@ NAWI Graz TU
Natural Sciences Grazm

Silvia Weigand, BSc

Petrological investigation of the Surna Nappe,
Scandinavian Caledonides, Sor-Trondelag, Norway

Mastes’s Thesis

Thesis prepared for the degree of
Master of Science

submitted at

Graz University of Technology

Supervisor

Ao.Univ.-Prof. Mag. Dr.rer.nat., Christoph Hauzenberger

NAWI Graz Geozentrum
Petrology & Geochemistry

Graz, September 2016



STATUTORY DECLERATION

I declare that I have authored this thesis independently, that I have not used other than the
declared sources/resources, and that I have explicitly marked all material which has been quoted
either literally or by content from the used source. The file uploaded in TUGRAZonline is
identically with the here presented Master’s thesis.

Date Signature



...for my parents

and Rasputin...



DANKSAGUNG

An dieser Stelle mochte ich mich bei all jenen bedanken die mich wahrend meines Studiums
begleitet und unterstiitzt haben, und zum Gelingen der hier vorliegenden Arbeit beigetragen

haben.

Mein grofBter Dank gilt meinen Betreuern, einerseits Christoph Hauzenberger (Karl-Franzens-
Universitit Graz) welcher mir bei jeglichen petrologischen und analytischen Fragenstellungen
eine grof3e Unterstiitzung war, und Deta Gasser (Geological Survey of Norway) flir Anliegen

in Bezug auf Regionale Geologie, Geldndearbeit und Interpretation.

Karl Ettinger und Jirgen Neubauer und seien ebenfalls an dieser Stelle erwdhnt fiir ihre

Betreuung an der Mikrosonde und Rasterelektronenmikroskop.

Ganz besonders mdchte ich mich bei meinen Studienkollegen, insbesondere Philip, Christian,
Dominik, Fede, Simon, Sara, Isa, Doria, Marlene, Anna, Kathi, Karin, Dragan, Sebastian und
Ruth bedanken fiir die unzéhligen Stunden des gemeinsamen Lernens und diskutieren und der
wahrscheinlich besten Zeit des Lebens. Aullerdem Corni, Tina und Seema fiir ihre unendliche

Geduld und ihren nie authérenden Glauben an mich.

Zu guter Letzt mochte ich mich bei meinen Eltern, meiner Familie und Lore bedanken, die
wihrend meiner gesamten Studienzeit immer hinter mir standen und mich in jeder Lebenslage

unterstiitzt haben. Danke.



Table of Content

INTRODUCTION ......oooiiiiiiiiiiiiiie ettt e et 1
GEOLOGICAL BACKGROUND .....cociiiiiiiiiiiiic et 3
METHODS ..o ettt et saee e 9
FIELD SETTING ... oottt ettt 11
PETROGRAPHY AND MINERAL CHEMISTRY .....ccccciiiiiiiiiiiiiiiiicceccec 15
GARNET-HORNBLENDE MICA SCHIST .....ccccoiiiiiiiiiiiiiiciecciceee e 15
GARNET — QUARTZ - MICA SCHIST .....ccciiiiiiiiiiiiiiiccecceccee e 23
AMPHIBOLITE ......oooiiiiiiiiiii e s 30
TONALITIC LAYER ...ttt 37
CALC-SILICATE ROCK ......oiiiiiiiiiiiiiiiiiiie et 44
PEGMATITE ...t 51
GEOCHEMISTRY OF MAJOR AND TRACE ELEMENTS .......cccciiiiiiiiiiiiiei i, 58
GARNET — HORNBLENDE MICA SCHIST ......ocooiiiiiiiiiiiiiicciicicceceecc 58
AMPHIBOLITE ......oooiiiiiiiii e 63
TONALITIC LAYER ..ottt 67
CONVENTIONAL GEOTHERMOBAROMETRY ....cccccooiiiiiiiiiiiiiiiiiiiiicciiccicceees 70
THEORETICAL BACKGROUND .....cooiiiiiiiiiiiiiiiiii et 70
GEOTHERMOMETRY ....ooiiiiiiiiiiiiiii e 70
GEOBAROMETRY ..ottt e 73
GEOTHERMOBAROMETRIC MULTIEQULIBRIUM CALCULATIONS.................... 76
RESULTS .o et s et e e 76
THERMODYNAMIC MODELLING .....cccciiiiiiiiiiiiiiiiiiecciteciie e 84
GARNET-HORNBLENDE MICA SCHIST .....ccccoiiiiiiiiiiiiiiiiccecee e 84
AMPHIBOLITE ......oooiiiiiiiiiii e 86
DISCUSSION ...ttt ettt e e s 88
CONCLUSION ...ttt ettt st et e et saneeeaae e 91
REFERENCES ... .ot 92

APPENDIX ..o e s 99



ABSTRACT

The Seve Nappe Complex, mainly outcropping and investigated in Sweden, comprises
relics of Ordovician HP and UHP metamorphic rocks, which were overprinted by upper
amphibolite facies metamorphism and anataxis during the Silurian. In Norway, in the hinterland
of the Caledonian orogen, rocks of the Surna and Blahe nappes are generally correlated with
the Seve Nappe Complex. However, no detailed metamorphic studies are available from these
units, in order to compare them with the Seve Nappe Complex. The Surna and Bldhe nappes
are located between the oceanic—derived Steren nappe and the continentally-derived Seatra
nappe. Due to a strong post-Caledonian extensional and transtensional overprint and the close
proximity to the MTFC (Mere-Trendelag Fault Complex, a prominent post-Caledonian strike-
slip fault complex), investigations of the early metamorphic history of the Surna and Blahe
nappes are challenging. In this contribution we present the results of a petrological and
geochemical study of the Surna Nappe, from a ca. 10 km wide transect across this nappe west
of Trondheim in Norway. The unit is lithologically very heterogenous, comprising of garnet —
amphibole - mica-schists, garnet-quartz mica-schists, amphibolites with tonalitic layers, calc-
silicates rocks, as well as pegmatites. Geochemically whole rock compositions vary from
ultrabasic to acidic, but a clear distinction between metavolcanic and metasedimentary origin
of the lithologies is not always straightforward. Garnet occurs in several lithologies and is used
along with clinopyroxene, plagioclase and biotite for conventional geothermobarometry.
Additionally, Zr-in-rutile, garnet-biotite and garnet-amphibole thermometers were applied. PT
calculations from 25 different samples reveal PT conditions of 10 to 16 kbar and 600 to 700°C.
The elevated phengite content in muscovite (Siup to 3.28 p.f.u.) in a few samples may indicate
a high pressure evolution of these rocks. Garnet zoning patterns and results from
thermodynamic modeling indicate a regional metamorphic prograde PT path reaching upper
amphibolite to lower eclogite facies conditions. While no typical eclogite facies mineral
assemblages in investigated metabasic rocks from the Surna Nappe are found, PT calculations
from more intermediate and acidic lithologies however indicate that they have experienced
elevated pressures up to lower eclogite facies conditions at some point, supporting the possible

correlation with rocks of the less - overprinted Seve Nappe Complex in Sweden.
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KURZFASSUNG

Der Seve Nappe Complex ist primér in Schweden aufgeschlossen und untersucht und
besteht aus Relikten von ordovizischen HP und UHP Gesteine welche amphibolitfaziell
iiberpriagt wurden und im Silur eine Migmatisierung erlebten. In Norwegen, im Hinterland des
kaledonischen Orogens werden die Gesteine der Surna und Blahg Decke mit dem Seve Nappe
Complex korreliert. Jedoch existiert keine detaillierte metamorphe Untersuchung dieser

Einheiten um eine eindeutige Zuordnung zum Seve Nappe Complex treffen zu kdnnen.

Die Surna und Blahe Decke liegen zwischen der ozeanisch Steren Decke und der
kontinentalen Setra Decke. Durch eine post-kaledonische extensionale und transtensionale
Uberprigung und durch die Nihe zur MTFC (More-Trondelag Fault Complex, ein post-
kaledonischer strike-slip Fault Complex) sind Untersuchungen der friilhen metamorphen

Geschichte der Surna und Blahe Decke anspruchsvoll.

Die vorliegende Arbeit prasentiert eine petrologische und geochemische Studie iiber die
Surna Decke, westlich von Trondheim, Norwegen. Die lithologisch stark heterogene Decke
besteht aus Granat-Hornblende Glimmerschiefer, Granat-Quarz  Glimmerschiefer,
Amphiboliten mit tonalitischen Lagen, kalksilikatischen Gesteinen und Pegmatiten.
Geochemisch variiert die Zusammensetzung von ultrabasisch zu sauer und eine Unterscheidung
von metavulkanischen und metasedimentdren Ursprungs der Gesteine ist nicht eindeutig.
Granat kommt in fast allen Lithologien vor, und wurde mit Plagioklas, Clinopyroxen und
Glimmer mittels konventioneller Geobarometrie fiir eine Druckabschdtzung herangezogen.
Auflerdem wurde mittels Granat-Biotit, Zr-in-Rutil und Granat-Amphibole Geothermometern
eine Temperaturevaluierung von insgesamt 25 unterschiedlichen Proben durchgefiihrt. Die
Ergebnisse liegen zwischen 10 — 16 kbar und 600 — 700 °C. Erhohte Phengitegehalte in
Hellglimmern (Si 3.28/110) weisen auf eine eventuelle Hochdruck Entwicklung der Gesteine
hin. Granatprofile und thermodynamische Modellierung ausgewéhlter Proben zeigen einen
prograden PT Pfad mit peak Bedingungen welche der unteren Eklogitfazies entsprechen. Diese
Ergebnisse der hier vorliegenden Arbeit sprechen aufgrund der dhnlichen metamorphen

Geschichte fiir eine Korrelation der Surna Decke mit dem Seve Nappe Complex.



INTRODUCTION

The widely accepted division of the Scandinavian Caledonides into four allochthons by
Gee et al., 1985 was a useful tool over the past decades for understanding this complex, far-
traveled, laterally wide ranging, Paleozoic orogen and its Archaean and Proterozoic footwall
units. Since the investigation and analytical methods progressed, this simple and rigid model
became impractical (Corfu et al., 2014). Since the Caledonian nappe pile is better preserved in
the Swedish part of the Caledonides, the focus of research was concentrated there. In the
hinterland within Norway, these nappes are thinned out, and highly deformed and overprinted
by strike-slip and extensional tectonics related to the post-Caledonian Mere-Trondelag Fault
Complex (MTFC), the Hoybakken detachment and the opening of the Atlantic Ocean (see
Figure 1). Consequently, the lithological, structural, petrological and geochronological
evolution of the Norwegian Caledonian nappes and their relation to the Caledonian nappe pile

in Sweden is far from completely understood.

This work presents a petrological and geochemical study of the Surna Nappe, located in
Ser-Trendelag, Norway, where lithological, structural and tectonostratigraphic knowledge is
present, but yet lacks in petrological, geochemical and geochronological information (Gee et
al., 1985). Consequently, there is a lack of understanding if the Surna Nappe can be correlated

with the far better known Seve Nappe Complex in Sweden.

Due to the position of the Surna Nappe between the oceanic Steren Nappe and the
continental Satra Nappe, a correlation to the Seve Nappe Complex is favored (see Figure 1).
Also the similar lithologies, such as high-grade mica schists, amphibolite and foliated
pegmatitic felsic veins, which were found in both units, suggest a relationship (Grimmer et al.,
2015; Roberts & Gee, 1985 & Kontny et al., 2012). However high-pressure rocks as found in
the Seve Nappe Complex (described by Andréasson et al., 1985, Kolnowska et al., 2013 and
Majka et al., 2013) are so far not described from the Surna Nappe.



This study presents a detailed petrological and geochemical investigation of the Surna
Nappe, in order to contribute to the ongoing understanding of the geodynamic evolution of the
Norwegian part of the Caledonides. Therefore, a combination of analytical methods such as
conventional geothermobarometry, a detailed geochemical data set of major and trace elements

and thermodynamic modelling were used to reconstruct the metamorphic history of the Surna

Nappe.
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Figure 1 Geological map showing the southern part of the Central Segment within the Caledonian orogen
(modified after Corfu et al., 2014). The study area is indicated by a red rectangle, with the corresponding cross-

section after Gee et al., 2010 (see Figure 4).



GEOLOGICAL BACKGROUND

The Scandinavian Caledonides

The Scandinavian Caledonides are subject of research since many decades, and extend
for about 1800 km from north to south and vary up to 300 km in width (Figure 2). They are the
product of a continent-continent collision that occurred in the Paleozoic, resulting in the
formation of many thrust complexes, of which the higher ones show several hundred kilometers
of displacement (Gee et al., 1985, Roberts & Gee, 1985 and Roberts 2003). Gee et al., 1985
introduced a widely used and accepted subdivision of the entire orogeny into four major
allochthon complexes: the Lower, Middle, Upper and Uppermost Allochthons. Subjacent to
these, there are parautochthonous units and an autochthonous sedimentary cover overlaying
Archaean and Proterozoic crystalline rocks of the Fennoscandian Shield (Roberts, 2003). The
Lower and Middle Allochthons are correlated with Baltoscandian Platform and margin
successions, which were deposited in the Late Proterozoic and Early Paleozoic. These
greenschist facies continental and shelf rise successions also contain slivers of crystalline
basement. Superimposed, the Upper Allochthon consists mainly of low grade volcanics and
volcano-clastic sedimentary rocks derived from island-arc, back-arc and fore arc ocean floor
settings from within the Iapetus ocean (Gee et al., 1985, Roberts, 2003). The Uppermost
Allochthon is primary composed of rocks derived from the Laurentia margin (Stephens & Gee,

1985, Roberts et al., 2007).

Since its introduction, the simple model of four major allochthons has received revisions
and critics. One of the major modifications, suggested by Andréasson & Gee, 2008, was the
reassignment of the Seve Nappe Complex of Sweden to the Middle Allochthon, instead of the
Upper Allochthon. The original assignment was based on the essentially different metamorphic
grade of the Seve Nappe Complex (then Upper Allochthon) from the subjacent Sviarv Nappes
of the Middle Allochthon. However, the Koli Nappe Complex overlaying the Seve Nappe
Complex also shows a markedly different metamorphic grade compared to the Seve Nappe
Complex, (e.g., Roberts & Stephens 2000), and is assumed to have an exotic origin from the
lapetus ocean, including fossil evidence pointing towards an origin of at least parts of these
nappes close to the Laurentian margin (Robinson & Roberts, 2008).Therefore, the Seve Nappe

Complex seems to have a particular history different from the under- and overlaying units.

In addition to these uncertainties regarding the affinity of major nappe complexes to one

or the other allochthon, the simple allochthon model does not account for the complex setting
3



of passive margins, the presence of microcontinents and volcanic or non-volcanic margins. The
involved Baltica, Iapetus and Laurentia terranes seem to be insufficient to describe the wide-
ranging sources of the different nappe systems (Corfu et al., 2014a). Evidence for the presence
of more than the former mentioned terranes is given for instance by Cocks & Torsvik, 2002,
who demonstrate that the Caledonian margin of Baltica probably moved from high southern
latitude (~60°) in the Late Neoproterozoic to an equatorial position in the Silurian, when united
Baltica- Avalonia collided with Laurentia. The indicated travel path gives various opportunities
for Baltica to face and capture different elements of Siberia-, Gondwana- and or ocean derived
units and also a possible counter-clockwise rotation. The model became too rigid for an 1800
km long orogen with along - strike variations and does not consider polyphase deformation and
out-of-sequence thrusting (Corfu et al., 2014). Due to the aforementioned reasons Corfu et al.,
2014 separated the orogen into three different segments: the southern, central and northern

segments with each its characteristics (see Figure 3Figure 2).

The central segment (see Figure 3) is of special interest for the current thesis, since a
cross-section from Jdmtland (Sweden) in the east, to Trondelag (Norway) in the west, shows a
nearly complete section through the Caledonian tectonostratigraphy (see Figure 4). In general,
all tectonic units are thicker and better preserved in the eastern Swedish parts, and thin or
wedge-out westwards, in Trondelag, Norway (Gee et al., 1985). Additionally, the NE-SW-
trending Mere-Trondelag Fault Complex (MTFC) has a crucial geometrical influence in the
Trondheim region, overprinting earlier thrust geometries (Corfu et al., 2014, Seranne 1992,
Osmunden et al.,, 2006). One key task therefore is to trace the better-known Swedish
tectonostratigraphy into the more heavily overprinted hinterland of the orogeny in Trendelag
(Robinson et al., 2008, Gee et al., 2010). Since the Seve Nappe Complex and correlative units

are the topic of the current work, they are described in more detail in the following.
The Seve Nappe Complex in Sweden

Roberts & Gee, 1985 described the Seve Nappe Complex and correlatives as basal units
of the Upper Allochthon, containing high-grade psammitic schists, gneisses, amphibolites and
migmatites. In some localities, there are retrograde eclogites present (Andréasson et al., 1985,
Kolnowska et al., 2013, Majka et al., 2013, Brueckner & Roermund, 2004). Rb-Sr and U-Pb
ages revealed a complex evolution and indicate early Caledonian ages for this high grade

metamorphism (Reymer et al., 1980, Claesson, 1981, Root & Corfu 2012).



In the Jamtland-Visterbotten region the Seve Nappe Complex is subdivided into Lower,
Middle and Upper Seve nappes (Grimmer et al., 2015). The Upper Seve nappe is composed of
a several hundred meters thick mylonitic garnet mica schist succession with interbedded
amphibolites and ultramafic rocks (Kontny et al., 2012). Additionally, foliated pegmatitic felsic
veins, up to 0.5m thick, can be followed along strike as foliation-parallel beds in mica schists
and amphibolites (Grimmer et al., 2015). The Middle Seve nappe is made up of garnet-kyanite
mica schists and of pyroxene-garnet bearing metabasites and migmatites (Brueckner & van
Roermund, 2007, Majka et al., 2014). Root & Corfu, 2012 dated two discrete high-pressure
metamorphic events of Ordovician age (482 + 1 Ma respectively 446 + 1 Ma) both on eclogites
with corresponding P/T conditions of 25 kbar/ 650 — 700 °C by Majka et al., 2013. Felsic
segregations with a migmatitic amphibolite crystallized at 436 + 2 Ma. Pegmatites cross-cutting
a prevalent Caledonian foliation yield 428 - 430 Ma (Ladenberger et al., 2013). Grimmer et al.,
2015 presented evidence for a Silurian extrusions wedge with mantle rooted shear zones in the
Swedish part of Scandianvian Caledonides, indicating an early stage of exhumation of (U)HP

rocks.

