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Abstract

Within the southeastern Tauern Window, the Sonnblick Dome is a large, NE-
verging, antiformal structure composed of orthogneisses of the Zentralgneis Complex.
This unit represents part of the European crystalline basement, or Penninic domain, over
which the Adriatic microplate was thrust during Alpine continental collision.

The igneous precursors to the gneisses formed as granitoids above a subduction
zone during the Hercynian., During Alpine continental collision, overthrusting of the
African-derived Austroalpine units toward the northwest produced a foliation that
becomes more intense towards the tectonic contact of the gneiss and the overlying
Peripheral Schieferhiille, This foliation was folded during the formation of the Sonnblick
Dome, which is interpreted to have developed during progressive top-to-NW shearing in
the hangingwall of an oblique ramp.

Shear zones also developed oblique to the northwest transport direction and led to
imbrication in the basement. These shear zones are commonly marked by retrogression
of the primary mineralogy and the development of mica-schists. Although this alteration
is associated with syn-deformational fluid infiltration, a spatial relationship between
reaction site and deformation suggests that the energy associated with deformation
contributed to reactions during shear zone formation.

As a response to tectonic thickening, pressures and temperatures in the Pennine
basement increased. Peak Alpine metamorphic conditions are estimated to be 5401+50°C
and 8*1kbar and probably represent conditions developed during uplift from initially
greater depths. White mica isotopic ages suggest that the peak of metamorphism took
place at 25-28Ma, with older ages being observed towards the southeastern end of the
Dome. Post-metamorphic cooling rates appear to be variable throughout the Dome, with
faster rates being found for the southeastern end of the Dome. After 20Ma ago, cooling
rates around the Dome became more uniform (17-27°C/Ma). Rapid cooling rates in the
area are associated with rapid, post-metamorphic uplift rates. These were probably
accomodated by gravity-driven extension of the tectonically thickened crust. Evidence
for post-metamorphic extension is represented by ductile shear bands, which are
associated with thinning of the more micaceous units found at higher levels in the Dome.
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Chapter 1
Introduction

The dynamic and kinematic development of a mountain belt will be strongly
dependent upon the interaction of the structural, metamorphic and thermal histories of
the belt and therefore, a multidisciplined approach is required to fully understand their
development during continental collision.

The general rheological stratification within the crust will have an important
significance on the localization of deformation and the structural development of the
mountain belt, while changes in the lithospheric thermal structure with time will have
implications for the overall mechanical and rheological evolution of the crust and the way
in which stress and strain localization vanes temporally duning continental collision. The
mechanical behaviour of the crust will also be significantly affected by the presence of a
fluid phase and it is impornant to understand the pathways by which this fluid passes
through the crust and the processes by which fluid and rock interact. The study of the
mutual interaction of deformation and metamorphic processes during fluid-rock
interaction are also fundamental considerations and have implications for many other

fields of geology.

In these respects, the mid-crust is an important area for the study of tectonic
processes since it 1s this area, across which a transformation from dominantly brittle to
dominantly plastic deformation processes takes place. In order to understand the
processes taking place within the middle crust during continental collision, it is important

to be able to constrain deformation and thermal histones.

1:1 Objectives of the Study

This thesis is an integrated geological project which examines the structural,
metamorphic and thermal development of the Sonnblick Dome within the Penninic
Zentralgneis Complex of the southeast Tauern Window, Austria in order to assess the
geological evolution of an area of that underwent orogenic processes at mid-crustal
levels during Alpine continental collision. Such a study is of interest since it may aid the
future understanding of the larger scale dynamics and kinematics of the Alpine mountain
chain and provide a framework in which the processes associated with continental



collision, at mid-crustal levels and during continental collision, may be studied and
assessed.

The major objectives of the study are:-

1) To investigate the structural evolution of an area of gneissic basement and
construct a deformation history for the area.

2) To constrain the pressure-temperature (P-T) history of the Sonnblick Dome using
standard metamorphic petrological and thermobarometric techniques, in combination
with radiometric dating in order to constrain the metamorphic history and the retrograde
cooling path and to delimit uplift and cooling rates for the area.

As part of this study, the effects of fluid infiltration and fluid-rock interaction within
actively deforming and metamorphosing mid-crustal rocks has been investigated so that

some of the processes associated with deformation within the mid-crust dunng
continental collision could be established.

1.2 Fieldwork Logistics and Methodology

The Sonnblick Dome in the south east Tauern Window of Austria is a mountainous
region of the Eastern Alps with an area of about 100km? which varies topographically
from 600 metres to over 3000 metres. The domed morphology of the area enables 1n
excess of 3km of structural level to be observed directly, and provides an excellent
section through an area of crust which lies only a few kilometres below a major thrust
zone between the Pennine and Austroalpine basement.

Three fieldseasons, totalling 28 weeks fieldwork, were undertaken in the Sonnblick
area. The aims of this fieldwork were to differentiate pnmary igneous units within the
Sonnblick orthogneiss complex from deformation-induced lithological vanations and to
map out areas of differing deformation intensity within the gneisses to constrain the
distribution of strain within the gneiss complex. The structural history of the area was to
be deduced and combined with detailed microstructural studies on samples collected
during the fieldwork to develop a model for the structural evolution of the Sonnblick
Dome. Samples for metamorphic, geochemical and geochronological studies were also to

be collected.



The first season (6 weeks) comprised reconnaisance mapping of the Dome in order
to identify the best area for more detailed work in the subsequent seasons. Several
sections through the Dome were traversed along road sections extending up from the
Molltal. In the second (13 weeks) and third (9 weeks) seasons, mapping in the centre of
the Dome was undertaken. An area of approximately 8km2 has been mapped across the
Dome from the Peripheral Schieferhiille at Baumbach Spitze in the north to the
Peripheral Schieferhiille of the Rote Wand in the south. The mapped area lies close 1o the
centre of the Dome and was chosen as the best area to map for several reasons. The area
1s quite high and consequently well exposed, although this exposure is often inaccessible
due to the mountainous terrain. The Duisbiirger Hiitte and the WeiBlseehaus provide
accomodation within the area, the latter was used as a base camp for much of the time
spent in the field. The recently reconstructed road along Fraganttal to the WeiBsee (the
'PanoramastralBBe’) allows rapid, easy access to theWeilseehaus at a height of 2400m.

Fieldslips used 1n this work were 1:10,000 enlargements of 1:50,000 topographic
maps (sheets 154, 155, 180, 181) and were supplied by the Geologische Bundesanstalt,
Wien. In areas where more detailed mapping was required, fieldslips were enlarged by
hand. Notebook and sample localities were recorded directly onto the fieldslips and the
height above sea level was recorded using an altimeter. The altimeter was periodically
corrected throughout the day to account for dnft associated with changing atmospheric
conditions. Grid references relate to those published on the 1:25,000 Alpenverein map
(No. 42) of the Sonnblick area and are marked on plate 1.

The original 1:50,000 topographic maps and the 1:25,000 Alpenvereins and
Kompass maps of the Sonnblick area fail to give any declination correction and all
orientation measurements are therefore to magnetic north.

A total of 687 samples were collected and where possible, these were oriented.
Orientation of samples basically follows the methodology of Prior er al (1987) except
that dip and dip azimuth were recorded insted of dip, strike and dip direction. Structural
data, throughout this thesis, are presented using this convention. Specimen numbers are
sequential and consist of the specimen number and the year of collection (eg. sample
number / year collected). Samples numbers referred to in the text which do not have a
'year of collection’ label, refer to a thin section catalogue number,



1:3 Laboratory Methods

All laboratory work and sample preparation was undertaken at the University of
Leeds and included X-ray fluorescence (XRF), Rb-Sr 1sotope analyses, plus electron
microprobe and microscopy techniques. The details of sample preparations and
analytical techniques are given in Appendices 1 and 2.

1.4 Thesis Layout

Chapter 2 provides an introduction to Alpine and Eastern Alpine geology and gives a
brief review of previous work carried out in the southeast Tauern Window. This
establishes the framework in which this study is set. The different rock types within the
Sonnblick Dome and the rationale behind the chosen lithological divisions are discussed
in Chapter 3. This chapter also briefly describes the Schieferhiille rocks observed in the
vacinity of the mapped area and presents some geochemical data on the Sonnblick
orthogneisses.

The structural history of the Dome in terms of the different structural levels within
the Domeis discussed in Chapter 4. Evidence is provided on a variety of scales to
develop the structural evolution of the Dome and to relate this temporally to the Alpine
metamorphic peak. The structural history is discussed and a model is presented which
accounts for the observed structural history.

Chapter 5 considers the metamorphic evolution of the Sonnblick area and presents
data showing a polyphase history within some of the Sonnblick lithologies. The
conditions of metamorphism are assessed from petrological considerations and from
thermobarometric techniques. Applied thermobarometric techniques are discussed and
the results are assessed.

The importance of the relationship between deformation and metamorphism are
illustrated in Chapter 6, which describes geochemical, petrographical and microstructural
data collected from a strongly altered metasomatic shear zone within the basement
complex. The interaction of deformation and metamorphism associated with fluid rock
interaction are discussed.

Chapter 7 presents geochronological data from the Sonnblick area. Rb-Sr mineral
data are used to constrain the uplift and cooling path of the gneisses and constrain the
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retrograde PTt path of the Dome. Isotopic data from the shear zone studied in Chapter 6
is presented and discussed in terms of the timing of metamorphism and deformation.

Chapter 8 discusses the major conclusions from this study and identifies some arcus
of further research which have resulted from this study.



Chapter 2
The Geological Framework of the Alps

2:1 Introduction

The Alpine mountain belt 1s a recently exposed orogenic zone which extends from
the Atlantic in the west to join the Dinandes and Carpathian mountains in the east. The
belt 1s associated with Mesozoic basin development and later continental collision due to
relative movements between the European and African lithosphernc plates and the minor
plate known as Adna. The fact that the mountain belt 1s recently exposed coupled with
its small size and easy logistical and political access, relative to other young orogenic
belts such as the Himalayas, makes the Alps an excellent example for the study of
orogenic processes associated with continental collision. Over 150 years of research in
the Alpine area (reviewed by Hsii 1989) has led to the acquisition of a huge data base
which has helped to establish some of the basic tenets of modern geology. However,
there are still many controversies and problems in terms of Alpine geological structure,
kinematics and evolution (eg. Coward and Dietrich 1989) which are still generating
interest (eg. Coward er al 1989).

