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Summary

P-T conditions, paragenetic studies and the relation between mineral growth, deformation and -
when possible- isograd minerals have been used to describe the type of metamorphism involved
within lower units of the southern Menderes Massif of the Anatolide Belt in western Turkey. The
study areas mainly consist of Proterozoic orthogneiss and surrounding schists of presumed Paleozoic
age. Both units are seen as nappes in the southern study area, the Cine and the Selimiye nappe, on the
whole corresponding to Proterozoic orthogneiss and surrounding schists, respectively. The Cine and
Selimiye nappes are part of a complex geological structure within the core series of the Menderes
Massif. Their emplacement under lower greenschist facies conditions, would result from closure of the
northern Neo-Thethys branch during the Eocene. These two nappes are separated by a major tectonic
structure, the Selimiye shear zone, which records top-to-the-S shearing under greenschist facies
conditions. Amphibolite to upper amphibolite facies metamorphism is widely developed within the
metasedimentary rocks of the Cine nappe whereas no metamorphism exceeding lower amphibolite

facies has been observed in the Selimiye nappe.

In the southern margin of the Cine Massif, around Selimiye and Millas villages, detailed
sampling has been undertaken in order to map mineral isograds within the Selimiye nappe and to
specify P-T conditions in this area. The data collected in this area reveals a global prograde normal
erosion field gradient from south to north and toward the orthogneiss. The mineralogical parageneses
and P-T estimates are correlated with Barrovian-type metamorphism. A jump of P-T conditions across
the Selimiye shear zone has been identified and estimated c. 2 kbar and 100 °C which evidences the
presence of amphibolite facies metasedimentary rocks near the orthogneiss. Metasedimentary rocks
from the overlying Selimiye nappe have maximum P-T conditions of ¢. 4-5 kbar and c. 525 °C near
the base of the nappe. Metasedimentary rocks from the Cine nappe underneath the Selimiye shear zone
record maximum P-T conditions of about 7 kbar and >550 °C. Kinematic indicators in both nappes
consistently show a top-S shear sense. Metamorphic grade in the Selimiye nappe decreases
structurally upwards as indicated by mineral isograds defining the garnet-chlorite zone at the base, the
chloritoid-biotite zone and the biotite-chlorite zone at the top of the nappe. The mineral isograds in the
Selimiye nappe run parallel to the regional Sg foliation. **Ar/*’Ar mica ages indicate an Eocene age of

metamorphism in the Selimiye nappe and underneath the Cine nappe in this area.

Metasedimentary rocks of the Cine nappe 20-30 km north of the Selimiye shear zone record
maximum P-T conditions of 8-11 kbar and 600-650 °C. Kinematic indicators show mainly top-N shear
sense associated with prograde amphibolite facies metamorphism. An age of about 550 Ma could be
indicated for amphibolite facies metamorphism and associated top-N shear in the orthogneiss and

metasedimentary rocks of the Cine nappe. However, there is no evidence for polymetamorphism in the



metasedimentary rocks of the Cine nappe, making tectonic interpretations about late Neoproterozoic to

Cambrian and Tertiary metamorphic events speculative.

In the western margin of the Cine Massif metamorphic mineral parageneses and pressure—
temperature conditions lead to similar conclusion regarding the erosion field gradient, prograde
normal toward the orthogneiss. The contact between orthogneiss and surrounding metasedimentary
rocks is mylonitic and syn-metamorphism. P-T estimates are those already observed within the

Selimiye nappe and correlated with lower amphibolite facies parageneses.

Finally additional data in the eastern part and a general paragenetic study within the Menderes
Massif lower units, the Cine and the Selimiye nappes, strongly suggest a single Barrovian-type
metamorphism predating Eocene emplacement of the high pressure—low temperature Lycean and
Cycladic blueschist nappes. Metamorphic mineral parageneses and pressure—temperature conditions
do not support the recently proposed model of high pressure—low temperature metamorphic
overprinting, which implies burial of the lower units of the Menderes Massif up to depth of 30 km, as

a result of closure of the Neo-Tethys.

According to the geochronological problem outlined during this thesis, there are two possible
schemes: either Barrovian-type metamorphism is Proterozoic in age and part of the sediments from
Selimiye nappe (lower amphibolite facies) has to be proterozoic of age too, or Barrovian-type
metamorphism in Eocene of age. In the first case the structure observed now in the core series would
correspond to simple exhumation of Proterozoic basement. In the latter case a possible correlation

with closure of Neo-Tethys (sensu stricto, southern branch) is envisaged.



Résumé

Les conditions pression-température, 1’étude des paragencses et des isogrades ainsi que les
relations cristallisation-déformation ont été utilisées pour contraindre le type de métamorphisme
observé au sein des unités cristallines du Massif du Menderes en Turquie occidentale. Les zones
étudiées sont principalement constituées de deux unités: un métagranite orthogneissifi¢ d’age
d’intrusion protérozoique et d’une couverture schisteuse dont 1’age de dépot présumé paléozoique est
incertain. Dans la partie méridionale ces deux unités sont considérées dans un premier temps comme
des nappes dont I’emplacement résulterait de la fermeture septentrionale de la Néotethys a I’Eocéne.
Ces deux nappes sont en contact tectonique le long de la zone de cisaillement de Selimiye, en
extension vers le sud. Cette zone de cisaillement a principalement joué lors d’un métamorphisme en
facies schistes verts, postdatant la croissance minéralogique au sein des deux nappes. La nappe de
Cine montre des paragenéeses dans le faciés amphibolitique -et au-dela en température- alors que les
conditions du métamorphisme au sein de la nappe de Selimiye n’excédent pas la limite supérieure en

température du facics des schistes verts.

Un échantillonnage resserré a été effectué dans la partie sud du Massif de Cine, au alentour des
villages de Millas et de Selimiye, afin de cartographier les zones du métamorphisme et de spécifier les
conditions pression-température dans cette zone. Les résultats ont montré globalement la présence
d’un gradient de température prograde normal sur la surface d’érosion, du sud vers le nord en direction
du contact orthogneiss/schistes. Les paragenéses minéralogiques et les conditions pression-
température sont typiquement celles observées durant un métamorphisme de type Barrovian. Au sein
de I’unité schisteuse, et le long de la zone de cisaillement de Selimiye, une saute en température et en
pression a été identifiée, et estimée de I’ordre de 2 kbar et 100 °C. Cette zone de cisaillement sépare
ainsi les schistes de faciés amphibolitique de la nappe de Cine (7 kbar et >550 °C) de ceux de moindre
degré métamorphique appartenant a la nappe de Selimiye (4-5 kbar et c. 525 °C). Cependant, au sein
des deux nappes, les critéres cinématiques sont similaires et montrent, durant le métamorphisme, un

cisaillement du toit vers le sud.

Différentes zones du métamorphisme ont été cartographiées au sein de la nappe de Selimiye. Du
plus faible au plus fort degré nous avons observé: une zone a chlorite-biotite, une zone a chloritoide-
biotite et finalement une zone a grenat-chlorite. Les isogrades sont globalement paralléles a la foliation
régionale et les données **Ar/*’Ar sur mica indiqueraient un dge Eocéne pour le métamorphisme dans

cette zone.



Au sein de la nappe de Cine, 20 a 30 km au nord de Selimiye, des enclaves schisteuses ont été
également étudiées en détail, afin de contraindre les conditions pression-température (P-T) et le sens
de cisaillement durant le métamorphisme. Les résultats montrent des conditions P-T aux alentours de
8-11 kbar et 600 a 650 °C, bien supérieures a celles observées au sein de la nappe de Selimiye. Les
critéres de cisaillement différent également, et sont ici en accord avec un déplacement du toit vers le
nord. Un &age protérozoique a été proposé pour ce métamorphisme de faciés amphibolitique.
Cependant les preuves en faveur d’une histoire métamorphique polyphasée sont inexistantes, ne
permettant en aucun cas d’affirmer la présence de deux événements métamorphiques ; I’un trés ancien

au Protérozoique et, I’autre beaucoup plus récent a I’Eocéne.

Dans la partie ouest du Massif de Cine, 1’étude paragénétique et thermodynamique conduit aux
méme conclusions concernant les conditions P-T que celles déduites de 1’étude pétrologique au sein de
la nappe de Selimiye. Dans cette zone le métamorphisme est également de type Barrovian et, le
gradient thermique de terrain également prograde normal sur la surface d’érosion en direction du

contact orthogneiss/schistes.

Globalement, 1’étude paragénétique au sein des deux unités étudiée, la nappe de Cine et de
Selimiye, est en bon accord avec la présence d’un seul événement métamorphique de type Barrovian,
prédatant la mise en place a ’Eocéne des nappes métamorphisées sous le facies des schistes bleus
(schistes bleus des Cyclades et nappes lyciennes) et ultérieurement charriées sur les unités inférieures
du Menderes Massif. Dans ce cadre, le récent modele géodynamique proposant 1’enfouissement des
nappes de Cine et de Selimiye a des profondeurs de 30 km, résultant de la fermeture septentrional de

la Néotethys a I’Eocéne n’est en aucun cas conforté par notre étude pétrologique.

Malgré le caractére problématique -souligné tout au long de cette theése- des données
géochronologiques dans cette zone, il nous semble cependant possible de proposer deux schémas
possibles pour expliquer la succession des paragenéses observées au sein des nappes de Cine et de
Selimiye : Soit le métamorphisme de type Barrovian est Protérozoique est dans ce cas une partie des
schistes étudiés est protérozoique, soit le métamorphisme est Eocéne et, éventuellement corrélé avec la

fermeture de la Néotethys sensu stricto au sud du Massif.



Foreword

The work presented in this thesis aims to clarify and to discriminate the type of metamorphism
recorded by the lower units of the southern Menderes Massif of the Anatolide Belt in western Turkey.
Sampling have been undertaken in the Cine Massif which mainly consists of Proterozoic orthogneiss

and Proterozoic-Paleozoic metamorphic rocks showing Gondwana stratigraphic affinities.

This thesis is divided into four Chapters: the introductory Chapter 1 is followed by two Chapters
which make up the body of this thesis. Chapter 2 and 3 are self-consistent research manuscripts.
Chapter 2 has been published in Journal of Metamorphic Geology in September 2003, but not in the
exact form presented here. Chapter 3 has been submitted to Journal of Metamorphic Geology in
March 2004. Chapter 4 summarizes the conclusions of Chapters 2 and 3 and links back to the
introduction. Three Appendices are available at the end of this thesis showing the location of the
samples for Chapter 2 and parageneses of the samples studied throughtout this thesis. Finally, a
summary of the methods used to specify P-T conditions with THERMOCALC software and mineral
activity models are displayed in the latter Appendix.

In the Chapter 1 an overview on paleocontinental reconstructions in the eastern Mediterranean is
presented. The Problems concerning metamorphism within the Anatolide-Tauride block basement is

emphasized.

In chapter 2, two areas are described in detail from a petrological and structural point of view
involving metasedimentary enclaves in the orthogneiss and surrounding schists of the Selimiye nappe.
In this chapter structural field observations, quantitative and qualitative petrological data pose the base
of preliminary assumptions. In this Chapter we put forward the theory that Barrovian-type
metamorphism expressed within the core series of the Menderes Massif may result from a
polyorogenic history. Chapter 2 is almost identical to the manuscript published in Journal of
Metamorphic Geology entitled “Contrasting metamorphic evolution of metasedimentary rocks from
the Cine and Selimiye nappes in the Anatolide belt, western Turkey”. Co-authors are Uwe Ring, Cees
W. Passchier, Klauss Gessner and Talip Giingor. However, the version presented here differs slightly

from the published version because of some new data described in Chapter 3.

In chapter 3, new petrological data from the western and eastern part of the Cine massif argue for a
single Barrovian-type metamorphism within the lower units Menderes Massif. We propose that
Barrovian-type metamorphism predates Eocene emplacement of the high pressure—low temperature
(HP-LT) Lycean and Cycladic blueschist nappes. Correlation between emplacement of HP-LT nappes

and widely expressed retrograde metamorphism in the Selimiye nappe is also envisaged. Chapter 3 is



largely identical with a manuscript submitted to Journal of Metamorphic Geology entitled
“Mineralogical parageneses and P-T conditions of Precambrian-Paleozoic schists of the Cine Massif

in the Anatolide belt of western Turkey”. Co-authors are Jochen E. Mezger and Cees W. Passchier.