Potential correlative of the Seve Nappe Complex in Norway: the Surna Nappe west of

Trondheim

There are several occurrences of similar rocks in the hinterland of Norway that have been
correlated with the Seve Nappe Complex (e.g. Figure 3). One of these occurrences is located

west of Trondheim city in South-Trendelag county and is the topic of this thesis (see Figure 1).

Peacey, 1963 did some initial petrological and deformation-history studies in the area
investigated in this thesis, which has been correlated with the Seve Nappe Complex based on
lithological similarities and tectonostratigraphic position (Gee et al. 1985, Corfu et al. 2014).
The name Gangasvann Group was introduced, and a short characterization of the lithology was
given, in particular garnet-hornblende-mica schists with sheets or lenses of trondhjemite were
described. The name was adopted by Johnsen, 1979 who did slight modifications in the regional
mapping and tectonostratigraphic classifications. His Sjurdsen and Gangésvann Groups consist
mainly of mica schists and amphibolites. The major lithology Johnsen, 1979 described is

garnet-biotite schist containing quartz, feldspar, biotite and porphyroblastic garnets. The



amphibolites were described as nearly black, fine-grained and with a pronounced schistosity.

They also contain epidote, garnet, biotite and chlorite.

Krill, 1985 was the first one who defined the Surna Nappe, overlying the Bldhe Nappe in
the northern Oppdal district. The main difference between the Bldhe and Surna nappes is the
common presence of trondhjemite intrusions in the latter, which cut an early schistosity in
amphibolite and schist of the Surna Nappe (Krill, 1985, Johnsen, 1979). Finally, Kollung, 1990
assigned the rocks of the Sjurdsen and Gangésvann Groups to the Surna Nappe. Already Gee
et al., 1985, and later Robinson & Roberts, 2008 and Corfu et al., 2014 correlated the various
mica schist units (Bldhe, Surna, Skjetingen Nappe) in the Norwegian Caledonides on a bigger
scale with the Seve Nappe Complex. Robinson & Roberts, 2008 described a representative
outcrop from the Surna Nappe as consisting of metamorphic rocks with a south-dipping
foliation, composed of garnet — amphibolite, diopside — epidote amphibolite. An early tectonic
foliation is cut by deformed pegmatites. The pegmatites probably belong to the same group of
pegmatites which Trucker et al., 2004 dated to 431 £2.9 Ma and 422 +1.8 Ma, respectively. The
results suggest that the peak high- grade metamorphism of the Surna Nappe occurred before ca.
430 Ma, 25 — 30 m.y. before peak Scandian metamorphism of the subadjacent basement at 400
— 395 Ma (Robinson & Roberts, 2008). Hacker & Gans, 2005 published a not well-documented
P/T estimate from a sample of the Surna Nappe indicating 9 kbar/625 °C and a “°Ar/*°Ar

muscovite cooling age of 404 Ma.
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Figure 2 Simplified tectonostraigraphic map of Scandinavian Caledonides after
Gee et al., 1985, with alternative subdivision after Corfu et al., 2014.
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METHODS

Fieldwork was conducted in autumn 2014, in order to collect representative samples for
further petrological analysis. 82 samples were collected in the field. In addition, 23 samples
were provided by the Geological Survey of Norway (NGU), collected in 2012 and 2013,

resulting in 105 hand pieces in total.
Electron microprobe and scanning electron analysis

All samples were prepared as polished thin sections and then investigated by a
combination of transmitted and reflected light microscopy. At the University of Graz (Austria),
Department of Petrology and Geochemistry, quantitative mineral chemical analyses were
performed on representative carbon coated thin sections, using a JEOL-JSM-6310 scanning
electron microscope equipped with a LINK ISIS energy dispersive system (measurement time
for energy dispersive elements 100 sec), and a MICROSPEC wavelength dispersive system
(measurement time for wavelength dispersive elements 20 sec on peak position, and 10 sec/10
sec on background), University of Graz (Austria) at the Institute of Earth Science (for used
standards see Table 1). In addition, quantitative analyses and 2D chemical mappings were
performed with a JEOL JXA-8200 electron microprobe at the UZAG EUGEN F. STUMPFL
Electron Microprobe Laboratory (University of Leoben, University of Graz, and Graz
University of Technology). For used standards see Table 2. The measurement time on the peak
position of elements was 20 seconds and 10 seconds / 10 seconds on the background. Measuring
conditions for both devices were 15 kV acceleration voltage and ~ 6 (SEM) and 12 (EPMA)
nA beam current, with ~ 1 pm beam diameter. Mineral formulas were calculated with the
program PET (Petrological Elementary Tool), version 7 (Dachs, 1998). Mineral abbreviations
were used after Whitney & Evans, 2001.

Conventional geothermobarometry

Selected mineral compositions were calculated with the program PET (Petrological
Elementary Tool), version 7 (Dachs, 1998), and the multi-equilibrium application winTWQ by
Berman, 1991, version 2.3, database version 2.32 (DECO06.DAT for mineral data and
DECO06.SLN for mineral solution data). Samples containing amphibole, version 1.02 of

winTWQ was used (JUN92.GSC, JUN9.SLN).



Whole rock analysis and thermodynamic modelling

For whole rock composition approximately 100 g of 69 samples were crushed and
prepared as fused glass disks (1.0 gr sample + 7.0 gr di-Lithiumtetraborate). Major and trace
elements were determined by using the wavelength dispersive fluorescence spectrometer
(WDXRF) Bruker Pioneer S4, at Institute of Earth Science, University of Graz (Austria). Whole
rock data was plotted and processed by using the R language software package GCDkit

(Geochemial Data Toolkit) version 3 (Janousek et al., 2013). Thermodynamic phase

equilibrium calculations were performed with the program Perplex X by Connolly, 2005

version 6.7.3, with the revised hpO4ver.dat thermodynamic dataset from Holland & Powell,

1998.

Table 1 Standards for SEM analysis.
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FIELD SETTING

The majority of samples presented in this study were collected from the Surna Nappe,
located in the communities of Skaun and Orkdal, Ser-Trendelag (Norway). The sample area is
predominately situated along Trondheimsfjord respectively Orkdalsfjord, and extents from
Furuvik in the east to Orkdal in the west and south, and Trongen in the north. The entire region
is dominated by upright folds, which become thinner towards NW. The Surna Nappe is
characterized by a flat extensional foliation. 105 hand pieces were sampled from six different
lithologies. Figure 5 illustrates sample locations, Appendix A & Appendix B provide
information on GPS coordinates of sampled localites, as well as a petrographic summary on
investigated samples. Sample which have been investigated by the scanning electron
microscope or the electron microprobe are shown in Figure 6. N.d. is designated for not

determined and b.d.1. for below detection limit in the following.

The Surna Nappe is composed of (a) garnet — hornblende — mica schist, (b) garnet —

quartz - mica schist, (c) amphibolite, (d) tonalitic layer (e) calc-silicate rock and (f) pegmatite:

(a) The major lithology present in the Surna Nappe is garnet — hornblende — mica schist. These
rocks appear as fresh, blocky, dark grey, fine - grained and weakly to strongly foliated schists
(see Figure 7A). Macroscopic red garnets are resistant to weathering and sometimes accumulate
in quartz - and feldspar - rich domains or roddings, but also in the mafic groundmass (see Figure
7B & C). The size of garnet is ranging from 2 mm to 20 mm. Beside garnet, clinozoisute also

forms large crystals, up to 2 mm in size.

(b) Garnet - quartz - mica schist is found close to the Steren Nappe in the east, and also in the
proximity of the Satra Nappe in the west. Garnet, muscovite and biotite are the main
constituents, whereas amphibole is rarely present. Due to the high aboundance of garnet in
certain samples (14SW04, 14SWO05, 14SWO06, 14SW16) some of these rocks can be defined as

garnet- mica fels.

(c) Two different types of amphibolite are observed: fine-grained microcrystalline amphibolitic
schist (type I) found in the vicinity of the Steren Nappe, and as coarse-grained amphibole gneiss
(type II). Both are dark grey with macroscopic red irregular garnets scattered in the second type

(see Figure 14B). In the field amphibolite is characterized by the occurrence of concordant
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tonalitic layers (see ad (d)) with diffuse contacts (see Figure 14A), and pegmatites forming
boudins (see (f)).

(d) Tonalitic layers with a thickness of up to 2m are parallel to the foliation of their host
amphibolite (see Figure 18A & B). They are fine-grained, and can be distinguished in the field

by their variations in greyscale color.

(e) Calc-silicate rock is rare and occurs in layers of up to Im in thickness. These greenish and

white rocks with a granoblastic fabric have macroscopic garnets and clinopyroxene.

(f) Pegmatite is found in amphibolite and garnet — hornblende mica schist throughout the Surna
Nappe. They mainly occur in boudins, and also cut an older fabric. The thickness varies from

approximately 0.1 m to 3 m (see Figure 25A).
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14

H3*30'N

63725'N

a37 2N

LEGEND

TP ST AT ERARY AR

| ——

TN STIC Y XIR FETMGHUHIE IR THRANT
TN BT TIN5 | PTRTS NS G P

Tmacken Wies Campley
e

e e e =l T

| .

.

[ PSR,

E] ot o, B o e

T b i otk st e e

E revam i, ot st e e e e

R

i ¢ m———— s o A

T sl L S

- ] e e e A
LIRS WA SIS ST T

(o= D e AL 2y -
RS i

[ [——

e b i
e

B ]
D o A A Sl o
B s e s

| e e e

s bk = = ekl L
e w
L T T L

[T
B B e b e

R —

=g e e i ]
o = e ok e

B g kv | g e

o
L szt e

[ X
e e bt e et

B . - o i .

B g bl o im e evhahead

- B e et
|
| SEmsmmmnemEn e

LW | PSS b e

T sy o) b el sl e
Cile-silizone ieck

Lim-1Ih- rraes skl

Tin o schikd

Poprasic

Tuaaliiz layer

Anzliladil

FoExomd



PETROGRAPHY AND MINERAL CHEMISTRY

GARNET-HORNBLENDE MICA SCHIST

The mineral assemblage mainly consists of garnet + hornblende + clinozoisite
porphyroblasts, which rarely show an euhedral habitus, enveloped in a schistose matrix of fine-
grained quartz, biotite, white mica, plagioclase, epidote and minor alkali feldspar. Chlorite and
calcite appear as secondary phases. Rutile, apatite, titanite, allanite, zircon, tourmaline,
ilmenite, pyrite, chalcopyrite and iron-oxides are present as accessory phases. The fabric varies
from a weakly developed schistosity (gneissose structure) to a clear schistose structure (see

Figure 7D, E & F).

Subhedral to anhedral garnet porphyroblasts, vary in size and can reach ~ 20mm in
diameter. Many are highly fractured and show common mineral inclusions of quartz, biotite,
rutile, plagioclase, amphibole, clinozoisite, chlorite, epidote, ilmenite, pyrite, zircon and
allanite. Rutile inclusions are often restricted to garnet rims but are also found in the matrix.
Frequently, garnet comprises a reaction rim decomposing to biotite, amphibole and chlorite.
The garnet composition varies considerably between samples and is Alm31.76Grs4-45Prp3-35Spso-
16 (see Table 3). Biotite inclusions in garnet are enriched in MgO (16.14 wt%) and depleted in
Fe?" (11.52 wt%), compared to matrix biotite (14.58 wt% and 13.07 wt%, respectively).
Overall, 27 garnet compositional profiles reveal that only a few samples show distinct zoning
patterns (see Figure 8A). Xsps is typically bell-shaped, with maximum values of 0.11 in core
regions; Xalm and Xprp are increasing towards the rim from 0.59 to 0.67 and from 0.1 to 0.23,
respectively. Xgrs is increasing from core to rim (0.1 to 0.2). The majority of compositional
profiles indicate fairly homogenous chemistry with weak zoning at the rims as shown in Figure
8B. The element distribution map of Y is characterized by a remarkable oscillatory growth

zoning (see Figure 8F).

Green and brown amphiboles appear with moderately developed growth faces in the
vicinity of garnet and form sharp grain boundaries (see Figure 7E & F). According to the
nomenclature of Leake et al., 1997 all amphiboles from this lithology are characterized as calcic
amphiboles, and classified as tschermakite, magnesiohornblende and pargasite (Fe*" calculated
after Leake et al., 1997) as illustrated in Figure 9. Although they are optically homogeneous,
the rims are slightly depleted in Na,O (1.69 wt%), compared to the cores (2.25 wt%), and vice

versa. Contrary behavior is observed for ferrous iron, where the core has lower values (11.14
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wt%) than the rim (13.70 wt%, see Table 4). Inclusions of plagioclase have compositions of
Ab76.87An13.23010.1. No clear difference to matrix plagioclase is observed. White mica
inclusions reveal a significant difference in TiO, values (0.29 wt%), compared to matrix white
mica (0.92 wt%). Biotite inclusions in amphibole are slightly depleted in FeO and MgO (13.8
wt% and 14.35 wt%, respectively) in contrast to matrix biotite (14.65 wt% and 15.05 wt%,
respectively). The Mg/(Mg+Fe*") ranges from 0.483 to 0.804. Rutile is abundant, and is mainly

enclosed in amphibole rims (see Figure 7F).

White mica represents one of the main constituents in the matrix. Individual white mica
platelets of, up to ~ 2000 pum in size show perfectly developed basal cleavage (see Figure 7F).
If not present as idiomorphic crystal and part of the stable paragenesis, they are intergrown with
biotite and amphibole or indicate a reaction relationship with garnet. In samples which
experienced higher deformation rates, white mica and biotite are distorted around garnet and
form oriented bands parallel to the schistosity (see Figure 7D). Equilibrium with amphibole is
observed. The Xna component of muscovite is between 0.13 and 0.28 and the phengite content
is in the range of 3.11 —3.25S1/11 O (see Table 5). Sample 98820 contains paragonite with 13.0

mol% muscovite. The margarite component is negligible.

Red-brownish biotite is observed in two modifications: mainly as alteration product of
garnet and amphiboles, or as primary phase in the matrix, forming flakes up to 1500 um in size
(see Figure 7D & H). Zircon and allanite are common inclusions in biotite and form pleochroic
halos. Matrix biotite is typically enriched in TiO2 (3.09 wt%), other than biotite adjacent to
garnet (TiO2 = 0.71 wt%). Overall Mg/(Mg/Fe?") ratios range from 0.50 to 0.73, where highest
values are observed in matrix biotite. The F content varies between 0.20 and 0.33 wt% (see

Table 5).

Plagioclase, up to ~ 600pum in size, is besides quartz and mica the main rock — forming
mineral (see Figure 7G). Locally plagioclase replaces garnet or is enclosed in garnet and
amphibole. Polysynthetic twinning and irregular grain shape are common. Matrix plagioclase
indicates general higher Xab content than plagioclase adjacent to garnet (0.86 and 0.74,
respectively) (see Table 6). The majority of plagioclase is classified as oligoclase (see Figure

10 and Table 6). Fine - grained sericite occasionally forms rims around plagioclase.

Clinozoisite forms elongated crystals with euhedral to anhedral grain shapes (see Figure

7G). The porphyroblasts are poikiloblastic and enclose biotite, quartz, epidote and apatite. In
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some samples clinozoisite represents the main constitute of porphyroblasts. Rims are slightly

enriched in ferric iron in contrast to the core (1.68 wt% respectively 1.35 wt%, see Table 6).

Acicular, retrograde light green chlorite occurs in the vicinity of garnet and amphibole
(see Figure 7H). XFe ranges from 0.29 (adjacent to garnet) to 0.38 (matrix). Chlorite adjacent
to biotite reveals higher FeO values than chlorite in contact to garnet (14.45 wt% and 12.90

wt%, respectively).

Quartz is a major constituent of the matrix, but also the main enclosed in garnet.
Undulatory extinction in coarser grains is common. Grain boundaries are straight to highly

sutured, and recrystallization of small grains around bigger ones is frequent.
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Figure 7 Field setting and microphotographs of garnet — hornblende mica schist (A-H). (A) Typical outcrop situation
indicating the fine grained schistose structure, sample 14SWO01&02. (B) Macroscopic garnets frequently
accumulated in quartz-rich domains, sample 14SW18. (C) Massive garnet accumulation pointing out the high
weathering resistance of garnet, sample 14SW37&38. (D) Schistose structure type with idiomorphic garnet, sample
14SW52. (E) More retrograde schistose structure type, sample 14SW29. (F) Gneissose structure type indicating Mn
— rich core of poikiloblastic garnet and dark green hornblende and rutile, sample 14SW18. (G) Idiomorphic
clinozoisite, sample 98814. (H) Biotite-rich garnet — hornblende mica schist, were latter represents the main
constituent of the matrix, sample 98817.
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Figure 8 BSE images, compositional garnet profiles and element distribution maps of garnet in garnet - hornblende mica schist
(A-F). BSE image (A) and corresponding compositional profile (B) type I, sample 98806, show a distinct zoning pattern where
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0.59 to 0.67 and from 0.1 to 0.23, respectively. Xgrs is decreasing from rim to core (0.2 — 0.1), with an increase again at the
outermost rim to 0.15. BSE image (C) and corresponding compositional profile (D) of type Il sample, 14SW27, which
represents the majority of samples indicate a fairly homogenous composition with weak zoning at the rims. (E) Element
distribution map of Ca, sample 14SW66, where the core and outermost rim are enriched in Ca. (F) Element distribution map

of Y, sample 14SW27 with oscillatory enriched realms of Y.
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Table 3 Representative composition of garnet in garnet - hornblende mica schist.
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Table 4 Representative composition of amphibole in garnet - hornblende mica schist.
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Table 5 Representative compositions of bioite and white mica in garnet — hornblende mica schist.