The Alpine belt comprises numerous rock types, such as crystalline continental
basement material, oceanic crustal material and vanous sedimentary facies, which range
from relatively undeformed, unmetamorphosed cover sediments to polyphase deformed
and metamorphosed rocks uplifted from depths of up to 100km (Chopin 1984, 1987,
Goffé and Chopin 1987). The Alps have been subdivided into four main

palaeogeographical and structural domains (Frey et al 1974 and Figure 2.1) which are
defined largely on Mesozoic sedimentary facies.

1) The Dauphiné-Helvetic domain. Mesozoic cover sediments in the Helvetic .
Domain were deposited on the northern continental margin of Tethys and consist of
Lower and Middle Jurassic shales, sandstones and limestones upon which Upper
Jurassic limestones were deposited. Lower Cretaceous limestone-shale facies and
Upper Cretaceous pelagic limestones of the Helvetic domain were in turn covered by
Eocene to Lower Oligocene flysch deposits (Triimpy 1980). Mesozoic sediments were
deposited on a pre-Westphalian basement comprising paraschists, granitic gneisses,
migmatites, amphibolites, marbles and rare slices of ultrabasic rocks with abundant

Hercynian granites. Basement complexes belonging to this domain are the Argentera,
Pelvoux, Belledonne, Mt. Blanc, Aiguilles Rouge, Gotthard and Aar massifs.
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2) The Penninic domain comprise poly-metamorphic Pre-Triassic crystalline
basement of paraschists, amphibolites, migmatites and marbles, intruded by Hercynian
granites, and a Mesozoic, partly metamorphic, cover sequence deposited in various
sedimentary facies. In the western Alps the basement makes up the Bernhard-
Briangonnais units, the Monte Rosa - Gran Paradiso - Dora Maira units, the Lepontine
unit and the nappes of Grisons. In the eastern Alps, the gneiss domes of the Tauern
Window represent Pennine basement material. The Mesozoic cover includes the Valais
zone, the Subbrianconnais and Briangonnais zones, the Piédmont zone and areas of the
Engadin, Tauern and Rechnitz Windows in the east. The Rhenodanubic flysch zone 1s
thought to be derived from uplifted Penninic rocks. Details of Mesozoic facies
developed within these different areas are presented by Triimpy (1980).

3) The Austroalpine domain occurs largely in the eastern Alps and consists of
3 main units all of which contain crystalline basement and cover sequences. The lower
Austroalpine nappes comprise the Semmering-Wechsel unit and Radstétter Tauern in
the east and the Dent Blanche and Sesia-Lanzo nappes in the West. The division
between Middle and Upper Austroalpine units 1s still controversial. However.
following the classification of Tollman (1977), the middle Austroalpine units include
the Silvretta - Otztal - Campo units, the Altkristallin units south of the Tauern Window
and large nappe structures such as the Gurktal thrust system to the east. These are
composed of pre-Alpine metamorphic basement and Palaeozoic and Mesozoic cover
units. The upper Austroalpine thrust sheet comprises the relatively unmetamorphosed
Grauwacken zone, the Mesozoic Northern Calcareous Alps and possibly the area of the
Drau range to the south of the Tauern Window.

4) The Southern Alps domain was only mildly affected by Alpine
metamorphism and consists of poly-metamorphic crystalline basement discordantly
overlain by unmetamorphosed Upper Carboniferous sediments, intruded by Permian
granites and associated extrusives. Mesozoic cover sediments overlie the Palaeozoic
basement and make up areas such as the Dolomites.

This thesis concentrates on a small area of the Penninic basement in the southeast
Tauern Window of the Eastern Alps. However, in order to understand the geology of
this relatively small area, an understandin g of the geological framework of the Eastern
Alps and how this fits into the structure and kinematics of the. Alpine chain as a whole
is required. This chapter considers the framework of Alpine geology into which the
work presented in this thesis may be fitted. Firstly a basic introduction to Eastern
Alpine geology is presented which is followed by a review of the dynamic and
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kinematic development of the Alpine chain. An introduction to the southeast Tauern
Window and to previous work carried out in the Sonnblick area is given at the end of
this chapter.

2:2 The Geology of the Eastern Alps

2:2.1 Introduction

An outline of the geology of the Eastern Alps has been given by a number of
authors in the recent past (eg. Oxburgh 1968; Tollman 1977; Jaroschek and Matura
1980). However, at present major controversies still exist (as illustrated by Fliigel and
Faupl 1989) and no unifying model for Eastern Alpine evolution exists.

The Eastern Alps form an east-west oriented mountainous range which represents
the eastward continuation of the Swiss Alps towards the Vienna and Pannonian basins
of eastern Austria and Hungary. Two major geological units make up the Eastern Alps,
the structurally lower Pennine complex which is found as a senies of tectonic windows
beneath the tectonically emplaced Austroalpine units of the Adnatic Peninsula (Figure
2.2a). These two units are bounded to the north by molasse deposits situated on the
southern margin of the Bohemian Massif, and a thin, discontinuous strip of matenal
belonging to the Helvetic Domain. In the south, the Penadnatic Lineament marks the
boundary with the Southern Alps.

The general characteristics of the Pennine and Austroalpine domains have been
mentioned earlier. However, in order to set the framework for the study of the
Sonnblick area of the Pennine domain, the geology of these units and their relationship
to each other is expanded.

2:2.2 The Austroalpine Domain

The Austroalpine unit occupies the highest tectonic position in the Eastern Alps and
has classically been considered to be comprised of three units, the Lower Austroalpine,
the Middle Austroalpine and the Upper Austroalpine. Each subdivision of the
Austroalpine has a Pre-alpine crystalline basement and a Palaeozoic-Mesozoic cover.
Although the relationships between these units is still controversial (Tollmann 1977,
1987a: Frank 1983, 1987), recent work has enabled a well constrained
palacogeographical model for the deposition of the Permo-Mesozoic Austroalpine
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sequence to be developed (Lein 1987; Hausler 1987; Tollman 1987b; Decker et al 1987;
Faupl et al 1987).

One of the major controversies of Eastern Alpine geology is the relationship
between the Middle Austroalpine and the Upper Austroalpine units. Tollman (1987a)
considers there to be no genetic relationship between the two units. Frank (1983, 1987)
considers most of the Middle Austroalpine (sensu Tollman) to belong to the Upper
Austroalpine so that the Northern Calcareous Alps, the Grauwacke Zone and the main
mass of the Austroalpine crystalline, which has lost its cover to subduction, belong to
the upper unit (cf. Figure 2.2a and b). In the model of Frank (1987), only the
crystalline unit of the Seckau Tauern and the Glein Alm to the northwest of the Graz
Paleozoikum are considered to be middle Austroalpine (Figure 2.2b).

The tming and kinematics of the emplacement of Austroalpine units is particularly
important to the tectonic history of the Eastern Alps. Classical models for Austroalpine
emplacement have generally involved a thin skinned model in which the Austroalpine
underwent rigid imbrication during northward movement (eg. Clar 1973). However,
recent studies have illustrated the considerable internal deformation associated with
Alpine collision. The transport sense of the Austroalpine over the European foreland
was characterized by northwest to west directed thrusting and non-coaxial deformation
upon which north to northeast verging folds and thrusts were superimposed
(Ratsbacher 1986, 1987; Ratsbacher and Oertel 1987; Ratsbacher et al 1987, Wallis
1987). This kinematic history has been associated with a model of sinistral
transpression under a gradually changing strain regime (Rat‘stbachcr op. cit). These
features combined suggest that many palinspastic restorations of the pre-collisional
geology of the Eastern Alps are erroneous.

Syn-convergent extension has also been recognised in the Austroalpine (Wallis
1987) to the south of the eastern end of the Tauern Window. This has been explained in
terms of late Cretaceous extension in the rear of a thickened and dynamically unstable
orogenic wedge which gave rise to approximately 10km thinning of the Austroalpine
(Wallis 1987). Thinning of this order explains the discrepancy in the observed
Austroalpine thickness (15km) and that required to account for metamorphism in the
underlying Pennine units (25km). The current view for the kinematic development of
the Austroalpine is therefore dependant upon the interaction of compression and
extension associated with plate convergence and gravity driven body forces in the
thickened Eastern Alpine crust.
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Tuxer-Ahorn-Zillertal-Venediger massif. G 1s the Granatspitz Kern and B and H show the

granitoids of the Badgastein-Hochalm massif respecuvely.



2:2.3 The Pennine Domain

Units belonging to the Penninic domain are exposed within a series of tectonic
windows beneath the Austroalpine in the Eastern Alps (eg. Figure 2.2a). The largest of
these tectonic windows, the Tauern Window (Figure 2.3) exhibits both of the
lithological units which make up the Penninic zone, that is the Zentralgneis and the

Schieferhille. and this discussion therefore concentrates on this window.

The Schieferhiille of the Tauern Window 1s a series of metasediments and
metavolcanics structurally above the Zentralgneis Complex. Schieferhiille stratigraphy
1S difficult to correlate across the whole of the Tauern Window due to the discontinuous
nature of sedimentary facies deposition and the intense deformation and nappe
formation found throughout the Tauern Window. However, the account of Oxburgh
(1968) following the work of Frasl (1958) and Frasl and Frank (1966) suggests the

classificatuon 1llustrated in Table 2.1.

Table 2.1 Schieferhulle Classification

Hochstegen
Bundnerschicfer Glockner
e i T ot Fusch _Upper Schieferhiille
Brennkogel Lower Schieferhiille
Scidl-Wink] Tnassic Carbonate Sequence
Wustkogel B Peripheral Schieferhiille
Habach Inner Schieferhiille

Altkristalhin *

* not 1o be confused with that of the Austroalpine basement

It should be noted that the classification into Inner and Peripheral Schieferhiille is
used to distinguish between the unit into which the Zentralgneis precursors were
intruded (ie. the Inner Schieferhiille) and those allochthonous units which were
tectonically emplaced during closure of the South Penninic Ocean (ie. the Peripheral
Schieferhiille). This boundary occurs between the Habach and Wustkogel facies. The
further classification of the Peripheral Schieferhiille into Upper and Lower
Schieferhiille units with a boundary between the Brennkogel and Fusch facies refers to
different tectonic nappes in the Peripheral Schieferhiille. Strictly speaking the
Hochstegen sequence differs from the rest of the Peripheral Schieferhiille since it was
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deposited directly upon the Zentralgneis and 1s not therefore allochthonous (Janoschek
and Matura 1980).

