Hf isotope data are presented for four large (centimeter size)
and relatively homogeneous rutile grains. Analytical techniques used are SIMS,
EMP, LA-ICP-MS, ID-MC-ICP-MS and TIMS. For most elements, homogeneity
is usually within £10% and variations are occasionally less than (£5%), partic-
ularly in the core of two of the studied grains. The trace element concentrations
of the grains span a broad compositional range (e.g., Zr concentrations are ca. 4,
100, 300 and 800 ppm). Provisional concentration values, calculated based on the
homogeneity of the element and agreement between techniques, are presented for
Zr, Nb, Sn, Sb, Hf, Ta, W and U. One of the studied grains has a relatively high U
concentration (ca. 30 ppm) and rather constant U-Pb ages (1085.1 to 1096.2 Ma,
207pp/235U ages and 1086.3 to 1096.6 Ma, 2°°Pb/>38U ages), favoring its application
as an age standard for U-Pb rutile dating. The studied rutiles are useful as mineral
standards in for in-situ rutile measurements, particularly for Zr—in—rutile thermome-
try, quantitative provenance studies (Nb and Cr concentrations as an index of source
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Summary

rock type) and U-Pb dating. The efforts in characterizing a set of rutile standards
are not only relevant for the scientific community. It also provides the analytical
background for the results presented here.

Following the characterization of standards, textural observations and in-situ
analyses were used to investigate trace element behavior during prograde and ret-
rograde metamorphic reactions involving rutiles. The investigated samples derive
from two well studied localities: the Ivrea-Verbano Zone (Italy) and the Erzgebirge
(Germany).

The Ivrea-Verbano Zone is a classic granulite area and rocks from the Strona
and d’Ossola Valleys are an example of the amphibolite to granulite facies transi-
tion, where rutile growth is associated with the breakdown of high-Ti biotite. Rutile
bearing rocks show a rich inventory of textures that allow for the investigation of
trace element behavior in response to prograde rutile growth, and the effect of post-
peak processes on rutile chemistry. Nb concentrations in rutile from lower grade
samples show a larger spread (from 500 to 5000 ppm within one sample) when
compared to those from higher grades. This pattern can be modeled using prograde
rutile growth formed from biotite breakdown. Zr concentrations in rutile are char-
acterized by an anomalously large spread and a bimodal distribution. Maximum
Zr concentrations increase according to the general metamorphic gradient known
for this area. Temperatures (from Zr-in-rutile thermometry), although feasible, are
considerably higher than previous calculations (increasing from ca. 850 to 930°C).
A second cluster of Zr concentrations in rutile occurs at rather constant concentra-
tions (ca. 1000 ppm) for all localities and is interpreted to be related to intense fluid
influx at high temperature and/or to post-peak diffusional resetting favored by slow
cooling rates. Alteration textures, characterized by a complex network of micro-
veins, are evidence for the late fluid influx. The fluid strongly affected the rutiles,
which is evidenced by corrosion of older rutile grains and the formation of rutile
veinlets.

In the Ezgebirge, metamorphic texture support prograde rutile growth from il-
menite in low- to medium-grade (~430-630°C) metasedimentary rocks. Newly
crystallized rutiles occur as polycrystalline aggregates that mimic the shape of the
ilmenites. In-situ trace element data show that rutiles from the lowest grade sam-
ples (~480°C) mirror the Nb/Ti ratio of ilmenite. Under these conditions, rutile did
not equilibrate its chemistry with the remaining ilmenites. In higher grade samples,
rutiles show a larger scatter in Nb and have Nb/Ti ratios higher than relict ilmenite.
In these rocks, the Nb pattern can be modeled using prograde rutile growth from
ilmenite, in a model similar to the one applied to granulites from the the Ivrea-
Verbano Zone. Results indicate that rutiles from these rocks were able to reequili-
brate its chemistry with the remaining ilmenites. Newly formed rutiles yield tem-
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Summary

peratures (from ~500 to 630°C) that are in agreement with the metamorphic con-
ditions published for the studied rocks. Detrital rutile grains, identified by their
distinct chemical composition (high Zr and Nb contents) and textures (single grains
surrounded by fine grained ilmenites), occur in quartzites from the medium-grade
rocks (~530°C). This confirms models in which detrital rutiles survive in quartzites
to higher metamorphic grade compared to rutiles in metapelites. Preliminary cal-
culations based on the grain size distribution of rutiles in the studied rocks show
that quartzites are probably the main source of rutiles in sediments derived from
low-grade metamorphic sequences, even if the occurrence of quartzite is minor.

Part of the data obtained during the development of this thesis contributed to
other publications related, directly or indirectly, to its topic. For example, to eval-
uate how well the Zr-in-rutile thermometer can be applied to eclogites; to evaluate
the applicability of rutile trace element geochemistry to provenance studies; and to
characterize the occurrence and stability of coesite-bearing tourmaline in ultra-high
pressure metamorphic rocks.
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Kurzfassung

Diese Studie befast sich mit dem Einbau von Spurenelementen in Rutil, ein akzes-
sorischer Bestandteil vieler Gesteinstypen (in metabasischen, metapelitischen und
felsichen Lithologien; allgemein unter Blauschiefer-, Eklogit- und Granulit-fazies
Bedingungen) und eines der widerstandsfdahigsten Minerale in sedimentédren Syste-
men. Rutil ist ein wichtiger Triager von HFS Elementen, (Ti, V, Cr, Zr, Nb, Sn, Sb,
Hf, Ta und W). Wegen dieser Merkmale hat Rutil das Interesse geweckt auf ver-
schiedenen Gebieten von Geologie, z.B. spielt Rutil eine grofle Rolle bei Modellen
von Subduktionszonen, in denen es die Gehalte von Nb und Ta kontrolliert. AufBer-
dem ist es als Geothermometer niitzlich (markante Temperaturabhédngigkeit des Zr-
Gehaltes im Rutil bei Koexistenz von Quarz und Zirkon); als geeigneter Kandidat
fiir die Rekonstruktion der Liefergebietslithologie (Abgrenzung aus metabasischen
und metapelitischen Lithologien ist moglich mittels Nb-Cr Verhiltnisse); und in der
Geochronologie (U-Pb sowie (U-Th)/He Datierung).

Eine steigende Zahl geochemischer Studien basieren auf der Mikroanalyse von
Spurelementen, die meisten hiervon werden in-situ durchgefiihrt. Alle diese Tech-
niken hingen von der Kalibrierung unter Verwendung eines homogenen Standards
mit gut dokumentierten chemischen Konzentrationen ab. Deshalb war es eine wich-
tige Aufgabe, einen Rutilstandard zu etablieren.

Ein Vielzahl von Rutilkristallen wurden charakterisiert, um geeignete Rutile zu
finden, die als Mineralstandards verwendet werden konnen. Spurenelementkon-
zentrationen von 15 Elementen (V, Cr, Fe, Zr, Nb, Mo, Sn, Sb, Hf, Ta, W, Lu, Pb,
Th und U) sowie Pb- und Hf-Isotopdaten wurden fiir vier verhéltnismédBig homo-
gene und grofle (ZentimetergroB3e) Rutilkorner gemessen. Die verwendeten analyti-
schen Techniken sind SIMS, EMP, LA-ICP-MS, ID-MC-ICP-MS and TIMS. Fiir
die meisten Elemente ist die Homogenitit innerhalb von £10%, mit zum Teil er-
heblich geringeren Variationen (+5%), besonders im Kern von zwei Rutilen. Die
Spurenelementkonzentrationen der Kristalle decken ein groes Konzentrationsin-
tervall ab (z.B., liegen die Zr-Konzentrationen bei ca. 4, 100, 300 und 800 ppm).
Vorldufige Konzentrationswerte, berechnet anhand der Homogenitét der Elemente
und dem Vergleich zwischen den Techniken, werden fiir Zr, Nb, Sn, Sb, Hf, Ta,
W und U angegeben. Einer der studierten Kristalle hat eine hohe U-Konzentration
(ca. 30 ppm) und konstante U-Pb Alter (1085.1 zu 1096.2 Ma fiir 207pp/235U Alter
und 1086.3 zu 1096.6 Ma fiir 22Pb/>38U Alter). Dies macht seine Anwendung als
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Kurzfassung

Altersstandard fiir die U-Pb Rutildatierung méglich. Die studierten Rutile sind als
Mineralstandard fiir in-situ Spurenelementmessungen an Rutil geeignet, besonders
fiir die Zr-in-Rutil Thermometrie, fiir die quantitative Liefergebietsanalyse (metaba-
sische und metapelitische Lithologien konnen differenziert werden aufgrund ihrer
Nb und Cr Konzentrationen) und fiir die U-Pb Datierung. Die Bemiihungen, Ru-
tilstandards bereitzustellen, sind nicht nur fiir die wissenschaftliche Gemeinschaft
relevant. Es bildet auch den analytischen Hintergrund fiir die Resultate, die hier
dargestellt werden.

Nach der Charakterisierung von Standards wurden texturelle Beobachtungen
und in-situ Analysen verwendet, um das Verhalten von Spurenelementen in den
metamorphen Reaktionen, die Rutile mit einbeziehen, zu studieren. Die untersuch-
ten Proben stammen aus zwei gut studierten Regionen: Der Ivrea—Verbano Zone
(Italien) und das Erzgebirge (Deutschland).

Die Ivrea-Verbano Zone ist eine klassische Granulitlokalitdt, und Gesteinen
von Val Strona und Val d’ Ossolazeigen den Ubergang an von der Amphibolit- zur
Granulit-Fazies. In diesen Gesteinen kristallisiert Rutil in Verbindung mit dem Zu-
sammenbruch von Ti-reichem Biotit. Rutil-fiihrende Gesteine erschlieen ein reich-
haltiges Inventar von Strukturen. Sie erlauben die Untersuchung des Spurenele-
mentverhaltens in Bezug auf prograde Rutilkristallisation und den Effekt retrogra-
der Prozesse auf die Rutilchemie. Nb-Konzentrationen im Rutil von den niedriggra-
diger Proben zeigen eine groflere Variation (von 500 bis 5000 ppm innerhalb einer
Probe) wenn sie mit Rutilen der hohergradigen Proben verglichen werden. Dieses
Verhalten kann modelliert werden durch prograde Rutilkristallisation, verbunden
mit dem Zusammenbruch von Biotit. Zr—Konzentrationen im Rutil werden durch
eine grofle Variation und einer bimodale Verteilung charakterisiert. Maximale Zr-
Konzentrationen erhohen sich entsprechend des metamorphen Gradienten, der fiir
dieses Gebiet bekannt ist. Die berechneten Temperaturen (vom Zr-in-Rutil Thermo-
metrer) sind betrichtlich hoher als vorhergehende Berechnungen (zunehmend von
ca. 850 bis 930°C), jedoch konsistent mit den petrologischen Beobachtungen. Eine
zweite Gruppe von Zr-Konzentrationen im Rutil tritt bei konstanter Konzentration
in allen Proben auf und wird dahingehend gedeutet, mit intensivem Fluidfliissen
unter Hochtemperaturbedingungen und/oder mit Reédquilibrierung durch Diffusion
unter niedrigen Abkiihlraten in Zusammenhang gebracht zu werden. Alterationsetx-
turen, charakterisiert durch ein kompliziertes Netzwerk der Mikroadern, sind Be-
weis fiir den spiten Einfluss von Fluiden. Die Fluide beeinfluBBten stark die Rutile,
wie mit der Korrosion der ilteren Rutilkorner und der Bildung von Rutil-Aderchen
bewiesen wird.

Im Ezgebirge liefern metamorphe Texturen Beweise fiir prograde Rutil-Bildung
aus Ilmenit in niedrig- bis mittelgradigen Metasedimenten (ca 480-630°C). Neu-
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Kurzfassung

kristallisierte Rutile kommen als polykristalline Aggregate vor, die die Formvon
Ilmenit nachbilden. In-situ Spurenelementdaten zeigen, dass Rutile von den nied-
riggradigsten Proben (ca 480°C) das Nb/Ti Verhiltnis des Ilmenits widerspiegeln.
Unter diesen Bedingungen sind die Rutile nicht chemisch dquilibriert mit den ver-
bliebenen Ilmeniten. In hohergradigen Proben zeigen Rutile eine grofere Variation
der Nb-Konzentrationen und haben hohere Nb/Ti Verhiltnisse als reliktische Ilme-
nite. In diesen Gesteinen kann das Nb Verhalten durch prograde Rutil-Bildung vom
[lmenit modelliert werden mit dem gleichen Modell, das an den Granuliten von der
Ivrea-Verbano Zone angewendet wurde.Die Resultate zeigen an, dass Rutile von
diesen Gesteinen mit den restlichen Ilmeniten dquilibriert sind. Neu gebildete Ru-
tile zeigen Temperaturen von 500 bis 630°C an, die in Ubereinstimmung mit den
publizierten metamorphen Bedingungen der studierten Gesteinen sind. Detritische
Rutile treten in Quarziten von mittelgradigen Gesteinen auf (~530°C), und sind
charakterisert durch ihren eindeutigen Chemismus (hoher Zr- und Nb-Gehalt) und
Strukturen (einzelne Kristalle umgeben von feinkdrnigem Ilmenits). Dies bestitigt
Modellen, nach denen detritische Rutile in Quarziten noch in héheren metamorphen
Graden auftreten konnen verglichen mit Rutilen in Metapeliten. Vorldufige Berech-
nungen, basierend auf der KorngréBenverteilung der Rutile in den studierten Gestei-
nen, zeigen, dass Quarzite vermutlich die Hauptquelle der Rutile in den Sedimenten
sind, die von niedriggradiger Metasedimenten stammen, auch wenn Quarzite nur in
geringen Mengen auftreten.

Ein Teil der Daten, die wihrend der Entwicklung dieser Abhandlung gesammelt
wurden, haben zu weiteren Publikationen gefiihrt, die sich direkt oder indirekt auf
das Dissertationsthema beziehen. Zum Beispiel wurde ausgewertet, wie gut das Zr-
in-Rutil Thermometer an Eklogiten angewendet werden kann; wie Spurenelemente
in Rutil bei Liefergebietsanalysen Anwendung finden konnen; und es wurde das
Vorkommen und die Stabilitit von Coesit-haltigen Tourmalinen in Ultrahochdruck-
metamorphen Gesteinen charakterisiert.
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1 Introduction

1.1 Structure of this dissertation

This doctoral work consists of five chapters. It begins with a short introduction that
summarizes its main objectives, analytical methods, essential results and related
conclusions. The next three chapters represent scientific articles that were written
by the author. During the development of this thesis, the author contributed to three
other scientific articles. A summary of these publications are presented in the last

chapter (full copies are presented in Appendix C).

1.2 Importance of rutile

Rutile (TiO) is one of the major Ti-phases and frequently occurs as an accessory
mineral in diverse metamorphic and igneous rocks, siliciclastic sediments, placer
deposits and hydrothermal ore deposits. It is the most common natural form of
TiO,, with two rarer polymorphs anatase; and brookite. It crystallizes in a tetragonal
structure, with each Ti** ion surrounded by six oxygens at the corners of a slightly
distorted regular octahedron. Each oxygen is surrounded by three Ti** ions and
lie in a plane at the corners of an approximately equilateral triangle (Deer et al.,
1992). This arrangement results in a primitive tetragonal unit cell (Fig. 1.1). The
local arrangement of the anions and cations leads to the (6,3)-coordination in this
structure

Rutile is an important carrier for several highly charged trace elements (Graham
& Morris, 1973; Haggerty, 1991; Deer et al., 1992; Smith & Persil, 1997; Rice et al.,
1998). In eclogites, 1 modal% of rutile can carry more than 90% of the whole rock
content for Ti, Nb, Ta, Sb and W and considerable amounts (5-50% of the whole
rock content) of V, Cr, Mo and Sn (Zack et al., 2002). Rutile has attracted significant
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‘ Ti%+
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Figure 1.1 The rutile, TiO», structure. Unit cell parameters: a=4.584, and c=2.953

interest as a likely controller of Nb and Ta budgets in subduction zone processes
(Saunders et al., 1980; McDonough, 1991; Brenan et al., 1994; Stalder et al., 1998;
Miinker, 1998; Foley et al., 2000; Klemme et al., 2005, among others). It has also
been shown that the Zr incorporation in rutile is strongly temperature dependent
(Zack et al., 2004b; Watson et al., 2006; Tomkins et al., 2007) in quartz- and zircon-
bearing systems. Rutile is also used in U-Pb (e.g., Mezger et al., 1989; Davis, 1997;
Mezger et al., 1993; Li et al., 2003; Vry & Baker, 2006) and (U-Th)/He dating
(Crowhurst et al., 2002; Stockli et al., 2007). Its trace element geochemistry is
also suitable for sediment provenance studies where, e.g., Nb and Cr contents can
be used to distinguish between metamafic and metapelitic rocks, and Zr content
indicates metamorphic peak temperatures of the source rocks (Zack et al., 2002,
2004a; Stendal et al., 2006; Triebold et al., 2007; Meinhold et al., 2008).

The facts presented above motivated the development of a project to thoroughly

investigate the rutile geochemistry.

1.3 The rutile project

This thesis is part of the project “Trace elements in rutile: Petrogenetic factors and

their application to provenance studies”. The project was financially supported by
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the Deutsche Forschungsgemeinschaft — DFG (projects ZA 285/2 and EY 23/3). Its
main aim is to investigate the trace element composition of rutiles from rocks and
modern sands from the same drainage area. The results are used not only to assess
previously established applications of rutile (e.g., single-grain thermometer, proxy
for source rock lithology) but also to extend its applications to other research fields
(e.g., trace element distribution and accessory mineral behavior during prograde
and retrograde metamorphic reactions). Another important goal of the project is
to promote the synergy between important fields of geology such as, geochemistry,
metamorphic petrology, sedimentology and stratigraphy.

The project is composed of two groups. The metamorphic petrology group (PD
Dr. T. Zack, MSc. G.L. Luvizotto), based in Heidelberg (Mineralogisches Institut,
Universitidt Heidelberg), is responsible for the characterization of the trace element
signatures in rutiles from metamorphic rocks. In Gottingen (Geowissenschaftliches
Zentrum, Universitidt Gottingen), the sedimentology group (Prof. Dr. H. von Eynat-
ten, Dipl.-Geow. S. Triebold) investigates geochemistry of detrital rutiles.

1.4 Scope of the study

The current work has two main objectives. It starts with the characterization of rutile
crystals as potential standards for microanalysis (Chapter 2). The efforts in charac-
terizing a set of rutile standards are not only relevant for the scientific community
(splits of the crystals are distributed upon request). It also gives a strong analytical
background for the results presented here. Furthermore, it is the backbone of the
main project, in which the comparison of data obtained in different laboratories and
by different techniques is a key issue (see, e.g., Section 5.2).

The second major aim is to investigate trace element systematics in metamor-
phic rutiles. These results are used to assess trace element partitioning and acces-
sory mineral behavior in metamorphic rocks. For example, petrographic textures
are linked with trace element concentration in accessory phases involved in both
prograde and retrograde metamorphic reactions (see Chapters 3 and 4). The data

is also used to evaluate how well the Zr-in-rutile thermometer can be applied to
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different rock types (see chapters 3 and 4 and Section 5.1) and detrital sediments
(Section 5.2).

Moreover, based on the results obtained for metamorphic rutiles (textural rela-
tionships, grain-size, trace element composition, among others), the discussions are
extended to other fields of interest. For example, we discuss how fluid can mobilize
elements that are frequently interpreted to be immobile (such as Nb, Ti and Zr) and
how to assess high temperature records in granulites (Chapter 3). We also approach
aspects that are relevant in sediment provenance studies, taking into considerations

the data obtained for rutiles from low-grade rocks (chapters 4).

1.5 Studied areas

The studied rutiles were collected from two different localities, the Ivrea-Verbano
Zone (Northern Italy) and the Erzgebirge (Germany). These are well studied areas
and are characterized by the occurrence of several rocks types that span a broad

range of pressures (P) and temperatures (7).

1.5.1 Ivrea-Verbano Zone

The Ivrea-Verbano Zone (Fig. 1.2) in the Southern Alps is one of the best preserved
sections through lower continental crust. It is delimited to the northwest by the
Insubric Line, a major Neogene shear zone that juxtaposes pre-Alpine and Alpine
structures and rocks (Schmid et al., 1987). To the southeast, the boundary of the
Ivrea-Verbano Zone is tectonically delimited by the Cossato-Mergozzo-Brissago
tectonic discontinuity (Boriani et al., 1990). The metamorphic foliation and primary
banding are mostly steeply dipping and show a NE-SW trend, broadly parallel to
the Insubric Line. The area is traditionally divided into two main units: a large basic
intrusive complex of Permian age (the Mafic Formation of Zingg, 1980; Rivalenti
et al., 1981, among others) and a sequence of metasedimentary rocks interlayered
with bands of mafic rocks. However, this division disregards distinct lithological
units occurring in the area. A more detailed division of the central part of the Ivrea-

Verbano Zone is presented in Fig. 1.2.
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Figure 1.2 Geological map of the central part of the Ivrea-Verbano Zone. Redrawn and simplified
from Rutter et al. (2007). Main metamorphic isograds are those presented by Zingg (1980). CMB
Line = Cossato-Mergozzo-Brissago Shear Zone

Rocks, occurring in the area comprised by the Strona and d’Ossola valleys, show
a metamorphic gradient with metamorphic conditions increasing from amphibolite
facies in the southeast, to granulite facies in the northwest. Zingg (1980) mapped
two important mineral isograds (see locations in Fig. 1.2): the muscovite-out/K-
feldspar-in in metapelitic rocks and the orthopyroxene-in in mafic and intermediate
rocks. In most models, the increase of metamorphic grade from southeast to north-

west together with the steep foliation and primary banding has been interpreted to
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be the result of an Alpine-age tilting of the Ivrea-Verbano Zone, and hence exposing
a cross-section through the lower continental crust (e.g., Handy et al., 1999; Rutter
et al., 2007). Although the metamorphic grade increases more or less continuously,
it has to be stressed that significant post-peak metamorphic shearing and folding is
observed (Rutter et al., 2007).

PT estimates of the IVZ have been presented by various authors (Zingg, 1980;
Sills & Tarney, 1984; Henk et al., 1997; Demarchi et al., 1998; Barboza & Bergantz,
2000, among others). Maximum PT7 conditions calculated by Henk et al. (1997) are
810°C and 0.83 GPa and decrease to 710°C and 0.67 GPa towards the granulite to

amphibolite facies boundary.

1.5.2 Ezgebirge

The Ezgebirge is situated at the northwestern border of the Bohemian Massif and
is part of the metamorphic basement of the Mid-European Variscides exposed in
Saxony and the northern Czech Republic (Fig. 1.3). It is characterized by a large-
scale antiformal structure consisting of several tectonometamorphic units. The
Erzgebirge represents a stack of five tectonometamorphic units with contrasting
P-T histories (Willner et al., 1997; Rotzler et al., 1998). From the base to the
top these units are: Red and Grey Gneisses Unit (RGG); Gneiss/Eclogite Unit
(GEU); Micaschist/Eclogite Unit (MEU); Garnet-Phyllite Unit (GPU); and Phyllite
Unit (PU). The tectonometamorphic stacking is interpreted as a result of continent-
continent collision processes (deformation, metamorphism and exhumation) during
the Variscan Orogeny (e.g., Willner et al., 1997; Rotzler et al., 1998; Mingram,
1998). According to Mingram (1998), geochemical descrimination suggests that
the protoliths of all metamorphic units are similar, leading to the conclusion that
they represent a repetition of metasedimentary sequences. A summary of published
PT conditions for the western part of the Ezgebirge is presented in Fig. 1.3.

The occurrence of coesite (Massonne, 2001) and micro-diamonds (Massonne,
1999) in quartz-feldspathic rocks from the GEU makes the EGB one of the few
ultra-high pressure localities in the world. The occurrence of diamonds suggests

that crustal rocks from Ezgebirge were subducted to depths of 100 km or more.
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1.6 Main results and related conclusions

1.6.1 Characterization of rutile crystals as potential trace element and
isotope mineral standards

Several large crystals (centimeter size) were analyzed in order to find rutiles suitable
to be used as mineral standards. Grains were characterized with respect to their
homogeneity as well as for trace element and isotope compositions. Only four out
of 41 grains were designated as suitable for use as secondary mineral standards. For
these grains (Sy, Diss, R19 and R10), trace element concentrations of 15 elements
(V, Cr, Fe, Zr, Nb, Mo, Sn, Sb, Hf, Ta, W, Lu, Pb, Th and U) as well as Pb and Hf
isotope data were obtained. Methods employed are SIMS, EMP, LA-ICP-MS, ID—
MC-ICP-MS and TIMS. For most elements homogeneity is usually within £10%
and occasionally variations are even narrower (£5%), particularly in the core of two
of the studied grains (R19 and R10). The trace element concentrations of the grains
span a broad compositional range (e.g., Zr concentrations are ca. 4, 100, 300 and
800 ppm). Provisional concentration values, calculated based on the homogeneity
of the element and agreement between techniques, are presented for Zr, Nb, Sn, Sb,
Hf, Ta, W and U.

Results show that trace element concentrations obtained by the techniques ap-
plied in the present work (SIMS, EMP, LA-ICP-MS, ID-MC-ICP-MS) are in good
agreement. This is particularly true for Zr. For this element, concentrations obtained
using for independent techniques show an outstanding agreement (Fig. 1.4). Hence,
Zr-in-rutile temperature calculated based on data obtained by these techniques can
be quantitatively compared.

R10 has a relatively high U concentration (ca. 30 ppm) and rather constant
U-Pb ages (1085 to 1096 Ma, 207Pb/>*3U ages and 1086 to 1096 Ma, 2°°Pb/?33U
ages, Fig. 1.5). Moreover, LA-ICP-MS data show that the non—radiogenic Pb con-
centrations (measured as 2°8Pb) are very low (average of 0.08 ppm), meaning that
common Pb can be neglected for this grain. All these factors strongly favor the use
of R10 as an age standard for U-Pb rutile dating.

High precision !"°Hf/!”"Hf isotopic ratios and Lu concentration data, obtained
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Figure 1.4 Rim-to-rim chemical profile of Zr in R10.

by ID-MC-ICP-MS, are given for R10, R19 and Diss. Since Lu concentrations in
rutile are very low (no evidence of radiogenic ingrowth) and Hf concentrations can
be relatively high (tens of ppm), detrital rutiles may be suitable for obtaining initial
Hf isotope composition of source rocks, therefore the rutiles presented here can be
used as calibration material for in-situ rutile Hf isotope studies.

Our efforts represent a significant step forward in finding a suitable mineral
standard for rutile microanalysis and encourages not only a further search for min-
eral standards but also new applications of rutile in the field of geochemistry and
geochronology. In this sense, the rutiles presented here are useful as mineral stan-
dards in general in-situ rutile measurements, particularly for Zr—in—rutile thermom-
etry, quantitative provenance studies (Nb and Cr concentrations as an index of

source rock type) and U-Pb dating.

1.6.2 Nb and Zr behavior in rutile during high-grade metamorphism and
retrogression: An example from the Ilvrea—Verbano Zone

Detailed textural observations and in-situ analyses (EMP, SIMS and LA-ICP-MS)
are used to characterize trace element behavior during prograde and retrograde

metamorphic reactions involving rutile.
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Figure 1.5 A) Rim-to-rim chemical profile of U in R10. B) U-Pb concordia plot for all analyses
(TIMS) of R10.

The IVZ is a classic granulite area and rocks from the Strona and d’Ossola
valleys are an example of the amphibolite to granulite facies transition. Although
different rock types occur in the area, detailed sampling and petrographic work
show that rutile only occurs in granulite facies paragneisses. Rutile formation is
associated with a sequence of dehydration reactions, first involving muscovite (to
form sillimanite and potassic feldspar) and then biotite (to form garnet and potassic
feldspar) in the amphibolite to granulite facies transition. The Ti released by the

breakdown of biotite leads to rutile formation, which can be described by the reac-
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tion: (high-Ti) Bt + Sil + Qtz = Grt + Kfs +Rt + Melt (see also Zingg, 1980). Rutile
formation from biotite is also supported by petrographic textures observed within
the rocks.

Nb concentrations in rutile from lower grade samples show a larger spread (from
500 to 5000 ppm within one sample) when compared to those from higher grades.
Fig. 1.6 summarizes the results obtained for the Strona Valey. This pattern can
be modeled by prograde rutile growth formed from biotite breakdown (taking into
iderati K Rt /Bt
consideration a Ky, v, 7
et al., 1995; Klemme et al., 2005).
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Figure 1.6 A and B - Summary of Nb concentrations (EMP, SIMS and LA-ICP-MS) obtained for the
studied rutile from the Strona Valley. C - Temperatures obtained for samples from the Strona valley.
Shaded area represents the interval delimited by values above the ninetieth percentile. Calculations
were based on the Zr content in rutile for a pressure of 0.7 GPa (calibration of Tomkins et al., 2007)
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Zr concentrations in rutile are characterized by an anomalously large spread and
a bimodal distribution. Maximum Zr concentrations increase according to the gen-
eral metamorphic gradient known for this area. Calculated temperatures (from Zr-
in-rutile thermometry), although feasible, are considerably higher than those from
previous publications (increasing from ca. 850 to 930°C). Fig. 1.6¢c summarizes the
results obtained for the Strona valey. Considering that previous calculations were
mostly based on Fe-Mg exchange geothermometers and the fact that the late pro-
cesses that affected the rutiles may also have changed the chemical composition of
other primary phases, the high temperatures obtained are not unrealistic. As typ-
ical textural controls on the Zr concentration in rutile (e.g., inclusion vs. matrix)
described in the literature are not observed in our rocks, a new approach was ap-
plied for the calculation of peak temperatures where the highest concentration val-
ues were statistically selected. For granulites, this should be the preferred method
instead of, e.g., calculating temperature from mean Zr concentrations.

For all localities, a second cluster of Zr concentrations in rutile occurs at rather
constant concentrations (ca. 1000 ppm) and is interpreted to be related to intense
fluid influx at high temperature and/or to post-peak diffusional resetting favored
by slow cooling rates. Alteration textures, characterized by a complex network of
micro-veins, are evidence for a late influx of a K-rich fluid. The fluid strongly
affected the rutiles, which is evidenced by corrosion of older rutile grains and for-
mation of rutile veinlets (Fig. 1.7). These textures are evidence that fluids can,
depending on their compositions, mobilize elements frequently interpreted to be

immobile, such as Ti and Zr.

1.6.3 Rutile occurrence and trace element behavior in low- to medium-grade
metasedimentary rocks

In the German Erzgebirge, low- to medium-grade rocks from the GPU and MEU
show textures that support rutile crystallization from ilmenite in low-grade meta-
morphic conditions. As the content of Ti is higher in rutile than in ilmenite, the
volume once filled up by ilmenite is not completely occupied by rutile. Moreover,

as rutile cannot incorporate all the Fe present in ilmenite this element is used, to-
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Figure 1.7 A) BSE image example of the post-peak veins present in the granulite facies rutile bearing
rocks. B) Chemical composition map (EDS) for K. Higher concentrations are represented by brighter
colors.

gether with the elements available in the matrix minerals (silicates), to grow chlorite
(Figs. 1.8a—c). The simplified reaction can be written as (mineral abreviations after
Kretz, 1983): Ilm + Silicate + HoO — Rt + Chl. Rutile rich aggregates are charac-
terized by a fine grained intergrowth of rutile and chlorite that mimic the shape of
ilmenite. The same type of textures, although in a more developed stage, can still
be found in some metasedimentary rocks from the MEU (Fig. 1.8c). Metapelitic
rocks from the GEU are ilmenite free demonstrating that the rutile forming reaction
is complet (Fig. 1.8d).

Trace element data (Fig. 1.9) shows that that rutiles from the GPU mirror Nb/Ti
ratios of ilmenite. Rutiles from the MEU display a larger scatter in Nb concentra-
tions and have Nb/Ti ratios higher than ilmenite. This behavior indicates that Nb
concentrations in rutile are evolving towards equilibrium (according to a KDI;Z%?
value of 49), according to a model similar to the one presented by Luvizotto &
Zack (2008)(see also Chapter 3). Rutiles from the GEU rocks are single crystals
with a rounded shape and show narrow scatter in Nb contents. In these rocks, the
homogenization of Nb contents in rutile was facilitated by higher temperature and
is probably related with mechanisms like dynamic recrystalization and/or intergrain

diffusion.
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Figure 1.8 BSE images exemplifying the textures observed in metasedimentary rocks from the GPU,
MEU and GEU. The images are arranged in such a way that they represent the evolution of the
texture though the rocks and units. Scale bars, when not indicate, represent 100y m.
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Figure 1.9 Summary of Nb concentrations obtained for the rutiles and ilmenites. Samples are sorted

according to increasing metamorphic grade.
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Temperature records on all but one rutile grain are in accordance with metamor-
phic conditions reported for the studied rocks. Rutiles from the GPU give tempera-
ture results <510°C. Temperatures within 500-560°C and 520-630°C were obtained
for rutiles from MEU and GEU rocks, respectively.

The only rutile with an exceptionally high Zr content (390 ppm, T=680°C) is
from a quartzite (MEU). This grain is interpreted to be a detrital relict (Fig. 1.10).
Due to the lack of Fe- Ca-bearing phases, quartizites are less reactive than other
rocks types (e.g., phyllites and schists). This strongly decreases the ability to form
ilmenite and/or titanite under metamorphic conditions where rutile is unstable. Phyl-
lites and schists are low- to medium-grade metamorphic products of pelitic sedi-
ments (fine grained clastic sediments of less than 1/16mm). On the other hand,
quartzites are often the metamorphic product of coarser grained sediments, e.g.,
sandstones. In the investigated phyllites and schists, metamorphically grown rutiles
are fine grained (smaller axis <50 pm) and occur as aggregates (easily disintegrated
during weathering and mechanical transport in sediments). However, large detri-
tal rutile grains may still be preserved in the quartzites. Preliminary calculations,
taking into account grain size distributions of rutile and WR TiO, content, show
that quartzites are the main source for rutiles in sediments derived from low-grade
metamorphic rocks.

Detrital rutiles from recent sediments from this area have recently been studied
(Triebold et al., 2007, see also Chapter 5, Section 5.2). One interesting result that
we obtained is that several detrital rutiles derived from the low-grade units still
record relict temperatures (apparently above 950 °C) from a former metamorphic
cycle. Therefore according to our results, these rutiles are probably derived from

quartzites.

1.7 Analytical methods

For this thesis, analytical methods play an essential role. Therefore, this section
presents an overview about the analytical techniques applied in this work. More

detailed descriptions are presented in the following chapters.
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Figure 1.10 BSE image of a rutile interpreted as a detrital relict in the quartzite. Concentrations (in
ppm) stand for Nb and Zr (in ifalic). Pure numbers represent Nb/Ti ratios. The scale bar represents
100pum.

1.7.1 Electron Microprobe (EMP)

Electron microprobe studies were carried out at the Mineralogisches Institut, Uni-
versitidt Heidelberg and at the Geowissenschaftliches Zentrum, Universitdt Gottin-
gen. Analyses of rutiles followed the method outlined by Zack et al. (2002, 2004b).
In Heidelberg, EMP analyses were carried out with a CAMECA SX51 and in Got-
tingen with a JEOL JXA 8900, both instruments equipped with 5 WDS detectors.
The matrix correction methods were phi—rho—z: (Heinrich & Newbury, 1991) in
Gottingen and PAP (Pouchou & Pichoir, 1984) in Heidelberg. The following ele-
ments were analyzed in Heidelberg: Si, V, Cr, Fe, Zr, Nb and W. In Géttingen, the
following elements were analyzed: Si, V, Cr, Fe, Zr, Nb, Sn, Sb, Hf, Ta and W.
In order to get “true” zero-concentration peak intensities and to exclude any ma-
chine drift, every ten analyses were bracketed by two analyses of synthetic rutile

(nominally zero-concentration trace elements).

1.7.2 Secondary lon Mass Spectrometry (SIMS)

SIMS analyses were carried out at the Mineralogisches Institut, Universitit Heidel-
berg using a CAMECA ims 3f. Analyses were performed using a 14.5 keV/10-20
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1.7 Analytical methods

nA %0~ primary ion beam. Positive secondary ions were nominally accelerated to
4.5 keV (energy window set to 20 eV) and the energy filtering technique was used
with an offset of 90 eV at mass resolution m/Am (10%) of 370. Count rates were
normalized to *'Ti. TiO, in rutile was assumed to be 100 wt%, unless other ele-
ments exceeded 1 wt% (specifically for the detrital rutile grains — see Section 2.4.1).
In such cases TiO; concentrations obtained by EMP were used instead. The follow-
ing isotopes were analyzed: 47Ty, 07, BNb, 1188n, 1208, 1215p, 1238, 178HT,
181y 184y 186yy 232 238,

1.7.3 Isotopic Dilution Multi—Collector Inductively Coupled Plasma Mass
Spectrometry (ID-MC-ICP-MS)

After rutile dissolution in a Hf-HNO3 mixture and element separation by ion ex-
change chromatography, contents of some HFSE (Zr, Hf, Nb, Ta, W) and Lu to-
gether with '"OHf/!7"Hf isotope compositions were measured using the Isoprobe
MC-ICP-MS at ZL.G Miinster. Operating conditions and analytical techniques are
summarised in Miinker et al. (2001), Weyer et al. (2002), and Kleine et al. (2004).
Hf isotope results are given relative to a value of 0.282160 for JMC 475, the typ-
ical external reproducibility is +0.5 €—units (20). Concentrations of the HFSE
(exept for Nb) were measured by isotope dilution using a mixed **Zr—!3VHf-180Ta—
I183W_176_y isotope tracer, which was calibrated against >99.9% pure AMES met-
als. Niobium concentrations were measured as Zr/Nb against a Zr-Nb standard
prepared by AMES metals and using the Zr concentrations determined from the
isotope dilution measurements. Two measurements were carried out in order to test

the reproducibility of the technique and homogeneity of the grain.

1.7.4 Thermal lonization Mass Spectrometry (TIMS)

TIMS U-Pb analyses were carried out at the University of Kansas (Department of
Geology). Rutile samples were carefully hand—selected and dissolved employing
the pressure—vessel HF-HNOs3 dissolution methods of Krogh (1973) and Parrish

(1987). Elemental separation was performed with a HCI anion column chemistry
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to eliminate Ti and separate both Pb and U. Isotopic analyses were determined on a
VG Sector multi-collector thermal ionization mass spectrometer on separate Pb and
U fractions. A mass fractionation correction of 0.16% +0.05%/amu, as determined
by standard runs on NBS 981 (common Pb) and NBS 982 (equal atom Pb), was
applied to the Pb data. A mass fractionation of 0.10% £0.05%/amu, as determined
by standard runs on U500, was applied to all U data. Samples were spiked with
a mixed 2Pb/?>U spike. Errors on 2%Pb/?2%*Pb were minimized by the use of a
Daly multiplier and are typically on the order of 1% or less. Common lead correc-
tions were made using values determined from Stacey & Kramers (1975) for the
interpreted crystallization age. Decay constants used were 233U=0.155125x10~"°
y~! and 2>°U=0.98485x 10" yr—! (Steiger & Jager, 1977).

1.7.5 Laser Ablation Inductively Coupled Plasma Mass Spectrometry
(LA-ICP-MS)

At the Institut fiir Geowissenschaft, Johannes Gutenberg-Universitit Mainz, trace
element analyses were carried out with a New Wave Research UP-213 (wavelength
213 nm) laser system combined with an Agilent 7500ce ICP quadrupole mass spec-
trometer. Using a spot size of 70 um, the samples were ablated with a laser energy
of 3.55 Jem~2 and a repetition rate of 10 Hz. Signals were recorded for 60 s per spot
after measuring a gas blank of 60 s for background subtraction before each spot. A
He—Ar mixture was used as carrier gas, which has the effect of lowering the detec-
tion limits by a factor of two to three (Jacob, 2006). Plasma torch conditions were
optimized so that ThO/Th ratios were <0.5% and no further corrections for oxide
production were applied. Titanium, measured as **Ti, was the internal standard ele-
ment for each analysis. TiO, was assumed to be 100 wt%. Analyses were calibrated
against the NIST SRM 610 glass (GeoReM preferred values: http://georem.mpch-
mainz.gwdg.de/). The following isotopes were measured: Sty 907r 93Nb, %Mo,
98Mo, 121Sb, 177HE, 178HF, 181 Ty, 184y, 208pp 2327y 238(J,
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1.7 Analytical methods

1.7.6 Micro-Raman Spetroscopy

Laser micro-Raman spectroscopy was applied to selected grains in order to identify
the TiO; structure type. Raman spectra were obtained using a Horiba Jobin Yvon
Labram HR-UYV 800 (equipped with a Peltier-cooled CCD detector) at the Geowis-
senschaftliches Zentrum, Universitdt Gottingen. Analyzes were carried out using

633 nm laser excitation, 17 mW laser power and 1200 1/mm grating.
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2 Rutile crystals as potential trace element and

isotope mineral standards for microanalysis

G. L. Luvizotto, T. Zack, H.P. Meyer, T. Ludwig, S. Triebold, A. Kronz, C. Miinker, D.
Stockli, S. Prowatke, S. Klemme, D. E. Jacob, H. von Eynatten.
Article in press in Chemical Geology (doi:10.1016/j.chemge0.2008.04.12)

Abstract

The present paper reports trace element concentrations of 15 elements (V, Cr, Fe, Zr, Nb, Mo, Sn,
Sb, Hf, Ta, W, Lu, Pb, Th and U) as well as Pb and Hf isotope data for four relatively homogeneous
and large (centimeter size) rutile grains. Methods employed are SIMS, EMP, LA-ICP-MS, ID-
MC-ICP-MS and TIMS. For most elements homogeneity is usually within +10% and occasionally
variations are even narrower (+5%), particularly in the core of two of the studied grains. The trace
element concentrations of the grains span a broad compositional range (e.g., Zr concentrations are
ca. 4, 100, 300 and 800 ppm). Provisional concentration values, calculated based on the homo-
geneity of the element and agreement between techniques, are presented for Zr, Nb, Sn, Sb, Hf,
Ta, W and U. The present work represents a significant step forward in finding a suitable mineral
standard for rutile microanalysis and encourages not only further search for mineral standards but
also applications of rutile in the field of geochemistry and geochronology. In this sense, the rutiles
presented here are useful as mineral standard in general in-situ rutile measurements, particularly for
Zr—in—rutile thermometry, quantitative provenance studies (Nb and Cr concentrations as index of
source rock type) and U-Pb dating. One of the studied grains has a relatively high U concentration
(ca. 30 ppm) and rather constant U-Pb ages (1085.1 to 1096.2 Ma, 20’Pb/?*>U ages and 1086.3
to 1096.6 Ma, 2°°Pb/>38U ages), favoring its application as an age standard for U-Pb rutile dating.
Since Lu concentrations in rutile are very low and Hf concentrations can be relatively high (tens of
ppm), detrital rutiles may be suitable for obtaining initial Hf isotope composition of source rocks,
therefore the rutiles presented here can be used as calibration material for in-situ rutile Hf isotope
studies.

Keywords: Homogeneity test, SIMS Calibration, Rutile age standard, U-Pb geochronology, Hf isotopes, Isotopic Dilution.
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2 Rutile crystals as potential mineral standards for microanalysis

2.1 Introduction

Microanalysis of trace elements is becoming the backbone of numerous geochemi-
cal studies due to good accessibility of several analytical techniques, e.g., laser ab-
lation inductively coupled plasma mass spectrometry (LA-ICP-MS), secondary ion
mass spectrometry (SIMS) and electron microprobe (EMP). All of these methods
rely on calibration using homogeneous materials with known trace element concen-
trations. While calibration for EMP trace element analysis is usually performed by
the use of pure metals and/or oxides in conjunction with rigorous matrix corrections
(e.g., phi-tho—z and PAP, Heinrich & Newbury, 1991; Pouchou & Pichoir, 1984),
both LA-ICP-MS and SIMS calibration heavily rely on a series of glass standards,
particularly the NIST SRM 610 and 612 glasses (see, e.g. Pearce et al., 1997; Ro-
choll et al., 2000; Jochum & Willbold, 2006). Homogeneity tests and accurate trace
element measurements have been performed on glass standards (NIST SRM 610-
617: Hinton (1999); Eggins & Shelley (2002); SRM 614-617: Horn et al. (1997);
MPI-DING: Jochum et al. (2000); Jochum et al. (2006)). In summary, only the
NIST standard reference materials (SRM) can be regarded as certified for a few
elements (Rb, Sr, Th, U, etc.; see discussion in Kane, 1998). For the remaining
important non-certified trace elements, the NIST SRM 610 is still the reference
material of choice in terms of quality of data compilation (for a comprehensive dis-
cussion see Jochum & Willbold, 2006). Homogeneity is sufficient (variation <5%)
for most elements in NIST SRM 610 and several MPI-DING glasses (but see Eg-
gins & Shelley, 2002), as accuracy for SIMS and LA-ICP-MS is often given as
15-20%. A problem regarding the NIST SRM glasses is that the major element
composition is very different from that of any geological material (Jochum et al.,
2000).

An ideal reference material for microanalysis requires, besides well documented
major and trace element composition, a matrix that matches the sample to be an-
alyzed (chemical and physical properties). Satisfying these requirements is not an
easy task, especially when dealing with natural samples. In this sense, the lack of

suitable calibration standards is a ubiquitous problem.
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Remarkably, none of the widely distributed analytical standards for trace ele-
ment analysis are minerals. However, they would be extremely valuable to assess
problems that arise during measurements, e.g., to check results obtained by a given
technique; to crosscheck results obtained by different laboratories and techniques,
to monitor machine drift during a measurement session by periodically checking
(especially in the case of EMP, as trace element content on standard glasses are
usually below detection limit); and, in the case of LA-ICP-MS and SIMS, to check
interferences and matrix effects (glass vs. crystal structure). It is true that most
of the tasks described above can be performed with standard glasses. However, it
is undoubtedly relevant to have a standard with chemical and physical properties

identical to the material that is going to be analyzed.

Rutile is a common accessory mineral in a wide range of lithologies, e.g., high-
grade metamorphic rocks, igneous rocks (e.g., kimberlites and lamproites), silici-
clastic sediments, placer deposits and hydrothermal ore deposits. It crystallizes in a
tetragonal structure, with each Ti** ion surrounded by six oxygens at the corners of
a slightly distorted regular octahedron and each oxygen, surrounded by three Ti**
ions, lies in a plane at the corners of an approximately equilateral triangle (Deer
et al., 1992). It is well known that rutile is an important carrier for several highly-
charged trace elements (Graham & Morris, 1973; Haggerty, 1991; Deer et al., 1992;
Smith & Persil, 1997; Rice et al., 1998). Zack et al. (2002) has shown for eclogites
that 1 modal-% of rutile can accommodate more than 90% of the whole rock content
for Ti, Nb, Ta, Sb and W. Furthermore, it is an important carrier for V, Cr, Mo and
Sn (5-50% of the whole rock content). Rutile has attracted significant interest as a
likely controller of Nb and Ta budgets in subduction zone processes (Saunders et al.,
1980; McDonough, 1991; Brenan et al., 1994; Stalder et al., 1998; Miinker, 1998;
Foley et al., 2000; Klemme et al., 2005, among others). It has recently been shown
that the Zr incorporation in rutile is strongly temperature dependent (Zack et al.,
2004b; Watson et al., 2006; Tomkins et al., 2007) in quartz- and zircon-bearing sys-
tems. Rutile has also been shown to yield precise U-Pb ages (e.g., Mezger et al.,
1989; Davis, 1997; Mezger et al., 1993; Li et al., 2003; Vry & Baker, 2006). Its

trace element geochemistry is also suitable for sediment provenance studies where,
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e.g., Nb and Cr contents can be used for distinguishing between metamafic and
metapelitic rocks, and Zr content indicate metamorphic peak temperatures of the
source rocks (Zack et al., 2002, 2004a; Triebold et al., 2007).