Finnally, some important remarks must be added here concerning the progress this work. The setup of
this thesis has been unfortunately hampered by unexpected technical problems. Indeed, originally we
planned to perform *’Ar/*Ar dating on mica and amphibole in order to specify the Barrovian-type
metamorphism age. Minerals have been previously separated, irradiated and sent to Henri Maluski
(University of Montpellier, France). Prelimirary results yielded Mesozoic ages on mica for the Cine
nappe but technical problems and finally total breakdown of laser spectrometer avoided us to present
any unequivocal ages. New measurements are under way and will hopefully be available soon. We
also attempted to perform Rb/Sr measurements on mica, garnet and whole rock, which yielded

apparently Tertiary ages. But results are not accurate enough to be presented here.
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Chapter 1

Introduction

The Anatolide belt of western Turkey formed during recent Alpine collision due to closure of
northern branch of the Neothethys (Izmir-Ankara suture; Sengdr & Yilmaz, 1981). Proterozoic
basement and recent Alpine cover have been amalgamated and associated with a complex and still

controversial metamorphic history.

Although Alpine cover series (Cycladic Blueschist unit and Lycean nappes) shown widespread
evidence for Eocene HP-LT metamorphism (Oberhdnsli et al., 1997; Rimmelé et al, 2003),
Proterozoic orthogneiss basement and concomitant Paleozoic schists only displayed Barrovian-type
metamorphism overprinting. Hetzel ef al. (1998) propose an Alpine contractional event associated
with top-to-the-N kinematic fabric elements under greenschist to amphibolite facies conditions to
explain the presence of Barrovian metamorphism and an inverted metamorphic field gradient across
the northern central area of the Anatolide belt. There, Lips et al. (2001) additionally provided Eocene

“Ar—*’Ar ages on mica during this top-to-the-N event.

Ring et al. (1999a; 2001), an Gessner et al., (2001a, 2001b) argued for a top-to-the-S
emplacement of Proterozoic orthogneiss and associated schists preliminary metamorphosed under
amphibolite facies conditions during the Proterozoic. They based their inference on SHRIMP zircon
age of 566 £ 9 Ma for a metagranite (only affected by greenschist shear bands) crosscutting regional-
scale amphibolitic facies foliation in the orthogneiss (Gessner et al., 1999a & 2004). According to
these authors, Paleozoic schists would be only affected by a single greenschists metamorphism during
top-to-the-S nappe emplacement. In the latter case metamorphism and deformation are mainly
discriminated via top-to-the-N/S senses of shear and respectively Proterozoic amphibolite/Eocene

greenschist facies metamorphism.

The Anatolide belt of western Turkey therefore has a tectonic and metamorphic history since
the Proterozoic which makes up one of the most misunderstood parts of the Alpine-Himalayan orogen.
It seems important here and even essential to present a short but helpful overview of actual knowledge

about paleocontinental reconstructions since the Paleozoic in the eastern Mediterranean.
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THE HERCYNIAN AND EOCIMMERIAN CHAINS IN THE EASTERN MEDITERRANEAN

Paleocontinental reconstructions in the eastern Mediterranean display a complex archictecture
according to the closure and the opening of different oceans and back-arc oceans since the
Carboniferous period. During this time the Hercynean chain in the eastern Mediterranean results from
the closure of the Rheic ocean involving accretion of differents units from the Hun superterrane (Hun

Cordillera and Hun Gondwana terranes, Fig. 1-1).

Fig. 1-1. Late Carboniferous paleocontinental reconstruction after
Stampfli (2000). Hun Cordillera terranes: Larly Paleozoic active margin
of the Hun composite terrane: OM, Ossa-Morena; Ch, Channel terranes;
Sx, Saxo-Thuringian; Is, Istanbul; Po, Pontides; Li, Ligerian; Md,
Moldanubian; Ms, Moravo-Silesicum; He, Helvetic; sA, South Alpine;
Pe, Penninic; AA, Austro-Alpine; Cr, Carpathian. Hun Gondwana
terranes: block forming the northern margin of Paleotethys: Ar,
Armorica; Mo, Mosia; Aq, Aquitaine; AL, Alboran; iA, intra-Alpine
(Adria, Carnic, Austro-Carpathian); DH, Dinaric-Hellenic; Kr, Karakum-
‘Turan; nC, north China. The Cimmerian terrane: block forming the

AN . . .
¢ (‘\\"'1’30,’5%\ southern margin of Palcotethys that were detached during the late
R :1;’@%_‘:%% Permian opening of the Neotethys: Ap, Apulia s.str; HT, Hellenides-
\“\,?Q,f\%é western Taurides externides; Me, menderes-Taurus; SS, Sanandaj-Sirjan;

Al, Alborz, Lt, Lut-Central Iran; Af, central Afghanistan; sT, south Tibet;
SM, Sibu Masu. Anamian blocks: defining the northern and southern
branch of Paleotethys: nT, north Tibet; IC, Indochina and Borneo; sC,
south China.

Gondwana

eq\l?_\m' i

Carboniferous-Permian

.. boundary (290 MA)
N

Subduction of the Paleothethys beneath the Laurasia continent which was coeval with the
opening of the Neothethys along the Gondwanan margin in the south (Fig. 1-2a), allowed northward
drifting of the Cimmerian terranes including the Menderes Massif (Fig. 1-1 & 1-2). Subsequently, the
juxtaposition to Laurasia of Apulia, Hellenides-western Taurides externides and, Menderes-Taurus
terranes, at least for our interested area, would occur during the Carnian (Sengor, 1979; Stampfli ef al.,
1998; Stampfli, 2000), allowing the welding of the Tauric plate to the Sakarya zone (Fig. 1-2b).

However, recently Stampfli & Borel (2002), proposed a new interpretation where the east
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Mediterranean domain would be a part of the Neotethyan oceanic system since the Late Paleozoic
(Fig. 1-3a & 1-3b). In this scheme, the Tauric plate (southern Turkey) would only welded to the

Pontides area (Laurasia) during the Palacogene.

T § ) /@) Late Permian
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[\é g \/ Fig. 1-2. Latc Permian (a) and Carnian (b) palcocontinental
ST ~ tri[™|  reconstructions after Stampfli gZOOO). Rh, Proto 10(]0(FE (prismy);
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The Eocimmerian orogenesis likely did not produce any substantial crustal thickening and so
far, no Triassic collisionel type metamorphism is reported in the eastern Mediterranean. This can be
explained by the presence of an oceanic plateau located between the Cimmerian and Eurasian Plates,
which reduced the effect of crustal thickening (Stampfli, 2000; Okay, 2000). However, the partial
subduction of this oceanic plateau produced a high-pressure, low-temperature (HP-LT) metamorphism
during the late Triassic (Monod ef al., 1996; Okay & Monié, 1997). According to Stampfli and Borel
(2002), during the Carnian-Early Norian, the Tauric plate was located 2000 km west of the Pontides
area, welded to Pelagonia after the closure of the Paleotethys (Fig. 1-3b). This has some implication
for the Tauric plate which stayed isolated from the Neo-Tethys subduction until the late Cretaceous.
Moreover, the presence of an oceanic plateau located between the Tauride block and the Sakarya zone
in the present-day, should be only related to an oceanic plateau-continent collision during the Carnian.
The important consequence from lack of collisional metamorphism during the Eocimmerian event, is
the juxtaposition of Hun Gondwanan terranes with Cimmerian terranes including respectively
Panafrican and Hercynean basement in the eastern Mediterranean (Loos & Reischmann, 1999;
Gessner et al., 2001a; Ring et al., 19994, 2001). This collage would be followed by the subduction of
Neothetys and the opening of back-arc oceans along ancient suture of the Paleotethys (Fig. 1-4a & 1-
4b).
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THE RECENT ALPINE CHAIN IN THE EASTERN MEDITERRANEAN ANATOLIDE BELT
(WESTERN TURKEY)

Sediments accumuled in the back arc ocean along ancient sutures of the Paleotethys during the
subduction of the Neo-Tethys (Fig. 1-5), or sediments from the Meliata Ocean formed before the
Cimmerian chain (Permian-Triassic boundary), will be overprinted by a Alpine HP-LT metamorphism
during the closure of the Vardar, Meliata and Lycian oceans (Pelagonian-Cycladic zone in Greece,
Cycladic blueschist unit and Lycian nappes in Turkey) and subsequently overthrusted southward onto
the Taurid-block in western Turkey (Collins & Robertson, 2003). There, the remain of this
neothetyssian back arc is well documented as the Izmir-Ankara suture. Sediments overlapping this
HP-LT metamorphism involve comformable serie from the late Permian-Triassic to the Late
Cretaceous. The Climax for this HP-LT metamorphism is reffered to as Eocene in age (Oberhénsli et

al., 1998, 2001; Sherlock et al., 1999; Ring & Layer, 2002).

PRESENTATION OF THE PROBLEM

Figure 1-6a attempts to summarize the geodynamic evolution from the Anisian to the Eocene in
the eastern Mediterranean. Though geodynamic evolution in the eastern Mediterranean is relatively
well constrained, two important points remain problematic. The first one concerns the continuation of
the Neo-Tethys active margin in western Turkey. Stampfli (2000) proposes a possible extension of this
Late Cretaceous-Palaeogene active margin westward under the Lycean nappes, linking up the Antalya
Suture with the Axios Vardar Zone (Fig. 1-6b). Indeed, the Eastern Mediterranean subduction zone
(Aegean active margin) is likely not older than Miocene and does not represent the western
continuation of the Neo-Tethys active margin (Stampfli, 2000; Fig. 1-6b). The second important point
concerns the previously described Barrovian-type metamorphism within the Taurid-block basement
and its possible relation with the recent Alpine history. The Taurid-block Basement in western Turkey
mainly consists of Proterozoic orthogneiss and Proterozoic?-Paleozoic metasedimentary rocks and has

been studied in detail throughout this thesis.

So far, different assumptions have been proposed to explain the presence of Barrovian-type
metamorphism within the basement of the western Anatolide belt, traditionally referred to as the
Menderes Massif. Bozkurt & Park (1994) proposed direct correlation between top-to-the-S
emplacement of the HP-LT nappe (Cycladic blueschist unit and Lycian nappes) and Barrovian-Type
metamorphism displayed in the core series. Contact-type metamorphism has been also envisaged in
the south Menderes Massif (Cine Massif) associated with exhumation of an incipient metamorphic

core complex (Bozkurt et al, 1993; Bozkurt & Park, 1994). Polyorogenic history involving
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Proterozoic and Eocene metamorphism during emplacement of lower Menderes nappes has been also

suggested (Ring ef al., 1999a; Gessner et al., 2001a).

All these suggestions however are not supported by any detailed metamorphic study. Indeed, P-
T conditions are often inferred and not precisely quantified. The terms amphibolite or greenschists
facies are used without significative paragenesis analysis, making the relationship between different
metamorphism speculative. The main aim of this thesis is therefore to discriminate the type of
metamorphism recorded within the core series of western Anatolide belt and to propose a geodynamic

model linking up Proterozoic with recent Alpine history.
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Chapter 2

Possible contrasting metamorphic evolution of metasedimentary
rocks from the Cine and Selimiye nappes in the Anatolide belt,

western Turkey

ABSTRACT

P-T conditions, mineral isograds, the relation of the latter to foliation planes and kinematic
indicators are used to elucidate the metamorphism and evolution of a shear zone in an orogen
exhumed from mid-crustal depths in western Turkey. Furthermore, we discuss whether simple
monometamorphic fabrics of rock units from different nappes result from one single orogeny or are
related to different orogenies. Metasedimentary rocks from the Cine and Selimiye nappes at the
southern rim of the Anatolide belt of western Turkey record different metamorphic conditions. The
Eocene Selimiye shear zone separates both nappes. Metasedimentary rocks from the Cine nappe
underneath the Selimiye shear zone record maximum P-T conditions of about 7 kbar and >550 °C.
Metasedimentary rocks from the overlying Selimiye nappe have maximum P-T conditions of c¢. 4-5
kbar and c¢. 525 °C near the base of the nappe. Kinematic indicators in both nappes consistently show a
top-S shear sense. Metamorphic grade in the Selimiye nappe decreases structurally upwards as
indicated by mineral isograds defining the garnet-chlorite zone at the base, the chloritoid-biotite zone
and the biotite-chlorite zone at the top of the nappe. The mineral isograds in the Selimiye nappe run
parallel to the regional Sy foliation, which suggest that the prograde greenschist to lower amphibolite
facies metamorphic event is not of contact type. ‘’Ar/’Ar mica ages indicates an Eocene age of
metamorphism in the Selimiye nappe. Our preferred interpretation is that metamorphism in the

metasedimentary rocks of the Cine nappe directly below the Selimiye shear zone is of the same age.