Neriple TANW2Y TONWSZE 18w s2 115Wah 1ISWaa SN0 1NV S2 18w S2 sk Y YR I
r— PP— hiuljpeent b vt he-mtpcent T T— :wr.:n liskm W emmatric woandjrcent
ot o ot © 21t
S0Z RAR | RS R i wan oA | wis 47,54 4887 RLR &4 K.
Tio2 im L.78 LG L.30 L350 126 L3 087 08?7 023
AZ03 A 46 18.40 17.64 1745 17.39 31%4 L 67 2078
<'r207 hall. nad nit ot hall bl L .l nal. nis haiil
Fel) N7 16,38 173 1470 1437 132 1.54 E = ne?
MaD 0.4 b.dl bdl bl kdl bdl 24 bdl bdl bdl
Me() LAY 1267 15.49 14.8% 15005 1715 140 245 217 hail.
a0 hdl, hdl bl hil bl bl LX{ AN hal, hdl nsn
Na20 0.2 0.7 023 016G o4 0.2 .03 0.83 L% 672
KX) V.15 vA1l U QAN 229 926 9.5 Y. Va2 S ]
r n4 hdl bhél bl LEA 200 nd’ hdl, hdl, hél
Cl 0..1 bdl bdl bdl kdl bdl bd.l bdl bdl bdl
Total 95806 96.64 95.37 95,43 @549 9.86 95.18 9549 95.03 96,13
Siper 110 2753 ZN3 2730 18 b 832 A bR A2 1228 20
Ti 0.7 0003 oo 0072 0o .00 0056 0.043 03 ool
Al B LENM (NG 154 1L.517 I vy 2.57. 2127 2462 2931
<'r " rad nit n { el mal. ({13 n
I'ed n n n n 0 d N n n
Fe2- 197 LD nels &GY .84 A0EG 0.006 0.2 G
Mu ol " ] a2 ] a u " n
My T ap 1390 1 405 (S 1,338 0158 .32 nzs n
Ca 0 0 0 o ] q 0 0 0
Na WUE IGE 113 noz 0041 a.13s w13 wial 128
K n,ys ns nul (1 e 556 o810 nxw nwsa nns
F 0..00 0 0 0 0.920 9 0 0 0
<l [T " ] U] 0 a u u 1]
culinm T.R6Y 773 TRU T.RO5 T.802 6.965 6,965 6968 6.9%1
Xmye N % ns7 0 e 0 &S5 4.9
Xk A.336 (TR 0850 0125
Xt an "2 nis NS
Table 6 Representative composition of feldspars and clinozoisite in garnet - hornblende mica schist.
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GARNET — QUARTZ - MICA SCHIST

The mineral assemblage typically consists of quartz, biotite, white mica and garnet.
Minor constituents are chlorite, calcite, plagioclase and clinozoisite/epidote. The key distinction
to garnet — hornblende mica schist is the common lack of amphibole. Accessory phases are
apatite, zircon, pyrite, iron-oxides, rutile, ilmenite, allanite, titanite, sylvine and chalcopyrite.

Quartz and micas are building up the matrix in which garnets are interbedded, to varying degree.

Subhedral, highly fractured garnet is up to Smm in size, with two distinct textural
appearances (see Figure 11A - D): coarse — grained poikiloblastic garnet (type I) and smaller
garnet crystals scattered in the matrix (type II). Inclusions of ilmenite, biotite, plagioclase, white
mica, epidote and apatite are common in type I. Veins are filled with ilmenite and Fe-oxides.
Garnet cores show a different color than rims (see Figure 11A). Average garnet composition is
Almao-34Sps2-31Grsa28Prpa2i (see Table 7). The two textural garnet types show also differences
in chemical compositional profiles: Type I garnet indicates a distinct decrease of Xsps (0.3 to
0.09) and Xgrs (0.2 to 0.1) towards the rim (Figure 12A-D). Xalm and Xprp show a contrary
behavior. Smaller type II garnet (see Figure 12E & F) reveal an almost homogenous
composition, with an increase of Xprp from 0.1 to 0.2 from the core to rim, Xalm shows an

opposite trend. Xsps is typically bell-shaped (Figure 12E - F).

Brown biotite represents a major constituent of this lithology and forms platelets of up
to 2 mm in size with a basal cleavage (see Figure 11C & D). Retrograde formed biotite is also
found at garnet rims (see Figure 11H). The Mg/(Mg+Fe?") ratio ranges from 0.43 — 0.59 and
highest values are found in biotite adjacent to garnet (see Table 8). Matrix — biotite is Ti-rich

(3.19 wt%) compared to biotite adjacent to garnet (2.39 wt%).

Along with quartz band biotite, plateltes of white mica represent the matrix (see Figure
11A - D). Since K/(K+Na) ranges from 0.86 to 0.97 and Na/(Na+K) from 0.04 to 0.14, white
mica is classified as muscovite. The phengite content varies from 3.10 to 3.22 Si/110, where

maximum values are reached when in vicinity to garnet (see Table 8).

Deformed plagioclase is part of the matrix. In garnet-mica fels, however plagioclase is
missing. Single grains can reach up to 500 pm in size. Highest CaO values are found adjacent
to garnet (8.15 wt%) as shown in Table 9. Figure 13 illustrates the ternary plot of plagioclase
measurements with an average composition of Abgo.77An2139Kfs12, being classified as

oligoclase and andesine.
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Chlorite is found as inclusions in garnet or as alteration product of biotite (see Figure

11E - H). The Mg/(Mg+Fe*") ratio is 0.50 (see Table 9).

Quartz shows undulatory extinction and forms grains of up to 2mm in size. Sample
14SW28 (see Figure 11G) reveals a more schistose fabric, although quartz crystals are

significantly smaller.
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Figure 11 Photomicrographs and BSE images of garnet-quartz mica schist (A-H). (A) Sample 14SW06 with
highlighted texturally different types of garnet and reddish core region. (B) Sample 14SWO06, (crossed nicols):
plagioclase inclusions in garnet. (C) More biotite rich sample with massive occurrence of two textural garnet types
again in two textural types, sample 14SW05. (D) Sample 14SWO05, (crossed nicols): white mica is less frequent. (E)
Chlorite inclusions at rims of garnet, crossed nicols, sample 14SW16. (F) Epidote and white mica inclusions in garnet,
sample 14SW16. (G) Matrix - white mica and chlorite, in vicinity of highly fractured garnet, sample 14SW28. (H)
BSE image of sample 14SWO06 with chlorite inclusions in garnet core and biotite replacing garnet rims.
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Figure 12 BSE image, compositional profile and element distribution map of garnet in garnet — quartz mica schist (A-F). (A)
BSE image, sample 14SW16. (B) Compositional profile with significant chemical zoning, reflected an enrichment of Xsps
(0.09 to 0.3) and Xgrs (0.1 to 0.2) from rim to core and contrary behavior of Xalm (0.7 to 0.3) and Xprp (0.2 to 0.05), sample
14SW. 16 (C) Element distribution map of Ca and (D) Mg support the compositional profile, sample 14SW16. (E) BSE image
of second textural occurrence of garnet, sample 14SWO06. (F) Compositional profile with bell-shaped trend of Xsps, a slight
decrease of Xprp and Xgrs from rim to core and increase in Xalm from rim to core, sample 14SWO06.
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Figure 13 Ternary plot of feldspar in garnet — quartz
mica schist. Nine measurements from sample
14SW28 classified as oligoclase and andesine.

Table 7 Representative composition of garnet in garnet — quartz mica schist.

Sumple 14SW06 14SW04 14SWN6 14SW 16 14SWIR 14SW 16 14SW28 14SW 28 145W28
Mineral an-rim gri-coce art-ransiion grt-rim at-core an-transition gee-rim at-core Lrt-uansiton
SiK)2 3707 36.35 3773 06.20 36,07 36,86 3745 36088 6.6
o2 bud.l. h.d.l. b.d.L h.d.l. b.d.l. bl b.d.l. bal.L h.d.l.
ARO3 20,74 19,58 21,4 2.7 20,47 2110 21106 20,93 20062
Cr203 h.d.l b.d.l, b.d.L h.d.l, b.d.l. hd.l b.d.l. bd.L h.d.l,
FecO 3197 36,54 32.56 2.80 20,57 30.62 33.58 378 5341
MnO 1.1 353 0.9y 1.45 12.83 313 2.36 338 X
MgQ) 4,46 1.50 4.03 4,26 1.1% 37 1.65 23 1.83
Ca0 4.21 1.70 33 2.9% 703 4.22 391 as2 330
NazO n.d. nd. n.d. b.d.L b.d.L bd.l nd. nd. nd.
K20 nd nd. nd b.d.l b.d.L b.dl nd. nd nd.
Tortal 100.36 99.26 100.29 99.48 98.16 99.66 99.71 99.71 99.46
Siper 120 3002 2.992 2988 2.892 2951 294 2.994 2.995 2.981
Ti 0 0 0 ] 0 1] 0 0 ]

Al 1.932 1.899 1.962 2.051 1.974 1.9%6 2.015 2.008 1.975
Cr 1] 0 0 ] 0 1] 0 0 0
Fe31 0.061 0.106 0.064 0171 0.118 0.131 0 0 0.046
Fell 2.052 2.409 2.091 2.020 1.289 1.914 2270 2.296 2.224
Mn 0.068 0.246 0.066 0.09% 0.889 0.212 n.162 0.232 0.235
My 0.526 0.191 0.546 0.507 0.148 0.442 0.199 0.151 0.222
Ca 0.357 150 0.283 {1.255 0.616 0.361 1339 0.307 {1.305
Na nl n.d. n<l i 0 4] n.d. nsl n.d.

K nal n.d. nl i) 0 4] n.d. nsl n.d.
cations 7.998 7.993 7.997 7.994 7.982 7.991 7.979 7.987 7.988
Xyrs 0.119 .00 0.092 {.0R9 0.210 0.123 nid 0.103 0.102
Xalm 0,083 1304 0.710 {0,701 0.439 0,633 1764 0,769 {.745
Xsps 0,023 1L082 0022 .03 0,312 0073 11055 0178 {1,079
Xprp 0.178 1.064 0.183 0176 0049 0.131 .0RY 0.N31 (.074
Xte 0,79 1927 0.793 0.799 0,899 0.812 191y 0,938 11,509
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Table 8 Representative composition of biotite and white mica in garnet — quartz mica schist.

Samph [ISWiG 1ISW06G 14SW28 TASW2R TASWDA TASWOS TASWOS 11828 11SW'28 14SW28

L . . LW wm-
Mineral bl - malnix Mmpcent; bssaprol ket WI-NUEX w.:n-\-xuul}' Wil adpcent o wiormalox  wdjucent o

v en rl gl ul et of gt
o o

5:02 et ] 337 35,49 35.05 47.34 46.58 4782 46,52 47.40 <007
TiO2 |1 54 N 9 239 n 1.6 095 102 1N .67
Aol 1781 7.7 1649 18.12 3156 31.50 080 30.58 0.7 32,18
Cr203 hdl bdl b.d.l b.d.L biil bl hdl bl bdl b.d.L
FeQ 1631 15.9 17.86 21.28 140 L7 1.7 393 366 am
MO bl bl .40 n1é hal hdl bl bl bl h.d.l.
MO 12.54 272 1108 006 1.BS .87 2.1 1.7 2.06 1.33
CaQ) hdl bdl b.d.L b.d.L bl biil bl bl bdl b.d.L
Na2( (] 0N 0,08 nil N8 nsa 092 053 05N 028
K200 R84 on? 9.A2 97 9.89 9.7% 9.95 LLnn 10.95 1.0
I {.49u .37 0.4 wls 016 UR R .21 014 ndl b.d.l
<l bl bl bl ball bl bl bl bl bl bl
Total 95.00 95.04 9498 96.06 94.48 94.56 94.66 95.23 96.09 9541
Siper 110 2790 2,800 2747 2.084 380 1140 3.210 3.162 3177 37
Tt Q.00 Q.00 0184 0138 IRy S H] S0 Q050 0052 0.051 00z4
Al 1 530 1570 | 48% 1.636 25 2,530 2440 2450 2226 2,563
Cr Q0 0 0 n n n Q0 Q0 4] 0
Fe2+ 1.020 1001 1145 1.364 14080 URIEH O.100 0.222 0208 0215
Mn 0 0 0,026 0.01¢ 0 0 O 4] 0 i}
Mg, |.ann 1.4 1,261 1,038 N, 150 0,150 0220 (48 Iep 0206 N1
Ca Q0 0 0 0 1] 1} i} 0 4] o
Nu Q040 Q.00 0012 0.016 0120 012 0120 0usr Q.00 0050
K 0850 0870 0,540 0,950 0,850 0,54} 0850 0954 0936 0,053
F 0190 Q17 0,15 R4 > 4] XY N0 {.00on Q.060 (4] 0
Cl Q0 0 o o u ] {) 0 QO o
calions 7.770 7.780 7.801 7.8%3 7.000 7.000 6.990 T.057 7.040 7.064
Xmg (.578 (L58R 0.52% nA31
Xk 1, KE() N.872 047N Q0057 [ER )] 0.950)
X U120 01238 0122 0l Q.U40 0050
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Table 9 Representative composition of feldspar and chlorite in garnet — quartz mica schist.

Sample 145W 28 145W 28 14S5W28 145W 28 145W28 14SW28 145328 14SW28 14SW28
T phmottk  phmetrx  plmettk  phmatri pludpcent  pladpcent ?l-inclu\'icm chl-udjacent chl-adpcent
to to wrt m it to gt Lo grt
Si02 63.20 6182 S9.81 63.68 61.28 $8.16 $9.21 2498 2847
Ti0O2 nd nal nal nil nd nil nil 0.12 bl
ALRO3 23.21 2337 25.20 2271 24.80 26.16 25,77 20,13 20.36
Te2003 h.dl ball hall bhall hall ball ball 0 0
TeQ) 0 0 0 [y] 0 0 0 27.62 24.83
MnO nd nd nd nd nd nd nd 0.52 0.51
MO nd nd nd nd nd ndd nid 14.13 1541
Cad 4.53 s.22 6.63 4.45 5.90 8.15 737 0.11 b.dl
Nu20 9.34 8.71 758 B.87 8.68 6.82 753 0.07 b.dL
K20 0.35 0.21 0.19 0.33 0.22 0.19 0.19 b.dl b.dl
I nd nl nd nd nd nd nil bl 0.18
Cl nd nd nd nd nd nd nd b.dl b.d.l
Total 100.73 99.24 9941 100.04 100.88 99.48 100,07 87.68 86.76
Siper 140 2.782 2.761 2,677 23812 2.704 2.613 2.642 2,679 2714
Ti nd. n.d. n.d. nd. nd nd. nd. 0.010 0
Al 1.209 1.230 1.329 1.182 1.290 1.385 1.355 254 2.557
Fe3 0 Q Q Q Q Q Q Q 0
Fe2- U Q Q Q Q 0 0 2477 2212
Ma nd. nd. nd. nd. nd nd. nd. 0.047 0.046
Mg n.d. n.d. n.d. n.d. n.d n.d. n.d. 2.259 2448
Ca 0.214 0.230 Q0318 0.211 0.279 0,392 0,352 0.013 0
Na 0.797 0.734 0,638 0,760 0,743 0,594 0,651 0.u18 0
K {0240 01Nz 0.1 0.1n9 0.nz 04 04 4] 0
F n.d. n.d. n.d. n.d. n.d n.d. n.d. 0 0.060
Cl n.d. n.d. n.d. n.d. n.d n.d. n.d. 0 0
cations 5.022 5.007 4.993 4.985 5.028 4.995 S.011 10.044 9.977
Xab {.773 0,742 0,667 0,768 0.719 0,596 0.642
Xun {1.208 0.246 0.322 0,213 0.270 0.393 0.347
Xkfs {1019 01Nz O 0.1n9 0Nz 04 0A1n1
Xmy 0477 0.5825
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AMPHIBOLITE

The mineral assemblage in both, the fine-grained and coarse-grained amphibolites is
made up of amphibole, garnet, plagioclase, quartz, clinozoisite, epidote, biotite, chlorite, minor
white mica, calcite, rutile and titanite. Accessory pyrite, apatite, zircon, allanite, ilmenite,

pyrrhotite, and pentandite are also present.

Based on the textures, two amphibolite types are distinguished: type I amphibolite is
rare and shows a clear schistosity defined by aligned amphiboles and quartz. Outstanding are
chlorite nests of up to 1000 um in width (see Figure 14C). Veins are filled with calcite and fine-
grained chlorite while garnet is missing. Rutile and idiomorphic titanite are prominent

accessories.

Type Il amphibolite is more common and mainly distinguished by a gneissouse structure
and the presence of garnet (see Figure 14E&F). Amphibole, plagioclase and fine-grained quartz

are representing the matrix.

Green to brown amphibole, up to 2mm in size, is sub- to anhedral. Only a few amphibole
inclusions in garnet have an euhedral grain shape. Inclusions of biotite (up to 2 mm in length),
rutile, apatite and epidote are in equilibrium with garnet and plagioclase (see Figure 14E & F).
After Leake et al., 1997, the amphiboles belong to the calcic amphibole group and can be
classified as Mg-hornblende, tschermakite and pargasite (see Figure 16). The Mg/(Mg+Fe*")
ratio varies between 0.532 and 0.817. The grains are in general chemically homogenous within
one sample, only idiomorphic grains locally show a slight zoning (see Table 10 for

representative chemical analyses).

Plagioclase forms irregularly shaped grains with up to 700um in size, and is in addition
to amphibole and quartz, part of the matrix and equilibrium mineral assemblage (see Figure
14E & F). Again, in amphibolitic schists, plagioclase is aligned parallel to the schistosity,
whereas in the gneissouse samples plagioclase shows hypidiomorphic crystals. The average
composition is in the range of Abe3-93Ans.37Kf50.7, thus the majority is classified as oligoclase
(see Figure 17). No significant chemical difference can be observed between matrix plagioclase

and adjacent grains to garnet or inclusion plagioclase (see Table 12).

Sub- to anhedral garnet porphyroblast of up to 2.5 mm in diameter, are frequntly
fractured, but also occur as small fragments within the matrix. Clinozoisite, titanite, quartz,

biotite, chlorite and amphibole are common inclusions. Typical chemical compositions are
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shown in Table 12. Helicitic growth of chlorite and rutile — ilmenite inclusions are restricted to
the core regions corresponding to the change in chemical composition and Y — enrichment (see
Figure 14G & Figure 15D). A garnet chemical compositional profile reveals a weak zoning at
the rims (depletion of Xalm from 0.7 to 0.6 and enrichment of Xgrs from 0.1 to 0.2, see Figure

15). The average garnet composition is Almso.72Grs10-21Prp1321Spsi4.