In most of the examples given above metamorphic textures are extremely im-
portant features since rutiles occurring in different textural domains may display
systematically different chemical compositions. Therefore, in many circumstances,
the application of in-situ techniques is an essential requirement (see, e.g., Zack
et al., 2004b; Luvizotto & Zack, 2006, in press). In several cases in-situ studies
can be performed by EMP, but the application of this technique is limited by its
relatively high detection limit. Therefore, for high precision analyses of trace ele-
ments and isotopes more sensitive techniques, such as SIMS and LA-ICP-MS, are
required. Hence, having a rutile standard is a key issue.

The aim of this paper is to present homogeneity tests conducted by EMP and
SIMS as well as precise and accurate trace element (ID-MC-ICP-MS and LA-
ICP-MS) and isotopic (ID-MC-ICP-MS and TIMS) chemical data for four large
and relatively homogeneous rutile grains. As the present work involved High Field
Strength Elements (HFSE) analyses by SIMS, specific attention is given to its cali-
bration procedure.

@Adegard et al. (2001) prepared calibration materials (glasses of rutile compo-
sition) for microanalysis of Ti minerals by direct fusion of natural and synthetic
materials. Although it is a commendable step forward in establishing trace element
mineral standards, the disadvantage of this approach is that only a small amount
of material can be produced and problems related to formation of poly-crystalline
aggregates must be taken into account. In contrast, in the present work large and

relatively homogenous rutile crystals are proposed as mineral standards.

Terminology

The International Organization for Standardization (ISO) defines a reference mate-
rial as a material or substance where one or more of its property values are suffi-
ciently homogeneous and well established to be used for the calibration of an appa-

ratus, the assessment of a measurement method, or for assigning values to material
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(IS0, 1993).

In this sense, the rutile grains presented in this paper can be treated as reference
material as they can be used to assess a measurement method. However, they are
not suitable for primary calibration, due to heterogeneity of some elements and
restricted amount of material.

Although not defined in the ISO guide the term standard is broadly used in the
literature to refer to different materials used as reference for chemical analyses (e.g.,
Baker et al., 2004; Black et al., 2004; Amelin & Back, 2006).

As reference material is not the appropriate term to refer to the rutiles pre-
sented here, we propose the use of the term secondary standards to designate well—
characterized materials useful to asses measurement methods and demonstrate the

quality of acquired chemical data.

2.2 Sample selection

In order to find rutiles suitable to be used as mineral standards a large number of
grains were investigated. In total one synthetic and 40 natural rutile grains were
analyzed. Natural grains were obtained from 15 different localities, namely: Mi-
nas Gerais (Brazil), Dobra Voda (Czech Republic), Arendal and Gjerstad (Norway),
Gediz (Turkey), Freiberg and Halbriick (Germany), Limoges (France), North Car-
olina (USA), Giftkuppe (Namibia), Valais, St. Gotthardt and Dissentis (Switzer-
land), Adelaide (Australia) and Madagascar. All grains were examined under re-
flected light microscopy in order to identify possible microscopic mineral inclusions
and mineral exsolutions (e.g., ilmenite needles). Those grains that did not show
mineral inclusions and exsolution textures under reflected light microscopy were
then analyzed using the scanning electron microscope (SEM), where possible sub-
microscopic mineral inclusions and exsolutions could be detected. With this tech-
nique strong chemical zoning can also be identified. Examples of heterogeneities
found in some of the analyzed rutiles are presented in Fig. 2.1. Rutiles, which ap-
peared to be homogenous and free of inclusions based on optical inspection and

SEM analysis, were then tested for element homogeneity by EMP by conducting
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2 Rutile crystals as potential mineral standards for microanalysis

rim—to—rim profiles through the grains.

Figure 2.1 Back scattered electron images showing examples of rutiles with: A) Chemical zoning
B) Ilmenite needles. Scale bars at the bottom of both images represent 200 tm.

During the selection process, 18 out of 41 rutiles were excluded because of
mineral exsolution detectable using reflected light microscope. Fifteen out of the
23 remaining samples were excluded because of exsolution and/or chemical zon-
ing visible in back-scattered electron (BSE) images. Only eight rutiles qualified
for EMP studies, however, four of the grains had heterogeneities and/or low con-
centrations of important trace elements. After following the steps described above,
four rutile grains were designed as suitable for being used as secondary mineral

standards.

2.2.1 The Sy, Diss, R19 and R10 rutile grains

The rutile grains selected as potential mineral standards are labeled Sy, a synthetic
rutile grain, Diss, from Dissentis — Switzerland, R19 from Blumberg (Adelaide)
— Australia, and R10 from Gjerstad — South Norway. All of them are large (of
centimeter—scale) single crystals. Sketches of the polished thick sections used for
in-situ analyses are presented in Fig. 2.2, showing the shape and size of the grains
along with the locations of analyzed spots. As the Diss grain has some minor il-

menite inclusions, a BSE image showing this feature is displayed in Fig. 2.2.
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Figure 2.2 Sketch of Sy, Diss, R19 and R10 polished thick sections showing shape of the grains
and location of analyzed spots. Symbols are not to scale. As Diss shows minor ilmenite inclusions
(bright horizontal needles), a BSE images composite is presented for this grain. For the Sy and Diss
grains, splits analyzed by ID-MC-ICP-MS and all LA-ICP-MS splits are from the same grain as
the polished sections.

2.3 Analytical techniques

2.3.1 Secondary lon Mass Spectrometry (SIMS)

SIMS analyses were carried out at the Mineralogisches Institut, Universitit Heidel-
berg using a CAMECA ims 3f. Analyses were performed using a 14.5 keV/10-20
nA 0~ primary ion beam. Positive secondary ions were nominally accelerated to
4.5 keV (energy window set to =20 eV) and the energy filtering technique was used

with an offset of 90 eV at mass resolution m/Am (10%) of 370. Count rates were
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2 Rutile crystals as potential mineral standards for microanalysis

normalized to *'Ti. TiO, in rutile was assumed to be 100 wt%, unless other ele-
ments exceeded 1 wt% (specifically for the detrital rutile grains — see Section 2.4.1).
In such cases TiO; concentrations obtained by EMP were used instead. The follow-
ing isotopes were analyzed: 47Ty, 07, BNb, 1188n, 1208, 1215p, 1238, 178H]F,
181y 184y 186wy 232 238,

Concentrations were calculated based on relative sensitivity factors (RSF) de-
termined following the methods described in Section 2.4.1. RSF were calculated
according to: ‘

RSF = Iﬁ X l.—R X R X aA

IR A CA ar
where / = secondary ions intensity; i = isotopic abundance; ¢ = concentration of the
element; a = atomic weight of the element. Indexes A and R stand for analyzed and

reference elements.

2.3.2 Electron Microprobe (EMP)

Electron microprobe studies were carried out at the Mineralogisches Institut, Uni-
versitdt Heidelberg and at the Geowissenschaftliches Zentrum, Universitit Gottin-
gen. Analyses of rutiles followed the method outlined by Zack et al. (2002, 2004b).
A summary of the EMP conditions is presented in Table 2.1. In Heidelberg, EMP
analyses were carried out with a CAMECA SX51 and in Gottingen with a JEOL
JXA 8900, both instruments equipped with 5 WDS detectors. The matrix correc-
tion methods were phi-rho—z: (Heinrich & Newbury, 1991) in Gottingen and PAP
(Pouchou & Pichoir, 1984) in Heidelberg. In order to get “true” zero-concentration
peak intensities and to exclude any machine drift, every ten analyses were bracketed
by two analyses of synthetic rutile (nominally zero-concentration trace elements).
In Géttingen, the overlap of V Ko by Ti K3 was corrected online after the method
of Fialin et al. (1997). This method was selected as it corrects raw intensities before

matrix correction.
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2.3 Analytical techniques

Table 2.1 EMP conditions applied for the rutile trace element analysis.

Ti A% Cr Fe Zr Nb Sn Sb Hf Ta W
Crystal LIF LIF LIF LIF PETH PET PET PET PETH LIFH LIFH
Go Line KB Ko Ko Ko Lo Lo Lo La Lo La Lo

25kV Count time* 30 200 200 150 300 300 200 300 300 300 200
80nA Bckg time? 15 100 100 50 150 150 100 150 150 150 100

DL¢ 922 40 30 40 40 70 60 40 50 50 80
20 error? 4050 160 30 60 30 100 40 100 50 100 140
Crystal PET LIF LIF TAP PET LIF
HD Line Kp Ka Ka La La La
20kV Count time* 100 200 100 200 300 100
100nA Bckg time” 50 100 50 100 150 50
DL¢ 130 50 40 40 60 350
20 error? 990 20 20 40 60 90

G0 - Gottingen, HD - Heidelberg.

¢ counting time on the peak position (s)

b counting time on the background position (s)

¢ 20 detection limit, based on repeated measurement of variation on background, values in ppm
4 26 relative standard error based on counting statistics, values in ppm

2.3.3 Isotopic Dilution Multi—Collector Inductively Coupled Plasma Mass
Spectrometry (ID-MC-ICP-MS)

During the course of the ID-MC-ICP-MS measurements, two fragments of R10
(0.34 and 7.3 mg), R19 (1.7 and 2.5 mg), and Diss (3.7 and 2.4 mg) were analyzed
together with one fragment of Sy (17 mg). The approximate location of these splits
on the analyzed thick sections of the grains R10 and R19 is shown in Fig. 2.2. For
Diss and Sy, a split from the rim of the grain was used. For all grains, except the
Sy rutile, two measurements were carried out in order to test the reproducibility of
the technique and homogeneity of the grain. For R10 two splits, one from the rim
and another from the core were analyzed. Samples were digested in Hf-HNO3; mix-
tures. After element separation by ion exchange chromatography, contents of some
HFSE (Zr, Hf, Nb, Ta, W) and Lu together with 1761 TTHE isotope compositions
were measured using the Isoprobe MC-ICP-MS at ZL.G Miinster. Operating con-
ditions and analytical techniques are summarised in Miinker ez al. (2001), Weyer
et al. (2002), and Kleine et al. (2004). Hf isotope results are given relative to a
value of 0.282160 for JMC 475, the typical external reproducibility is 0.5 €—units
(20). Concentrations of the HFSE (exept for Nb) were measured by isotope dilution
using a mixed **Zr—!130Hf-180Ta_183W_17] y isotope tracer, which was calibrated

against >99.9% pure AMES metals. Niobium concentrations were measured as
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2 Rutile crystals as potential mineral standards for microanalysis

Zr/Nb against a Zr—Nb standard prepared by AMES metals and using the Zr concen-
trations determined from the isotope dilution measurements. Typical accuracies and
20 external reproducibilities were 1% for Zr, Hf, Ta, and W contents and +4%
for Nb contents. Typical external reproducibilities for Nb/Ta, Zr/Hf and Lu/Hf are
+4%, £0.6%, and £1%, respectively. Errors include propagated errors originating
from blank measurements, assuming a £50% blank uncertainty. Measured blanks
were 550 ng for Zr, 39 pg for Hf, 9 pg for Nb, 17 pg for Ta, and 140 pg for W.

2.3.4 Thermal lonization Mass Spectrometry (TIMS)

TIMS U-Pb analyses were carried out at the University of Kansas (Department of
Geology). As SIMS results showed that the rutile R10 had the highest U concen-
trations and was the most homogeneous among the studied grains (see below), this
sample was chosen for TIMS analyses. Single fragment rutile samples were care-
fully hand-selected from both the core and rim of the R10 crystal and dissolved
employing the pressure—vessel HF-HNO3 dissolution methods of Krogh (1973)
and Parrish (1987). Elemental separation was performed with a HCI anion column
chemistry to eliminate Ti and separate both Pb and U. Isotopic analyses were deter-
mined on a VG Sector multi-collector thermal ionization mass spectrometer on sep-
arate Pb and U fractions. A mass fractionation correction of 0.16% +0.05%/amu, as
determined by standard runs on NBS 981 (common Pb) and NBS 982 (equal atom
Pb), was applied to the Pb data. A mass fractionation of 0.10% +0.05%/amu, as de-
termined by standard runs on U500, was applied to all U data. Samples were spiked
with a mixed 2*>Pb/?33U spike. Errors on 2°°Pb/2%*Pb were minimized by the use
of a Daly multiplier and are typically on the order of 1% or less. Common lead cor-
rections were made using values determined from Stacey & Kramers (1975) for the
interpreted crystallization age. Decay constants used were 233U=0.155125x10"°
y~! and 2U=0.98485x 1072 yr~! (Steiger & Jager, 1977).
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2.4 Results

2.3.5 Laser Ablation Inductively Coupled Plasma Mass Spectrometry
(LA-ICP-MS)

At the Institut fiir Geowissenschaft Department of Geosciences, Johannes Guten-
berg-Universitdt Mainz, trace element analyses were carried out with a New Wave
Research UP-213 (wavelength 213 nm) laser system combined with an Agilent
7500ce ICP quadrupole mass spectrometer. The samples were ablated in spots
of 70 um at a laser energy of 3.55 Jem~2 and a repetition rate of 10 Hz. Sig-
nals were recorded for 60 s per spot after measuring a gas blank of 60 s for back-
ground subtraction before each spot. A He—Ar mixture was used as carrier gas,
which has the effect of lowering the detection limits by a factor of two to three
(Jacob, 2006). Plasma torch conditions were optimized so that ThO/Th ratios were
<0.5% and no further corrections for oxide production were applied. Titanium,
measured as **Ti, was the internal standard element for each analysis. TiO, was
assumed to be 100 wt%. Analyses were calibrated against the NIST SRM 610 glass
(GeoReM preferred values: http://georem.mpch-mainz.gwdg.de/). Accuracy of the
results was confirmed by analyses of the well-known USGS reference glass BCR-
2G (Jochum et al., 2005) using newly compiled values (GeoReM preferred values:
http://georem.mpch-mainz.gwdg.de/). Element concentrations were calculated with
the software “GLITTER” using measurements of the following isotopes: >V, 0Zr,
93Nb, %Mo, %Mo, '21Sb, 77HF, 78HF, 181Ta, 184W, 208pp, 232Th, 238U. Typical
detection limits (99% confidence) for 70 um spots were 0.01 ppm for V, Zr, Hf, W,
Th and U, 0.015 ppm for Mo and Sb, 0.005 ppm for Nb and 0.0035 ppm for Ta and
U.

2.4 Results

2.4.1 SIMS HFSE calibration

The calibration of SIMS for HFS elements in rutile was twofold. First of all, as
RSF are needed for converting the intensity (in counts per second) of a given isotope

into element concentration, determining consistent and reliable RSF is crucial issue.
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2 Rutile crystals as potential mineral standards for microanalysis

Secondly, it is necessary to test possible matrix effects that might arise from using
reference materials with different structure and chemical compositions.

It is noteworthy that repeated analyses on the NIST SRM 610 show constant
element ratios over a period of eleven months (Fig. 2.3). Therefore significant
machine drifts can be ruled out. Consequently, the data collected in this period can
be treated as one consistent data set and the RSF calculated from this data set can
be used to obtain element concentrations for the rutiles analyzed in the same time

interval.
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Figure 2.3 Variation with time of Zr and Nb intensity ratios (element/*’Ti) measured on
NIST SRM 610 by SIMS. Total of 28 measurements, from April 2005 to February 2006. Each
point on the plot represent one analysis. Variations are expressed in percentage and represent devi-
ation from the average. Shaded areas represent variation of £5%. In order to favor the comparison
with obtained concentration data, variations are presented in the same scale used in Figs. 2.6 — 2.9
and in Figs. 2.10 — 2.12.

In order to calibrate SIMS for HFSE analysis in rutile, a set of detrital rutile
grains from sediment samples from Erzgebirge (Germany) was used. The concen-
trations of Zr, Nb, Sn, Sb, Hf, Ta and W were independently determined by EMP
in Gottingen, according to the operational conditions described in Section 2.3.2.
Details of sampling procedures and mineral separation methods are presented in

Triebold et al. (2007) and the complete data set will be presented elsewhere. Con-
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2.4 Results

centrations obtained by EMP were assumed as reference concentrations for the de-
trital rutile grains. Although the errors involved in RSF calculation using EMP
data as a reference are larger than those obtained when more refined techniques
(e.g., ID-MC-ICP-MS) are used, the procedure adopted here involved analyses of

a large number of grains and a strict, statistically robust, selection process:

1. selection of a large set of high trace element concentration rutiles. The total
number of valid analyses varied from element to element as they were lim-
ited by the concentration of the target element in the grain. The number of

sedimentary rutiles analyzed by EMP is presented in Table 2.2;

2. high trace element concentration grains were tested for homogeneity by con-

ducting further EMP analyses on these grains;

3. SIMS analyses were conducted on homogeneous grains, trying to reproduce

the location of EMP analyses;

4. collected data passed through two filtering processes. First, trace element
concentrations above EMP detection limit (46 minimum detection limit) were
selected and RSF were calculated for these data. Gaussian error propagation
was also calculated. Obtained RSF were then plotted against the EMP con-
centration, as shown in Fig. 2.4. Then as a second filtering process, all el-
ements with a large data set were evaluated and only those with the highest
concentration were selected. A minimum of 4 analyses were used. For ele-
ments with a restricted amount of data (Hf and Sb) all data selected according
to the first filtering process were considered. The selected analyses are repre-
sented by shaded areas on Fig. 2.4. RSF corresponds to the arithmetic mean

of the selected analyses.

In order to identify possible matrix effects and interferences for trace elements
of interest, further analyses were carried out on a set of glass standards, namely,
the NIST SRM 610 glass; three MPI-DING Glasses (KI2 , StHs6/80 and ATHO,
Jochum et al., 2000); four USGS standards (BCR2G, BHVO, TB and GSD); and
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2 Rutile crystals as potential mineral standards for microanalysis

two titanite glasses (TNT 150 and TNT 1500), doped with different trace element
amounts (Klemme et al., 2008). The overall conclusion is that for most elements
(Zr, Sn, Sb and W) RSF obtained for the glass standards are consistent, within the
error, with the RSF calculated using the detrital rutile grains. However, for some el-
ements (Nb, Hf and Ta) systematic differences are observed. Hafnium and Ta RSF
calculated using data obtained for silicate glasses are systematically higher than
those obtained for the titanite glasses and the detrital rutile data set (respectively
0.70 and 0.40 for glasses and 0.41 and 0.32 for rutiles). This is most likely caused
by interferences from REE (e.g., 1478m0O, and 163DyO on !78Hf and *°SmO, and
165H00 on '8! Ta) present in the silicate glasses but absent in rutile. Furthermore for
both elements (Hf and Ta), a positive correlation between the calculated RSF and
the REE/Ti ratio is observed. RSF calculated for Nb form two distinct groups, one
composed by the rutile grains and characterized by higher RSF (0.84), and another
composed by all other analyzed materials (including the titanite glasses) showing
distinct lower RSF (0.55). One explanation would be a mass interference of Ti iso-
topes (*OTi*’Ti) on 2>Nb. However, investigations carried out on the Sy rutile grains
which contain a very low concentration of Nb (0.942 ppm, see Table 2.3) yielded
very few counts for Nb (which give an apparent concentration of ~4 ppm), indicat-
ing that interferences associated with the Ti isotopes are negligible in the concentra-
tion range of most naturally occurring rutiles (tens to thousands of ppm). Therefore
as significant interferences can be ruled out, we tentatively attribute the observed
difference in RSF to matrix effects related to structural and chemical composition

differences between analyzed materials.

Another possibility for explaining the systematic differences in RSF of Nb, Hf

Figure 2.4 (following page) SIMS Relative Sensitivity Factor (RSF) calculated for Zr, Nb, Sn, Sb,
Hf, Ta, W and U plotted against concentration in ppm. Points represent EMP analyses performed on
the detrital rutile grains. Each point represents one analysis. For U, a set of standard glasses was used
and each point represents the average of three measurements. In this case reference concentrations
were used. Dashed lines represent EMP detection limits (according to Table 2.1). Shaded areas
represent analyses used for calculating the preferred RSF shown on the plots. MPI-DING: glasses
K12, StHs6/80 and ATHO; USGS: glasses BCR2G, BHVO, TB and GSD; Tnt: titanite glasses TNT
150 and TNT 1500 (for bibliographic references see text.)
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2 Rutile crystals as potential mineral standards for microanalysis

Table 2.2 Number of analyzed grains and summary of RSF calculated using the detrital rutile grains.

Zr Nb Sn Sb Hf Ta w
Total analyzed grains (EMP) 188 189 181 92 89 92 166
Grains homog. (and above 20 EMP DL + 70 81 68 9 6 22 38
20 mean error)
Mean RSF 0.810 0.860 0.359 0.119 0.413 0.314 0.256
Standard deviation 0.139 0.120 0.045 0.016 0.041 0.029 0.049
# Selected analyses® 9 11 9 9 6 4 7
Mean RSF 0.834 0.835 0.365 0.126 0.413 0.316 0.216
Standard deviation 0.025 0.035 0.028 0.009 0.041 0.010 0.028

Values in bold are those used for calculating concentrations in ppm. For details about the selection process see discussion in
the text. ¢ according to the two filtering processes described in the text.

and Ta described above would be a systematic offset of EMP concentration data.
However, this hypothesis can be excluded because SIMS concentrations calculated
for the Diss, R19 and R10 rutile grains based on RSF obtained using the detrital
rutiles match the ID-MC-ICP-MS data presented in Section 2.4.2.

The results obtained of U (Fig. 2.4) show a very low deviation indicating that
matrix effects and/or interferences are negligible for this element. Therefore, the
average RSF calculated for the standard glasses is assumed to be representative,
given the fact that U concentration for the detrital rutile grains could not be obtained
by EMP.

2.4.2 High precision HFSE concentration data

ID-MC-ICP-MS concentrations of six important trace elements in rutile (Zr, Nb,
Hf, Ta, W and Lu) and 7®Hf/!7"Hf isotopic ratios were obtained for the Sy, Diss,
R19 and R10 rutile grains (Table 2.3). Zirconium and Hf results between the two
replicates of each R10, R19, and Diss agree within the external reproducibilities
quoted above (Table 2.3), demonstrating homogeneity for these elements. Results
for Nb, Ta, W, and Lu between the replicates are outside analytical uncertainty,
indicating some heterogeneity at the percent scale.

We would like to note that Nb/Ta and Zr/Hf ratios obtained by ID-MC-ICP-MS

for the natural rutile grains show a large range (from 5.4 to 19.2 and from 19.2 to
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30.7, respectively). The continental crust (from where the studied rutiles originate)
is regarded as relatively homogeneous on a large scale with respect to its Nb/Ta and
Zr/Hf ratios (see, e.g., Barth et al., 2000). However, several processes can change
these values, at least on a local scale (e.g., visible in the formation of tantalite and
columbite ore deposits in pegmatites). Moreover, previous studies have shown that
the Nb/Ta and Zr/Hf ratios in rutiles from the continental crust vary strongly (at
least from 8 to 123 and 10 to 36, respectively; see analyses of crustal rutiles in
Supplemental Table 1 of Rudnick et al., 2000). These values are in contrast to
rather constant ratios obtained for several other earth reservoirs like MORB and
OIB (from 11 to 17 and 27 to 43, respectively, with both ratios showing a clear

positive correlation; Miinker et al., 2003).

Table 2.3 ID-MC-ICP-MS results obtained for the rutile grains

Zr Nb Hf Ta w Lu Nb/Ta Zx/Hf 7T6Hf/1TTHE
R10 Rim 768.9 2592 37.4 456 - 0.0513 5.7 20.53 0.282178
+ 7.7 103.7 0.4 5 - 0.0005 0.2 0.12 0.000009
R10 Core 787.9 2725 38.9 504 108 0.0300 5.4 20.26 0.282178
+ 7.9 109 0.4 5 1 0.0100 0.2 0.12 0.000012
R19 264.4 873 8.62 87.9 60.5 0.0724 9.9 30.69 0.282164
+ 2.6 35 0.09 0.9 0.6 0.0014 0.4 0.18 0.000017
R19 262.0 945 8.67 112.6 58.1 0.1820 8.4 30.21 0.282162
+ 2.6 38 0.09 1.1 0.6 0.0020 0.3 0.18 0.000014
Diss 97.8 145 5.09 7.56 19.7 0.0225 19.2 19.19 0.283239
+ 1.0 6 0.05 0.08 0.2 0.0010 0.8 0.12 0.000017
Diss 98.0 147 5.07 7.75 16.2 0.0848 19.0 19.34 0.283277
+ 1.0 6 0.05 0.08 0.2 0.0014 0.8 0.12 0.000016
Sy 4.45 0.942 0.0954 0.0037 0.338 0.0012 253 46.69 -
+ 0.04 0.038 0.002 0.0004 0.004 0.0002 10 0.28 -
Chondritic Values® 19.9 34.3
+0.6 +0.3

Concentrations are given in ppm. Errors refer to the 20 external reproductibility: £1%, except for Nb: £4% and both include
the propagated uncertainty from blank variations. An uncertainty of £50% for the blank is assumed, resulting in higher errors
in the case of low concentrations (e.g., Ta, Lu and W in Sy). The external reproductibility of the Zr/Hf and Nb/Ta ratios are
+0.6% and £4% (20) except if the blank uncertainty is larger.

¢ Miinker et al. (2003).
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2 Rutile crystals as potential mineral standards for microanalysis

2.4.3 U-Pb isotope data for R10

U-Pb isotope data for R10 were obtained by TIMS from fourteen fragments (nine
from the rim and five from the core). Each analysis was carried out on a single
fragment and represents the information of a restricted area, thus compared to in-
situ techniques. The approximate location of the analyzed areas are presented in
Fig. 2.2. The obtained data are presented in Table 2.4 and Fig. 2.5. Measured
U concentrations are relatively high, in the 30 ppm range for most of the analyses
(averages for rim and core are 28.15 and 31.98 ppm, respectively). Although the U
concentration varies, the ages obtained are rather constant, ranging from 1085.1 to
1096.2 Ma (?7Pb/?*U ages) and from to 1086.3 to 1096.6 Ma (>°°Pb/?38U ages).
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0.186 1

0.185

0.184

206Pb /238U

0.183

Intercepts at
1095.2 £ 4.7 Ma
MSWD 2.5

0.182F 1078 o

0.181 . . . .
1.88 1.90 1.92 1.94 1.96

207Pb /235U

Figure 2.5 U-Pb concordia plot for all analyses of R10

R10 is from Gjerstd, South Norway and belongs to the Bamble sector of the
Southwest Scandinavian Domain (SSD). This area is characterized by the occur-
rence of important Fe—Ti deposits (Korneliussen et al., 2000), associated with mag-
matism early in the Sveconorwegian orogeny (Starmer, 1991; Kullerud & Dahlgren,
1993). The present structural and metamorphic configuration of the SSD formed

during the Sveconorwegian (Grenvillian) Orogeny between 1.25 and 0.9 Ga. In the
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2 Rutile crystals as potential mineral standards for microanalysis

Bamble sector, the magmatic-metamorphic event began with the intrusion of gab-
broic magmas at 1.2 Ga (de Haas et al., 2002a), reaching peak metamorphism at
ca. 1.1 Ga (Kullerud & Dahlgren, 1993). Titanite U-Pb ages of 1091£2 Ma were
obtained by de Haas et al. (2002b) and are interpreted as the age of peak meta-
morphism. According to the authors, the result is in agreement with the previously
obtained Sm—Nd mineral isochron, U-Pb zircon and Pb—Pb titanite ages for peak
Sveconorwegian metamorphism in the Bamble sector (Kullerud & Machado, 1991;
Kullerud & Dahlgren, 1993; Cosca et al., 1998). Therefore U-Pb TIMS ages ob-
tained for R10 (1095 Ma) are in excellent agreement with the regional geological
context. Recently, Bingen et al. (2008) carried out a comprehensive study about the
geochronology of the Sveconorwegian orogeny in SW Scandinavia and according
to their results the ages obtained for R10 match the age of the amphibolite—facies

metamorphism that affected the Bamble sector.

2.4.4 LA-ICP-MS concentration data

Analyses of eleven trace elements were determined in splits (of millimeter size)
from the Sy, Diss, R19 and R10 rutile grains. Results are presented in Table 2.5. In
order to test reproducibility of the technique, three measurements were carried out
on each split. It is noteworthy that concentrations of Mo, Pb and Th were obtained
only using this technique. Concentrations of Pb and Th are very low for all rutiles
(< 0.1 ppm). For all grains, at least one Pb concentration is anomalously (orders
of magnitude) high. As it is a common feature for all grains, it is probably due to
sample contamination (e.g., the excess Pb may be located in micro—cracks that were
accidently hit by the spot) and not element heterogeneity. Molybdenum concentra-
tions are relatively high in R10 (average of 11.2 ppm) displaying a distinctly small
standard deviation.
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Table 2.5 LA-ICP-MS concentrations obtained for the rutile grains. Values within parentheses rep-
resent anomalous high concentrations that are probably due to surface contamination.

v Zr Nb Mo Sb Hf Ta w Pb Th U
R10 1249 764 2824 11.2 2.08 37.3 394 61.7 (0.588) <0.0037 44.6
1296 756 2862 11.2 2.03 37.1 383 59.0 0.089 <0.0036 443
1294 757 2849 113 2.13 37.1 375 62.4 0.073 <0.0035 434
Avg 1279 759 2845 11.2 2.08 37.2 384 61.0 0.081 <0.0035 4.1
20 Std 53 8 38 0.09 0.10 0.2 19 3.6 0.022 - 1.2
R19 1569 246 618 1.51 1.34 8.08 21.4 72.6 (1.069) <0.0033 14.7
1600 252 648 1.56 1.25 8.18 22.3 67.7 0.250 0.0080 14.5
1683 249 652 1.50 1.26 8.05 22.6 65.2 0.230 0.01 13.9
Avg 1617 249 639 152 1.28 8.10 22.1 68.5 0.238 0.0115 14.4
20 Std 117 6 37 0.07 0.10 0.14 12 7.6 0.028 0.0098 0.8
Diss 753 129 180 0.919 0.45 6.56 11.0 83.3 0.0718 <0.0031 0.0070
784 131 178 0.809 0.37 6.58 11.2 81.0 (0.1640) <0.0030 0.0189
773 126 180 0.880 0.41 6.49 11.7 83.0 0.0791 <0.0031 0.0099
Avg 770 128 179 0.869 0.410 6.54 113 82.4 0.0755 <0.0030 0.0119
20 Std 30 4.9 1.96 0.11 0.079 0.09 0.7 2.5 0.0103 - 0.0124
Sy <0.032 2.79 0.69 <0.070 <0.0380 0.060 <0.0050 0.065 (0.4550) <0.0092 <0.0086
0.043 2.74 0.66 <0.029 <0.0159 0.067 <0.0025 0.079 0.0780 <0.0033 <0.0035
0.026 2.71 0.66 <0.024 <0.0131 0.059 <0.0022 0.012 0.0500 <0.0033 <0.0032
Avg 0.035 2.77 0.667 <0.024 <0.0131 0.062 <0.0022 0.052 0.0640 <0.0033 <0.0032
20 Std 0.025 0.057 0.033 - - 0.009 - 0.071 0.0198 - -
SRM610 442 440 419 410 369 432 452 445 426 457.2 461.5
Unc. 43 8 58 29 28 15 39 25 1 1.2 1.1

Avg - average of measurements (arithmetic mean). 26 Std - 20 standard deviation of the 3 analyses.
SRM610 - preferred values used for calibration (from: http://georem.mpch-mainz.gwdg.de/ — accessed in December, 2006).
Unc - uncertainty according to GeoReM.

2.5 Discussion

2.5.1 Homogeneity test

In order to test homogeneity of the grains, two rim—to-rim profiles (perpendicu-
larly oriented) were carried out by EMP and SIMS (location shown in Fig. 2.2).
Figs. 2.6, 2.7, 2.8 and 2.9 show SIMS concentration data of the two profiles mea-
sured for the studied grains. Diagrams were normalized in such a way that the
y axis spans a range from -40% to 40% of the concentration average (except for
elements showing variations above this range). Concentrations in ppm were cal-
culated using RSF presented in Section 2.4.1. SIMS is the method of choice for
homogeneity tests as this is the most precise in-situ technique. Concentration data
for V, Cr and Fe were not measured by SIMS. Hence, EMP are shown instead
(Figs. 2.10, 2.11 and 2.12).

R10 is the most homogeneous rutile among the studied grains. It also has the

highest trace element concentrations. Therefore this sample has the highest poten-
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Figure 2.6 Rim-to-rim chemical profiles (SIMS) of Zr, Nb, Sn, Sb, Hf, Ta, W and U for the R10
grain. Please notice that all diagrams are normalized in a way that the y axis spans a range from
-40% to 40% of the average for each element. Light and dark shaded areas represent 10% and 20%
of variation from the average, respectively. Error bars are only shown when analytical errors (SIMS,
1 relative standard error based on counting statistics) are larger than the symbols. Prfl - profile 1,
Prf2 - profile 2.

46

Zr

Prfl

R10

M

Prf2

()/0\0/0\(g<\<>

20%
10%

10%]|
20%|

I ama e o | R

50

40 1

44 ppm




2.5 Discussion

1Zr Prfl R19 Prf2
400 20%
10%
200 _MWOQ_W 0—0——0—0———0\0/0 N
] 20%
200
I Nb 20417
2054
1700 4
1300 4
900
Sn

155 1

115

75
1.5 [ Sb 1567

E 11
o
8
i=1 <
g 069 059
< 07 N P
g 151Hf
Q
=
o |
5]
g
s 114
L
= 4
7
150 Ta
1 50%
100 25%
504 25%
50%
0
70 | W R 24177
698
50
30
1R -7
ho U \122 123
8<
6<
4
0 1 2 3 4 50 1 2 3 4 5mm

Figure 2.7 Rim-to-rim chemical profiles (SIMS) of Zr, Nb, Sn, Sb, Hf, Ta, W and U for the R19
grain. Please notice that diagrams are normalized in a way that the y axis spans a range from -40% to
40% of the average for each element. The only exception is the Ta diagram, where the y axis spans a
range from -100% to 100%. Light and dark shaded areas represent 10% and 20% of variation from
the average, respectively (except for Ta - see diagram). Error bars are only shown when analytical
errors (SIMS, 1 relative standard error based on counting statistics) are larger than the symbols. Prfl
- profile 1, Prf2 - profile 2.

47



2 Rutile crystals as potential mineral standards for microanalysis

1504 21 Prfl Diss Prf2
20%
10%
110 “_QO\\
10%
20%
70
210 | Nb m-7
170 -
1304 Q\ﬂ_\\o
920
211 Sn
5 _W \\o\o
9
Sb 10277,
0.8 50%|
25%
g
=
204
E 25%|
= 50%|
2
= 0.0
§ s{Hf
=
o
(53
s
o
£ 6
2
m
4
Ta 2547
1.5
9.5
7.5+
55 535 - N\
120
w
50%
80 25%
40 25%
50%
0.1
U
0.04
-0.1
0 1 2 3 4 5 6 7 1 2 3 4 5mm

Figure 2.8 Rim-to-rim chemical profiles (SIMS) of Zr, Nb, Sn, Sb, Hf, Ta, W and U for the Diss
grain. Please notice that diagrams are normalized in a way that the y axis spans a range from -40%
to 40% of the average for each element. Exceptions are Sb and W diagrams, where the y axis span a
range from -100% to 100%. Light and dark shaded areas represent 10% and 20% of variation from
the average, respectively (except for Sb and W). Error bars are only shown when analytical errors
(SIMS, 1 relative standard error based on counting statistics) are larger than the symbols. Filled
symbols represent analyses where no counts where obtained for the measured time. Prfl - profile 1,

Prf2 - profile 2.
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Figure 2.9 Rim-to-rim chemical profiles (SIMS) of Zr, Nb, Hf, Ta and U for the Sy grain. Intervals
represented by the light and dark shaded areas are shown in the diagrams. Error bars are only shown
when analytical errors (SIMS, 1 relative standard error based on counting statistics) are larger than
the symbols. Filled symbols represent analyses where no counts were obtained for the measured
time. Prfl - profile 1, Prf2 - profile 2.

49



2 Rutile crystals as potential mineral standards for microanalysis

12004 & V in ppm R10 Prfl
b 1 20%
{10%
1000 O ngon omOo P )
i N o/ \O‘“o-»-o-‘oa-é‘
800 - ] 10%
| 20%
600 - ---o---- EMP - Goettingen
: : . ! ! : : !
i Prfl| | Prf2
9004 Cr in ppm
80 D-D.D'DDD ‘D_%D.D-g,»u_.un---n,x o, v,.D... =S .0 o
700 { qap®0 0 & g, od s @ w8 8
o o D"U' [a} b O--gf o -.‘h/,u
500 - T
| Fe in ppm
5000
b o-&E heo g8 ., egegege-0-ooFo S g
D.DE\D mo-@ By gD al (=
40004 T Beg g
o B,
B a \
3000 - )
-~ EMP - Heidelberg g
1 2 3 4 5 6 7 8 1 2 3 4 5 6 7 8 9 mm

Figure 2.10 Rim-to-rim chemical profiles (EMP) of V, Cr and Fe for the R10 grain. Concentration
data for V was only obtained for profile 1 in Gottingen. For Cr and Fe a greater amount of data
was acquired in Heidelberg. Hence, these data are presented instead. Light and dark shaded areas
represent 10% and 20% of variation from the average, respectively. Symmetric bars in the diagrams
represent 20 errors (only shown when analytical errors are larger than the symbols). Prfl - profile 1,
Prf2 - profile 2.

tial to be used as a secondary standard. For R10, Zr, Nb, and Hf are homogeneous
within +10%. Tin variations are within =5%. However, it shows a decrease of ap-
proximately 10% close to the rim. Antimony concentrations are consistent within
+20% but the variation can not be attributed to zoning because of high analytical
errors as the concentrations are below 2 ppm. Tantalum and W show the highest
variation in R10 (overall variation higher than +£20%). However, in detail, these
elements show a distinct core plateau, where variations are within +5%. Uranium
behaves similarly to Ta and W. However the overall variation is smaller (within
4+20%) and the plateau is wider (also showing variations within +5%). Vanadium,
Cr and Fe are present in relatively high concentrations in R10. For V, only the two
rim analyses are outside the £40% interval. However errors are large for this el-
ement. Iron shows a clear trend, with concentrations decreasing towards the rim.

This is mirrored by Cr, although the scattering is greater. However zoning is con-
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Figure 2.11 Rim-to-rim chemical profiles (EMP) of V, Cr and Fe for the R19 grain.

caption of Fig. 2.10.

For details see
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Figure 2.12 Rim-to-rim chemical profiles (EMP) of Cr and Fe for the Diss grain. For details see

caption of Fig. 2.10.
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strained within +10%.

The most homogeneous trace elements in R19 are Zr and Sn which show vari-
ations within £10%. Remarkably, Sn concentrations in R19 are relatively high
(SIMS average of 125 ppm). Hafnium shows an overall variation of approximately
420% but, in detail, shows a plateau with variation less than +£5%. Tungsten shows
an overall variation higher than +20% but displays a plateau where variations are
much smaller (within +£10%). Antimony concentrations are low (approximate 1
ppm), and due to high analytical errors the scatter observed on the plot cannot be
attributed to zoning. Uranium variations for most of the R19 grain is within +20%,
however an abrupt increase of approximate 40% is observed very close to the rim.
As for R10, concentrations of V, Cr and Fe are relatively high in R19 (Cr is even
higher, with an average of 1000 ppm). Variations are within £10%, £20% and
+15%, respectively.

The Diss grain has trace element concentrations considerably lower than those
of the R19 and R10 grains. This implies that for some elements (Zr, Nb, V and
Fe for EMP and Hf, Sb and U for SIMS) analytical errors are significantly higher.
Zirconium and Sn display variations within £20%. Niobium variations are mainly
within £20%, however a high concentration peak was recorded in the core of the
grain for profile 1 (Fig. 2.8). Zirconium and Nb show an asymmetric zoning with
concentrations progressively increasing (approximate 40%) from one rim to another
in both profiles. A less pronounced increase is also displayed by Sn but part of the
scatter is due to slightly higher analytical errors. The asymmetric zoning suggests
that the grain is probably a split from a larger crystal. Antimony and U concen-
trations are very low (below 1 and 0.1 ppm, respectively) therefore errors are too
high to draw conclusions about homogeneity. Hafnium yields concentrations con-
sistent within +20% (but errors are also high). Chromium and Fe show variations
of £20% and £10%, respectively.

Sy is homogeneous within £5% for Zr and Nb. Concentrations of Hf, Ta and U

are too low to draw any conclusions about homogeneity.
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2.5.2 Comparison of techniques

The comparison of all concentration data, obtained by the different applied tech-
niques, is graphically displayed on the chemical profiles (grouped by element) pre-
sented in Figs. 2.13-2.23. Only data for the profile with the most data is displayed
(profile 1 in previous figs.). The location of the splits analyzed by ID-MC-ICP-MS
(except for the R10 grain) and LA-ICP-MS do not match the orientation of the pro-
files. Data obtained by these techniques are presented as horizontal lines through

the chemical profiles presented in this section.

Zirconium

Five different concentration measurements were obtained for Zr, using four inde-
pendent techniques. The results show an outstanding agreement, particularly for
the R10 grain (highest concentration). The only exception is the Sy grain, where
higher ID-MC-ICP-MS concentrations (approximately 2 ppm higher than SIMS
and LA-ICP-MS) were recorded. The discrepancy is not yet understood but is
probably related to complications due to the low concentration range. The good
agreement between the Zr data is relevant, as the Zr incorporation in rutile is tem-
perature dependent (Zack et al., 2004b; Watson et al., 2006; Tomkins et al., 2007).
Therefore, according to our data, temperatures calculated with the different tech-

niques assessed in the present work can be directly compared.

Niobium

Concentration data obtained for Nb show an excellent agreement. However, EMP
concentrations obtained in Heidelberg are higher than those obtained in Gottingen,
showing a systematic linear offset (average ratios of 1.18 and 1.25 for the R10 and
R19 grains). The observed discrepancy is probably due to different matrix correc-
tion methods applied by the laboratories (PAP in Heidelberg (the only method al-
lowed by the CAMECA software) and phi-rho-z in Gottingen). In order to evaluate
the influence of different matrix correction methods on the results, analyses per-

formed in in Gottingen where recalculated using phi-rho-z and ZAF. Results show
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2 Rutile crystals as potential mineral standards for microanalysis

that concentrations calculated using the phi-rho-z method are systematic lower than
those calculated by the ZAF method, giving a systematic linear offset of approx-
imate 10%. For the Sy grain, concentrations obtained by ID-MC-ICP-MS and
LA-ICP-MS agree within +5% (even within the 1 ppm range). On the other hand,
SIMS concentrations are significantly higher (~60%) and probably reflect mass
interference of Ti isotopes (*°Ti*’Ti) on 23Nb measurements (see discussion in Sec-
tion 2.4.1).

Tin

The only grain where Sn concentrations are above EMP detection limit (referring
to the Gottingen laboratory) is R19. Therefore, this is the only grain that allows
comparison between this technique and SIMS. Although EMP errors are relatively
high, concentrations obtained with this technique fit, within the error, with results
obtained by SIMS.

Antimony

Both SIMS and LA-ICP-MS data were obtained for R10, R19 and Diss. For all
grains, results agree within the error. However, when concentrations are so low

(i.e.1.e., <3ppm) inevitably the SIMS errors are relatively large.

Hafnium

For R10, Hf concentrations obtained by three independent techniques show an out-
standing agreement. If LA-ICP-MS results are compared to concentrations ob-
tained by SIMS and ID-MC-ICP-MS for the core region of the grain, the agree-
ment is within 5% or less. For the other grains the agreement is also remarkable,
however results have to be interpreted with caution due to lower concentration

ranges (higher errors) and heterogeneities (zoned profiles, e.g., R19).

54



2.5 Discussion

1600 600
1 Zr R10 Zr R19
1280 - ]
960 .
N S v e i o DO
640
320 4
c ]
= 1
Q o Distance in mm :[20% 0 Distance in mm :[20%
< 0 1 2 3 4 5 6 8 9 0 2 3 4 5
c
(o]
= Zr Diss Zr Sy
c 200+ 7
[0
o | 4+
c
Q 7 -
O 150+ . .
[ N L 3
b= i A~
N i i
o ‘”. H 2 -
1 i J
50 - 14
o Distance in mm IZO% o Distance in mm IZO%
T T T T T T T v : . v
0 1 2 3 4 5 6 7 8 0 2 3 4 5 6
—o— SIMS o EMP - Heidelberg --o-- EMP - Goettingen —— ID-MC-ICP-MS === LA-ICP-MS

Figure 2.13 Rim-to-rim chemical profiles of Zr. Errors (1 relative standard error) are smaller then

the symbols.

5000

| Nb R10 Nb R19
3000 —
4000 o
1y ., g B
3000 - ; AR
J R VA "o
VAN 5
2000 | © ‘u\ 7;\)/0
c 1000
s 4
Q 0 Distance in mm Distance in mm IZO%
< o 1 2 3 4 5 6 2 3 4 5
c
o
£ Nb Diss |Nb Sy
& 300
g 6
o 4
(@] 4
200 — A a -
S ieecimef B dnggidass “ar R A N
100 o J20%
Distance in mm 120%
0 T T T T T T T 0
o 1 2 3 4 5 6 7 8 0 2 5 4 5 6
—o— SIMS o EMP - Heidelberg —-o-- EMP - Goettingen —— ID-MC-ICP-MS === LA-ICP-MS

Figure 2.14 Rim-to-rim chemical profiles of Nb. Errors (1 relative standard error) are smaller then

the symbols.

55



2 Rutile crystals as potential mineral standards for microanalysis

250

Sn R19

n
o
S

!

O

Concentraton n ppm
%f
&

o Far -
150 | DT o ok AR

100

(&)}
o
|

0 Distance in mm IZO%
0 { 2 3 4 5

—<&— SIMS  ---o--- EMP - Goettingen
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Tantalum

For Ta, the comparison of techniques must be done cautiously as this element shows
heterogeneous profiles for the R10, R19 and Diss grains. Furthermore, Ta concen-
tration in Sy is very low (below 0.02 ppm). As it has been said before, R10 is the
only grain where ID-MC-ICP-MS matches the SIMS profile. For this grain, SIMS
and ID-MC-ICP-MS obtained for rim and core agree within +10%. Moreover, for
all grains, if ID-MC-ICP-MS and LA-ICP-MS concentrations are extrapolated
through the profiles, results of at least two techniques match the profile in specific
parts. For example, for the rim of the R10 and Diss grains (Fig. 2.18), concentra-
tions obtained by SIMS, ID-MC-ICP-MS and LA-ICP-MS agree within =10 and
+15% respectively.

Tungsten

As with Ta, W shows heterogeneous profiles for the R10, R19 and Diss grains and
therefore the observations made for that element are also valid. However, for W, the
R19 grain display a wide and relatively homogeneous core plateau, where SIMS,
ID-MC-ICP-MS and LA-ICP-MS concentration agree within +10%.
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Uranium

The only grain where U concentrations were obtained by three different techniques
is the R10. For this grain, SIMS and TIMS (average) concentrations agree (for
both core and rim) within £10%. For the core region concentrations obtained by
LA-ICP-MS, SIMS and TIMS agree within £20%. LA-ICP-MS concentrations
obtained for the R19 grain are too high (average of 14.4 ppm) when compared to
SIMS (average of 7.40 ppm). However it is difficult to evaluate whether this is due
to analytical error limitations or to heterogeneity as U shows a zoned profile with
concentrations significantly increasing towards the rim. Low concentrations of U
for the Diss and Sy grains are confirmed by both SIMS and LA-ICP-MS.
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Figure 2.20 Rim-to-rim chemical profiles of U. Error bars are only shown when errors (1 relative
standard error) are larger than the symbols. Filled symbols represent analyses where no counts where
obtained during the measurement time.
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2 Rutile crystals as potential mineral standards for microanalysis

Vanadium

For both R10 and R19, LA-ICP-MS concentrations are higher then those obtained
by EMP (up to 40%). However, more data is necessary to judge if this is due
to analytical error limitations or to heterogeneity of the grains (e.g., LA-ICP-MS

match EMP concentrations for R10 rim).