Metasedimentary rocks of the Cine nappe 20-30 km north of the Selimiye shear zone record
maximum P-7 conditions of 8-11 kbar and 600-650 °C. Kinematic indicators show mainly top-N shear
sense associated with prograde amphibolite facies metamorphism. An age of about 550 Ma has been
proposed for amphibolite facies metamorphism and associated top-N shear in the orthogneiss and
metasedimentary rocks of the Cine nappe. However, there is no evidence for polymetamorphism in the
metasedimentary rocks of the Cine nappe, making tectonic interpretations about late Neoproterozoic to
Cambrian and Tertiary metamorphic events speculative. Our study shows a simple monophase
tectonometamorphic fabrics and indicate a simple orogenic development during Barrovian-type

metamorphism.
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INTRODUCTION

An interesting problem in polyorogenic settings is that some rocks preserve
tectonometamorphic fabrics of an older orogeny extremely well, and that these fabrics are not altered
during a severe younger orogenic overprint. A stunning example is recorded in metasedimentary rocks
from the Sesia zone in the Italian Alps, which experienced a regional Alpine high-pressure (HP)
metamorphism of 500-600 °C and >13 kbar (Pognante, 1989) and associated deformation in the
Alpine subduction zone. At Monte Mucrone, metapelite of the Sesia zone shows a Variscan
amphibolite facies tectonometamorphic fabric with a pronounced mineral elongation lineation
expressed by sillimanite and no signs of Alpine HP metamorphism (Compagnoni, 1977). This
metapelite is locally crosscut by cm-wide veins, which contain cm-seized omphacite crystals. In other
parts of the Sesia zone, Variscan sillimanite was statically transformed to kyanite (Compagnoni,
1977). Both omphacite and kyanite grew during Alpine HP metamorphism. This Alpine HP
metamorphism and associated heterogeneous deformation in the Alpine subduction zone left parts of

the Sesia zone mineralogically and/or structurally completely unaffected.

The phenomenon that closely juxtaposed rocks record completely different tectonometamorphic
histories, is an important issue for researchers studying orogenic processes. The tectonic significance
of faults and shear zones, deduced from the different P-T paths of the rocks above and below the
tectonic discontinuity, can be overestimated, when it is automatically assumed that the metamorphic

history of the rocks resulted from the same orogenic event.

The Anatolide belt of western Turkey (also referred to as the Menderes Massif), which is part of
the Alpine Hellenide-Anatolide orogen in the eastern Mediterranean, also shows evidence for a
polyorogenic history including metamorphism and deformation at the Neoproterozoic/Cambrian
boundary (Candan et al., 2001; Gessner et al., 2001a; 2004; Ring et al., 2001). During the Alpine
orogeny, the Anatolide belt was assembled; stacking of nappes with different tectonometamorphic
evolutions occurred in the Late Cretaceous and Tertiary (Sengor et al., 1984; Ring et al., 1999a;
Gessner et al., 2001a). Nappe tectonism in the western Anatolide belt occurred initially under HP
conditions in the upper tectonometamorphic units. Subsequently, the HP units were thrust onto the
non-high-pressure Menderes nappes (including the Selimiye and Cine nappes) along the Cyclades-

Menderes thrust in the Eocene (Gessner et al., 20015).

The metasedimentary rocks at the southern margin of the Anatolide belt, the Selimiye nappe of

Ring et al. (1999a), show a simple monometamorphic greenschist to lower amphibolite facies
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development during the Tertiary orogeny (Ashworth & Evirgen, 1984). **Ar/*°Ar dating of mica from
directly below the Selimiye shear zone (Hetzel & Reischmann, 1996) corroborates an Eocene age for

this metamorphism (Gessner et al., 20015).

In contrast to the Tertiary tectonometamorphic development in the Selimiye nappe, the
underlying Cine nappe shows widespread evidence for late Neoproterozoic orogenic activity at c. 550
Ma (Loos & Reischmann, 1999; Gessner et al., 2001a; Ring et al., 2001). Gessner et al. (2001a, 2004)
showed that weakly deformed granite, yielding a **’Pb/*”°Pb single-zircon evaporation age of 547+1
Ma and a SHRIMP zircon age of 566+9 Ma, cuts a penetrative regional-scale amphibolite facies
foliation and stretching lineation with associated top-N kinematic indicators in orthogneiss. These data
would indicate that the main tectonometamorphic development, at least in Cine nappe orthogneiss, is
of late Neoproterozoic age. This age for penetrative deformation in the Cine nappe seems corroborated
by ’Pb/**°Pb garnet ages from garnet-bearing orthogneiss, which yielded an age of 518+10 Ma for a
second garnet generation (Ring ef al., 2004a). A fundamental question is how the metasedimentary
rocks of the Cine nappe above the orthogneiss and directly below the Selimiye shear zone, which
seems to record late Neoproterozoic to Cambrian metamorphism in other parts of the western
Anatolide belt (Ring et al., 2001), responded to Eocene nappe stacking in the western Anatolide belt.
It seems possible that the anhydrous orthogneiss preserved an old tectonometamorphic fabric (the Spa
foliation of Gessner et al., 2001b; the suffix ‘PA’ indicates a pre-Alpine age), whereas the more
hydrous metasedimentary rocks may have been at least locally re-equilibrated during the Alpine

orogeny.

The Selimiye shear zone separates the Selimiye nappe from the Cine nappe. The tectonic
significance of the Selimiye shear zone is debated. Bozkurt & Park (1994) regarded it as a
metamorphic-core-complex-type normal fault of Oligocene age. “’Ar/*’Ar white mica dating by Hetzel
& Reischmann (1996) showed that the Selimiye shear zone is of Eocene age and that orthogneiss of
the Cine nappe in its footwall cooled slowly after shearing. Fission-track dating indicates accelerated
cooling in the Early Miocene at 23-20 Ma (Gessner et al., 2001¢; Ring et al., 2004b). This cooling has
been attributed to extensional reactivation of the basal thrust of the Lycian nappes, which occurs
tectonically above the Selimiye shear zone (Fig. 2-1). Ring et al. (1999a) and Gessner et al. (20015)
proposed that the Selimiye shear zone is a thrust, which operated during Eocene nappe stacking, the
Das event of Gessner et al. (20015; the suffix ‘A’ indicates an Alpine age). The D3 event would have
assembled the western Anatolide belt and juxtaposed tectonic units with different tectonometamorphic

evolutions.

Recently, Whitney & Bozkurt (2002) carried out a tectonometamorphic pilot study at the

orthogneiss/schist contact at the southern rim of the Anatolide belt. They proposed that the orogenic
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development resulted from a single Tertiary event, which caused syn-metamorphic top-N thrusting
followed by top-S normal faulting during retrograde metamorphism. They based their inference of
Alpine top-N shearing on top-N kinematic indicators observed in the schist sequence. The assumption
of an early Tertiary event causing northward-directed translation has also been invoked by Bozkurt &

Park (1994) and Hetzel et al. (1998).

There are still different ideas and strong controversy about emplacement of the nappes, and
metamorphism itself. In other words it still remains unclear if the metamorphism expressed in the
lower units pre-dates or has been initiated during emplacement of nappes. Large-scale tectonic models
of the Aegean/western Turkish area argue against Tertiary top-N thrusting during emplacement of
nappes (Sengor et al., 1984; Collins & Robertson, 1997, 1998, 2003). Likewise, kinematic studies in
the adjacent Aegean do not support early Tertiary top-N transport (Ridley, 1984; Ring et al., 1999b)

but movement during metamorphism itself remain a conjecture.

We have studied metapelite from the Selimiye nappe and also metapelite from the Cine nappe
during three field saisons in order to determine P-T conditions, to map mineral isograds, to determine
the type of metamorphism recorded by both nappes in order to find possible evidence for a
polymetamorphim as recorded in the Sesia zone, since HP-LT metamorphism is also present in our
area. Another major aim is to establish the relationship between isograds, the regional foliation and the
Eocene Selimiye shear zone to shed more light on the disputed tectonic nature of the Selimiye shear
zone. Special emphasis is put on careful examination of shear-sense indicators in the field and in thin
section. We focus on two main areas (Fig. 2-1): a schist unit southeast of Lake Bafa (southern study
area) in which the Selimiye shear zone is developed, and a schist unit at the northern rim of the Cine

submassif southwest of Aydin (northern study area).
SETTING

The architecture of the Anatolide belt of western Turkey comprises three major
tectonometamorphic units (Fig. 2-1). The Lycian nappes and the izmir-Ankara suture zone represent
the upper tectonometamorphic unit. The middle tectonometamorphic unit consists of the Cycladic
blueschist unit. These two units were affected only by a single orogeny undergoing a Late Cretaceous
to Eocene HP metamorphism during the closure of Neo-Tethys (northern branch) and were
subsequently thrust onto the underlying Menderes nappes (Oberhénsli et al., 1998, 2001; Sherlock et
al., 1999; Ring & Layer, 2003). The lowermost tectonometamorphic unit of the Anatolide belt, the
Menderes nappes, comprises from top to bottom: (1) The Selimiye nappe, (2) the Cine nappe, (3) the
Bozdag nappe, and (4) the Bayindir nappe (Ring et al., 1999a; Gessner et al., 20015b). The Cine and
Bozdag nappes have a polyorogenic history (Candan et al, 2001; Gessner et al., 2001a). The
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Menderes nappes are separated from the overlying HP units by the Eocene out-of-sequence Cyclades-
Menderes thrust. Above the Menderes nappes, structures related to this huge thrust developed during

lower greenschist facies metamorphism (Gessner et al., 20015).

The Selimiye nappe contains metapelite, calcschists, metamarl, marble and quartzite. Fossil
evidence indicates Devonian and Carboniferous protolith ages for some of the metasedimentary rocks
(Lower greenschists facies metamorphism, Schuiling, 1962; Caglayan et al, 1980). Ring et al.
(1999a) regarded the entire metasediment sequence above the orthogneiss of the Cine nappe as
belonging to the lowermost parts of the Selimiye nappe. However, detailed re-mapping of the
Selimiye shear zone in the course of this study indicated that some of the metasedimentary rocks
directly south of the orthogneiss occur below the Selimiye shear zone (Fig. 2-2) and must therefore be
part of the Cine nappe. Furthermore, the metasedimentary rocks directly south of the orthogneiss and
east of Lake Bafa were intruded by the protolith of a metagranite, which yielded a SHRIMP **°Pb/**U
age of 541+14 Ma (Gessner et al., 2004), indicating a Precambrian protolith age for the surrounding
metapelite (Fig. 2-3). Because these metasedimentary rocks occur below the Selimiye shear zone and
because no Precambrian sediments have so far been reported from the Selimiye nappe, we regard the
lowermost part of the metasedimentary sequence east of Lake Bafa to be part of the Cine nappe as

indicated in Figs 2-1 and 2-2 and discussed further below.
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Most of the Cine nappe consists of deformed orthogneiss and weakly deformed metagranite.
Metasedimentary rocks, which in part show migmatitic fabrics, eclogite and amphibolite also occur
(Oberhinsli ef al., 1997; Candan et al., 2001). Protoliths to all dated orthogneisses are intruded at c.
560-540 Ma (Hetzel & Reischmann, 1996; Dannat, 1997; Hetzel ef al., 1998; Loos & Reischmann,
1999; Gessner et al., 2004). Some metagranites have protolith ages of ¢. 540-530 Ma (Dannat, 1997;
Loos & Reischmann, 1999). **Pb/*"’Pb single-zircon evaporation dating of migmatites from the
Odemis and Gordes submassifs generally yielded ages of ¢. 550-540 Ma for migmatization (Dannat &
Reischmann, 1999). Ring ef al. (2001) estimated peak-metamorphic conditions from the lowermost
Cine nappe of 670-730 °C and c. 6.0-6.5 kbar. Prograde garnet (grt I) growth occurred largely before
and during the formation of the regional foliation. Formation of a second garnet generation, which

discordantly overgrew grt I, followed at 550-620 °C and c. 6.0-6.5 kbar.
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Fig. 2-2d. Isograd map; isograds parallel Sk foliation in Selimiye nappe; AFM and AKM projections for
metapelite of the Selimiye nappe and calcschist of Cine nappe (amphibolite facies); see text for abbreviations.