2:2.3 a) The Inner Schieferhulle

The Inner Schieferhiille unit of the Pre-permian basement, comprising the
Altkristallin and Habach formations, forms the country rock into which the
Carboniferous (Cliff 1981) precursors of the Zentralgneis were intruded. The Inner
Schieferhiille has a complex polymetamorphic history including pre- or early-
Hercynian eclogite formation (Droop 1983), Hercynian amphibolite facies
metamorphism (Cliff er al 1971; Droop 1981) and contact metamorphism associated
with intrusion of the Zentralgneis granitoids (Franz and Ackermand 1980, Droop
1981). Superposed on these were the effects of amphibolite facies Alpine
metamorphism (Droop 1981). The Inner Schieferhiille 1s also structurally complex and
shows at least one phase of 1soclinal folding prior to granite intrusion (Chff eral 1971)

as well as undergoing svn-intrusive deformation and progressive Alpine deformaton.
2:2.3 b) The Peripheral Schieferhulle

The Peripheral Schieferhiille forms a generally allochthonous cover to the Pre-
permian basement complex and comprises a Permo-Triassic shallow water carbonate
sequence, the Wustkogel and Seidl-Winkl units, and intensely metamorphosed and
deformed sediments and volcanics of the Jurassic to Early Cretaceous Biindnerschiefer
formation. The Biindnerschiefer formation consists of marly and pelitic oceanic facies
sediments of the Glockner group and more clastic facies zones (Brennkogel and Fusch
facies) which mark the north and south margins of the Penninic basin (Frisch er a/
1987). Associated with the Glockner facies are a senes of metabasites and ophiolites.
with MORB to 'Within Plate' affinities, which attest to the oceanic nature of the basin
(Bickle and Pearce 1975; Hock and Miller 1987).

There is evidence for three distinct Alpine metamorphic events within the Peripheral
Schieferhiille. Eclogites are found in the Peripheral Schieferhiille of the central Tauemn
Window where they are spatially restricted to the lowest structural levels beneath the
Glockner nappe. These eclogites yield P-T estimates in the order of 20kb and 550-
600°C (see Frank er al 1987 for review) which requires burial to depths of 60-70km by
subduction processes. Although the timing of eclogite formation is constrained since
they formed from Mesozoic precursors and have been affected by Eoalpine
metamorphism, no reliable ages data for this event are available.



Parts of the Glockner nappe preserve blueschist facies rocks which post-dute
eclogite facies metamorphism. These two events are considered to be unrelated
(Holland 1979). Metamorphic conditions for this event, summarized by Frank er al
(1987), have been estimated between /-9kb and 450”C based on amphibole
compositions and inferred mineral assemblages. The age of this high pressure
metamorphism has been argued to take place after imiual overthrusting during
continental collision (Droop 1985) but prior to the second phase of recognised
overthrusting (Bickle and Hawkesworth 1978). It is therefore considered to have
occurred at the end of the Cretaceous (Chff er al 1985).

A later greenschist to amphibolite facies Alpine metamorphism which affects all
units within the Tauern Window (the Tauernknstallisation of Sander 1911) has been
discussed in the recent past by several authors (eg Cliff er al 1971, Frey er al 1974.
Raith er al 1977, Ackermand er al 1978; Droop 1981, 1985, Selverstone er al 1954.
Selverstone 1985; Selverstone and Spear 1985). Metamorphism is thought to have
occurred about 35-40 My ago (Hawkesworth 1976: Waters 1976). As pointed out by
Clhff er al (1985), these dates were obtained from low grade units at high structural
levels within the Tauern Window. Modelling of peak metamorphic conditions within
continental crust thickened by burial beneath a tectonically emplaced crustal slab has
shown that metamorphism should take place later at lower structural levels (England
1978; England and Thompson 1984). An Ar39/Ar*0 study at deeper structural levels
near to the base of the Peripheral Schieferhiille in the southeast Tauern Window
showing that peak metamorphism occurred 24My ago (Cliff er al 1985) provides
evidence to support these models.

2:2.3 ¢) The Zentralgneis Complex

The Zentralgneis Complex forms the structurally lowest unit 1n the Eastern Alps and
represents variably deformed and metamorphosed plutonic rocks which have intrusive
ages in the order of 320 My. Three major massifs of the Zentralgneis are observed
within the Tauern Window; 1n the east, the Hochalm-Badgastein-Sonnblick massif; in
the central Tauern, the Granatspitz massif; and in the western Tauern Window in the
Ahorn-Tuxer-Zillertal-Venediger massif.

The gneisses are heterogeneous due to variations in magmatic features and various
groups have been distinguished based on colour index, grain size and the presence or
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absence of augen (eg Chif eral 1971). The pnmary classification is further complicated

due to the effects of deformation and metamorphism of the gneissose lithology.

The onginal intrusives are commonly granitic through granodioritic to tonalitic
following the classification of Streckeisen (1976), although subordinate quartzsyenites.
quartzmonzonites, quartzmonzodiontes, quartzdiorites and diorites have been observed
(Finger and Steyrer 1988). Petrographical descriptions have been made by many
authors in the past (eg. Frasl 1957; Karl 1959; Cliff er al 1971). The petrography of the
Zentralgneis observed in the Sonnblick area is given later (chapter 3).

The presence of Collision-Type granitoids in the Zentralgneis has been used to
suggest a subduction environment during the Variscan changing from oceanic to

continental with time (Finger and Steyrer 198%). This 1s discussed further in Chapter 3.

2:2.3 d) The Matrei Zone

The contact between the Austroalpine and Pennine units 1s locally well preserved
and 1s marked by a discontinuous zone of intense deformation which has both
Austroalpine and Pennine charactenstics. The zone, known as the Matrei Zone, forms
the voungest part of the Bilindnerschiefer and Tauernflysch group and has been
considered to reflect trench-slope sedimentation and deformation processes at the active
continental margin between Pennine and Austroalpine units in the early Cretaceous
(Frisch 1984: Frisch er al 1987). More recent work (Wallis 1987) suggests that the
zone developed during Jurassic block faulting associated with rifting of Adria away
from Europe and 1s therefore unrelated to convergence.

Post-Mid-Cretaceous imbrication of the Matrei Zone and the overlying Austroalpine
unit (Behrmann and Wallis 1987) provides evidence for sinistral transpression between
the colliding plates during the Cretaceous. Work in the area (Wallis 1987) has also
shown that the Austroalpine-Pennine boundary at the southern margin of the Tauern
Window is the expression of a ‘combination of brittle tectonics representing out-of-
sequence thrusting and a subsequent phase of extensional deformation'.

2:3 The Structure and Evolution of the Alps
2:3.1 Differences Between the Western and Eastern Alps

At the present day erosion level, the Western Alps differs significantly from the
Eastern Alps. The Western Alps are composed of units belonging dominantly to the
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Helvetic and Pennine Domains, with the former found towards the external side of the
Alpine arc and the high pressure complexes of the Pennine basement being found in the
internal arc of the orogen (Figure 2.1). Very little Austroalpine material is found within
the Western Alps but in the Eastern Alps, the Austroalpine forms volumetrically the
most important unit observed at the surface. In the east the Austroalpine overlies
Penninic rocks which are only found within tectonic windows. Austroalpine units 1n
the Eastern Alps show Barrovian-type amphibolite metamorphism and do not record the
high pressure metamorphic conditions seen in the western Alps. Only a small strip of

Helvetic rocks 1s preserved on the northern edge of the Eastern Alpine margin.

Differences between the Eastern and Western Alps are also 1llustrated in the present
day structures of the deep Alpine crust which may be imaged by geophysical means. As
an example, long range seismic probing parallel to the strike of the Alps along the
‘Alp75" seismic traverse shows conspicuous lateral velocity variations in the west and
Central Alps, but a more homogenous crustal profile in the Eastern Alps (Figure 2.4).
This is thought to be due to a reduction 1n the amount of crustal shortening in the east

(Mueller 1989) which may also be the reason behind the difference in erosion levels

and metamorphic grades between the two areas.

The alternating low and higher velocity layers of the west are thought to represent
delamination and interfingenng of the crust during shortening. This theory is reinforced
by the tracing of units from the northern alpine foreland beneath the Pennine block. by
continuous deep sounding reflection profiling (Finckh et a/ 1987) and is supported bv a
similar deep-reflection pattern which has been i1dentified along the French-Italian
ECORS/CROP profile (Bayer er al 1987, ECORS-CROP Deep Seismic Group 1989).

2:3.2 The Plate Tectonic Framework of the Alps

The evolution of an orogenic belt due to continental collision will to some extent be
a function of the pre-collisional geometrical relationships of the continents and
microcontinents which make up the orogen. It 1s therefore important to establish the
number of plates involved 1n the collision and their palaeogeography prior to collision.

The location of almost 7000 epicentres of <5.0 magnitude earthquakes, during the
ten year period between 1970-1980, have been used to outline the present day plate
boundaries between Africa and Eurasia (Waniek er al 1982). These data clearly indicate

a 3-plate structure for Alpine orogenesis and illustrate the shape of the promontory
(known as the 'Adnatic promontory’, Adria or the Apulian peninsula) extending into
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Points A and D are approximately the positions of Grenoble and Innsbruck respectively.
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Figure 2.5 Generalized plate boundaries between N.America, Africa and Eurasia and the
seismotcctonic stress patterns in the eastern Atlantic, Mediterranean and Alpine region., based on

recent seismic data (after Udias 1082).
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the Alps (Udias 1982 and figure 2.5). A three plate model has also been argued for
based on geometrical considerations (Hsu 1989). The delineated plate boundaries arc
not consistent with the model for Alpine tectonism, involving in the order of 20

microplates, suggested by Dewey eral (1973).

Rationalization of Rayleigh-wave group velocities indicates a continuous structure
at depth extending from North Africa through to the Adnatic Sea (Panza 19&5). This
supports the idea that the Adriatic plate originated as part of the African continent
suggested by palaeomagnetic data (Irving 1977, Lowrie 1986), which became

separated during the Mesozoic.
2:3.3 Evolution and Kinematics of the Alpine Chain

The post-Variscan evolution of Alpine chain can be considered in terms of of
several stages. Oblique extension during the opening of the Jurassic-Cretaceous
Atlantic-Tethvan Ocean was followed by oblique convergence between Africa and
Eurasia (Bernoulli 1986) which led to early, or Eoalpine, collision during the
Cretaceous. Continued collision, resulted in the overprinting of Eoalpine features by
Tertiary deformation and metamorphism, and led to uplift and the formation of the

presently observed mountain belt. These are now considered.
2:3.3 a) Mesozoic Extension in the Alpine-Mediterranean Area.