Chromium and Iron

Concentrations of Cr and Fe were obtained by EMP in Heidelberg and Gottingen for
the R10 and R19 grains. Results obtained by both laboratories are almost identical
(discrepancies smaller than the heterogeneities of the grains) showing an outstand-
ing agreement. Cr is particularly important in rutile as it can be used, together with
Nb, in quantitative provenance studies (see, e.g., Zack et al., 2004a; Triebold et al.,
2007).

2.5.3 Rutile mineral standards

A summary of all concentration data obtained for the studied rutile grains is pre-
sented in Table 2.6. Analyzed rutiles fall in four distinct compositional ranges,
namely the difference in concentration between the grains that vary by orders of
magnitude. The large difference in concentration for a given element observed
from one grain to another enables not only the evaluation of detection limits of
a given analytical technique but also the cross calibration of methods having dif-
ferent sensitivity ranges. In addition, the Sy rutile can be used in EMP studies for
determining “true” zero-concentrations for a matched matrix. It can also be used to
check interferences, for instance, from the Ti isotopes, by monitoring pure counts
of a given element. In the present work, this was particularly useful to investigate
interferences on Nb during SIMS measurements as described in Section 2.4.1.
Tables 2.7, 2.8, 2.9 and 2.10 show average concentrations of selected elements.
Weighted averages were calculated at 95% confidence level using “IsoplotEx Ver-
sion 2.49” (Ludwig, 2001). Only homogeneous elements (according to Section

2.5.1), for which concentrations obtained by at least three techniques agreed within
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2 Rutile crystals as potential mineral standards for microanalysis

Table 2.6 Summary of all rutile analyses.

\4 Cr Fe Zr Nb Mo Sn Sb Hf Ta w Lu Pb Th U
R10 EMP Min 611 2926 731 2490 bdl
Heidelberg Max 797 4570 914 3073 bdl
55 analyses Avg 716 4240 811 2864
Std 48 296 43 134
EMP Min 833 651 3553 760 2071 bdl bdl
Gottingen Max 1283 755 4513 888 2578 bdl bdl
20 analyses Avg 991 710 4255 811 2423
Std 107 29 271 34 120
SIMS Min 782 2411 533 156 363 304 50.4 29.6
32 analyses Max 898 2841 664 284 425 557 123.1 459
Avg 823 2695 59.6 198 391 501 93.6 373
Std 29 118 2.7 029 1.7 62 214 4.0
ID-MC-ICP-MS Rim 7689 2592 374 456 0.0513 28.2¢
Core 7879 2725 389 504 108 0.0300 32.0¢
LA-ICP-MS Avg 1279 759 2845 11.2 208 372 384 61.0 0.0810 <0.0035 44.1
Std 27 4 19 0.1 0.05 0.1 9 1.8 0.0110 - 0.6
R19 EMP Min 868 3088 250 1169 bdl
Heidelberg Max 1320 4290 340 2680 bdl
34 analyses Avg 1130 3984 302 1954
Std 114 323 23 414
EMP Min 1036 896 3227 260 849 114 bdl
Gattingen Max 1164 1307 4264 355 2453 165 bdl
20 analyses Avg 1110 1090 3909 312 1556
Std 39 137 292 20 392 15
SIMS Min 299 1064 1263 0.67 838 252 343 6.3
35 analyses Max 349 2367 159.8 1.76  13.8 1499 90.2 143
Avg 326 1698 140.0 120 115 66.7 62.0 8.8
Std 12 413 9.8 022 1.3 36.9 18.0 2.1
ID-MC-ICP-MS Avg 263 909 8.6 1003 593  0.1272
Std 2 51 0.04 175 1.7 0.0775
LA-ICP-MS Avg 1617 249 639 152 128 810 221 68.5 0.2380 0.0115 144
Std 59 3 19 0.03 0.05 007 0.6 3.8 0.014  0.0049 04
Diss EMP Min 715 3009 60 112 bdl
Heidelberg Max 1185 3689 166 210 bdl
24 analyses Avg 966 3392 116 172
Std 129 169 26 27
SIMS Min 95 137 142 014 39 6.25 10.3 bdl
22 analyses Max 137 276 912 560 73 3020 1348 0.084
Avg 118 186 244 094 58 12.10  62.0 0.042
Std 14 38 202 140 09 5.16 32.7 0.020
ID-MC-ICP-MS Avg 98 146 5.1 7.7 18.0  0.0537
Std 0.14 1.4 0.0 0.1 2.5 0.0441
LA-ICP-MS Avg 770 128 179 0.869 0410 6.54 11.3 824 0.0755 <0.0030 0.0119
Std 15 2.5 0.98  0.06 0.04 005 04 1.2 0.0052 - 0.0062
Sy SIMS Min 2.61 426 0.038  bdl bdl
13 analyses Max 293  4.66 0.094 0.018 0.015
Avg 275 443 0.075 0.011 0.008
Std 0.10 0.12 0.018 0.004 0.005
ID-MC-ICP-MS 445 094 0.095 0.0037 0.338 0.0012
LA-ICP-MS Avg  0.04 2.77  0.667 <0.041 0.062 <0.0022 0.052 0.0640 <0.0087 <0.0051
Std  0.01 0.03 0.016 - 0.004 - 0.035 0.0198 - -

¢ TIMS - University of Kansas (average of rim and core values presented in Table 2.4)
Avg - average (arithmetic mean). Std - Standard deviation (10)
bdl - Below detection limit
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errors (including the standard deviation of the data and the analytical error of the
technique), are presented. The values presented here can be classified as provisional
values according to the classification scheme proposed by Potts & Kane (1992).
However for most elements, confidence limits are within those proposed by the
authors for the recommended values (category where confidence limits are lower).
Therefore, the classification as provisional value is mostly due to the analytical cri-
teria and not the confidence limits (the recommended value category requires data
obtained by at least six laboratories and two techniques). For all grains, data of
profiles 1 and 2 (according to Figs. 2.6, 2.7, 2.8 and 2.9) were included in the cal-
culations. For R10, as various elements show chemical profiles with a core plateau,
only data from this area of the grain were included (area represented by the W core
plateau in Fig. 2.6). For R19, Diss and Sy, concentration data for the whole profile
(grain) were included in the calculations. Except for W in R19, where only data
from the core plateau were taken into account. For Sb in R10, Sn and Sb in R19
and Sb in Diss, concentration data were obtained by only two techniques. These
elements show homogeneous profiles and the data obtained by the two techniques
show a good agreement. Taking into account that these are important trace elements
that can be incorporated in rutile, these elements were included in Tables 2.7, 2.8
and 2.9. Fig. 2.24 summarizes the Zr data obtained for R10 (core) and exemplifies
how the provisional values were calculated. Each point on the diagram corresponds
to the average of concentration data obtained by the technique and the provisional
value corresponds to the average of these values. This figure is also an estimate of
the accuracy of the presented value, as results from four independent techniques (in-
cluding two different EMP laboratories) give an overall variation (including errors)
less than + 5%.

Though some elements were analyzed only by one technique (e.g., Cr and Fe by
EMP; Mo, Pb and Th by LA-ICP-MS and Lu by ID-MC-ICP-MS) the obtained
data is still important. For example, very low concentrations obtained for Th by
LA-ICP-MS (analyzed as >3>Th) for all grains are favourable in U/Pb rutile dating

as 208Pb can be assumed to be from common Pb (Zack ez al., 2007).

Although some elements show heterogeneous distribution (e.g., Ta and W in
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2 Rutile crystals as potential mineral standards for microanalysis
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Table 2.7 Provisional values (in ppm) for the R10 grain.

R10 Technique # avg ppm 20 error
Zr SIMS 13 828 44
EMP-HD 25 820 67
EMP-G6 9 817 60
ID-MC-ICP-MS 1 788 8
LA-ICP-MS 3 759 49
Wtd Avg 789 +£13
MSWD 1.6
Nb SIMS 13 2395 112
EMP-HD 25 2932 150
EMP-G6 9 2474 141
ID-MC-ICP-MS 1 2725 109
LA-ICP-MS 3 2845 188
Wtd Avg 2633 +280
MSWD 11.7
Sb SIMS 13 1.78 0.37
LA-ICP-MS 3 2.08 0.19
Wtd Avg 2.02 £0.17
MSWD 2.1
Hf SIMS 13 36.8 2.0
ID-MC-ICP-MS 1 389 0.4
LA-ICP-MS 3 37.2 23
Wtd Avg 38.8 +1.5
MSWD 31
Ta SIMS 13 449 55
ID-MC-ICP-MS 1 504 5
LA-ICP-MS 3 384 30
Wtd Avg 504 +63*
MSWD 4.0*
U SIMS 13 345 1.7
TIMS 5 32 10.4
LA-ICP-MS 3 44.1 3.0
Wtd Avg 344 £1.7*
MSWD 0.22*

As profiles for Hf, Ta and U show a core plateau, only analyses referent to this area were
taken into account.

* calculations excluded LA-ICP-MS data. Calculations including this technique
yielded similar Wtd Avgs but extremely high MSWD.

Data for both profiles 1 and 2 (for detail see diagrams in Section 2.5.1) were included
in the calculations. Only homogeneous elements, for which concentrations obtained by
at least three different techniques agreed within the error, are presented here. The only
exception is Sb, where concentrations were obtained by two techniques (also valid for
R19 (Table 2.8) and Diss (Table 2.9). Errors, expressed in 20, were calculated based on
gaussian error propagation and include the analytical error of the given technique and
the 20 standard deviation of the analyses. # — number of analyses. Wtd Avg — weighted
average. MSWD — mean square of weighted deviates.
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Table 2.8 Provisional values (in ppm) for the R19 grain.

RI19 Technique # avg ppm 20 error
Zr SIMS 29 328 24
EMP-HD 34 302 61
EMP-Go6 20 312 50
ID-MC-ICP-MS 2 263 3
LA-ICP-MS 3 249 17
Wtd Avg 264 £12
MSWD 93
Sn SIMS 29 121 16
EMP-Go 20 143 57
Witd Avg 123 +15
MSWD 0.55
Sb SIMS 29 1.08 0.43
LA-ICP-MS 3 1.28 0.15
Wtd Avg 1.26 £0.14
MSWD 0.77
W - Core SIMS 17 60.7 6.4
ID-MC-ICP-MS 2 59.0 0.6
LA-ICP-MS 3 68.5 8.8
Wtd Avg 59 £2
MSWD 2.5

For W only core analyses were included in the calculations, as this element shows a core
plateau. Further explanations see Table 2.7. Note that Sn concentrations were obtained
by only two techniques (SIMS and EMP).
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Figure 2.24 Average of Zr concentrations obtained by all techniques for the R10 grain (core). Each
point on the plot represents the average (arithmetic mean) of the selected analyses performed by the
technique (according to data presented in Table 2.7). Error bars are 20.
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Table 2.9 Provisional values (in ppm) for the Diss grain.

Diss Technique # avg ppm 20 error
Zr SIMS 18 116 26
EMP-HD 24 116 66
ID-MC-ICP-MS 2 98
LA-ICP-MS 3 128 9
Wtd Avg 98.03 +0.98*
MSWD 1.11*
Nb SIMS 18 155 48
EMP-HD 24 173 81
ID-MC-ICP-MS 2 146 6
LA-ICP-MS 3 179 12
Wtd Avg 146.3 +5.8*
MSWD 0.29*
Sb SIMS 18 0.407 0.775
LA-ICP-MS 3 0.410 0.092
Wtd Avg 0.410 +0.089
MSWD 0.000
Hf SIMS 18 5.53 1.34
ID-MC-ICP-MS 2 5.08 0.05
LA-ICP-MS 3 6.54 0.44
Wtd Avg 5.081 +0.049*
MSWD 0.45*
Ta SIMS 17 9.2 2.82
ID-MC-ICP-MS 2 7.66 0.08
LA-ICP-MS 3 11.3 1.06
Wtd Avg 7.66 +0.55*
MSWD 1.19*

* calculations excluded LA-ICP-MS data. Calculations including this technique
yielded similar Wtd Avgs but extremely high MSWD.
Further explanations see Table 2.7.

R10 and Diss and Nb, Ta and W in R19), sometimes a good correlation between two
elements is observed (correlation coefficients larger than 0.75). This is observed for
Hf vs. Zr, Nb vs. Ta and W vs. U in R10, Nb vs. Ta, Sn vs. W and Hf vs. W ain
R19 and Zr vs. W, Ta vs. W and Ta vs. Zr in Diss. Binary diagrams showing the
correlation between these elements are presented in Figs. 2.25 and 2.26. The strong
correlations of the different element pairs probably reflects similar mechanism of
substitution in the rutile lattice particularly because these are all highly charged

elements (in rutile, Ti, Zr, Hf, Sn, U are 4+; Nb, Ta are 5+, W is 6+; see, e.g.,
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Table 2.10 Provisional values (in ppm) for the Sy grain.

Sy Technique # avg ppm 20 error
Hf SIMS 13 0.078 0.068
ID-MC-ICP-MS 1 0.095 0.002
LA-ICP-MS 3 0.062 0.018
Wtd Avg 0.0954 £0.0020*
MSWD 0.27*
Ta SIMS 13 0.0109 0.0140
ID-MC-ICP-MS 1 0.0037 0.0004
LA-ICP-MS 3 <0.0022
Wtd Avg 0.00371 £0.00039
MSWD 1.06

* calculations excluded LA-ICP-MS data. Calculations including this technique
yielded similar Wtd Avgs but extremely high MSWD.
Further explanations see Table 2.7.

discussion in Zack et al., 2002) with similar ionic radii (0.60 to 0.72 — except for U
0.89). The trends observed are helpful in two different aspects. They can be used
to roughly estimate concentrations of certain elements that were not measured. For
instance, if EMP is obtained for an element, the concentration of a second element,
not analyzed by this technique, can be estimated (e.g., by analysing Zr in R10, an
estimate of the Hf in R10 can be made). The observed trends can also be used to
estimate the approximate location of the analyzed split in the crystal (e.g., rim or
core), also helping to assess concentration ranges and chemical variations of other
elements (many elements show profiles with distinct plateaus, where variations are

much more restricted).

2.6 Outlook

Since our sample set may be valuable for geochemical and geochronological mi-
croanalytical work, we are willing to distribute fragments of all studied rutiles
to the scientific community upon request (e-mail addresses: gluvizot@min.uni-
heidelberg.de or tzack@min.uni-heidelberg.de). All analyzed crystals were care-
fully sawn in sub-millimeter slices, parallel to the sections used for in-situ analyses.

This way, e.g., more than 200 fragments (of millimeter size) from R10 core can be
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distributed.
Among the many applications of the rutile mineral standards presented here, it

is worthwhile to highlight the following:

1. Nowadays, one of the most important applications of rutile in petrological
studies is as a geothermometer, as Zr is temperature dependent in this mineral
(Zack et al., 2004b; Watson et al., 2006; Tomkins et al., 2007). In this sense,
the rutile grains presented here are useful to check results obtained by a given

technique and to compare results obtained by different laboratories.

2. Rutile is also useful in quantitative provenance studies, as the Nb and Cr
concentrations can be used to distinguish between mafic and pelitic sources
of sediment (Zack et al., 2004a; Triebold et al., 2007). As for Zr, the rutiles
presented here are useful to control data obtained by a given technique or

laboratory and to compare data obtained by different laboratories.

3. Rutile has drawn particular attention in geochronology as it can incorporate
high U concentrations and has been shown to yield precise U-Pb ages (e.g.,
Mezger et al., 1989; Corfu & Muir, 1989; Davis, 1997; Li et al., 2003; Vry
& Baker, 2006; Zack et al., 2007). The R10 grain has a relatively high U
concentration (average of 36.9 ppm in Table 2.7). TIMS results show that,
besides minor heterogeneities in U concentrations, ages are rather constant
for this grain, ranging from 1085.1 to 1096.2 Ma (?*’Pb/?*U ages) and from
to 1086.3 to 1096.6 Ma (2°°Pb/238U ages). Furthermore, LA-ICP-MS data
show that the non—radiogenic Pb concentrations (measured as 2°3Pb) are very
low (average of 0.08 ppm), meaning that common Pb can be neglected for
this grain. All these facts strongly favor the use of R10 as an age standard for
U-Pb rutile dating.

4. High precision '"°Hf/!7"Hf isotopic ratios and Lu concentration data, ob-
tained by ID-MC-ICP-MS, are presented for the R10, R19 and Diss. There-
fore these grains may also be useful in Hf isotope studies. Very low Lu con-
centrations (see Table 2.3) obtained for all grains are evidence for no radio-

genic ingrowth, making rutile particularly useful for calculating Hf isotope
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composition of source rocks (e.g., Griffin et al., 2004; Choukroun et al., 2005;
Hawkesworth & Kemp, 2006; Kemp et al., 2000).

5. The results presented here may also encourage a search for other applications,
as interpretation hinges critically on analytical certainty. The Sy can be used

to check for interferences, as it has very low abundances of trace elements.
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3 Nb and Zr behavior in rutile during high-grade
metamorphism and retrogression: An example

from the Ivrea—Verbano Zone

G. L. Luvizotto and T. Zack.
Article in press in Chemical Geology (doi:/10.1016/j.chemge0.2008.07.023)

Abstract

Detailed textural observations and in-situ analyses (EMP, SIMS and LA-ICP-MS) are used to char-
acterize trace element behavior during prograde and retrograde metamorphic reactions involving
rutile. The Ivrea-Verbano Zone is a classic granulite area and rocks from the Strona and d’Ossola
valleys are an example of the amphibolite to granulite facies transition. Although different rock
types occur in the area, detailed sampling and petrographic work show that rutile only occurs in
granulite facies paragneisses. These rocks show a rich inventory of textures that allow not only for
the investigation of trace element behavior in response to prograde rutile growth, but also for the
effect of post-peak processes on rutile chemistry. Nb concentrations in rutile from lower grade sam-
ples show a larger spread (from 500 to 5000 ppm within one sample) when compared to those from
higher grades. This pattern can be modeled using prograde rutile growth formed from biotite break-
down. Zr concentrations in rutile are characterized by an anomalously large spread and a bimodal
distribution. Maximum Zr concentrations increase according to the general metamorphic gradient
known for this area. Temperatures (from Zr-in-rutile thermometry), although feasible, are consider-
ably higher than previous calculations (increasing from ca. 850 to 930°C). A second cluster of Zr
concentrations in rutile occurs at rather constant concentrations (ca. 1000 ppm) for all localities and
is interpreted to be related to intense fluid influx at high temperature and/or to post-peak diffusional
resetting favored by slow cooling rates. Alteration textures, characterized by a complex network of
micro-veins, are evidence for the late fluid influx. The fluid strongly affected the rutiles, which is
evidenced by corrosion of older rutile grains and formation of rutile veinlets.

Keywords: accessory phases, trace element, partitioning, slow cooling, diffusion, fluids.
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3 Nb and Zr behavior in rutile during high-grade metamorphism and retrogression

3.1 Introduction

Despite the relative fluid immobility of high field strength elements (HFSE; e.g., Zr,
Nb, Sn, Sb, Hf, Ta, W) under subsolidus conditions (e.g., Pearce & Cann, 1973),
unequivocal evidence for their mobility on a thin section scale (e.g., Zack et al.,
2004b; Rasmussen, 2005; Gao et al., 2007) has sparked intense research on the be-
havior of HFSE distribution in metamorphic environments. Most of these efforts
involve the calibration and evaluation of HFSE thermometers in the system Ti-Zr-
Si-O (Zr-in-rutile or rutile thermometry, Ti-in-zircon, Ti-in-quartz, Zr-in-titanite;
Zack et al., 2004b; Zack & Luvizotto, 2006; Watson et al., 2006; Tomkins et al.,
2007; Wark & Watson, 2006; Hayden et al., 2007; Miller et al., 2007). Further-
more, applications to provenance studies have been realized by coupling the rutile
thermometer with Nb-Cr source characteristics (Zack et al., 2002, 2004a; Stendal
et al., 2006; Triebold et al., 2007; Meinhold et al., 2008). With several areas of
HFSE behavior in metamorphic environments virtually unexplored, we have fo-
cused this study on the response of HFSE in rutile forming reactions in granulite

facies rocks using samples from the Ivrea-Verbano Zone (IVZ) as a test case.

Rutile is a frequent HFSE phase, occurring as an accessory mineral in a wide
range of rocks, i.e., high-grade metamorphic rocks, igneous rocks, siliciclastic sedi-
ments, placer deposits and hydrothermal ore deposits. It is widely known that rutile
is an important carrier for several highly charged trace elements (Graham & Morris,
1973; Haggerty, 1991; Deer et al., 1992; Smith & Persil, 1997; Rice et al., 1998).
For example, Zack et al. (2002) has shown for eclogites that 1 modal% of rutile can
carry more than 90% of the whole rock content for Ti, Nb, Ta, Sb and W and con-
siderable amounts (5-50% of the whole rock content) of V, Cr, Mo and Sn. It has
recently been shown that the Zr incorporation in rutile in quartz- and zircon-bearing
systems is strongly temperature dependent (Zack et al., 2004b; Watson et al., 2006;
Tomkins et al., 2007). Rutile has also been shown to yield precise U-Pb ages (e.g.,
Mezger et al., 1989; Davis, 1997; Mezger et al., 1993; Li et al., 2003; Vry & Baker,
20006).

The Ivrea-Verbano Zone is one of the world’s classic granulite facies areas and
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has been the subject of study for several decades (e.g., Berckhemer, 1969; Schmid
& Wood, 1976; Zingg, 1980, 1983; Zingg et al., 1990; Sills & Tarney, 1984; Schmid
et al., 1987; Boriani et al., 1990; Rivalenti et al., 1997; Barboza et al., 1999; Bar-
boza & Bergantz, 2000; Vavra et al., 1996; Vavra & Schaltegger, 1999; Peressini
et al., 2002, 2007; Rutter et al., 2007). The area is also a textbook example of the
amphibolite granulite facies transition and its associated processes (e.g., dehydra-
tion melting and melt loss). The IVZ is, therefore, an excellent site to investigate the
interplay between metamorphism, cooling, diffusion and trace element distributions
during metamorphic reactions.

The aim of the present study is to characterize, through detailed textural obser-
vations and in-situ analyses, the behavior of HFSE elements during prograde and

retrograde reactions involving rutile.

3.2 The Ivrea-Verbano Zone

3.2.1 Geological setting

The Ivrea-Verbano Zone (Fig. 3.1) in the Southern Alps is one of the best preserved
sections through lower continental crust. It is delimited to the northwest by the
Insubric Line, a major Neogene shear zone that juxtaposes pre-Alpine and Alpine
structures and rocks (Schmid et al., 1987). To the southeast, the boundary of the IVZ
is tectonically delimited by the Cossato-Mergozzo-Brissago tectonic discontinuity
(Boriani et al., 1990). The metamorphic foliation and primary banding are mostly
steeply dipping and show a NE-SW trend, parallel to the Insubric Line. The area is
traditionally divided into two main units: a large basic intrusive complex of Permian
age (the Mafic Formation of Zingg, 1980; Rivalenti et al., 1981, among others) and
a sequence of metasedimentary rocks interlayered with bands of mafic rocks (see
Fig. 3.1).

Rocks, occurring in the area comprised by the Strona and d’Ossola valleys, show
a metamorphic gradient with metamorphic conditions increasing from amphibolite
facies in the southeast, to granulite facies in the northwest. Zingg (1980) mapped

two important mineral isograds (see location in Fig. 3.1): the muscovite-out/K-
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3 Nb and Zr behavior in rutile during high-grade metamorphism and retrogression

feldspar-in in metapelitic rocks and the orthopyroxene-in in mafic and intermediate
rocks. In most models, the increase of metamorphic grade from southeast to north-
west together with the steep foliation and primary banding has been interpreted to
be the result of an Alpine-age tilting of the IVZ, and hence exposing a cross-section
through the lower continental crust (e.g., Handy er al., 1999; Rutter et al., 2007).
Although the metamorphic grade increases more or less continuously, it has to be
stressed that significant post-peak metamorphic shearing and folding is observed
(Rutter et al., 2007).

Ivrea zone
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Figure 3.1 Geological map of the central part of the IVZ. Redrawn and simplified from Rutter e? al.
(2007). Main metamorphic isograds are those presented by Zingg (1980). CMB Line = Cossato-
Mergozzo-Brissago Shear Zone

Pressure (P) and temperature (7)) estimates of the IVZ have been presented by

80



3.2 The Ivrea-Verbano Zone

various authors (Zingg, 1980; Sills & Tarney, 1984; Henk et al., 1997; Demarchi
et al., 1998; Barboza & Bergantz, 2000, among others). Maximum PT conditions
calculated by Henk et al. (1997) are 810°C and 0.83 GPa and decrease to 710°C
and 0.67 GPa towards the granulite to amphibolite facies boundary.

The heat source for the regional granulite facies metamorphism has long been a
subject of debate in the literature. It has traditionally been attributed to the intrusion
of the mafic rocks of the Mafic Formation (Zingg, 1980; Zingg et al., 1990). Re-
cently, Peressini et al. (2007) presented geochronological data on the duration of the
mafic intrusion. The authors allocated an age of ~310 Ma (*°Pb/?38U zircon ages)
to a Carboniferous orogenic event that affected the metasedimentary rocks (see also
Koppel, 1974; Vavra et al., 1996; Henk et al., 1997). One of the main conclusions
of Peressini et al. (2007) is that the granulite grade metamorphism affected the
metasedimentary rocks about 20 Ma before the crystallization of the Mafic Com-
plex. Their observations are in agreement with the previous findings of Barboza
et al. (1999) and Barboza & Bergantz (2000), who inferred that the granulite fa-
cies metamorphism preceded the emplacement of the Mafic Complex. Peressini
et al. (2007) presented a detailed investigation on the heat transfer caused by the
intrusion of the Mafic Complex. They concluded that the thermal anomaly caused
by the intrusion lasted several million years. This leads to the conclusion that the
post-intrusion tectonic evolution of the IVZ rocks is characterized by distinctly slow

cooling rates.

As rutile is the main focus of our research, we carried out detailed sampling and
petrographic work in order to evaluate its occurrence in the IVZ rocks. Investigation
of more than 60 thin sections derived from 38 localities within the area of the Strona
and d’Ossola valleys by petrographic microscope, BSE imaging and EDS analyses
led to the identification of six main rock types: K-feldspar and sillimanite bearing
gneisses (Grt + Sil + Kfs + Qtz + Rt 4= Pl £+ Bt; mineral abbreviations after Kretz,
1983), strongly restitic sillimanite bearing and garnet-rich (up to 70%) gneisses
(Grt + Sil + Qtz + PI + Rt &= Kfs 4+ Bt), mafic rocks (Amph + Pl + Ilm + Qtz
+ Cpx £ Grt; Grt + Opx + Pl + [lm + Amph £+ Qtz + Cpx), plagioclase-rich
and sillimanite-free gneisses (Grt + Pl + Kfs + Qtz + Ilm + Opx + Bt), garnet-
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sillimanite micaschists (Grt + Bt + Sil + Qtz + Ms =+ Pl) and calcsilicate rocks
(Cal + Cpx + Scp + Ttn = Qtz £ Pl). Our findings are in agreement with results
reported by Zingg (1980) and show that rutile is only present in the granulite facies

paragneisses also know in the literature as “stronalite”.

3.2.2 Critical evaluation of PT conditions from former studies

As previously stated, several PT estimates are available in the literature for the
IVZ rocks. However, they are all based on Fe-Mg exchange thermometers (garnet-
biotite, garnet-orthopyroxene). Various studies have shown that temperatures cal-
culated using these thermometers may be underestimated due to Fe-Mg exchange
from cooling after peak metamorphic conditions and, therefore, the results must be
corrected for this late exchange (Harley, 1989; Fitzsimons & Harley, 1994; Patti-
son & Begin, 1994; Pattison et al., 2003). For example, Pattison et al. (2003) have
shown that the amphibolite to granulite facies transition (defined by mineral asso-
ciations in metapelitic rocks developed at PT conditions analog to the appearance
of orthopyroxene in mafic and intermediate compositions) occurs at temperatures
of about 850°C and are therefore significantly higher than those determined for the
IVZ.

Despite calculating absolute temperatures with Fe-Mg exchange thermometry,
which is is prone to diffusional resetting; imprecise, but robust PT estimates can
be made with the typical granulite facies mineral assemblage in the IVZ: Grt +
Kfs + Sil + Rt £ P1 £ (+ liq). In the simplified system NaKFMASH presented in
Fig. 3.2, the shaded area represents the stability field for the mineral assemblage
which is bounded by the reactions Bt + Sil = Grt + Crd + liq on the low pressure
side, Sil = Ky on the high pressure side and for high-Mg bulk compositions Bt + Grt
= Opx + Sil + liq on the high temperature side. Minimum temperatures are given
by the reaction Bt + Sil = Grt + Kfs + lig. With Fe/(Fe+Mg) ratios of 0.6-0.8 in
garnets from such samples (Schmid & Wood, 1976; Henk et al., 1997), a minimum
temperature of ca. 780°C can be designated. The incorporation of Ti shifts the
stability of biotite to higher T conditions (Dooley & Patifio-Douce, 1996; Patifio-
Douce, 1993; Patifio-Douce & Beard, 1995; Henry & Guidott, 2002; Henry et al.,

82



3.2 The Ivrea-Verbano Zone

2005) for the reaction Bt + Grt = Opx + Sil + liq by ca. 40°C (White et al., 2007).
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Figure 3.2 Minimum PT estimates for the granulite facies rocks from the IVZ. Solid lines represent
main reactions for the NaKFMASH system Spear et al. (1999). The position of the Bt + P1 + Qtz =
Opx + Kfs + liq reaction (stippled lines) is from Spear (1995). Shaded area represents the stability
field for the paragenesis present in the granulite facies metapelitc rocks from the IVZ. Dotted lines
represent temperatures calculated using the Zr-in-Rt thermometer (calibration of Tomkins et al.,
2007) for the maximum concentrations recorded in IVZ samples.

The mineral assemblage Opx + Grt + Kfs + Pl + Qtz in metagraywackes has
been recorded in a few localities near Forno (Sills, 1984, see also Fig. 3.1 for lo-
cation and Fig. 3.3 for BSE image). This mineral assemblage is bounded at lower
temperature (ca. 800°C at 0.7 GPa) by the reaction Bt + P1 + Qtz = Opx + Ksp + liq
(see Fig. 3.2).

In summary, temperature conditions for the rutile-bearing samples in the IVZ
can be estimated from phase mineral assemblages to be between ca 770°C to 940°C
at 0.6 to 1.0 GPa, probably with a general increase in metamorphic grade from the

southeast to the northwest.
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IIm

200um

Figure 3.3 BSE image example of the mineral assemblage Opx + Grt + Kfs + Pl + Qtz in a
plagioclase-rich sillimanite-free gneiss from the Strona Valley. Note that this rock is rutile free.

3.3 Analytical techniques

3.3.1 Electron Microprobe (EMP)

Electron microprobe studies were carried out at the Mineralogisches Institut, Uni-
versitit Heidelberg using a CAMECA SX51 equipped with 5 WDS detectors. Anal-
yses of rutiles were carried out with 20 kV and 100 nA and followed the method
outlined by Luvizotto ef al. (in press). The following elements were analyzed: Si,
V, Cr, Fe, Zr, Nb and W. With the chosen setup, the detection limits (20°) are 50 ppm
for Cr, 40 ppm for Fe and Zr, 60 ppm for Nb and 350 ppm for W and the 2c rel-
ative standard errors are 20 ppm for Cr and Fe, 40 ppm for Zr, 60 ppm Nb and
90 ppm W. In order to get “true” zero-concentration peak intensities and to exclude
any machine drift, every ten analyses of unknowns were bracketed by two analy-
ses of synthetic rutile (nominally zero-concentration trace elements). Si concentra-
tions were used as a quality control to detect and avoid contamination associated
with submicroscopic zircon inclusions (according to the method outlined by Zack

et al., 2004b). Rutile measurements with Si concentrations higher than 300 ppm
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that showed abnormally high Zr contents were excluded from the data set. Mea-
surements with Si content slightly above 300 ppm and Zr concentrations similar to
rutiles with low Si contents were included for small (20-30um) rutile grains (high
Si values were interpreted to be related to the surrounding silicates). The same qual-
ity controls are applied to SIMS and LA-ICP-MS analyses. In total, less than 2%
of the measurements had to be discarded due to contamination. Although the EMP
beam’s diameter was set to Sum, the minimum grain size for obtaining reliable

analyses was 20um.

3.3.2 Secondary lon Mass Spectrometry (SIMS)

SIMS analyses were carried out at the Mineralogisches Institut, Universitit Heidel-
berg using a CAMECA ims 3f. Analyses were performed using a 14.5 keV/ 10-20
nA 0~ primary ion beam, which resulted in spot sizes of 20-30um. However, by
using a field aperture the effective spot size could be reduced to 12um, leading to
the smallest analyzable grain sizes of 20-30um. Positive secondary ions were nomi-
nally accelerated to 4.5 keV (energy window set to 20 eV) and the energy filtering
technique was used with an offset of 90 eV at mass resolution m/dm (10%) of 370.
Count rates were normalized to *’Ti. TiO, in rutile is assumed to be 100 wt%. The
following isotopes were analyzed: 27 Al, 30si, 47Ty, 207, 93Nb, 118Gy, 1208y, 121gp,
1238p, 178Hf, 181, 184yy, 186\, 232Th, 2381, Results obtained for the two isotopes
analyzed for Sn, Sb and W do not display any systematic differences, showing that
no mass interference affected these isotopes in rutile analyses by SIMS (for further
discussion see Luvizotto et al., in press). Therefore, concentrations presented in
Appendix A represent the average of the values obtained for the two measured iso-
topes. Concentrations were calculated based on relative sensitivity factors (RSF)
obtained from the rutile R10 (Luvizotto ef al., in press). Although no reliable RSF
can be calculated for Th, the intensity ratios obtained for the studied rutiles suggest
that Th concentrations are extremely low (below the 0.1 ppm level when using RSF
from U). SIMS analyses carried out on some biotite grains followed the procedure

described above.
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3.3.3 Laser Ablation Inductively Coupled Plasma Mass Spectrometry
(LA-ICP-MS)

Trace element analyses were carried out at the Institut fiir Geowissenschafent, Jo-
hannes Gutenberg-Universitit Mainz, using a New Wave Research UP-213 (wave-
length 213 nm) laser system combined with an Agilent 7500ce ICP quadrupole
mass spectrometer. Analyses followed the procedures presented by Luvizotto et al.
(in press). Element concentrations were calculated with the software “GLITTER”
using the measurements of the following isotopes: N7y, 93Nb, 177H¢, 178 ¢, 181,
238U. Typical detection limits (99% confidence) for 70 um spots are 0.01 ppm for
Zr and Hf, 0.005 ppm for Nb and 0.004 ppm for Ta and U.

LA-ICP-MS analyses were carried out on rutiles and biotites from sample IVZ-
R19 in order to investigate how Nb and Ti partition between these minerals and to

confirm results obtained by SIMS.

3.3.4 X-Ray Fluorescence (XRF)

Bulk-rock chemical concentrations were obtained by XRF analyses at Universitét
Heidelberg using a SRS 300 wavelength-dispersive spectrometer (Bruker AXS).
Major and trace elements were determined using pressed powder tablets. Interna-

tional reference materials were used for the calibration.

3.4 Results

In the this section, we present the trace element composition of the studied rutiles,
focusing on Zr and Nb. The samples derive from 10 different localities within the
area of the Strona and d’Ossola valleys (Fig. 3.1). Key information of the studied
rocks is presented in Table 3.1. A table including concentration data for all analyzed

elements is presented in Appendix A.
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Table 3.1 Summarized description of the rutile bearing granulite facies gneisses. Modal proportions
are based on visual inspection with a petrographic microscope and BSE images.

Locality Thin Valley Coordinates Late Qtz Grt Sil Bt Kfs Pl Rt Zm Ilm
Sec. E N alter.

IVZ-R7 a Strona 444899 5086949 H XX X xx  2-3%  xx - <1% <1%
IVZ-R16¢ a Strona 445276 5087496 M- XX XX 1 3% XX - 2% <1%
L
f M X XX XX 7% XX - <1% <1%
g M XX X - 5% I xx  <l% <1%
IVZ-R6 b Strona 444327 5087510 M | XX X <1% - X 2-3% <1%
IVZ-R5 b Strona 443321 5087041 H XX X X 5% X - <1% <1%
IVZ-R37 b Strona 443504 5086997 M X XX - <1% I X 2% <1% <2%"
IVZ-R36 a Strona 440850 5086389 M- XX X X <1% 1 X 2% <1%
L
g€ M- XX X X <1% I X 2% <1%
L
IVZ-R11 Between 442376 5088973 H XX XX - 3% X X 1% <1%
IVZ-R20 a d’Ossola 449102 5092801 M- X X xx  <1% xx - 3% <1%
H
j M- XX XX I 2% X X 1% <1%
L
IVZ-R19 e d’Ossola 447111 5092780 L X XX XX 3% X X 1% <1%

IVZ-R25 b d’Ossola 445116 5096942 M X XX XX <1% 1 XX 2% <1%

Modal proportion: I -1 to 10%, x - 10 to 20%, xx >20%. Intensity of the late alteration (Late Alt.): high (H), medium (M)
and low (L). Coordinates are presented in UTM (WGS84).

¢ - banded gneiss with portions rich in Kfs+Sil (R16a), portions slightly richer in Bt (R16f) and portions rich in P1 (R16g).

b _included in Grt core and alteration product of Rt

¢ - collected ~40 m north (higher metamorphic grade) of IVZ-R36a.

3.4.1 Microtextural observations of rutile and other Ti-bearing phases

In the studied area, the appearance of rutile is associated with the amphibolite to
granulite facies transition. Amphibolite facies micaschists are rutile-free and biotite
is the main Ti carrier (up to 7.00 wt% TiO,). Fig. 3.4 shows a BSE image of
this rock. The transition is associated to a sequence of dehydration reactions first
involving muscovite (to form sillimanite and potassic feldspar) and then biotite (to
form garnet and potassic feldspar). The Ti released by the breakdown of biotite
leads to rutile formation, which can be described by the reaction: (high-Ti) Bt + Sil
+ Qtz = Grt + Kfs +Rt + Melt (see also Zingg, 1980).

The metamorphic textures support the theory of rutile formation associated with
the biotite breakdown. For example, in some samples from the upper amphibolite

facies (garnet-biotite-sillimanite schist), small (~ 20um) rutile and ilmenite grains
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ionn |

Figure 3.4 BSE image example of the amphibolite facies micaschist (IVZ-R17b). Although not
shown in this figure, garnet may also be present. In these rocks, the main Ti carrier is the High-Ti Bt
(up to 7.00 wt% TiO»).

are present. The grains occur preferentially along biotite rims and within cleavage
planes (Fig. 3.5). In the granulite facies rocks, rutile occurs as large grains (often
larger than 100 um) in the matrix and included in garnet (preferentially at the rim)
indicating synmetamorphic crystallization of rutile and garnet (Fig. 3.6). In addi-
tion, only a few relict biotite grains occur in these rocks and are mostly present as

rounded inclusion in garnets.

Although some ilmenite grains occur together with rutile in some upper amphi-
bolite facies rocks (Fig. 3.5), the paragenesis (metamorphic equilibrium) rutile +

ilmenite is not observed in granulite facies rocks.

The studied rocks are clearly affected by a post-peak alteration that is evidenced
by a complex network of micro-veinlets that affect virtually all mineral phases, in-
cluding rutile. Although frequent, the intensity of the alteration varies from sample
to sample (a classification is given in Table 3.1). Fig. 3.7 shows BSE images ex-
emplifying how these infiltrating fluids chemically altered the minerals. The veins

are composed of very fine crystallized phases (too small for the in-situ analyses
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Figure 3.5 BSE images showing examples of small rutile and ilmenite grains found in high amphi-
bolite facies Grt-Sil-Bt schists from the IVZ (sample IVZ-R40c). The white rectangle delimits the

close-up in Fig. 3.5 B.

Figure 3.6 BSE image showing a texture observed in granulite facies restitic rocks from the IVZ
(sample IVZ-R6b). Note that large rutile grains are only present in the matrix and in the garnet rims.
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used in this study) with a platy habit. As shown in the chemical maps presented
in Figs. 3.7d and f, they are characterized by a high K content. In Fig. 3.7b veins
cut through garnet crystals indicating that the fluids were able to chemically alter
the garnet composition (brighter colors closer to the rims of the cracks). Even ru-
tiles included in garnets (see detail in Fig. 3.7a) are affected by fluids inferred to
have accessed the rock via the vein system now observed within it. The late al-
teration affected the rutiles in two ways. Large, granulite facies rutile grains often
show corroded rims and internal alterations that follows the orientation of the veins.
In rutiles, the alteration product is characterized by a patchy distribution of very
fine grained material composed of rutile, ilmenite, titanite and a fine-grained platy
material, probably chlorite. A second, and notable texture, shows that the alter-
ation was coupled with crystallization of anhedral rutile veinlets along the veins
(Figs. 3.7¢ and g). Rutile was identified by Raman bands at 245, 446 and 610 cm ™!
(Fig. 3.7h, for a compilation of Raman bands for Ti polymorphs see Meinhold et al.,
2008). To our knowledge such rutile veinlets have not been described in the litera-

ture. This texture implies substantial local remobilization of Ti.

3.4.2 Zirconium concentrations in rutile

Zirconium concentrations in rutiles from the IVZ rocks are characterized by an
anomalously large spread, varying from less than 700 to more than 5000 ppm
(Fig. 3.8, for a complete data set refer to Appendix A). As the Zr incorporation
in rutile is temperature dependent (Zack et al., 2004b; Watson et al., 2006; Tomkins
et al., 2007) and granulite facies rocks are usually well equilibrated due to the high

temperatures, these results are rather unexpected. Furthermore, such a large spread

Figure 3.7 (following page) BSE image examples of the post-peak veins present in the granulite
facies rutile bearing rocks. Note how the veins affect not only the rock-forming minerals but also
the rutiles, even those included in garnet (detail in Fig. 3.7a). Chemical maps presented in Figs. 3.7d
and f correspond to the same areas shown in Figs. 3.7c and e and were obtained by EDS. Higher
concentrations are represented by brighter colors. Zircons in contact with rutile, such as the example
given in Fig. 3.7b, are frequently observed. Fig. 3.7g shows an enlargement of the rutile veinlet ob-
served in Fig. 3.7e showing location of the Laser Raman spot (the spectrum is displayed in Fig. 3.7h).
Samples: B - IVZ-R16a, C - IVZ-R20a, E - IVZ-R11.
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in concentration has so far not been reported in other metamorphic rocks (Zack
et al., 2004b; Zack & Luvizotto, 2006; Triebold et al., 2007; Spear et al., 2006).
The only exception is greenschist facies quartzites, where the large spread of Zr
concentration in rutile is probably from premetamorphic detrital relicts (Triebold
et al.,2007).

In order to evaluate if the large variations observed were associated to internal
zoning, rim and core analyses were carried out in some rutile grains. The results
show that although some intra-grain variations occur, the inter-grain variations are
much more expressive (Fig. 3.9). Furthermore, no relation between grain size and
Zr concentration is observed. Additionally, no systematic internal variations are ob-
served (e.g., lower concentrations at the rim of the grains). As intra-grain variations
are not significant, the average concentrations obtained for the rim and the core of

the grains are presented in Fig. 3.8.

The Zr data is often characterized by a bimodal distribution with a first clus-
ter occurring in a rather restricted concentration range (about 1000 ppm Zr) for all
samples. Interestingly, the second cluster is not always as pronounced. Still, if
the localities are arranged by increasing metamorphic grade (according to what is
postulated in the literature), maximum Zr concentrations increase with increasing
metamorphism. This behavior is observed best in the Strona Valley (higher sam-
pling density) where an increase of about 3000 ppm in Zr is registered from the
localities IVZ-R7 to R5 (Fig. 3.8). Curiously, locations expected to record the high-

est temperatures do not have the highest Zr concentration.

Previous work (e.g., Zack et al., 2004b; Triebold et al., 2007; Spear et al., 2006)
has reported systematic differences in the Zr composition for those rutiles occurring
in the matrix and those included in other phases (e.g., garnet or pyroxene). However,
in our samples high Zr concentrations are not controlled by such textural relation-
ships (matrix vs. inclusion). Examples presented in Figs. 3.10a-d show that rutiles
with high Zr concentrations occur in contact with garnet (Fig. 3.10a), in the matrix
(Fig. 3.10b) or are included in garnet (sometimes associated with cracks, Figs. 3.10c
and d, respectively). Rather, low Zr values are preferentially obtained for rutiles that

are occurring close to or in contact with zircons. Figs. 3.10e-h present BSE images
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Figure 3.8 Histograms showing frequencies of Zr content in rutile (in ppm) for all studied samples
(grouped by locality). Dots in the diagrams represent cumulative data points (each point represents
one grain). For grains with more then one analysis the average values is presented (see discussion
in the text). Notably, concentration data are characterized by a large spread and often by a bimodal
distribution. Localities are arranged in such a way that the distance from Insubric Line increases
upwards (Fig. 3.1). Location IVZ-R11 is between the river sections. Sample IVZ-R36g was col-
lected ~40m NW of sample IVZ-R36a and therefore is presented in a separate diagram. For grains
with both EMP and SIMS analyses (total of 19 grains) only SIMS data is plotted (concentrations
obtained by both techniques were always within the intra-grain variation - for a complete data set
refer to Appendix A).

of such textural relationships. It is noteworthy that similar observations have been
presented by Harley (2008) for rutiles from the Napier Complex. Although some of
the low Zr rutiles presented here show effects of the late alteration (corroded grains
presented in Figs. 3.10e and h) the low Zr contents are not restricted to these grains

(compare with Fig. 3.10c¢).
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Figure 3.9 Comparison of Zr and Nb concentrations obtained for the rim (~20-30 um from the edge
of the grains to avoid contamination from surrounding silicates) and the core of some rutile grains.
For both Zr and Nb the inter-grain variation is much more expressive than the intra-grain

3.4.3 Niobium concentrations in rutile

A summary of all Nb concentrations obtained for the studied localities is presented
in Fig. 3.11 (for a complete data set refer to Appendix A). The results show that not
only does the absolute concentration range considerably (maximum variation rang-
ing from 300 to 8800 ppm in sample IVZ-R7), but also that the spread of the values
vary from locality to locality. If the data is normalized by the average and arranged
according to increasing metamorphic grade, it becomes clear that the spread of the
values decreases with increasing metamorphism. This trend can be observed both in
the Strona and d’Ossola valley sections. As for Zr, analyses obtained at the rim and
at the core of some rutile grains show that the inter-grain variations of Nb are much
more pronounced than the intra-grain (Fig. 3.9). Systematic internal variations are
also not observed for Nb.

In order to evaluate the in-situ concentrations data, the results obtained for ru-
tiles from five samples (three from the Strona and two from the d’Ossola valley)
were compared to the WR data. As rutile is the main Nb and Ti carrier, its Nb/Ti
ratio should match the ratio of the WR. The comparison is presented in Fig. 3.12
(WR analyses are presented in Table 3.2). It shows that, although variation is high
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Figure 3.10 BSE images showing examples of rutiles with: high Zr concentrations - Figs. 3.10a-d;
and low Zr concentrations - Figs. 3.10e-h. Notice that high Zr concentrations are not controlled by
textural relationships. On the other hand, low Zr contents are preferentially obtained for those rutiles
that are occurring near to or in contact with zircons. Numbers correspond to Zr concentrations (in
ppm) The white circle in Fig. 3.10d represents the position of the SIMS spot (notice the agreement
between EMP and SIMS results).
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Figure 3.11 Summary of Nb concentrations (EMP, SIMS and LA-ICP-MS) obtained for the studied
rutiles. Samples are sorted according to increasing metamorphic grade. The boxes represent, from
bottom to top, the second and third quartile (25 and 75% of the population). The bar inside the box
represents the median, while the lozenge represents the average. Whiskers represent the 107" and the
90" percentile. Outliers, when they occur, are represented by small circles. The number on top of
the whiskers represents the number of analyzed grains (the same for all diagrams presented in this
figure). As intra-grain variations are not significant for grains with more than one analysis, average
values are presented. For grains with both EMP and SIMS analyses (total of 19 grains) only SIMS
data is plotted (concentrations were always within the intra-grain variation).
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for some samples, the in-situ results match the WR data.