Biotite is rare and mainly a reaction product of amphibole and garnet (see Figure 14D).
Certain platelets form sharp grain boundaries with amphibole, indicating equilibrium between
those two minerals (see Figure 14G). The Mg/(Mg+Fe?*") ratio is around 0.65. A slight
enrichment of Xmg in matrix biotite is observed in sample 14SWO03 (0.69). TiO» and F contens
have average values of 1.44 wt% and 0.26 wt%, respectively. Highest values are found in biotite
enclosed in amphibole (2.11 wt% TiO; and 0.34 wt% F, respectively). Table 11 shows

representative compositions of biotite.

Chlorite, in type I amphibolite is part of the stable mineral assemblage, and is found as
fine-grained aggregate but also as idiomorphic grains with up to 1000 pm in size (see Figure
14C). No difference in chemical composition between rim and core is noticed. The
Fe?*/(Fe**+Mg) ratio is 0.25 (see Table 11). In type II amphibolite chlorite is present as
secondary product of amphibole, biotite and garnet, and commonly intergrown with these

grains.

White mica is confined to a few samples, mainly located in the matrix and shows clear
plane cleavage in individual platelets of up to with 700 pm in size. Equilibrium between
amphibole and white mica is observed (see Figure 14D). Na/(Na+K) is between 0.14 and 0.17.
3.18 S¥/11 O is the average phengite content (see Table 11).

Rutile, up to 1 mm (see Figure 14H) is found at rims of garnet and amphibole, but occurs

also in the matrix and shows exsolutions of ilmenite.
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Figure 14 Field setting and microphotographs of amphibolite (A-H). (A) “Orkanger road cut”- outcrop illustrating the
prominent wavy pegmatites within amphibolites. (B) Garnet accumulation, sample 14SW60. (C) Type I amphibolite with
parallel nicols, indicating a clear schistosity chlorite nests, sample 14SWO03. (D) Type II amphibolite with parallel nicols and
peak paragenesis consisting of white mica, amphibole, garnet and plagioclase and rutile, sample 14SW09. Type I amphibolite
with parallel (E) and crossed nicols (F) with gneissose texture, sample 14SW09. (G) Rare garnet with snowball pattern, sample
14SW22. (H) Rutile grains 1mm in size, sample 14SW22.
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Figure 15 BSE images, compositional garnet profiles and element distribution maps of Ca and Y from garnet in
amphibolite (A-D). (A) Helitic growth of inclusions is not continuous from core to rim. (B) Xgrs and Xalm indicate a
chemical difference towards the rim, whereas Xprp and Xsps behave more constant throughout the profile. (C) Increase
of Xgrs is also reflected in the element distribution map were enrichment is observed at the rim. (D) Distinct Y enrichment
is found at the same location where the helitic growth pattern of inclusions ends.
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Figure 16 Classification of amphiboles in amphibolite after Leake et al., 1997.
Sample 14SWO03 and 14SW22 plot in the field of magnesiohornblende and
tschermakite, respectively. Amphiboles in sample 14SW62 contain higher Na2O
values and can therefore be classified as pargasite/edenite.
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Figure 17 Ternary plot of feldspars in amphibolite.
23 Measurements in three samples reveal albite-rich
feldspar, only sample 14SW22 contains a higher
anorthite component. Black circles-sample 14SWO03,
blue squares-sample 14SW66, red triangles-sample
14SW22.
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Table 10 Representative composition of amphibole in amphibolite.

Sanple ASwn Laswa 148w 145w 143W22 [ERLON [ERPIN MSWR2 ASWal 128wa
) . " ampeaddjcent i i

Mien) an-rm nrp<ece wrp-rim nmp-coee 1o cnt anp-caTe aeap-rm AM-COre nwo-rim wrp<oce
7 4748 45,12 aun 41358 410 42.75 332 4348 43,32 450
TiO2 0.2% 04 0s2 0.5: 040 04T bd.l bdl bdl Loa
AN RN 1) 1351 183.5% INNY 17 [ 1L 1298 RX 13,48
<r20 néa ni? niy nw bl bl L LX{AN hall hail. hiil
Fe 0.05 821 Lo 12 14.00 1434 1482 IR A3l 1268
Mut) uie wi bl N3 IscL L kLl hall bl badl bl
Me() amn e 1218 12.7% 17 1w 9.6h N3 LAN LA
CaD 2093 1127 .32 11.15 10.7) 104 10,66 1095 2051 1039
Na20 2m 2l I LR 1.4z 1.3% 2.22 2.12 21 248
KX} nz= nz» nod nn ERY 30 o050 68 ny nes
F bdl 0.5 oS 010 nd. nd. 4l bdl bdl bdl
<l 0. b.dl. b.cl. Il nd nd. ad b.dl b.dl bl
Tatul 98.27 9731 YRS 99.24 YR.7s Y71.56 94.72 945 Y437 9s.61
Siper23Q 6635 [ [ ] G2 [ o (s 4,542 6,352 6554 6407
T s 052 D054 s ins (480 i u " nie
ALV ) 1) ) 14 18wt 1.8 1870 (L8O 1.4fn 1450 e U 13
ALV 0.8 08 124 1224 0.9 1900 0,350 0850 0950 0
< HE G UATER) nee N L] a u u L}

I'ed 0 nan nae 12901 1677 ] B LIRLE) nnsy ILNGE Ny
Fe2- 0.761 0810 0935 0.2 0,305 L0119 L7 1760 .8l¢ L7835
Mn R [IA| ] nos n 0 a u u u

My RIS RRIp) 1578 1674 25817 .57 21708 2.2 2064 L0138
Ca R 1.725 L7235 L& Lex) L6l 17226 1367 TH LG™e
Nz 0340 0.39% 672 0680 0289 0.3% A.049 0620 0603 0.726
K nns2 sl N nis R | 4472 a.154 n-27 niM nixs
F 0 0070 00 0.0d) 1 0 a 0 0 0

<l 0.2n 0 0 ] o ] a 0 0 0
culinns 15330 15428 15,486 15477 15.226 15.320 15.473 15403 15406 15590
Table 11 Representative composition of chlorite, biotite and white mica in amphibolite.

Sanple AASWN2 LASwal 148wus 145w 1wz [ ERYN 1HSY62 ASwn ASwa3 128wus
M) el fiscent cakrim chkeoee be-matric be-me v Bt-matrix ot edusizn WIN-MAITIX Wm-natrix amere iy
2P, Core aop

SOZ 2% 2NN Xl w4l WA W W 4907 4837 P2
TiO2 bdl bdl bél 1.22 1.27 1.21 1.7% 0.6} 049 039
AZQ2 206 205 201 1737 17.00 1720 1650 332 285 nse
<r20) nzs nia nia nx 11473 U] a7 nal ni2 nix
Fel> 44 13,50 1364 1273 1474 14 1467 m nw e
Ml b.dl b.dl. bl Il noz .05 a0l b.dl b.dl bl
Me() AN 05 b 15.%% 1395 1387 1LS7 1. A Zin
Cad bdl bdl bél bd.l 0.07 0.0% .00 bdl bdl bédl
Na20 b.dl b.dl b.cl 010 030 0.27 027 1.5 Las Lt
KX) [IXTAN hall hacl NEV s KAl 417 YN V.52 LA
F n:2 o bél 016 w6 0.23 4.532 bdl nm o
Cl nd b.dl bl nd 0.02 0.01 a.02 ad. nd nd
Talul 8770 SR35 RR.X8 Ys.06 Y5.65 Y6.83 Y4.78 97.74 9594 96.92
Siper 11102747 2T 2T 288 2T 23014 2567 17850 1182 o
Ti 0 0 0 0063 0.07) 0.066 009 0.02% 0024 002
A 2.57% L I3 1.5°4 1472 LA™ 1951 2.53% 259 L1528
(% nmg nm?2 nm? (LR im U] LR nnsl nm2 s
Fei- u u 0 U] 0 ] a u u u

Fel 1,198 L [N 1N s (LAWY R L) Hss 15 LAY
Mn n n n n im PEHIL oLy ll n n

Me 1403 37 2402 1742 LG L76 L51: 0..3% 0.191 0195
(&} u u Ul L} s (L a u u [}

N fnl n n nird i 403N 4,039 n-'s4 nia niy
K 0 0 0 0E2 04 0.7 0.374 0816 0.79% 0821
F . 050 U} ns noR 0.0:2 A0 u u s
<l nad n n nd. B 4am o0z nal nd nd
cations 9,938 9,953 2936 7357 T.789 7.788 1.763 6,989 6,987 T7.004
Xmngk (LA 62 LRk ] Ievl 65 {(hLasy dat NI IN23 NS
X 1240 NIZAK n2d nwe 342 38 a4.377 n’°sy nisy niLs
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Table 12 Representative composition of garnet and feldspar in amphibolite.

Sanple AASW 22 LASw2l 148W30 145w 145W 20 [ERYRTE) 1SV 22 SWw22 ASWal 128Wa2
Ml art-rim gr-care 1core g-rim JT-T0Te Preadpoet ko shrv v phagcent o plraty prrntrx
; : . avp ¥ ot
SN2 s 1897 .32 .34 R 5114 N4t 1,51 LA ] Nl
TiO2 0.25 bdl bél bdl bdl nd. nd. v.d. o.d od
AXDS 2108 U 2145 1M 2w 2005 2824 2150 o KUY a0
{r207 hall. hail bl bt hall . .l nal. nad ni
FeD 23066 251 20,03 274 2722 nd. X bdl bdl bl
Mut) uye st 157 LAY 1.84 nal nal ol nal il
M) 40 19 SN sz 48N nal. el al. rad nii
Cal 6.9 435 623 &5 646 357 4570 0.2 23 L36
Na2O budll b.dl bl bl Il 9.52 L3 R KUCY] 12
KX) hdl, hdl hél hil bl bl X hdl, hdl hdl
Total 99.7¢ 99,48 M.38 100,78 10092 100.10 100.07 99.3% 99.89 21,98
Siper 1280 2933 2,083 2605 2504 2562 2312 2482 2. 2900 2080
T nms n n n ] nd. .l nal nad ni
Al Sl Lo5 L% 2000 2013 L1%s 1.520 1203 L0y L2
e u " U} ] n nal. nal . nal nal
I'ed LI nivd nss ni nim . i n " n
Fe2- 14 205 L 63% L7446 170 nd. 0 U] 0 0
Mu s sl UR[D| A 21zl nal nal n. nal nl
M 454 11345 NG 1551 ALY nl. . nal. nal nit
Ca 0392 0283 032 03N 0.538 0.139 4519 0.7 0.0 00
Nz u u U] 0 0 Q812 LRTN [0 WA 1535
K " n " n ] 0 i " " "
cations 7.993 7.987 7941 8.000 T.999 4.988 4.9m 4.990 4990 4991
Xalwah 0.61% 0.692 .39 0385 0391 0330 Qa2 0.2 RN 0554
X Xor n'9s nis? nixl AL AR 4 ind a3 n2 nin nisd
Nepzkds 0022 007 004 0.025 .04 0 0 0 0 0
Xpp 0..a2 0.158% 02 0194 0189
Xr ny? na4 n7Es 1730 A
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TONALITIC LAYER

The mineral assemblage consists of quartz, plagioclase, garnet, biotite, white mica,
minor clinozoisite/epidote, retrograde chlorite, and amphibole. Accessory phases like titanite,
apatite, tourmaline and pyrite, chalcopyrite and sphalerite. The porphyroblastic fabric consists
of a quartzo-feldspatic matrix with interbedded garnets and scattered epidote, where micas
appear as undeformed individual flakes (see Figure 18C & D). Alumosilicates and K-feldspar

are missing.

Subhedral poikiloblastic garnet is smaller and more frequent in comparison with former
lithologies, with maximum size of 1.5 mm. Inclusions of quartz (which again enclose albite),
plagioclase, epidote, biotite and chlorite (see Figure 18E). Alteration to biotite and chlorite at
rims is common. Epidote forms sharp adjacent grain boundaries (see Figure 18H). The average
composition varies between Almas.s6Grsie-38 Spsi-13Prpi-10 (see Table 13). Ten compositional
profiles, as well as BSE images and element distribution maps indicate a distinct chemical
zoning of nearly all garnets investigated in this lithology (see Figure 19). Xsps stays
homogeneous throughout the profile or shows bell-shaped form. Xprp is approximately
constant and if not, it shows similar behavior as Xgrs. Latter varies from 0.37 in the outermost
rim to 0.3 in the core. Xalm is depleted at rims (0.55) and reveals a broad core region of 0.6
mole fraction. The corresponding element distribution map of Ca and Y also support these two

distinct zones (see Figure 19C & D & G & H).

Plagioclase forms individual grains with up to 3 mm and represents beside quartz the
main constituent of the matrix. Polysynthetic twinning, antiperthites and inclusions of apatite
are common (see Figure 18F). Average composition ranges from Abgs.o1 Ans.16Kfso.1. Highest
Xan values occur in matrix plagioclase at rims (see Table 14 and Figure 20). The core contains
higher CaO values (2.81 wt%) compared to the rim where CaO content is 2.09 wt%. Plagioclase
in vicinity of garnet is enriched in CaO (3.33 wt%)

Dark brown biotite is produced as reaction product around garnet rims, forms flakes up
to Imm in the matrix and is part of the stable assemblage. Biotite itself is occasionally
decomposed to chlorite. The average Xmg is between 0.42 to 0.50, and highest TiO» contents
are found in matrix biotite in vicinity of white mica (3.02 wt%), while lowest values (1.58 wt%)
are found in matrix biotite of the same sample adjacent to plagioclase (14SW12). Maximum F

content is 0.14 wt% in matrix biotite. No significant chemical difference can be observed
g
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between core and rim and also not to grains adjacent to garnet (see Table 15). Highest Cl content

is 0.08 wt% and found in biotite adjacent to garnet.

White mica forms euhedral colorless flakes up to Imm in length, primary in contact
with biotite but forms sharp grain boundaries with latter, so equilibrium between those two
minerals is assumed (see Figure 18C). Na/(Na+K) shows no distinct variation (0.049-0.056)
and all white micas can be classified as muscovite (K/(K+Na) is 0.944 to 0.951). Si/11 O ranges

from 3.21 to 3.28 per formula. Representative compositions are shown in Table 15.

Idiomorphic or elongated epidote and clinozoisite, up to 140um in size, occur frequently
as minor constituent in the quartzo-feldspatic matrix but also in the proximity of garnet (see
Figure 18E&G). Allanite core within single grains is common. BSE image reveals areas
enriched in REE like Ce2O3 (0.57 wt%), Nd2O3 (0.23 wt%) and La>03 (0.3 wt%) in contrast to
depleted realms (Ce203 0.05 wt%, Nd203 & La>0s zero). For representative compositions see
Table 14).

Dark green to blue rare amphibole with distinct pleochroism forms anhedral grains and
is only found in sample 14SW13 and 14SW41 (see Figure 18E) as inclusion in garnet or as
alteration product of latter, and also in the matrix. Maximum size is 500 pm and after Leake et
al., 1997 amphiboles in tonalitic dikes can be classified as ferropargasite. The Mg/(Mg+Fe*")

ratio shows no variability and is 0.48 in average.

Equigranular quartz shows approximately straight grain boundaries und undulatory

extinction.
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Figure 18 Field setting and microphotographs of tonalitic layer (A-H). (A) “Orkanger road cut” - outcrop with
highlighted layer of interest, sample 14SW12, 14SW13 and 14SW14 were taken from this location. (B) Detailed
shot of lithology in the field. Overview of mineral assemblage with parallel nicols (C) and crossed nicols (D), sample
14SW12. (E) Sample 14SW41 which contains amphibole, with parallel nicols. (F) Plagioclase, up to 3mm in size
with distinct polysynthetic twinning. (G) Indicated idiomorphic epidote. (H) Frequent apatite inclusions in
plagioclase.
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Figure 19 BSE images, compositional profiles and element distribution maps of garnet in tonalitic layer
(A-H). (A) BSE image, (B) compositional profile, (C) element distribution map of Ca, and (D) of Y, sample
14SW41. The conspicuous pattern in the BSE image is reflected in the compositional profile at least for
the rim, with an increase of Xgrs and decrease of Xalm, also visible in (C). The chemical difference of the
core (A) and (D) is not pronounced in the compositional profile. (E) BSE image, (F) compositional profile,
(G) element distribution map of Ca, and (H) of Y, sample 14SW12 with chlorite inclusion. Chemical
change is reflected in all indicated by an increase of again Xgrs from 0.25 — 0.35 mole fractions and
decrease in Xalm.
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Figure 20 Ternary plot of feldspars in tonalitic layer.
All samples can be classified as albite rich
plagioclase. Sample 14SW12 red circles, sample
14SW41 black squares, sample 14SW42 blue
triangles.

Table 13 Representative composition of garnet in tonalitic layer.
Samphk: 11SW12 11SW12 14SW 12 MSWI2 ASWI2 LASWH I 1SV 11SW11 148W 12 14SW 12

Mmeral ot-rm at-core art-ra gri-muntk gri-core CTL-TIm -mante  iet-core ot-rm art-mantle
So2 |’ N 37 3818 .87 AT LA 36,98 370 KR 38.00
Ti2 h.d.l ndl b.d.lL b.d.L b.dl b.iil h.d.l hd.l bl b.d.l
ALO2 20.67 20,18 20.59 2142 20.50 21.50 200,57 20.72 2111 20.5%
203 bl Ball bl bl bl b.dl bl bl Bl bl
FeQ) 25.89 27.93 2542 23.78 2K.50 2510 29.52 28.52 24.99 2708
MrCO) (.66 290 0.6 237 2.62 .36 063 083 0.63 0.57
MgO 217 250 1.80 2.23 219 2.32 1.85 289 263 2%
LCald 1731 X HS 12,87 9,29 820 1287 1038 930 .14 11,39
Na2(} n.d n.d. n.d n.d. n.d. h.dl h.d.l. h.d.l. bl h.d.l
K20 nd. nd. nd .. o bl bdl bdl bdlL b.d.l
Total 99,33 99.49 99.52 100.23 99,38 99.65 99,95 99.92 101.23 100.36
Sipar 120 301 2,987 3.6 2,953 3.001 297 2.945 2.979 2.950 2.9%m
Ti Q0 4} 0 n n n ] ] (4] 0

Al 1925 1LYyt 1.953 1.967 1AM Ly 1931 1.y32 1945 1045
Ci a [} 1] n n n Q 4] 0 1]
Fed+ 0.033 01IR 0 N7 nos1 o7 0184 0090 0159 n.nzs
le2+ 1.67Y 1.751 1.6% 176 183 1.585 1.782 1.2 1.736 1708
Mn (X1 0197 U148 U158y (18 0024 Q054 QU7 O.u42 (AR
Mp, 0.250 0208 n.213 n.261 n.262 N2 a.220 0.341 Q.37 0.277
Ca 1.042 0742 1063 (e [TREES Lsy RS 0,78 (.84D 0.961
Na 0 0 u u u u Q Q 0 U

K 0 0 0 n n n QO QO 0 [}
cations 7.993 7.996 7.992 8.00% 8.001 7.994 7.992 T.987 T.988 7.996
Xurs (.345 0.24% 0.254 1.265 1.235 1.366 {.302 0.265 (.289 0.222
Nabn 0 556 0 586 0,560 0,593 0.619 0,534 Q608 0602 0592 0,572
Xsps onis O NAA nns n.0s3 n,059 Nn.008 anlis onio ond nn3
Xprp 0083 [ER 1] 0071 (TRYE A&7 niK2 0073 014 0108 () 5]
Xte (O.N6% (838 (.88 0570 0577 1).553 RO .840 0.830 08600
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Table 14 Representative composition of feldspar and epidote in tonalitic layer.