There are a number of independent lines of evidence for Mesozoic extension 1n the
Alpine area. Recent palaeogeographical reconstructions have enabled the movement of
the African plate relative to that of Eurasia, to be considered. Apparent polar wander
(APW) paths (Irving 1977) and magnetic anomaly data (Savostin er al 1986) show that
during the Jurassic, there was relative divergence between the African and European
plates. The fact that this extension gave rise to oceanic crust formation is shown by the
presence of Tethyan ophiolite fragments (Dietrich 1980; Knipper er al 1986), which
record mid-Jurassic U-Pb zircon ages interpreted as formation ages (Ohnenstetter er a/

1981).

Mesozoic normal faults, first recognised by Giinzler-Seiffert (1941), have been
observed throughout the Alpine chain (Lemoine and Triimpy 1987) and led to the
recognition of tilted fault blocks and an overall structure similar to present day passive
continental margins (Bally er a/ 1981) such as the Atlantic (Bernoulli 1986). More
recent studies have shown however that stretching of the upper crust was not consistent



with a simple, symmetric extension model and that two major phases of rifting. with
differently oriented normal faults, occurred in the African margin (Eberh and
Froitzheim 1989).

Sedimentary facies analysis has illustrated a change from shallow water, massive
carbonate and evaporite platform deposition during the Middle-Upper Triassic to
deposition associated with subsiding hemipelagic-pelagic basins and submarine and
emergent shoals, corresponding to syn-sedimentary half graben and tilted block
formation in the Jurassic (Lemoine er al 1986). The beginning of oceanic spreading, as
opposed to continental nfting, was marked by the deposition of radiolarian cherts upon
new oceanic crustal material at the ndge axis. Carbonate platforms were formed at the
continental margin, which itself was undergoing slow thermal subsidence (Homewood
and Latelin 1988). This time also marked the migration of detrital sedimentation.
commonly associated with tectonic activity, from the continental margin to the oceanic
domain (Lemoine er al 1986). This sedimentological and palaeotectonic evolution 1s
also similar to that envisaged for the development of passive margins of modern oceans
(eg. de Graciansky er al 1985).

The change from carbonate platform to deep marine environments, which correlates
well with tectonic disruption of the platform during the Jurassic, has been considered to
mark the initiation of the continental nfting event (Lemoine er a/ 1986; Lemoine and
Trimpy 1987). These authors consider this rifting phase to be episodic and to last for
about 40My prior to oceanic crust formation. This early rifting phase, associated with
the break up of Pangea, development of Tethys and gradual northward opening of the
Atlantic, produced structures which were reactivated during the collision event and has
been considered to be of greater importance than the Alpine convergence in determining
Alpine tectonics (Lemoine er al 1981, 1986).

The Adriatic Peninsula during this nifting event underwent considerable extension
which 1s absent from Northern Africa (Coward and Dietrich 1989). However, Adria
shows very similar APW paths to the Afnican plate (Lowrie 1986) suggesting that the
peninsula at this ime was part of the African plate. By reference to palaecogeographical
reconstructions, this requires that during the Jurassic and early Cretaceous, the Alpine-
Mediterranean area was linked kinematically with the opening of the Atlantic and

suggests that the opening of Tethys was dominated by sinistral transform movements
(Bernoull1 1986).



The extensional faults developed during internal rifting have been considered
responsible for the Pennine Fracture Zone (or Valais Trough) which became important
in controlling later subduction of the Eurasian plate (Laubscher 1986) and is thought by
some to be the site of the Tethyan Ocean and the site of the Alpine front (eg. Hunziker
er al 1989). To the east, the Valais Trough 1s considered to have undergone oceanic
spreading and formed the Valais Ocean during the Late Jurassic (Lemoine and Triimpy
1987) or Lower Cretaceous (Frisch 1979, 1981) based on facies analysis and
palaeogeographical reconstructions. Continental arc volcanism, associated with the
subduction of the eastern extension of the Valais ocean in the Pannonian region 1s

argued to be further evidence for a widening of the ocean to the east (Kazmér and Jozsu
1989).

In general, recent authors (eg. Abbaté er al 1981; Dercourt er al 1986, Coward and
Dietrich 1989) consider Tethys to be a large pull apart basin in a Jurassic-Cretaceous

transform domain originally controlled by Variscan structures (Authaud and Matte
1977 Coward and Dietrich 1989).

2:3.3 b) Alpine Convergence and Continental Collision.

During the Mid-Cretaceous, the extension in the Alpine region began to give wayv to
convergence and continental collision which, during the early stages, was spatially
controlled by plate geometries. Evidence for Mid-Cretaceous collision in the Eastern

Alps includes unconformable Pre-Cenomanian deposition of the Northern Calcareous
Alp Gosau units on top of thrust nappe structures developed in the Austroalpine of the
Adriatic promontory (Janoschek and Matura 1980), the presence of syn- to post-
deformational Cretaceous metamorphism in the Austroalpine basement and 90-60 Ma

blueschist metamorphism which postdates an earlier high pressure metamorphic event
(Frank et al 1987).

In the Central and Western Alps evidence for Cretaceous subduction of Pennine
basement is recorded in the 110 My Ar39/Ar?0 age on metamorphic phengites from the
Monte Rosa massif (Chopin and Monie 1984). Less reliable Rb-Sr ages of 114 My and
129 My on mineral and whole rock samples from the Sesia Zone (Oberhinsli er al
1985: Hunziker er al 1989) also provide evidence for Cretaceous subduction.

The kinematic framework for the Eoalpine collision can best be determined from
palaecogeographical reconstructions and from palaecomagnetic data. The motion of Africa
relative to Eurasia has recently been investigated by mapping of Atlantic fracture
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patterns, imaged by SEASAT, in conjunction with Lamont-Doherty magnetic anomuly
data (Dewey er al 1989). This data has refined previous data illustrating the sinistral.
strike slip motion between the two plates from the Jurassic to Mid-Cretaceous (the M-0O
anomaly dated at 118 My), followed by the northeastwards movement of Africa relative
to Europe from 118 My to about 90 My.

The movement of the Adriatic Promontory at this time 1s less easily understood
APW paths suggest that the promontory was coupled to the Afnican plate untl the early
Tertiary (Lowrie 1986), while detailed kinematic studies in the Western Alps support
decoupling since the late Cretaceous (Weston 1989). In contradiction, palacomagnetic
data (Westphal er al 1986), modelled in a comprehensive review by Dercourt er al
(1986), suggests decoupling during the Cretaceous and a 30° anticlockwise rotation of
the Adnatic plate between 130 and 80 My ago. Earthquake focal mechanism analvses
have shown that the Adriatuc Peninsula 1s presently still undergoing continued
anticlockwise rotation (Pavoni 1980). Hsii (1989) has also argued for a 3 plate system
for Alpine orogenesis based upon geometrical considerations and the fact that high
pressure metamorphism occurs before Africa moves towards Europe (cf. Dewey er al
1989). Hsi theretore models Eoalpine orogenesis by continuing sinistral strike slip
between Africa and Eurasia. In such a model, the Adrniatic Promontory must decouple
from the African plate during the Valanginian Stage and move in a dextrallv
transpressive sense relative to Europe. Unfortunately, the model of Hsii (op.cit.)
neglects the northeast movement of Africa, from Aptian to Turonian times, reported by
Dewey er al (1989). However, such a model would fit Eoalpine collisional data which
needs to include west to northwest-vergent thrusting of Austroalpine units onto the
southern margin of the European plate, associated with dextral transpression
(Ratsbacher and Neubauer 1989), and south-vergent ophiolite nappe emplacement onto
the northern margin of the Adnatic plate (Laubscher and Bernoulli 1982).

The progressive collision of the counter clockwise rotating Adriatic promontory into
the Eurasian continent may have led to diachronous continent-continent collision within
the Alps. However, collision is considered to have occurred prior to the Neocomian in
both the Eastern Alps (Slapansky and Frank 1987) and the Central Alps (Chopin and
Monie 1984: Hunziker et al 1989). The details of this collision are far from clear and
several views on the nature of the collision have been expressed based on differences in
the interpretation of Tethyan palaeogeography. The spatial and temporal differences
between the Eastern and Western Alps have also complicated interpretations of Alpine

L] . . . . L] Ut
tectonics and at present evidence for diachronous collision is egjvocal.
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Milnes (1978), Truimpy (19¥0) and Lemoine and Triimpy (1987) have favoured a
complex Tethyan palaecogeography involving small oceans and intervening stretched
continental fragments which were forced together during a long mélange-forming
convergence period and then underwent post- to mid- Oligocene intra-plate

compression. Such a model may be similar in style to the accretion of terranes around
the Pacific (eg. Robertson and Dixon 1989).

A model involving 2-3 discrete oceanic zones, separated by micro-continents, his
been expressed by Platt (1986) for the Central Alps. Frisch (1979, 1981) recognised
two oceanic basins, the Northern Penninic or Valais Ocean and the Southern Penninic
or Piédmont Ocean, which were separated by the Middle Penninic (Briangonnais)
continental zone 1n the Eastern Alps and were later subducted to the south (Figure 2.6).
However, only one of these oceans, the Southern Penninic Ocean, 1s thought to extend

into the western Alps (Fnsch op.cit.).

These models may be tested by recent P-wave tomographic imaging of the Alpine
area (Spakman 1986a and b). Tomographic data appears to show the presence of a
single subduction zone 1n the Western Alps which towards the Central Alps develops
into a bivergent subduction system. This may be evidence for a large lithospheric root
formed by the subduction of both African and European lithosphere, which 1s required
in the restoration of Africa and Europe by matenal balance considerations (Laubscher
1985, 1988) and which 1s required by the apparent similarity in P-wave velocities of
teleseismic events in the Alpine foreland and the Alps (Baer 1980). In the Eastern Alps.
two southward-dipping, lithospheric slabs can be distinguished and this data therefore
appears to support the plate tectonic models of Frisch (1979, 1981). However, the dip
of the slabs imaged by tomographic techniques contrast the earlier models of Alpine

structure which show a near vertical subduction of two lithospheric slabs (eg.
Laubscher 1974, 1985; Panza and Mueller 1979).

The simplest palacogeographic reconstruction for the Western Alps is favoured in a
recent review of Alpine tectonics (Coward and Dietrich 1989) and follows the model of
Laubscher (1970) and Laubscher and Bernoulli (1982). In this model, oceanic
fragments observed within the Alps are not interpreted as representing the sites of
sutures, where individual ocean basins have closed, but are considered as being due to
the complex deformational emplacement of oceanic material derived from a single
Tethyan Ocean. Such a model 1s consistent with the model of Frisch (1979,1981)
discussed above which requires a widening of the North Penninic Ocean to the east.
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Figure 2.6. Cross-sections illustraung the tectonic development of the Eastern Alps as
modelled by Frisch (1979, 1981). Iniual nfung of the European crust in the Late Tnassic-Early
Jurassic was followed by oceanic crust development in the Lower Cretaceous. Extension within
the Northern Penninic Ocean, coupled with subduction of the South Penninc Ocean beneath the
Austroalpine units of the Adnatc Peninsula finally led to collision between Austroalpine and
Penninc Domains. Southward subduction of the North Peninic Ocean finally led 1o the
geological situauon observed at present.