Table 3.2 Whole rock chemical data (XRF) obtained for selected IVZ samples.

Sample IVZ-R17B“ IVZ-R7A IVZ-R16G IVZ-R6B IVZ-R20A IVZ-19E
Valley Strona Strona Strona Strona d’Ossola d’Ossola
Peak Paragenesis ~ Grt+Bt+ Sill Grt+Sill+ Grt+Kfs+Rt Grt+Sill+Rt Grt+Sill+ Grt+Sill+
Kfs+Rt Kfs+Rt Kfs+Rt
Si0, 60.9 79.2 66.7 39.9 57.3 58.1
TiO, 1.05 0.60 0.59 2.31 1.39 1.42
AL O3 20.9 9.4 15.3 27.5 22.7 21.1
Fe, OF' 9.07 53 6.1 18.8 11.0 11.3
MnO 0.07 0.05 0.10 0.23 0.15 0.11
MgO 2.53 1.12 2.46 5.22 2.94 2.86
CaO 0.23 0.21 3.65 4.03 0.68 0.45
Na,O 0.62 0.29 275 1.00 0.68 0.39
K»,O 3.5 1.17 0.66 0.27 1.74 3.30
P,0s5 0.09 0.03 0.13 0.05 0.06 0.06
LOI 0.58 1.54 0.71 0.14 1.33 0.25
Total 99.81 98.91 99.15 99.45 99.95 99.45
Cr 123 66 103 265 156 158
Mn 467 420 737 1518 989 728
Ni 55 25 15 61 76 18
Cu 24 11 12 21 30 36
Zn 142 66 74 146 118 125
Ga 33 14 23 37 36 36
Rb 174 40 22 6 48 111
Sr 97 29 82 360 143 130
Y 30 25 37 90 53 45
Zr 156 242 78 583 279 265
Nb 19 10 9 85 29 24
Ba 618 373 150 113 1172 887
Pb 25 4 5 4 13 18
Th 13.5 12.1 0.4 7.4 20.9 19.2
Co 26 14 13 45 32 22
v 169 78 109 353 220 211

¢ - WR data used for the calculations presented in Section 3.5.2 and Figure 3.16

It has been speculated by Zack et al. (2004a) that rutile with high Nb (>3000 ppm)
may originate in biotite-bearing mineral assemblages, where biotite prefers Ti over
Nb in comparison to rutile. However, this was only based on experimental phl-
ogopite/melt partitioning data (LaTourrette et al., 1995). We therefore analyzed
several biotites by LAM-ICP-MS and SIMS for HFSE (see Appendix A) in one

sample (IVZ-R19e) that shows little Nb variation between different rutile grains. In
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this sample, relict biotite inclusions in garnet were compared with coexisting rutile
(Fig. 3.13). Nb concentrations in biotite range between 0.34 and 4.90 ppm (average
1.9 ppm) with no observable difference between SIMS and LAM-ICP-MS analysis.
With 7 wt% TiO; in biotite, 100 wt% TiO, and ca. 2000 ppm Nb in rutile, this
confirms the prediction of a strong fractionation of the Nb/Ti ratio between rutile

and biotite (ca. 50, according to the data presented by LaTourrette ef al., 1995).

3.5 Discussion

3.5.1 Rutile thermometry and thermal constraints of the granulite facies
metamorphism

Interpretation of the complex Zr data, with the aim of extracting temperature infor-
mation for the IVZ, presents a challenge in comparison to relatively straightforward
results in previous studies on natural rocks (Zack et al., 2004b; Zack & Luvizotto,
2006; Spear et al., 2006). With the absence of perfectly shielded rutile inclusions in
garnet (see Fig. 3.7a), we are left with an open system scenario, in which rutiles have
been variously affected by late resetting of their Zr content. This resetting seems
to have produced a marked cluster of rutiles with Zr concentrations of about 1000
ppm (Fig. 3.8). This observation will be further explored in Section 3.5.3. Here
we concentrate on the rutiles that are the least affected by this resetting, which we
interpret to be represented by those towards higher Zr on the distribution diagrams
presented in Fig. 3.8.

The calculations of apparent temperatures from Zr concentrations in rutile have
been conducted using the calibration of Tomkins et al. (2007), which includes a
pressure effect on the geothermometer. With the strong resetting of the Zr content,
we attempt to constrain the granulite facies metamorphism by selecting the values
between the 90" percentile and the maximum (values that are usually overlooked
by standard statistical methods). Results are graphically presented in Fig. 3.14.

Temperatures calculated using the rutile thermometer are significantly higher
than those previously presented in the literature, spanning from ca. 850 to 930°C
(about 100°C higher than those obtained by Henk et al., 1997). Our data, however,
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Figure 3.12 Whisker and box plots (for explanation please refer to Fig. 3.11) summarizing Nb
concentrations (EMP and SIMS) in rutiles from samples selected for WR analyses. Samples are
displayed according to increasing metamorphic grade. To keep the data consistent, only rutile data
from the same rock fragments analyzed for WR are presented here (therefore the number of grains
differs slightly from those presented in Fig. 3.11).

Figure 3.13 Nb/Ti ratios (SIMS analyses) of coexisting rutile and biotite occurring in granulite facies
metapelitic rocks from the IVZ.
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Figure 3.14 Temperatures obtained for the studied localities. Shaded area represents the interval
delimited by values above the ninetieth percentile. Calculations were based on the Zr content in
rutile for a pressure of 0.7 GPa (calibration of Tomkins et al., 2007)

point to a temperature gradient of about 80°C within the granulite facies metapelitic
rocks, which is in agreement with Henk ef al. (1997). The higher temperatures
obtained by the rutile thermometer are not completely unexpected, as the previ-
ously determined data were based on Fe-Mg exchange geothermometers. How-
ever, the differences are significant and the results have to be treated with caution.
Preliminary results obtained by SIMS in Heidelberg show that some zircon grains
from the studied samples seem also to record high temperatures, with some values
above 900°C (temperatures calculated using the Ti-in-Zrn thermometer, calibration
of Watson et al., 2006). Although preliminary, these results suggest that zircon was
able to form and recrystallize even at high temperatures (see also Baldwin et al.,
2007; Kelsey et al., 2008).

We would like to note that overestimation of temperatures with the rutile ther-
mometer is only possible where mineral assemblages in equilibrium with rutile are
quartz-free, while underestimation can happen in zircon-absent and/or in partially
reset mineral assemblages (Zack et al., 2004b; Harley, 2008). Since quartz is al-
ways present in the investigated rutile-bearing mineral assemblages, but resetting
is significant, temperatures have to be treated as minimum values. Sixteen rutile
grains with Zr >3800 ppm (apparently representing >900°C) have been found in 6
different localities (IVZ-RS, R6, R19, R20, R36 and R37). All analyses give low Si

signals, excluding contamination from minute zircon inclusions.

While temperature estimates from the IVZ granulite facies rocks based on Fe-

Mg exchange are ca. 100°C lower than results based on rutile thermometry, mineral
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phase assemblage considerations are broadly consistent with our results. As sum-
marized above, minimum temperatures can be given as 800°C based on the coex-
istence of Opx + Kfs as well as the absence of biotite in Grt + Kfs + Sil mineral
assemblages with Fe/(Fe+Mg) ratios of 0.6 (see Fig. 3.2). An independent max-
imum temperature estimate is difficult to make due to the absence of Mg-Al-rich
rocks in the IVZ, where the presence or absence of coexisting Sil + Opx points
to temperatures above or below 900°C, respectively. However, as a final note, we
would like to point out that several Kfs-Sil-bearing gneisses are very restitic (silli-
manite and garnet-rich), indicating significant melt loss. Schnetger (1994) modeled
melt extraction rates of up to 40% based on trace element abundances. Such high
melt losses are only achieved in typical metapelites at temperatures above 870°C at
1.0 GPa (see Fig. 6 in Spear et al., 1999).

3.5.2 Rutile formation from biotite and expected Nb behavior

As previously presented, textures observed in the studied rocks are evidence for
prograde rutile growth associated with the breakdown of high-Ti biotite. With the
marked contrast in Nb partitioning between biotite and rutile, we explore in this sec-
tion how the observed Nb systematics in rutile can be linked to biotite breakdown.
The simplified conceptual model (Fig. 3.15) basically includes four main steps:
(1) An initial step where only biotite is present and all Ti and Nb in the system
(whole rock) is incorporated in this mineral. (2) An early stage where a few rutile
grains exist. Biotite is still the main Ti-carrier (high Bt/Rt ratio). Nb is distributed
between both phases. (3) As the reaction continues, the Bt/Rt ratio decreases and
rutile becomes the main Ti- and Nb-carrier. (4) The final stage is reached when all
biotite is consumed and only rutile is present, incorporating all Ti and Nb of the
whole rock.

Combining the crystallization model presented above with exchange coeffi-
cients, it is possible to quantitatively model the behavior of Nb through these stages.
Klemme et al. (2005) presented experimentally derived rutile/melt partition coeffi-
cients for a range of trace elements, including Nb. Combined with Ti partitioning

between rutile and melt, an exchange coefficient of the Nb/Ti ratio between rutile
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Figure 3.15 Illustration showing the four main stages during prograde rutile crystallization from
biotite. WR = whole rock chemistry.

Rt /melt
Nb/Ti
et al., 1993). The compatible behavior of Nb in rutile compared to melt contrasts

and melt can be calculated as 2.47 (K, ; following the terminology of Beattie

strongly with the partitioning behavior of biotite. LaTourrette et al. (1995) found

Nb to be incompatible in phlogopite compared to melt, with a KDI;Z%II of 0.050.
Neglecting minor differences of melt composition in both studies, we can calculate
an exchange coefficient for Nb/Ti between rutile and biotite K D%{f;i of 48.7. This
compares well with results from sample IVZ-R19e, where a K folfgi of ca. 60 has

been measured (see Fig. 3.13).

As an example, calculations were carried out for an amphibolite facies garnet-
sillimanite-biotite schist from Val Strona (sample IVZ-R17b). Ti concentrations in
biotite do not show any systematic variation throughout the upper-amphibolite to
granulite facies transition (unpublished EDS and WDS analyses). Therefore, the Ti
concentration of biotite was kept constant throughout the calculation steps. Results

are graphically depicted in Fig. 3.16.

As Nb is more compatible in rutile than in biotite, the first rutiles to form have
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Figure 3.16 Quantitative simulation of Nb concentration in rutile and biotite with decreasing modal
proportion of biotite. The model reproduces rutile growth in equilibrium with biotite. The calcu-
lations were run for an amphibolite facies garnet-sillimanite-biotite schist from Val Strona, (sample
IVZ-R17b). The parameters used for the calculations are presented in the diagrams (a complete WR
data set is presented in Table 3.2). Note that Nb concentration is expressed in log scale.

high Nb concentrations. As the reaction continues, and the rutile crystallizes, the
remaining biotite has lower Nb contents. It can be seen that during the initial stages
of the reaction the decrease of only 3% in the modal proportion of biotite leads to
a reduction of one order of magnitude in the Nb concentration of both rutile and
biotite. Rutiles formed during later stages of this reaction have low Nb contents and

eventually the Nb/Ti ratios in rutile is lower than in the whole rock sample.

These simple calculations imply that rutile grains formed by biotite breakdown
are expected to record large variations in Nb concentrations (both inter- and intra-

grain). Indeed, the Nb concentration data obtained for the studied rutiles (Fig. 3.11)
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show that a large spread in Nb concentrations is displayed by rutiles from the lower
grade localities. The Nb behavior in these samples is in agreement with the crystal-
lization model proposed and supports the theory that during continuous formation
of rutile from biotite, a high spread in Nb concentration is created. Here, we inter-
pret rutiles with the highest Nb concentrations (up to a factor of 5.5 higher than WR
Nb/Ti ratios; see Fig. 3.12) to be formed first from a biotite-rich mineral assemblage
and rutiles with lower Nb concentrations lower than WR Nb/Ti ratios forming last.
However, we notice that no pronounced intra-grain variability has been observed in
any sample, an observation we cannot satisfactorily explain (see Fig. 3.9).

In contrast, samples further away from the lowest-grade samples show decreas-
ing variability of Nb in rutile. It can be seen that variability steadily decreases and
the average values (diamonds in Fig. 3.12) approach the WR ratios in the highest
grade samples. This observation can be best explained by a homogenization of
formerly heterogeneous rutiles during increasing temperature, facilitating dynamic
recrystallization, intergrain diffusion and/or communication between rutile grains

by a melt phase.

3.5.3 Post-peak metamorphic processes and their effects on trace element
concentrations in rutile

Textures showing rutiles strongly altered by post-peak processes are frequently ob-
served and are characterized not only by corrosion of the rutile grains but also by
crystallization of rutile veinlets along K-rich veins (Figs. 3.7 and 3.10). In addition,
Zr concentrations in rutiles are distinguished by an anomalously large spread and
bimodal distribution (Fig. 3.8).

A dominance of rutiles with Zr concentrations of ca. 1000 ppm is observed for
all localities. These rutiles preferentially occur close to or in contact with zircons
(Fig. 3.10). We interpret this as evidence for diffusional resetting related to the slow
cooling postulated for the IVZ (see above). We noticed that an apparent temperature
of 700°C (for Zr concentrations of 1000 ppm in rutile) is in surprising agreement
to a closure temperature of Zr in rutile determined by diffusion experiments (Cher-

niak et al., 2007). The reequilibration of the Zr content in rutile is favored since
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zircons are abundant in the rocks, which facilitates ion exchange. We would like to
add that with respect to Zr, the small variations in zoning and large intergrain varia-
tion (Fig. 3.9a) are in good agreement with the fluid diffusion controlled regime of
Dohmen & Chakraborty (2003, their Fig. 3B). In this regime, transport of an ele-
ment (in this case Zr) in a fluid is much less efficient than transport within a given
mineral (in this case rutile). In contrast, Nb in rutile will not be reset, because no
other significant Nb carrier is available for ion exchange in the investigated sam-
ples. This process is also favored by Harley (2008) for ultra-high-temperperature
rocks from the Napier Complex. The author shows that rutiles occurring adjacent
to zircons are zoned with Zr concentrations decreasing from 1100 ppm in the core
to 500 ppm in the rim close to adjacent zircon. In addition, Ti concentrations in
recrystallized zircon rims are also lower than expected (19-33 ppm Ti). For these
data, temperatures obtained by the Zr-in-rutile and the Ti-in-zircon thermometers
(Watson et al., 2006) are about 200°C lower than the peak temperature, overlap-
ping at 775-800°C. Preliminary results obtained by SIMS in Heidelberg show that,
although several zircon grains from our samples seem to record high temperatures
(i.e., >900°C), some grains have rather low Ti concentrations giving apparent tem-

peratures as low as 700°C (calibration of Watson et al., 2006).

The complex network of veins that cut through the granulite facies mineral as-
semblage is evidence for post-peak fluid influx. The presence of a fluid phase would
only enhance the ion exchange between rutile and zircon. Franz & Harlov (1998)
described the presence of extensive networks of K-feldspar micro-veins in the IVZ
rocks and suggested a model with intrusion and partial crystallization of the Mafic
Complex, with a high-temperature, probably alkali-rich fluid (most likely a con-
centrated brine) accumulating at the top of the Mafic Complex, and percolating
through the overlaying rocks at late stages of emplacement. Although the nature
and the exact composition of the fluid is not completely understood, textures and
chemical data show that Ti and Zr were mobilized, at least on the thin section scale.
This leads to the conclusion that fluids, depending on their composition, can indeed

mobilize elements, which are usually assumed to be immobile (e.g., HFSE).

Considering the evidence for both slow cooling and strong fluid ingress, we are
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left to conclude that both processes could be responsible for the significant resetting
of Zr concentrations in the investigated rutiles from the IVZ. Since this is the first
study of rutile behavior in slowly cooled granulite facies rocks, it will be insightful
to investigate whether or not rutiles in other slowly cooled granulite facies rocks that

lack evidence for strong fluid ingress show the same resetting in Zr concentration.

3.5.4 Behavior of other trace elements

In principle, the same crystallization model proposed for Nb and Ti can also be
extended to other trace elements. However, it is important to keep in mind that
the modeling will only be valid for elements that are only incorporated in phases

involved in the reaction. The same effect observed for Nb is expected to occur for
Ti—phase/melt

Elem.

or lower) from those obtained for rutile (Dgtléﬁ.e”). Furthermore, the modeling will

elements with partition coefficients (D ) significantly different (higher
not be suitable for any trace element that is temperature or pressure dependent (e.g.,
Zr).

According to our data, no systematic variation is observed for the elements V,
Cr, Fe, Sn, Sb and W. However, the same behavior described for Zr and Nb is
observed for Hf and Ta, respectively. Hf data show a relatively large spread and
a bimodal distribution. Furthermore, a strong correlation between Zr and Hf is
observed (Fig. 3.17), implying that the Hf incorporation in rutiles, at least in our
samples, is temperature dependent. This observation may help to target high-Hf
rutiles for Hf isotope studies. As for Nb, the spread in Ta concentration is higher
in samples from the lower metamorphic grade, and decreases with increasing meta-
morphism (Fig. 3.18). This observation is corroborated by the strong correlation
between Nb and Ta concentrations in rutile (Fig. 3.17) and suggests that the crystal-
lization model proposed for Nb can be extended to Ta. Another important conclu-
sion is that the processes that affected the rutiles in the Ivrea Zone rocks were not
able to fractionate Zr from Hf and Nb from Ta, at least with respect to rutile. The
average Nb/Ta ratio obtained for the studied rutiles (23.8) is slightly higher than the
chondritic value (19.9; Miinker et al., 2003) but still completely within the scatter
of a highly heterogeneous continental crust (at least from 8 to 123; see analyses of
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crustal rutiles in Supplemental Table of Rudnick e? al., 2000).

Hf in ppm

200

150 4

100

50 1

5 500
Zr/Hf =20.4 4 ° Nb/Ta =23.8
L]
N
o . 400 .,
® o0 -
@ 300
oo o L E L]
(] & )
oo® g .
o% gle0e & 200 "
° - Fl oy L]
o 3 @l
# b
Y. 4 100 A L
e Al
. L]
T T T 0 T T
0 1000 2000 3000 4000 5000 0 2000 4000 6000 8000
Zr in ppm Nb in ppm

Figure 3.17 Diagram showing a strong correlation between Zr and Hf and Nb and Ta in rutiles from
IVZ. All data obtained is presented here.

Ta (dev. from the average)

Strona Valley d‘Ossola Valley
200%{ o 3 >
o
T s 22 19
100 . 10 < 19 23 ° 21
o
0 - o ;! I£| % Iil l 2
o < L @ i B
o é o [) o
100 ==
200%1
T T T T T T T T T T
R7 RI16 RS R37 R36a R36g RIl R20 RI19 R21

Figure 3.18 Variations of Ta content in rutile (SIMS and LA-ICP-MS) from the studied localities.
Samples are only plotted for localities with more than 5 analyses.
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3.6 Conclusions

One of the major findings of the present work is that it is possible to couple textures
with trace element concentration in accessory phases involved in both prograde and

retrograde metamorphic reactions.

The granulite facies metapelitic rocks from the IVZ show a rich inventory of
textures and trace element distribution in rutile, making it possible to investigate
comprehensively the behavior of important elements (i.e., Ti, Nb, Zr) during meta-

morphic processes.

Our results show that prograde rutile growth associated with biotite breakdown
generates a large spread in Nb concentrations in rutile. After the final stages of the
reaction, rutile is the main Ti and Nb carrier, and through continuous dynamic re-
crystallization the Nb concentrations in rutile evolve towards equilibrium reducing
the spread in Nb.

Typical textural controls on the Zr concentration in rutile (e.g., inclusion vs.
matrix) described in the literature are not observed in our rocks. Additionally, the
Zr concentrations are often characterized by a bimodal distribution. Therefore, a
new approach where the highest concentration values were statistically selected was
applied for the calculation of peak temperatures. For granulites, this method should

be preferred against, e.g., calculating temperature from mean Zr concentrations.

Temperatures obtained by the Zr-in-rutile thermometer for the granulite facies
rocks are in the range of 850 to 930°C and are significantly higher than those pre-
viously reported in the literature. However, considering that previous calculations
were mostly based on Fe-Mg exchange geothermometers and the fact that the late
processes that affected the rutiles may also have changed the chemical composition
of other primary phases, the high temperatures obtained are not unrealistic. The
anomalously large spread in Zr concentrations obtained for the rutiles is interpreted
to be related to post-peak diffusional resetting associated with slow cooling rates

and/or the presence of fluid.

Another finding of the present work is that fluids can, depending on their com-

positions, mobilize elements frequently interpreted to be immobile, such as Ti and
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Zr. This is evidenced by the corrosion of the granulite facies rutile and the crystal-
lization of rutile veinlets associated with textures that suggest late influx of a K-rich
fluid. Here we would like to note that HFSE mobility in fluids may be significantly
enhanced by the addition of complexing chemical compounds (e.g., Rapp et al.,
2008).

Our results encourage further studies in the field of trace element partitioning
associated with metamorphic reactions using accessory phases as tools. It also
demonstrates the importance of detailed petrographic and textural investigations.
Furthermore, our findings spur on the search for other terrains characterized by
slow cooling rates in order to evaluate whether the textures and chemical charac-
teristics observed in the IVZ rocks are also present in other localities. This can
lead to, e.g., reinterpretations about peak granulite facies temperatures, and element

mobility during geological processes.
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4 Rutile occurrence and trace element behavior in

low- to medium-grade metasedimentary rocks
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Abstract

Metamorphic textures in low- to medium-grade (~500-550°C) metasedimentary rocks from the
Erzgebirge give evidence for prograde rutile growth from ilmenite. Newly formed grains occur
as rutile-rich polycrystalline aggregates that mimic the shape of the ilmenites. In-sifu trace element
data (EMP and SIMS) show that rutiles from the lowest grade samples (~480°C) mirror the Nb/Ti
ratio of ilmenite. Under these conditions, rutile did not equilibrate chemically with the remaining
ilmenites. In higher grade samples, rutiles show a larger scatter in Nb and have Nb/Ti ratios higher
than ilmenite. This behavior can be modeled using prograde rutile growth from ilmenite and indi-
cates that rutiles are reequilibrating with remaining ilmenites. Newly formed rutiles yield tempera-
tures (from ~500 to 630°C, Zr-in-rutile thermometry) that are in agreement with the metamorphic
conditions published for the studied rocks. Detrital rutile grains, identified by their distinct chem-
ical composition (high Zr and Nb contents) and textures (single grains surrounded by fine grained
ilmenites), occur in quartzites from the medium-grade rocks (~530°C). Preliminary calculations
based on the grain size distribution of rutiles in the studied rocks show that quartzites are probably
the main source of rutiles in sediments derived from low-grade metamorphic sequences, even if the
occurrence of quartzite is minor.

Keywords: accessory phases, rutile, ilmenite, geochemistry, provenance studies
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4 Rutile occurrence and trace element behavior in low-grade rocks

4.1 Introduction

Rutile is one of the major Ti-phases and frequently occurs as an accessory mineral
in diverse metamorphic and igneous rocks, siliciclastic sediments, placer deposits
and hydrothermal ore deposits. It is an important carrier of several highly-charged
trace elements (e.g., Ti, Zr, Nb, Ta, Sn, Sb, W, V, Cr and Mo, Graham & Morris,
1973; Haggerty, 1991; Deer et al., 1992; Smith & Persil, 1997; Rice et al., 1998;
Zack et al., 2002) and therefore has attracted significant attention in studies focused
on subduction zone processes, particularly as a likely controller of Nb and Ta bud-
gets (Saunders et al., 1980; McDonough, 1991; Brenan et al., 1994; Stalder et al.,
1998; Miinker, 1998; Foley et al., 2000; Rudnick et al., 2000; Klemme et al., 2005,
among others). Recently, the calibration of the Zr-in-rutile thermometer for quartz
and zircon bearing rocks (Zack et al., 2004b; Watson et al., 2006; Tomkins et al.,
2007) has broadened the application of rutile, which is becoming an important tool
for assessing metamorphic temperatures, especially in eclogite and granulite facies
rocks (Zack & Luvizotto, 2006; Spear et al., 2006; Harley, 2008; Luvizotto & Zack,
in press). Rutile is also becoming an important tool in sediment provenance studies
where its Nb and Cr composition can be used to assess the nature of the initial source
rock (i.e., pelitic vs mafic, Zack et al., 2004a; Stendal et al., 2006; Triebold et al.,
2007; Meinhold et al., 2008). In addition, as pelitic rocks are always quartz and zir-
con bearing , the Zr-in-rutile thermometer can be applied to detrital rutiles derived
from these rocks. It is generally accepted that rutile is not stable under low-grade
metamorphic conditions (see, e.g., Force, 1980; Zack et al., 2004a), breaking down
during greenschist facies metamorphic overprints. However, the exact boundary is
not well understood (see, e.g., Stendal ef al., 2006; Triebold et al., 2007; Mein-
hold et al., 2008). Still, this instability at greenschist-facies conditions makes rutile
an important tool in sediment provenance studies as, unlike zircon, it records only
the latest metamorphic cycle. In this sense, understanding rutile formation and/or

breakdown in metamorphic rocks is an important issue.

In the German Erzgebirge detrital rutiles from recent sediments from this area

have been studied in an accompanying paper by Triebold ez al. (2007). One impor-
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4.2 Geological setting and studied samples

tant result is that several detrital rutiles derived from the low-grade units still record
high temperatures (up to 1000 °C) from a former metamorphic cycle.

In order to shed more light on the occurrence of such rutiles in low grade meta-
morphic rocks, this study focuses on the transition from low- to high-grade rocks
in the Erzgebirge. We present textures that indicate rutile growth from ilmenite in
low- to medium-grade metapelitic rocks and discuss the trace element partitioning
between these minerals. We also discuss the temperature records in rutiles from
these rocks. To conclude, we briefly explore the influence of the source rock (i.e.,
fine grained, metapelitic, vs. coarser grained, psammitic rocks) in the sedimentary

record of rutile, highlighting some relevant aspects for sediment provenance studies.

4.2 Geological setting and studied samples

The Erzgebirge is located in eastern Germany, at the border to the Czech Re-
public. Geologically, it is situated at the northwestern border of the Bohemian
Massif and is part of the metamorphic basement of the Mid-European Variscides
(Fig. 4.1). It is characterized by a large-scale antiformal structure consisting of
several tectonometamorphic units.

Currently it is accepted that the Erzgebirge represents a stack of five tectonometa-
morphic units with contrasting P-T histories (Willner et al., 1997; Rotzler et al.,
1998). From the base to the top these units are: Red and Grey Gneisses (RGG);
Gneiss/Eclogite Unit (GEU); Micaschist/Eclogite Unit (MEU); Garnet-Phyllite Unit
(GPU); and Phyllite Unit (PU). The tectonometamorphic stacking is interpreted as a
result of continent-continent collision processes during the Variscan Orogeny (e.g.,
Willner et al., 1997; Rotzler et al., 1998; Mingram, 1998). A summary of published
PT conditions for the western part of the Erzgebirge is presented in Fig. 4.1. Geo-
chemical discriminations suggest that the protoliths of all metamorphic units are
similar, leading to the conclusion that they represent a repetition of metasedimen-
tary sequences (Mingram, 1998).

The present study focuses on the western part of the Erzgebirge, more specifi-

cally on metasedimentary rocks from the GPU and MEU. Metassediments from the
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4 Rutile occurrence and trace element behavior in low-grade rocks

GPU are characterized by the occurrence of limestones, graphite phyllites, garnet-
and albite-bearing phyllites, feldspar-free, chloritoid-bearing phyllites, quartzites
and metatuffites, with garnet-free phyllites as the most common rock type. Metassed-
iments from the MEU are characterized by the occurrence of graphite mica schists,
albite-bearing mica schists, feldspar-free, chloritoid-bearing mica schists, parag-
neisses and marbles. Garnet- and cloritoid-bearing schists are the most common
rock type. Metassediments from the GEU are distinguished by the occurrence
of feldspar-bearing mica schists, feldspar-free, kyanite-bearing mica schists and
migmatitic paragneisses (Willner et al., 1997; Rotzler et al., 1998; Mingram, 1998).
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Figure 4.1 Simplified geological map of the western part of the Erzgebirge. Coordinates are pro-
vided in German coordinate system (Gauss-Kriiger). PT conditions from: *Willner et al. (1997),
**Mingram & Rotzler (1999) and ***Rotzler et al. (1998). Stars represent areas where relic ru-
tiles (Zr-in-rutile temperatures strongly exceeding unit temperatures) were found by Triebold et al.
(2007).
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4.3 Analytical techniques

Key information about the studied samples are presented in Tab. 4.1. Seven
of the studied samples have been investigated by Mingram (1996, see Tab. 4.1).
Sample EGB04-S56 corresponds to the quartzite sample presented in Triebold et al.
(2007).

Table 4.1 Summarized description of the studied samples. Modal proportions are based on visual
inspection with a petrographic microscope and BSE images.

Coordinates Other Phases
Sample E N Unit Rock Type Kfs Pl Grt Bt Cld Chl Ms Qtz Ilm (<1%)
P38ct 4559100 5606200 GPU Phyllite - - - - - X X XX 1-2% Rt, Ant, Zrn, Ap,
Mnz
p2¢ 4559800 5606750 GPU Phyllite - - - - - XX XX XX 1-2% Rt, Ant, Zrn, Ap,
Mnz
2/2a:b 4560902 5606520 GPU Grt-phyllite - - <1% - - X XX XX Rt, Ant, Ilm, Zrn,
Ap, Mnz
2/124:b 4560902 5606520 GPU/ Grt micaschist - - 1 - 1 X XX XX Rt, Ant, [Im, Zrn,
MEU Ap, Mnz
37140 4563150 5606432 MEU Grt-Cld - - X - I 1 XX XX Rt, Ant, Ilm, Zrn,
micashist Ap, Mnz
61c? 4563250 5606500 MEU Grt-Cld - - 1 - 1 1 XX XX Rt, Ant, Ilm, Zn,
micashist Ap, Mnz
EGB04- 4565203 5594976 MEU Ms quartzite - 1 - - - - X XX Rt, Ant, Ilm, Zrn,
S56 Ap, Mnz
EGB04- 4566669 5591770 MEU Grt-Cld - - X - I 1 XX XX Rt, Ant, Ilm, Zrn,
R10d micashist Ap, Mnz
EGB04- 4567403 5605187 GEU Grt-Bt gneiss 1 XX 1 X - X XX Rt, Zrn, Ap, Mnz
Rlle
Al15¢% 4573660 5599650 GEU Grt micaschist - - 1 1 - - XX XX Rt, Ant, Zrn, Ap,
Mnz

Modal proportion: I - 1 to 10%, x - 10 to 20%, xx >20% (mineral abreviations after Kretz, 1983). Coordinates are provided
in German coordinate system (Gauss-Kriiger).

¢ - samples from Mingram (1996)

b _ coordinates correspond to the location of the borehole (depths: 2/2 - 100m, 2/12 - 338m, 3/1 - 19m)

4.3 Analytical techniques

4.3.1 Electron Microprobe (EMP)

Electron microprobe analyses of rutile and ilmenite were carried out at the Miner-
alogisches Institut, Universitidt Heidelberg with a CAMECA SX51 equipped with
5 WDS detectors. The beam was set to 20 kV and 100 nA and analyses followed
the method outlined by Luvizotto et al. (in press). The following elements were
analyzed: Si, Ti, V, Cr, Fe, Zr, Nb and W. With this setup, the detection limits
are 220 ppm for V, 50 ppm for Cr, 40 ppm for Fe and Zr, 60 ppm for Nb and
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4 Rutile occurrence and trace element behavior in low-grade rocks

350 ppm for W. To assure “true” zero-concentration peak intensities and to exclude
any machine drift, every ten analyses of unknowns were bracketed by two analyses
of synthetic rutile (nominally zero-concentration trace elements). Si concentrations
were used as a quality control in order to detect and avoid contamination associated
with submicroscopic zircon inclusions (according to the method outlined by Zack
et al., 2004b). Rutile measurements with apparent Si concentrations higher than
300 ppm that showed abnormally high Zr contents were excluded from the data
set. Measurements with Si content above 300 ppm and Zr concentrations similar to
rutiles with low Si contents were included for small (20-30um) rutile grains (high
Si values were interpreted to be related to the nearby silicates). The same quality
controls are applied to SIMS analyses. Although the EMP beam diameter was set

to 5um, the minimum grain size for obtaining reliable analyses was ~20 um.

4.3.2 Secondary lon Mass Spectrometry (SIMS)

SIMS measurements of rutile and ilmenite were performed at the Mineralogisches
Institut, Universitit Heidelberg with a CAMECA ims 3f. Analyses were carried out
using a 14.5 keV / 10-20 nA 0O~ primary ion beam, which resulted in spot sizes of
20-30 um. By using a field aperture the effective spot size was reduced to 12 pm,
leading to the smallest analyzable grain sizes of 20-30um. Positive secondary ions
were nominally accelerated to 4.5 keV (energy window set to £20 eV) and the
energy filtering technique was used with an offset of 90 eV at mass resolution m/dm
(10%) of 370. Count rates were normalized to *’Ti. TiO, in rutile is assumed to
be 100 wt%. In ilmenite, the Ti concentration was based on the values obtained by
EMP. The following isotopes were analyzed: 2T Al, 39S, 47Ti, W07r, BNb, 1188n,
1209, 121gp, 1235y, 1781f, 181y, 184wy, 186wy 2327y 238() Concentrations were
calculated based on relative sensitivity factors (RSF) as outlined in Luvizotto et al.
(in press). Although no reliable RSF can be calculated for Th, the intensity ratios
obtained for the studied rutiles suggest that Th concentrations are extremely low

(below the 0.1 ppm level when using RSF from U).
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4.3.3 Micro-Raman Spetroscopy

Laser micro-Raman spectroscopy was applied to selected grains in order to identify
the TiO; structure type. Raman spectra were obtained using a Horiba Jobin Yvon
Labram HR-UV 800 (equipped with a Peltier-cooled CCD detector) at the Geowis-
senschaftliches Zentrum, Universitdt Gottingen. Analyzes were carried out using

633 nm laser excitation, 17 mW laser power and 1200 I/mm grating.

4.4 Results

4.4.1 Textural evidence of rutile growth in low- to medium-grade metapelitic
rocks

In the low-grade metapelitic rocks from the GPU rutile starts to grow from ilmenite.
As the content of Ti is higher in rutile than in ilmenite, the volume once filled up
by ilmenite is not completely occupied by rutile. Moreover, most of the Fe from il-
menite is used, together with the elements available in matrix minerals (silicates), to
form chlorite. The simplified reaction can be written as (mineral abreviations after
Kretz, 1983): Ilm + silicates + HyO — Rt + Chl. Rutiles occur as polycrystalline
aggregates, which are characterized by a fine grained intergrowth of rutile and chlo-
rite that mimic the shape of ilmenite. The same type of textures, although in more
developed stages, can still be found in some metasedimentary rocks from the MEU.
The BSE images presented in Fig. 4.2 are examples of the textures described above.
The images are arranged according to increasing rutile/ilmenite ratio, interpreted to
represent the evolution of the texture. In Figs. 4.2a and 4.2b only minor amounts
of rutile are present and ilmenite grains still preserve their euhedral/subhedral elon-
gated (lath) habit. Figs. 4.2c to 4.2f show more evolved stages of the texture. No-
tice that two grains (the large polycrystalline rutile aggregate at the center and the
ilmenite grain at the top right of the image) that represent distinct evolutional stages
of the reaction occur in a micrometric scale. This gives an indication about the reac-
tion domain. In Figs. 4.2g and 4.2h ilmenite is virtually absent. However, rutile still

occur as aggregates that have the elongated shape inherited from ilmenite. Rutiles
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4 Rutile occurrence and trace element behavior in low-grade rocks

are often present as inclusion in garnet bearing rocks from the MEU (Fig. 4.2h). The
texture presented in Fig. 4.2d derives from a quartzite (EGB04-S56). Although this
sample comes from the MEU it still preserves textures usually observed in rocks
from the GPU. This fact supports the theory that quartzites are less reactive when
compared with pelitic rocks (see also discussion in Triebold ez al., 2007).

Metapelitic rocks from the GEU are ilmenite free demonstrating that the rutile
forming reaction was completed. In these rocks rutiles show no traces of the texture
described above and have rounded shape (Fig. 4.3). Although rutile is the main
Ti carrier in these rocks, part of the Ti is also accommodated in biotite and phen-
gite, with Ti incorporation in these minerals being temperature dependent (see, e.g.,
Douce, 1993; Henry & Guidotti, 2002; Henry et al., 2005; Hermann & Spandler,
2008).

4.4.2 ldentification of TiO, polymorphs

TiO; polymorphs were identified by different methods. A group of samples contain-
ing Ti-oxide crystals with distinct characteristics (such as color and shape under pet-
rographic microscope and/or BSE images) were selected for Raman spectroscopy
analyses. Rutile was identified by Raman bands at 147, 242, 449 and 614 cm™!
(for a compilation of Raman bands for Ti polymorphs see Meinhold et al., 2008)
and anatase was identified by Raman bands at 146, 199, 400, 517 and 642 cm™!
(Fig. 4.4). Brookite was not present in the studied samples. In the investigated
rocks rutile is brownish/reddish under the optical microscope (transmitted light)
while anatases is light-colored to colorless. Some Ti-oxides displayed cathodo-
luminescence (CL) emission during EMP measurements (a bright spot when the
mineral was under the focused electron beam). All of these grains were identified

as anatase by Raman spectroscopy. Therefore this characteristic was also used as an

Figure 4.2 (following page) BSE images exemplifying the textures observed in metasedimentary
rocks from the GPU and MEU. The images are arranged in such a way that they represent the
evolution of the texture though the rocks and units. Numbers given in the figures correspond to
Nb concentrations (in ppm) and Nb/Ti ratios. All scale bars represent 100um. See text for further
information. Samples: A, B and E - P38c; C and F - P2; D - EGB04-S56; G - 2/2; H - 2/12.
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Rt Rt

GEU o JGEU

Figure 4.3 BSE images exemplifying rutiles occurring in metasedimentary rocks from the GEU.
Fe-Sulf — Fe sulfide.

identification method. Detailed BSE imaging carried out in grains previously ana-
lyzed by Raman shows that rutile is brighter than anatase (Fig. 4.4). This feature
was also used to differentiate between the two polymorphs.

The current work focuses only on the textural and chemical relationships be-
tween rutile and ilmenite. A more detailed work about identification and chemical
composition of TiO, polymorphs in Erzgebirge rocks and recent sediments can be

found in Triebold et al. (in prep.).

4.4.3 Niobium concentrations in rutile and ilmenite

Fig. 4.5 summarizes Nb concentrations obtained for rutiles and ilmenites (for a com-
plete data set please refer to Appendix B). Nb concentrations in ilmenite are rather
constant when compared to those in rutile, with average concentration of ~500 ppm
in ilmenite in almost all samples. Nb concentrations in rutile are characterized by
three distinct patterns. In samples from the GPU rutiles show small spread in Nb
content. Moreover, their Nb/Ti ratios are comparable with values obtained for il-
menites from the same samples. Rutiles from the MEU display a larger spread in
Nb concentrations with Nb/Ti ratios spanning from values as low as the ones ob-
tained for the ilmenites to values significantly higher. Rutiles from the GEU show
a narrow spread in Nb concentration. These samples are ilmenite free and therefore
no direct comparison can be made. However, when compared with results obtained

for ilmenites from other units, the Nb/Ti ratios in rutiles from the GEU are slightly
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Figure 4.4 A and B: High-contrast BSE images showing rutile coexisting with anatase. Notice that
rutile has brighter colors. C: Raman spectra of anatase and rutile (spot location presented in B).
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higher. This is probably due to the presence of Ti-bearing micas (phengite and bi-
otite) in these rocks. Therefore, in these samples rutile does not mirror the Nb/Ti
ratio of the whole rock (WR).
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Figure 4.5 Summary of Nb concentrations (EMP and SIMS) obtained for the rutiles and ilmenites.
Samples are sorted according to increasing metamorphic grade. The boxes represent, from bottom to
top, the second and third quartile (25 and 75% of the population). The bar inside the box represents
the median, while the lozenge represents the average. Whiskers represent the 10" and the 907
percentile. Outliers, when they occur, are represented by small circles. Numbers on top of the
whiskers represent the number of analyzed grains (one spot per grain). As EMP and SIMS results
are within error, for grains analyzed by both techniques only EMP data is plotted (better spacial
resolution). *ilmenite-free samples.

4.4.4 Zirconium concentrations in rutile

Zr concentrations obtained for the studied rutiles are presented in Tab. 4.2. Temper-
atures were calculated based on the Zr-in-rutile thermometer, using the calibration
of Tomkins et al. (2007). Calculations were based on the pressure values presented
in Fig. 4.1.

Zr contents in all rutiles from the GPU are below the EMP detection limit
(40 ppm, ~500°C) and are in accordance with estimates based on PT conditions
(<500°C, 0.6-0.9 GPa) reported for this unit (also valid for one SIMS analysis of 46
ppm obtained for sample P2). Several rutiles from the MEU (15 out of 28) have Zr

contents below the EMP detection limit. Still, some grains have higher Zr contents
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(60-80 ppm), which is confirmed by EMP as well as by SIMS. These results are in
agreement with concentrations estimated from the metamorphic conditions known
for this area (500-550°C, 0.7-12. GPa), especially taking pressure into considera-
tion. The only exception is one rutile grain with Zr concentration of 390 ppm from
the quartzite sample (EGB04-S56). Analyses of rutiles from the GPU and the MEU
often give high Si signals. In these units rutiles occur as polycrystalline aggregates
(see Fig. 4.2) and are difficult to measure by the techniques applied in this work.
High Si values are interpreted to be related to the nearby silicates (measurements
with high Si and high Zr contents were excluded from the data set).

Only few rutiles from the higher grade samples (EGB04-R11e, A15c) have Zr
contents below the EMP detection limit. Here again, Zr contents obtained by SIMS
and EMP are in agreement with mineral assemblage and metamorphic textures ob-
served in these rocks (with Zr concentrations up to 200 ppm for sample A15, corre-
sponding to temperatures of ca. 630°C).

It is noteworthy that highest Zr content in rutiles from garnet bearing rocks are
usually obtained for rutiles included in garnet (see also Fig. 7 in Triebold et al.,
2007).

4.5 Discussion

4.5.1 Rutile formation from ilmenite and expected Nb behavior

Textures observed in the investigated samples support prograde rutile crystallization
associated with the breakdown of ilmenite in low- to medium grade metapelitic
rocks. These samples give us the opportunity to assess crystallization conditions
of rutile and to investigate the partitioning of trace elements between rutile and
ilmenite. With the strong difference in Nb partitioning between rutile and ilmenite,
we investigate in this section how the observed Nb systematics in rutile can be
correlated with ilmenite breakdown.

In the studied rocks, rutile’s formation is simplified by the conceptual model
presented in Fig. 4.6. Initially, only ilmenite is present and hosts the Nb and

Ti contents of the WR. Under metamorphic conditions analogues to those of the
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4 Rutile occurrence and trace element behavior in low-grade rocks

Table 4.2 Zirconium concentrations obtained for the studied rutiles.

Sample Technique Rock Type Unit Grain Txt. Si“ Zr T°CP
P2 EMP Phyllite GPU Rtl M 1140 bd <500
P2 EMP Phyllite GPU Rt2 M 580 bd <500
P2 EMP Phyllite GPU Rt3 M 1310 bd <500
P2 EMP Phyllite GPU Rt4 M 4060 bd <500
P2 EMP Phyllite GPU Rt5 M 2370 bd <500
P2 EMP Phyllite GPU Rt6 M 3180 bd <500
P2 EMP Phyllite GPU Rt7 M 630 bd <500
P2 EMP Phyllite GPU Rt9 M 99 bd <510

P2 SIMS Phyllite GPU Rt8 M 7947 46 516
P38c EMP Phyllite GPU Rtl M 190 bd <510
P38c EMP Phyllite GPU Rt3 M 170 bd <510
P38¢ EMP Phyllite GPU Rt6 M 1160 bd <510
P38c EMP Phyllite GPU Rt7 M 51 bd <510
P38c EMP Phyllite GPU Rt8 M 536 bd <510
P38c EMP Phyllite GPU Rt9 M 474 46 516
2/12 EMP Grt Schist GPU Rtl 1 57 bd <510
2/12 EMP Grt Schist GPU Rt2 1 306 bd <510

3/1 EMP Grt-Cld Schist MEU Rtl 1 116 42 522
3/1 EMP Grt-Cld Schist MEU Rt2 1 120 bd <520
3/1 EMP Grt-Cld Schist MEU Rt3 1 87 bd <520
3/1 EMP Grt-Cld Schist MEU R4 1 37 bd <520
3/1 EMP Grt-Cld Schist MEU Rt5 1 97 bd <520
3/1 EMP Grt-Cld Schist MEU Rt6 1 41 bd <520

3/1 EMP Grt-Cld Schist MEU Rt8 I 80 46 528

3/1 SIMS Grt-Cld Schist MEU Rt3 1 34707 28 499

3/1 SIMS Grt-Cld Schist MEU Rt4 I 948 23 489

3/1 SIMS Grt-Cld Schist MEU Rt9 1 3556 25 493

3/1 SIMS Grt-Cld Schist MEU Rt10 I 4576 87 567
6lc EMP Grt-Cld Schist MEU Rt3 1 140 bd <520
6lc EMP Grt-Cld Schist MEU Rt4 I 50 bd <520

6lc EMP Grt-Cld Schist MEU Rt6 1 50 50 533

6lc EMP Grt-Cld Schist MEU Rt7 I 60 70 554

6lc EMP Grt-Cld Schist MEU Rt10 1 - 62 546

6lc EMP Grt-Cld Schist MEU Rtll 1 64 80 562

6lc EMP Grt-Cld Schist MEU Rt12 1 16 77 559
EGB04-R10d EMP Grt-Cld Schist MEU Rt3 1 40 bd <520
EGB04-R10d EMP Grt-Cld Schist MEU Rt4 1 90 bd <520
EGB04-R10d EMP Grt-Cld Schist MEU Rt5 1 70 50 533
EGB04-R10d EMP Grt-Cld Schist MEU Rt6 1 150 bd <520
EGB04-R10d EMP Grt-Cld Schist MEU Rt7 M 470 bd <520
EGB04-R10d SIMS Grt-Cld Schist MEU Rtl M - 32 507
EGB04-R10d SIMS Grt-Cld Schist MEU Rt2 M - 31 504
EGB04-S56 EMP Quartzite MEU Rtl M 240 50 533
EGB04-S56 EMP Quartzite MEU Rt2 M 420 bd <520
EGB04-S56 EMP Quartzite MEU Rt3 M 60 60 544
EGB04-S56 EMP Quartzite MEU R4 M 120 50 533
EGB04-S56 EMP Quartzite MEU Rt5 M 90 390 680
EGB04-S56 EMP Quartzite MEU Rt6 M 120 bd <520
EGB04-S56 EMP Quartzite MEU Rt7 M 110 bd <520
EGB04-S56 EMP Quartzite MEU Rt8 M 90 bd <520
EGB04-S56 EMP Quartzite MEU Rt9 M 100 60 544
EGB04-R11e EMP Grt-Bt Gneiss GEU Rtl M 50 140 600
EGBO04-R11e EMP Grt-Bt Gneiss GEU Rt2 M 20 50 533
EGB04-R11e EMP Grt-Bt Gneiss GEU Rt3 M 60 bd <520
EGBO04-R11e EMP Grt-Bt Gneiss GEU R4 M 40 70 554
EGB04-R11e EMP Grt-Bt Gneiss GEU RtS M 40 bd <520
EGBO04-R11e EMP Grt-Bt Gneiss GEU Rt6 M 130 80 562
EGB04-R11e EMP Grt-Bt Gneiss GEU Rt7 M 180 bd <520
EGBO04-R11e EMP Grt-Bt Gneiss GEU Rt8 M 100 70 554
EGBO04-R11e EMP Grt-Bt Gneiss GEU Rt9 M 140 60 544
EGBO04-R11e EMP Grt-Bt Gneiss GEU Rt10 M 280 bd <520
EGB04-R11e EMP Grt-Bt Gneiss GEU Rtll M 410 50 533
EGBO04-R11e EMP Grt-Bt Gneiss GEU Rt12 M 510 bd <520
EGB04-R11e EMP Grt-Bt Gneiss GEU Rt13 M 130 80 562
EGBO04-R11e EMP Grt-Bt Gneiss GEU Rt14 M 180 bd <520
EGBO04-R11e SIMS Grt-Bt Gneiss GEU Rtl5 M - 88 568
EGB04-R11e SIMS Grt-Bt Gneiss GEU Rt16 M 511 53 536
EGB04-R11e SIMS Grt-Bt Gneiss GEU Rt17 M 1675 71 554
EGBO04-R11e SIMS Grt-Bt Gneiss GEU Rt18 M 3 79 561
EGBO04-R11e SIMS Grt-Bt Gneiss GEU Rt20 1 19 94 573
AlSc EMP Grt Schist GEU Rtl M 21 117 587
Al5c EMP Grt Schist GEU Rtl M 36 115 587
Als5c EMP Grt Schist GEU Rt2 I - 58 542
Al5c EMP Grt Schist GEU Rt3 1 - 148 604
Alsc EMP Grt Schist GEU Rt4 I 144 120 590
Al5c EMP Grt Schist GEU Rt5 M 31 105 580
Alsc EMP Grt Schist GEU Rt6 I 172 201 627
Al5c SIMS Grt Schist GEU Rtl M - 103 579
AlSc SIMS Grt Schist GEU RtS M 151 606

Text. - textural relationship: matriz (M), inlcuded in garnet (I). ¢ apparent Si content used as quality
control (analyses with high Si and Zr were excluded from the data set). * calculated after Tomkins
et al. (2007) using pressure values presented in Fig. 4.1.