The Bozdag nappe that structurally underlies the Cine nappe is made up of metapelite with
intercalated metapsammite, marble, amphibolite and eclogite lenses (Candan ef al., 2001). Protolith
ages of all rock types are unknown, but a Precambrian age for at least parts of these rocks has been
proposed (Candan et al., 2001; Gessner ef al., 2001a). Peak-metamorphic conditions vary from 480-
540 °C and 6.1-7.6 kbar at the base to 610-660 °C and 8.5-10.8 kbar at the top of the nappe and attest
to an inverted metamorphic field gradient in the Bozdag nappe (Ring et al., 2001). Differential
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thermodynamic modelling by the Gibbs method yielded a prograde path for garnet growth during
metamorphism (Ring et al., 2001). A *"Pb/**Pb garnet age from metapelite provided an age of
512456 Ma (Ring et al, 2004a). Shear-sense indicators, especially rotated garnet and associated
asymmetric strain shadows around garnet, yielded a consistent top-N sense of shear during prograde
amphibolite facies metamorphism. In summary, both the Cine and Bozdag nappes are characterized by
systematically top-N ductile shear structures that developed apparently during late Neoproterozoic to

Cambrian amphibolite facies metamorphism.

The Bayindir nappe contains phyllite, quartzite, marble and greenschist of inferred Mesozoic
age (Ozer & Sozbilir, 2003). The rocks were affected by a single low greenschist facies
metamorphism. Syn-metamorphic kinematic indicators yielded a consistent top-S sense of shear

(Gessner et al., 2001b).
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Fig. 2-3. Field photograph and interpretative drawing of deformed intrusive contact in metasedimentary rocks of the
Cine nappe east of Lake Bafa.



STRUCTURE

Southern study area

The Eocene Selimiye shear zone consists of strongly to mylonitically deformed
metasedimentary rocks, and separates schist of the Selimiye nappe above from schist of the Cine
nappe below (Fig. 2-2). These two schist units strongly resemble each other in the field but record
different P-T conditions, which will be discussed in detail below, and are separated by a major shear

zone. These are the main reasons why we distinguish both schist units in Fig. 2-2.

Regional-foliation trajectories vary significantly across the Selimiye shear zone (Fig. 2-2a) (de
Graciansky, 1966). The regional foliation in orthogneiss of the Cine nappe is N-S oriented and folded
about large-scale N-trending synforms and antiforms. In metasedimentary rocks of the Cine nappe
directly below the Selimiye shear zone, the regional foliation swings into a WNW-ESE orientation
parallel to the shear zone (Fig. 2-2a). In the Selimiye nappe, the regional foliation also strikes WNW-
ESE.

Multiple foliations occur in schist of the Selimiye nappe. The penetrative regional foliation is
termed Sy and is related to the Dr deformation. An older foliation is only locally preserved in
microlithons between the penetrative Sp foliation (Fig. 2-4a). The major metamorphic minerals
(garnet, chloritoid, amphibole, epidote and mica) grew in Sg. However, where the older foliation is
preserved, the same minerals that form Si also grew parallel to this older foliation. A “’post-Sg”
foliation crosscuts Sp at a low angle. Thin-section work reveals that these low-angle planes are C'
shear bands associated with Sg. In addition, Sy is locally deformed by a weak crenulation cleavage,

which is associated with late folding (see below).

On Sy a prominent mineral stretching lineation, Lg, formed. Ly is expressed by stretched quartz
aggregates, strain shadows around garnet and by the alignment of micas. L plunges SSW in the lower
parts of the Selimiye nappe and swings in the vicinity of the Cyclades-Menderes thrust into an ESE-
WNW trend (Fig. 2-2b). Shear-sense indicators associated with Sg and Ly are the above mentioned
shear bands, asymmetric veins, S-C fabrics as well as rotated garnet, epidote and plagioclase and
asymmetric strain shadows around these minerals (Fig. 2-4a-c). In a number of outcrops shear-sense
indicators are imperfectly developed and do not allow an unambiguous determination of the shear
sense. Where the kinematic indicators are well developed, they yielded a top-S shear sense (Figs 2-2c,
2-4a, 2-4b & 2-5a), as has been previously reported by Hetzel & Reischmann (1996) and Gessner et
al. (2001a). However, occasionally the same shear-sense indicators show a top-N sense of shear (see
below). Kinematic indicators in the upper Selimiye nappe and the overlying Cycladic blueschist unit
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yielded a top-SE/ESE shear sense. In the Cycladic blueschist unit, the top-SE/ESE kinematic
indicators developed during retrograde blueschist facies metamorphism. This is best expressed by
pronounced chloritization of various minerals. Chloritization during retrogression also characterizes
the kinematic indicators in discrete shear zones in the upper Selimiye nappe (phyllonite zones in Fig.

2-2).

i;
=

South

Fig. 2-4, Microphotographs from the southern study area: (a) Sample SE3, Selimiye nappe; penetrative regional Sr foliation separating microlithons in
which pre-Sg foliation is locally preserved; chloritoid grew in Sg and pre-Sg foliation. Note that most foliation planes in microlithons appear to be
related to Sp and form S-C fabrics indicating a top-8 shear sense. (b) Sample 8E12, garnet-chlorite zone, Selimiye nappe; rotated garnet indicating a
top-S sense of shear. (¢) Sample 05, Cine nappe; rotated garnet showing a top-S shear sense. (d) Sample N7, Cine nappe; garnet-epidote-amphibole-
biotite-muscovite-plagioclase (+ calcite + quartz + fluids) assemblage in calcschist.

A number of larger scale tight to isoclinal folds with WNW-trending axes occur in the upper
Selimiye nappe below the Cyclades-Menderes thrust. These folds fold the Sy foliation and because of
their tight to isoclinal character their axial planes are subparallel to the Sk foliation. The relationships
between the long and short limbs of the asymmetric folds are consistent with a apparent top-S

shearing.

In addition to the open, tight to isoclinal folds, the Sy foliation in the Selimiye shear zone is

folded about tight to isoclinal folds at the centimetre to metre scale. A weak crenulation cleavage is
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associated with the folds. The axes of the folds are parallel to the Ly stretching lineations (Fig. 2-5b).
These post-Dr folds formed after the peak of the metamorphism and folded the Dy shear-sense
indicators. Detailed field work revealed that the top-S shear-sense indicators occur in the upright limbs
of the post-Dg tight to isoclinal folds, whereas the top-N fabrics occur in the inverted limbs of the
folds (Fig. 2-5b). Therefore, the top-N shear-sense indicators are folded structures, which originally

had a top-S shear sense.

The metasedimentary rocks of the Cine nappe directly below the Selimiye shear zone display
similar structures as the schist of the Selimiye nappe; a penetrative foliation and a SSW-plunging
stretching lineation associated with top-S kinematic indicators (Fig. 2-2¢). The shear-sense indicators
are rotated garnet (Fig. 2-4¢), asymmetric strain shadows around garnet and shear bands. Intrusive late
Neoproterozoic orthogneiss at the northeastern end of Lake Bafa displays, together with the
surrounding metapelite, two sets of isoclinal folds. The second generation of these folds have the Sk
foliation as an axial-plane cleavage. In structurally deeper levels of the orthogneiss, widespread top-N
shear-sense indicators occur (Fig. 2-5a). The top-N kinematic indicators are asymmetric feldspar

porphyroclasts in which K-feldspar was dynamically recrystallized.
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Fig. 2-5. Cross section DC (for location see Fig. 2-2d); top-S-displacing Selimiye shear zone (S5Z) separates metasedimentary rocks of the Cine
nappe from those of the Selimiye nappe; insert show that SSZ and Sk are folded about N-trending isoclinal folds, which inverted top-S kinematic
indicators in overturned limbs (a-type folds; Malavieille, 1987). Spa foliation after Gessner ef al., 2001b; the suffix 'PA" indicates a pre-Alpine
age.

greenschist to lower amphibolite facies amphibolite facies

Above, we have shown that metamorphism in the Selimiye nappe is of Tertiary age. Therefore,
the syn-metamorphic WNW-striking foliation in the Selimiye nappe also has to be of Tertiary age.

The Selimiye shear zone formed after top-S shearing associated with the Sy foliation.

Northern study area

In the metasedimentary rocks in the northern part of the Cine nappe southwest of Aydm (Fig. 2-
1), two foliations occur. The main foliation, which we term Sy, is parallel in the surrounding

orthogneiss to the main foliation in the metasedimentary rocks (Sy would correspond to Spy of
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Gessner et al., 20015). On Sy, a pronounced stretching lineation, Ly, occurs (Fig. 2-6a & b). In
orthogneiss, Ly is marked by strongly elongated quartz-feldspar aggregates, whereas in the schist Ly
is characterized by an alignment of biotite and stretched quartz aggregates. In the metasedimentary
rocks, numerous symmetric foliation-boudinage structures occur, which attest to coaxial deformation
(Fig. 2-6¢). Nonetheless, rotated garnet and shear bands are common and indicate top-N shear
associated with Sy, and Ly, in large parts of the metasedimentary rocks of the northern study area (Figs
2-6¢c & 2-7a). In the surrounding orthogneiss, top-N kinematic indicators are common and expressed
by asymmetric recrystallized feldspar tails around feldspar porphyroclasts. This top-N shear sense is in
marked contrast to the top-S shear sense in the metasedimentary rocks in the southern area (Figs 2-5 to

2-8).
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Fig. 2-6. Northern study area: (a) Ly stretching lineations in amphibolite facies
metascdimentary rocks. (b) Swm foliation. (¢) Cross scction EF; relationship between
amphibolite facies Dy shear-sense indicators and overprinting shear bands is shown
schematically in the cross scction; numerous symmetric boudinage structures
suggest areas of local coaxial deformation. AFM projections from analyses (Table 2-
1) and results from thermobarometry are also shown.
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0.5 mm

Fig. 2-7. Northern study area: (a) Sample D13; rotated garnet
indicating top-N shear sense. (b) Sample D6; staurolite biotite-kyanite
paragenesis. (¢) Sample D6; chloritoid and staurolite inclusions in

garnet.
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Fig. 2-8. (a) Interpretative cross section AB modified after Lips er al. (2001) (for location of section and patterns see Fig. 2-1); ages for the Sclimiye
shear zone are 40Ar/3YAr white mica ages (ITetzel & Reischmann, 1996), and those for the Giiney and Kuzey detachment are fission track ages (Gessner
etal., 2001c, Ring et al., 20045). P-T field gradient for Selimiye and Cine nappes according to this study.

SCOPE OF METAMORPHIC STUDY AND ANALYTICAL PROCEDURES

Metasedimentary rocks in the southern study area were formerly thought to belong entirely to
the Selimiye nappe (Ring et al., 1999a). However, as discussed above, the Selimiye shear zone
developed within this metasedimentary section and therefore the upper part of this section belongs to
the Selimiye nappe, whereas the underlying metasedimentary rocks belong to the Cine nappe. If so,
differences in the metamorphic evolution of both metasedimentary units are likely. Metasedimentary

rocks of the Cine nappe in the northern and southern study area preserve different kinematic indicators
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(top-S in the south and top-N in the north) and the question arises whether or not the different

structures are associated with different metamorphic events.

More than 350 samples were collected in the two study areas in order to map mineral isograds
and their relationship to the regional foliation and the Eocene Selimiye shear zone. Location of
samples and parageneses are respectively shown in Appendix 1 & 2. The extensive sampling also

allows us to compare in detail metamorphic development of the different schist units.

The mineral analyses were obtained with a Jeol Superprobe (JXA 8900RL) at Johannes
Gutenberg-Universitit Mainz, Germany. Operating conditions were an acceleration voltage of 15 kV,
a beam current of 15 nA and 20 s counting time per element. Standards are: wollastonite for Si,
corundum for Al, pyrophanite for Ti, hematite for Fe, MgO for Mg, wollastonite for Ca, albite for Na,
orthoclase for K, Cr,O; for Cr, rhodochrosite for Mn. A ZAF procedure was used for matrix
correction. The mineral analyses are considered to be accurate within a range of c¢. 3% (relative) on

any given grain.

Abbreviations used in text, figures and tables are adopted from Powell et al. (1998): als =
aluminosilicate, amph = amphibole, bi = biotite, carb = carbonate, cd = cordierite, chl = chlorite, ctd =
chloritoid, ep = epidote, fsp = plagioclase, g = garnet, ky = kyanite, mu = muscovite, q = quartz, st =
staurolite, tr = tremolite, dol = dolomite, cc = calcite, cz = clinozoisite, an = anorthite, gr = grossular,
py = pyrope, alm = almandine, andr = andradite, spss = spessartine, phl = phlogopite, clin =

clinochlore.