H = Helvetic Domain, MP = Midle Penninic Domain, AA = Austroalpine, SP and NP mark
the Southern and Northemn Penninic Oceans respectivély. TW shows the location of the present

day Tauern Window.
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The overthrust sense observed in the Alps, as derived from kinematic indicators,
range from west to northwest duning Eoalpine collision in the eastern Alps to a radial
pattern showing generally northwest displacements in the western Alpine arc (Platt et af
1989 and Figure 2.7). These displacement vectors have recently been considered to
represent the resultant body force vector of a combination of the plate motion vector and
the down slope gravitational flow vector associated with extension in tectonically
thickened crust (Platt er al 1989). This model provides an important insight into the
kinematics of orogenic belts although complexities within the crustal wedge, for

example a pre-existing tectonic grain, may complicate the real situation (eg. Fryv
1989a,b).

The model can also be combined with recent views on uplift within convergent
orogens, which, in the case of the Alps, has classically been interpreted as resulting
from isostatic relaxation, uplift and erosion of tectonically thickened crust (eg. Oxburgh
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Figure 2.7. Kincmatic data from the Alps plotied by age after Platt et al (1989). Double
hcaded arrows show lineatons were shear sense data is unavailable. Numbers refer to the list of

references from which the authors took the data (sce Platt er al 1989, Table 1).



and Turcotte 1974; Bickle et al 1975). Recent studies have shown that uplift within the
Alps was occuring synchronously with convergence, for example the uplift of the Sesia
zone during the Cretaceous (Platt 1986; Hunziker er al 1989). This uplift has been
linked with extensional structures (Wheeler 1989) associated with tectonic thinning of a
thickened orogenic wedge due to underplating of subducted material (Platt 1986; 1987).
Uplift in the eastern Alps has also been linked with large extensional structures in
conjunction with extrusion of crustal matenal along large scale strike slip zones (eg.
Behrmann 1988; Selverstone 1988; Genser and Neubauer 1989). These however are
discussed in the following section.

2:3.4 An evolutionary model for the Eastern Alps

A working model for the tectonic development of the Tauern Window is
constrained by sedimentary facies distributions, the spatial and temporal distribution of
metamorphism and evidence derived from structural studies. A model for the tectonic

development of the Eastern Alps (Figure 2.6) shows the Eastern Alps as an area which
has undergone continental rifting, the formation of two oceans and subsequent
continental collision. The majority of Eastern Alpine models have considered simple
overthrusting of a rigid Austroalpine plate over the Pennine basement with subsequent
metamorphism resulting from the thermal relaxation of displaced isotherms in
conjunction with isostatic uplift of the thickened crust (Cliff et al 1971; Cliff er al 1985.
Droop 1985) Recent studies show that this model is an oversimplification.

Large scale thrusting in the Eastern Alps duri;ng collision is required to juxtapose
the tectonic units of the Eastern Alps and to provide the thickened crust to produce the
observed metamorphism. Thickened crust gave rise to blueschist facies metamorphism
in the Pennine region but Barrovian facies metamorphism in the Austroalpine. This has
led to the suggestion that the present geometry of the two domains represents later
juxtaposition, after the Austroalpine had cooled (c.80My ago), by out-of-sequence
thrusting (Wallis 1987). It was during this later thrusting that syn-convergent extension
and thinning of the Austroalpine by about 10km occurred. |

Recently published studies of the margiﬁs of the Tauern Window have illustrated
the importance of syn-convergent extension in the evolution of the Eastern Alps, for
example between the Lower and Upper Schieferhiille units (Selverstone 1985) and
between the Tauern Window and Austroalpine nappes (Wallis 1987; Behrmann 1988:
Selverstone 1988). Extension is observed to have occurred syn- to post- Tauern
metamorphism depending upon the structural level being corisidercd and obviously



postdated tectonic emplacement of the Austroalpine on the Pennine basement. Structural
mapping has also provided evidence that syn-convergent extension played an important
role in the juxtaposition of eclogite with previously unmetamorphosed units of the

Blindnerschiefer m the lowest structural levels of the Peripheral Schieferhille
(Behrmann and Rat%bacher 1989a and b).

Uplift and formation of the tectonic Pennine Windows has therefore been
considered to reflect extension accompanying simple shear, crustal stacking, producing
net crustal thickening, fol]owed by classical style extensional tectonics which gave rise
to net crustal thinning (Ratsbacher et al 1989). Geometrically, this 1s thought to be

accommodated by crustal wrenching along orogen-parallel strike slip faults (Genser and
Neubauer 1989).

2:3 The Sonnblick Dome and the Southeast Tauern Window

The Sonnblick Dome i1s an elongate northwest striking, northeast verging.
antiformal structure of the southeast Tauern Window and i1s found within the
Zentralgneis unit of the Pennine Basement Complex (Figure 2.8). The Dome extends
for about 24km along strike before rapidly thinning and passing into the Sonnblick
Gneiss Lamella which extends a further 15km along the Mall valley. A maximum
outcrop width of about 8km is observed perpendicular to strike.

The Dome 1s totally surrounded by Schieferhiille and is situated just north of the
Pennine-Austroalpine boundary towards the southern margin of the Tauern Window.
To the north, the Sonnblick Dome 1s separated from the Hochalm-Ankogel Zentralgneis
massif by the Mallnitzer Miilde, a large synformal structure in the Peripheral
Schieferhiille.

Mapping by Exner (1964) showed the presence of a series of discontinuous gneiss
lamellae within the Peripheral Schieferhiille which could be traced around the Dome.
The lamellae form relatively planar bodies, ranging from metre-scale to over 200m in
thickness, which can be traced for over 40km along strike. Many of the lamellae show
textures and mineralogies consistent with them having been derived from the
Zentralgneis. Others however are strongly mylonitized and it is difficult to establish
whether these units are orthogneisses or were derived from originally sedimentary
precursors such as arkosic sandstones. Strong deformation fabrics and the commonly
observed metasomatically altered shear zones at their bases suggest that these lamellae
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Figure 2.8. SCHEMATIC TECTONO-STRATIGRAPHIC MAP OF THE SONNBLICKGRUPPE.
N LASTERN HOHEN TAUERN, AUSTRIA. (after EXNER 1964)
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were emplaced by thrusting and imbrication of the Penninic units during continental

collision.

The gross features of the Sonnblick Dome have been established by Exner (1964).
However the details of lithological vanation, the deformation history of the Sonnblick
gneisses and the conditions of their metamorphism have so far been neglected. In the
following chapters these aspects are considered.
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Chapter 3
Rock Types within the Sonnblick Dome

3:1 Rationale Behind the Chosen Lithological Subdivisions

As stated in the previous chapter, the Pennine basement can be divided into three
main units, one of which, the Zentralgneis Complex, is the main unit within the
Sonnblick Dome and is of primary interest in this thesis. The Zentralgneis unit of the
Penninic Tauern Window comprises a large vanety of lithologies due to both primary
textural and compositional differences in the original plutons and to subsequent
deformation and alteration of the primary rock types. Following the classification and
nomenclature of Streckeisen (1976), pnmary igneous lithologies within the whole of the
Zentralgneis basement vary from granite (sensu stricto) through granodiorite to tonalite

with subordinate quartz syenites, quartz monzonites and quartz diorites (Frasl 1957:
Karl 1959; Exner 1964; Cliff et al 1971; Finger and Steyrer 1988).

Previous mapping of the Sonnblick gneisses (Exner 1964) did not distinguish any
significant lithological vanations associated with textural or compositional differences
within these granite gneisses. Different textural and compositional characteristics may
affect and localize deformation. Since the distribution of deformation is an important
consideration in the understanding of an area's tectonic evolution, both the primary
igneous variations and the ensuing modification by deformation are an important
consideration in this thesis. Detailed mapping presented here shows that the Sonnblick
gneisses consist of a range of primary lithologies which have been subsequently
modified by varying intensities of deformation and localised syn-deformational fluid
infiltration. For the purpose of this study, the Zentralgneis has been subdivided into a
series of relatively homogenous, mappable units based on field criteria which reflect
both primary igneous, and deformation-induced, lithological variations.

Large variations in strain within primary units has enabled a number of mappable,
'tectonic facies' to be identified. Variations associated with differing amounts of strain
are often transitional over a range of several metres and the boundaries between these
mapped units are commonly marked as 'inferred’ contacts to indicate this. Contacts
between different intrusive units are commonly more discrete.

Although deformation has given nise to lithological variations within originally
homogenous rocks onginally different units may have become virtually indistinguishable
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under large strains. This problem of 'tectonic convergence' (Cliff et al 1971) makes
definite conclusions regarding the nature of the original protolith difficult to prove for the
rocks which record the highest strain.

In this chapter, the lithological units used to subdivide the Zentralgneis within the
mapped area are described. Schieferhiille material 1s also exposed within the Sonnblick
Dome and the different lithologies within these units are briefly described. The details
of important microstructural and metamorphic relationships are related in subsequent
chapters and this is particularly the case for the Schieferhiille lithologies.

3:2 Orthogneisses of the Sonnblick Dome

The Sonnblick Dome comprises a series of quartzo-feldspathic lithologies which can
be regarded as variously deformed and metamorphosed plutonic rocks based on textures
preserved within low strain areas of the Dome. Volumetrically the most important rock
type in the Sonnblick area are coarse grained granitic augen gneisses although fine
grained coarse augen gneisses, fine augen-free gneisses and leucogranites are also
present.

3:2.1 Coarse Augen Gneisses

These have been subdivided into three units based on the intensity of deformation.
These units are each indicated by a prefix which indicates the strain state. The
boundaries between the subdivisions are defined by mesoscopic features. 'Low strain
coarse augen gneisses' (LCAG) vary from essentially undeformed acid plutonic rocks to
weakly foliated granite gneisses in which the foliation is defined by a weak preferred
orientation of micas and quartz appears undeformed in the hand specimen (Figure 3.1a).
LCAG are differentiated from Intermediate Strain coarse augen gneisses (ICAG) by
elongate quartz associated with foliation development in the ICAG (Figure 3.1b). The
term '"High strain coarse augen gneiss' (HCAG) is assigned to mylonitic augen gneisses
in which feldspar augen have become elongated due to deformation associated with
mylonitization of the protolith (Figure 3.1¢). The major differences between these units
are related to the amount of deformation they have undergone. Therefore, the details of
the variations between these mapped units and the progressive modification of
microscopic textures are presented in Chapter 4. The basic petrography of the
undeformed gneiss 1s presented here.