130



4.5 Discussion

GPU (~480°C, 0.6-0.9 GPa) rutile starts to grow associated with the breakdown
of ilmenite. With increasing metamorphic grade, the reaction evolves and the ru-
tile/ilmenite ratio increases. In these intermediate stages rutiles occur as polycrys-
talline aggregates that have the shape of ilmenite. Nb is distributed between both
phases. The excess Fe is used to crystallize chlorite, with other elements available in
the surrounding silicates. At higher metamorphic grade rutile is the only Ti-phase.
At this stage, rutile has its own shape (by dynamic recrystallization) and is the main
carrier of Nb and Ti. Rutile may mirror the WR Nb/Ti ratio in rocks where Ti-rich

micas (biotite and phengite) are minor to absent.

Stages
Initial Early Intermediate Final
Only Ilm Rt + IIm Rt + IIm Only Rt
Units — GPU MEU GEU
Chl 1im 4
v
\\/$ < [lm

\
~100um
pm 1 Rt

Rt is the
main Nb
and Ti
carrier

Ilm is the
main Nb
and Ti
carrier

Chemical diffusion of Ti and Nb
Increasing metamorphic grade

Figure 4.6 Illustration showing the main stages during prograde rutile crystallization from ilmenite.

Rt/Ilm
Nb/Ti’ fol-
lowing the terminology of Beattie et al., 1993) can be used to evaluate the behavior

of Nb through the steps described above. Klemme et al. (2005) and Klemme et al.

The exchange coefficient for Nb/Ti between rutile and ilmenite (K,

(2006) have recently presented experimentally derived rutile/melt and ilmenite/melt
partition coefficients for several elements, including Nb. The results confirm pre-

viously obtained data (e.g., Green & Pearson, 1987; Foley et al., 2000; Green,
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4 Rutile occurrence and trace element behavior in low-grade rocks

2000; Horng & Hess, 2000; Schmidt et al., 2004) and show that Nb is strongly

compatible in rutile (thb/ el _ 92 for andesitic melt composition) and moder-
ately compatible to incompatible in ilmenite (Df\l,':/ melt _ .88 — 1.9 for basaltic

and D%’;] = 0.55 for basaltic andesite melt compositions). With the data presented

Rt /Ilm
above a KDNb/Ti

havior for the andesitic and basaltic andesite melt composition). The data show

value of 49.4 can be calculated (assuming similar partitioning be-

that rutile strongly favors Nb over Ti when compared with ilmenite. Hence, rutiles
occurring in chemical equilibrium with ilmenite are expected to have Nb/Ti ratios
significantly higher than the ones in ilmenite. Similar calculations were carried
out for rutile and biotite by Luvizotto & Zack (in press). A very similar Kp value
was obtained for these minerals (KDlli,tb/f}i = 48.7) based on the data presented by
Klemme et al. (2005) and LaTourrette et al. (1995). Luvizotto & Zack (in press)
quantitatively modeled the Nb behavior in rutile during its continuous crystalliza-
tion from biotite in granulite-facies. The results show that first rutiles to form have
a high Nb content, as Nb is more compatible in rutile than in biotite. Furthermore,
the continuous crystallization leads to a high inter-grain spread in Nb concentra-
tions in rutile. Taking into account the similarity between the exchange coefficient
and crystallization model presented by Luvizotto & Zack (in press) and the ones
presented here, the same behavior is expected to be observed in rutiles crystallizing

from ilmenite.

As shown in Fig. 4.5, rutiles from the GPU are characterized by small scatter
in Nb content and by Nb/Ti ratios close to the ones obtained for ilmenites from
the same unit. These results indicate that rutiles from the GPU are mirroring the
Nb/Ti ratio of ilmenite rather than behaving as predicted by the exchange coeffi-
cient. However, rutiles from the MEU display higher variations in Nb content and
have Nb/Ti ratios significantly higher than ilmenite (up to ~15 times in sample 3/1).
The results suggest that the reaction is evolving towards equilibrium (according to
i/, of 49.4, the
highest Nb concentration obtained for a rutile from sample 3/1 (9526 ppm) is co-

what is predicted from the Kp values). For example, with a K,

herent with a rutile occurring in equilibrium with an ilmenite containing ~100 ppm

of Nb. Interestingly, our results suggest that temperature controls the Nb behavior,
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as just rutiles from the MEU (T >500-550°C) tend to behave in agreement with
the model successfully applied to granulites. Rutiles from the GEU show small
spread in Nb concentrations. These rocks are ilmenite-free, indicating that the ru-
tile forming reaction was completed. This observation suggests homogenization
of Nb contents in rutile through mechanisms like dynamic recrystalization and/or

intergrain diffusion, which are facilitated by higher temperatures.

4.5.2 Temperature records in rutile from low- to medium-grade
metasedimentary rocks

The textures presented above indicate that rutile crystallization took place in metased-
imentary rocks from the GPU under PT conditions of ~480°C and 0.6-0.9 GPa.
Zr concentrations obtained for rutiles from this unit (Tab. 4.2) confirm previous
geothermometric data as all EMP measurements were below detection limit (40
ppm of Zr, ~500°C). All but one rutile from the MEU rocks give temperatures that
match the literature data (500-560°C). Temperatures in the 560-680°C range are
obtained for rutiles from the two investigated samples from the GEU and are co-
herent with the mineral assemblages and metamorphic textures observed in these
rocks. Therefore, all metamorphically grown rutiles record temperatures coherent

with metamorphic condition under which they were formed.

One of the main findings of Triebold et al. (2007) is that no complete reequili-
bration of formal Zr content in detrital rutiles is reached under prograde metamor-
phism below 600°C in the Erzgebirge (note that absolute 7 may vary depending on
the calibration used, e.g., Zack et al., 2004b; Watson et al., 2006; Tomkins et al.,
2007). The existence of an “equilibration temperature” was also observed in ru-
tiles from other localities (Stendal et al., 2006; Meinhold et al., 2008). According
to Triebold et al. (2007), the highest frequency of rutiles with high Zr contents is
recorded in detrital grains from the lowest grade units (Phyllite and Garnet-Phyllite
units). Exceptions are rutile grains from a quartzite sample from the MEU (EGB04-

S56, also investigated in this paper).
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4.5.3 Detrital rutiles from low- to medium-grade metasedimentary rocks

An important exception are rutile grains from the only analyzed quartzite sample
from the MEU (EGB04-S56). Rutiles obtained from a heavy mineral separate from
a large sample have Zr concentrations up to 1000 ppm (ca. 740-770°C for P 0.7-1.2
GPa, Triebold et al., 2007). In the present work, one rutile with a Zr content of 390
ppm (ca. 660-680°C for P 0.7-1.2 GPa) was found in-situ in this sample. A BSE
image of this grain is presented in Fig. 4.7a. Interestingly, this rutile shows a texture
that is distinctly different from the ones observed for grains with low Zr contents.
Close inspection shows that this grain is not an aggregate but a single large crystal
that is surrounded by fine-grained ilmenite. Furthermore, the lath shape, typical
for newly grown rutiles, is not observed. After this finding, more grains displaying
similar textures have been found in the quartzite (Fig. 4.7b). Although not all grains
have high Zr contents, their Nb/Ti ratios are significantly higher than the ratios of the
coexisting ilmenites (Fig. 4.7a and b). We interpret these rutiles as detrital relicts.
We further interpret that ilmenite grew from this grains during prograde metamor-
phism under low-grade conditions (greenschist or below). This is evidenced by the
textures and Nb/Ti ratios, in accordance with the exchange coefficients presented
above. The fact that rutile was not completely replaced by ilmenite reinforces the
theory that quartzites are less reactive when compared with other rocks (see also
discussion in Triebold e al., 2007). This observation is corroborated by additional
textures observed in the quartzite. Although this rock is from the MEU, several
newly formed rutiles display rutile/ilmenite textures (Fig. 4.2d) that occur only in
GPU rocks (e.g., Fig. 4.2c and e). In contrast, micaschists from the MEU show
more evolved stages of the texture (Fig. 4.2h).

Preliminary calculations were carried out in order to evaluate the impact of our
observations for the sedimentary record of rutile, i.e., which type of lithology is
most capable to deliver high amounts of rutile from low- to medium-grade metased-
imentary rocks. We focus here on sand-sized sediment, because rutile in provenance
studies is mostly related to heavy mineral analysis which usually concentrates on
the finer grained sand fraction. Based on BSE images (see, e.g., Figs 4.2 and 4.7)
and petrographic observation, average rutile grain sizes (size of the smaller dimen-
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Figure 4.7 BSE images of rutiles interpreted as detrital relicts in the quartzite. Concentrations (in
ppm) stand for Nb and Zr (in italic). Pure numbers represent Nb/Ti ratios. Scale bars represent
100 m.

sion) of 50 um and 100 um can be estimated for the metapelites (phyllites/schists)

and quartzites, respectively.

Calculations were performed assuming a gaussian grain size distribution and a
standard deviation of 20% (in accordance with results obtained for garnet porphy-
roblasts by Hirsch, 2008). Probabilities were calculated for three grain size fractions
(Tab. 4.3): 63 um, which corresponds to the silt-sand threshold, fraction used in tra-
ditional heavy mineral analyzes (see, e.g., Weltje & von Eynatten, 2004); 80 um,
grain size fraction employed our quantitative provenance studies of rutile (see von
Eynatten et al., 2005; Triebold et al., 2007) and 100 um, the average rutile diame-
ter in the quartzite, which relates via hydrodynamic equivalence to a typical fine- to
medium grained sand sample of average grain size ~200 um. Results clearly show
how small volumes of quartzite may dominate the detrital record of rutile in sand
sized sediments derived from low-grade metasedimentary sequences. For example,
in a section with a quartzite volume of 2.6%, all grains larger than 80 um would de-
rive from the quartzite. For the 100 um fraction the effect is even more pronounced,
as quartzites would virtually be the only source of rutiles. However, results show

that pelites would still be the main contributor for the 63 pum fraction.

Textures and trace element data presented above show that quartzites may pre-

serve detrital rutile grains up to temperatures higher than those needed to crystal-
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Table 4.3 Probabilities of occurrence of rutiles in metapelites and quartzites; and percentage contri-
bution of quartzites in the sedimentary record of rutiles from low- to medium-grade metasedimentary
sequences.

Rutile Prob. Prob. Prob. Ratio Percentage contrib. in sediment
Fraction Pel (%) Qzt (%) Qzt/Pel (vol.) 1% Qzt %5 Quzt 10% Qzt
63 um 10 96 0.6 0.6 3 6

80 um 0.14 84 38 38 100 100
100 um <0.003 50 >1000 100 100 100

Parameters: Metapelite (Pel) - average grain size = S0um, standard deviation = 20%, TiO, (whole rock) 1.0%.
Quartzite (Qzt) - average grain size = 100um, standard deviation = 20%, TiO, (whole rock) 0.5%.

lize new rutiles in metapelitic rocks. This observation, combined with the results
presented in Tab. 4.3, suggest that sand sized rutiles derived from low- to medium-
grade metasediments that contain in addition quartzites may not provide informa-
tion about the metapelites. They may, indeed, record information (e.g., Nb and
Cr systematics and 7)) inherited from an earlier geological cycle recorded in the

quartzite.

4.6 Conclusions

Textures and trace element data indicate rutile growth from ilmenite in low- to
medium-grade metasedimentary rocks from the Erzgebirge. In samples from the
GPU rutiles occur as polycrystalline aggregates and mirror the shape and Nb/Ti
ratios of ilmenite. In MEU rocks, rutile aggregates still have the shape inherited
from ilmenite. However, rutiles from this unit display a larger scatter in Nb con-
centratios and have Nb/Ti ratios higher than ilmenite. This behavior indicates that

Nb concentrations in rutile are evolving towards equilibration with relict ilmenites
Rt /Ilm
Nb/Ti
the rutile forming reaction was completed. Rutiles from these rocks show a nar-

(according to a K, value of 49.4). GEU rocks are ilmenite free showing that

row scatter in Nb contents, are single crystals and have rounded shape (typical for

metamorphic rutiles). In these rocks, the homogenization of Nb contents in rutile

was facilitated by higher temperature and is probably related with mechanisms like
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dynamic recrystalization and/or intergrain diffusion.

Temperature records on all but one rutile grain are in accordance with metamor-
phic conditions previously presented for the studied rocks. Rutiles from the GPU
give temperatures <510°C. Temperatures within 500-560°C and 520-630°C were
obtained for rutiles from MEU and GEU rocks, respectively.

The only rutile with an exceptionally high Zr content (390 ppm, T=680°C) is
from a quartzite from the MEU. This grain is interpreted to be a detrital relict.
Due to the lack of Fe- Ca-bearing phases, quartizites are less reactive then other
rocks types (e.g., phyllites and schists). This strongly decreases the abilbity to form
ilmenite and/or titanite under metamorphic conditions where rutile is unstable.

Phyllites and schists are low- to medium-grade metamorphic products of pelitic
sediments (fine grained clastic sediments of less than 1/16mm; Pettijohn, 1975). On
the other hand, quartzites are often the metamorphic product of coarser grained sed-
iments, e.g., sandstones. In the investigated phyllites and schists, metamorphically
grown rutiles are fine grained (smaller axis <50 um) and occur as polycrystalline
aggregates (easily disintegrated during weathering and mechanical transport in sed-
iments). However, large detrital rutile grains may still be preserved in the quartzites.
Preliminary calculations, taking into account rutile frequency and grain size distri-
butions, show that quartzites may often be the main source for rutiles in sediments
derived from low-grade metamorphic rocks. This may be the case of the Erzgebirge,
where high-temperature rutile relicts are frequently found in sediments derived from

low- to medium-grade rocks (even though the volume of quartzite is less than 5%).
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5 Co-authorship on scientific articles related to the

topic of the thesis

During the development of this work, the author contributed to three scientific arti-
cles that approach topics related to this thesis. The abstracts of these articles are pre-

sented in this chapter. Full copies of the publications are included in Appendix C).

5.1 Application of Zr-in-rutile thermometry to eclogites

T. Zack. and G. L. Luvizotto

Article published in Mineralogy and Petrology’

5.1.1 Abstract

Metamorphic temperatures can be derived from the Zr content in rutiles coexisting
with quartz and zircon. To evaluate how well this recently calibrated rutile ther-
mometer can be applied to eclogites, we analyzed 8 samples that cover the whole
temperature range of naturally-occurring eclogites (400-900 °C). Due to low con-
centrations expected at only 400 °C, very high precision (better than 5 percent on
a 10 ppm level) secondary ion mass spectrometry (SIMS) is used in this study. In
general, temperatures calculated from rutiles agree favorably with literature data as
well as with our own estimates, based on several geothermobarometers and phase
assemblages. However, the most important result of this study is the observation
that temperatures calculated from 4-8 rutiles within a single sample always agree
to within better than 25 °C, hence enforcing the claim that rutile thermometry is a

powerful tool for relative temperature determinations.

1Zack T, Luvizotto GL (2006) Application of rutile thermometry to eclogites. Mineralogy and
Petrology 88, 69-85.
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5 Co-authorship on scientific articles

5.2 Deducing source rock lithology from detrital rutile
geochemistry: An example from the Erzgebirge, Germany

Triebold, S., von Eynatten, H., Luvizotto, G. L., Zack, T.

Article published in Chemical Geology*

5.2.1 Abstract

This study evaluates the applicability of rutile trace element geochemistry to prove-
nance studies. The study area is the Erzgebirge in eastern Germany, where meta-
morphic rocks ranging from lower greenschist facies conditions up to granulite fa-
cies conditions are exposed. We collected sand and rock samples from small catch-
ment areas for a comparative analysis of rutile geochemistry using wavelength-
dispersive electron microprobe. Our results show that rutile geochemistry is a pow-
erful tool in provenance studies, allowing for the identification of source lithologies
and an evaluation of the host orogen’s metamorphic history.

The log (Cr/Nb) ratio has proven to be decisive in discriminating between mafic
and metapelitic lithologies. It is also useful for identifying different source rocks
when plotted versus a third element or proxy. Furthermore, our results suggest
that rutile thermometry can be applied to a much wider range of lithologies than
previously assumed.

A quantification of temperature populations within single sand samples shows
that at high-grade metamorphic conditions, such as those found in the Erzgebirge,
more than 65% of rutiles do not re-equilibrate during retrograde metamorphism
and thus retain their peak temperature chemistry. Such samples, which have equi-
librated at recent metamorphic conditions, can be identified by their 2-c standard
deviations of less than 120 °C. Below 550-600 °C, no complete equilibration is
reached. Rutiles from greenschist facies and lower metamorphic conditions in the
Erzgebirge still inherit relict temperatures from a former metamorphic cycle. They
partly record very high temperatures > 950 °C and supposedly derive from erosion
of the west African craton in Ordovician time.

2Triebold S, von Eynatten H, Luvizotto GL, Zack T (2007) Deducing source rock lithology from
detrital rutile geochemistry: An example from the Erzgebirge, Germany. Chemical Geology 244,
421-436.
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5.3 Tourmaline in (ultra)high-pressure metamorphic rocks

5.3 On the occurrence and boron isotopic composition of

tourmaline in (ultra)high-pressure metamorphic rocks

Marschall, H. R., Korsakov, A. V., Luvizotto, G. L., Nasdala, L., Ludwig, T.

Article submitted to Journal of the Geological Society?

5.3.1 Abstract

The extensive P-T stability and the high chemical variability of tourmaline (Tur)
together with its common occurrence in meta-sediments suggests a high potential
of this mineral group for petrologic and (isotope) geochemical studies on fluid-rock
interaction in subduction and collision-related rocks. This paper presents a short
review on the occurrence, major element chemistry and boron isotopic composition
of Tur in high and ultra-high pressure (UHP) metamorphic rocks, and presents a
new discovery of coesite-bearing Tur (schorl) from the Erzgebirge (Germany), as
well as Tur (dravite) related to the retrograde history of coesite and diamond-bearing
rocks from the Erzgebirge and the Kokchetav Massif (Kazakhstan).

The scarce data on world-wide occurrences of (U)HP Tur available to date, do
not reveal any distinctiveness in its major element composition when compared to
Tur from low-P rocks, except for the high occupation of the crystallographic X-site
(dominated by Na) and the presence of excess B. Tourmaline with exceptionally
high K5O contents from Kokchetav is crowded with quartz inclusions and thus must
have formed during or after decompression of the rock unit. The B isotopic com-
position of (UYHP Tur analysed so far ranges in 8'!B from -16 to +1%o with many
samples in or below the range of continental crust. In contrast, Tur formed during
retrograde fluid influx in most cases shows high §'!'B values, bearing evidence for

heavy-B fluids infiltrating the exhuming (U)HP units.

3Marschall HR, Korsakov AV, Luvizotto GL, Nasdala L, Ludwig T (Submitted) On the occur-
rence and boron isotopic composition of tourmaline in (ultra)high-pressure metamorphic rocks.
Journal of the Geological Society
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A Trace element concentrations of rutiles and biotites

Table A.1:

Rutile trace element concentrations (in ppm) obtained for the studied IVZ samples. Rutile measurements with apparent Si concentrations higher than
300 ppm that showed abnormally high Zr contents were excluded from the data set. Textural relationship (Text. Rel.): M - matrix, I - included in garnet.
Spot Position (Spot Pos.): C - core, R - rim. IVZR19“ = biotites analyzed by SIMS, IVZR19? = biotites analyzed by LA-ICP-MS. IVZ-R36g¢ collected
aprox. 40m NW of IVZ-R36a.

Tech. Locality Thin Grain  Text.  Spot v Cr Fe Zr Nb Sn Sb Hf Ta w U
Sect. Rel. Pos.
SIMS IVZ-R7 a Rtl M C 1352 3537 35 0.16 80 87 65 21
SIMS IVZ-R7 a Rt3 M C 758 5279 44 bd 40 181 99 18
SIMS IVZ-R7 a Rt4 M C 853 4989 33 bd 41 324 56 14
SIMS IVZ-R7 a Rt5 M C 599 6531 46 bd 39 410 77 13
SIMS IVZ-R7 a Rt6 M C 1091 1102 42 0.19 64 34 36 20
SIMS IVZ-R7 a Rt7 M C 669 2721 64 bd 41 23 89 19
SIMS IVZ-R7 a Rt8 M C 1480 7138 36 0.21 74 375 76 15
SIMS IVZ-R7 a Rt9 M C 752 314 43 0.13 29 24 2.0 20
SIMS IVZ-R7 a Rt10 M C 1187 623 50 0.16 40 4.7 5.1 24
SIMS IVZ-R7 a Rt10 M R 828 615 49 bd 23 29 5.4 19
SIMS IVZ-R7 a Rt10 M R 871 504 39 0.19 28 3.6 5.1 21
SIMS IVZ-R7 a Rtl1 M C 2441 8827 30 0.30 110 308 83 10
SIMS IVZ-R7 a Rt12 M C 1950 5531 38 0.45 112 271 106 16
EMP IVZ-R7 a Rt13 M C 2125 448 542 788 741 bd
EMP IVZ-R7 a Rt13 M C 2097 478 523 803 658 bd
EMP IVZ-R7 a Rt13 M R 2312 453 534 639 990 bd
EMP IVZ-R7 a Rt14 I M 3090 563 767 2560 3517 bd
EMP IVZ-R7 a Rt15 M M 2764 731 628 2307 4326 bd
EMP IVZ-R7 a Rt16 M M 3196 749 519 802 4311 bd
EMP IVZ-R7 a Rt17 M C 2204 621 793 963 2490 bd
EMP IVZ-R7 a Rt18 M C 3516 667 1423 1140 5640 bd
EMP IVZ-R7 a R20 M C 1403 547 1153 670 600 bd
EMP IVZ-R7 a Rt25 M C 2315 850 781 270 2970 bd
EMP IVZ-R7 a Rt21 M C 27715 767 512 2030 1480 bd
EMP IVZ-R7 a Rt22 M C 2696 502 279 390 310 bd
EMP IVZ-R7 a R23 M C 2331 343 753 1620 730 bd
EMP IVZ-R7 a Rt24 M C 2424 519 753 2500 5770 bd
EMP IVZ-R16 a Rtl M C 2815 714 388 3331 2185 bd
EMP IVZ-R16 a Rt2 I C 3219 729 1372 3139 4746 bd
EMP IVZ-R16 a Rt3 M C 2997 864 506 1668 1993 bd
EMP IVZ-R16 a Rt4 M C 2525 844 441 765 2257 bd
EMP IVZ-R16 a Rt5 1 C 3094 1075 1964 2486 2672 bd
EMP IVZ-R16 a Rt6 M C 3368 662 335 920 2110 bd
EMP IVZ-R16 a Rt7 M C 4058 682 279 1240 2360 bd
EMP IVZ-R16 a Rt8 M C 3975 546 474 950 2060 bd
EMP IVZ-R16 a Rt9 M C 3305 565 865 2440 2990 bd
EMP IVZ-R16 a Rt10 M C 3849 758 419 1220 2110 bd
EMP IVZ-R16 a Rtl1 M C 3100 550 530 700 2420 bd
EMP IVZ-R16 a Rt12 M C 3186 488 465 2630 2190 bd
EMP IVZ-R16 a Rt13 M C 2329 650 447 2460 2160 bd
EMP IVZ-R16 a Rt14 M C 2938 525 428 2710 3210 bd
EMP IVZ-R16 a Rt15 M C 2699 938 484 2530 2340 bd
EMP IVZ-R16 a Rt16 M C 3095 758 484 3640 2240 bd
EMP IVZ-R16 a Rt17 M C 2972 583 288 1430 2010 bd
EMP IVZ-R16 f Rtl M C 2382 891 532 2983 2198 bd
EMP IVZ-R16 f Re2 M C 2228 693 362 3055 2173 bd
EMP IVZ-R16 f Rt3 M C 2197 751 456 835 2196 bd
EMP IVZ-R16 f Rt4 I C 2715 629 1067 861 4762 bd
EMP IVZ-R16 f Rt5 M C 2153 608 461 2293 2172 bd
EMP IVZ-R16 f Rt6 M C 3753 534 2076 2980 4680 bd

Continued on next page
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A Trace element concentrations of rutiles and biotites

Table A.1 - continued from previous page

Tech. Locality Thin Grain  Text.  Spot v Cr Fe Zr Nb Sn Sb Hf Ta w U
Sect. Rel. Pos.
EMP IVZ-R16 f Rt7 M C 2403 559 1553 2240 1810 bd
EMP IVZ-R16 f Rt8 M C 2122 607 744 2760 1970 bd
EMP IVZ-R16 f Rt9 M C 2198 585 549 760 2370 bd
EMP IVZ-R16 f Rt10 M C 2303 522 539 900 2450 bd
EMP IVZ-R16 f Rt12 M C 1753 726 614 2140 2320 bd
EMP IVZ-R16 f Rt13 I C 2543 665 2344 2820 2470 bd
EMP IVZ-R16 f Rt14 M C 1869 514 520 2520 2090 bd
EMP IVZ-R16 f Rt15 M C 1534 990 586 1160 2290 bd
EMP IVZ-R16 f Rt16 M C 1530 554 781 690 2290 bd
EMP IVZ-R16 f Rt18 M C 1655 312 1181 960 3360 bd
SIMS IVZ-R16 g Rtl M C 2476 2926 53 0.02 101 275 287 12
SIMS IVZ-R16 g Rt2 M C 2546 2170 50 0.19 100 237 216 16
SIMS IVZ-R16 g Re3 M C 2133 1862 59 0.44 87 76 212 19
SIMS IVZ-R16 g Rt4 M C 898 2168 48 0.07 43 116 80 11
SIMS IVZ-R16 g Rt5 M C 580 2577 60 bd 42 172 126 9
EMP IVZ-R16 g Rtl M C 3579 507 453 2902 3189 bd
EMP IVZ-R16 g Rt2 M C 2297 473 457 2915 2356 bd
EMP IVZ-R16 g Rt2 M R 2544 476 582 2173 3087 bd
EMP IVZ-R16 g Rt3 M C 2354 333 520 2284 1833 bd
EMP IVZ-R16 g Rt4 M R 4339 595 759 1002 2159 bd
EMP IVZ-R16 g Rt4 M C 4315 576 412 1210 2578 bd
EMP IVZ-R16 g Rt4 M R 4220 559 422 848 2384 bd
EMP IVZ-R16 g Rt5 M R 5692 588 377 603 1941 bd
EMP IVZ-R16 g Rt5 M C 6123 685 283 653 3216 bd
EMP IVZ-R16 g Rt5 M R 6818 795 657 619 5202 bd
EMP IVZ-R16 g Rt6 M C 1298 421 842 2424 1992 bd
EMP IVZ-R16 g Rt7 M C 2606 261 1213 778 2316 bd
EMP IVZ-R16 g Rt8 M C 3453 570 286 1909 778 bd
EMP IVZ-R16 g Rt9 M C 1777 338 526 1199 582 bd
EMP IVZ-R16 g Rt10 M C 1912 424 627 502 539 bd
EMP IVZ-R16 g Rtl1 M C 2213 376 447 973 685 bd
EMP IVZ-R16 g Rt12 M C 3648 545 263 1287 894 bd
EMP IVZ-R16 g Rt13 M C 2443 518 820 1517 796 bd
EMP IVZ-R16 g Rt14 M C 4299 299 372 2630 2630 bd
EMP IVZ-R16 g Rt15 M C 2147 139 725 1190 2110 bd
EMP IVZ-R16 g Rt16 M C 2087 439 1042 1550 2820 bd
EMP IVZ-R16 g Rt17 1 C 1250 452 614 2100 1480 bd
EMP IVZ-R16 g Rt18 I C 1713 876 977 710 1540 bd
EMP IVZ-R16 g Rt19 M C 4321 666 381 2170 1340 bd
EMP IVZ-R16 g Rt20 M C 2197 774 623 2090 1100 bd
EMP IVZ-R16 g Re21 M C 2340 611 530 2490 1850 bd
EMP IVZ-R16 g Rt22 M C 5773 506 837 2820 1910 bd
EMP IVZ-R16 g R23 1 C 3224 309 1822 1220 2820 bd
EMP IVZ-R16 g Re24 M C 2260 424 341 2347 1983 bd
SIMS 1VZ-R20 a Rtl M 0 1541 2421 16 0.65 64 83 37 20
SIMS IVZ-R20 a Rt2 M 0 657 1815 19 bd 44 86 56 11
SIMS IVZ-R20 a Rt3 M 0 1766 2013 19 0.30 77 89 43 16
SIMS 1IVZ-R20 a Rt4 M 0 2024 1879 18 0.42 101 128 69 24
SIMS IVZ-R20 a Rt5 M 0 1523 1891 10 0.27 76 97 42 19
SIMS 1VZ-R20 a Rt5 M 0 1406 1791 9 bd 73 93 49 18
SIMS IVZ-R20 a Rt6 M 0 1084 1890 11 0.08 65 103 46 12
SIMS IVZ-R20 a Rt7 M 0 859 2945 19 bd 63 90 44 11
SIMS 1VZ-R20 a Rt8 M 0 632 2462 20 0.08 56 159 68 16
EMP IVZ-R20 a Rtl M C 2345 591 795 2160 2288 bd
EMP IVZ-R20 a Rt2 M R 3268 704 899 398 2599 bd
EMP 1VZ-R20 a Rt4 M R 2354 481 654 2105 1895 bd
EMP IVZ-R20 a Rt4 M R 2893 655 704 1276 1895 bd
EMP IVZ-R20 a Rt5 M C 2966 683 532 1653 1856 bd
EMP 1VZ-R20 a Rt5 M C 2980 703 549 1519 1833 bd
EMP IVZ-R20 a Rt6 M C 3386 671 721 1073 1888 bd
EMP IVZ-R20 a Rt6 M R 3358 702 1158 1198 3165 bd
EMP 1VZ-R20 a Rt7 M C 3407 631 1063 521 3424 bd
EMP IVZ-R20 a Rt8 M C 2720 600 510 861 2232 bd
EMP IVZ-R20 a Rt8 M R 2591 564 554 1070 2129 bd
EMP 1IVZ-R20 a Rt9 M C 2416 584 398 2405 1870 bd
EMP IVZ-R20 a Rt10 M M 2439 541 351 2409 1823 bd
EMP IVZ-R20 a Rtl1 M M 2416 616 697 2617 2445 bd
EMP 1VZ-R20 a Rt12 M C 2551 635 530 1800 2030 bd
EMP IVZ-R20 a Rt13 M C 2767 311 623 2360 1850 bd

Continued on next page
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Table A.1 - continued from previous page

Tech. Locality Thin Grain  Text. Spot v Cr Fe Zr Nb Sn Sb Hf Ta w U
Sect. Rel. Pos.

EMP IVZ-R20 a Rt14 M C 2707 422 577 1120 2000 bd

EMP IVZ-R20 a Rt15 M C 2627 464 558 1360 1770 bd

EMP IVZ-R20 a Rt16 M C 2547 466 734 2580 2510 bd

EMP IVZ-R20 a Rt17 M C 2669 681 1079 1770 3420 bd

EMP IVZ-R20 a Rt18 M C 2807 607 837 2580 2520 bd

EMP IVZ-R20 a Rt19 M C 2430 419 679 1530 1880 bd

EMP IVZ-R20 a Re21 M C 2610 415 660 2920 2320 bd

EMP 1IVZ-R20 a Rt22 M C 2349 462 865 900 2390 bd

EMP IVZ-R20 a Rt23 M C 1958 512 465 2440 1860 bd

EMP IVZ-R20 a Rt24 M C 2351 570 907 2037 2063 bd

EMP IVZ-R20 a R25 M C 2015 411 688 3953 1888 bd

EMP IVZ-R20 a Rt26 M C 2957 603 634 695 1851 bd

EMP IVZ-R20 a Rt27 M C 27719 489 564 2255 2022 bd

EMP IVZ-R20 a Rt28 M R 3516 667 903 418 3866 bd

EMP IVZ-R20 a Rt29 M R 3074 650 1267 583 2931 bd

SIMS IVZ-R20 j Rtl M C 1308 2482 13 0.38 72 142 42 18
SIMS IVZ-R20 ] Rt2 M C 950 5148 15 0.64 59 268 79 8.0
SIMS IVZ-R20 ] Rt3 M C 1131 2593 14 0.17 60 98 34 15
SIMS IVZ-R20 j Rt4 M C 2167 2353 14 0.31 103 103 43 17
SIMS IVZ-R20 ] Rt5 M C 1244 2204 14 0.14 58 102 33 21
SIMS IVZ-R20 j Rt6 M C 1259 3278 17 0.19 66 136 37 19
SIMS IVZ-R20 j Rt7 M C 2690 2186 12 0.37 121 93 36 16
SIMS IVZ-R20 ] Rt8 M C 2469 2722 15 0.26 106 105 30 14
SIMS IVZ-R20 j Rt9 I C 3612 1945 7.7 0.40 133 154 34 24
SIMS IVZ-R20 j Rtll 1 C 1407 1888 10 0.18 71 86 37 17
SIMS IVZ-R20 ] Rtll I R 1400 1949 10 bd 73 93 38 19
SIMS IVZ-R20 j Rt12 M C 1432 1993 11 0.15 62 83 32 19
SIMS IVZ-R20 j Rt13 M C 904 1300 14 bd 33 43 21 14
SIMS IVZ-R20 ] Rt15 M C 2983 2021 13 0.55 119 93 29 19
EMP IVZ-R20 j Rt16 M C 2933 505 400 1030 1630 bd

EMP IVZ-R20 ] Rt17 M C 2965 574 465 2510 2230 bd

EMP 1VZ-R20 ] Rt18 M C 2977 563 558 1750 1730 bd

EMP IVZ-R20 j Rt19 M C 3365 563 344 3170 2170 bd

EMP IVZ-R20 ] Rt20 M C 2362 451 539 1000 1930 bd

EMP IVZ-R20 ] Ri21 M C 2490 716 549 2840 2060 bd

EMP IVZ-R20 j Rt22 M C 2557 764 447 2610 2180 bd

EMP IVZ-R6 b Rtl I C 4441 1284 491 1074 4634 bd

EMP IVZ-R6 b Rt2 I C 4191 1073 825 3313 3468 bd

EMP IVZ-R6 b Rt3 1 C 4391 1047 1466 3619 3643 bd

EMP IVZ-R6 b Rt4 M C 5158 1681 210 1137 4447 bd

EMP IVZ-R6 b Rt5 M C 5161 1541 404 903 4010 bd

EMP IVZ-R6 b Rt6 M C 4742 1425 131 794 3608 bd

EMP IVZ-R6 b Rt7 M C 4761 1280 220 1411 3994 bd

EMP IVZ-R6 b Rt8 I C 4625 1413 4320 4543 3250 bd

EMP IVZ-R6 b Rt9 M C 5006 1446 179 1240 4398 bd

EMP IVZ-R6 b Rt10 M C 3193 835 316 1520 3390 bd

EMP IVZ-R6 b Rtl1 M C 3853 817 539 1080 4680 bd

EMP IVZ-R6 b Rt12 M C 3936 845 372 1780 3930 bd

EMP IVZ-R6 b Rt13 M C 4021 971 586 2040 3580 bd

EMP IVZ-R6 b Rt14 M C 4134 770 325 1090 3720 bd

EMP IVZ-R6 b Rt15 M C 3543 716 325 1010 4510 bd

EMP IVZ-R6 b Rt16 M C 3979 794 390 2560 4080 bd

EMP IVZ-R6 b Rt17 M C 4118 829 279 1850 3810 bd

EMP IVZ-R6 b Rt18 M C 3915 697 335 1160 4150 bd

EMP IVZ-R6 b Rt19 M C 4553 838 419 2700 4040 bd

EMP IVZ-R6 b Rt20 M C 3952 894 353 1040 3850 bd

EMP IVZ-R6 b Rt21 M C 4780 1030 1079 960 4300 bd

EMP IVZ-R6 b Rt22 M C 4439 1039 614 2830 4440 bd

EMP IVZ-R6 b Rt23 M C 4072 742 539 900 4340 bd

SIMS IVZ-R19 e Rtl 1 C 3013 1928 17 0.06 110 130 31 23
SIMS IVZ-R19 e Rt2 I C 4157 1581 13 0.31 169 151 151 15
SIMS IVZ-R19 e Rt3 I C 4349 2565 13 0.46 155 213 253 15
SIMS IVZ-R19 e Rt4 M C 2286 1568 18 0.09 95 58 25 25
SIMS IVZ-R19 e Rt5 M C 1767 1498 19 0.08 79 64 31 23
SIMS IVZ-R19 e Rt6 M C 1986 1412 19 bd 87 64 25 25
SIMS IVZ-R19 et Bt 8.66 1.56 0.23 0.20

EMP IVZ-R19 e Rtl I R 3058 522 791 3098 2093 bd

EMP IVZ-R19 e Rtl I C 3208 518 663 3183 2142 bd

EMP IVZ-R19 e Rtl 1 R 3118 520 1471 3202 2157 bd
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EMP  IVZRI19 e R3 I C 2954 355 2766 4605 2683 bd

EMP  IVZRI9 e R$3 I R 2863 358 3113 4499 2908 bd

EMP  IVZRI9 ¢ Rt4 M c 2323 710 325 2354 1665 bd

EMP  IVZR19 e R4 M R 2313 711 415 2282 1675 bd

EMP  IVZRI9 e Rrt5 M C 2171 685 654 1866 1638 bd

EMP  IVZRI9 e Rt7 I c 3070 422 911 3196 2348 bd

EMP  IVZR19 e Rt8 M M 3205 736 426 1019 1774 bd

EMP  IVZRI9 e Rt9 I C 2914 580 1293 1071 2052 bd

EMP  IVZRI9 ¢ RtI0 M c 3051 512 773 827 2146 bd

EMP  IVZRI9 e Rtll M ¢ 2981 514 389 993 2267 bd

EMP  IVZRI9 e Rt12 I C 2956 643 543 1512 2086 bd

EMP  IVZRI9 e Rtl3 I c 2045 574 526 3781 2045 bd

EMP  IVZR19 e Rtl4 I (¢ 2899 595 476 3760 2001 bd

EMP  IVZR19 e RtI5 M C 3084 461 749 2573 1915 bd

EMP  IVZRI9 e Rt15 M R 3103 500 1764 2588 1816 bd

EMP  IVZRI9 e RtI6 M ¢ 2714 323 596 1021 2061 bd

EMP  IVZR19 e RtI6 M R 2758 381 1121 1098 2413 bd

EMP  IVZRI9 e Rt17 M c 2446 697 636 2168 1603 bd

EMP  IVZR19 e RtI8 M c 2174 675 449 1869 1634 bd

EMP  IVZR19 e RtI8 M R 2441 677 428 1837 1646 bd

EMP  IVZRI9 e RtI9 M c 2697 720 676 2074 1649 bd

EMP  IVZR19 e R©20 1 c 2817 310 3701 1749 1608 bd

EMP  IVZRI9 e R21 I C 2962 325 4114 4614 1450 bd

EMP  IVZRI9 e R22 M c 2417 728 521 817 1936 bd

EMP  IVZRI19 e R23 M R 1852 505 808 2873 1811 bd

EMP  IVZRI9 e R23 M M 2386 510 329 2831 1895 bd

EMP  IVZRI9 e R23 M c 2046 520 297 2837 1858 bd

EMP  IVZRI19 e R23 M M 2402 490 352 2954 1807 bd

EMP  IVZR19 e R23 M R 2406 510 979 3150 1666 bd

EMP IVZ-R19 e Rt24 M R 2721 521 318 792 1858 bd

EMP  IVZRI19 e R24 M M 2621 524 423 906 1841 bd

EMP  IVZR19 e R24 M ¢ 2582 485 492 981 2051 bd

EMP  IVZRI9 e R24 M M 3661 534 1418 643 2808 bd

EMP  IVZRI9 ¢ R24 M R 2741 520 2572 768 2570 bd

EMP  IVZR19 e R25 1 ¢ 2129 210 4612 4052 1451 bd

EMP  IVZRI9 e Rt25 I c 1919 216 4685 4009 1478 bd

EMP  IVZRI9 e R©26 1 c 2553 257 4943 4083 1748 bd

EMP  IVZR19 e RB39 M ¢ 2699 601 520 2230 1720 bd

EMP IVZ-R19 e Rt40 M C 2731 709 455 2010 1410 bd

EMP  IVZRI19 e R4l M c 2597 613 1069 2080 1680 bd

EMP  IVZR19 e R42 M ¢ 2971 623 772 1890 1930 bd

EMP  IVZRI9 ¢ R43 M c 2582 485 335 2730 1610 bd

EMP  IVZRI19 e R4 M c 2927 604 363 2030 2010 bd

EMP  IVZRI9 e R45 M ¢ 2720 600 586 1070 1890 bd

EMP  IVZRI9 ¢ R46 M [¢] 2824 617 353 1190 1850 bd

EMP  IVZRI9 e R47 M c 2756 649 512 1250 1740 bd

EMP  IVZRI9 e R48 M ¢ 2805 766 437 2590 2540 bd

EMP  IVZRI9 e R49 M ¢ 3009 781 586 2140 1880 bd

LAM  IVZRI9 e R27 c 1123 1610 50 94 28

LAM  IVZRI9 e R28 c 1570 1553 71 99 30

LAM  IVZRI9 e Rt29 C 1216 1626 56 111 24

LAM  IVZRI9 e Rt30 c 2337 1553 102 89 28

LAM  IVZRI9 e R31 ¢ 2529 1948 104 80 28

LAM  IVZRI9 e Rt32 C 2503 1706 111 70 24

LAM  IVZRI9 ¢ Ri33 c 96 1658 49 83 22

LAM  IVZRI9 e R34 ¢ 2901 2061 114 147 27

LAM  IVZRI9 e Rt35 C 1342 1687 65 93 21

LAM  IVZRI9 e Rt36 c 2536 1820 101 119 26

LAM  IVZRI9 e Rt37 c 3245 1872 118 113 26

LAM  IVZRI9 e Rt38 C 2872 2302 106 121 22

LAM  IVZRI19 &b Btl 1.9 3.5 <0.18  <0.11 <0.10

LAM  IVZ-R19 &b B2 8.9 3.8 0.19  0.06 <0.05

LAM  IVZR19 &b B3 42 0.3 <0.07 <0.03 <0.03

LAM  IVZR19 &b Bt4 5.0 L5 0.15 007 <0.02

LAM  IVZRI19 &b Bt5 5.6 49 021 013 <0.02

LAM  IVZRI9 e Bt6 5.7 3.8 020 0.8 <0.02

LAM  IVZRI9 ¢b Bt7 1.7 0.9 0.12 006 <0.02

LAM  IVZR19 &b Bt8 1.4 0.5 0.08 <001 0.05

LAM  IVZR19 &b Bt9 5.4 2.6 0.19  0.09 <0.02
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LAM IVZ-R19 P Bt10 0.5 2.3 0.06 0.06 0.01