P-T grids have been calculated with the THERMOCALC software (version 3.1) (Powell et al.,
1998), and using the internally consistent thermodynamic data set of Holland & Powell (1998) (update
September 1999). For geothermobarometry, we calculated multivariant reactions using mode “average
P-T” of the THERMOCALC software (Powell & Holland, 1988, 1994; Worley & Powell, 2000).
Activities of the end-members were calculated from microprobe analyses (Tables 2-1 & 2-2) using the

AX software (Holland, 2000). The calculated P-T data are listed in Table 2-3.
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MINERALOGY AND RELATIONSHIPS BETWEEN DEFORMATION AND MINERAL GROWTH
Southern study area

Selimiye nappe

Garnet has a general grain size of about 5 mm but can be >1 cm in diameter. Garnet
composition is almandine (60-70%), pyrope (1-10%), spessartine (1-10%) and grossular (10-30%).
Most garnet lacks zoning, while some displays exchange between Ca and Mg-Fe from core to rim
(Fig. 2-9a, sample SE12) as previously observed by Whitney & Bozkurt (2002). Mineral formulae do

not show significant Fe*" and therefore we assumed that Fe*" = Fe'.

In all assemblages white mica shows a solid solution between paragonite, muscovite and
celadonite depending on whole rock composition, degree of metamorphism and probably retrograde
reactions. Margarite occurs in calcschists and occasionally in metapelites as inclusions in garnet.
Phengitic substitution (Massonne & Schreyer, 1987) increases from 2.9 to 3.17 per formula unit (pfu)
towards the orthogneiss but changes unsystematically from one sample to another. Secondary white

mica occasionally occurs and has a lower Si content than primary white mica.

Primary chlorite occurs in all assemblages (Appendix 2) but secondary chlorite is ubiquitous.
Garnet is often totally retrograded to chlorite, which implies an important stage of fluid circulation.
Secondary chlorite porphyroblasts cut the main Sy foliation and secondary chlorite replaced biotite

that grew in the Sy foliation.

Biotite is present in all samples, even in the calcschists, and in general is severely chloritized.

Biotite is also found as inclusions in garnet.

Chloritoid is in equilibrium with biotite and chlorite in the upper parts of the nappe (samples
SE2, SE3, C7, G12, G14, G16, E3, E4, E5, 028, Fig. 2-4a). At the base of the Selimiye nappe,
chloritoid is stable with garnet, chlorite and biotite (Fig. 2-4b) (Appendix 2). Inclusions of chloritoid
in garnet suggest that chloritoid grew before garnet during prograde metamorphism. On the basis of 6-
oxygen structural formula, the mole fraction of Mg in chloritoid increases from the SSW to the NNE
(Mg content varies from 0.132 to 0.213 pfu), and is related to an increase in temperature (Table 2-1,

samples SE3 and SE12).

Plagioclase appears as albite in the pelitic schists but as oligoclase (Anjg) in the calcschists

(Table 2-2, sample C9P and SE14). In the calcschists, we focused our study on impure layers in which
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carbonate minerals mainly consist of solid solutions between dolomite, calcite and subordinate siderite
or magnesite. Epidote minerals are zoisite and clinozoisite. Carbonate minerals and epidote are
commonly present as inclusions in garnet. Accessory minerals in the Selimiye nappe are opaques

(rutile, ilmenite, hematite, graphite), titanite, apatite, zircon and tourmaline.

Deformation/metamorphism relationships indicate that top-S shearing during Dy occurred
during prograde to peak metamorphism. Rotated garnet consistently indicates top-S shear.
Asymmetric strain shadows around garnet contain primary chlorite, primary white mica and biotite.

These sheet silicates also grew in Dy shear bands.

Secondary white mica and biotite cut across the Sy foliation in some places. Secondary chlorite
porphyroblasts also cut across Sg, but also occasionally replace biotite that grew in the Sy foliation
suggesting that fluids circulated along Sr planes during this retrograde phase of metamorphism.
Retrograde chlorite-forming reactions in Sy are in part associated with top-S shearing. Phyllonite
zones with top-S kinematic indicators developed in metapelite of the chlorite-biotite zone and are
characterized by very fine-grained layers of quartz and plagioclase interlayered with biotite and

chlorite. Small porphyroblasts of chlorite occasionally appear in the matrix.

In a quartzite conglomerate with intercalated pelitic layers of the Cycladic blueschists unit
directly above the Selimiye nappe south of Selimiye (Fig. 2-2d), chloritoid, kyanite, chlorite, white
mica, quartz and opaques occur (T. Will, written communication 2002). Similar rocks with the same
mineral assemblage yielded P-T conditions of 15 kbar and 500 °C on nearby Samos Island in the
Aegean Sea (Will et al., 1998). Moreover, recently Rimmelé et al.(2003) showed the presence of
carpholite-kyanite-chlorite assemblages in the Mesozoic marble (blueschists unit, Fig 2-2d). They
proposed minimum pressure-temperature conditions about 10-12 kbar and 440 °C. On Samos Island
and on Dilek Peninsula, the minerals of this HP assemblage form a penetrative foliation (Fig. 2-1). In
the mylonite zone of the Cyclades-Menderes thrust, this HP assemblage is completely retrograded and

zones enriched in the secondary chlorite are common.
Metasedimentary rocks of the Cine nappe

Pelitic gneiss directly beneath the Selimiye shear zone shows assemblages of quartz, muscovite,
plagioclase, biotite, garnet and accessory minerals (tourmaline, rutile, ilmenite, hematite, apatite,

zircon). Tourmaline can be strongly concentrated forming black layers parallel to the foliation.

Chloritoid has never been observed in these assemblages.
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Garnet has a similar composition as in the Selimiye nappe but appears more homogeneous in
both pelitic gneisses and in the calcschists. Garnet composition is almandine (63%), pyrope (8%),
spessartine (2%) and grossular-andradite (25%) (Fig. 2-9b & c). Primary chlorite only occurs in
calcschists (Appendix 2) and secondary chlorite is absent. Phengitic substitution in white mica
(Massonne & Schreyer, 1987) is up to 3.3 pfu but changes unsystematically from one sample to

another. Biotite is not altered and can be used for thermodynamic calculations.

In the pelitic gneisses, plagioclase zoning does not show obvious disequilibrium between core
and rim but does show a slight compositional core-to-rim variation from An;4 to An;¢ (Sample SE25,
Table 2-2) in relationship to the degree of metamorphism. Sample SE18 shows coexisting albite and

oligoclase in equilibrium (peristerite gap, Table 2-2) (Ashworth & Evirgen, 1985).

Amphibole appears in calcschists as tschermakite or magnesiohornblende (Leake et al., 1997)
and coexists with andesine, white mica, biotite, garnet, epidote, quartz and carbonate (Fig. 2-4d). The
occurrence of amphibole has been observed along a horizon, which extends for 7 km along strike (Fig.
2-2d). On the basis of 23-oxygen structural formula, total Al content varies from 3 (core) to 2.5 pfu
(rim; for instance sample All, Table 2-1 & Fig. 2-9¢). This variation is mainly correlated with an
increase of Si in the T1 tetrahedral site (Fig. 2-9f). Mg increases from 1.8 (core) to 2.3 pfu (rim),
whereas Ca and Fe’" decrease in the octahedral sites. Epidote minerals are zoisite and clinozoisite. In
the calcschists plagioclase shows zoning from oligoclase (core) to andesine (rim, Anj; Sample All,
Table 2-2). Accessory minerals are opaques (rutile, ilmenite, hematite, graphite), titanite, apatite,

zircon and tourmaline.

Rotated garnet crystals show a top-S sense of shear associated with Sg (Fig. 2-2¢). Asymmetric
top-S strain shadows around garnet and plagioclase with oligoclase rims contain white mica with high
Si values and biotite. In shear bands in Sg white mica with the highest Si contents and biotite grew. In
calcschists, primary chlorite also occurs in these shear bands. These relationships indicate that top-S

shearing occurred during prograde to peak metamorphism.

Northern study area

The most notable difference between metasedimentary rocks of the Cine nappe in the north and
those in the southern study area is the occurrence of kyanite and staurolite in the north. In addition,
calcschists do not contain amphibole (series D, Appendix 2). The retrograde reactions are again less
important than in the Selimiye nappe and only sporadic secondary chlorite is observed. Chloritoid
appears only as inclusions in garnet except for one sample (Appendix 2-2, sample D16bis), where

chloritoid occurs with biotite in the matrix (the Mg content of this chloritoid is around 0.225 pfu or
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XMg = 0.225). Garnet has the same chemistry as in the southern study area, with a slight exchange
between Ca and Mg from core to rim (Fig. 2-9d, sample D23). Plagioclase is oligoclase or andesine

and does not show variations from core to rim (e.g sample D42, Table 2-1).
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Staurolite is in equilibrium with biotite, garnet and kyanite (sample D6, Fig. 2-7b) and also with
chloritoid as inclusions in garnet (sample D6, Fig. 2-7¢). Therefore, staurolite grew during prograde
metamorphism and is also stable with garnet at the peak of metamorphism (equilibrium at 7},,x with
garnet, kyanite and biotite). Epidote and opaques are common in calcschist and appear in metapelite as

inclusions in garnet.

In contrast to the southern study area, rotated garnet, locally with staurolite inclusions, depict a
top-N sense of shear (see below) associated with Sy. Staurolite in the matrix grew after the main Sy
foliation formed. The relationships between garnet rotation during the formation of Sy and later
growth of staurolite indicates that Sy formed during prograde amphibolite facies metamorphism and

that peak metamorphic conditions were attained after the Sy;-forming deformation.

Summary

The mineralogical development in both study areas is characterized by a single prograde
metamorphism. This is shown in the southern study area by an increase in Mg from core to rim in
garnet and amphibole, and a weakl increase in Ca from the core to rim in plagioclase (Sample All &
SE25, Table 2-2). Inclusion of chloritoid in garnet in the northern study area also indicates a prograde

metamorphism. No evidence for polymetamorphism has been found in either study area.

Deformation/metamorphism relationships in the southern Cine nappe are the same as those in
the Selimiye nappe and indicate top-S shearing during prograde amphibolite facies metamorphism.
Along the Cyclades-Menderes thrust top-S shearing took place during lower to middle greenschist
facies conditions and phyllonite zones developed. Shearing in the metasedimentary rocks of the
northern Cine nappe also developed during prograde metamorphism; however, here the sense of shear

is mostly top-N.

In the Selimiye nappe, secondary chlorite, biotite and white mica cut across the regional Sk
foliation, and garnet was retrograded to chlorite after the formation of Sg. This is interpreted to be the
result of retrograde metamorphism associated with pronounced fluid circulation after Dr. Evidence
has been given that top-S shearing in the Selimiye nappe locally continued during retrogression (see
also Whitney & Bozkurt, 2002). This retrogression complicates thermodynamic considerations and
necessitates the study of single subsystem models and Schreinemakers’ rules. The coexistence of
oligoclase with albite (peristerite gap) described from metasedimentary rocks of the Cine nappe also
make P-T estimations in the southern study area problematic (Evirgen & Ataman, 1982; Evirgen &

Ashworth, 1984; Ashworth & Evirgen, 1984; Ashworth & Evirgen, 1985; Whitney & Bozkurt, 2002).
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In the northern study area, parageneses and mineral analyses are more suitable for estimating P-T

conditions of amphibolite facies metamorphism.

PARAGENESES AND THERMOBAROMETRY

Southern study area

Selimiye nappe

Analysis of the metamorphic parageneses (Appendix 2) allows mapping of three
isometamorphic zones in the Selimiye nappe (Fig. 2-2d): the chlorite-biotite zone in the upper
Selimiye nappe, the chloritoid-biotite zone and the garnet-chlorite zone at the base of the nappe.
However, two samples containing garnet (G2 & G8) have been found in the chlorite-biotite zone close
to the Cyclades-Menderes thrust and will be discussed further below. The boundaries of the different
metamorphic zones are parallel to Sg over a distance of about 30 km between Lake Bafa and Milas

(Fig. 2-2d).

The calcschists always display the same quartz-muscovite-plagioclase-biotite-chlorite-epidote-
carbonate (+garnet) assemblage, which is not suitable to distinguish different metamorphic zones.
Therefore, the KFMASH system has been used because it provides a framework to study both
calcschists and metapelites in a comparable fashion. Minerals used are chlorite, biotite, garnet,
staurolite, cordierite, chloritoid and aluminosilicates. They are projected into an AFM diagram from
quartz, muscovite and H,O. Fluid (H,O) pressure is assumed to be equal to total pressure. Accessory
minerals are not taken into account in the reactions observed. Structural formulae and activity models

are shown in Appendix 3. The resulting P-T grid for the KFMASH system is given in Fig. 2-10a.