Sumple 145W12 145wW12 48wi2 145w4 145Wa2 148W<2 148W12 148W12 J48W12 H45wWI2
Mirerzal pl-matrix PHIESCEE Sraigce plman it e phvarrx  ep-care ep-rim ep-rim U{ERGOSIR
[P 1o wm Lo ot
5102 63.76 63.02 6500 65.24 65.10 6587 3804 38.28 38.21 3800
TiO2 n.d. n.d nad h.d.l h.d.l bh.d.l 021 Al kdl N30
A203 21.80 2165 21.57 2258 2168 2152 26.21 226 26,01 2738
F2203 n.d. n.d nd had.l h.d.l h.d.l 10.14 276 .19 SRR
MauCh wl. il n.d bd.L b.d.L bl bl bl ball bl
Mz20) n.d. n.d nd had.l bl bh.d.l ndl hadl khdl h.d.l
CuQr 2% 2.21 2 L33 232 2.56 235,20 2223 2225 2408
Na20 1n.29 1n.24 10.26 9.73 1040 10.39 ndl Bl h.dl h.d.l
K20 01y IRC 016 010 Loy 0.1 bal) ball ball bl
Ce2003 n.d. nd nd n.d nd n.d. adl hdl bdl b.dl
IR . ud n.d nd. nd. na, ball ball ball bl
203 n.d. nd n.d nd n.d nd. ndl bd.l b.dl b.dl
Total 100.56 99.20 99,93 100.9% 100.09 100,45 98.53 98.53 98.66 98.64
Siper ¥12.50 2572 257 2368 28438 2360 2884 2971 2972 2978 2.959
Ti n.d. n.d n.d. n n n ania [} 0 n.o1s
Al 1.122 1130 L.122 1160 1.125 1.111 2415 244 2.3 2,508
Fed n.d. n.d nd. n n Q.50 Q.512 0.59% nsi9
Mn n.d. nd n.d 0 U] 0 0 0 4] (]
Mg, n.d. n.d nad. n n n ang NG 0.N0& N.(06
Ca 0133 0105 U134 U.156 0132 0120 2000 2u1é 2.025 2,001
Na 0.871 N.879 NnER na2 N.3SK8 0882 QO 0 0 n
K 0.0 0.005 Loy u.0J6 0ous Loue Q 0 0 1]
Cod+ n.d. nd nd nd. nd. nd. QO 0 0 n
N wl. il n.d. n.d. n.d. na. 0 0 0 1}
La n.d. nd nd n.d n.d n.d. Q0 0 (4] 0
culivns 5.007 4,998 S.016 4.990 S.017 S.003 8.004 7997 7.9938 5,007
Xab (.80 0.K%0 0.336 N.836 N3G Ny7s
Xau 131 1,106 1135 1158 0130 01w
Xkta 00w 005 0.0 0006 0003 0006
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Table 15 Representative composition of biotite and white mica in tonalitic layer.

Samph: 118W 12 11SW 12 145w TASWA2 SWA2 [SWI2 11SW12 11812 11SW 12 1MSW12
Mireral bemmx OO i blmalih blmarix  woomts SO i wio-miiix | wo-metric
lo et of gt
502 3502 324 36.51 30,60 30.59 4514 A2 N7 4428 arse
o2 S0 2.2 IR 2.50 245 un 1.07 1.u] 095 Lz
ApQ 17.m 16,40 I5.87 16,20 h.69 28,76 288 28.96 28.97 29.49
€203 bl bl h.d.l h.dl hdl h.dl b.d.l bl bl h.d.l
Fe() 21.26 2142 21.95 .65 .61 155 3537 3.31 354 3.4
MrO bl 013 bl bl bl bdl bl bl bl bl
MeO 964 G560 9,08 ndl 14 202 128 212 23 2.0
CaO hdl bl b.d.l b.d.L b.dl bl b.d.l hd.l bl b.d.l
Na20 o1 0uz? b.d.L U.20 u1w 037 0.42 .38 0.37 U3
K20 a4 S 1n 9.53 9.7 9.43 10.59 1070 1252 .71 In,$%
F 030 031 n.14 h.d.l hdl nlé 0.88 Q.18 ball. n.19
Cl 007 (U8 oz b.d.L bl bl h.dl hdl bl b.d.L
Total 96.83 96.61 95.91 9538 951 94.36 95.82 95.96 94.96 94.76
Siper 11O 2728 281 2799 2™ 2791 1,230 3.260 31239 3.261 a9
Ti 0171 0.130 0110 o144 0,140 0454 (0.054 Q051 (04K 0.052
Al 1.525 1208 1434 1456 LS00 2.3 2,501 2.36 2.3u% 2.257
Y 0 0 ] n n n 0 0 0 0
Fed+ 4] 0 0 n.i0s nan n a 4] 0 0
Fe2+ 1.351 1.35% 14N 1.254 1.251 10.202 2091 183 (189 U188
Mn 0 G008 0 0 0 0 0 0 0 0
Mg 1.092 1.081 (B 1LI&4 LIS 0,208 0.230 0211 0239 0,204
Ca Q 0 o 0 1 " 0 Q 0 4
Nu 0nl6 oo ] 0.2y 0.8 0.049 0055 0040 0048 0.0s1
K 0915 0880 0,932 0,953 0.91% 0571 0921 0898 0923 0.91¢
F 0170 (.160 0.034 n n N4 (.0en .080 0 0.0
Cl 0.020 .02 s u u u 0 0 0 o
cations 7,798 7.758 7.824 1817 7782 7.005 7.014 6,993 7.016 7.006
Xmg, 0.447 0.443 0448 NARS NAZD
Xk 0.5940 0.944 U4K (.931 047
X 0051 0.056 0052 0040 0083
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CALC-SILICATE ROCK

The dominating minerals are clinopyroxene, clinozoisite/epidote, amphibole, garnet and
plagioclase. Minor constitutes are quartz, biotite, titanite, calcite and white mica. Accessory
pyrite, apatite, ilmenite, rutile, allanite and zircon are found. The granoblastic fabric is made up
of aggregates of garnet, clinopyroxene and clinozoisite/epidote. Figure 21C & D illustrate the

typical mineral assemblage.

Colorless to green clinopyroxene is up to 2 mm in size and represents one of the main
constituent of this lithology. Occurrence in the vicinity of garnet is common. Grain boundaries
are sub- to anhedral and twinning are observed (see Figure 21E). Inclusion minerals are quartz,
biotite, amphibole and plagioclase. At the rims clinopyroxene is sometimes replaced by
amphibole. Mineral chemical analyses were calculated after Morimoto, 1988 on the base of 4
cations and 6 O and all samples can be can be classified as diopside. Individual grains are
inhomogeneous and chemical difference is essentially caused by Na,O (1.33 wt% respectively
0.86 wt%) as shown in Figure 21B. Xmg ranges from 0.59 tio0.76 and highest values are found

at rims. For composition clinopyroxene see Table 16.

Clinozoisite occurs in two textural positions. One forming big anhedral grains with
characteristic anormal blue interference color whereas the second appears as small euhedral
crystals within the matrix and grey interference color (see Figure 21C & D). First-generation-
clinozoisite contains non-orientated ellipsoid and flame - shaped inclusions of quartz (see
Figure 21F). FeOs is enriched at rims (2.28 wt%) in contrast to core composition (1.69 wt%),

see Table 18 for compositions.

Subhedral, poikiloblastic garnet is up to 4mm in diameter and comprises inclusions of
quartz, rutile, plagioclase, calcite, titanite, chlorite, clinozoisite and ilmenite. CaO decreases
from core to rim from 16.61 wt % to 13.60 wt% and MnO and MgO are increasing slightly
from core to rim (1.03 wt% to 1.47 wt% and 0.99 wt% to 2.60 wt%, respectively), for
compositions see Table 17. A compositional line exhibits a Grs- and Alm - rich garnet with
average composition varying between Almsg.s2Grsss-s2Prps.9Sps2.s. The BSE image indicates

chemical heterogeneity, but no distinct zoning pattern can be observed (see Figure 22).

Brownish biotite is rarely found and if present forms flakes and exhibits clear cleavage.
No clear chemical difference can be observed between matrix biotite and biotite adjacent to

clinopyroxene, garnet or clinozoisite. Xmg varies between 0.503 to 0.589 and the TiO>
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maximum is 1.83 wt%, found in a grain adjacent to clinopyroxene. Table 18 shows selected

compositions of biotite.

Dark green subhedral amphibole occurs in different modifications. In sample 98848 and
98850 amphibole is more common, whereas in sample 14SW36 and 98812 amphiboles is rare
and mainly an alteration product of garnet and clinopyroxene. Inclusions are rare and quartz is
the main phase found. After Leake et al., 1997 all amphiboles belong to the group of calcic
amphiboles, and are classified as ferropargasite, pargasite, magnesiohornblende as illustrated
in Figure 24 (Fe** calculated after Leake et al., 1997). There is a decrease from rim to core in
MgO (13.24 wt% to 9.17 wt% and SiO» (48.62 wt% to 41.58 wt%) and an increase in ALLOs
(6.57 wt% to 15.15 wt%) and NaxO (0.90 wt% to 2.15wt%). See Table 18 for compositions.

Plagioclase is part of the matrix but also found as inclusion in garnet, clinopyroxene and
amphibole. Feldspars in sample 98850 and 14SW36 can be classified as albite rich plagioclase
(see Figure 23). Plagioclase inclusions are depleted in CaO in comparison to matrix plagioclase
(0.73 wt% to 2.55 wt%) and slightly enriched in Na,O (10.37 wt% to 11.25 wt%). Scattered
antiperthite contains K-feldspars exsolutions which are too small to measure. For compositions

see Table 17.

K-feldspar is found as inclusion in chlorite (sample 14SW36) but also scattered in the
matrix. K-feldspar in sample 98812 is observed only adjacent to garnet. For compositions see

Table 17.

Quartz is found in the matrix and also within clinopyroxene and garnet. The grain size

varies and grain boundaries are sutured.
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Figure 21 Field setting, photomicrographs and BSE image of calc-silicate rock (A-H). (A) Outcrop situation of calc-
silicate rock with macroscopic garnet and clinopyroxene. (B) BSE image of clinopyroxene with chemical
inhomogeneity, sample 98812. (C) Overview of mineral assemblage, parallel nicols, sample 14SW36. (D) Overview
of mineral assemblage, crossed nicols, sample 14SW36. (E) Sample 98812 with exsolution lamellaec of
clinopyroxene, crossed nicols. (F) Sample 14SW36 under crossed nicols with anhedral clinozoisite which encloses
patchy inclusions of quartz. (G) Amphibole and epidote bearing calc-silicate, parallel nicols, and (H) with crossed
nicols, sample 98850.
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Figure 22 BSE image, compositional profile and element distribution map of garnet in calc-silicate rock (A-D). (A) BSE image
indicates chemical inhomogeneity with areas enriched in Xgrs and depleted in Xalm (darker). (B) This imhomogeneity is
reflected in the compositional profile, were Xsps and Xprp are constant throughout the profile. Xgrs and Xalm fluctuate
between 0.4 and 0.5 mole fraction. BSE image (C) and element distribution map of Ca (D) indicates a diffuse chemical zoning
with enriched realms at rims, sample 98848.
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Figure 24 Classification of amphiboles in calc-silicate rock after Leake et al., 1997.
The majority of samples plot at the boundary of pargasite and ferropargasite. One
measurement of sample 98848, located at the rim of the grain, is depleted in (Na+ K)a
and therefore classified as magnesiohornblende.
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Figure 23 Ternary plot of feldspars in calc-silicate
rock. 24 measurements in three samples are
illustrated. Feldspars in sample 98812 - black dots-
can be classified as orthoclase an oligoclase, sample
98850 - red dots - and sample 14SW36 - green
triangles - comprise albite and oligoclase.
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Table 16 Representative composition of clinopyroxene in calc-silicate rock.

Sampk 148W 3G 148W 36 1485W36 URKIZ DKK12 DKK12 QEN12 GANSD GANSD URKSD)
Mineral CPA-CULY  CpA-TInt UPX-LUIY  UPX-LOIE  UPX-UOTE  UPX=<'Or¥  <pN-IIu CPA-CULY  CpA-TInL UpX-CinL
S02 S3.88 53.50 53.K2 5246 51539 3351 S3.04 S2.04 53.13 5306
TiO2 hdl hdl b.d.L b.d.L b.dl b.dl b.dL hdl hdl b.d.L
ARG 19] 164 154 .64 Lol 193 Q.30 10] 15t .01
€203 h.d.l bdl h.d.l h.d.l hdl hdl b.d.l hdl bl h.d.l
Fel) 23 {36 N4 .33 V.53 ALY KM 1.71 12.08 10460
MO 025 0.2} 0.0 ball (N 0.2l 022 018 016 .20
M) 12,74 13.56 13.33 11.RI 1239 131.52 12.9n 1167 ILIR 11407
Ca0) 21.26 22.14 2244 2.57 2180 2.56 22.49 21.65 21.22 21.K9
Na20 1.26 054 U.68 U.5s .10 .65 0.3] 0.8] 1.12 U.6%
Total 99.65 99.37 100,08 99.36 100.29 100.28 99.37 99.67 100,37 99.52
Siparay 2010 1.990 1930 1.9RD 1980 1.9%0 2.0 1.987 1.99] 2.0
T Q ] U u u u QO Q ] u
Al Q.80 Qu70 0070 0000 IR (K Q00 Q045 oue7 IR
Cr 4] 4] 0 n n n QO QO 4] 1]
Feld+ Q0 ] u u 050 u {) Q.03 QU3 o
le21 0.280 0260 U.260 U220 0270 U240 0.280 0.331 0348 U7
Mn anin onmn n.no n nole nomn Q.0 Q.0NG Qnns 1,006
Mg 0.67N Q750 0.710 N.AT0 N.650 N.750 0.72 0.657 0.6G25 Nn.n21
Ca Q850 0.880 U880 U210 U870 . 590 LR 1] 0876 0852 U887
Na Qnon Qnn 0,050 N,(40 N, (%0 0,050 Q02N 0N39 N n.ns1
cations 3.990 3.990 4.000 3.990 4.010 4.000 3.990 4.000 3.999 3988
Xmg 0.7 0.742 0739 u.67? [1he) ) 0.758 .72 (L66S 0.042 U630
Table 17 Representative composition of garnet and feldspar in calc-silicate rock.
Samplc [4SW36G ORR12 ORRAS ORRSO 14SW235 14SW 36 [4SV36 OR%12 ORESN ORRSN
Mincra! fre-rim QIT-rim art-care ar-cane kfs-axsohrion phvani phnani kfs<nfjucem p axhuion pl-eare
to g in @t
Si02 K1 3K 38.22 3K.33 473 oh.00 6H.30 6503 6G7.5¢ G767
T2 016 .14 badl 012 wal. n.d. n.d. n.d. bl bl
AZ2035 2095 21.52 2L3 2144 812 21.58 21.42 17.94 1987 19.92
200 nia h.d.l h.dl h.dl n.l. . nd. nd. nd nd
Fe203 0 0 0 0 n.d. n.d nd nin b.dl b.dl
Feld 2139 19.31 28,33 2044 nal, n n n n ]
NnO) 1.78 2.50 116 0N n.d. nd n.d n.d nd n.d
Mu(h 1,98 .30 2,8% LR mal, nd. nd. nd hdl h.ddl,
Cal) 4. 7.36 37 1717 b.d.L 2.66 2.56 bl 0.5 0.62
R nd nd nd nl 0,19 nad nd. 0,30 hd 1 bl
Na2O nd nd b.dl n.d [ &} 101 o8 n1? L1.4d 11.64
K20 bd bl bl bl 16,43 0o 012 16 86 0,10 bl
Taotal 99.27 .14 047 99.79 99.65 100,49 100,48 1041 99.46 99.85
Stper 1228 QO 2010 297 2.8 300 3006 2888 2897 oI 2.966 2,963
Ti xR 1] K4 ) 4 oy n.d. nd n.d n.d u o
Al 1.95n 1,984 1.OT0 1.579 0.992 L1 1N Nn.878 029 1028
Cr 0.0 (] 4 o n.d. nd nd n.d nd nd
Fel n N.084 1.832 n n.. . nd. .00 n ]
Fe2—- .40 1.2(m 0.m? 1.359 n.d. 0 0 ] ] 0
N n12n N, 166 0,077 060 nal. . nd. . nd nd
Mg 0230 u.152 0357 U158 n.d. nd n.d u u u
Ca 1,250 E AN n,784 1,441 0 0,125 n12n n nons N9
Ba n.d n.d. nd nd n.d. nd n.d 0.00s u u
Na nd nd 1} nel 0.m? 329 %54 0no1s 974 10,9%3
K u u o o 0976 NS [IXE e AL .06 u
cations 7.990 S.001 7.995 7.978 4.986 4.988 4.981 5.006 4.999 5.008
XarsiXab 0415 [ 0.251 04384 onma2 D.A3K .87 U] n.au [(R9]
XalmeXan N80 N.405 N6l .06 0.na 0126 ni22 nols n.o24 n.{ns
XspseXkts 0039 0056 0126 0420 (LDK5 N3 0007 1,988 006G 043
Xpep no%a n.0s1 112 n.4s50
Xte 0,860 0. K88 0.1074 0507
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Table 18 Representative composition of amphibole, biotite and clinozoisite in calc-silicate rock.