LAM IVZ-R19 e? Btll 0.6 22 0.06 0.07 <0.02

LAM IVZ-R19 e? Bt12 4.6 0.5 0.17 0.05 <0.01

LAM IVZ-R19 e? Bt13 6.2 0.5 0.30 <0.01 <0.01

LAM  IVZRI9 ¢ Btl4 6.5 0.3 0.19  0.02 <0.01

LAM  IVZRI19 ¢ Btl5 1.7 0.7 0.05  0.05 <0.01

SIMS IVZ-R5 b Rtl M R 678 1946 6.2 0.39 49 100 6.4 10

SIMS IVZ-R5 b Rtl M C 947 2232 6.9 0.77 61 118 6.4 13

SIMS IVZ-RS b Rtl M R 911 2328 6.8 0.21 61 116 6.3 12

SIMS IVZ-RS b Rt2 M C 2677 2243 5.8 0.21 119 89 5.8 16

SIMS IVZ-R5 b Rt2 M R 1889 2032 57 0.40 99 95 6.3 12

SIMS IVZ-RS b Rt2 M R 1042 2193 6.2 bd 66 110 6.8 12

SIMS IVZ-RS b Rt3 M C 611 2187 5.6 bd 48 82 3.4 12

SIMS IVZ-R5 b Rt3 M R 560 2446 6.8 0.15 49 161 48 11

SIMS IVZ-RS b Re3 M R 340 2116 5.3 bd 36 167 6.4 10

SIMS IVZ-RS b Rt4 M C 780 2038 8.0 0.20 48 59 6.5 8.5

EMP IVZ-R5 b Rt5 M R 2389 461 325 734 2126 bd

EMP IVZ-R5 b Rt5 M C 2441 529 458 750 2511 bd

EMP IVZ-RS b Rt5 M R 2291 533 342 897 2156 bd

EMP IVZ-R5 b Rt6 M R 2184 486 450 4890 1542 bd

EMP IVZ-R5 b Rt6 M C 2289 463 235 4878 1630 bd

EMP IVZ-RS b Rt6 M R 2155 447 387 5428 1698 bd

EMP IVZ-R5 b Rt7 M C 1736 379 603 1244 2606 bd

EMP IVZ-R5 b Rt7 M C 1822 357 789 1112 2533 bd

EMP IVZ-RS b Rt7 M R 1787 299 981 1122 2557 bd

EMP IVZ-R5 b Rt8 M R 2348 581 432 1185 2533 bd

EMP IVZ-R5 b Rt8 M C 2387 580 437 1099 2557 bd

EMP IVZ-RS b Rt8 M R 2432 598 561 1233 2533 bd

EMP IVZ-R5 b Rt9 M C 1901 653 777 3934 2066 bd

EMP IVZ-R5 b Rt9 M C 1943 681 725 3788 2148 bd

EMP IVZ-RS b Rt10 M C 2301 532 400 1420 2720 bd

EMP IVZ-R5 b Rtl1 M C 2359 501 344 2630 2280 bd

EMP IVZ-R5 b Rt12 M C 2531 526 586 1150 2390 bd

EMP IVZ-RS b Rt13 M C 2674 512 419 1010 2420 bd

EMP IVZ-R5 b Rt14 M C 2745 540 623 690 2250 bd

EMP IVZ-R5 b Rtl5 M C 2462 597 772 2570 2180 bd

EMP IVZ-RS b Rt16 M C 2487 616 539 2890 2490 bd

EMP IVZ-R5 b Rt17 M C 2501 527 484 1570 2370 bd

EMP IVZ-R5 b Rt18 M C 1790 586 419 830 1910 bd

EMP IVZ-RS b Rt19 M C 1701 251 837 1750 2400 bd

EMP IVZ-R5 b R20 M C 2750 411 1004 2200 2300 bd

EMP IVZ-R5 b Re21 M C 2381 530 372 3080 2130 bd

EMP IVZ-RS b Rt22 M C 2120 428 447 2990 2000 bd

SIMS IVZ-R37 b Rtl M R 896 716 41 0.12 43 15 9.4 19

SIMS IVZ-R37 b Rtl M C 1083 759 44 0.33 55 20 21 22

SIMS IVZ-R37 b Rtl M R 1472 860 46 0.15 83 37 39 23

SIMS IVZ-R37 b Rt2 1 C 827 797 26 0.06 52 33 27 19

SIMS IVZ-R37 b Re2 1 R 878 786 25 0.13 49 32 28 20

SIMS 1VZ-R37 b Rt3 I C 936 1625 37 0.16 48 110 15 22

SIMS IVZ-R37 b Rt4 1 C 860 724 36 0.22 51 13 5.5 24

SIMS IVZ-R37 b Rt5 1 C 762 1057 57 0.18 47 43 38 22

SIMS IVZ-R37 b Rt6 M R 2669 1467 51 0.26 114 45 79 20

SIMS IVZ-R37 b Rt6 M C 2796 1452 52 0.09 119 48 79 22

SIMS IVZ-R37 b Rt6 M R 3144 1432 52 0.27 139 55 87 21

SIMS 1VZ-R37 b Rt7 M C 974 377 46 0.17 28 10 1.1 8.3

SIMS IVZ-R37 b Rt8 M C 882 849 45 0.09 49 37 41 19

SIMS IVZ-R37 b Rt8 M R 857 828 46 0.10 42 30 32 20

SIMS 1VZ-R37 b Rt9 M C 650 245 37 0.31 29 2.1 bd 7.4

SIMS IVZ-R37 b Rt10 M R 1099 1359 53 bd 60 66 50 23

SIMS IVZ-R37 b Rt10 M C 1073 1376 54 bd 61 62 50 23

SIMS 1VZ-R37 b Rt10 M R 1200 1424 53 0.29 66 78 49 21

SIMS IVZ-R37 b Rtl1 I C 3542 1064 50 0.82 122 65 38 25

SIMS IVZ-R37 b Rtll 1 R 3506 1050 53 0.56 122 67 39 22

SIMS 1VZ-R37 b Rt12 M C 2937 1697 51 0.16 124 78 64 17

SIMS IVZ-R37 b Rt13 I C 1087 736 39 0.20 59 34 7.3 23

SIMS IVZ-R37 b Rt14 1 C 3752 810 67 0.33 134 25 28 24

EMP 1VZ-R37 b Rt15 M C 4468 374 465 1810 2130 bd

EMP IVZ-R37 b Rt16 M C 4355 386 921 1190 1330 bd

EMP IVZ-R37 b Rt17 M C 5553 661 409 1620 1490 bd

Continued on next page

153



A Trace element concentrations of rutiles and biotites

Table A.1 - continued from previous page

Tech. Locality Thin Grain  Text.  Spot v Cr Fe Zr Nb Sn Sb Hf Ta w U
Sect. Rel. Pos.
EMP IVZ-R37 b Rt18 M C 4788 662 260 890 1000 bd
EMP 1VZ-R37 b Rt19 M C 6243 493 186 790 880 bd
EMP IVZ-R37 b Rt20 M C 5798 337 967 760 1900 bd
EMP IVZ-R37 b Re21 M C 4016 803 307 1050 660 bd
EMP 1VZ-R37 b Rt22 M C 4333 993 233 4040 800 bd
EMP IVZ-R37 b Rt23 M C 2458 538 493 1460 1000 bd
EMP IVZ-R37 b Rt24 1 C 3942 597 669 850 2250 bd
EMP 1VZ-R37 b Rt25 1 C 5190 532 1749 2610 1780 bd
SIMS IVZ-R25 b Rtl M C 899 2719 18 bd 48 155 61 16
SIMS 1IVZ-R25 b Rtl M R 1103 2713 17 bd 54 150 60 15
SIMS IVZ-R25 b Rtl M R 1050 2481 16 0.22 49 138 54 15
SIMS IVZ-R25 b Rt2 M C 644 2699 22 0.21 33 115 47 12
SIMS 1VZ-R25 b Rt2 M R 862 2205 21 bd 37 97 47 11
SIMS IVZ-R25 b Rt3 M R 2196 2591 17 0.76 82 133 56 15
SIMS IVZ-R25 b Re3 M C 2075 2511 17 0.20 81 144 57 15
SIMS IVZ-R25 b Rt3 M R 2337 2641 18 0.39 90 178 77 18
SIMS IVZ-R25 b Rt4 M C 1593 2470 16 bd 68 117 46 15
SIMS IVZ-R25 b Rt4 M R 1670 2974 17 bd 73 126 45 14
SIMS IVZ-R25 b Rt5 M C 1159 2708 15 0.35 54 149 50 11
SIMS IVZ-R25 b Rt5 M R 1274 2669 15 bd 61 154 59 10
SIMS IVZ-R25 b Rt6 M C 2103 2387 14 0.71 80 151 50 13
SIMS 1IVZ-R25 b Rt6 M R 1909 1903 11 0.38 68 131 52 14
SIMS IVZ-R25 b Rt7 M C 1002 2934 18 0.16 51 182 63 14
SIMS IVZ-R25 b Rt7 M R 936 2635 17 0.18 48 153 71 11
SIMS IVZ-R25 b Rt9 M R 3046 2771 16 0.68 111 137 46 12
SIMS IVZ-R25 b Rt9 M C 3092 2715 18 0.59 115 140 49 13
SIMS IVZ-R25 b Rt9 M R 3302 2509 16 0.14 117 149 55 13
SIMS 1IVZ-R25 b Rt10 M R 780 2586 19 bd 39 140 62 13
SIMS IVZ-R25 b Rt10 M C 812 2481 18 0.31 41 127 56 12
EMP IVZ-R25 b Rtl1 M R 4126 988 260 760 2340 bd
EMP IVZ-R25 b Rtl1 M C 4355 982 260 850 2250 bd
EMP IVZ-R25 b Rtll M R 4206 986 241 1070 2000 bd
EMP IVZ-R25 b Rt12 M R 4702 913 307 770 2800 bd
EMP IVZ-R25 b Rt12 M C 4552 1026 298 900 2710 bd
EMP IVZ-R25 b Rt12 M R 4505 1018 372 990 2770 bd
EMP IVZ-R25 b Rt13 M C 4757 891 325 1140 2630 bd
EMP IVZ-R25 b Rt14 M C 5077 1181 428 1150 3000 bd
EMP IVZ-R25 b Rt15 M C 4535 1463 437 850 2640 bd
EMP IVZ-R25 b Rt16 M C 4253 995 307 940 2490 bd
EMP IVZ-R25 b Rt17 M C 4665 865 353 1250 2660 bd
EMP IVZ-R25 b Rt18 M C 3534 786 288 1400 2720 bd
EMP IVZ-R25 b Rt19 M C 4629 885 233 1460 2720 bd
EMP IVZ-R25 b R20 M C 4717 892 307 3280 2660 bd
EMP IVZ-R25 b Re21 M C 4399 931 372 1050 2610 bd
EMP IVZ-R25 b Rt22 M C 4500 998 372 1140 2820 bd
EMP IVZ-R25 b R23 M C 4088 1277 186 1140 2600 bd
EMP IVZ-R25 b Rt24 M C 4297 1202 186 3160 2920 bd
SIMS IVZ-R36 a Rtl M R 1013 3004 2.0 0.15 49 71 3.6 12
SIMS IVZ-R36 a Rtl M R 1684 3443 1.9 bd 99 136 11 14
SIMS IVZ-R36 a Rtl M R 1041 2552 1.6 1.21 56 104 58 13
SIMS IVZ-R36 a Rt1 M R 1363 3513 44 0.46 69 90 7.7 11
SIMS IVZ-R36 a Rt2 I C 3425 3187 1.4 0.17 160 140 15 18
SIMS IVZ-R36 a Rt3 I C 1568 3828 3.1 0.17 85 141 15 12
SIMS IVZ-R36 a R4 M C 3472 2963 14 0.26 136 153 13 17
SIMS 1VZ-R36 a Rt5 M C 2882 2748 1.7 0.26 120 149 13 16
SIMS IVZ-R36 a Rt6 M C 2714 2826 1.8 0.28 110 122 13 15
SIMS IVZ-R36 a Rt7 M C 3093 2655 1.8 1.54 116 132 15 15
SIMS 1VZ-R36 a Rt8 M C 2840 2875 2.0 0.83 128 152 14 11
SIMS IVZ-R36 a Rt9 M C 4862 3080 1.4 bd 194 177 17 25
SIMS IVZ-R36 a Rt9 M C 4613 2852 1.8 0.24 194 197 21 23
SIMS 1VZ-R36 a Rt10 M C 3968 2862 1.6 0.53 163 162 17 23
SIMS IVZ-R36 a Rtl1 M C 3935 3089 2.1 0.26 167 179 20 20
SIMS IVZ-R36 a Rt12 M C 781 1907 1.3 0.18 39 119 14 16
SIMS 1VZ-R36 a Rt14 M C 1998 2900 1.6 1.09 84 96 52 16
SIMS IVZ-R36 a Rt15 M C 4608 3290 1.5 bd 185 159 16 23
SIMS IVZ-R36 a Rt16 M C 3584 5167 3.0 bd 155 184 14 17
EMP 1VZ-R36 a Rt17 M C 3935 547 642 1240 3290 bd
EMP IVZ-R36 a Rt18 M C 4564 609 1051 2220 5030 bd
EMP IVZ-R36 a Rt19 M C 3908 498 400 1290 3880 bd
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EMP IVZ-R36 a Rt20 M C 3365 563 558 2740 2780 bd
EMP IVZ-R36 a Rt21 M C 3741 493 549 2510 2990 bd
EMP IVZ-R36 a Rt22 M C 3727 582 2009 1740 3570 bd
SIMS IVZ-R36 g° Rtl M C 1054 1192 1.8 0.28 50 33 1.5 18
SIMS IVZ-R36 g Rt2 I C 1009 1399 1.8 0.58 53 53 1.5 17
SIMS IVZ-R36 g Rt3 I C 1729 1249 15 0.19 79 50 2.0 19
SIMS IVZ-R36 g Rt4 M C 1827 1354 1.6 bd 85 52 22 18
SIMS IVZ-R36 g Rt5 M C 649 1422 1.9 0.18 34 50 1.9 17
SIMS IVZ-R36 g Rt6 M C 2070 1271 22 0.26 87 74 22 19
SIMS IVZ-R36 g° Rt7 M C 4295 1527 2.1 0.43 176 74 1.7 19
SIMS IVZ-R36 g Rt7 M C 4372 1526 2.0 bd 179 76 1.9 17
SIMS IVZ-R36 g Rt8 M C 1134 1296 2.0 0.25 63 52 1.3 20
SIMS IVZ-R36 g Rt9 M C 2976 1256 1.9 0.18 134 56 1.2 20
SIMS IVZ-R36 g Rt10 M R 2157 1703 2.4 bd 112 102 1.4 18
SIMS IVZ-R36 g Rt10 M C 1321 1721 2.1 bd 70 79 1.6 18
SIMS IVZ-R36 g Rt10 M R 1080 1823 2.2 0.26 49 32 0.43 23
SIMS IVZ-R36 g Rtll M R 2642 1477 2.4 0.22 114 59 2.0 22
SIMS IVZ-R36 g Rtl1 M C 2536 1392 2.3 bd 110 60 2.1 19
SIMS IVZ-R36 g Rtl1 M R 2399 1247 2.1 bd 101 58 1.0 19
SIMS IVZ-R36 g Rt12 M C 851 1431 1.5 0.21 49 61 1.9 18
SIMS IVZ-R36 g Rt12 M R 805 1340 2.0 0.15 48 47 2.0 21
SIMS IVZ-R36 g Rt13 M C 3093 1300 1.7 0.14 134 44 22 21
SIMS IVZ-R36 g Rt13 M R 3312 1252 1.8 bd 141 41 1.7 19
SIMS IVZ-R36 g Rt14 I C 2590 1149 1.8 bd 97 48 2.0 18
SIMS IVZ-R36 g Rt15 M C 2019 1275 2.3 bd 100 57 29 27
SIMS IVZ-R11 Rtl M C 970 1513 9.4 bd 47 92 4.0 12
SIMS IVZ-RI11 Rt2 M C 2612 1754 9.4 0.23 97 87 12 10
SIMS IVZ-RI11 Rt3 M C 2353 6573 11 bd 83 384 284 10
SIMS IVZ-R11 Rt4 M C 931 2343 11 0.13 45 88 43 11
SIMS IVZ-R11 Rt5 M C 3174 1639 12 0.19 116 57 24 14
EMP IVZ-R11 Rt3 I C 4532 635 4106 2806 6802 bd
EMP IVZ-R11 Rt4 M C 3276 1121 537 900 2981 bd
EMP IVZ-RI11 Rt4 M R 3262 1211 1156 800 3737 bd
EMP IVZ-R11 Rt4 M R 2930 1041 457 395 1604 bd
EMP IVZ-R11 Rt5 M C 3690 1318 288 3307 1776 bd
EMP IVZ-R11 Rt6 M C 3988 927 310 890 2611 bd
EMP IVZ-R11 Rt7 M C 2959 858 618 1182 2202 bd
EMP IVZ-R11 Rt8 M C 2387 808 496 1118 1425 bd
EMP IVZ-R11 Rt8 M R 2392 788 524 1261 1579 bd
EMP IVZ-RI11 Rt9 M R 2190 912 489 727 896 bd
EMP IVZ-R11 Rt9 M C 2398 877 1589 1070 1299 bd
EMP IVZ-R11 Rt9 M R 2192 942 696 1287 1708 bd
EMP IVZ-RI11 Rt10 M R 3310 1180 802 2766 1997 bd
EMP IVZ-R11 Rt10 M C 3365 1158 570 2472 1960 bd
EMP IVZ-R11 Rtl1 M C 3351 1288 362 1003 1821 bd
EMP IVZ-RI1 Rt12 M C 2719 1087 538 2106 1360 bd
EMP IVZ-R11 Rt13 M C 3660 1170 358 2808 2051 bd
EMP IVZ-R11 Rt14 M C 3894 1074 316 1132 1315 bd
EMP IVZ-RI1 Rt15 M C 3652 1200 392 1306 1519 bd
EMP IVZ-RI11 Rt16 M C 3425 1603 409 1551 2327 bd
EMP IVZ-R11 Rt17 M C 4150 1345 1063 1341 2654 bd
EMP IVZ-RI1 Rt18 M C 3905 2861 1145 2131 4421 bd
EMP IVZ-RI11 Rt19 M C 3818 1622 414 2065 5113 bd
EMP IVZ-R11 Rt20 M C 1311 411 902 173 201 bd
EMP IVZ-R11 Ri21 M C 1622 472 1028 780 1145 bd
EMP IVZ-RI11 Rt22 M C 3502 1542 301 1022 1866 bd
EMP IVZ-R11 Rt23 I C 4244 767 1412 2153 2061 bd
EMP IVZ-R11 Rt23 1 R 4096 801 1607 2338 2297 bd
EMP IVZ-RI11 Rt24 M C 3723 672 1655 1000 7330 bd
EMP IVZ-R11 Rt25 M C 2131 984 1479 1220 2290 bd
EMP IVZ-RI11 Rt26 M C 3862 896 744 3280 2080 bd
EMP IVZ-RI11 Rt27 M C 3846 1254 344 2390 2440 bd
EMP IVZ-R11 Rt28 M C 3798 1325 270 2050 2610 bd
EMP IVZ-RI11 Rt29 M C 3087 1682 791 1350 3530 bd
EMP IVZ-R11 Rt30 M C 3055 1504 623 1400 3000 bd
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B Trace element concentrations of rutiles and

ilmenites

Table B.1: Rutile (Rt) and ilmenite (Ilm) trace element concentrations (in ppm) obtained for the studied samples from the Erzgebirge. Textural relationship (Text.): M

- matrix, I - included in garnet.

Tech. Sample Unit  Grain Text.  Si v Cr Fe Zr Nb Sn Sb Hf Ta w Th U
SIMS P2 GPU Rt8 M 7947 bd 46 242 14 54 3 15 bd 7.6
SIMS P2 GPU Rt9 M 6708  bd 136 643 22 54 21 91 bd 13
EMP P2 GPU Rtl M 1140  bd bd 5760 bd 210 bd

EMP P2 GPU R©2 M 580 bd bd 7240 bd 340 bd

EMP P2 GPU Rt3 M 1310 bd 90 7120 bd 250 bd

EMP P2 GPU R# M 4060  bd bd 6989 bd 1000 bd

EMP P2 GPU Rt M 2370 bd bd 8989 bd 480 bd

EMP P2 GPU Rt6 M 3180 230 bd 3530 bd 760 bd

EMP P2 GPU Rt7 M 630 bd bd 6300 bd 1140 710

EMP P2 GPU R®9 M 99 bd bd 1257 bd 880 bd

SIMS P2 GPU Ilml M bd 171 75 0.9 12 bd 0.18
EMP P2 GPU Ilml M 50 440 bd 303254 bd 100 bd

EMP P2 GPU  IIm2 M 110 bd 75 306844 bd 150 bd

EMP P2 GPU  Ilm3 M 100 bd bd 299524  bd 70 bd

EMP P2 GPU Ilm4 M 60 bd bd 304604 bd 370 bd

EMP P2 GPU  IIm5 M 120 bd 59 292054 bd 410 bd

EMP P2 GPU Ilm6 M 3800  bd bd 280714 bd 420 610

EMP P2 GPU Ilm7 M 70 bd bd 295684 bd 540 bd

EMP P2 GPU  IIm8 M 160 bd bd 288664 bd 270 bd

EMP P2 GPU  Ilm9 M 20 bd bd 310334 bd 540 bd

EMP P2 GPU Ilml0 M 40 bd bd 304944 bd 450 bd

EMP P38c GPU Rtl M 190 bd 70 2010 bd 1330 bd

EMP P38c GPU Rt3 M 170 bd bd 3560 bd 920 bd

EMP P38c GPU Rt6 M 1160 311 101 9660 bd 1180 bd

EMP P38c GPU Rt7 M 51 bd bd 2989 bd 1269 bd

EMP P38c GPU Rt8 M 536 bd bd 2970 bd bd bd

EMP P38c GPU R®9 M 474 bd bd 16283 46 424 bd

EMP P38c GPU Ilml M 90 bd bd 321734 bd 320 bd

EMP P38c GPU Ilml M 110 bd bd 320554 bd 220 bd

EMP P38c GPU IIm2 M 110 bd bd 318784 bd 360 bd

EMP P38c GPU Ilm3 M 360 bd bd 314554 840 340 bd

EMP P38c GPU Ilm4 M 280 bd bd 294724  bd 1110 bd

EMP P38c GPU IIm5 M 120 bd bd 320503 bd 700 bd

EMP P38c GPU Ilm6 M 3230 bd bd 280545 bd 490 bd

EMP P38c GPU Ilm7 M 90 bd bd 320963 bd 120 bd

EMP P38c GPU IIm8 M 440 bd 60 319444 bd 560 bd

EMP P38c GPU Ilm9 M 1300  bd bd 315543 bd 120 bd

EMP P38c GPU Ilml0 M 150 bd bd 320723 bd 330 bd

EMP P38c GPU IImll M 400 bd bd 323794 bd 220 bd

EMP P38c GPU Ilml2 M 30 bd bd 321054 bd 360 bd

EMP P38c GPU Ilml3 M 100 bd bd 303424 bd 570 bd

EMP P38c GPU Ilml4 M 240 640 bd 310324 bd 850 bd

SIMS 3/1 MEU R I 34707 bd 2840 2156 796 1.80 110 503 023 28

Continued on next page
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Table B.1 - continued from previous page

Tech. Sample Unit  Grain Text. Si \% Cr Fe Zr Nb Sn Sb Hf Ta \ Th U
SIMS 3/1 MEU R#4 I 948 bd 1012 2883 1062 1.08 101 bd 0.16 29
SIMS 3/1 MEU Rt9 1 3556 bd 1844 67 49 1.83 144 bd 0.11 29
SIMS 3/1 MEU Rtl0 1 4576 87 1444 3.34 81 bd 0.08 52
EMP 311 MEU Rtl I 116 293 131 7997 42 2725 bd

EMP 3/1 MEU Rt2 1 120 bd bd 8521 bd 3156 445

EMP 3/1 MEU Rt3 I 87 572 163 8896 bd 5013 1603

EMP 3/1 MEU R#4 I 37 bd 85 5972 bd 1065 bd

EMP 3/1 MEU Rt5 1 97 386 228 9805 bd 2091 422

EMP 3/1 MEU Rt6 I 41 512 205 14411 bd 9526 bd

EMP 3/1 MEU Rt8 I 80 353 89 7356 46 1257 375

SIMS 3/1 MEU IIml0 M 34 bd 341 21 4.6 0.14 18 bd 0.01  0.06
SIMS 3/1 MEU Imi2 M 14 bd 525 2270 729 35 bd 0.08
SIMS 3/1 MEU IIml4 I 978 bd 388 23 0.05 30 bd 0.06
EMP 3/1 MEU IIml I 50 bd 360823 bd 560 bd

EMP 3/1 MEU Im2 M 150 bd bd 356523 bd 610 bd

EMP 3/11 MEU IIm3 I 80 bd bd 360333 bd 570 bd

EMP 3/1 MEU Im4 M 70 bd bd 360783 bd 670 bd

EMP 3/1 MEU IIm5 M 190 bd bd 357523 bd 460 bd

EMP 3/11 MEU IIm6 M 50 bd bd 357613  bd 550 bd

EMP 3/1 MEU IIm7 1 15449  bd bd 359073 bd 850 380

EMP 3/1 MEU IIm8 I 30 bd bd 369102 bd 440 bd

EMP 3/1 MEU Im9 M 40 bd bd 360783 bd 650 bd

EMP 3/1 MEU IImi0 M 70 bd bd 355973  bd 500 bd

EMP 3/1 MEU IImll M 120 bd bd 356523 bd 500 bd

EMP 31 MEU Ilmll M 70 bd bd 354513 bd 580 bd

EMP 3/1 MEU Iml2 M 50 bd bd 361073 bd 630 bd

EMP 3/1 MEU IImi2 M 30 bd bd 358273 bd 520 bd

EMP 3/1 MEU IIml13 M 110 bd bd 360423  bd 560 bd

EMP 6lc MEU Rt3 1 140 bd bd 9830 bd 370 bd

EMP 6lc MEU R#4 I 50 395 158 5230 bd 810 bd

EMP 6lc MEU Rt6 1 50 657 180 5090 50 2490 850

EMP 6lc MEU Rt7 1 60 539 174 5330 70 1190 590

EMP 6lc MEU Rtl0 I 11 bd bd 3281 203 770 bd

EMP 6lc MEU Rtl0 1 297 bd 2656 62 499 bd

EMP 6lc MEU Rtll I 64 486 76 7934 80 5640 2250

EMP 6lc MEU Rtl2 I 16 244 53 3973 77 1125 bd

EMP 6lc MEU Im2 M 1400  bd bd 270625 bd 430 bd

EMP 6lc MEU Im2 M 90 bd bd 271484  bd 670 bd

SIMS EGB04-R10d MEU Rtl M bd 2634 769 84 2.1 198 1046 3.4
SIMS EGBO04-R10d MEU Rt2 M 1.0 bd 2351 639 72 22 206 961 4.6
EMP EGBO04-R10d MEU Rt 1 40 841 510 4760 bd 4520 640

EMP EGB04-R10d MEU Rt4 I 90 831 280 5820 bd 4050 880

EMP EGBO04-R10d MEU Rt5 I 70 801 240 6320 50 1970 1100

EMP EGBO04-R10d MEU Rt6 1 150 bd bd 3580 bd 830 bd

EMP EGB04-R10d MEU Rt7 M 470 bd bd 4892 bd 1720 bd

SIMS EGB04-R10d MEU IIml M bd 671 10 0.7 0.10 72 bd 0.4
SIMS EGBO04-R10d MEU Im2 M bd 751 12 0.4 0.09 96 bd 0.3
EMP EGB04-R10d MEU IIm3 M 90 bd 58 349506 bd 430 bd

EMP EGBO04-R10d MEU IIm4 M 60 bd bd 347311 bd 570 bd

EMP EGBO04-R10d MEU IIm5 M 30 bd bd 348101 bd 510 bd

EMP EGB04-R10d MEU Ilm6 M 40 bd bd 345377 bd 300 bd

EMP EGBO04-R10d MEU IIm7 M 20 bd bd 357262 bd 530 bd

EMP EGBO04-R10d MEU IIm8 M 110 bd bd 348083 bd 880 bd

EMP EGB04-R10d MEU IIm9 1 80 bd bd 343777 bd 570 bd

EMP EGB04-R10d MEU IIm10 M 30 bd 88 358461 bd 550 bd

EMP EGBO04-R10d MEU Imll M 50 bd bd 338094 bd 1140 bd

EMP EGBO04-R10d MEU Iml2 M bd 60 341814 bd 380 bd

EMP EGB04-R10d MEU IIml3 1 40 bd 110 342103 bd 450 bd

EMP  EGB04-S56 MEU Rtl M 240 bd 116 1153 50 380 bd

EMP  EGB04-S56 MEU Rt2 M 420 bd 88 2493 bd 860 bd

EMP  EGB04-S56 MEU Rt3 M 60 659 508 3590 60 3920 1000

Continued on next page
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Tech. Sample Unit  Grain Text. Si \Y% Cr Fe Zr Nb Sn Sb Hf Ta N Th U

EMP  EGB04-S56 MEU R#4 M 120 407 783 2948 50 2550 bd

EMP  EGB04-S56 MEU Rt5 M 90 501 96 3776 390 1950 850

EMP  EGB04-S56 MEU Rt6 M 120 309 518 2502 bd 1910 390

EMP  EGB04-S56 MEU Rt7 M 110 bd bd 15233 bd 290 bd

EMP  EGB04-S56 MEU Rt8 M 90 475 454 2957 bd 2580 bd

EMP  EGB04-S56 MEU Rt9 M 100 564 679 3134 60 5680 400

EMP  EGB04-S56 MEU IIml M 110 bd bd 331241 bd 430 bd

EMP  EGB04-S56 MEU Im2 M 90 bd bd 328414 bd 530 bd

EMP  EGB04-S56 MEU Ilm3 M 50 bd bd 353021  bd 90 bd

EMP  EGB04-S56 MEU Im4 M 140 bd bd 340764 bd bd bd

EMP  EGB04-S56 MEU Im5 M 40 bd 68 334635 bd 440 bd

EMP  EGB04-S56 MEU IIm6 M 300 bd 346037 bd 350 bd

EMP  EGB04-S56 MEU IIm7 M 240 bd bd 331789 bd 300 bd

EMP  EGB04-S56 MEU IIm7 M 40 bd bd 344075 bd 90 bd

SIMS EGBO04-Rlle GEU Rtl5 M 0.7 88 1803 112 37 4.6 117 bd 1.4
SIMS EGBO04-Rlle GEU Rtl6 M 511 53 1715 91 47 2.6 116 bd 1.6
SIMS EGBO04-Rlle GEU Rtl7 M 1675 71 1931 108 57 4.5 135 bd 1.7
SIMS EGBO04-Rlle GEU RtlI8 M 32 79 1949 92 48 4.1 140 bd 1.5
SIMS EGBO04-Rlle GEU Rtl19 I 225 388 2108 78 36 15 140 bd 2.5
SIMS EGBO04-Rlle GEU  Rt20 I 19 94 2275 83 22 32 124 bd 0.7
EMP EGBO04-Rlle GEU Rtl M 50 1045 775 3246 140 3050 440

EMP EGBO04-Rlle GEU Rt2 M 20 1306 579 2864 50 2060 510

EMP EGBO04-Rlle GEU Rt3 M 60 905 481 3199 bd 2480 420

EMP EGBO04-Rlle GEU R#4 M 40 1287 461 2613 70 2190 370

EMP EGBO04-Rlle GEU Rt5 M 40 1012 449 2939 bd 1980 bd

EMP EGBO04-Rlle GEU Rt6 M 130 1260 600 3413 80 5150 bd

EMP EGBO04-Rlle GEU Rt7 M 180 1161 564 2781 bd 1930 bd

EMP EGBO04-Rlle GEU Rt8 M 100 527 293 2846 70 2020 bd

EMP EGBO04-Rlle GEU Rt M 140 1228 423 3013 60 1910 bd

EMP EGBO04-Rlle GEU Rtl0 M 280 1464 317 2288 bd 1990 450

EMP EGBO04-Rlle GEU Rtll M 410 960 650 2860 50 2090 bd

EMP EGBO04-Rlle GEU Rtl2 M 510 1420 820 2310 bd 2180 bd

EMP EGBO04-Rlle GEU Rtl3 M 130 1560 690 2270 80 2320 380

EMP EGBO04-Rlle GEU Rtl4 M 180 1230 750 2440 bd 1930 bd

SIMS AlSc GEU Rtl M 103 2578 3207 219 58 224 1110 6.8
SIMS Alsc GEU Rt5 M 151 2308 2835 122 15 210 1085 143
EMP Alsc GEU Rtl M 21 421 247 4138 117 2819 1228

EMP Al5c GEU Rtl M 36 376 267 4585 115 2800 1058

EMP Alsc GEU Rt2 I 550 282 5212 58 2461 734

EMP Al5c GEU Rt3 I 1.1 1347 459 4571 148 2504 676

EMP Al5c GEU R#4 I 144 780 276 9537 120 2307 436

EMP Alsc GEU Rt5S M 31 821 384 5605 105 2508 1168

EMP Al5c GEU Rt6 I 172 808 584 9338 201 2197 952
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The aim of this study is to evaluate how suitable rutile thermometry is for
eclogite studies. The two major questions to be addressed are: (1) are the tempera-
tures obtained from rutile thermometry consistent with results from P T estimates
on well-studied eclogites, and even more important (2) how well-equilibrated are
rutiles in low-7 compared to high-T eclogites. To answer the first question, we
chose a suite of eclogites with low-variance phase assemblages where temperatures
can be constrained by several methods, e.g. stability fields of index minerals such
as lawsonite, zoisite, glaucophane (Schmidt and Poli, 1998; Poli and Schmidt, 1998,
2002) and/or that allow thermobarometry by the critical assemblage Grt-Omp-
Phe 4+ Qtz/Coe £ Ky (Ravna and Terry, 2004). The second question can be best
answered if analytical uncertainties are minimised. We therefore utilized the sec-
ondary ion mass spectrometer (SIMS) where Zr in rutile can be measured with a
precision of <5% even at the 10 ppm level. Please note that two samples, Syros
sample SY-4 and Trescolmen sample Z6-52-1, were also used in the calibration of
the rutile thermometer (Zack et al., 2004). Hence they are not used here to evaluate
the rutile thermometer, but rather to study homogeneity in these two samples.

Analytical conditions

Zr contents were measured with a Cameca ims 3f SIMS at the Universitidt Heidelberg,
Germany. Analyses were performed using a 14.5keV/10nA 'O primary ion
beam. An effective spot size on the sample surface of 40 um results when no ap-
erture is used. Positive secondary ions were nominally accelerated to 4.5keV
(energy window set to 40eV) and an energy filtering technique with an offset of
90eV at m/Am (10%) of 370 was used. Count rates for 907 were normalized to
41Ty, TiO, is assumed to be always 100% in rutile, which introduces an error of
<1%, as elements other than Ti and O occur only in minor amounts in eclogitic
rutile (Zack et al., 2002b, 2004). Although matrix effects for Zr are minimal with
the operating conditions employed in this study, we used two large, relatively
homogeneous rutile crystals for calibration, one from Dissentis, Switzerland (Diss)
and one from Gjerrestad, Norway (R10). High precision determination of Zr was
conducted by isotope dilution MC-ICP-MS following the method of Miinker et al.
(2001). Values obtained are 98 &+ 1 ppm for Diss and 769 + 8 ppm for R10 (Luvizotto
et al., in prep). Overall accuracy of the SIMS is estimated to be about 15% (Ottolini
et al., 1993). 308i was measured together with “TTi and °°Zr to detect and exclude
possible contamination from zircon (Zack et al., 2004).

Electron microprobe analyses of selected minerals were performed with a
Cameca SX51 at the Mineralogisches Institut, Heidelberg employing 5 WDS. The
operating conditions were 15kV acceleration voltage, 20 nA beam current on the
Faraday cup and a 5 pm beam diameter. The matrix correction method for the raw
counts was PAP. Counting times on the peak were 10 seconds for all elements,
except 40 seconds for Ba.

Investigated samples

All samples for this study are from areas where extensive geothermobarometric
studies have been performed. P T estimates for these areas as well as peak mineral
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Table 1. List of investigated samples with the assemblage grt omp rt zrc SiO;

Locality Sample #  Additional phases Tin °C P in GPa References
Elekdag, Turkey 10d Lws Gln Phe 420 1.9 this study,

Pg Chl Altherr et al. (2004)
Syros, Greece SY 4 Epi GIn Phe 480 1.8 Trotet et al. (2001)
Verpenesset, WGR, Norway 7a Amp Ky Zo Phe 590 2.8 Labrousse et al. (2004)
Mt. Mucrone, Sesia, Italy Mu31l Gln Pg 600 1.8 Tropper and Essene (2002)
Trescolmen, Adula Nappe, 76 52 1 Amp Ky Zo Phe 660 2.8 Meyre et al. (1999),
Switzerland Ravna and Terry (2004)
Liset, WGR, Norway 5b Phl Amp 740 33 Cuthbert et al. (2000)
Lippersdorf, Erzgebirge, ERGO04 R4g Ky Zo Phe 850 35 this study, Schmadicke
Germany et al. (1992)
Saidenbach, Erzgebirge, ERG04 R2b 870 >2.9 Schmadicke et al.
Germany (1992)

assemblages in the samples studied are given in Table 1. The samples were chosen
to cover the whole temperature range of naturally occurring eclogites, except for
>1000 °C eclogite xenoliths from kimberlites where the assemblage rutile-zircon-
quartz has not been reported so far.

The sample 10d from Elekdag can be classified as lawsonite eclogite, and
represents therefore the lowest temperature group of eclogites. Inclusions of law-
sonite and phengite in omphacite are common (Fig. 1a), indicating coexistence of
these phases. Zoning in omphacite is comparable to zoning in other samples from
this locality as described in Altherr et al. (2004). In BSE imaging, patchy rel-
atively bright cores are surrounded by darker rims (due to higher Xj4 content)
where they are in contact to late chlorite. In contact with the late chlorite, lawsonite
pseudomorphed by paragonite and epidote are frequently found. Rutile is found as
inclusions in omphacite (Fig. 1a), garnet and along grain boundaries. Retrogression
of rutile to titanite is minor. Sample Sy4 from Syros is a glaucophane-bearing
eclogite that contains epidote instead of lawsonite, indicating higher temperatures
than the sample from Elekdag. Sample Mu3-1 from Mt. Mucrone is also glauco-
phane-bearing, but epidote /zoisite is not found in this sample; it is, however, com-
mon in other eclogites in the area. Rutile crystals large enough for SIMS analysis
are found in the two Syros and Mt. Mucrone samples only in the matrix, except for
one inclusion in garnet in Mu3-1. Sample Z6-52-1 from Trescolmen is character-
ized by a low variance assemblage (omp-grt-phe-ky-amp-zo-qtz-rt-zrn) and by trace
element equilibrium among omphacite, amphibole and phengite (Zack et al.,
2002a), making this sample an ideal candidate for thermobarometric studies. Al-
though garnet in Trescolmen eclogites is often complexly zoned, Z6-52-1 garnets
are less zoned due to destruction of garnet cores leading to atoll garnets, with
newly crystallized phases of quartz, phengite, omphacite and a second generation
of minute garnets (with compositions identical to garnet rims) within the ““lagoon”
(see Fig. 1b). Rutile occurs in strings of large rounded crystals following the main
foliation with no sign of retrogression. From the Western Gneiss Region in Norway,
a medium temperature (sample 7a from Verpeneset) and a high temperature eclo-
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gite (sample 5b from Liset) have been chosen. The Verpeneset sample is charac-
terized by the same low variance assemblage as the Trescolmen sample. Textural
relationships indicate a well-equilibrated assemblage (phases occur in the matrix
and as inclusions in garnet; see Fig. 1c). The Verpeneset sample is much coarser
grained than the Trescolmen sample. Foliation is also less pronounced. The Liset
sample is unusual as phlogopite is a stable peak pressure phase in the eclogite
(Nakamura, 2003), which has only been reported for a few eclogites from the
Western Gneiss Region and from North-East Greenland (see Nakamura, 2003).
The highest temperature eclogites in this study are from the Erzgebirge. Sample
ERGO04-R4g from Lippersdorf is, besides samples from the Sulu-Dabie Shan area
(see Liou et al., 1998) and from the Western Gneiss Region (Wain et al., 2000), the
only reported sample where polycrystalline quartz (interpreted as coesite pseudo-
morph) is found as inclusions in zoisite (see Fig. le, f). All major phases (omp-grt-
phe-zo) are unzoned and occur in an equal grain-sized assemblage (see Fig. 1d).
Amphibole has not been observed as a primary phase and is present only as
rare (<1 modal%) symplectitic albite-amphibole intergrowth. Absence of amphi-
bole is manifestation of high peak temperatures as well as lack of retrogessive over-
print, commonly observed in high-T eclogites. All these observations make this
sample well-suited for thermobarometry (see below). Sample ERG04-R2b from
Saidenbach is strongly retrogressed, more than 80% of omphacite are replaced
by symplectitic diopside-albite & amphibole intergrowth and phengite is comple-
tely replaced by biotite-quartz intergrowth. However, rare polycrystalline quartz
(after coesite) inclusions in garnet (see also description of coesite from this locality
by Massonne, 2001) as well as high-Zr rutile with only partial replacement by
ilmenite are a manifestation of the UHP and high-T origin of this sample.

P-T conditions for Elekdag and Lippersdorf eclogites

In order to compare different thermobarometers with the rutile thermometer,
we conducted a thorough thermobarometric analysis on one low and one high
temperature eclogite from Elekdag and Lippersdorf, respectivly. Mineral analyses
representing the compositions of the coexisting phases are given in Table 2.

»
»

Fig. 1. Back scattered images (a e) and crossed polarized photomicrograph (f) of char
acteristic textures from selected samples. a Inclusions of rutile, phengite and lawsonite in
omphacite showing coexistence of these phases; sample 10d from Elekdag, Turkey. b Atoll
garnet with growth of omphacite, phengite, zoisite, quartz and garnet (with composition
of atoll garnet) in an area of former garnet core; sample Z6 52 1 from Trescolmen, Adula.
¢ Inclusions of omphacite, amphibole, zoisite, kyanite and rutile in garnet; all inclusion
phases are also found in the matrix; sample 7a from Verpeneset, Western Gneiss Region.
d Equal grain size assemblage of garnet, omphacite, phengite, zoisite, kyanite, rutile and
quartz; pm size zircon is also present; please note absence of amphibole; polycrystalline
quartz inclusions after coesite are found in omphacite and zoisite (marked by black
cross); sample ERG04 R4g from Lippersdorf, Erzgebirge. e) Detail of Fig. 1d showing
two polycrystalline quartz inclusions in zoisite. Black cracks in inclusions mark bound
aries between crystals. f Large polycrystalline quartz of Fig. le, but as crossed polarized
photomicrograph
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Table 2a. Electron microprobe analysis of Elekdag sample 10d

Grt rim Omp Phe Lws

Si0, 38.13 56.44 50.90 36.65
TiO, 0.05 0.06 0.20 0.11
AlLO; 21.46 9.39 27.44 28.55
Cr,0; 0.00 0.04 0.03 0.03
FeO 29.82 4.92 2.39 0.56
MnO 0.20 0.11 0.03 0.00
MgO 4.34 9.29 3.31 0.00
CaO 7.27 13.95 0.00 17.09
Na,O 0.01 6.54 0.63 0.00
K,O 0.00 0.00 10.25 0.00
BaO n.a. n.a. 0.16 n.a.
total 101.27 100.74 95.34 82.98
Si 2.967 1.994 3.404 2.055
Ti 0.003 0.001 0.010 0.005
Al 1.968 0.391 2.163 1.887
Cr 0.000 0.001 0.002 0.001
Fe 1.940 0.145 0.134 0.026
Mn 0.013 0.003 0.001 0.000
Mg 0.503 0.489 0.330 0.000
Ca 0.606 0.528 0.000 1.027
Na 0.001 0.448 0.081 0.000
K 0.000 0.000 0.874 0.000
Ba 0.000 0.000 0.008 0.000

Mineral formula normalized to 4 (omphacite), 5 (lawsonite), 7 (phengite) and 8 (garnet)
cations

The most common thermometers for eclogite-facies rocks are calibrated for
the Fe Mg exchange between omphacite and garnet according to

diopside + almandine = hedenbergite + pyrope (1)

with exchange coefficient K4 defined as (Fe’'/Mg?")g/(Fe*"/Mg*")epy. The
thermometer applied in this study is from Krogh (1988). Although different for-
mulations give different results and especially the calculation of the hedenbergite
component is prone to large errors due to Fe’* uncertainties in electron microprobe
analysis, it is clear from this reaction that sample 10d from Elekdag shows very
low temperatures (K4 of 32) and sample ERG04-R4g from Lippersdorf very high
temperatures (Ky of 6 at a very high grossular component in garnet of 39%). The
recent paper by Ravna and Terry (2004) evaluates two more thermobarometers:

6 diopside + 3 muscovite = 2 grossular + pyrope + 3 celadonite (2)

3 diopside + 2 kyanite = grossular + pyrope + 2 quartz/coesite (3)

that can be applied to the samples using the activity models provided by Ravna and
Terry (2004); reaction 3 is only applicable to the Lippersdorf sample. Both reac-
tions will most likely find wide applications for the studies of eclogite-facies rocks
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Table 2b. Electron microprobe analysis of Lipersdorf sample ERGO4 R4g

Grt Omp Phe Zo

SiO, 39.56 55.53 50.13 39.76
TiO, 0.06 0.17 1.27 0.06
Al,O3 22.28 13.81 27.31 32.53
Cr,03 0.03 0.07 0.03 0.05
FeO 17.00 2.93 0.91 0.63
MnO 0.39 0.04 0.03 0.03
MgO 6.77 8.22 3.93 0.05
CaO 14.36 14.02 0.00 24.21
Na,O 0.05 6.03 0.47 0.02
K,O 0.01 0.03 9.98 0.00
BaO n.a. n.a. 0.51 n.a.
total 100.52 100.85 94.58 97.33
Si 2.985 1.958 3.388 3.036
Ti 0.004 0.005 0.065 0.003
Al 1.981 0.574 2.175 2.927
Cr 0.002 0.002 0.001 0.003
Fe 1.073 0.087 0.052 0.040
Mn 0.025 0.001 0.002 0.002
Mg 0.762 0.432 0.396 0.006
Ca 1.161 0.529 0.000 1.980
Na 0.008 0.412 0.062 0.003
K 0.001 0.001 0.860 0.000
Ba 0.000 0.000 0.027 0.000

Mineral formula normalized to 4 (omphacite), 5 (lawsonite) and 8 (garnet and zoisite)
cations

as they are almost independent of Fe3* estimates, phases of interest are common
and they are both fluid-absent reactions. It is noteworthy that reaction (2) could not
be applied successfully to another sample from Elekdag due to high BaO contents
in phengite (>2 wt%; Altherr et al., 2004), whereas phengite from sample 10d is
low in BaO (0.16 wt%). Another geobarometer that can be applied is based on the
grossular content in garnet coexisting with zoisite, kyanite and a SiO, phase:

6 zoisite = 5 kyanite + 4 grossular + quartz/coesite + 3 H,O 4)

This reaction has been successfully applied by Okay (1995) to zoisite-bearing
eclogites from the Alps and from Dabie Shan. Reaction (4) yields a pressure of
3.3 GPa (see Fig. 6 of Okay, 1995) for sample ERG04-R4g from Lippersdorf due to
the high grossular content in garnet (a(grs) =0.11 according to the activity model
used by Ravna and Terry, 2004). It can therefore be concluded that evidence for
coesite in zoisite can only be found in Ca-rich eclogites where the high grossular
content in garnet stabilises zoisite up to UHP conditions. However, reaction (4) has
its limitations as absolute pressure calculation requires an assumption on fluid
composition (maximum pressure if a(H,O)=1).

Combining results from reactions (1) to (4) for the Elekdag and Lippersdorf
samples, we calculate P T conditions of about 420 °C/1.9 GPa for Elekdag sample
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10d and of about 850 °C/3.5 GPa for Lippersdorf sample ERG04-R4g (with uncer-
tainties of £50°C and +0.3 GPa; see Fig. 2a and b). These results are compatible
with the coexistence of lawsonite + omphacite as well as lawsonite + rutile +
omphacite in sample 10d according to the reactions

3 lawsonite + 2 diopside = grossular + 2 paragonite + quartz + H,O  (5)

lawsonite + rutile + jadeite = titanite + paragonite + H,O (6)

(see Altherr et al., 2004 for details on these reactions). Both paragonite and titanite
have been found as secondary phases in Elekdag sample 10d. Results for sample
ERGO04-R4g are also compatible with the stability field of zoisite (lines 7 and 8),
phengite (line 9) and coesite (see figure caption in Fig. 2). Compared to estimates
from other studies, these results compare favourably with the 400 430°C and

4.0 _
Elekdag, Turkey 0\3
3.5 1 ’//"‘
m 30 | "‘,-”’ CS ----------------------------------
0_ ’a" ____________________
o .- S RPN
= o
© 25
3
(/2]
(7]
o
o
1.0 T : . | | |
400 500 600 700 800 900 1000
a Temperature in °C

Fig. 2. Pressure temperature conditions of one low and one high temperature eclogite; gray
ellipse shows approximate error of £50°C and 40.3 GPa; coesite and diamond stability
fields are shown for reference; equilibria for reaction curves (1) (6) are listed in the text.
Activity models for reaction (2), (3) and (4) are calculated from mineral data given in Table 2
following the procedure of Ravna and Terry (2004). Arrows attached to dotted lines indicate
side of stable assemblage for the given sample; curve (10) represents results from rutile
thermometer as listed in Table 3. a) Low temperature eclogite represented by sample 10d
from Elekdag, Turkey. b) High temperature eclogite represented by sample ERG04 R4dg
from Lippersdorf, Erzgebirge; reaction curve (7) indicates minimum temperature limit of
zoisite (Okay, 1995), reaction curve (8) indicates fluid absent solidus of zoisite (Okay, 1995)
and reaction curve (9) indicates fluid absent solidus of phengite (Schmidt et al., 2004)
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Fig. 2 (continued)

>1.35 GPa of Altherr et al. (2004) for other lawsonite eclogites from Elekdag and
with the about 900 °C and 3.0 3.5 GPa of Schmddicke and Evans (1997) for other
eclogites and garnet peridotites from the Central Erzgebirge (their Unit I). Con-
sidering our thermobarometric calculations for the Elekdag and the Lippersdorf
eclogites, we conclude that these two samples represent well-equilibrated low-T
(approx. 420 °C) and high-T (approx. 850 °C) eclogites, and are therefore suitable
for testing other geothermobarometers.