The occurrence of chloritoid in the KFASH system is related to the continuous reaction:

Fe-chlorite «» annite + Fe-chloritoid. (1)

This reaction appears around 500 °C allowing for the occurrence of the chlorite-biotite-
chloritoid paragenesis in the KFMASH system (Sample SE3, Figs 2-2d, 2-4a & 2-10a). In samples
SE2, SE3, C7, G12, G14, G16, E3, E4, E5 and O28 chloritoid is in equilibrium with chlorite and
biotite. The occurrence of garnet (e.g. sample SE12, Figs 2-2d, 2-4b & 2-10a) is assumed to be related

to the discontinuous reaction in the KFMASH system:

biotite + chloritoid <> garnet + chlorite. (2)
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Numerous chloritoid inclusions in garnet corroborate the inference (Appendix 2-2) that
chloritoid grew before garnet during increasing temperature. The position of reaction (2) in P-T space
essentially depends on the invariant [cd, als] point (Fig. 2-10a), the position of which is subject to
considerable uncertainty and has either been placed in the andalusite field (Powell ez al., 1998) or in
the kyanite field (Spear & Cheney, 1989). The coexistence of minerals involved in reaction (2) with
the different aluminosilicates should be deduced in thin sections but unfortunately no aluminosilicates
have been found in the Selimiye nappe (in this area). Therefore, metamorphic pressure is poorly
constrained. Recently, Likhanov et al. (2001) described reaction (2) in the andalusite field at around 3
kbar. This would move the position of the invariant [cd, als] point close to the Al,SiOs triple point. If

so, a pressure of about 4 kbar and a temperature around 500 °C would be implied for the Selimiye

nappe.

According to the phengitic substitution observed in metapelite of the Seliminiye nappe (mostly
between 2.90 and 3.17 pfu), pressure can be estimated around 4 kbar (Massonne & Schreyer, 1987).
Therefore, it seems probable that the P-T conditions in the lower Selimiye nappe are around 500 °C
and 4 kbar as previously suggested by Ashworth & Evirgen (1984) and Whitney & Bozkurt (2002).
However, phengitic substitution depends on bulk rock composition (Wei & Powell, 2003) and

estimate of pressure is given here in first approximation.

The occurrence of the paragenesis chloritoid-biotite before garnet-chloritoid with increasing
temperature could be related to Fe-rich and Mn-poor bulk compositions of the rocks (e.g. low Mn
contents in garnet in sample SE12, Table 2-1). It has been shown by a number of studies that the
occurrence of garnet in greenschist facies pelites may be a factor of the Mn content of the rock (Spear
& Cheney, 1989; Droop & Harte, 1995; Tinkham et a/., 2001). However, two samples (G2 & G8) in
the chlorite-biotite zone contain garnet (without chloritoid inclusions). These may be explained either
by a local Mn-rich bulk composition allowing the stability of garnet, or by thrust imbrication of slices

from the overlying Cycladic blueschist unit.

According to the P-T grid (Fig. 2-10a) the continuous reaction (1) appears at the high-T side of

the discontinuous reaction:
chloritoid + andalusite <> chlorite + staurolite. (3)
Despite this, staurolite is not observed in these rocks. Whitney & Bozkurt (2002) argued that the
absence of staurolite is a temperature indicator rather than a bulk-compositional effect. However,

staurolite is stable in KFMASH at considerably lower temperatures than the 560 °C suggested by these
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authors (Fig. 2-10a). We therefore suggest that the absence of staurolite is likely related to a

compositional effect rather than a consequence of lower temperatures than the 560 °C.

Finally, chloritoid inclusions in the garnet-chlorite zone (for instance samples SE6, SE18, SE11,
A20, A18, B22) could be indicative for a clockwise P-T path: chlorite-biotite followed first by
chloritoid-biotite, then garnet-chloritoid at higher pressure, and finally by garnet-chloritoid-chlorite-
biotite at T (Fig. 2-10a). Nevertheless, given the thermodynamic uncertainties, the P-T path is not
well constrained by the parageneses in the metapelites. In conclusion, it seems likely that the
temperature increases from 350 °C to 525 °C towards the garnet-chlorite zone and that the pressure
can be estimated at about 4 kbar at the base of the Selimiye nappe. Observed P-T conditions are likely
to be near the kyanite-andalusite transition, close to the aluminosilicate invariant point and so more

likely related with Barrovian-type metamorphism.

Metasedimentary rocks of Cine nappe

Thermodynamic calculations using independent sets of reactions have been carried out for
samples SE18 and SE25. Sample SE25 belongs to pelitic gneiss above the orthogneiss and sample
SE18 is from metapelite directly below the Selimiye shear zone. Analyses and results are reported in
Tables 2-1 and 2-3. Temperatures of 590+54 °C (sample SE18) and 67562 °C (sample SE25) have
been obtained for a pressure of c¢. 10 kbar. However, the pressure is probably overestimated, because
mineral analyses from sample SE18 show the coexistence of oligoclase with albite (peristerite gap,

Table 2-2) and X,, in plagioclase from sample SE25 is low (Table 2-1).

In the vicinity of the orthogneiss, tschermakitic-magnesiohornblende amphibole occurs in
calcschist (samples Al11, A13, N6, N7) and coexists with andesine, white mica, biotite, garnet,
epidote, quartz and carbonate. The plane marking the initial growth of amphibole in the calcschists
parallels Sk over a distance of about 7 km (Fig. 2-2d). We used this amphibole horizon to constrain P-
T conditions (sample Al1, Table 2-1). The temperature has been estimated using the Ca-amphibole-
plagioclase thermometer (Blundy & Holland, 1990; Holland & Blundy, 1994). Temperature estimates
are between 500 °C and 640 °C for a pressure range of 6-9 kbar. Pressure has been estimated with the
calibration of Johnson & Rutherford (1989) related to the Al content of amphibole (3-2.5 pfu).

Pressure estimates range from c. 9 kbar for amphibole cores to c. 6.3 kbar for the rims.

Because CO,; fluids play an important role in the calcschists, we attempted to determine P-T
conditions related to the occurrence of amphibole, using THERMOCALC software in the K,O-CaO-
MgO-Al,05-Si0,-CO,-H,0 subsystem (KCMAS-CH). The end-member minerals used are grossular,

phlogopite, dolomite, tremolite, clinochlore, anorthite, clinozoisite and muscovite. These minerals are
43



projected into the Al,0;-K,0-MgO diagram from quartz, calcite, and fluids (H,O-CO,). Fluid pressure

(H,0, CO,) is assumed to be equal to total pressure.

Before considering P-T conditions related to amphibole crystallisation, the mole fraction of CO,
in the rocks needs to be estimated. We determined Xco, using a P-Xcq, pseudosection. Activities of
the end members were calculated from the analyses using the AX software (Holland, 2000) (Table 2-
1, sample All). A minimum temperature of about 500 °C can be estimated via the Ca-amphibole-
plagioclase thermometer used herein. Figure 2-11a displays the P-Xco, pseudosection grid for a
pressure range of 2-10 kbar. The inset in Fig. 11a shows the occurrence of all phases except
clinochlore around the invariant points [clin, mu, phl, tr, dol] and [clin, ¢z, tr] at Xco, = 0.1 and around
7 kbar. This is consistent with the complex parageneses observed in thin section (Appendix 2-2). At
600 °C only the invariant point [clin, ¢z, tr] is stable and moves to higher Xco, while the reaction
tremolite <> dolomite is shifted to higher pressure where clinozoisite becomes unstable. We believe
that the P-Xco, pseudosection below 500 °C provides a good estimate for the mole fraction of CO,
(Xco2 = 0.1), which appears reasonable for the stabilization of garnet (grossular end member). Given
this CO, mole fraction and the activities of the end members from the analyses, a P-T grid has been
drawn (Fig. 2-11b). The stability of clinozoisite-grossular-anorthite around the invariant point [clin,
mu, phl, tr, dol] for sample A11 can be estimated at about 7 kbar and 500 °C. Tremolite appears at 540
°C resulting from the reaction in the KCMAS-CH subsystem:

dolomite <> tremolite or clinochlore «» grossular + tremolite.

In addition, thermodynamic calculations using independent sets of reactions have been carried
out using the same activities for the end members. Temperature and pressure obtained are 502432 °C
and 7+1.2 kbar (Table 2-3). An increase in Xco up to 0.5 yielded a temperature and pressure of ¢. 550
°C and c. 8 kbar but increased the uncertainties of the estimates. It appears that amphibole in the
calcschists near the orthogneiss formed at higher pressure than reaction (2) in the KFMASH
subsystem which we estimated to be >7 kbar. Therefore, thermobarometric calculations from sample
SE18 probably yielded too high pressures (peristerite gap) but temperatures in the metasedimentary
rocks of the Cine nappe close to the orthogneiss are likely to be higher than 550 °C (e.g. sample
SE25). The lack of staurolite in the metasedimentary rocks of the Cine nappe in the southern study
area, as well as in the schists of the Selimiye nappe, has been used by Whitney & Bozkurt (2002) to
indicate temperatures <560°C. We think, especially in the metasedimentary rocks of the Cine nappe,

that the lack of staurolite (as well as the lack of aluminosilicates) is related to bulk composition.

In conclusion, P-T estimates from the metasedimentary rocks of the Cine nappe below the

Selimiye shear zone are likely on the order of 7 kbar and >550 °C. These P-T estimates are higher than
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those from the metasedimentary rocks of the Selimiye nappe above the shear zone (c. 4-5 kbar and
<525 °C). This finding supports our structural observations in the field that both units are separated by
a tectonic contact (Figs 2-2 & 2-5a).

Northern study area

Due to the occurrence of kyanite and staurolite, metamorphic conditions in this area are better
constrained than in the southern study area. We again used the KFMASH system to describe the
petrogenetic relationships. The resulting P-T grid is shown in Fig. 2-10b. Analysis of the parageneses
(Appendix 2) shows that kyanite-biotite-staurolite is a critical paragenesis in this area. Considering the
P-T grid and this critical paragenesis, we estimated a temperature of >600 °C and a pressure between 8

and 11 kbar.

As already noticed, the retrograde reactions are less important than in the southern part and only
mica shows retrograde alteration. Indeed analyses sometimes point to lower potassium contents in
biotite (Table 2-1, samples D6, D16bis) than those expected (c. 10% of K,0). Chloritoid always
appears as inclusions in garnet, occasionally in textural equilibrium with staurolite (samples D6, DS,
D19). This indicates prograde metamorphism (Figs 2-6¢, 2-7¢ & 2-10b). In sample D16bis, one small
porphyroblast of chloritoid was found in contact with biotite in the matrix. Because of the paragenesis
garnet-biotite-staurolite in the same thin section, this mineral should be considered as relic and
therefore metastable. The occurrence of kyanite in sample D23 could be due to the discontinuous

reaction in the KFMASH subsystem:

chlorite + staurolite «» biotite + kyanite (4).

Reaction (4) allows the stability of the paragenesis staurolite-biotite-kyanite in the KFMASH
system and the disappearance of chlorite towards the Mg-chlorite end member (Fig. 2-10b). Because
of the low Mg contents of chlorite in samples D23 and D30 (Table 2-1), these minerals are considered

to be secondary.

The inclusion of staurolite-chloritoid in garnet (e.g sample D6) imply a compositional
fractionation in the KFMASH system with increase of Mg proportion due to the growth of garnet.
Indeed garnet-chloritoid-staurolite represent an anterior equilibrium before occurrence of biotite-

staurolite-kyanite paragenesis at T, (textural equilibrium in matrix).
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This can be seen in a 7-Xy, pseudosection where Fe is concentrated in garnet core followed
during its nucleation and prograde metamorphism by an increase of Mg proportion from garnet-
chloritoid-staurolite to biotite-staurolite-kyanite paragenesis (Fig. 2-12a). Ca and Mn have been as
well mostly concentrated in the garnet (grossular, spessartine, epidote inclusion). The whole
composition was likely near MnCKFMASH, but after compositional fractionation, the parageneses at

Tnax can be described in the KFMASH system (effective composition).

In KFMASH system garnet-chloritoid-staurolite paragenesis depends on the divariant reaction:

chloritoid < staurolite + garnet.