Sunpke Gudy A2 PrN S¥u50 12 LA Gu812 DES12 YRIS0 Guusu
Miners p : AN DI cP BNOOE : b-adjcent SO . oo
S FUREEY angrrim anpemeampeeone angrene ool e cam AN covrm carim
Si02 41.52 4158 4389 247 30,04 3612 59.51 13506 N7 538.71
TiO2 072 0.89 014 i 1.70 n.59 021 h.d.l n2? [ 2ee)
ALlZO2 15.22 15.15 12,10 12.32 16,64 15.92 30 1291 2R07 200G
Cr203 Ball. ball hll hall nal. el wal. nal. 03 hall
Fe2O3 G H 1] O ] 1} 228 .49 un 677
Fed 15.%h 16.68 19.10 19.40 18.37 2059 O n 1] O
N badl, ball 10,3 000 o2 1,28 ball, hall hod I, ball
Ny w12 .17 Y34 LA 13,08 11 A9 ball, hall hd.l .51
Cud 10.52 10,48 1060 10.82 bl b.d.L 2513 25.23 2274 2
Na20 235 218 1.7 1.70 024 1,08 bdl bl b.d.L bl
K20 1.21 1.36 1.9 1.21 10.35 .40 bdl bd.l b.d.L bdl
r bdl 06 .29 .20 032 042 nd. n.d. n.d. nd.
Cl .08 o3 b.d.L bdl bd.l b.d.l nd. n.d. n.d. nd.
Total 96.70 97.63 99.23 98.04 27.54 9541 98.86 99.79 97.58 948.06
Siper2¥171250 £215 617 GA8T LN 2740 2,780 2.%%0 2000 3.03% 2.9%5
Ti angl .59 NS Q073 R 0.060 anin n 06 an3
ATV 1760 .80 1.510 1.0
ALV Q.40 0.860 0.:00 Q630 1.470 1430 2.850 2.000 2,573 2.64]
Cr G H] n 0O nal. . wal. nal NGOR O
Fell 1.333 1.578 n477 Q.30 ] 1} G130 N n412 [ERERY
lell [ER HESH 1,921 M 17351 1,33 0 " 1} L]
Nn (4] i (K] Ce A HALLH 1,520 4] " ] Q0
Ay 2 nis Al 2,058 1.8y 1 461 1,340 0 " "l ansy
Ca 1.687 1 668 1678 1.74% o U} 2040 2020 1.88% 1.883
Na G682 D61y 1,507 R D) 0.4310 0 u U] 0
K 0.250 025y 0.206 0.252 b2 0.920 4] u (] O
r o DuTs 0.140 O 140 FTE] 0.100 nd. n.d. n.d. nd.
Cl G020 Dol u O o 1} nd. n.d. nd. nd.
cations 15.636 15.584 15,532 15.590 7.960 7.910 8400 s.010 7.932 TOT4
Ximg (K58 .85 0.517 (402 1.359 0.502
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PEGMATITE

Three samples of pegmatites taken from different locations comprise the stable mineral
assemblage quartz, plagioclase, white mica, clinozoisite, garnet, minor amphibole, and epidote.
Biotite, K-feldspar and alumosilicates are missing or rare. Accessory phases are pyrite, rutile,
apatite, titanite and calcite. The fabric varies from a clear fine-grained schistose (sample
14SW32) to a more coarse-grained magmatic texture (sample 14SW35), in which small garnet,

clinozoisite and anhedral amphibole are interbedded (see Figure 25).

Scattered, subhedral garnet, up to 2 mm in size, encloses quartz, and rims are
decomposed by biotite, and plagioclase. Garnet encloses plagioclase, chlorite and calcite. The
composition is Alms3.53Grs32-s0Spss-18Prpo.s. Three compositional profiles of garnet from
sample 14SW35 reveal almandine- and grossular - rich garnets, whit a rim composition of
GrssoAlmssSpsi2Prp2 and a core composition of GrssoAlmsSpsisPrps. See Figure 26 for

detailed description of garnet and Table 19 for representative compositions.

Plagioclase represents the main constituent of the matrix and is up to 3 mm in size.
Inclusions of white mica, clinozoisite and amphibole are found (see Figure 25G). The average
composition is Ab7s.96Ans22Kfso.1 (Figure 27). Enclaves in garnet are depleted CaO (0.79 wt%,
respectively) in comparison to matrix plagioclase (2.63 wt%, respectively) as shown in Table
21. Highest Xan values of 0.22 are found in the core of matrix plagioclase and lowest in grains

adjacent to white mica (Xan = 0.10).

White mica is aligned parallel to the schistosity in sample 14SW32 (see Figure 25C &
D), whereas in sample 14SW35 white mica appears as undeformed flakes up to 1 mm in size
(see Figure 25E & F). Beside the textural difference there is also a chemical variation observed
between those two samples. K/(K+Na) ranges from 0.96 to 0.98 in sample 14SW35, and is
lower (0.78 to 0.89) in sample 14SW32. Phengite content ranges from 3.27 — 3.40 Si/110 in
sample 14SW35 and from 3.15 - 3.20 Si/110 in sample 14SW32. See Table 20 for

representative compositions.

Green, sub- to anhedral amphibole shows distinct cleavage of 124° and indicates
equilibrium with white mica, plagioclase and garnet (see Figure 25C). No chemical zoning of
individual grains can be observed. After Leake et al., 1997 amphiboles can be classified as

tschermakite. Average Xmg in amphiboles is 0.55.
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Sub- to anhedral clinozoisite is found in the matrix but also in vicinity of garnet forming
skeletal clusters or even sometimes acicular grain shape (see Figure 25E&G). Also veins
between plagioclase grains are filled up with clinozoisite. Grains in vicinity of garnet are
enriched in Fe;O3 (3.07 wt%) in contrast to matrix crystals (1.85 wt%). See Table 21 for

composition.

Quartz shows recrystallized fabric in sample 14SW32 (see Figure 25C & D), in contrast
to sample 14SW35, where quartz is not common and forms straight grain boundaries (see

Figure 25E & F).
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Figure 25 Field setting and microphotographs of pegmatite (A-H). (A) Field setting of sample 14SW35. (B)
Prominent felsic pegmatite of fine-grained type. (C) Overview of mineral assemblage, parallel nicols, sample
14SW32. (D) Sample 14SW32, crossed nicols, indicating the recrystallized quartz matrix. (E) Coarse grained type
with white mica flakes and clinozoisite in veins of plagioclase crystals, sample 14SW35. (F) Sample 14SW35,

crossed nicols. (G) Conspicuous white mica needles in plagioclase, sample 14SW32. (H) Fine-grained anhedral
skeleton clinozoisite, sample 14SW35.
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Figure 26 BSE image, composition profiles and element distribution maps of garnet in pegmatite (all images
represents sample 14SW35) (A-H). (A) BSE image showing a distinct chemical difference in the outermost
rim and again in the core. (B) Compositional profile with Xgrs decreasing from 0.5 to 0.4 from rim to mantle
and contrary behavior of Xalm and Xprp, chemical difference of core is reflected in all endmembers and
indicates a significant decrease of Xprp (0.15 to 0.05). (C) Element distribution map of Ca, with highest
enrichment in core and outermost rim. (D) Element distribution map of Y. (E) BSE image of another garnet
grain with again a distinct difference between rim and core. (F) Odd compositional profile with higher Xsps
values than Xprp, (G) Element distribution map of Ca shows a distinct enrichment in the outermost core and
again in the core. (H) Element distribution map of Mn supporting the trend of compositions profile.
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Figure 27 Ternary plot of feldspar in pegmatite. All
samples can be classified as albite-rich plagioclase.
Red triangles sample 14SW32, black squares sample

14SW35.

Table 19 Representative composition of garnet in pegmatite.

Xan

Sumple 14SW25 148W 35 14SW3S 145W3S 14SW2S 14SW35 14535 [4SW3S 14SW325
Mineral art-rim ar-transition grt-core ert-rim art-ransiion at-core ort-rim eri-uansition gri-core
Si2 REALY) I8.08 800 3R.22 3%.10 RER 7. AN20 3TN
102 b.d.L h.d.L 0,50 h.d.l. b.d.l. 0.5 h.d.l. h.d.l. .38
ALO3 21,63 21.55 20.%2 21.08 21.20 2108 21.29 21.09 20,71
Cr203 bl bd.l b.d.l b.d.l, b.d.l b.d.l b.d.l b.d.L b.d.l
FoQ) 19,18 2180 2142 20,89 22,70 19,93 10,97 22,52 20,306
MnO 4.74 1.Y3 S.64 2.83 4.80 6.36 4.5 455 380
MeO 0.74 Lus .89 U 1.04 0.84 Q.60 1.36 L1
Ca0 15.26 15.21 13.42 15.80 12.41 12,58 17.56 12.22 14.10
Total 99.62 99.68 99.68 100.36 100.14 100.22 99.30 99.94 100.23
Siper 120 3.008 002 016 295 3.004 3002 3,000 3023 2985
Ti 0 0 i} 0 0 0 i} 0 0

Al 2014 2.002 1.947 2.003 1.978 1.960 1.983 1.967 1.929
Cr 0 0 i} 0 0 0 0 0 0

Te3l 0 0 0 0 0 0 0.007 0 0.058
Fe2! 1.266 1.441 1.358 1.369 1.501 1.318 1.114 1.49] 1.287
Mn 0317 0.129 0.379 N.188 0.322 0.426 0.33 0.305 N.388
My 0.0R7 0.124 0.105 0110 0.122 0.009 0.070 n.161 0.130
Ca 1.291 1.284 1.141 1.326 1.051 1.147 1.487 1026 1194
cations 7.980 7.983 7.943 7.99 7975 7.952 7.992 7.983 797
Xors 0.436 0.431 0.3%3 N.443 0.351 0.384 0.495 N.34h N.398
Xalm 0428 0,984 (0,435 11457 0.511 0441 0,371 11498 1429
Xsps 0.7 0143 0,127 1.063 0.7 0.142 0110 0102 0.129
Xpmp 0.029 0.2 0.035 n.037 0.041 0.033 0.023 0.054 N.043
Xfe 0.936 0,921 0,928 1,926 0.923 0.930 0.9 1,903 1LX8
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Table 20 Representative composition of white mica in pegmatite.

Sample 14SW32 145W32 14SW32 14SW32 14SW32 14SW32 14SW32 14SW32
wm- wm- wm-
Minerul adjpcent 1o wimematrix  inclusion in wim-malrix adjpeen! 0 wim-matrix swm-matrix . wim-malrix
pl pl amp
Si02 47.67 43.01 43.49 47.76 48.29 48.75 47.79 43.60
Ti02 0.56 (.69 (.23 (.56 0.6% 0.43 0.47 (.36
ARO3 33.2 32.36 XN E! 33.02 32.28 32.96 33.56 3335
Cr203 b.d.l. h.d.l h.d.L. h.d.l b.d.l. b.d.l b.d.L hd.L
FeO 1.29 1.29 1.12 1.28 1.42 1.29 1.33 1.28
Mn() b.d.l. b.d.l h.d.L h.dl b.d.l. b.d.l b.d.L hd.L
MgO 1.52 1.71 1.72 1.25 2.29 1.9 1.87 1.41
Ca0) b.d.l. b.d.l b.d.L. h.dl b.d.l. b.d.l b.d.L hd.L
Na20 1.41 1.41 1.45 1.62 1.32 LIR 1.36 1.67
K20 9.19 9.16 9.26 8.98 917 v.62 9.30 8.7
E b.d.l. b.d.l. bl 0.18 b.d.l. 0,14 b.d.l 0.18
Cl b.dl b.d.l b.d.l b.dl b.d.l b.dl b.dl b.d.L
Total 94.86 94.63 95.41 94.65 95.45 96.27 95.68 95.60
SiperI1 O 3,168 3.198 3.198 3185 3.192 3.198 3149 3,199
Ti 0,028 0.035 Q.01 0.028 0,034 0.021 0.023 0.018
Al 2.602 2.541 2.576 2.595 2514 2,548 2.606 2.587
Cr 0 0 O ( 0 0 0 ()
Fei+ 0 0 0 0 0 0 0 0
Fe2t 0.072 0.072 (.62 0.071 0.078 0.071 0.073 0.4070
Mn 0 0 0 0 0 0 0 0
Mg 0.151 0.170 (.169 0.124 0.226 0.186 0.184 0.138
Ca 0 0 0 0 0 0 0 0
Na 0.182 0.182 (185 0.209 0.169 0.130 0.174 0.213
K 0,779 0.779 0779 0.764 0,773 0,803 0,782 0.735
F 0 0 0 (.(40 0 0.030 0 (.040
Cl 0 0 0 0 0 0 0 0
cations 6.982 6.977 6.980 6.976 6.986 6.979 6.991 6.960
Xk 0.811 0.R11 (L.308 0.785 0,821 0.843 0.818 0.778
Xna 0.189 0.189 0.192 0.215 0.179 D.157 0.182 0.225
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Table 21 Representative composition of feldspar and clinozoisite in pegmatite.

Samgle 145w 1SW 32 14832 ASWs2 148V a2 AASws2 14SYe2S 128W352 [ERYVREY 148w 1SW S
Mool ;:;dmcm €20-1i cze-core pluetx plowedn plaonkx pldm precee slrita f:;:;’i"ccc' i’:’:;hm
Sz 3901 34l ke 05.5¢ 6L 6511 [ 65.2% GE4T 65.58 G861
T2 bl L bl kL nal nel. nal mall hall k.l hall fall
ATOR 3 3,72 SN .67 M 211 21N 2160 21.57 2138 1 8
Fe202 3.07 22 L33 vd nd. v.d 24l bdl 2dl bdl bdl
Mut? bl L bl kL nal. el nal fall hail EXUNS hall fall
Mol bl hdl, XA nd nd, nd 2.1 bl 2 hdl hdl
Ca0 211 24.2¢ 24.39 262 A1 220 2.03 2R 2.03 29 (U
Nt 2() bl L hadl. Eall LA 9.51 A | s T0L3% nAas HUR ) 1.6t
KXY} bl hdl, XA hdl, GA7 hdl 241 bl LX{ A bl L
Total @15 97.22 9795 99.81 99.06 99.16 100.60 99.84 10014 100.08 100.82
Sipem NI1Z2 0 348N 329 2425 2813 2R3 Z.N8K 2870 P | 2.875 LN 297
Ti 0 0 ¢ v.d nd. v.d Q o ¢ 0 9

Al 2835 2828 2.364 L1383 1.241 .. 1128 L1220 LG L1053 Loz
Fed! b on) 0o a4 nal. nl nal [ n [ " a

Ma 0 0 ¢ o.d nd. o.d Q o ¢ 0 0

Mz 0 0 ¢ nd. nd nd a 0 ¢ 0 a

(71 1.8 1.949 LY nise (AL nis a0 nizz a2 i LURRE
Na 0 0 ¢ 0855 0.927 04 .85 0856 .80 0887 0978
K 0 0 ¢ 0 0.00 0 a 0 & 0 a
culivns 7.949 7.9y 7983 SA4123 5.012 SA24 4.980 SA2 3.006 4.9495 S.002
Xab 0833 030 0.89% 0574 08 9.378 0887 0,94
Xan o.a? 0192 0.2 a126 01zl a.122 013 Q.036
Xk's n N n [H n [+ n a
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GEOCHEMISTRY OF MAJOR AND TRACE ELEMENTS

A whole rock data set of 70 samples from different lithologies of the Surna Nappe is
presented in Appendix D. During sample preparation, attention was drawn to use fresh and
unaltered samples, since secondary processes (e.g. oxidation, fluid infiltration and resulting
element mobilization) influence the whole rock composition. The following investigations
provide a broad data set of major and trace elements, of the different lithologies of the Surna
Nappe, garnet — hornblende mica schists, amphibolites, and tonalitic layers. Appendix C

illustrates sample locations of investigated samples.

GARNET — HORNBLENDE MICA SCHIST

Table 22 shows the average compositions of the major lithologies found in the Surna
Nappe. For comparison Table 23 indicates average compositions of peltic and metamorphic
rocks, after Miyashiro, 1973. For garnet-hornblende mica schists of the Surna Nappe ALOs,
Naz0 and K>O values are lower than in two-mica schists, CaO, TiO2 and MgO are higher than
average two mica schists. Binary plots of major elements vs. SiO> (see Figure 29) reveal a
negative correlation for AlO3, MgO and Fe. The classification of the protholith, as shown in
Figure 28 after Werner, 1987 indicates no clear discrimination between magmatic or

sedimentary origin of the protholith.
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Figure 28 Discrimination diagram between magmatic or
sedimentary protolith, after Werner, 1987, with indicate
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can be determined. Both axes are in wt%.
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Figure 29 Binary plots of major elements vs. SiO2, both axes in wt% of garnet — hornblende mica schists. Al203;, MgO and
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Table 22 Average major and trace elements of garnet-
hornblende mica schist, amphibolite and tonalitic layers, Surna
Nappe.
Average major and trace elements of different
lithologies in the Suma Nappe

Cirt- I-Ihl-mu:n Amphibolite Tonakic
schist layers
36 samples 10 samples 5 samples
Major clements [wi®]  average AVCTHED AVETAZD
S0, 5,56 4994 TLOR
TiD, 0.7 1.37 028
ALO, 13,58 1587 [2.38
Fe, 0,4 6,54 10.92 4.48
MnO 0,09 0,16 002
Mg 300 5.88 105
Cal o2 004 ERIE)
Ma, () 278 252 R
KO 1.72 0,51 0.76
P,0. 0.16 0.20 (.06
Lol 1.08 109 032
trace elements [ppm]  average average average
Ba 265 151 103
Ce 4 71 35
Cr 162 132 S0
Cs a8 26 <20
Cu Bl 59 6l
] 19 19 15
Nb 38 =20 38
Ml kH) 46 29
Ni B4 1] <20
b 22 =20 <20
Rb 63 52 13
Sc 28 27 25
Sr 204 225 22
Th =20 28 =20
u =20 <20 =20
v 136 147 159
Y i3 40 29
in 83 Bl Hd
Zr 145 154 BE
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Table 23 Average composition of pelitic and metamorphic rocks, after Miyashiro, 1973.