Zr concentrations in rutile

A total of 49 spot analyses on 45 rutile grains could be obtained by SIMS (Table 3)
that did show apparant Si concentrations of less than 20 ppm. Analyses with higher
Si contents (together 4 analysis) were excluded from further investigation due
to the possibility of minute zircon inclusions in rutile (Zack et al., 2004). For each
sample, 4 8 rutile grains were analysed. Zr concentrations in rutile range from
15 to 1150 ppm. The calculated high precision of 3.2% (from counting statistics)
on the 15 ppm analysis (see Table 3) demonstrates the advantage of SIMS analysis
at these low Zr levels compared to EMP analysis (detection limit of about 20 ppm;
Zack et al., 2004). Core-rim analyses on large rutiles demonstrates homogeneity
of analysed rutiles on all concentration levels (43 vs. 43 ppm; 597 vs. 600 ppm;
953 vs. 971 ppm; 1120 vs. 1135 ppm). We would like to point out that large
(>50 pm) rutiles as inclusion phases are very rare. However, it was possible to
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Table 3. Summary of SIMS data for rutile. Zr concentration is given in ppm together with 2o standard deviation
(stdev) from counting statistics. Temperature is calculated from equation (3) of Zack et al. (2004); average
temperature from all single spots (except analysis indicated by star) for each sample is given in bold

dia tex Zr in ppm stdev Tin °C dia tex Zrinppm stdev Tin °C
Elekdag (10d) Trescolmen (Z6-52-1)
rl 55 g 23 6.1% 395 rl 110 m 139 0.9% 640
r2 80 o 27 39% 420 r2 150 m 126 1.6% 627
3 60 o 28 1.2% 425 3 130 m 141 3.6% 642
r4 100 m 29 21% 427 r4 140 m 141 1.6% 641
5 9 m 15 32%  342* 63717
6 65 o 26 3.7% 3;461 i1 Liset (5b)
rl 200 p 303 1.7% 745
Syros (SY-4) 2 240 a 208 1.5% 694
rl 270 m 52 25% 508 3 180 m 285 1.7% 736
r2 110 m 51 21% 504 r4 360 m 244 21% 716
r3.1 210 m 43 1.5% 483 5 100 o 257 1.4% 723
3.2 210 m 43 47% 480 723 +20
ig ;gg 2 4512 igZZ i;? Lippersdorf (ERG04-R4g)
493+1¢ Il 95 m 583 0.7% 833
2 9 o 608 09% 839
Mucrone (Mu3-1) 3 90 g 601 0.5% 837
rl 170 m 104 1.3% 601 rd.1 8 o 597 0.4% 836
2 170 m 100 1.3% 595 42 85 o 600 0.7% 837
3 60 g 108 1.5% 605 5 8 o 613 0.6% 840
r4 130 m 93 1.9% 586 837+2
Do e m 1 a9 Saidenbach (ERGO4-R2b)
59649 rl.1 140 m 1135 09% 923
rl.2 140 m 1120 09% 921
Verpeneset (7a) 2 70 m 1100 1.1% 918
rl 210 ¢ 117 27% 617 3 100 m 1149 1.5% 924
r2 8 o 103 1.3% 599 r4 100 m 1075 1.6% 915
3 80 a 101 1.3% 597 5 50 m 1040 1.0% 911
r4 55 a 114 22% 613 6 50 g 1092 1.3% 917
5 110 ¢ 111 1.5% 609 r7 50 g 1065 1.6% 914
6 190 ¢ 89 0.6% 579 8.1 150 m 953 03% 899
602+14 182 150 m 971 1.2% 901
914+ 8

Labels refer to different rutiles in one thin section for each sample; repeated analysis is indicated by second digit.
dia Diameter of rutiles in pm; fex textural relationship of rutiles: m matrix, g inclusion in garnet, o inclusion in
omphacite, a inclusion in amphibile, p inclusion in phlogopite
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analyse 8 rutile inclusions in garnet from 5 out of 8 samples (see Table 3 for textural
information).

With the exception of one analysis (r5 from sample 10d), all rutiles from one
sample give a tight clustering of Zr concentrations (see below) and we do not
observe any systematic differences in composition for rutiles with different textural
relationships (e.g. inclusion in garnet vs matrix). We therefore conclude that dif-
ferent rutile crystals in one sample (with the Elekdag sample as the only possible
exception) represent one generation. As Zr concentration is strongly coupled with
calculated peak temperatures in the sample set, we conclude that rutiles grew close
to or at peak metamorphic conditions. Furthermore, composition was not influenced
by later processes (diffusional resetting, fluid influx, etc.). This is in stark contrast
to results in quartz-rich granulites where diffusional resetting is common (Zack et al.,
2004). Diffusional resetting has the effect that rutile in the matrix has lower Zr
contents than rutile included in garnet. Since inclusion rutiles and matrix rutiles
in all eclogite samples have the same composition we conclude that diffusional
resetting did not occur, probably due to relatively dry conditions during exhumation.

Temperatures can be derived from the Zr concentration in rutile coexisting with
zircon and quartz. Following the conclusion that all rutiles from one eclogite
sample can be grouped as one generation and that retrogression is negligible, we
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Fig. 3. Results of rutile thermometry for each single rutile analysis plotted against tem
perature estimates for a given eclogite locality as given in Table 1. Solid diagonal line marks
an ideal 1:1 correlation, stippled lines indicate 50 °C difference between both estimates
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can calculate temperatures for each rutile applying the empirical thermometer 7 (in
°C)=134.7xIn (Zr in ppm) —25 (equation 3 of Zack et al., 2004). This equation
was derived by using average concentration instead of maximum concentration as
used for equation 4 in Zack et al. (2004), however, results deviate from each other
by only 411 °C at low-T eclogites to —27 °C at high-T eclogites. Applying equa-
tion 3 from Zack et al. (2004) has the advantage that each rutile analysis can be
evaluated individually. Comparing the results obtained from the rutile thermometer
of this study with literature data (Fig. 3), estimates agree to within 50 °C, the error
inherited from the empirical calibration of the rutile themometer. This confirms the
reliability of rutile thermometry for a wide variety of eclogites.

The most significant result of this study is the finding that, at least for the samples
investigated here, rutiles in eclogites are extremely well-equilibrated on a thin section
scale, independent of textural relationships to coexisting minerals. This is illustrated in
Fig. 4, where the average temperature calculated from all rutiles from one sample is
plotted against the difference of calculated temperature of each single rutile from the
average. With two exceptions, single rutile analyses plot within 25 °C of the average
for each sample. Such a tight clustering of calculated temperatures within a sample is
surprising, as equilibration is more difficult to approach with decreasing temperature.

Discussion

We would like to point out that significant improvement has been made in the
calculation of pressure-temperature conditions of eclogite-facies assemblages com-
pared to 15 years ago (see e.g. Carswell, 1990) when temperature estimates were
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Fig. 4. Average temperature for each sample calculated with the rutile thermometer (T,y.)
plotted against the difference of calculated temperature of each single rutile from the aver
age (Tgnge Tave)- Please notice that with only two exceptions, all single rutile analyses
plot to within 25 °C of the average for each sample (indicated by stippled lines) indepen
dent of temperature estimates for each sample
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mostly based on Fe Mg cpx-grt exchange and minimum pressure was only pre-
sumed from the absence of plagioclase. As exemplified by the Lippersdorf eclogite,
for the rare but world-wide occurring assemblage omp-grt-phe-ky-zo-qtz/coe-rt-
zrn, 5 independent methods exist now to derive robust P T estimates from such
samples if equilibrium is texturally indicated. Especially for pressure estimates,
coexistence of hydrous phases (here phengite and zoisite) are crucial. All 5 meth-
ods, including rutile thermometry, give consistent results only when all phases
coexisted at a given P T condition. This can be best envisioned for a rock that
was fluid saturated during progressive metamorphism, so that the full assemblage
was frozen in at its least hydrated stage. Hence it can be concluded that convergent
P T calculations including zoisite and/or phengite require a wet protolith, e.g.
hydrothermally altered basalts. On the contrary, divergent P T estimates for a
given sample could imply that hydrous phases were introduced during retrograde
metamorphism by fluids (for paragonite see Zack et al., 2001). A careful petro-
graphic search for fluid introduction is therefore required when P Tand/or a(H,0)
estimates (e.g. Tropper and Manning, 2004) involve hydrous phases.

Unfortunately, petrographic evidence for fluid infiltration under HP conditions is
not always unequivocal, and hence the general question has to be asked what is the
significance of a given P T estimate, including information from rutile thermometry,
from a sample that has seen a more or less complex P T path. Important insight has
been gathered from eclogites of the Western Gneiss Region. Here, several eclogite
bodies with evidence for normal HP eclogites (zoned garnets, amphibole and mono-
crystalline quartz inclusions in garnet) in parts of the body contain UHP eclogites
(presence of polycrystalline quartz 4 coesite) in other parts of the same body. These
UHP domains have been linked with recrystallization during fluid influx (Carswell
and Cuthbert, 2003a). The eclogite locality Verpeneset also shows HP adjacent to
UHP domains on a 10 metre scale (Cuthbert and Carswell, 2003b). Additionally,
temperature calculations (non-dependent on Fe3* estimates) for different samples
from this locality range from 590 °C (Labrousse et al., 2004) to 745 °C (Cuthbert and
Carswell, 2003b; Labrousse et al., 2004), demonstrating that different samples in
one body record different stages of the P T history of the whole body. Sample 7a
from this study has all petrogrographic evidence for an assemblage equilibrated at
the low-T end rather than at the high-7end (presence of amphibole and zoisite in the
matrix and as garnet inclusions, see Fig. 1c). Rutile thermometry is consistent with
this mineral assemblage, returning temperatures of only 602 °C. Furthermore, all
rutile analyses cluster tightly together (6 grains from inclusions in amphibole, ompha-
cite as well as from garnet give a temperature range between 579 617°C). This
implies that rutiles record temperature conditions during the last stage of equilibra-
tion of the whole mineral assemblage and not neccessarily the peak temperature
condition experienced during its entire P T path.

Although it has to be tested on a sample by sample basis, this study shows that
it is possible now by rutile thermometry to distinguish relative temperature differ-
ences between two samples with very high precision. For example, samples 7a and
76-52-1 (both having the same mineral assemblage) can be clearly distinguished
from one another by their Zr content in rutile (temperature range is 579 617°C
and 627 642 °C, respectively), although the calculated average temperatures are only
35°C apart. It will therefore be advantageous in future studies if metamorphic field
gradients proposed for several eclogite terrains (including the Western Gneiss region,

177



C Co-authorship on scientific articles related to the topic of the thesis

178

84 T. Zack and G. L. Luvizotto

e.g. Griffin et al., 1985) and/or selective P Trecordings within single eclogite bodies
(e.g. Carswell and Cuthbert, 2003a) can be distinguished by rutile thermometry.
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Abstract

This study evaluates the applicability of rutile trace element geochemistry to provenance studies. The study area is the
Erzgebirge in eastern Germany, where metamorphic rocks ranging from lower greenschist facies conditions up to granulite facies
conditions are exposed. We collected sand and rock samples from small catchment areas for a comparative analysis of rutile
geochemistry using wavelength-dispersive electron microprobe. Our results show that rutile geochemistry is a powerful tool in
provenance studies, allowing for the identification of source lithologies and an evaluation of the host orogen’s metamorphic
history.

The log (Cr/Nb) ratio has proven to be decisive in discriminating between mafic and metapelitic lithologies. It is also useful for
identifying different source rocks when plotted versus a third element or proxy. Furthermore, our results suggest that rutile
thermometry can be applied to a much wider range of lithologies than previously assumed.

A quantification of temperature populations within single sand samples shows that at high-grade metamorphic conditions, such
as those found in the Erzgebirge, more than 65% of rutiles do not re-equilibrate during retrograde metamorphism and thus retain
their peak temperature chemistry. Such samples, which have equilibrated at recent metamorphic conditions, can be identified by
their 2-o standard deviations of less than 120 °C. Below 550 600 °C, no complete equilibration is reached. Rutiles from
greenschist facies and lower metamorphic conditions in the Erzgebirge still inherit relict temperatures from a former metamorphic
cycle. They partly record very high temperatures >950 °C and supposedly derive from erosion of the west African craton in
Ordovician time.
© 2007 Elsevier B.V. All rights reserved.

Keywords: Rutile; Trace elements; Geothermometer; Provenance; Erzgebirge; West African craton

1. Introduction

Using the chemical and radiometric analysis of detrital
e ricbo@gwdg.de (5. Tricbold) minerals as tracers in ancient and modern sediments to
-mail addresses. striebo(@gwdg.de . 111eDbO0! N . . .

o ) . wewes decipher source rock lithology, metamorphic grade, and
hilmar.von.eynatten(@geo.uni-goettingen.de (H. von Eynatten), ! > .
gluvizot@min.uni-heidelberg.de (G.L. Luvizotto), geochronology has found widespread application in
tzack@min.uni-heidelberg.de (T. Zack). recent decades. These studies focus primarily on the
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characteristics of zircon (e.g., McLennan et al., 2001;
Rahl et al., 2003; Carter and Bristow, 2003; Jacobsen
et al., 2003; Griffin et al., 2007), and some other, most
commonly heavy, mineral species (e.g., Morton, 1987;
Pober and Faupl, 1988; Morton, 1991; von Eynatten et al.,
1996; von Eynatten and Gaupp, 1999; von Eynatten,
2003; von Eynatten and Wijbrans, 2003; Griffin et al.,
2007). Recently, rutile’s trace element geochemistry has
received greater attention (Gotze, 1996; Preston et al.,
2002; Zack et al., 2004b; Stendal et al., 2006). Rutile
constitutes an important tool for source rock characterisa
tion and holds supplementary information, which cannot
be derived from other mineral species.

Due to its high physical and chemical stability during
erosion, weathering, transport, and diagenesis, rutile is one
of the most stable heavy minerals (e.g., Morton and
Hallsworth, 1999). The dominant host rock types for rutile
are medium to high grade metamorphic rocks and
sediments (Force, 1980, 1991). Other common rock
types, such as low grade metamorphic rocks or most
igneous rocks, are thought to lack rutile. This rutile absent
definition excludes occurrences of needles and small
crystals (<63 pm in diameter; sagenite and authigenic
rutile), as these are commonly not processed during detrital

mineral separation. According to Force (1980, 1991),
rutile forms under amphibolite facies and higher meta
morphic conditions. During new metamorphic cycles, it
reacts to form other Ti rich phases under greenschist facies
conditions. Thus unlike zircon, rutile commonly witnesses
only one metamorphic cycle, and the recorded information
is not obscured by previous metamorphic events. These
characteristics make rutile a complimentary, if not a
preferable candidate in provenance studies.

Zack et al. (2002) have shown that there exists a
strong correlation between whole rock Nb/Ti ratios and
Nb contents in associated rutiles. The same is true
regarding Cr characteristics. Zack et al. (2004b)
constrain concentration ranges for Nb and Cr in rutile
deriving from pelitic and mafic source rocks: Nb
contents between 900 and 2700 ppm together with
Cr<1000 ppm point to metapelitic sources, whereas
Nb <900 ppm and/or high Cr contents >1000 ppm point
to mafic source lithologies. Rutile derived from
kimberlitic source rocks has very high concentrations
(often >10,000 ppm) of Cr and/or Nb (Haggerty, 1991).
Lastly, high U contents provide the opportunity to apply
U/Pb or (U Th)/He dating techniques (e.g., Mezger
et al., 1989; Vry et al., 2003; Vry and Baker, 2006).

Fig. 1. Geological sketch of the Central European Variscides, modified after Dallmeyer et al. (1995). The rectangle shows the position of the map in
Fig. 2. The small inset figure shows a political map of Europe with the location of the geological sketch marked by a rectangle.
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Zack et al. (2004a) and Watson et al. (2006) estab
lished rutile thermometry based on Zr contents. The
description of this thermometer and its application in the
Erzgebirge will be discussed separately in Section 4.

In order to further explore the applicability of rutile
geochemistry for provenance studies, and to investigate
and directly compare trace element characteristics between
sediments and their source rocks, modern sands and rocks
from the same drainage areas were sampled. The Erzge
birge (Germany) was chosen as a sampling area, because it
has a great number of various rock types displaying a large
range in metamorphic conditions from lower greenschist to
granulite facies. Here we concentrate on Nb and Cr sys
tematics as a proxy for source rock lithology as well as on
Zr systematics as a tool for source rock temperatures, but
note that further geochemical signals in rutiles should store
important additional information (e.g., Mezger et al., 1989;
Zack et al., 2002; Vry and Baker, 2006).

2. Geological setting

The Erzgebirge metamorphic crystalline complex is
situated at the northwestern border of the Bohemian

Massive (Fig. 1). It belongs to the Saxo Thuringian zone
of the central European Variscides and is bordered by
the Elbe Zone in the east, the Tertiary Eger Graben in the
south, and by very low grade Paleozoic sediments of the
Saxothuringian basin in the northwest. The Erzgebirge
is characterised by a large scale antiformal structure
consisting of several tectonometamorphic units, in
truded by post tectonic (Hercynian) granitoids of late
Variscan age. Today it is widely accepted that the
Erzgebirge represents a stack of tectonic units resulting
from continent continent collision processes (deforma
tion, metamorphism and exhumation) during the
Variscan orogeny (e.g., Willner et al., 1997, 2000;
Rotzler et al., 1998; Mingram, 1998).

According to Rotzler et al. (1998), the western
Erzgebirge consists of a sequence of five tectonometa
morphic units with low to high grade PT histories (up to
at least 950 °C and 4.5 GPa; Massonne, 1998). The
division is based on petrological studies, tectonic
investigations and geochemical correlations, being the
units defined on the basis of dominant rock associations
and their general trends in metamorphic evolution
(Schmaédicke et al., 1992; Mingram, 1998; Rétzler et al.,

Fig. 2. Geological sketch of the western part of the Erzgebirge showing the locations of rock- and sand samples containing rutile. Samples from the
same units are shown in similar symbols. The temperature and pressure estimates from preserved metamorphic assemblages are from: *Schmédicke
and Miiller (2000), **Mingram and Rotzler (1999), ***Rétzler et al. (1998), "Massonne (1998), and **Willner et al. (1997). The coordinate grid is
Gauss-Kriiger (Potsdam). Compiled and redrawn from Willner et al. (1997), Mingram and Rétzler (1999), Schmédicke and Miiller (2000), and

geological maps of the Erzgebirge (1:25000 and 1:200000).
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1998; Willner et al., 1997). However, as highlighted by
Willner et al. (1997), even these units cannot be regarded
as homogeneous and coherent bodies. In the present study,
we label these units, from tectonically lowermost to
uppermost, the Cadomian Gneisses, Gneiss Unit (GU),
Micaschist Unit (MU), Garnet Phyllite Unit (GPU),
Phyllite Unit (PU), and Ordovician Slates (OS). This
labelling system is mainly adapted from Mingram (1998).
After Schmadicke et al. (1992) the GU and MU both have
experienced a PT path, which went through eclogite facies
peak metamorphic conditions. Because lithology is a
crucial issue in this study, we further define subunits:
eclogite rich Gneiss Units 1 (EGU1) and 2 (EGU2), both
sections having earlier, higher PT conditions preserved,
and likewise an eclogite rich Micaschist Unit (EMU). In
this work the term “‘eclogite” is only used for rocks with
mafic bulk compositions, predominantly composed of
garnet and clinopyroxene. The eclogite rich Gneiss Unit 1,
eclogite rich Gneiss Unit 2, and the eclogite rich Micas
chist Unit, respectively, correspond to the High Pressure
Units 1, 2 and 3 defined by Schmadicke et al. (1992) and
Schmidicke and Evans (1997). A summary of the
published P and T conditions of the best preserved
metamorphic stage in each unit and subunit is shown in
Fig. 2.

Mingram (1998) has shown that the protoliths of all
Variscan metamorphic units are similar and correspond
to the very low grade Ordovician Slates unit (OS). They
largely consist of mature sediments, which were
exposed to prolonged tropical weathering and extensive
reworking. As these characteristics reappear in several
depositional sequences, Mingram (1998) concludes that
it was on a passive margin setting with similar erosion ,
transport and sedimentation conditions over a long time
period from upper Proterozoic to Ordovician. Linne
mann and Romer (2002) relate this passive margin to the
west African craton.

3. Sampling and methods

Samples cover all metamorphic units with tempera
tures ranging from <400 °C to 950 °C. One sand sample
was collected in the Hercynian Granites (near Kirchberg)
to test for rutile occurrence. Since no rutile was found,
we regard these granites generally as rutile free. They
cannot deliver significant amounts of rutile to the
sediments exported from such areas. Fig. 2 shows the
locations of all samples containing rutile. The Cadomian
(Ortho ) Gneisses were excluded from the sampling
campaign.

In order to ensure the comparability between sands
and associated rock samples, and to keep the sands’
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compositions simple in terms of distinguishable rutile
types, small catchment areas were investigated ranging
from 100 m? (in quarries) up to 10 km?. Rock samples
from 28 locations and 28 sand samples were collected,
with the rocks’ sampling locations generally relating to
the sampled sands’ drainage areas. Sand samples were
collected in the kg range, depending on how much
material was available. Attention was paid to gain a
large proportion of fine sand in a sample. Rock samples
were hand sample sized, except for the quartzites, in
which case extra material was collected. The main rock
types studied include eclogite, garnet gneiss, felsic
granulite, garnet micaschist and quartzite in the Gneiss
Unit; garnet (+/ chloritoid ) micaschist, quartzite, and
eclogite in the Micaschist Unit, and phyllites in the Grt
Phyllite and Phyllite units. A list of all samples together
with the sample locations can be reviewed in Table S1
(electronic supplement).

Rock samples were prepared as polished thin
sections. These were coated with carbon to ensure
conductivity in electron microprobe (EMP) analysis.
From the sand samples and one crushed quartzite
sample from the eclogite rich Micaschist Unit, rutile
was extracted via sieving, heavy liquid separation,
magnetic separation, and handpicking. von Eynatten
et al. (2005) stated that trace elements in rutiles are not
systematically related to grain size fractions (63 125
and 125 250 pm). Therefore, investigated crystals
derive from one fraction containing the largest fraction
of rutile (80 200 pm). Yet, as it was observed that
magnetic separation fractionates rutiles, especially
according to contents of Fe and V, special care was
taken to extract rutile from all magnetic fractions.
Extracted separates were embedded in epoxy resin discs,
polished, and coated with carbon to ensure conductivity
for EMP analysis.

The investigated crystals were identified as rutiles
with micro Raman spectroscopy (Horiba Jobin Yvon
Labram HR UV 800, 633 nm laser excitation, 17 mW
laser power, 1200 I/mm grating, Peltier cooled CCD
detector).

Electron microprobe analyses on rutile separates
from sands were performed in Gottingen using a JEOL
JXA 8900 and 25 kV accelerating voltage. The beam
current was set to 80 nA. Matrix correction was
performed using CITZAF after Armstrong (1995). No
analysis obtained Mg above detection limit. Rock
samples were analysed in Heidelberg on a CAMECA
SX51. The accelerating voltage was set to 20 kV and the
beam current to 100 nA. All EMP measurement
conditions can be reviewed in Table 1. EMP analyses
on rutile standards (Luvizotto et al., in preparation)
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Table 1
EMP analysis conditions for the setups used in Gottingen and Heidelberg
Element Ti w Nb Sb Ta Si Zr Sn Hf Al v Cr Mg Fe
EMP-Géttingen
X-ray line Kp La La La La Ka La La La Ka Ka Ka Ka Ko
Counting time (s) 30 200 300 300 300 150 300 200 300 150 200 200 150 150
Background time (s) 15 100 150 150 150 50 150 100 150 50 100 100 50 50
2-0 DL (ppm) 920 80 70 40 50 70 40 60 50 60 220 50 20 40
2-¢ error (ppm) 4050 140 100 100 100 40 30 40 50 20 70 20 20
EMP-Heidelberg
X-ray line Kp La La Ka La Ka Ka
Counting time (s) 100 100 300 50 200 200 100
Background time (s) 50 50 150 25 100 100 50
2-0 DL (ppm) 130 350 60 20 40 50 40
2-o error (ppm) 990 90 60 20 40 20 20

“Counting time” refers to the counting times on peak positions, “Background time” to the counting times on upper-and lower background positions.
Errors and detection limits (DL) are median values calculated according to counting statistics.

performed in both laboratories were compared in order
to ascertain the comparability between results from the
Heidelberg and Gottingen electron microprobes.

4. Rutile thermometry

Rutile thermometry, as discussed by Zack et al.
(2004a) and Watson et al. (2006), is based on the
increasing incorporation of Zr into rutile with increasing
temperature. In many natural systems, as in the rocks
and experimental assemblages investigated by both

authors, the activity of ZrO, in rutile is buffered by
quartz and zircon to a constant value, and the reaction
can be written as

ZrSi04(zircon) < ZrO5ygie) + SiOz(quartz). (1)

In sediments or sedimentary rocks, the buffer assem
blage zircon rutile quartz cannot be directly observed.
However, Zack et al. (2002, 2004a,b) proved that Nb and
Cr systematics provide a tool to identify pelitic (implying
felsic) source rock lithologies. Assuming that felsic and
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Fig. 3. Plot of maximum temperatures calculated from Zr contents analysed by EMP in rutile after Zack et al. (2004a) (“Zack”) and Watson et al.
(2006) (“Watson™) versus mean unit-or subunit temperatures (ranges are shown as horizontal bars) for sand samples (triangles) and rock samples
(diamonds). The 2-o counting statistical errors are shown as vertical bars.
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pelitic rocks contain quartz and zircon, the rutile
thermometer can reliably be applied to crystals with
high Nb and low Cr contents, as explained in the
introduction section.

The Zack et al. (2004a) empirical thermometer
equation is calibrated on natural samples from a wide
range of temperatures and pressures. It therefore inherits
uncertainties from the temperature/pressure estimates of
these samples calculated from other geothermobarom
eters. On the other hand, Watson et al. (2006) calibrated
their thermodynamically robust thermometer equation
based on experiments at 1 GPa backed up by a few natural
samples also mostly from the same pressure range.

In the Erzgebirge, metamorphic temperatures higher
than 600 °C, and thus sensitive to the choice of the
thermometer equation (compare Watson et al., 2006),
are displayed in the whole GU and the EMU. Fig. 3
shows that maximum temperatures calculated for GU
samples from rutile geochemistry after Zack et al.
(2004a) generally agree very well with those found in
conventional thermometry by Schmédicke and Miiller
(2000), Massonne (1998), and Willner et al. (1997). For
the same samples the thermometry after Watson et al.
(2006) yields maximum temperatures that are too low,
especially for the higher grade (>800 °C) subunits with
more uniform metamorphic temperatures.

Thermometry differences at very low temperatures
<450 °C will not be addressed in this study, as we refer to
EMP analyses and hence Zr contents larger than 40 ppm.

The influence of high pressures as found in the
Erzgebirge (e.g., diamond bearing gneisses at Saiden
bach dam) on temperatures at 1 GPa calculated after
Watson et al. (2006) has not been quantified yet, but
experimental results by Degeling (2003) show that these
most likely account for the differences observed here.
Hence failing a better approximation, we conclude that
for metamorphic conditions like those in the Erzgebirge
the Zack et al. (2004b) thermometer equation is more
suitable, and will be used for all further temperature
calculations in this study. However, it should be stressed
that for normal sedimentary provenance studies, the
choice of the thermometer is not crucial, as pressure
conditions for the source rocks are unknown and thus no
reliable temperature estimation can be made. With the
purpose of merely discriminating temperature popula
tions, both Zack et al. (2004a,b) and Watson et al. (2006)
thermometer equations are equally suitable.

5. Results
5.1. Geochemical tools: Cr, Nb and the Zr thermometer

As expected (Mingram, 1998), different metamorphic
units in the Erzgebirge cannot be distinguished comparing
Cr and Nb characteristics of rutiles in sand samples from
all locations (Fig. 4). EMP analyses of sand samples can
be reviewed in Table S2 (electronic supplement). Nb
contents range up to 10,000 ppm, with the majority

Fig. 4. Plot of Nb vs. Cr (ppm) for Erzgebirge sand samples. The symbols represent the samples’ geological units, analogous to those used in Fig. 2.
Analyses are performed by EMP. The 2-¢ errors are as large as the symbols’ size. OS: 2 samples; PU: 2 samples; GPU: 3 samples; MU (incl. EMU):

8 samples; GU (incl. EGU): 13 samples.
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Fig. 5. Plot of Nb vs. Cr (ppm) for rock samples from the Erzgebirge. Analyses were performed by EMP. The 2-¢ errors are approximately as large as
the symbols’ sizes. Metapelites: 11 samples; mafic rocks: 9 samples.

plotting below 7000 ppm. The highest obtained Cr values Erzgebirge exhibit higher contents than suggested for
are around 32,000 ppm, but the frequency thins out after classification by Zack et al. (2004b) into mafic and pelitic
>2000 ppm. Especially regarding Nb, rutiles from the provenances (Fields 1 and 2 in Fig. 4). Thus it needs to be

Fig. 6. Plot of temperatures calculated from Zr contents after Zack et al. (2004a) vs. log(Cr/Nb) for the northernmost sampling area, ca. 4 km north of
Saidenbach dam (Fig. 2). Mafic and pelitic compositions are plotted according to their log(Cr/Nb). The error bars correspond to 2-¢ analytical errors
in Zr contents by EMP. For the garnet schist, rutile inclusion analyses are indicated, all other analyses from this rock are matrix rutiles. Inclusion and
matrix rutile analyses for the eclogite samples do not show contrasting temperature distributions and therefore are combined. The plotted samples
accord to samples EGB-04-S44, EGB-04-S45, EGB-04-R3a2, EGB-04-R4fl, and EGB-04-R4g in Tables S1 and S2 (electronic supplement).
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determined whether all analyses can be used for the
purpose of source lithology discrimination.

When consequently evaluating analyses of rutiles in
rock samples (Fig. 5), it is evident that those grains
originating from metapelites (11 samples are represented
in Fig. 5) plot at high Nb contents compared to the majority
of rutiles from mafic rocks (9 samples are represented in
Fig. 5), while mafic rutiles in all but one sample exhibit
low Nb contents. EMP analyses of rock samples can be
reviewed in Table S2 (electronic supplement).

One mafic sample (an eclogite from the ultra high
pressure Saidenbach dam region in the EGU1) contains
rutile plotting within the field for pelitic compositions.

Massonne and Czambor (2007) relate eclogites from
the region around Saidenbach to a within plate basaltic
protolith, formed from a relatively low degree of
melting. High Nb/Ti ratios of the protolith then result
in rutiles with high Nb contents. This example shows
that the classification of rutiles by Nb and Cr contents
into mafic and pelitic host rocks needs to be treated with
care in these, although rather rare, examples.

The fields for mafic and pelitic compositions, as
confirmed by rutile analyses from confined source
lithologies (Figs. 4 and 5), are well separated by a 1:1
line between Cr and Nb contents. Log (Cr/Nb) values
are calculated in order to obtain a simple provenance
indicator and to compare one parameter (mafic vs.
pelitic source lithologies) with other factors (e.g., Zr or
calculated temperature).

To test the significance of this logratio and the
validity of high Cr and Nb values for provenance study
purposes, one small catchment area <1 km? is chosen as
an example: Fig. 6 shows rutile compositions of two
sand samples, two eclogites and one garnet schist
deriving from the northernmost sampling region in the
Gneiss Unit, ca. 4 km north of Saidenbach dam. Cr
contents of these samples range up to 1440 ppm, Nb
contents up to 8950 ppm (Table 2). These samples in
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their mean trace element contents are representative of
the majority of analyses from the Erzgebirge.

Comparing the minimum and maximum Cr and Nb
contents, we can demonstrate that the rocks’ composi
tions are mirrored in the sands. The slightly lower
temperature mafic composition group found in sand
compositions (Fig. 6) was not found in the sampled
source rock equivalents.

Further, the garnet schist and the two eclogites are
perfectly separated by the 0 line in log (Ct/Nb) values.
Also, maximum temperatures calculated from these
samples using rutile thermometry by Zack et al. (2004a)
are in good agreement with the 850 °C for EGUI rocks
(Fig. 2) obtained with conventional thermometry by
Schmaédicke and Miiller (2000).

It can be observed in this example (Fig. 6) that rutile
analyses form high and low temperature populations,
which are separated by gaps of ca. 20 °C in width at 800
to 820 and 780 to 800 °C for pelitic and mafic
compositions, respectively. It is remarkable, that this
separation of analyses into two temperature populations
occurs not only in the sand samples, which constitute a
mixture of different source rocks, but also within distinct
source rocks (here: the garnet schist). In these and other
investigated rock samples, it was found that rutile as
inclusions in other mineral phases always has high Zr
contents, while matrix rutiles in many samples tend on
average to lower Zr contents (Figs. 6 and 7).

Although rutiles with mafic compositions give an
observably lower maximum temperature than rutiles
deriving from metapelites (Fig. 6), the difference
between both is smaller than 25 °C. This fact and the
observation that the investigated mafic rocks from the
Erzgebirge (all sampled mafic rocks were eclogites)
contain small amounts of quartz and zircon, indicate that
mafic rutile compositions may also be suitable for
thermometry. Peak temperature characteristics of mafic
and pelitic rutiles in all samples from the Erzgebirge

Table 2
EMP analyses of five rock-and sand samples from the northernmost sampling area, ca. 4 km north of Saidenbach dam (Figs. 2 and 6)
Sample Number Cr (ppm) Nb (ppm) Zr (ppm)
of Minimum Maximum Mean Minimum Maximum Mean Minimum Maximum Mean
analyses
Sand 1 40 313 1004 548 bdl 6728 3193 390 847 626
Sand 2 36 125 1440 539 171 8954 1349 383 769 614
Eclogite 1 21 528 1125 781 bdl 142 92 529 720 604
Eclogite 2 11 579 1110 809 bdl 127 100 604 683 653
Garnet schist 9 381 936 602 5093 7921 6212 418 768 588

Minimum, maximum, and arithmetic mean values for Cr (ppm), Nb (ppm), and Zr (ppm) are displayed, together with the number of analyses
performed on each sample. bdl — below detection limit. The samples accord to samples EGB-04-S44, EGB-04-S45, EGB-04-R3a2, EGB-04-R4f1,

and EGB-04-R4 g in Tables S1 and S2 (electronic supplement).
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Fig. 7. Backscattered electron images of the garnet-biotite micaschist
(EGB-04-R4f1; see Table Sl1, electronic supplement) from the
northernmost sampling area, ca. 4 km north of Saidenbach, which is
also displayed in Fig. 6. The temperatures calculated from Zr contents
are rounded to 10 °C. Mineral abbreviations refer to Kretz (1983).

(Fig. 8) follow the trend observed in Fig. 6: Analyses of
pelitic rutiles (best shown in the “GU” group) exceed the
maximum temperature obtained from mafic rutiles by
about 40 °C, a number which is larger than the
difference observed for the example in Fig. 6, but
which is still lower than the calibration error (50 °C)
found by Zack et al. (2004a). Hence the observation that

the application of Zack et al. (2004a) ’s thermometry
gives similar results for mafic and pelitic rutiles is valid
for the entire Erzgebirge an outcome, which is
supported by Zack and Luvizotto (2006), who report
good fits with conventional thermometry for eclogites
from other regions.

5.2. Rutile derived temperature characteristics in the
Erzgebirge

In order to test homogeneity of single rutile grains, a
third of all investigated crystals in each sample were
analyzed three times. Less than one percent of our
analysed crytals were found to, due to inhomogeneity
with respect to Zr, produce calculated temperature
differences larger than 50 °C.

The gap in analysed temperatures, which was shown for
the local example (Fig. 6), can also be observed in tem
perature frequency distributions (Fig. 9): Most sand and
rock samples exhibit two, very rarely three, temperature
populations.

As has already been stated in Section 4, rutiles from
metamorphic grades higher than MU conditions, exhibit
peak metamorphic temperatures, which correspond well
with conventionally obtained unit temperatures (unit
temperatures =temperatures of the latest metamorphic
event). The large scatter of maximum temperatures in

Fig. 8. Plot of temperatures calculated from rutile Zr contents from sand samples after Zack et al. (2004a) vs. log(Cr/Nb), analysed by EMP. Mafic and
pelitic compositions according to log(Cr/Nb) are indicated. The same symbology as in Fig. 2 is used. Error bars correspond to 2-¢ analytical errors of
Zr contents measured by EMP. Although undefined, analyses below the 2-¢ detection limit are shown because an omission would be misleading. OS:
2 samples; PU: 2 samples; GPU: 3 samples; MU (incl. EMU): 8 samples; GU (incl. EGU): 13 samples.
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Fig. 9. Temperature distributions based on single-grain rutile thermometry after Zack et al. (2004a) for all investigated sand (s, grey fill) and rock (r,
white fill) samples, sorted roughly with increasing metamorphic grade. Zr analyses for this plot were performed by EMP. Distribution shapes are
drawn from Gaussian distributions fitted via least-squares fits to temperature histograms. Histograms in turn are calculated with class numbers
according to the square root of the number of analyses used, which are displayed on the right of the plot. Temperature ranges from conventional
thermometry are drawn as grey rectangles in the background. Although undefined, analyses below the 2-¢ detection limit are shown because an

omission would be misleading.

the GU (without EGU) rock samples group shows that
PT conditions within this unit vary strongly with
locality, and that sand samples derived from different
rocks within this unit exhibit rutile populations more
representative of the whole unit. The only investigated
quartzite sample (EMU) displays the worst fit with unit
temperatures. In the MU (without EMU), only two of

192

nine samples give appropriate temperatures. Some
samples display maximum temperatures exceeding
unit temperatures. Samples from the lower metamorphic
GPU, PU and OS report high values, which in most
cases even exceed the highest temperature recorded for
the Variscan orogeny in this part of the Erzgebirge
(950 °C) and show more than 1100 °C.
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Fig. 10. Temperature map of the western Erzgebirge (Fig. 2). The unit-/subunit temperatures are the same as those in Fig. 2. Displayed abbreviations
indicate unit-/subunit names. Using EMP data, sample maximum temperatures are calculated from Zr contents in rutile after Zack et al. (2004a). All
temperatures are rounded to 50 °C. The arrows highlight sample temperatures strongly exceeding unit temperatures. The bold white line indicates the

location of the 550—600 °C boundary (see text for explanation).

Rock samples exhibit slightly smaller temperature
variances than sand samples, a fact which was anticipated
due to sampling statistics. Superimposed on this effect,
samples from high metamorphic grades have smaller
standard deviations compared to low grade samples.

In order to further examine the occurrence of sample
peak temperatures exceeding unit temperatures, we have
constructed a temperature map (Fig. 10). Samples
reporting significantly (>100 °C) higher temperatures
than unit metamorphic conditions are indicated by
arrows. In the GU (incl. EGU), only equilibrated
samples can be observed. Thus the border between the
MU and the GU (550 600 °C) constitutes a 7" boundary
for Zr in rutile equilibration processes.

6. Discussion
6.1. Lithology and log (Cr/Nb)

Matfic and pelitic source rock lithologies can be well
separated by means of log (Cr/Nb) ratios (Figs. 4 and 5).
Rutiles from felsic source lithology that have Nb contents
outside the field for a metapelitic provenance after Zack
et al. (2004b) can be classified using logratios of Cr and
Nb. Log (Cr/Nb) is a valuable provenance indicator and
moreover ideally suited for comparison with a third
element or proxy, such as temperature, in cross plots.

In the application to samples from the Erzgebirge,
plotting log (Cr/Nb) vs. calculated temperatures (Fig. 6)
for rocks and sands from a common, small catchment
area shows a low temperature mafic group of rutile
compositions, which lacks a rock sample equivalent.
Thus source lithology components superimposed on a
simple separation into mafic and felsic compositions can
be characterised, which is often not possible from a
comparison of Cr vs. Nb or 7 characteristics alone.

6.2. Eclogites in rutile thermometry

It was shown (Figs. 6 and 8) that rutiles with mafic
composition record maximum temperatures, which are
similar within the thermometric calibration error to rutiles
deriving from felsic host rocks. These data support the
validity of applying rutile thermometry to mafic host
rocks, at least in the Erzgebirge.

Zack et al. (2004a) and Watson et al. (2006) both have
stated that in the absence of quartz and/or zircon the
equilibrium exchange reaction (Eq. (1)) is not buffered.
While zircon is mostly the only phase where Zr consti
tutes a major element, silica activity can be buffered by a
larger variety of Si bearing mineral phases to values
lower, but close to unity. Hence rutile thermometry is
generally much more sensitive to the existence or ab
sence of zircon than quartz. These considerations in turn
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loosen the constraints put on lithologies, where rutile
thermometry is applicable and, moreover, they indicate
that thermometry will produce acceptable results in a
large number of, in particular silica saturated, rock types.

A lack of coexisting zircon (or a decrease in Zr
activity) will always lead to diminished incorporation of
Zr into rutile, while a lack of coexisting quartz (or a
decrease in silica activity) will lead to an increase in Zr
incorporation. As silica activity, following our argumen
tation above, is usually better buffered than Zr activity,
underestimation of a sample’s maximum metamorphic
temperature is much more likely than overestimation.

However the application of rutile thermometry to
lithologies with questionable quartz and particularly
zircon contents must still be treated with care, when the
obtained maximum temperatures cannot be validated by
the means of other methods: we can observe that our
investigated mafic rock samples contain small amounts
of quartz and zircon. Anyway, a mineral paragenesis
cannot be derived from rutile geochemistry alone, as
would be needed in sedimentary studies.

6.3. Zr in rutile equilibration conditions and processes

From our results we conclude that there exists a tem
perature, above which most rutiles equilibrate at the current
metamorphic conditions (Figs. 9 and 10). In the Erzgebirge,
the critical temperature range lies at 550 600 °C. The
decreasing degree of equilibration within the rutile
population towards lower metamorphic grades is expressed
by a) an increasing variance in the samples’ temperature
distribution, and b) the increasing occurrence of maximum
temperatures exceeding Variscan temperatures:

a) In terms of an application of the rutile thermometer, it
can be seen from the 7 variances displayed in Fig. 9
that samples exhibiting larger standard deviations
than ca. 120 °C (2 o) in the Erzgebirge are not
equilibrated and must be treated with care. This is
supported by Spear et al. (2006), who find equili
brated rutile compositions at within sample temper
ature ranges of less than 55 °C.

b) During metamorphism, a newly grown rutile is very
unlikely to incorporate more Zr than the equilibrium
reaction allows. Furthermore, large part of the high 7"
rutiles in question can be characterised as metapelitic
(Fig. 8) and hence are ensured to have equilibrated at
adequate phase compositions. Thus, rutiles with
significantly higher Zr contents than maximum
Variscan temperatures must be relicts from an earlier
metamorphic event. The decreasing average maxi
mum temperature from the OS to MU obtained from
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rutiles results either from the increasing tendency of
crystals to approximate equilibration at metamorphic
temperature, or the increasing abundance of newly
grown, equilibrated rutiles (Fig. 9).

6.3.1. The influence of lithology

Samples from similar metamorphic units within the
transition zone between non equilibrated and equilibrat
ed rocks do not show corresponding maximum cal
culated temperatures (Fig. 9). Assuming that samples
from the same rock units underwent similar metamor
phic histories, this variability is most likely the result of
differences in lithology between single samples. One
outstanding example is the quartzite sample from the
EMU: Rutiles from this sample have resisted equilibra
tion even at more than 600 °C as seen in the extremely
large temperature variance compared to all other
samples from the same subunit. Interestingly, many of
the rutiles record temperatures much higher than 600 °C.
A possible explanation is that quartzites are relatively
unreactive compared to other lithologies as their lack of
Fe and Ca bearing phases leads to a diminished ability
to form titanite or ilmenite during, e.g., greenschist
facies conditions, where rutile is not stable.

6.3.2. The influence of general metamorphic conditions

Rutile closure temperatures are ~560 , 635 , and
730 °C for cooling rates of 1 , 10 , and 100 °C/Ma,
respectively, for grains of ca. 100 pm in diameter (cited
in Watson et al., 2006), which approximates the sizes of
rutile grains in sands analysed in this study. The values
for the slow to medium cooling rates <10 °C/Ma cited
above correspond to the equilibration boundary at 550
600 °C found in this study. However, in addition to
lithology, metamorphic grade, and rate of change in
metamorphic conditions (as explained above), the
possible influence of fluids can change the timescales
and velocities, in which rutile dissolves, re grows, and/
or equilibrates (Luvizotto and Zack, 2006).

Hence in order to explain the existence of relict, high
temperature rutiles and lowered frequencies of equili
brated rutiles in sediments from low metamorphic units,
two scenarios can be envisaged. 1.) Detrital rutiles in
meta sediments are stable during the whole metamor
phic cycle, and diffusive equilibration becomes signif
icant only above 550 600 °C. 2.) Detrital rutiles are
unstable at greenschist facies metamorphic conditions.
As explained above, due to their low reactivity only
rutiles in quartzites resist re equilibration. Above 550
600 °C, significant amounts of newly grown rutile
suppress the relict signal, and smaller temperature
variances evolve. To assess the influence of these two
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mechanisms, the samples’ rutile/zircon ratios should be
studied, as zircon is stable during the entire metamor
phic cycle. Hence low rutile/zircon ratios would be
expected if rutile occurs only rarely (e.g., only in
quartzites). On the contrary, metamorphic rutile growth
in common lithologies (e.g., metapelites) would be
visible in form of increasing rutile/zircon ratios.

6.4. Temperature populations and retrograde processes

A prominent feature, which is common to all
individual sands and most rocks, can be observed in
Fig. 9: Although the total range in calculated tempera
tures changes with metamorphic grade, the recorded
temperatures in most samples are separated into two
(very rarely three) populations. Different interpretations
must be applied for high and low temperature samples
to explain these groupings.

As explained in the last chapter, for high temperature
rutiles from the Gneiss units we can presume equilibra
tion with peak temperatures of the last (Variscan)
metamorphic cycle. Thus, lower Zr contents must
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originate from more or less pronounced re equilibration
processes during retrograde conditions. A clustering of
analyses into sub populations, as has been observed for
the garnet schist in Fig. 6, in retrograde processes can
only evolve, if rutile populations are exposed to resetting
with differing intensities. This can only be achieved if
some of the crystals are isolated as inclusions within
other mineral species with lower Zr diffusion coeffi
cients (e.g., garnet and pyroxene) in comparison to the
rest of the mineral assemblage. Inclusion rutiles must
have higher or similar Zr contents than matrix rutiles, a
feature, which is commonly observed in Erzgebirge
rocks (e.g., Fig. 7) and elsewhere (Zack et al., 2004a).
A calculation of multiple normal (Gaussian) distribu
tions fitted to temperature distributions of single sand
samples, achieved by weighted mass balance calcula
tions (see example in Fig. 11), provides estimates on the
relative proportions of inclusion rutile (groups A and C)
and matrix rutile (groups B and D) compositions. This
approach reveals that 65 70% (according to the total
number of peak temperature rutile analyses) of rutiles
have not been reset during retrograde conditions and are
available in sands for proper temperature calculations.
A resetting to new metamorphic conditions is mainly
achieved by diffusion and dynamic recrystallisation
processes, both of which occur most often at high
temperature conditions. Prograde metamorphism is
more efficient in equilibrating mineral assemblages
and crystal chemical conditions due to the common
presence of fluids, compared to retrograde conditions.

frequency distributions (EMP) of two sand samples from the
northernmost sampling area, ca. 4 km north of Saidenbach dam
(Figs. 2 and 6). Sand 1 is subdivided into populations A (inclusion
rutiles) and B (matrix rutiles), sand 2 is subdivided accordingly into
populations C and D. The respective approximate proportions of each
population as calculated from the temperature distributions are shown.

In contrast to high temperature rocks, low grade
samples exhibit complex histories. Slower diffusion
processes at low temperature and the existence of rutile
from earlier metamorphic cycles are superimposed on re
equilibration processes. Spear et al. (2006) for low
temperature (<500 °C) samples from Sifnos (Greece),
applying unpublished Zr diffusivity data cited in Watson
etal. (2006), argue that at such low temperature, diffusion
will not exceed distances > 10 um and therefore will not
modify Zr compositions of rutiles subsequent to their
growth. Spear et al. (2006) found that matrix rutiles
sometimes display higher temperatures matching the
concurrent metamorphic conditions, while inclusion
rutiles only provide minimum growth temperatures of
their host minerals. However, this is not generally
observed in low grade samples (see Zack and Luvizotto,
2006). The discrepancy between the results of this study
and those found by Spear et al. (2006) concerning Zr
characteristics of matrix and inclusion rutiles shows that
on the one hand at high grade metamorphic conditions,
host minerals with low Zr diffusivities keep inclusion
rutiles from re equilibrating during retrograde conditions.
On the other hand, at low grade metamorphic conditions,
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where rutile is unlikely to be reset during retrograde
metamorphism, it is more likely that matrix rutiles display
peak temperature conditions.