This reaction albeit dependent on temperature is restricted to very Fe-rich whole rock composition at
low pressure (Fig. 2-12b) almost lacking Mg. However the stability field will be expanded around 8
kbar and more (Fig. 2-12a). We believe that the paragenesis garnet-chloritoid-staurolite represents a
paragenesis at P, around 8 kbar or even more for temperature around 575 °C (Fig. 2-10). This also

imply a P-T path in decompression from Py, to Ty during exhumation process.
Thermodynamic calculations using independent sets of reactions have been undertaken for

samples D1, D30, and D42. Analyses and results are reported in Tables 2-1 and 2-3. Temperatures of
600 to 650 °C and pressures of 8-11 kbar were obtained. The results are consistent with the P-T grid.
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DISCUSSION

Results of the metamorphic study

East of Lake Bafa, the Selimiye shear zone separates two metasedimentary units, which record
different P-T conditions but largely similar structures. Metasedimentary rocks of the Cine nappe
experienced amphibolite facies metamorphism shown by the occurrence of the amphibole-garnet
paragenesis and P-T conditions of about 7 kbar and >550 °C. This schist sequence is overlain by lower
grade metasedimentary rocks with maximum P-T conditions of about 4 kbar and 525 °C. These
greenschist to lower amphibolite facies rocks belong tectonically to the Selimiye nappe. Prograde
metamorphism in the Selimiye nappe decreases structural upwards as indicated by mineral isograds
defining the garnet-chlorite zone at the base, the chloritoid-biotite zone and the biotite-chlorite zone at
the top of the nappe. Due to uncertainties in the thermodynamic calculations, the metamorphic break
between the metasedimentary rocks of the Cine and Selimiye nappe is not very well defined but
appears to be on the order of 2 kbar. The P-T break indicates that about 7 km of metamorphic section
is missing and therefore a tectonic contact is responsible, the Selimiye shear zone. This P-T break
demonstrates that movement along the Selimiye shear zone developed after peak and/or retrograde

metamorphism (see also Whitney & Bozkurt, 2002).

Amphibolite facies schists in the northern study area southwest of Aydin record maximum P-T
conditions of 8-11 kbar and 600-650 °C. The chloritoid inclusions in garnet indicate prograde
metamorphism and a clockwise P-T-path. Because the schists southwest of Aydin and those east of
Lake Bafa both occur below the Selimiye shear zone and no major tectonic contact occurs between the
two studied schists units, we propose that these two schist sequences belong to the same tectonic unit,
the Cine nappe. However, the metasedimentary rocks in the northern study area record different
structures than those in the south. We have found no evidence for regional-scale polymetamorphism in
the metasedimentary rocks of either the Cine or Selimiye nappes. Within both nappes, P-T conditions

are correlated with Barrovian-type metamorphism.

Implications for the nature of the Selimiye shear zone

In the southern study area, mineral isograds in the Selimiye nappe are parallel to the regional Sg
foliation and formed during prograde metamorphism. The Sy foliation and associated isograds with
top-S kinematic indicators suggests that metamorphism in the Selimiye nappe is related to N-S crustal
shortening during Barrovian-type metamorphism. The Selimiye shear zone post-date metamorphism

expressed in Cine and Selimiye nappes.
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The break in metamorphism across the Selimiye shear zone with lower grade rocks occurring
tectonically above higher grade rocks is often considered to be evidence that the tectonic contact
results of extensional process. However, it is important to note that a number of detailed studies
(Wheeler & Butler, 1994; Ring & Brandon, 1994; Ring, 1995; Ring et al., 1999¢) showed that this
type of metamorphic break is not always indicative for normal faulting. Indeed, Gessner et al. (20015)
proposed that Eocene stacking of nappes in the western Anatolide belt was out-of-sequence thrusting,

which can explain the occurrence of lower grade rocks tectonically above higher-grade rocks.

Strong evidence against an interpretation that the Selimiye shear zone is a metamorphic-core-
complex-type normal fault, as proposed by Bozkurt & Park (1994), comes from the absence of
contact-type metamorphism in the Selimiye nappe. Mineral -isograds are parallel to the regional S
foliation- and slow cooling recorded in the footwall of the Selimiye shear zone (Hetzel & Reischmann,
1996). The footwalls of core-complex-bounding normal faults show extremely fast cooling rates
(Foster & John, 1999; Ring et al., 2003). Rapid cooling at 23-20 Ma at the southern rim of the
Anatolide belt as recorded by fission-track ages is remarkably similar to the pattern and timing of
cooling at the northern end of the Anatolide belt (Ring et al., 2004b). In the north, fast cooling was
caused by Early Miocene extensional faulting along the Simav detachment (Isik & Tekeli, 2001; Ring
et al., 2004b). The Simav detachment reactivated the basal thrust of the Cycladic blueschist unit. The
similarities of the fission-track cooling pattern suggests that there should also be an Early Miocene
extensional detachment at the southern rim of the Anatolide belt and it has been speculated that the
basal thrust of the Lycian nappe was reactivated as an extensional fault (Ring et al., 2004b). It might
be feasible that some of the retrograde top-S shear-sense indicators in the upper Selimiye nappe
formed during the proposed Early Miocene extensional reactivation of the Lycian nappes.
Alternatively, the retrograde top-S kinematic indicators might be due to out-of-sequence thrusting

along the Cyclades-Menderes thrust (see below).

Cause of Eocene metamorphism across the Selimiye shear zone

In the Cycladic blueschist unit of Dilek Peninsula, **Ar/*’Ar dating on phengite yielded an
Eocene age of 40.11£0.4 Ma (Oberhénsli et al., 1998), which is most probably related to movement on
deep-seated parts of the Cyclades-Menderes thrust (Gessner ef al., 20015; Ring & Layer, 2003). The
age for greenschist to lower amphibolite facies metamorphism in the Selimiye nappe is also Eocene
(>43-37 Ma; Hetzel & Reischmann, 1996). The source of heating could be related to a complicated
redistribution of the isotherms during the stacking of the Menderes nappes (lower units) involving
lower and middle crustal levels. However, since the Selimiye shear zone postdate the metamorphism,
it seems possible that metamorphism expressed in the Selimiye nappe pre-date emplacement of the

lower nappes. Subsequently, emplacement of the middle and upper tectonometamorphic units (H-P)
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onto the Menderes nappes would have caused the retrograde metamorphism observed and possibly the
general development of shear bands top to the south in all nappes. In contrast to the Sesia zone -
example outlined above- no evidence for HP-LT metamorphism has been found. We so think that the
total lack of Tertiary HP-LT overprint in the Menderes nappes indicates that the middle and upper

units were significantly exhumed before emplacement onto the Menderes nappes.

Orogenic implications

The most fundamental question concerns the age of the described tectonometamorphic fabrics
in the Cine nappe. Above it was shown that prograde metamorphism in the Selimiye nappe has to be
Tertiary in age. However, the age of metamorphism in the underlying Cine nappe is much less clear.
The total lack of evidence for polymetamorphism suggest that metamorphism in the entire Cine nappe
has the same age as that in the Selimiye nappe. Gessner et al. (2001a, 2004) proposed that the
amphibolite facies Sps foliation and associated top-N kinematic indicators in orthogneiss are of late
Neoproterozoic to Cambrian age and the *’Pb/*”°Pb garnet ages (Ring et al, 2004a) from the

orthogneiss and from underlying metapelite of the Bozdag nappe seems to support this conclusion.

A possible interpretation is that amphibolite facies metamorphism in the metasedimentary rocks
of the southern Cine nappe, directly below the Selimiye nappe is also of Tertiary age and thus
unrelated to the tectonometamorphic fabrics in the orthogneiss below these rocks. The Dy structures
with their consistent top-S kinematic indicators and the deformation/metamorphism relationships,
which show that the kinematic indicators developed during prograde metamorphism related to the
Eocene Selimiye nappe metamorphism. The variation in foliation strike between the schist units in the
hanging wall and footwall of the Selimiye shear zone and the orthogneiss (Fig. 2-2a) would then imply
that the N-S-striking foliation in the orthogneiss is of late Neoproterozoic to Cambrian age and the

WNE-striking foliation in the schist is of Eocene age.
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Table 2-2. Plagioclase analyses for different metamorphic zones. COP: schist, Selimive nappe. SE14: caleschist, Selimiye nappe. SE23: pelitic gneiss, Cine
nappe. SE18: schist, Cme nappe (l5p1 - cligoclase, (5p2 — albite), Mineral formulae have been caleulated with AX soltware (Holland, 2000),

Sample  C89P CopP CoP SE14 SE14 SE14 SE25 SE25 SE25 SEi8 SE18 SE18 SE18 SE18 SE18 Al A1
Min fsp/im_ fspfcore  fspirim  fsp/rim  fspicore  fspirim  fsp/core fsp fsp/rim fsp1 fspl fsp2 fsp2 fsp2 fsp2  fspfcore  fsp/rim

8510, 6804 6817 6821 5980 6050 6066 6185 6£419 6385 6292 B296 6686 6677 6652 6738 5938 5678
TiO; - Q.01 0.01 0.01 0.02 - 0.04 0.01 0.02 - - GO1 - - - 0.03 -
AlCy 1628 1617 19.30 2468 2449 2480 2062 2177 2188 2361 22.75 19.08 18.33 1923 1910 2343 2542

Cry04 0.15 - 0.07 0.06 0.02 1.16 0.09 - 022 005 0.04 0.46 0.23 0.07 0.08
Fe,0;, - 0.08 0.11 Q010 0.01 0.05 Q.73 0.04 0.05 012 0.09 - 0.07 0.10 0.16 0.04 Q.01
FeQ - - - - - - - - - - - - - - - - -
MnG 003 0.01 005 - - - - - 0.03 0.03 004 005 0.04 - - 0.05 -
MgC o - - - - o3 - - 0.02 - - - - 001

CaC 016 .16 0.14 6.68 6.25 6.31 284 313 3.38 429 4.07 011 0.24 013 013 562 7.55
Na,0 11.96 11.87 12.07 7.87 8.1 7.94 9.05 972 Q.87 811 886 11.81 11.69 11.51 11.46 8.31 7.28

K0 0.05 0.08 0.02 0.04 0.05 0.05 037 0.07 0.07 0.07 0.07 607 0.01 0.07 0.08 0.08 007
Totals 9968 9852 9997 9934 9945 9982 9706 9803 9926 9940 9888 9779 9819 9802 9854 97.01 97.20

Oxygen ] 8 8 8 8 8 8 8 5 8 8 8 8 5 8 8 8
Si 2.99 3.00 299 289 2.70 270 2.83 2.86 2.84 279 2.81 299 2.98 2.97 2.99 272 281
Tt - - - - - - - - - - - - - - - - -
Al 1.00 099 100 131 129 130 111 114 1145 123 120 101 102 101 1.00 127 138
cr o0.m - - - - - 0.04 - - 0.01 - - - 0.02 0.0 - -
Fe™ - - - - - - 003 - - - - - - - oo - -
Fe?* - - - - - - - - - - - - - - - - -
Mn - - - - - - - - - - - - - - -
Mg - - - - 0.02 - E - - B - -

Ca 001 001 001 032 030 030 014 015 046 020 020 001 001 001 001 028 037
Na 102 101 103 068 070 068 080 084 085 070 077 101 1.01 100 099 074 085
K - - - - - 0.02 - . . - . - -
Sum 502 501 502 500 500 499 498 499 501 494 488 501 502 501 500 501 502

Another possibility is that amphibolite facies metamorphism in the metasedimentary rocks of
the southern Cine nappe is of the same late Neoproterozoic to Cambrian age as amphibolite facies
metamorphism in the orthogneiss. Support for this interpretation would be that the schist and the
orthogneiss record a single amphibolite facies metamorphism. However, because the kinematic
indicators in the orthogneiss indicate top-N shear with local coaxial deformation and those in the

metasedimentary rocks consistently indicate top-S shear, this interpretation does not appear likely.

The age of amphibolite facies metamorphism in the metasedimentary rocks of the northern Cine
nappe is even more problematic. Because the metasedimentary units in the south and in the north
record amphibolite facies metamorphism and occur above the orthogneiss, one could assume that their
metamorphism is of the same age, and, according to our interpretation given above, of Tertiary age.
However, in this case it is necessary to explain the different kinematic indicators associated with
garnet growth, i.e. top-N rotated garnet in the north and top-S rotated garnet in the south. Furthermore,
the main foliation in the northern metasedimentary rocks does not show a discordant pattern with the
underlying orthogneiss. Because of this, and because the orthogneiss and the northern
metasedimentary rocks depict the same prograde top-N kinematic indicators, it is possible that
amphibolite facies metamorphism in the metasedimentary rocks of the northern Cine nappe is of late
Neoproterozoic to Cambrian age. This inference is supported by the metamorphic study of Ring et al.
(2001) from the lowermost Cine nappe and the Bozdag nappe. These authors proposed that
deformation/metamorphism relationships between staurolite and garnet growth in these two nappes are

very similar to those in the metasedimentary rocks of the Cine nappe in our northern study area. Ring
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et al. (2001) concluded that the staurolite-garnet relationships resulted from late Neoproterozoic to

Cambrian metamorphism, which is corroborated by the **’Pb/***Pb garnet ages (Ring ef al., 2004a).