Average compositions of pelitic rocks of the worlds, after
Miyashiro, 1973

Clays, shales and slates Phyllites, schists and gneisses
85 analysis 70 analysis
average  standard deviation average  standard deviation
S, 59.93 6.33 63.15 5.94
T, 0.85 0.57 0.79 0.67
ALD, 16.62 333 17.35 508
Fe.0y 303 2.08 2.00 1.66
FeO ENE [.84 471 2.44
Mg 2.63 |.9% 2.31 1.82
Cal 218 .54 1.24 0.92
Nas() 1.73 1.27 1.96 1.06
K0 3.54 1.33 335 1.31
H:0 4.34 2.38 242 1.53
CO, 231° 2.60 022" 0.22

* determined on only 43 analyses
* determined in only 19 analyses

Average chemical composition of metamorphic rocks
(anhydrous basis), after Miyashiro, 1973

1 2 3 | 5
Two-mica Quartzo-
Phyllites  Mica schits . feldspatic  Amphibolites
schists .
gnemsses
Si, .0 4.3 67.7 TO7 0.3
Ti), 1.1 1.0 - 0.5 1.6
ALy 2007 17.5 6.6 14.5 15.7
Fe. 0, 3.0 2.1 1.9 l.6 3.6
FeO 4.8 4.6 34 2.0 7.8
MnO 0.1 0.1 - 0.1 0.2
MgO 29 2.7 1.8 1.2 7.0
Cald 1.2 1.9 20 2.2 9.5
Na,0 2.0 1.9 il 3.2 29
K.O 4.0 37 3.5 3.8 1.1
P,0s 0.2 02 - 0.2 0.3

1,2,4.5 after Poldervaari, 1935; 3 afier Lapadu-Hargies, 1945
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AMPHIBOLITE

All amphibolites are ultrabasic to intermediate with SiO> values ranging from 41.08wt%
to 56.72 wt%. Lost of ignition (LOI) varies from 0.34 to 1.38, except sample 14SWO03 which
exhibits a high LOI of 5.67 wt%. The majority of amphibolites plot in the field of gabbro and
one sample (14SW47) falls into the field of diorite (see Figure 30). Two samples (14SWO07 &
14SWO09) plot outside of the diagram, due to low content of alkalis as shown in the TAS diagram
of Cox et al, 1979. The association to a magmatic trend is vague (see Figure 30A).
Amphibolites of the Surna Nappe show slightly lower MgO and higher CaO and K>O values
than average compositions (see Table 22 and Table 23). Figure 31 illustrates the differentiation
between ortho- and para-amphibolite after Leake, 1964. Therefore, the Niggli parameters have
been calculated as shown in Table 24.

_ MgO
~ FeO + MnO + MgO + Fe,0;

mg

The systematic decrease in Niggli mg and increase of Niggli ¢ is associated with
magmatic differentiation. All samples plot at the early stage differentiation of basic magmas,
indicating no clear trend, but don’t fall in the field of the mixtures between pelite — limestone —
dolomite. A classification of the magma series based on the ternary AFM diagram after Irvine
& Baragar, 1971 is not straightforward (see Figure 30B). Binary plots of major elements vs.
MgO (both in wt%) are illustrated in Figure 32. A clear trend is only observed in TiO> (negative

correlation), which is typical for a tholeiitic fractionation trend.
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Table 24 Whole rock analysis of amphibolite the Surna Nappe. 10 % Fe2Os is assumed. data and Niggli parameters after

Leake et al., 1964.
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Figure 32 Binary plots of major elements vs. MgO (both axes in wt%) of amphibolites in the Surna Nappe (red

dots). A distinct trend is not observed in any major element.
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Figure 33 Niggli mg vs Ni, Cr and Cu [ppm] on a logarithmic scale after Leake, 1964 of amphibolites in the Surna
Nappe. Green line would enclose pelites. There is no clear positive trend observed as in typical orthoamphibolites
recognized, but they don’t plot within the field of pelites.
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TONALITIC LAYER

Felsic concordant layers in amphibolite clearly of magmatic origin (see Figure 34) and
represent tonalitic to granodioritic melt based on the Streckeisen diagram for plutonites, (see
Figure 35). The SiO, content varies from 67.27 — 75.55 wt%. Binary plots of major elements

vs. Si0> (see Figure 36) indicate no distinct trend, due to small number of samples.

1.0
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ITiO,

magmatic /
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\] 1 2 _Iﬁ 4 5
MgO/CaO
Figure 34 Discrimination diagram between magmatic or
sedimentary protolith, after Werner, 1987, with indicate

samples of tonalitic layer. All samples have a magmatic
origin. Both axes are in wt%.
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Figure 35 QAP diagram after Streckeisen, 1974. Four samples of tonalitic layer
plot in the field of tonalite, sample 14SW42 can be classified as granodiorite. Q
= quartz, A = K-Fsp, P = plagioclase.
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CONVENTIONAL GEOTHERMOBAROMETRY

THEORETICAL BACKGROUND

A fundamental condition for any geothermobarometric calculation is the chemical
equilibrium of involved phases (Gibbs free energy at minimum), and a closed system (dV = 0).
The implementation of the thermodynamic laws in thermobarometric calculations results in the

following relationship
AG = 0 =AH —TAS + AV(P —1) + RTIn(K)

G... Gibbs free enthalpy, AH... difference in enthalpy of reaction, T... temperature [°K],
AS... difference in entropy of reaction, AV... difference in molvolumes of reaction, P...

pressure [bar], R... gas constant (8.31 [J/molK]), K... equilibrium constant of reaction

By determining thermodynamic parameters like H, S, V and choosing the proper activity
model, the equilibrium constant K generates a line with a certain slope in the P/T space.
Different equilibria produce different slopes, and intersecting those results in a point in the P/T
space. Proper geothermometers have a small reaction volume (and a high change in entropy)
and plot therefore as steep line in the P/T space. Reverse behavior is observed for

geobarometers.

GEOTHERMOMETRY

Ionic exchange geothermometers are based on the exchange of isomorphic elements
(elements with similar valence and ionic radius) between coexisting minerals, and are mainly

determined by the following parameters:

- electronegativity
- crystal class

- H»0O-content of minerals

The higher the difference of these parameters between mineral phases is, the higher is the
ionic exchange process. Biggest differences occur between hydrated and non-hydrated minerals

(Franz L., 2016).

70



Garnet — Biotite Thermometry

Because of the reasons mentioned above, Fe*'/Mg exchange between garnet and biotite
is appropriate for evaluating temperature (significant difference in electronegativity, Mg = 1.31
and of Fe** = 1.83). At low temperatures, phlogopite and almandine rich compositions are
dominant and with rising temperature the bonding of Mg to garnet increases, whereas the

bonding of Fe?* decreases.
KMg;[(OH)2Si3A1010] + Fe;Al:Si301, = KFes[(OH).2Si3Al010] + Mgz AlLSi3012
phlogopite ~ + almandine - annite +  pyrope

In more accurate thermometer equations the non-ideal mixing of garnet and biotite, the
effects of Ca and Mn content in natural garnet, and Ti & Al of natural biotite are also considered

(Dachs E. 2015).

For this study the calibration after Holdaway, 2000 was used, by determining the

temperature following the equation

— 40198 + 0.295P + G + B
K] = 7.802 — 3RInkK,

G & B... Margules Parameter.

Garnet — Hornblende Thermometry

This thermometer is based on the Fe**/Mg exchange between garnet and hornblende
endmembers. Calculations in PET were performed with calibration after Dale et al., 2000,

following the reaction

CayFesSis022(OH), + g Mg3AL[Si3012] 2 CaxMgsSisO22(OH), + g FesAl[Si3012]

ferroactinolite + > ope -> tremolite +3 almandine
3 Pyrop 3

Limitations for this thermometer arise in the composition of amphiboles: (per formula
unit) Ti = 0.25, Mn = 0.12, K = 0.4 and Nams = 1.0, and values for X3/2, X3/ and X§,<0.015
should be avoided (Dale et al., 2000), (Fe*" calculated after to Blundy & Holland, 1990).

For calculations in winTWQ the endmembers of the calibration after Graham & Powell,

1984 were selected, following the reaction
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éMggAlz[SigOn] + iNaCazFe4A1[A12Si6022(0H)2] > %Fe3A12[Si3012] + %NaCazMgz;Al[Alei6022(OH)2]
1 1 . 1 . 1 .
S pyrope  + " ferropargasite > 3 almandine + , pargasite

and temperature is calculated in the form

2880+3280X¢q,Gre
InKp+2.426

— 273

T [°C] =

Uncertainties arise from the Fe** estimation of amphiboles and application of the latter

calibration is restricted to Mn-poor systems (Franz L., 2016).

Plagioclase— Hornblende Thermometry

Blundy & Holland, 1994 introduced a semi-empirical thermometer based on the Al'Y

content in amphibole coexisting with plagioclase in Si-saturated rocks, and calibrated the

following thermodynamic reactions
NaCa;MgsSisAlO2(OH), + 4 SiO; > Ca;MgsSis025(OH), + NaAlSizOs
edenite + 4 quartz 2> tremolite + albite
NaCa:MgiAIALSis02(OH), + 4 Si02 > Ca:MgsALSiz02(OH), + NaAlSi;Os
pargasite + 4 quartz = hornblende + albite

(Fe*" calculated after to Blundy & Holland, 1994).

Garnet — Clinopyroxene Thermometry

This thermometer is again based on the Mg/Fe?" exchange of garnet and clinopyroxene

following the reaction

%MggAlg[SigOn] +  CaFe[Si,04] egF@Alz[snon] + CaMg[Si:06]
; pyrope + hedenbergite > galmandine + diopside

and temperature determination by the equation
T [°C] = [(1939.9 + 3270 X&'t — 1396 (XE78)? + 3318 X't — 353 (X&78)? + 1105 X,\G,,fqt#

—3561 (xGrt,)" + 2324 (XG7%,)° + 169.4P/(Ink), + 1.223)] — 273
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where Kp = (Fe**/Mg)S"/(Fe?*/Mg)P*, X&'t = Ca/(CatMn+Fe’"Mg) in garnet, XSt =
Mn/(Mn+Mn+Fe**+Mg) in garnet and X% = Mg/(Mg+Fe®*) in garnet
after Krogh Ravna, 2000. Errors of + 50°C are common for nearly all calibrations, mainly

because of the non-ideality of additional elements in clinopyroxene like MnO and Cr20s. The

Fe*" content in clinopyroxene is another source of imprecision. (Franz L., 2016)

Zr in Rutile Thermometry

Empirical studies, for instance of Zack et al., 2004, Ferry & Watson, 2007, and Tomkins
et al., 2007, show that the Zr-content in rutile is temperature dependent. Tomkins et al., 2007
considers also a pressure dependent equation. Since rutile is part of the stable assemblage in
amphibolites and garnet-hornblende mica schists, this thermometer was applied to three
samples with calibration by all previously mentioned authors. See Table 27, Table 28 and Table

29 for equations, results and errors.

GEOBAROMETRY

Net — transfer mineral reactions accompany a significantly higher mole volume of at
least one involved phase. The phase with smaller mole volume is the one which is stable at
lower pressures. The volume change of almost all net-transfer reactions is high, resulting in the

suitability as geobarometer (Franz L., 2016).

Garnet — Hornblende — Plagioclase Barometry

The following reactions by Dale et al., 2000 were considered

CazMg3Al4$i6022(OH)2+§Ca3AIQSi3O 12+§ Mgz ALSi301,+4S10,2> Ca;MgsSis02(OH)>+4CaAl:Si,0s

tschermakite = + % grossular + gpyrope + 4 quartz> tremolite + 4 anorthite
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and

NaCaMgiALSi¢O22(OH), + = CasAbSizOp + > MgALSi;Or2 + 6Si02 > Ca:MgsSisOx(OH), +
4CaAl»S1,05 + NaAlS130g

pargasite + 2 grossular + g pyrope + 6 quartz = 2 anorthite + albite

Limiting parameters are the same as for garnet — hornblende thermometer (Fe**

calculated according to Blundy & Holland, 1994).

Garnet — Plagioclase — Biotite — Quartz Barometry

This barometry was introduced due to the common missing of ALSiOs phases in

metapelites. Hoisch, 1990 used 43 natural samples for calibrating the following reactions

%Mg3AIQSi3O12+§C33A128i30 12FK(MgrAD)(Si2AL)O010(OH)+2Si0,2>2CaAl>Si>0s KM g3( AlSi3)O010(0
H)

gpyrope + 2 grossular + eastonite +2 quartz = 2 anorthite + phlogopite

and the following calibrated geobarometric expression

P [bar]
_ —31830.6 + 79.0281T — RTInKg, — 26968.7(X5F — X5Y) + 32604.5 XF! + 42855.4 X7
- 2
3.8145 — 3 AVgys
and

F63A128i3012+§C33A128i3012+K(F e2Al)(Si2A12)010(OH)>+2S10; 2 2CaAl:Si,Os+KFe3AlSi3019(OH)2

g almandine + 2 grossular +  siderophylitte +2 quartz = 2 anorthite +  annite

and the following calibrated geobarometric expression

P [bar]
— 46707.2 + 85.5824T — RTInKg, — 30960.2(X5} — XEL) + 24289.6 X5, + 37265.6 X7}
- 2
3.8986 — 3 AVgys

Reliable results can be obtained if mineral compositions are in the range which was used

by the author (for instance Xan > (.18, since values below don’t ensure Ca-exchange with
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garnet). Although muscovite is part of the peak mineral assemblage it is ignored for
geothermobarometric calculations due to uncertainties in thermodynamic data and solution

models of white mica.

Garnet — Clinopyroxene — Plagioclase — Quartz Barometry

Eckert et al,, 1991 provided a useful barometer of the above mentioned mineral

assemblage, resulting in the reaction

CaALSiHOs + CaMgSi0s > = CasALSH;O12 + 7 MgsALSiHO1 + SiO:
anorthite + diopside = % grossular + %pyrope + quartz

with the resulting geobarometric equation
Plkbar] = 2.60 + 0.01718T + 0.003596T InK

The error of + 1.9 kbar should be rather added than subtracted (Newton & Perkins,
1982).

Garnet — Rutile — llmenite — Plagioclase — Quartz Barometry (GRIPS)

Bohlen & Liotta, 1986 calibrated this barometer for garnet-bearing amphibolites. The
breakdown of ilmenite with increasing pressure results in the coexistence of rutile and garnet.

The barometer is based on the equilibrium
CaFe;AlLSis02 + 6 TiO; > 6 FeTiO; + 3 CaAlSixOs +  38Si0;
garnet (GrsiAlmp) + 6 rutile > 6 ilmenite + 3 anorthite + 3 quartz

Errors and uncertainties arise from the often unknown position of rutile (relict of high-
pressure metamorphism) and the relationship between rutile and ilmenite (Franz L., 2016). For
amphibolite samples of this study rutile occurs often as inclusion in amphibole rims and shows
exsolution of ilmenite. In garnet — hornblende mica schist rutile is found in the matrix and as

enclave in garnet or amphibole.

75



GEOTHERMOBAROMETRIC MULTIEQULIBRIUM CALCULATIONS

All the above mentioned thermobarometry methods have the disadvantage that applied
equilibria equations are not internally consistent with each other, i.g. each incorporates a
particular set of thermodynamic data for each mineral. Multiequilibrium calculations with
programs like winTWQ have the benefit that all possible reactions between phases are
considered (database by Berman, 1988, Berman, 2007 & Holland & Powell 1998). Used

solution models are indicated in the individual P/T plots (see digital Appendix).

RESULTS

Folders in the digital appendix include

- positions of mineral chemical analysis (mineral chemical data wused for
geothermobarometric calculations are indicated in appropriate colors)

- the corresponding results presented as P/T plots (clarification of the abbreviations used
in the titles of the P/T plots is shown in Table 25

- tables of mineral compositions of all measurement points

Table 25 Description of used abbreviations in P/T plot of geothermobarometric calculations, see also digital Appendix.

abbreviabon |geothermomeler geobarometer calibraton

gihi garnet-hiotie Holdaway, 2000

pibtpl garnet-hiotite-plagiockhse Hoisch, 1990 Mg-reaction (R1)

gihtpl2 garnet-hiotite-plagios se Hoisch, 1990 Fe-reaction (R2)

glam garnet-hornblende Dale et al., 2000 & Graham & Powell, 1954

gtamgl garnet-hormblende-plgockhse Dale et al, 2000 reacton | & Graham & Powell, 1984
gtampl2 garmet-hormblende-plagio:kase Dale et al, 2000 reaction 2 & Graham & Powell, 1984
ampl amphiboke-plagochse Blundy&Holland, 1990 reaction |

ampl2 amphibole-plagoclkse Blundyé&Holland, 194 reacton 2

gtepapl garnet-clmopyroxene-plhagiocbse Eckert et al, 1991 Mg-reaction

gliepx garnet-clmopvroxens Krogh Rawna, 2006

GRIPS garnet-rulik-imenite-plagioclise [Bohlen & Liotta, 1986

Table 26 shows the summary of geothermobarometric calculations from the different
lithologies of the Surna Nappe. Selected samples are plotted in Figure 37, resulting in four P/T
windows. In general, all results, regardless of the lithology, obtained by the garnet-biotite-
plagioclase-quartz thermo- and barometer yield higher P/T conditions than results of the garnet-

amphibole-plagioclase system.
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The main focus of geothermobarometric studies was on garnet — hornblende mica schists.
In total 12 samples have been investigated. As mentioned before, the garnet-biotite-plagioclase-
quartz geobarometer and garnet-biotite geothermometer yield higher P/T conditions than the
garnet-amphibole-plagioclase geobarometer and garnet-plagioclase geothermometer. Garnet —
biotite geothermometer is constant between 600-700 °C, and garnet-biotite-plagioclase-quartz
geobarometer varies in the range of 9 — 20 kbar. Samples which yield low pressure and
temperature (14SW27 & 14SW29) are from the northern part of the Surna Nappe,
approximately 40 km NW from the other sample localities. Garnet — hornblende — plagioclase
geobarometry shows more invariable pressures around 9 kbar and temperature varying from

400 — 600 °C.

For garnet — quartz mica schists the application of garnet-biotite-plagioclase-quartz
geobarometer and garnet-biotite geothermometer were the only possibilty of evaluating P/T
conditions. Sample 14SWO06 yields ~ 650 °C with garnet — biotite geothermometry. Sample
14SW28, taken from the northern part of the Surna Nappe, shows a more retrogressed and
highly deformed fabric which is reflected in P/T calculations (~5 kbar/500 °C respectively 3
kbar/500 °C with considering amphibole).