Figure 3.1a. Low strain coarse augen gneiss retaining unmodified granite textures on a hand

specimen scale.

Figure 3.1b. Strongly deformed intermediate coarse augen gneisé in which quartz and mica
form a millimetre spaced mylonitic foliation. K-feldspar form rigid augen which occasionally show

signs of recrystallization in asymmetric tails (x) or on fractures associated with brittle deformation

(¥).

Figure 3.1c. Strongly deformed coarse augen gneiss containing elongated feldspar augen.

Figure 3.1d. Oriented plagioclase inclusions within a perthitic K-feldspar augen in
intermediate strain coarse augen gneiss. Plagioclase also contains inclusions of white mica and

clinozoisite.

Figure 3.1e. Relict oscillatory zoning in plagioclase marked by the development clinozoisite

inclusions in the originally more anorthite-rich zones.

Figure 3.1f. Zoned allanite rimmed by clinozoisite within a cluster of biotites in low strain

coarse augen gneiss.
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The coarse augen gneisses are holocrystalline and have a K-feldspar, plagioclase.
quartz, biotite, white mica and epidote mineralogy with accessory sphene, apatite and
zircon. The modal abundances of these phases varies due to primary differences 1n the
original mineralogy as well as to subsequent deformation. Average modal compositions

in undeformed granitic units are estimated at plagioclase =30%, quartz =30%, K-
feldspar =25%, micas =10% and epidote =5%.

K-feldspar is euhedral, becoming more anhedral with increasing deformation, and
consist of both orthoclase and locally developed microcline. Feldspar sizes vary from 1-
S5cm but are more commonly 2-3cm. Perthitic exsolution in the form of fairly broad
sinuous lamellae, narrow braided lamellae and bleb-like areas of albite occurs within the
K-feldspar augen. These augen also contain euhedral plagioclase inclusions which are
commonly aligned parallel to the grain boundaries of the K-feldspar host (Figure 3.1d).
These have been interpreted as pnimary crystallization textures (Frasl 1954, 1957 and
pers.comm. 1988) and suggest that plagioclase and K-feldspar were derived from melts
and are therefore igneous, and not metamorphic, in ongin. Plagioclase rims surrounding
the oniginal plagioclase and replacing K-feldspar are also observed and are interpreted to
be metamorphic in onigin (see Chapter 6).

Plagioclase is albitic in composition and usually contains lath shaped inclusions of
white mica and clinozoisite. Rarely, these inclusions are observed to be distributed in
concentric zones within the plagioclase (Figure 3.1e). These clinozoisite-rich and
clinozoisite-poor zones are interpreted to represent pnmary compositional variations
developed during plagioclase crystallization, the clinozoisite bearing zones being
originally the more anorthite nich, and provide evidence for primary oscillatory zoning of
the igneous plagioclase. Similar observations and interpretations have been presented by
(eg.Kar]l 1959). The inclusions of white mica and clinozoisite are usually randomly
oriented within the albite although an occasionally developed preferred orientation of
these inclusions, possibly along feldspar cleavage planes, suggests some dependance of |
recrystallization on feldspar crystallography. Plagioclase and K-feldspar up to about
Smm in size are also found in the matrix and show similar textural features to the coarser

augen.

Quartz is seen as individual grains, up to several millimetres in size, which have
irregular intergrown boundaries and form aggregates which in two dimensions appear
about 1cm in size. In three dimensions, quartz aggregates form a continuous framework
throughout the rock. Allanite and diamond-shaped sphene, which are commonly over
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lmm in length, are also found within the matrix and as inclusions within K-feldspar
augen. These are therefore interpreted to be igneous in origin. Allanite is zoned,
occasionally twinned and commonly 1s rimmed by clinozoisite (Figure 3.1f).
Clinozoisite in the matrix is relatively equant, subhedral to euhedral in form and
individual grains are in the order of 1mm in diameter. Individual grains are commonly

found in aggregates and there is a spatial relationship between clinozoisite and biotite
rich domains within the gneiss.

Biotites in LCAG are up to 2mm in length and are commonly found within coarse
clusters (up to lcm) which make up approximately 10% of the rock volume (Figure
3.1f). Small inclusions of accessory phases, often associated with the development of
pleochroic halos, are seen within biotite. Chlorite locally replaces biotite along cleavage
planes.

As well as inclusions within plagioclase, white mica is commonly seen as envelopes
surrounding K-feldspar augen. White mica also becomes modally more important with
increasing deformation and the ratio of white mica to biotite generally increases with
increasing foliation development.

3:2.2 Fine Augen Gneiss

This lithology 1s mineralogically similar to the coarser augan gneisses but differs
texturally in having a finer grained matrix. Coarse K-feldspar augen are also less
common than in the coarse augen gneisses (Figure 3.2a). Fine augen gneiss often
contains inclusions of coarser material and occasionally observed primary lithological
contacts consistently show that fine augen gneiss intrudes into the coarser rock type.
Within the mapped area, this lithology is not observed in an undeformed state and
therefore, the observed textures are a product of both igneous processes and of
subsequent foliation development. |

The matrix consists of feldspars averaging approximately 1mm in diameter which
have a subhedral form and irregular grain boundaries indicative of deformation
processses (Figure 3.2b). K-feldspars are dominantly orthoclase, with localized
microcline development, and show little perthitic exsolution. Plagioclase is albitic in
composition and commonly shows multiple twins. Inclusions of white mica and
clinozoisite are not as common as within the coarser augen gneisses.



Figure 3.2a. K-feldspar augen within fine-grained matrix of Fine Augen Gneiss' lithology.

Dolomitic carbonate material is seen in the pressure shadows around the feldspar.

Figure 3.2b. Micrographs of Fine Augen Gneiss' showing subhedral plagioclase with
| iﬁ'egular grain boundaries and few inclusions. Irregular-shaped carbonate material (¢) is locally seen

within the matrix and is interpreted to be late-stage in origin.

Figure 3.2¢. Contact between 'Coarse Augen Gneiss' (CAG) and Fine Gneiss' (FG). Locally
observed inclusions of CAG within the FG and apophyses of FG within CAG show the finer
lithology to be younger in age. A small aplitic leucogranite (A) cuts the contact between the fine and

coarse gneisses and appears to be the last igneous phase intruded into the gneiss precursors.

Figure 3.2d. Micrograph illustrating the fine grained mineralogy of the Fine Gneiss', Albitic
plagioclase (alb), quartz (qtz) and micas dominate the mineralogy. Accessory, late-stage carbonate
material (¢) is also seen. Epidote forms small high relief grains which are spatially associated with

the mica rich domains.

Figure 3.2.e Intcrgrown amphibole (a), epldotc (ep), b:outc (bte) with albitic plagioclase and

quartz within ‘Dioritic Gnelss

anure 3.2.f M1crograph showing textures within amicaceous leucogranite aplite. A large
mica book (wm) and anhedral plagioclase (alb) containing numerous fine white mica inclusions are

surrounded by a matrix comprising quartz and white mica. Late carbonate (c) is again present.
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Biotite and white mica define the observed foliation and white mica is generally more
abundant than biotite (ratio=3:1). Both micas form sub-mm laths with long axis parallel
to the foliation. Parallel to mica domains, there are elongate quartz domains compnsing
smaller grains showing typical low strain, quartz deformation microstructures (refer to
Chapter 4).

Epidote mineralogy 1s similar to that observed in the coarse augen gneisses and
varies from pistacite to clinozoisite. Epidote 1s less common than in the coarser augen
gneiss and are smaller, being up to 0.5mm in diameter. The observed foliation wraps
around these grains.

Accessory phases include apatite and calcite. The latter is found as irregular grains
with decussate or concave boundaries and appear to be in-filling voids within the gneiss
lithology (Figure 3.2b). Carbonate matenial is often seen within the pressure shadows of
the larger feldspar augen.

3:2.3 Fine Gneiss

This lithology appears very similar in the field to the fine-grained matrix of the fine
augen gneiss lithology and it is also seen to intrude the Coarse Augen Gneiss (Figure
3.2¢). It differs however in having no large augen and having a matrix which is K-
feldspar poor. The chronological relationship between the Fine Gneiss and the Fine
Augen Gneiss 1s not clear.

Mineralogically, the rock comprises albite (45%), quartz (35%), biotite (7%),
epidote (up to 5%) and white mica (up to 5%) (Figure 3.2d). Carbonate makes up 1-2 %
of the lithology and other accessories, commonly apatite and zircon, make up less than
1% of the rock. Plagioclase is albitic with a subhedral form and reaches up to Imm in
length parallel to the minerals c-axis. Few inclusions of white mica and clinozoisite are
observed within the plagioclase. K-feldspar was not observed although no sections were
stained for K-feldspar and some small grains interspersed with quartz may be present.
Micas in the matrix are generally fine-grained and approximately equal amounts of biotite
and white mica are present.

3:2.4 Dioritic Gneiss

A small exposure of more mafic gneiss 1s exposed in the southern point of Wurten
Speicher (grid ref. 160068). In hand specimen the lithology appears relatively poor in
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quartz, hence the field term 'dioritic gneiss'. However, in thin section the modal
mineralogy is quartz (=25%), epidote (=25%), plagioclase (=20%), amphibole (=15% )
and biotite (=15%) with accessory rutile, chlorite and apatite (Figure 3.2e).

Epidotes are subhedral to euhedral in form and have a pistacite to clinozoisite
composition, the latter being most commonly observed. Individual grains are up to
0.5mm in diameter and form aggregates of epidote which are intergrown with the other
mineral phases. | |

Green-brown pleochroic amphiboles up to 1mm in length are usually euhedral in
form. No preferred orientation of the amphiboles is observed but amphibole is usually
intergrown with epidote. Optical properties suggest a hornblende composition.

Biotite is commonly found in clusters and is composed of subhedral laths up to Imm
in length, parallel to 001. These laths are commonly composed of thinner biotite grains
aligned sub-parallel to each other. Some grains are locally altered to chlorite.