6.5. Relict rutiles

Some rutiles in the very low grade samples,
particularly from the OS, PU and GPU, inherit relict
temperatures from an earlier metamorphic event. These
relicts are characterised by extremely high Zr contents,
corresponding to temperatures of >950 °C or >1100 °C,
using the calibrations of Watson et al. (2006) and Zack
et al. (2004a), respectively. As we are not able to put
constraints on metamorphic pressures, additional ther
mometry methods (e.g., zircon thermometry, as de
scribed by Watson and Harrison, 2005, and Watson
et al., 2006) need to be applied in order to assess the true
metamorphic temperature of these relicts.

Linnemann and Romer (2002) in their studies on
Early Paleozoic Saxo Thuringian sedimentary rocks of
central Europe infer a provenance from the west African
craton. Guerrot et al. (1989) find the same source rocks
for metamorphically overprinted sediments in the west
European Hercynian belt, which shows that this
provenance apparently applies to a broad region. Studies
on metamorphic conditions in the west African craton
reveal ultra high temperature granulites, which were
generated at 800 °C up to ca. 1100 °C and about 1 GPa
(e.g., Bernard Griffiths et al., 1996; Caby, 1996; Peucat
et al., 1996; Ouzegane et al., 2003), and which hence
come into question as potential rutile source rocks. Also
there are kimberlite provinces in the west African
craton, which might have made a small contribution to a
high Zr rutile population (e.g., Williams and Williams,
1977; Taylor et al., 1994). Thus, our temperature
estimates from relict rutiles fit into the common picture
of a derivation of Early Paleozoic sediment of central
Europe from source rocks from the west African craton.

7. Summary and conclusions

‘We have shown that rutile composition in modern sand
sized sediments from the western Erzgebirge correspond
very well with the presently outcropping rocks. Thus rutile
is considered an accurate tracer of source rock character
istics in sedimentary systems. Furthermore the investiga
tion of sand samples has the advantage of interpreting
larger sampling bandwidths, which results in a better
representation of source lithology compared to single rock
samples. We conclude that the study of any region in terms
of, e.g., rutile peak metamorphic temperatures, can be
greatly improved if modern sand samples are investigated
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as well as rocks. These findings underline the importance
of further investigations on the application of rutile
geochemistry to provenance studies.

From our studies in the Erzgebirge, we infer that
rutiles can be classified in terms of source lithology
using Nb Cr analyses by a 1:1 line or, accordingly, by
the 0 line in log (Cr/Nb) ratios. A predominance of Cr
content points to mafic host rocks, and a predominance
of Nb content to metapelites. The use of log (Cr/Nb)
values in combination with other trace elements allows
for a better assessment of provenance characteristics
than using element contents alone.

Our results support that a larger variety of rock types
can be used for rutile thermometry than was initially
assumed by Zack et al. (2004a). In the Erzgebirge,
eclogites provide rutile grains appropriate for thermom
etry after Zack et al. (2004a). This increases the variety
of suitable source lithologies, because detrital rutile
grains need not be characterised as metapelitic in origin
before applying the thermometer.

From single sample temperature distributions, we
can show that the consistency between rutile thermom
etry with the actual metamorphic conditions depends on
a complex mixture of influencing factors, such as
lithology, metamorphic grade, and effects of migrating
fluids. Additionally, retrograde re equilibration can lead
to the development of large temperature variances or,
due to shielding effects for rutile as inclusions in other
mineral phases, to the formation of higher and lower
temperature populations within one rock or sand
sample. Nb and Cr characteristics are not affected. In
high grade samples >550 600 °C from the Erzgebirge,
peak temperature rutiles are most likely to be found as
inclusions in, e.g., garnet. The evolving temperature
populations can be quantified applying simple statistical
models: more than 65% of rutiles under high grade
metamorphic and similar lithological conditions such as
in the Erzgebirge, retain peak metamorphic conditions.

Rutile sand and rock samples equilibrated at peak
metamorphic conditions exhibit 2 o standard deviations
in calculated temperatures smaller than 120 °C. Below
550 600 °C, equilibration at current metamorphic
conditions was not reached, giving us the opportunity to
observe relict rutile grains originating from the erosion of
pre Variscan terranes. This in turn puts constraints on the
high grade metamorphic (>950 °C) nature of these source
rocks, which most likely derive from the west African
craton in Ordovician time.

Our results show that investigating rutile trace
element characteristics in order to infer host rock
lithology and metamorphic conditions as established
by Zack et al. (2002, 2004a,b) and Watson et al. (2006),
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constitutes an extremely useful tool for provenance
studies. In the case of temperature distributions of single
sand samples, we have shown that a quantification of
subpopulations is possible via fitting of multiple normal
distributions. In future studies, this technique may help
in quantifying different source lithology components. In
order to test the application of rutile trace element studies
on ancient sands and sandstones, where neither source
lithology nor geomorphology are known, the next step to
make must be an upscaling of the approved methods.
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Abstract

The extensive P — T stability and the high chemical variability of tourmaline (Tur) together with its common
occurrence in meta-sediments suggests a high potential of this mineral group for petrologic and (isotope) geochemical
studies on fluid-rock interaction in subduction and collision-related rocks. This paper presents a short review on the
occurrence, major element chemistry and boron isotopic composition of Tur in high and ultra-high pressure (UHP)
metamorphic rocks, and presents a new discovery of coesite-bearing Tur (schorl) from the Erzgebirge (Germany), as
well as Tur (dravite) related to the retrograde history of coesite and diamond-bearing rocks from the Erzgebirge and
the Kokchetav Massif (Kazakhstan).

The scarce data on world-wide occurrences of (U)HP Tur available to date, do not reveal any distinctiveness
in its major element composition when compared to Tur from low-P rocks, except for the high occupation of the
crystallographic X-site (dominated by Na) and the presence of excess B. Tourmaline with exceptionally high K2O
contents from Kokchetav is crowded with quartz inclusions and thus must have formed during or after decompression
of the rock unit. The B isotopic composition of (U)HP Tur analysed so far ranges in 6''B from —16 to +1 %o with
many samples in or below the range of continental crust. In contrast, Tur formed during retrograde fluid influx in
most cases shows high §''B values, bearing evidence for heavy-B fluids infiltrating the exhuming (U)HP units.

Key words: tourmaline, ultra-high pressure, boron isotopes, coesite, Raman spectroscopy

1. Introduction of fluid-rock interaction (see Slack, 2002). Stable

isotope studies of Tur major elements O, B, Si and

The tourmaline (Tur) group (XY3Ze[SigO1s-
(BOs3)3]VsW) displays a large variation in chemical
composition in a wide range of different host rocks.
The Tur group has been employed extensively in
the study of hydrothermal ore deposits as a monitor
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R. Marschall).
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H (e.g. Jiang, 1998; Dyar et al., 1999) and trace
elements, such as Sr, Li and Pb (King & Kerrich,
1989; Frei & Pettke, 1996; Jiang, 1998; Maloney,
2007) have been successfully applied to decipher
the fluid history of fluid-melt-rock systems. The
preservation of growth zones in hydrothermal and
metamorphic Tur related to its slow intracrystalline
diffusivity predestines Tur to be used as a key to the
fluid-chemical history of metamorphic rocks. For
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unambiguous conclusions, however, it is essential to
investigate the various stages and mechanisms of
Tur growth.

Tourmaline is the most wide-spread boro-silicate
mineral and a major carrier of B in a variety of rocks.
Its occurrence in natural rocks of various metamor-
phic grade, as well as experimental data, demon-
strate that Tur is stable in an exceptionally large
P — T range, including conditions in subducting
slabs to a depth of at least ~ 150 km, possibly even
250 km. Tourmaline growth and stability in sub-
ducting metasediments could be responsible for re-
cycling of B with an isotopic composition influenced
by surface processes into the deep mantle. Previ-
ous B isotope studies on high-pressure metamorphic
Tur have revealed important insights into B isotope
fractionation within dehydrating subducting crust
(Nakano & Nakamura, 2001; Bebout & Nakamura,
2003; Marschall et al., 2008).

In this paper we briefly review the reports on Tur
in (U)HPM rocks with its major element chemistry
and B isotopic composition form the literature, and
we present Tur samples from coesite and diamond-
bearing rocks from the two renown UHP localities
of Kokchetav (Kazakhstan) and Erzgebirge (Ger-
many). Chemical analyses from electron probe and
secondary-ion mass spectrometry (SIMS) and rim-
core-rim profiles of boron isotopes (SIMS) are pre-
sented together with Raman-spectroscopic analyses
of coesite inclusions in Tur and garnet that prove
the UHPM nature of these rocks and of some of the
Tur.

2. Occurrence of tourmaline in
(ultra-)high-pressure metamorphic rocks

(U)HP metamorphic rocks sampled on the surface
are the products of more or less complex P—T—t—D
histories, and the occurrence of Tur in a given sample
may be related to one or several of a number of
different processes. The first aim in a petrologic or
geochemical study involving Tur, therefore, has to
be the identification of the Tur-forming process and
ideally its quantification in terms of P,T,¢ and of
chemical budgets. Various genetic types of Tur are
recognised in (U)HP metamorphic rocks:

2.0.0.1. Type A Tourmaline may form by net-
transfer reactions from other Na and Mg/Fe-bearing
alumo-silicates, such as phyllosilicates or amphi-
boles. The critical component, however, distin-
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guishing Tur from other rock-forming minerals is,
of course, boron. The abundance of this element in
most HP minerals is generally very low (< 10 ug/g)
with the exception of white mica (Domanik et al.,
1993; Marschall et al., 2006a; Bebout et al., 2007).
Hence, a source of B during prograde metamorphic
growth of Tur is white mica. Nakano & Nakamura
(2001) have demonstrated that Tur in HP metased-
iments from the Sambagawa belt (Japan) grew from
B that was progressively released from phengite at
increasing P and 7. This process does not change
the B content of the bulk rock, and it is probably
restricted to the prograde section of the P —T path,
when B is released from the mica. The crystals typ-
ically show a strong chemical (Mg-Fe; Na-Ca) and
isotopic core-to-rim zonation, due to continuous or
episodic growth over an extended part of the P — T
path.

2.0.0.2. Type B A second source of B may be avail-
able in boro-silicates or phases that contain B as a
minor constituent in substitution for Al. Breakdown
of minerals, such as dumortierite, osumilite or boro-
muscovite may lead to the formation of Tur induced
by a change in P —T'. This mechanism of Tur forma-
tion is probably more common during high-T meta-
morphism, but may operate in (U)HP rocks dur-
ing their exhumation. Small Tur grains occurring in
pseudomorphs (see sample K86 below) are probably
of this type.

2.0.0.3. Type C Metasomatic formation of Tur
may be the most common mechanism and has been
documented for HP rocks from several localities
(Altherr et al., 2004; Marschall et al., 2006b). This
type of Tur is formed by reactions of silicates with
incoming B-bearing fluids, a mechanism that has
been demonstrated experimentally for amphibole
and chlorite-bearing assemblages (Morgan & Lon-
don, 1989; Fuchs & Lagache, 1994; Dingwell et al.,
2002). Fluid influx in (U)HP rocks is common
during exhumation, and, hence, many occurrences
of Type-C Tur may be related to the decompres-
sion history of the rocks. However, influx of fluids,
melt or supercritical fluids in eclogites and (U)HP
gneisses at prograde or peak-pressure conditions
has also been documented (John & Schenk, 2003;
Korsakov & Hermann, 2006). Maximum B abun-
dances of 200 — 300 pg/g in pelitic rocks and altered
oceanic crust (Leeman & Sisson, 2002) restricts the
amount of Types-A and B Tur to < 1% and make
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any higher modal abundance of this mineral highly
suspect of metasomatic B enrichment. Apart from
its high modal abundance, Type-C Tur may be
also recognised by a larger grain size and core-rim
zonation with only two or three wide zones with
relatively small differences in chemical composition.
Metasomatic Tur often displays exotic B isotopic
compositions, depending on the source and history
of the metasomatising agent.

2.0.0.4. Type D Tourmalin in metamorphic rock
may be arelic from the precursor rock, and may have
survived the entire metamorphic cycle without re-
crystalisation or changing its chemistry or isotopic
composition. In meta-sediments, detrital Tur grains
(Type D1) have been identified, usually occurring
as cores overgrown by metamorphic Tur (Henry &
Dutrow, 2002; Marschall et al., 2008).

In poly-cyclic (UYHP metamorphic rocks, Tur
may form relics from an earlier orogenic cycle
(Type D2). It may have formed during Barrow-
type metamorphism or in or near a granitic intru-
sion in a metamorphic or magmatic rock, which was
subsequently subjected to (U)HP metamorphism.
In the Armorican massif of western France, Godard
(2007) has documented rocks that had equilibrated
at 0.5 GPa and ~ 770 °C during pre-Variscan meta-
morphism and were later subjected to HP metamor-
phism (1.6 GPa at ~ 650°C) during eo-Variscan
subduction (Godard, 1988, 2007). Tourmaline is
found in leucosomes formed during crustal melting
in the course of the earlier HT metamorphism. The
rocks are now Grt+Ky+Phe+Rt-bearing HP meta-
morphic rocks with Tur still preserved in the former
leucosomes.

3. (Ultra-)High-pressure stability of
tourmaline

Temperature stability of Tur extends from sur-
face conditions below 150°C to high-grade meta-
morphic and magmatic conditions of > 850°C
at pressures between 0.1 and 0.5 GPa (Robbins
& Yoder, 1962; Manning & Pichavant, 1983)
and increases with increasing pressure. Werd-
ing & Schreyer (2002) report stability of dravite
(NaMgzAlg[SigO18(BO3)3](OH)4) in experiments
to temperatures of > 950°C at pressures between
3 and 5GPa (Fig.1). These experimental stud-
ies demonstrated the breakdown of dravite to a
number of Mg-Al phases between 6 and 8 GPa

(Krosse, 1995; Werding & Schreyer, 2002, Fig.1).
In SiOs saturated rocks, i.e. in the presence of co-
esite, Tur has been demonstrated to break down
to Grt+Phe+fluid/melt at 4.0 GPa in the temper-
atures range 800 — 850°C and between 4.5 and
5.0GPa at T'=700°C (Ota et al., 2008) (Fig.1).

Tourmaline has also been observed in natural
(U)HP metamorphic rocks (Reinecke, 1998; John-
son & Oliver, 2002; Hacker et al., 2003; Bebout
& Nakamura, 2003). Reinecke (1998) and Bebout
& Nakamura (2003) report Mg-rich Tur with co-
esite inclusions from Lago di Cignana (Western
Alps) formed at UHP conditions of ~ 2.8 GPa and
~ 620°C (Fig.1). Coesite inclusions are strong evi-
dence for the growth of this Tur under UHP meta-
morphic conditions. The authors argue that B for
the coesite-bearing cores of the Tur crystals was de-
rived from phengite in the rock, as described above
for type A. Quartz-bearing rims of different chem-
ical and isotopic composition of the same grains
are ascribed to influx of B-bearing fluids during
decompression (Type C).

The pyrope quartzites from Parigi, Dora Maira
(Western Alps) contain dravite inclusions in
coesite-bearing pyrope and in kyanite, as well
as in Phl+Ky+Qtz pseudomorphs after pyrope
(Schreyer, 1985; Schertl et al., 1991). Chemically,
both petrographic varieties are close to endmember
dravite with Xy, [Mg/(Mg + Fe)] of 0.96 — 0.99
(Tablel; Fig.2a; Schertl et al., 1991). Several iden-
tically oriented inclusions of dravite in pyrope were
taken as evidence for the growth of pyrope and
kyanite at the expense of Tur (Schreyer, 1985;
Schertl et al., 1991). Experimental work by Her-
mann (2003) revealed that peak conditions of the
pyrope quartzites were at 4.5 GPa and 750 °C. In-
terestingly, these conditions are very similar to
where the reaction Tur + Cs = Grt + Cpx + Ky +
fluid was experimentally found to occur (Ota et al.,
2008) (Fig.1). This indicates that Tur in the Dora
Maira pyrope quartzites survived diamond facies
conditions as monomineralic inclusion in garnet and
kyanite, but was decomposed to garnet + kyanite
+ (supercritical) fluid, where it was in contact to
coesite. The initial formation of Tur and its isotopic
composition have not been investigated, yet.

Chromian dravite and uvite (CaMgzMgAl;[SigO1s-
(BO3)3](OH)4) in Opx eclogites from coesite-
bearing units of the Western Gneiss Region (WGR,
Norway) where reported (Smith, 1971, 1988; Lap-
pin & Smith, 1978), for which peak P — T estimates
are ~ 3.2GPa and ~ 800°C (Smith, 1988). Tour-
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Fig. 1. P—T diagram displaying (i) experimentally determined stability of dravitic Tur (light grey field) (Robbins & Yoder, 1962;
Krosse, 1995; Werding & Schreyer, 2002) and Tur + coesite/quartz (dark grey field) (Ota et al., 2008), and (ii) peak-metamorphic
conditions of different Tur-bearing natural (U)HP rocks with most likely conditions of Tur formation marked by white ellipses:
Syros (Marschall et al., 2008); Coesite-bearing pelagic metasediments from Lago di Cignana, Western Alps, Italy (Reinecke,
1998; Bebout & Nakamura, 2003); Coesite-kyanite-pyrope quartzite from the Dora Maira massif, Western Alps, Italy (Schreyer,
1985; Schertl et al., 1991); Eclogite from Sunnmgre, in the coesite-bearing unit of the Western Gneiss Region (WGR), Norway
(Smith, 1988); Coesite-bearing schists from Unit II of the Kokchetav massif with P — T estimates for Phe-Qtz-Grt-Ky rocks
(solid line; Korsakov, unpubl.) and for whiteschist (dotted line; Parkinson, 2000); Diamond-coesite-bearing metapelites from
Unit I of the Kokchetav massif, Kazakhstan (Hermann et al.,, 2001; Shimizu & Ogasawara, 2005); Diamond-coesite-bearing
gneisses from the Gneiss-Eclogite Unit (GEU) of the Erzgebirge, Germany (Massonne, 2003; Schmadicke & Miiller, 2000;
Massonne et al., 2007). Equilibria of graphite-diamond after Bundy (1980) and quartz-coesite after Bohlen & Boettcher (1982).

maline forms part of a lower-pressure assemblage of
hydrous minerals that formed after initial decom-
pression of the eclogites to ~ 2.3 GPa and ~ 750°C
(Fig.1; Lappin & Smith, 1978). Hence, the WGR
Tur appears to be of Type C.

K5O-rich Tur (Tablel; Fig.2) with diamond in-
clusions occurring in metapelites has been described
by Shimizu & Ogasawara (2005) from Kumdy-Kol
in the Kokchetav massif, Kazakhstan, for which
metamorphic peak conditions of 900 — 1000 °C and
~ 5GPa have been estimated (Dobretsov et al.,
1995; Theunissen et al., 2000a,b; Ota et al., 2000;
Okamoto et al., 2000; Hacker et al., 2003). However,
some of the Kumdy-Kol rocks also contain dia-
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mond in the Qtz-Fsp aggregates (Korsakov et al.,
2004). Thus, it is apparently possible that diamond
survives decompression and recrystallisation of the
surrounding minerals without being transformed
to graphite. Therefore, the occurrence of diamond
inclusions in Tur may not be sufficient to prove
the growth of the Tur under UHP conditions. To
date, no coesite inclusions have been reported from
Kokchetav Tur, and high-K2O Tur investigated in
this study contains numerous inclusions of quartz,
suggesting low-pressure formation (Fig.1).
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Fig. 2. Major element composition of Tur occurring in (U)HP metamorphic rocks. (a) Al-Mg-Fe classification plot after
Hawthorne & Henry (1999). (b) (Na+K) apex of the (Na+K)-Ca-vacancy ternary diagram showing occupation of the crys-
tallographic X-site. (¢) Na apex of the Na-K-Ca ternary diagram displaying the occupancy of the crystallographic X-site. ¢ =

core; m = mantle; r = rim of Tur grain.

4. Boron isotope signatures in (U)HP
tourmaline

Tourmaline shows a range of §1'B values of more
than 50 %o in natural rocks, from —27 %o (Broken
Hill; Slack et al., 1993) to 428 %o (Syros; Marschall
et al., 2006b). Volume diffusion for major and trace
elements and B isotopes within Tur up to temper-
atures of 600°C is uneffective (Henry & Dutrow,
1994, 2002; Dutrow et al., 1999; Bebout & Naka-
mura, 2003). Therefore, chemical and isotopic het-
erogeneities of different growth zones are readily pre-
served even in high-grade rocks with complex meta-
morphic and metasomatic histories. The internal B

isotopic zonation of Tur can be used to monitor
the B isotopic evolution of a rock throughout its
metamorphic history, unless it was reset by diffusion
or recrystallisation. The development of the SIMS
technique for in-situ analyses of B isotope ratios al-
lows for detailed investigations of multiple zoned Tur
in metamorphic rocks (e.g. Smith & Yardley, 1994;
Chaussidon & Appel, 1997; Nakano & Nakamura,
2001; Bebout & Nakamura, 2003; Altherr et al.,
2004; Marschall et al., 2006b, 2008; van Hinsberg &
Marschall, 2007).

Tourmaline in metasediments from the Samba-
gawa belt is strongly zoned with §'1 B values decreas-
ing from —3 %o in the core to —10 %o at the rim of
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a single grain (Nakano & Nakamura, 2001) (Fig.3).
The growing Tur is thought to have incorporated
B with decreasing 'B/!°B ratios in the course of
progressive metamorphism, due to a preferentially
release of ''B from the mica. The B isotopic com-
position of the metasediments during any stage of
metamorphism is recorded in the respective growth
zone of this Type-A Tur.

Type-A Tur in HP metamorphic rocks from the
Catalina Schist, California (USA) displays decreas-
ing 6B values from —7 (core) to —15%o (rim;
Fig.3), (Bebout & Nakamura, 2003). At the outer-
most rims (~ 30 um), 61! B values increase again to
approx. —7 %o. Bebout & Nakamura (2003) accredit
the core-to-rim decrease in §''B values to prograde
redistribution of B from mica into Tur, following
the interpretation of Nakano & Nakamura (2001),
and the increase of 6''B at the outer rims to growth
of Tur during influx of B-rich fluids (Type C) at
retrograde metamorphic conditions (Fig.3).

UHP Tur from Lago di Cignana displays homo-
geneous B isotopic compositions of approx. —10 %o
in cores, but a strong increase of §'!B values at
the outermost 100 pm (Bebout & Nakamura, 2003).
The increase of §'!B values to +4 %o again is in-
terpreted as the result of retrograde enrichment of
B by fluids (Type C; Fig.3). The cores show inclu-
sions of coesite, garnet and rutile, while the high-
0" B rims contain quartz and epidote. The authors
explain the homogeneous core plateau by diffusive
re-equilibration of B isotopes at the peak of meta-
morphism (T~ 620°C). An alternative interpreta-
tion would be a formation of these relatively large
cores (~ 500 um) during an influx of B-bearing flu-
ids (at UHP conditions), which tends to form large,
homogeneous crystals. Recently, Meyer et al. (2008)
have suggested that large, homogeneous Tur crys-
tals in metamorphic rocks may result from solution
and re-precipitation, as opposed to simple diffusive
re-equilibration.

Type-C Tur from Elekdag (Turkey) formed dur-
ing re-hydration of exhuming lawsonite eclogite. Its
boron isotopic composition ranges from —2.2 %o in
the core to +1.7 %o in the rim (Altherr et al., 2004)
(Fig.3). The source of the B-bearing fluid is thought
to be dehydrating altered oceanic crust and sedi-
ments in an underlying subducting slab at the time
of exhumation of the eclogites.

Very similar Type-C Tur is found on Syros
(Greece), where it formed during rehydration of
HP rocks during decompression of the HP unit
(Marschall et al., 2006b). Boron in all investigated
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samples is very heavy (6''B> +18 %o) with values
up to +28 %o (Fig.3). The fluid is thought to have
been chromatographically enriched in the heavy
isotope during its migration from a dehydrating
slab into the exhuming eclogite blocks (Marschall
et al., 2006Db).

The B isotopic compositions of detrital Tur
(Type D1) from HP meta-sediments from Syros
(Greece) show a grain-to-grain variation in a single
sample ranging from —10.7 to +3.6 %o (Marschall
et al., 2008). Despite of the small size of these detri-
tal cores (~ 20 pm), the chemical and isotopic zona-
tion was preserved through the metamorphic cycle
with a peak temperature of 500 °C. Metamorphic
growth zones (Type A) in the same sample show
homogeneous §''B values of +0.9 %o (Marschall
et al., 2008) (Fig.3).

5. Tourmaline in UHP gneisses from
Kokchetav and Erzgebirge

5.1. Kokchetav samples

The Kokchetav Massif forms part of the Cale-
donian Central-Asiatic fold belt and is situated
between the Siberian platform and the East Eu-
ropean platform in Kazakhstan (Dobretsov et al.,
1995). Diamonds have been found in all rock types
of Unit I of the Zerenda Series (except eclogites
and migmatites) providing evidence for UHP meta-
morphism (> 4.0 GPa) (Sobolev & Shatsky, 1990;
Shatsky et al., 1995). The Zerenda Series consists
mainly of garnet-biotite-kyanite gneisses and schists
with intercalated dolomitic marbles, calc-silicates
and eclogites (Dobretsov et al., 1995). Unit I di-
amondiferous rocks are interpreted as part of a
mega-melange (Dobretsov et al., 1995) consisting
of rocks types exhibiting contrasting metamor-
phic conditions. Unit II also contains HP to UHP
relics, but metamorphic peak conditions (T' =
720 — 760 °C, P = 3.4 — 3.6 GPa) seem to be signif-
icantly lower than for rocks of Unit I (Parkinson,
2000).

In the Kulet region, coesite-bearing garnet in mi-
caschists and in whiteschist of Unit II (e.g. Parkin-
son, 2000) are evidence for the UHP formation of
the unit. At Kumdy-Kol, UHPM rocks of Unit I are
best exposed in a former mining gallery, which com-
prises a concordant succession of four different rock
types: diamond-bearing metacarbonate rocks, meta-
somatic gneisses, diamond-bearing garnet-biotite-
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Fig. 3. Compilation of boron isotopic compositions of Tur from (U)HP metamorphic rocks in comparison to other Tur and some
important geochemical reservoirs. Arrows mark zoned grains pointing from core to rim compositions. Values were taken from:
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pyroxene gneisses and migmatites. Peak metamor-
phic conditions of T' = 900 —1000°C and P =
4 — 6 GPa were estimated for the diamond-bearing
rocks (Sobolev & Shatsky, 1990; Okamoto et al.,
2000; Katayama et al., 2000; Hermann et al., 2001).
Retrograde equilibration of the Kumdy-Kol gneisses
at T ~ 800°C and P ~ 1.0 GPa marks the end
of rapid near-isothermal decompression (Katayama
et al., 2001; Hermann et al., 2001). Beside differ-
ences in peak-metamorphic conditions, melting un-
der UHPM conditions becomes increasingly evident
for the diamond-grade rocks in western Kokchetav
(Massonne, 2003; Korsakov et al., 2004, 2006; Ko-
rsakov & Hermann, 2006), but was so far not ob-
served in rocks of the coesite-bearing Kulet area in
eastern Kokchetav.

Sample K86 from Kulet (eastern Kokchetav) is a
garnet-kyanite-phengite-quartz gneiss (Fig.4a) with
prismatic to rhombohedral pseudomorphs consist-
ing of a symplectitic intergrowth of Ms+Ab+Qtz
(Fig.4b). These symplectites consistently contain
several short-prismatic Tur grains adding up to
~ 1% of the pseudomorphs (Fig.4b,c). The grains
are euhedral, 50 — 150 pm long, show a pale brown
colour in thin section, and a weak zonation visible
in back-scattered electron (BSE) images (Fig.4c).
Rare inclusions of albite and quartz were found. The
composition of the grains is very homogeneous and
close to the ideal schorl-dravite series (Xyg ~ 0.67;
Fig.2), but contains some tetrahedral B (Tablel).
Boron isotope analyses of several grains in differ-
ent pseudomorphs show a constant §''B value of
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Fig. 4. Microphotographs and back-scattered electron (BSE) images of Tur in UHP metamorphic rocks from Kokchetav and
Erzgebirge. (a) Kyanite and coesite-bearing garnet porphyroblasts and Tur-bearing Ab+Ms pseudomorphs in Phe-Qtz-Grt-Ky
rock K86 from Kokchetav. (b) Brownish Tur crystals in Ab+Ms pseudomorph. (¢) BSE image of Tur in Ab+Ms pseudomorph.
(d) Brownish high-K2O Tur porphyroblast with abundant Qtz inclusion in diamond-bearing rock G31 from Kokchetav. (e) BSE
image displaying Tur porphyroblast with high-K2O core (brighter) and low-K2O rim (darker grey). (f) Garnet (£coesite bearing)
and brownish, Qtz-bearing Tur porphyroblast in Grt-Phe-Bt gneiss R6a from the Erzgebirge. (g) Zoned Tur prophyroblast in
Phe-Qtz gneiss R6b from the Erzgebirge. (h) Thick section (~ 100 pm) microphotograph, showing inclusions of coesite and
kyanite in Tur in Phe-Qtz gneiss R6b from the Erzgebirge.
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—7.4£0.7%0 (Table2; Fig.6a). Garnet shows op-
tical zonation, marked by a dusty core zone with
fine-grained silica inclusions, surrounded by a clean
mantle zone (Fig.4a). Coesite as inclusion in the
clean mantle zone was identified by Raman spec-
troscopy (Fig.5).

The restriction of Tur to the Ab+Ms pseudo-
morphs and the inclusions of Ab in this Tur shows
that Tur in this sample formed during or after
decompression, either from B introduced into the
pseudomorphs by fluids (Type C), or from B derived
from the (unidentified) precursor mineral of the
pseudomorphs (Type B). The constant proportion
of Tur observed in all pseudomorphs may suggest
that a constant amount of B was available during
formation of the psudomorphs. The interpretation
of a B-bearing precursor mineral is thus preferred.
A boron concentration of ~ 300 pg/g would be re-
quired to form the observed amount of Tur. The B
isotopic composition of K86 Tur is within the range
of typical Continental Crust (Fig.3).

Sample G31 was taken from the metasomatic
gneisses in the mining gallery at Kumdy-Kol. The
sample contains abundant octahedral diamond in-
clusions in zircon. The metasomatic rocks lack gar-
net, but contain abundant Tur (~ 8 % of the rock),
which forms 1 — 4 mm large, brown porphyroblasts
(Fig.4d) in a coarse-grained Qtz-Fsp-Bt matrix. It
probably replaced garnet during metasomatism. In-
clusions in Tur are quartz, graphite, garnet, apatite
and zircon. An extensive search using the Raman
facility revealed hundreds of quartz inclusions rang-
ing from < 5pm to > 100 um, but no coesite or
diamond. Tourmaline displays large, homogeneous
cores, truncated by tiny cracks that are filled with
Fe-oxide (Fig.4e). Along a ~ 50 pm wide zone at
the rims and along larger internal cracks and in-
clusions it shows a lower BSE signal (Fig.4d). The
core domain is Mg-Na-F rich (Tablel; Fig.2), but is
distinct from dravite by significant amounts of Ca
(~ 0.3pfu), excess B (~ 3.3pfu) and — most remark-
able — K (0.32pfu; Tablel; Fig.2c). The darker rim
region is also Mg-B-F-Ca rich, but shows signifi-
cant X-site vacancies (0.2 — 0.3pfu) and a very low
K20 content (< 0.05 wt%, i.e. close to the detection
limit) (Tablel; Fig.2). The B isotopic composition
of the Tur decreases from core to rim and along the
larger cracks. It is very high with §''B values of
+9.4 + 0.4 %o in the core and +6.5 4+ 1.0 %o in the
low-K zones (Table2; Fig.6b).

The lack of UHP mineral inclusions (i.e. coesite)
and the ubiquitous appearance of quartz inclusions

in all investigated Tur porphyroblasts proves that
Tur in G31 formed in the Qtz stability field. The
concordant succession of metasomatic Tur-bearing
gneisses and garnet-bearing gneisses together with
garnet relics as inclusions in Tur suggests that Tur
formed from garnet during metasomatism (Type C).
The high modal abundance of Tur (~ 8 %) translat-
ing to whole-rock B concentrations of ~ 2500 ug/g
requires a significant metasomatic enrichment of B
in the rocks during this event. The B isotopic com-
position of G31 Tur cores at close to +10 %o is excep-
tionally heavy compared to crust, mantle and other
HPM Tur (Fig.3). A strong metasomatic enrichment
of heavy B in (U)HPM rocks during exhumation has
previously only been documented for eclogites from
Syros (Greece), where it has been taken as evidence
for heavy-B fluids in subduction zones at a depth
of ~25km (Marschall et al., 2006b). Sample G31
shows that such heavy-B fluids also exist in conti-
nental collision zones, possibly at ~ 30km depth,
when the rocks equilibrated after decompression.

One is inclined to speculate that the unusually
high K5O contents of Tur cores in G31 may be re-
lated to UHP conditions. However, the metasomatic
formation of Tur from garnet during or after decom-
pression in the Qtz stability field demonstrates that
the K-rich Tur formed at relatively low P.

5.2. Erzgebirge samples

The Erzgebirge, situated at the northwestern
border of the Bohemian Massif, is part of the
Devonian-Carboniferous metamorphic basement of
the Mid-European Variscides exposed in Saxony
and the northern Czech Republic. It is characterized
by a stack of five tectonometamorphic units with
contrasting P — T histories (Willner et al., 1997;
Rotzler et al., 1998). The invetigated samples R6a
and R6b are from the diamond and coesite-bearing
Gneiss-Eclogite Unit (GEU). P — T estimates on
eclogite pods revealed conditions of > 2.9 GPa at
870°C (Schmédicke & Miiller, 2000), and the oc-
currence of diamond in the felsic gneisses requires
pressures in excess of 4.0 GPa (Massonne, 2003;
Massonne et al., 2007). P — T estimates as high as
8.0 GPa at > 1050 °C have been published for the
GEU (Massonne, 2003). Our samples were collected
as lose decimeter-sized blocks from a small creek
5km ENE of the village of Saidenbach.

Sample R6a is a banded fine-grained granulite
with bands rich in quartz + feldspar+ phengite
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Table 2

Boron isotope values of tourmaline from UHP metamorphic rocks determined by SIMS

Locality Kokchetav (Kazakhstan) Erzgebirge (Germany)

Sample K86 G31 R6a R6b

Domain core core rim core rim core mantle (UHP) rim (ret)

Type B C C C C A A C

5B —7.4 494 465 7.2 —10.5 —15.0 —14.7 —13.2

2RSDmean 0.7 0.4 1.0 0.3 0.8 0.2 0.3 0.5

n 9 11 6 12 7 12 15 7
2RSDmean = 2X relative standard deviation of the mean; n = number of isotope analyses.

alternating with bands rich in garnet + biotite.
Tourmaline forms 0.5 — 1 mm large porphyroblasts,
which are brown in thin section (Fig.4f), and show
inclusions of quartz and phengite. Composite co-
esite + a-quartz inclusions in garnet were identified
by Raman spectroscopy (Fig.5). The chemical com-
position of R6a Tur is very similar to K86 in all ma-
jor elements. It is close to the schorl-dravite series
(Xmg ~ 0.72) with high occupation of the X-site by
Na (Fig.2) and some excess B (Tablel). B isotopes
show a core-to-rim decrease from —7.2 + 0.3 %o to
—10.5 £ 0.8 %o (Table2; Fig.6c).

The high abundance and large grain size Tur with
ubiquitous Qtz inclusions in R6a suggests that Tur
formed during influx of B-rich fluids during decom-
pression. Its B isotopic composition is within the
typical range of continental crust (Fig.3), although
a decrease of §11B to —10 %o towards the rim of the
grains is unusual for retrograde Tur.

Sample R6b is a felsic medium-grained mylonitic
granulite displaying strongly elongated (ribbon)
quartz and feldspar with black turmaline porphyro-
clasts. Tourmaline is short-prismatic and 1 — 3 mm
in cross section. In thin section cut perpendicu-
lar to the c-axis, it shows three distinct colour
zones that display diffuse boundaries: a blue core, a
honey-brown mantle, and a greenish-grey anhedral
rim zone, which is intimately intergrown with Qtz,
Fsp and Phe from the matrix (Fig.4g). A ~ 15 um
large inclusion of coesite in the mantle zone of Tur
(Fig.4h) was identified by Raman spectroscopy
(Fig.5). Tourmaline in this sample shows detectable
tetrahedral B and a low proportion of X-site vacan-
cies, similar to all investigated samples. Xy, in this
sample is distinctly lower, though, increasing from
0.38 in the core to 0.45 in the mantle, and dropping
to 0.34 in the rim (Tablel; Fig.2). In fact, this sam-
ple displays the only schorl observed so far in any
HPM or UHPM rock. K5O contents show a steady
increase from ~ 0.05 wt% in the core to ~ 0.18 wt%
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in the mantle and the rim. The B isotopic com-
position is light and very homogeneous through-
out the core (61'B = —15.0 4+ 0.2 %0) and mantle
(0B = —14.7 + 0.3 %o) and slightly heavier in the
rim (611B = —13.2 4 0.5 %o) (Table2; Fig.6d).

The Fe-rich composition of coesite-bearing Tur
demonstrates that not only dravitic Tur is stable
under UHP conditions, and thus that high Xy is
neither a sufficient nor a necessary feature of Tur
to be stable at UHP. The occurrence of kyanite
and coesite inclusions in core and mantle of the
large porphyroclasts shows that the entire grain
must have grown or at least re-crystallised under
HP to UHP conditions. The unzoned B isotopes
throughout core and mantle of the Tur may also be
explained by re-crystallisation of the grains, or by
diffusional equilibration after growth. The preserva-
tion of the major element core-mantle zoning, how-
ever, shows that the homogenisation of other major
and minor elements, such as Ti, Fe and Mg was
incomplete (Table2; Fig.4g,h). The light B-isotopic
composition of approx. —15 %o is below the range
of continental crust, but similar to coesite-bearing
Tur from Lago di Cignana (Alps) and to other HP
metasediments (Fig.3).

5.3. Results from Raman spectroscopy

Using Raman micro-spectroscopy as a simple fin-
gerprinting technique, several SiOy inclusions were
identified as either coesite or a mixture of coesite
and a-quartz (Fig.5). These inclusions were found
in host garnet and Tur crystals.

The SiOs inclusions were found to be affected
by compressive strain, indicated by notable up-
shifts of Raman bands. This phenomenon, which is
frequently described as “fossilized pressure” (e.g.
Sobolev et al., 2000), is due to (i) heterogeneous
expansion of the host-inclusion couple upon pres-
sure release and (ii) volume expansion of the in-
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Fig. 6. Boron isotopic composition of Tur analysed by SIMS during this study. (a) Erzgebirge sample R6b: UHP schorl with
coesite and kyanite inclusions in the mantle and quartz inclusions in the rim. (b) Erzgebirge sample R6a with numerous
inclusions of quartz and phengite. (c) K2O-rich Tur G31 from Kokchetav. Grey fields mark domains that show low K2O
concentrations and are close to cracks or at the rim. (d) Analyses of various Tur grains (core and rim) from sample K86.

clusion as caused by the beginning transformation
of coesite to a-quartz during uplift. In general,
the extent of compressive strain acting on SiOq
inclusions tend to be higher in the case of inclu-
sions in garnet, whereas inclusions in Tur seem to
be somewhat less affected by strain. For instance,
the following strain values were determined from
the spectrum of a two-phase SiOs inclusion (sam-
ple R6a; Fig.5): The main coesite band (Raman
shift 520.6cm™! under ambient conditions) was
recorded at 525.3 + 0.5 cm ™!, which corresponds to
compressive strain of ~ 1.6 £ 0.2 GPa (cf. Hemley,
1987). The three main Raman bands of a-quartz
(128 cm~!, E mode; 206 cm™1, A; mode; 464 cm™—!,
A; mode) were observed at 134.34+0.5cm™!,
2322+ 05cm™!, and 474.3+0.5cm~!. Based
on the calibration of Liu & Mernagh (1992) and
Schmidt & Ziemann (2000), these band up-shifts
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correspond to compressive strain on the order
of 1.0 —1.5GPa and 0.8 — 1.3 GPa, respectively.
Rather moderate strain of only 0.5 + 0.2 GPa was
determined for a coesite included in Tur (sample
R6b; Figs. 4h and 5).

6. Conclusions

The review on the (scarce) data on (U)HP Tur
major element chemistry available so far, reveals
that most samples are dravitic, but exceptions in-
clude uvite from the WGR (Norway) and schorl
from the Erzgebirge (Germany). High occupation
of the crystallographic X-site (> 0.8 cpfu) is appar-
ently a consistent feature of all Tur in (U)HP rocks.
High-K Tur has been observed only in metasomatic
gneisses from Kokchetav, which formed in the sta-
bility field of Qtz, i.e. not at UHP conditions. Ex-
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Fig. 5. Raman spectra obtained from two SiO2 inclusions
in garnet crystals and one coesite inclusion in Tur (solid
graphs), along with reference spectra (dotted graphs) of syn-
thetic a -quartz (Nasdala et al., 2004a) and natural coesite
(Nasdala et al., 2004b). In the upper two spectra, bands of
the host garnets are marked with asterisks. In the spectrum
of sample R6a, a-quartz bands are marked “(Qz)”.

cess B (3.2 — 3.3 cpfu) is apparent from all analysed
samples. Other consistencies among the samples in-
clude low abundances of Ti, Mn, Li and CL. In con-
clusion, the major element chemistry of (U)HP Tur
seems to be similar to that of metamorphic Tur from
“normal” high-grade metapelites (Henry & Dutrow,
2002), and thus does not provide a diagnostic tool.

Inclusions of Tur in (U)HP phases, or of (U)HP
phases in Tur are probably the best indicators for
(U)HP stability and/or formation of Tur. Coesite
found as inclusions in Tur can be recognised by Ra-
man spectroscopy, which allows for rapid analyses
of a large number of inclusions down to micrometer
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size. The low “fossilised pressure” observed in co-
esite inclusions in the Erzgebirge Tur may be due to
formation of the host Tur close to the quartz-coesite
phase boundary, or due to similar elasticity of Tur
(Ks = 127.2GPa) and coesite (Kg = 113.7 GPa),
compared to garnet (Kg = 177.0 GPa) and coesite
(Bass, 1995). Diamond inclusions have also been de-
scribed from Kokchetav Tur before (Shimizu & Oga-
sawara, 2005), but are controversial as evidence for
the formation of the host Tur in the stability field of
diamond.

Clearly, more investigation on Tur in (U)HPM
rocks is needed, to fully exploit the potential of this
mineral as a geochemical archive for several isotope
systems (e.g. H, Li, B, O, Sr, Pb) in subduction and
collision-related rocks. Rare-carth element (REE)
patterns may be used to demonstrate (U)HP forma-
tion of Tur. Depletion in heavy REE is expected in
Tur that grew in the presence of garnet, and small
or absent Eu anomalies should result from growth
in rocks devoid of plagioclase.
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Appendix A. Analytical Methods

Compositions of Tur were determined using
a Cameca SX 51 electron microprobe equipped
with five wavelength-dispersive spectrometers
(Mineralogisches Institut, Heidelberg). Operating
conditions were 20nA beam current and 15kV
acceleration voltage. The electron beam was defo-
cused to 5 um. A modified matrix correction was
applied assuming stoichiometric oxygen and all
non-measured components to be BoO3. The accu-
racy of the electron microprobe analyses of Tur and
the correction procedure was checked by measur-
ing three samples of reference tourmaline (98144:
elbaite, 108796: dravite, 112566: schorl, Dyar et al.,
1998, 2001). Under the described conditions, ana-
lytical errors on all analyses are +1% relative for
major elements and +5% relative for minor ele-
ments. A detailed description of the applied electron
microprobe techniques for Tur analysis is given in
Kalt et al. (2001).

Concentrations of H, Li, Be and B in Tur were
measured by secondary ion mass spectrometry
(SIMS) with a modified Cameca IMS 3f ion micro-
probe at the Mineralogisches Institut, Heidelberg,
equipped with a primary beam mass filter. Sec-
ondary ions "Li, Be and ''B were collected under
an ion-imaged field of 150 um diameter (Kalt et al.,
2001).

Hydrogen was analysed with a nominal imaged
field of 25 um, reduced to ~ 12 pum by using field
aperture #2 (d = 750 pm). Magnetic field coils were
used to compensate for (stray) magnetic fields and
water contamination was further reduced using a
cold-trap cooled with liquid nitrogen attached to the
sample chamber of the IMS 3f . Due to the high H
concentration in tourmalines the H analyses were
performed at a constant beam current of 20 nA. Ex-
cept for the constant beam current the method is
described in Ludwig & Stalder (2007).

The relative ion yields (RIY) for H and B were de-
termined using three different tourmalines as refer-
ence material: elbaite (98144), dravite (108796) and
schorl (112566). The relative reproducibility (1o) of
the analyses of B was < 1 %. For Li the reference ma-
terial was NIST SRM 610 (Pearce et al., 1997) with
a relative reproducibility of < 1%. The accuracy is
limited by matrix effects and the uncertainty of the
element concentrations in the reference material; the
relative uncertainty is estimated to be < 25 % for H,
< 20% for Li and < 10% for B (Kalt et al., 2001).
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Between 6 and 17 Li, Be and B analyses and 3 to 6
H analyses were performed on Tur in each sample.
However, note that the determination of the accu-
rate amount of B cations per formula unit requires a
full chemical analysis including H,O and Li>O con-
tents and Fe?t /Fe®T ratios. The amount of B calcu-
lated with all Fe as Fe?T decreases by 0.01 cpfu per
1wt% FeO converted to FeyOs.

B isotope ratios of Tur were also measured with
the Heidelberg Cameca IMS 3f. Primary ion beam
was 00~ accelerated to 10keV with a beam cur-
rent of 1nA, resulting in count rates for 1B of ~
2 x10°s7! and ~ 5 x 10*s~! for '°B on Tur, col-
lected by a single electron multiplier. Diameter of
the 1nA spot was 5 — 10 um. The energy window
was set to 50 eV and no offset was applied. 50 cycles
were measured on each analysis spot with counting
times of 3.307s and 1.660s on B and ''B, respec-
tively. Presputtering lasted for 5min and settling
time between two different masses was 200 ms, re-
sulting in total analysis time for one spot of approx-
imately 10 min. Internal precision of a single anal-
ysis was 1 %o (20). Boron isotopic compositions of
samples are reported in delta notation (§'B in %o)
relative to the SRM 951 accepted value (Catanzaro
et al., 1970). Instrumental mass fractionation was
corrected by using three samples of proposed ref-
erence tourmaline (98114: elbaite, 108796: dravite,
112566: schorl; Leeman & Tonarini, 2001). Repro-
ducibility of measured isotope ratios during the an-
alytical session (eight days) was £1.0 %o (20).

Raman spectra were obtained by means of a
Horiba Jobin Yvon LabRam-HR800 spectrometer
equipped with Olympus BX41 optical microscope,
a grating with 1800 grooves per mm, and Peltier-
cooled charge-coupled device (CCD) detector. Spec-
tra were excited with the He-Ne 632.8 nm emission.
The laser power was ~ 8 mW, which is well below
the threshold for any heating effects that hypothet-
ically could be caused by intense local absorption
of the laser light. With confocal arrangement of the
optical beam path, and using the Olympus 100 x
objective (numerical aperture 0.9), the lateral reso-
lution was on the order of 1.5 um. Wavenumber cal-
ibration was done using the Rayleigh line and neon
lamp emissions. The wavenumber accuracy was bet-
ter than 0.5cm™! and the spectral resolution was
~ 0.8 cm ™. For reference spectra and band assign-
ment of coesite see Sharma et al. (1981) and Boyer
et al. (1985), and for a description of the a-quartz
spectrum see Etchepare et al. (1974). More experi-
mental details are given in Nasdala et al. (2006).
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