The usage of appropriate geobarometer in amphibolites is challenging, but for sample
14SW22, the garnet-biotite-plagioclase-quartz and garnet-amphibole-plagioclase geobarometer
could be applied. Pressure results vary from 6 — 12 kbar, temperatures are consistent at

approximately 650 °C. Minimum pressure is given by the GRIPS barometer with 7kbar.

The peak assemblage in tonalitic layers consists of garnet, plagioclase, biotite, white mica
+ amphibole. For geothermobarometric calculations with the garnet-biotite-plagioclase-quartz
geobarometer and the garnet-biotite geothermometer (sample 14SW12 and 14SW42) P/T
conditions of 20 kbar/700 °C were obtained. Sample 14SW42 contains amphibole what results
in lower P/T conditions of 13 kbar/640 °C (PET) and again 20 kbar/780 °C with winTWQ.

Since calc-silicate rocks comprise the peak paragenesis clinopyroxene — garnet —
plagioclase the application of the corresponding geothermobarometer yield for all investigated
samples ~ 17 kbar/650 °C. The garnet-amphibole thermometry gives similar temperatures of

620 °C.

One pegmatite sample (14SW32), which contains garnet, plagioclase, amphibole and
clinozoisite, was used for multiequilibrium calculations with winTWQ. Activity for

clinozoisite, evaluated with AXwin, is 0.74. H2O activity was set to 1.0 and results give 12
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kbar/550 °C. More reliable seem the activity — corrected P/T grid of endmembers with the
program Perplex X (Connolly, 2005), where the same solution models and thermodynamic
parameters are used (all activities considered have prior been calculated with AXwin and are

denoted at univariant reactions, see Figure 38A&B).

Si (p.f.u.) in white mica can be used as an indicator for pressure estimations. Si is replacing
tetrahedral Al with a linear relation with rising pressure (Deer et al., 1971, and Massonne &
Schreyer, 1987). The highest phengite content is found in tonalitic layers with 3.28 Si p.f.u.,
garnet — hornblende mica schists comprise 3.25 Si p.f.u., garnet — quartz mica schists 3.22 Si
p.fu. and amphibolite 3.18 Si p.f.u.. Figure 39 illustrates the linear correlation of increasing Si
in phengite with increasing pressure of different lithologies in the Surna Nappe. Pressure results
are obtained by conventional geothermbarometry and plotted against the Si content in white

mica of the same sample.
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Figure 37 P/T plot of selected lithologies and sample of Surna Nappe resulted by different
geothermobarometric calculations. Garnet-hornblende mica schists yield highest P/T
conditions of ~ 18 kbar/750 °C. Calc-silicate rocks yield similar pressures but slightly lower
temperature (~17kbar/700°C). Tonalitic layers, calculated with the same geothermbarometers
as garnet-hornblende mica schist plot in the range of 640 — 720 °C and 13 kbar. Lowest P/T
conditions are obtained from amphibolites, with 6 kbar and 500 °C. 1 garnet-biotite
geothermometer, 2 garnet-biotite-plagioclase-quartz geobarometer, 3 garnet-clinopyroxene
geothermometer, 4 garnet-clinopyroxene-plagioclase-quartz geobarometer, 5 garnet-
amphibole geothermometer, 6 garnet-amphibole-plagioclase-quartz geobarometer. Aluminum
silicates stability fields after Holdaway & Mukhopadhyay, 1993.
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Figure 38 Activity corrected P/T grid calculated with Perplex X software package, H2O = saturated and activity of latter is 1.0. Reaction
equations are written such as that the high temperature assemblage is on the right of the = sign. (A) Sample 98814 garnet — hornblende
mica schist in the selected MgO-Al203-Si02-FeO system. (B) Sample 14SW32, pegmatite, in the simplified MgO — AlO3 — SiOz —
CaO system. Reaction lines which are exceeded are highlighted red.
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Table 26 Summary of results obtained by geothermobarometric calculations for garnet — hornblende mica schist, garnet — quartz
mica schist, amphibolite, tonalitic layer, calc-silicate rock and pegmatite. For abbreviations see Table 25. First row indicates applied

program. * stand for GRIPS vs. garnet-biotite geothermometer and # for GRIPS vs. garnet-amphibole geothermometer.

Si p.fiu. in white mica

Figure 39 Binary plot of Si p.f.u. in white mica vs. corresponding pressure results obtained by
conventional geothermobarometry, indicating the linear increase of phengite with increasing
pressure. Illustrated are results from different lithologies.
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Table 27 Temperature estimation with Zr-in-rutile thermometry of sample 14SW18, garnet — hornblende mica schist, after
Tomkins et al, 2007, Zack et al., 2004 & Ferry et al., 2007.
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Table 28 Temperature estimation with Zr-in-rutile thermometry of sample 14SW27, garnet — hornblende mica schist, after
Tomkins et al, 2007, Zack et al., 2004 & Ferry et al., 2007.
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Table 29 Temperature estimation with Zr-in-rutile thermometry of sample 14SW62, amphibolite, after Tomkins et al, 2007,
Zack et al., 2004 & Ferry et al., 2007.
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THERMODYNAMIC MODELLING

Thermodynamic modelling based on Gibbs free energy minimization and fixed
chemical compositions is a powerful tool for not only to recover PT conditions but to interpret
mineral textures, predict mineral assemblages and mineral compositions at specific PT
conditions and determine the PT evolution of a rock. Calculations have been performed with
the software package Perplex X (Connolly, 2005) using the thermodynamic data file
hpO4ver.dat of Holland & Powell, 1998 and updates.

GARNET-HORNBLENDE MICA SCHIST

Sample 14SW52 was chosen because it is one of a few samples which does not contain
epidote or clinozoisite, and thermodynamic calculations can be performed without considering
FexO3 as a separate component. The mineral assemblage consists of calcic amphibole,
almandine-rich garnet, white mica, quartz, biotite, plagioclase (Xab 0.77 — 0.84), rutile and
retrograde chlorite. Whole rock analysis yields a composition of SiO2 = 68.84 wt%, TiO2 =0.76
wt%, ALO3 = 13.44 wt%, Fewr = 7.20 wt%, MnO = 0.085 wt%, MgO = 2.66 wt%, CaO = 1.21
wt%, NaxO = 1.70 wt%, K20 = 2.62 wt%, P,Os = 0.099 wt% and LOI = 0.95, resulting in the
ten component system NCKFMATSHMn. 10% Fe>O; is assumed. The following solution
models were used: garnet: Ganguly et al., 1996, amphibole: White et al., 2003 & Wei et al.,
2003, biotite: Tajcmanova et al., 2009, clinopyroxene: Holland & Powell, 1996, chlorite:
Holland et al., 1998, plagioclase: Newton et al., 1980, white mica: Pheng(HP), cordierite: hCrd,
ilmenite: ideal ilmenite-geikielite-pyrophanite solution and K-Fsp: Waldbaum & Robie, 1971.
For the corresponding garnet profile of sample 14SW52 see digital Appendix. Figure 40
illustrates the P/T pseudosection of sample 14SW52. The molar bulk composition is indicated
on the top of Figure 40. The stability field of biotite, amphibole, white mica, plagioclase, garnet,
quartz, rutile and H»O is highlighted in red. For a more accurate P/T estimation the isopleths of
Xgrs (rim) and Xmg(rim) in garnet have been added. They intersect at approximately 14 kbar

and 640°C, corresponding to lower eclogite facies.
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Figure 40 P/T pseudosection of sample 14SW52, garnet-hornblende mica schist. The various mineral assemblages (1-31) over the
P/T window are indicated on the right. The red highlighted paragenesis represents the minerals found in the sample. Isopleths of
Xegrs (rim, violet) and Xmg (rim, red) in garnet intersect at approximately 14 kbar and 640°C, corresponding to lower eclogite

facies.
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AMPHIBOLITE

Sample 14SW22 is classified as amphibolite and was choosen due to its well
equilibrated mineral assemblage consisting of calcic amphibole (tschermakite), almandine-rich
garnet, quartz, biotite, plagioclase (Xab 0.63 — 0.93), rutile and retrograde chlorite. The whole
rock analysis yields a composition of SiOz = 52.97 wt%, TiO> = 1.64 wt%, ALOz = 17.25 wt%,
Fewr = 9.12 wt%, MnO = 0.074 wt%, MgO = 5.54 wt%, CaO = 9.16 wt%, Na>O = 2.70 wt%,
K20 = 0.26 wt%, P>Os = 0.560 wt% and LOI = 0.4, resulting in the ten component system
NCKFMATSHMn. 20% Fe»03 is assumed and no ferric iron is considered as component. The
following solution models were used: garnet: Ganguly et al., 1996, amphibole: Diener et al.,
2011, biotite: Tajcmanova et al., 2009, clinopyroxene: Green et al., 2007, chlorite: Holland et
al., 1998, plagioclase: Newton et al., 1980 and white mica: Chatterjee & Froese, 1975. First,
for an estimation of the water content a P/X pseudosection at a fixed temperature (600 °C,
gained by garnet-amphibolite thermometry, see Table 26) and varying water content on the x-
axis was calculated. The observed paragenesis in the thin section was found in the calculated
diagram at approximately 2.0 wt% H>O and 8 kbar. Figure 41 illustrates the pseudosection of
sample 14SW22. The molar bulk composition is indicated on the top of Figure 41. The stability
field of biotite, amphibole, plagioclase, garnet, quartz, rutile and H>O is highlighted red. Since
this stability covers a large PT area the isopleths of Xan (matrix) and Xalm (rim) have been
added. They intersect at approximately 8.5 kbar and 660 °C, which corresponds to upper

amphibolite facies.
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Figure 41 P/T pseudosection for amphibolite (sample 14SW22). Mineral assemblages of the various fields (1-12) are indicated
in the right box. The stable paragenesis found in the thin section is highlighted in red. This stability field has a great extent on the
temperature axis, therefore the isopleths of Xalm (rim, green) and Xan (matrix, violet) confine a P/T estimation. Isopleths intersect
at approximately 8.5kbar and 660°C, corresponding to upper amphibolite facies. The composition of the system is indicated
above the figure.
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DISCUSSION

The results in the previous chapters are summarized and discussed here. The Surna
Nappe is characterized by a variety of lithologies. It is dominated by calcic - metasedimentary
rocks, primary garnet - hornblende mica schist with subordinate amphibole - lacking garnet -
quartz mica schist and calc - silicate rocks. They are interbedded with amphibolites, interpreted
based on geochemistry as tholeiitic basalts. Tonalitic layers are intercalated with the
amphibolites. The origin (volcanic or intrusive) of these tonalitic layers within the tholeiitic
basalts cannot be decided based on this dataset alone. Pegmatites are a common feature in all

lithologies.

Garnet zoning

Garnet is present in all lithologies and represents a proper mineral for interpreting the
metamorphic history these rocks have experienced. Based on compositional profiles and 2D
element distribution mapping of selected elements, several different types of garnets can be
distinguished in the different lithologies of the Surna Nappe. One frequent zoning pattern
observed in all lithologies, except in the tonalitic layers, is an almandine-rich idiomorphic
garnet showing a complete homogenous profile. This indicates that garnet grow occurred either
within a small PT window, or diffusion obscured the previous developed zoning pattern (see
Figure 8C & D). The element distribution map of yttrium (chosen due to its slow diffusivity,
after Pyle & Spear, 1999) and also the BSE image show various bands and annuli of high
yttrium concentrations (see Figure 8F & Figure 12D). A second profile type found in garnet -
hornblende mica schist and garnet - quartz mica schist displays typical prograde zoning pattern.
Spessartine and the Fe/(Fe**+Mg) ratio show a rimward decrease and corresponding increase
in the pyrope and grossular content (see Figure 8B & Figure 12B & F), suggesting growth
during heating (Méller, 1998). This kind of compositional profile in garnet is commonly known
from average pelitic compositions metamorphosed up to the staurolite isograd in the prograde
Barrovian sequence in Scotland (Chakraborty & Ganguly, 1991). In many cases, the outermost
rim compositions reflect reequilibration during decompression and adjustment to reactions
taking place in the matrix (Mdller, 1998). The inclusions of plagioclase, amphibole and rutile
suggest early growth of garnet under amphibolite facies conditions (Mdller, 1998).
Compositional profiles of garnet in the tonalitic layers indicate a significant increase in

grossular from core to rim and a decrease in almandine (see Fig. 16). This may either reflect a
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significant change in PT conditions, or the breakdown of plagioclase and building of

biotite/epidote.

Quantitative PT estimations

The focus of the conventional geothermbarometry was the determination of the
metamorphic peak conditions. In total, eight different geothermo - and barometers have been
used to investigate the PT conditions in six different lithologies of the Surna Nappe (see Table
26). The garnet-biotite geothermometer combined with the garnet-biotite plagioclase - quartz
geobarometer yields higher PT values compared to other systems. The pressure results of
sample 14SW37 and 14SW66 (garnet - hornblende mica schists) with 20 kbar seem not to be
realistic, although those two samples also yield the highest pressure values with garnet-
amphibole-plagioclase - quartz geobarometry (12 kbar and 15 kbar, respectively), maybe due
to disequilibrium of involved phases. In calc-silicate rocks the garnet — clinopyroxene Fe — Mg
exchange thermometer combined with the net — transfer reaction anorthite + diopsoide =
grossular + pyrope + quartz geobarometer yield consistently high pressures of 15 - 18 kbar.
These results are associated with eclogite facies condition, and present a robust estimation of

ultimate PT conditions.

Temperature estimations have been evaluated mainly by garnet-biotite and garnet-
amphibole geothermometers. Former gives temperatures between 500 - 700 °C, except sample
14SW37, 14SW66 and 98814, which give values above 700 °C. Garnet - amphibole
geothermometer yields an average temperature around 450 °C, and hence significantly lower
than the garnet-biotite geothermometer. The Zr - in-rutile geothermometer reveals consistent
temperatures around 600 °C, and could therefore be seen as the peak temperature since rutile is

part of the stable peak paragenesis.

The significant lower PT conditions gained by amphibolite samples (see Figure 37) may
represent a re-equilibration of the mineral assemblage in this lithology at lower amphibolite

facies conditions.

Thermodynamic modelling

The garnet-hornblende mica schist sample 14SW52, representing the major lithology in
the Surna Nappe, yields 15 kbar and 650 °C by conventional geothermbarometry (garnet —
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biotite — plagioclase - quartz barometry and garnet - biotite thermometry). The thermodynamic
modelling and plot of Xgrs (rim) and Xmg (rim) isopleths gave similar results, with 14 kbar
and 640 °C (see Figure 40), confirming eclogite facies peak metamorphic conditions for this

lithology.

The PT conditions gained by conventional geothermobarometry of the amphibolite sample
14SW22 yield 8 kbar and ~ 600 °C calculated with garnet-amphibolite-plagioclase-quartz
barometry and garnet-amphibole thermometry. These results are confirmed by thermodynamic
modelling of the same sample (see Figure 41) yielding 8.5 kbar and slightly higher temperatures
of 650 °C. These results again point to a re-equilibration of the amphibolite lithologies during

retrograde conditions with clearly lower pressures, but still relatively high temperatures.

Regional correlation with the Seve Nappe Complex

The above mentioned results indicate a prograde clockwise PT path with metamorphic
peak conditions of at least 15 kbar and 650 °C. Similar temperature estimations, but
significantly lower pressure conditions of 9 kbar and 625 °C, have been calculated by Hacker
& Gans, 2005 near Orkanger. However, they did not specify the lithology from which the PT
conditions were derived, and since they are similar to our results from the amphibolites, their
results could represent re-equilibration during retrograde metamorphism. Hacker & Gans, 2005
concluded furthermore, that formation pressures and temperatures of the Seve Nappe Complex
range from 645 °C and 10 kbar to 745 °C and 13 kbar. The PT path Hacker & Gans, 2005
suggested implies an early regional metamorphism (> 445 - 432 Ma) followed by contact
metamorphism at 3 kbar (445 — 432 Ma) and a second regional metamorphism at 9 — 12 kbar
(<432 — 443 Ma). Root & Corfu, 2012 dated eclogites from Jimtland, Sweden at 446 + 1 Ma,
with corresponding PT conditions of 16.5 kbar and 650 — 680 °C (Litjens, 2002 quoted by
Brueckner & van Roermund, 2007) and 25 — 26 kbar at 650 — 700 °C by Majka et al., 2013.
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CONCLUSION

Evolutionary model for the Surna Nappe

Based on the results from this study and the comparison with the literature, the following
evolutionary reconstruction for the Surna Nappe can be derived. The following

tectonometamorphic events can be interpreted:

(1) HP to UHP metamorphism occurred around 445 my (Root & Corfu, 2012 & Hacker
& Gans, 2005) in the Seve Nappe Complex at Jimtland (Sweden), which corresponds to the

evaluated peak conditions of the here present work.

(2) HP metamorphism is followed by decompression and melting of amphibolites as
dated by Ladenberger et al., 2014 to 442 — 436 my, resulting in the formation of tonalitic layers
within the amphibolites of the Surna Nappe. Recent U - Pb dating of the tonalitic layers in the
northern part of the study area by Hestnes, 2016 reveals an age of 438 Ma which correlates with
the results by Ladenberger et al., 2014.

(3) Pegmatites in the Surna Nappe dated to 431 Ma (Tucker et al., 2004) cut an older
amphibolite foliation which was produced within an overall convergent plate tectonic setting,

and which must therefore be slightly older than 431 Ma.

(4) Extensional shear fabrics of lower amphibolite to greenschist facies conditions cut
the older main fabric, and hence pegmatites must by younger than 400 my and are associated
with the MTFC and the Hoybakken detachment. A white mica cooling age of 404 Ma by Hacker
& Gans, 2005 indicates the cooling of the Surna Nappe below 500 °C at this time.
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APPENDIX

Appendix A Geological map after Gasser et al., 2016 with all sample notifications.
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Appendix B Sample list with GPS coordinates, fields description, mineralogy and processing. Abbreviation for groups:

amphibolite, (4) tonalitic layer, (5) calc-silicate rock, (6) pegmatite. Mineral abbreviation after Whitney & Evans, 2010.

(1) garnet - hornblende mica schist, (2) garnet - quartz -mica schist, (3)
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Appendix C Geological map after Gasser et al., 2016 with samples indicated which are included in the whole rock data set, see Appendix D.
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Appendix D Summary of major and trace element analysis of the different lithologies of the Surna Nappe.
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