Plagioclase and quartz both occur interstitially between the more mafic minerals and
appear to make a 3-dimensional connected framework through the rock. Quartz is made
up of individual grains in the order of 100pum which have irregular boundaries and
microstructures indicative of low strain deformation. Plagioclase is raf]y twinned but 1s
zoned from albite in the cores to more oligoclase-rich nms.

3:2.5 Leucogranite Aplites

This lithology is a fine-grained, white lithology which occurs as dykes cutting
through both the Inner Schieferhiille and the previously described Zentralgneis units (eg.
Figure 3.2c). Dykes are common but are rarely persistent enough to map at 1:10000
scale. In the larger aplite units, the lithology is white mica rich and pseudo-hexagonal
mica books are present. Mineralogically they differ from the augen gneisses in that they
do not contain biotite and epidote is only present in some of the units sampled.
Approximately 45-50% of the lithology 1s composed of quartz, while plagioclase and K-
feldspar make up =25% and =10% respectively. White mica has a mode of 15-20%.

Quartz grains have irregular morphologies and contain deformation microstructures

indicative of recovery and recrystallization processes. K-feldspar and plagioclase form
1mm subhedral to anhedral grains which have irregular grain boundaries. Plagioclase is
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albitic in composition, shows multiple twinning and contains numerous inclusions of
white mica which record preferred orientations within the feldspar lattice. No clinozoisite
inclusions are present within albite. K-feldspar 1s perthitic and no evidence for reversion
of orthoclase to microcline 1s observed. Myrmekite is also locally developed.

White mica in the matrix 1s composed of euhedral grains ranging from =100pm long
laths to several millimetre wide books (Figure 3.2f). The smaller mica laths commonly
define any foliation that 1s developed in the rock. No zoning of the mica books or laths is
observed by standard optical microscopic techniques. Calcite makes up approx1mately
1% of the rock and the only readily observed accessory mineral is apatite.

3:2.6 White Mica Schists

These are incorporated within the 'granitic gneisses’ since they are interpreted to be
derived from granitic protoliths and represent the combined effects of localized
deformation and metasomatic alteration within the gneisses (Chapter 6). This lithology
consists largely of quartz and white mica though accessory biotite and relict, partly
corroded clinozoisite are very occasionally preserved. One white mica schist unit
contains syn-tectonic K-feldspar augen. Locally albite porphyroblasts replace white mica
in the hinges of post-shearing folds. This lithology is more completely described and
discussed in Chapter 6.

3:2.7 Mylonitic Leucogranites

High strain, fine-grained, felsic rocks are exposed within the Sonnblick Dome and
can be traced for distances in excess of 1km. These differ from the fine gneisses and
leucogranite aplites in having a strongly developed mylonitic foliation (Figure 3.3a).
Mineralogically these units are composed of fine grained quartz, feldspar and white mica
all smaller than 0.5mm in size. Locally, 1mm anhedral plagioclase augen, containing
white mica inclusions, are preserved as are corroded garnets, which are pink/orange in
hand specimen and are probably igneous in origin. No K-feldspar augen are observed
but small anhedral perthites (up to 0.2mm) show that some K-feldspar is present in the
matrix. White micas form 0.5mm laths and biotite is present but is not as abundant as
white mica. This lithology 1s considered to be a strongly deformed mylonite unit derived
from one of the fine-grained, primary igneous lithologies exposed within the Dome. The
most likely candidate is the Fine Gneiss.



- Figure 3.3a. Fine-grained, mylonitic leucogranite showing a strongly developed spaced

~ foliation defined by quartz-rich and white mica-rich domains.

-,

Figure 3.3b. Garnet-bearing amphibolite found within a 2m long sli ver within a large

gamnet-absent amphibolite.

Figure 3.3c. Micrograph of biotite schist lithology. Biotite is the only mica present, shows a

, brown-colourless pleochroic scheme and can be clearly seen to overgrow the pervasive foliation. A.

small epidote grain (ep) is preserved within the schist. .

Figure 3.3d. Exposure of banded gneiss composed of strongly deformed augen gneiss and

amphibolite. This type of banded gneiss is locally exposed within the mapped area but never on a.

mappable scale. -

Figure 3.3e. Banded gneiss composed of partly metasomatized micaceous Coarse Augen

Gneiss and mylonitized aplitic leucogranites.

. Figure 3.3f. Garnet-mica schist belonging to the Inner Schieferhiille showing a strongly

+

developed foliation defined by quartz-rich and . mica-rich.domains and well developed gamet

porphyroblasts.
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3:3 Geochemistry of the Sonnblick Gneisses

Whole rock geochemical data for the gneisses are presented in Appendix 3:1. The
dominant augen gneiss lithology in the Sonnblick region falls within the granite field of
the Streckeisen (1976) classification of granitoid rocks and no variation is observed
between undeformed and deformed varieties of the gneiss except when deformation is
accompanied by extensive metasomatic alteration (Figure 3.4). The gneisses génerally
range from metaluminous to peraluminous in composition and most of the analysed
samples fall within the I-Type granite fields of Chappel and White (1974) and the
revised fields of White and Chappel ( 1983) (Flgure 3.5). The data generally he within
the 'Volcanic Arc Granite' tectonic discrimination field (Pearce et al 1984) and the low
and intermediate strain gneisses cannot be differentiated on these diagrams (Figure 3.6).

The Rb-S102 discirimination diagram (Figure 3.6a) suggests a syn-collisional
intrusive setting for primary granite formation and therefore differs ﬁorn the volcanic arc
setting indicated by the other discrimination diagrams. This may be the result of later
large scale Rb mobility and enrichment during Alpine metamorphism and suggests that
care must be taken when applying the genetic classification of granites to rocks which
have a long history involving multiple deformation and metamorphic events.

o LCAG 6points
+ ICAGQ 7points
« WMS 4points

60

60

granites grano- fonalites

* diorites
B
N7
! P4 \

7

20 ¢ 20
quartz quartz
syenites monzonites monzodiorites
A 90 65 35 10 P

Figure 3.4. Quartz-Alkali feldspar-Plagioclase (QAP) diagram (after Streckeisen 1976)
showing the coarse augen gneisses of the Sonnblick Dome to be granites (ss) to granodioritic in
composition. Positions are calculated based on CIPW normative compositions calculated for some of
the gneiss analysed by XRF (see Appendix 3). Fe3* is assumed to be 10% of total Fe. The shaded
area corrcsi)onds to the field of Sonnblick orthogneisses analysed by Finger and Steyrer (1988).
White mica schists, interpreted to be derived from coarse augen gneisses by syn-deformational

mctasomatic altcration (Chapter 6) are shown for comparison.



Figure 3.5. Graphs to illustrate the geochemical character of different igneous units within the
Sonnblick Dome. Abbreviations are Low Strain Aug'en Gneiss (LCAG); Intermediate Strain Coarse
Augen Gneiss (ICAG); Fine Augen Gneiss (FAG); Fine Gneiss (FG) and Micaceous Leucogranite
(ML). White Mica Schists (WMS) are shown only for comparison.

a) K20 vs NayO plot which show the primary gneiss lithlogies to plot in the I-Type granite
field of White and Chappel (1983).

b) Plot of mol (Al03/ NasO + K720 + CaO) (=ALI) versus SiO4. Lithologies are

metaluminous to peraluminous and plot in the I-Type field below 1.1 (Chappel and White 1983) or
ALI <1.05 (Pitcher 1982).

¢) Plot of K2O versus SiO, showing that the lithologies plot in the High-K field of the
magmatic series of Peccerillo and Taylor (1936).
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Figure 3.6. Trace element discrimination diagrams for granite:s (after Pearce et al 1984) for
Low- and Intermediate- Strain Coarse Augen Gneisses from the Sonnblick Dome. All except Rb
ppm vs SiO2 wt% show the ligl'{ologigé to plot in the Volcanic Arc Granite (VAG) field and agree
with the observations of Finger and Steyrer (1988). Diagram (i) could be explained by invoking large
scale Rb enrichment during Al?ine meiamcmﬂhm Qith a possible sink for Rb being the white mica

commonly developed within the‘gneisses.
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The geochemical evidence presented here does not contradict previous models for the
origin of the Zentralgneis precursors which suggest that the granitic gneisses formed in a
compressional continental margin due to melting above a subducting plate during the
Variscan (Finger and Steyrer 1988). Such a model is supported by the morphology of
separated zircons from the Sonnblick gneisses which, following the correlation between
zircon morphology and granite petrology identified by Pupin (1980), suggests that the
Sonnblick parental magma was a relatively low temperature and highly fractionated
magma which was probably largely denived from the mantle and had calc alkaline (I-
type) affinities (Dolzlmiiller er al. In press).

3:4 Mafic Lithologies Exposed in the Sonnblick Dome

3:4.1 Amphibolites

Several amphibolite units are seen within the Sonnblick Zentralgneis Complex and in
the nearby Hochalm-Ankogel massif to the north of the Sonnblick Dome. Cliff er al
(1971) established a pre-granite intrusive age for the amphibolite units in the Hochalm
area based on the presence of structures in the amphibolite that were absent from the
Zentralgneis. In part of the Pennine basement amphibolites are therefore classified as a
lithological unit belonging to the Inner Schieferhiille. Within the mapped area, there
appears to be a spatial relationship between outcrops of amphibolite and Inner
Schieferhiille. However, within the Sonnblick Dome, preserved igneous textures within
undeformed amphibolites at Zirmsee (grid ref. 074147 ) have been used to infer that
some of the amphibolites were oniginally basic dykes which intruded the igneous
precursors to the Zentralgneis (Kieslinger 1936; Exner 1964).

Amphibolites which are found within the nappes of the Peripheral Schieferhiille in
the Western Tauern Window (eg. the Kasertal formation) are interpreted to have formed
as basic sills or volcanic extrusive units during the Mesozoic (Frisch 1984). If the
Sonnblick amphibolites represent deformed and metamorphosed basic dykes, it is
unlikely that they are of the same age as the Western Tauern Window amphibolites since
leucogranite aplite units, interpreted to be Hercynian in age (CIliff er al 1971; Cliff
1981), cut the Sonnblick examples.

Amphibolites within the mapped area all show a well developed banding which
commonly lies subparallel to a pervasive foliation along which amphiboles have a
preferred orientation. For a detailed description of the undeformed dykes exposed at

il it
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Zirmsee the reader is referred to Kieslinger (1936). Mineralogically they consist of
amphibole, epidote, feldspar and quartz. Opaque minerals include both 'martitic
hematite and magnetite where hematite has developed along crystallographically
preferred ‘planes in magnetite as a result of oxidation. Calcite 1s also present and 1n one

example garnet is present (Figure 3.3b). This garnet bearing amphibolite is discussed
further in Chapter 3.

Amphiboles are hornblendes in composition and have similar optical properties to
those described for the 'dioritic gneiss'. Hornblende is elongate parallel to its c-axis and

is usually about 0.5mm in length. Locally developed coarse amphiboles may reach up to
several millimetres in length.

Epidotes again vary from pistacite to clinozoisite and plagioclase is albite to
oligoclase in composition. Individual epidote grains usually form subhedral, rounded
grains which are rarely larger than 0.5mm in diameter but which commonly form larger
clusters. Feldspar and quartz occur interstinally between amphibole and epidote and have
an anhedral form.

Mineralogical modes vary due to the heterogeneous development of banding within
the amphibolites. Within amphibole-rich bands, hornblende may comprise over 80% of
the volume, with quartz feldspar and opaque phases making up the rest. Epidote-rich
bands may contain up to 50% epidote, of dominantly pistaciic composition, with quartz,
feldspar and calcite. In more massive samples were banding is less discrete, modal

values lie in the region of hornblende =50%, epidote =20% with quartz and feldspar
totalling =25%.

3:4.2 Biotite Schists

Often associated with amphibolite lithologies are biotite-rich schists. These are
almost entirely composed of biotite but also contain accessory epidote (Figure 3.3¢).
These units are relatively small and discontinuous and cannot be mapped at a scale of
1:10,000. They are generally found in areas of strong, localized deformation. This,
combined with the spatial association with amphibolite units suggests that the biotite
schist units represent deformed and metasomatized amphibolites.
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3:5 Banded Gneisses

Two distinct banded gneiss lithologies have been seen within the Sonnblick
Zentralgneis Complex. Both of these are strongly deformed and comprise a mixture of
coarse augen gneiss and either amphibolite or mylonitized leucogranite. The first of these
is developed on a small scale at the contacts of amphibole and coarse augen gneiss and
within the mapped area cannot be shown at a scale of 1:10,000. On the shores of the
Oschenigsee (grid ref. 192057), a banded gneiss similar to this lithology is spectacularly
developed (Figure 3.3d) The second banded lithology 1s developed to the west of the
Schwartzsee (grid ref. 142082) and can be traced or several hundred metres before it is
no longer exposed. This unit consists of interbanded, strongly deformed, coarse augen
gneiss and mylonitized aplite dykes (Figure 3.3¢). The banding in both cases is a direct

consequence of intense and localized deformation and a detailed discussion of these units
is reserved for Chapter 4.

3:6 Paragneisses Exposed in the Sonnblick Area

Gneisses derived from sedimentary precursors exposed within the mapped area can
be divided into those belonging to the Palaeozoic Inner Schieferhiille and those which
form part of the Mesozoic Peripheral Schieferhiille sequence. The two different units
may be distinguished by several means. The Inner Schieferhiille is carbonate free,
contains aplite dykes and underwent pervasive deformation and metamorphism prior to
the intrusion of the Zentralgneis precursors. Conversely, the Peripheral Schieferhtille
commonly containscarbonate matenial, does not contain aplite dykes and only underwent
Alpine tectonism. These differences enable different members of these two groups to be
identified within the Sonnblick area.

3:6.1 The Inner Schieferhiille Lithologies.

Two mapped lithological units have been assigned to the Inner Schieferhiille, garnet-
mica schists and micaceous phyllites.

a) Garnet-Mica Schists

There are several exposures of gamet-mica schist and the different exposures,
although having many similar features at outcrop scale, show slight variations in
mineralogy and preserved textures on a microscopic scale. All exposures of this
lithology have a well developed foliation (Figure 3.3f).
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Gamet-mica schist, exposed within a large quarry to the southeast of Wurten
Speicher (grid ref. 162066), contains garnet, white mica, chlorite, quartz and chloritoid
(Figure 3.7a). Small amounts of epidote and opaques are also observed. Gamet ocurs as
small, subhedral, equant grains up to 0.5mm in diameter. White mica and chlorite occur
together in domains which alternate with quartz domains and which define the foliation.
Individual mica grains are often 1n excess of 1mm in length parallel to the foliation.
Chlorite has a similar lath-like morphology and is less abundant than white mica.
Chloritoid forms 0.5mm euhedral grains which are elongate parallel to the foliation.

In garnet-mica schists sampled from the stream section to the northwest of Wurten
Speicher (grid ref. 148087), a coarse grained texture is observed. Euhedral garnets up to
3mm are observed which are distinctly zoned. Small, unzoned garnets up to 0.5mm in
diameter are also present. White mica, quartz and chlornte make up the matrix. Chloritoid
is absent but blue-green amphibole, which is partially replaced by chlorite, quartz and
small volumes of biotite, is preserved (Figure 3.7b).

b) Dark Micaceous Phyllite

This is exposed at a height of 2120m on the PanoramastraB8e road section (grid ref.
165082). The rock 1s a fine grained, strongly deformed phyllite composed of white
mica, quartz and opaque phases. The complex deformation history and lack of carbonate
material suggest that this lithology is part of the Inner Schieferhiille basement.

3:6.2 Peripheral Schieferhiille Lithologies

Peripheral Schieferhiille 1s exposed on the two ridges (Rote Wand-Sandfeld Kopf
and Strappeleben Spitze-Baumbach Spitze) which represent the highest structural levels
of the mapped area. All the Peripheral Schieferhiille lithologies have a strongly
developed penetrative foliation which is parallel to the contact with the underlying
Zentralgneis. Only a limited amount of research has been undertaken on these lithologies
during this project and only 5 lithological units have been mapped. More detailed
subdivision of these lithologies has been made by Exner (1964) who also presented a
brief description of the rock types and noted some of the more subtle variations in their
mineralogy. Droop (1981, 1985) presents a more detailed metamorphic study of the
Peripheral Schieferhiille to the northeast of the Dome. Details on the microstructure and
metamorphic implications of the observed assemblages and their textures are presented
in Chapters 4 and 5 respectively. The location of the the lithologies are shown in Mapl.




Figure 3.7a. Chloritoid-bearing garnet-white mica schists from southeast of the Wurten
Speicher. Chloritoid (ctd), garnet (gnt) and chlorte (chl) appear to be in equilibrium. The matrix is -
composed of white mica and quartz. |

Figure 3.7b. Amphibole- and biotite- bearing garnet-white mica schist from northwest of theh,
Wurten Speicher. Biotite (bte) and amphibole (a) appear to be in equilibrium. Retrogression to .
chlorite (chl) is locally observed. White mica and quartz dominate the matrix.

Figure 3.7c. Coarse marble containing interlocking dolomitic carbonate grains and euhedral

white mica. Small amounts of interstitial quartz (q) are also present.

Figure 3.7d. Fine marble comprised dominantly of fine grained dolomitic carbonate. Small
through-going domains of white mica are also developed.
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a) Calc-mica schists '

This lithology is composed of carbonate, quartz and white mica which form
relatively pure, elongate domains which parallel the deformation fabric. Grain sizes
within individual domains are relatively constant while sizes vary between different
domains. As an example, calcite varies from 0.1 to Imm between domains separated by
only a few millimetres. White micas are commonly elongate laths up to a millimetre in
length. Both quartz and calcite show deformation features on a microscopic scale.

b) Black Phyllite

In hand specimen, this lithology is dark in colour and is very fine-grained. Some of
these units contain elliptical plagioclase augen which have a long axis up to 2mm 1n
length parallel to the foliation. In thin section these augen are composed of albite cores
surrounded by distinct oligoclase nms. The core also contain fine graphite inclusions.

The matrix of the phyllite is composed of white mica and quartz domains which have
variable thicknesses between 0.1 and 1.5mm. Indvidual grains are sub-mm in size.

Dolomitic carbonate is observed within the quartz domains and these are up to Imm in
size. A dark opaque phase is also present.

¢) Marble

Marbles in the mapped area show a vaniety of different grain size textures. Coarse-
grained marbles comprise 1mm grains of interlocking carbonate and white mica with
anhedral interstitial quartz (Figure 3.7c). Micas define a millimetre spaced, anastomosing
foliation. Carbonate appears to be dolomitic in nature and makes up approximtely 60%
of the rock, white mica and quartz make up about 20% each. Fine-grained marbles are
richer in carbonate and consist of 90-95% calcite with quartz and mica making up the
rest of the rock in approximately equal amounts (Figure 3.7d). Carbonate again forms an
interlocking mosaic texture of 0.2mm grains.

d) 'Quartzite’

The term 'Quartzite’ is taken from the nomenclature of Exner for unit xx along the
Bogenitzen Scharte profile (Figure 1 and 2 of Exner's (1964) Tafel 7). In outcrop the
lithology is seen as a series of 0.5-1m quartzo-feldspathic units which are locally very
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micaceous and contain garnet porphyroblasts. In these micaceous area tourmaline is
developed and lies in the plane of the well developed foliation. Thin sections of the
garnet bearing sample show a garnet, white mica, quartz, chlorite, chloritoid
mineralogy. Details of the features developed in this rock on a microstructural scale are
discussed in Chapter 4.

e) Greenschist

A small exposure of a relatively pure, massive, pale green amphibole-rich matenal

was exposed close to the summit of the Sandfeld Kopf. No thin sections of this have
been studied.




Chapter 4
The Structural History of the Sonnblick Dome

4:1 Introduction

The aim of this chapter is to assess the deformation history of the Sonnblick Dome
and develop a model for the Dome's structural evolution. This deformation history is
related to recrystallization associated with peak Alpine metamorphism in order to place
constraints on the timing of different stages of the deformation history which may then
be used to constrain models of the development of the Eastern Alps: This chapter
presents field and microstructural evidence which are interpreted in a later discussion.

4:2 Large Scale Structure of the Sonnblick Dome

The Sonnblick Dome is an elongate northwest striking, northeast verging,
asymmetrical antiformal structure of the southeast Tauern Window (Figure 4.1) within
the Zentralgneis unit of the Pennine Basement Complex. The Dome extends for about
24km along strike before rapidly thinning and passing into the Sonnblick Gneiss
Lamella, which extends a further 15km along the M6l valley (Figure 2.8). A maximum
outcrop width of about 8km is observed perpendicular to strike, while the Sonnblick
Lamella has an observed outcrop width of about 10 metres at its southern limit (Exner

1964).

To the north, the Sonnblick Dome is separated from the Hochalm-Ankogel
Zentralgneis massif by the Mallnitzer Miilde, a large synformal structure in the
Peripheral Schieferhiille (Figure 4.1). A thin band of Schieferhiille lies to the South of
the Dome and immediately to the south, 1s <ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>