This latter interpretation implies that both studied metasediment outcrops in the Cine nappe
have a monometamorphic amphibolite facies overprint of different age. Earlier studies (Candan et al.,
2001; Gessner et al., 2001a; Ring et al., 2001) showed that the Cine and Bozdag nappes have
widespread evidence of amphibolite, and local eclogite and granulite facies metamorphism of late
Neoproterozoic to Cambrian age. Nappe stacking during the Tertiary orogeny caused pronounced
retrogression along the nappe boundaries during greenschist facies metamorphism. Locally,
deformation zones associated with top-S kinematic indicators formed during this greenschist facies
retrogression within the Cine and Bozdag nappes. Apart from these localised zones at the nappe
boundaries and within the nappes, the Cine and Bozdag nappes were not affected by Tertiary
deformation and metamorphism. According to this interpretation the metasedimentary rocks of the
Cine nappe directly below the Selimiye shear zone were severely affected by Alpine shearing. Note
that only these southern metasedimentary rocks are close to a Tertiary thrust (Fig. 2-8). It can be
proposed that deformation-related fluid flow obliterated evidence for older metamorphism in the

metasedimentary rocks of the Cine nappe immediately below the Selimiye nappe.

Although this interpretation is speculative, it is based on a detailed metamorphic and
microstructural study of more than 350 samples and a number of age constraints. This interpretation
highlights that simple tectonometamorphic fabrics do not a priori indicate a simple orogenic
development of a heterogeneous nappe stack. Preservation in some areas and complete overprinting of
those fabrics in other areas could be controlled by deformation-related fluid flow associated with
Tertiary nappe stacking. Detailed dating of tectonometamorphic fabrics is essential to constrain the

orogenic history more closely.

Alpine top-N shearing in the Anatolide belt

A number of workers (Bozkurt & Park, 1994; Hetzel et al., 1998; Whitney & Bozkurt, 2002)
interpreted top-N amphibolite facies shearing in the Bozdag and Cine nappes as an early phase of
Tertiary deformation related to northward nappe movement. Gessner ef al. (2001a, 2004) showed that
the top-N kinematic indicators in orthogneiss were cut by granite yielding an age of c¢. 550 Ma (see
above). ’Pb/*”Pb garnet dating in both nappes (Ring ef al., 2004a) also yielded ages of >500 Ma.
These data would indicate that amphibolite facies shearing in the Bozdag nappe and in orthogneiss of

the Cine nappe is of latest Neoproterozoic to Cambrian age and is not related to the Alpine orogeny.
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For the amphibolite facies top-N shearing event in the metasedimentary rocks of the Cine nappe
in our northern study area a pre-Tertiary age is also possible. However, there are no geochronological
data for this rock sequence to substantiate this inference, but Tertiary age for top-N shearing cannot be
ruled out. For instance evidences for a lower amphibolite facies metamorphism (as in the Selimiye
nappe) associated with top-to-the-N fabrics, would change our assumption about different
metamorphism events. If so, a more complex deformation history has to be proposed taking in account

different senses of shear and metamorphism associated.

Bozkurt & Park (1994) and Whitney & Bozkurt (2002) based their inference of Tertiary top-N
shearing in part on work in the Selimiye nappe. It has been shown in this study that occasional top-N
sense-of-shear indicators in the Selimiye shear zone are inverted top-S kinematic indicators and are
therefore not indicative for an early Tertiary phase of top-N shear in this area. Furthermore, there is no
evidence in the Selimiye shear zone, that the top-N shear-sense indicators formed before the top-S

kinematic indicators as assumed by Bozkurt & Park (1994) and Whitney & Bozkurt (2002).

Bozkurt & Park (1994) also mentioned early north-verging folds in the Selimiye nappe. We
have also mapped tight to isoclinal folds with WNW-trending axes and S-dipping axial planes. The
structural facing direction of these asymmetric folds is unknown. The relationships between long and

short limbs favour a top-S shear sense.

In summary, it is concluded that top-N metamorphism in the western Anatolide belt seems
reduced to amphibolite facies metamorphism and associated proterozoic age. Early Alpine
metamorphism would be more correlated with top-S movement and greenschist metamorphism.
Large-scale tectonic models also do supply hint for such an event (Sengér et al., 1984; Collins &

Robertson, 1997, 1998, 2003).
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CONCLUSIONS

The major conclusions are:

- The Selimiye shear zone developed after a prograde greenschist- to lower amphibolite facies
metamorphism. Metamorphism in the Selimiye nappe itself may have resulted from burial below the

upper and middle tectonometamorphic units of the Anatolide belt in the Eocene.

- Metamorphism in the Selimiye nappe is of Barrovian-type and decreases structurally upwards
as indicated by mineral isograds defining the garnet-chlorite zone at the base, the chloritoid-biotite

zone and the biotite-chlorite zone at the top of the nappe.

- There is no evidence for a HP-LT metamorphism overprint indicating that middle and upper

units were significantly exhumed before emplacement onto the Menderes nappes.

- Despite the very fact that the metamorphism in the underlying Cine nappe is relatively simple
and monophase it appears still possible that all studied metasedimentary rocks in the Cine nappe do
not record the same Eocene metamorphism. Our study emphasises that rocks, which have relatively
simple metamorphic fabrics, may reflect complex tectonic evolutions resulting from more than one
single orogeny. A detailed geochronologic and metamorphic study is needed to constrain the age of
metamorphism in the Cine nappe. Meanwhile evidences for top-to-the-N fabrics during lower
amphibolite facies metamorphism might also change our assumption about different metamorphism

events.
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Table 2-3. P-T calculations. Abbreviations : an = anorthite, ab = albite, phl = phlogopite, ann = annite, cast = castonite, py = pyrope, gr =
grossular, alm = almandine, mu = muscovite, pa = paragonite, cel = celadonite, mst = Mg-staurolite, fst = Fe-staurolite, ky = kyanite, cc =
caleite, dol = dolomite, ¢z = clinozoisite, tr = tremolite, clin = clinochlore, q = quartz, sd = standard deviation, cor = corrclation, sigfit = x2
test. Activities have been calculated with the AX software using following models (Holland, 2000; Holland & Powell, 1998): amphibole:
non-ideal mixing model for Ca-amphiboles (Holland & Blundy, 1994), plagioclase: model 1 from Holland & Powell (1992), biotite: Al-M1
ordered; site-mixing maodel; symmetric formalism (Powell & Holland, 1993, 1999), garnet: 2-site mixing, regular solution gammas,
muscovite: non ideal interactions (Holland & Powell, 1998), ¢pidote: symmetric formalism, carbonate: disordered caleite structure, 1-site
mixing, chlorite: Al-M4 ordered model (Holland ¢ af., 1998), staurolite: ideal Fe-Mg mixing.

Sample SE18 (Sclimiye nappe, garnct-chlorite zone), Ty 144
Activities and their uncertainties from analyses (Table 1):

an ab phl ann east py gr
a 0.400 0.780 0.0464 0.0530 0.0350 0.00217 0.0160
sd(a)a  0.10800 0.05000 0.36935 0.35086 (.39650 0.68205 (.50357
alm mu pa cel q H20
a 0.280  0.660 0970 0.0250  1.00 1.00

sd(a)/a 0.15357 0.10000 0.09979 0.42526 0

Independent set of reactions

3east + 6 = phl + py + 2mu

phl + east + 6q = py + 2cel

py + gr + mu = 3an + phl

gr +alm + mu = 3an +ann

py | 2pa t 3cel =2ab | 3east I 9q 1 21120

results :
T=590°C, sd(T) = 27, P = 9.7 kbar, sd(P) = 1.0, cor = 0.820, sigfit = 0.51

Sample D1 (northern study area, staurolite-biotite-kyanite zone), Tiyay :
Activities and their uncertainties from analyses (Table 1):

phl ann east ar alm mu
a 0.0800 0.0250 0.0570 0.00400 0.00240 0.360 0.670
sd(a)a  (.30859 0.45063 0.34770 0.63695 0.67514 0.15000 0.15000
pa cel an ab ky  H20 g
a 0.940  0.0170 0350 0.810 1.00 1.00  1.00
sd(a)/a  0.10000 0.58824 0.12675 0.05000 0 0

Independent sct of reactions
gr+2ky +q=3an

pa+ 3an=gr+ab + 3ky + 1120
3east + 6q = phl + py + 2mu
phl + east + 6q = py + 2cel
3cast + 5q = 2phl + mu + 2ky
ann + 2ky + g = alm + mu

results :
T=043'C,sd(T) =21, P =9.7 kbar, sd(P) = 1.1, cor = 0.773, sigfit = 0.75

Sample SE25 (southern study area, pelitic gneiss), Tingx :
Activitics and their uncertaintics from analyses (Table 1):

mu pa cel py er alm un
a 0.630 0.542  0.0400 0.00279 0.00850 0.300 0.280
sd(a)/a  0.10000 0.10000 038400 0.66444 057014 0.15000 0.15552
ab phl ann east q H20
a 0.840  0.0370 0.0620 0.0340 1.00 1.00
sd(a)/a  0.05012 0.39138 0.32856 0.39913 0

Independent set of reactions :

2east + 0q = mu + cel + py

3cast + 6q = 2mu + py + phl

3an+ phl=mu + py +gr

3an + ann = mu + gr + alm

2pa + py + 3ann + 9q = 3cel + 3alin + 2ab + 2H20

results :
T=675°C,sd(T) =31, P =11.7 kbar, sd(P) = 1.2, cor = 0.790, sigfit=0.93

Sample D30 (northern study area, staurolite-biotite-kyanite zone), Tinayx :
Activitics and their uncertainties from analyses (Table 1):

mu pa cel an ab py ar
a 0.710 0930 0.0170 0.590 0.670 0.00660 0.00440
sd(@)a  0.10000 0.10011 0.45374 0.05043 0.05000 0.59403  0.62921
alm phl ann cast ky H20
a 0320  0.0650 0.0390 0.0520 1.00 1.00 1.00

sd(a)/a  0.15000 0.33306 0.39308 0.35756 0 0
Independent set of reactions :

gr+ 2ky +q=3an

pa+ 3an = ab + gr + 3ky + H20

mu + 2phl + 6q = 3cel + py

2east + 6q = mu + cel + py

Tcel + 4east + 12ky = | lmu + Spy

ann + 2ky + q=mu + alm

results :
T=610°C, sd(T) = 19, P = 8.3 kbar, sd(P) = 0.9, cor = 0.750, sigfit = 0.38

Sample A1l (southern study area, calcschist), Tiyax :
Activities and their uncertainties from analyses (Table 1):

clin mu an er cz phl [0
a 0.0500 0.700 0.500  0.0200 0.700 0.0700 0.100
sda)a  0.36167 0.10000 0.07500 0.47772 0.05000 0.32451 0.28053
dol ce H20 CO2
a 0.700 1.00 0.900 0.100
sd(a)a  0.05000 0

Independent set of reactions

Selin + 49an + 3gr + 40ce = 38cz + tr + 20dol
clin + 6an + 10cc = gr +4cz + 5dol + ZH20
clin + 12an + 12¢¢ = gr + 8cz + Sdol + 2C02
3un + phl + 6ce = mu + 2gr + 3dol

results :
T=502°C, sd(T) = 16, P = 7.0 kbars, sd(F) = 0.6, cor = 0.884, sigfit = 0.75
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Sample D42 (northern sudy area, staurolite-biotite-kyanite zone), Tjj o
Activities and their uncertainties from analyses (Table 1):

an ab py ar alm pa mst
a 0.640  0.640 0.00600 0.00580 0.320 0.880 0.000140
sd(@)ya  0.05000 0.05016 0.60264 0.60565  0.15000 0.10000 71.42857
fst q ky H20
a 0.630 1.00 .00 1.00
sd(a)a 0.20000 0 0

Independent set of reactions

gr+q+2ky = 3an

23gr + Omst + 48q = 69an + 8py + 12ZH20
23gr + 6fst + 48q = 69an + 8alm + 12H20
gr+ 2pa + 3q — 3an + 2ab + 2H20

results :
T=600°C, sd(T) = 13, P = 7.9 kbar, sd(P) = 0.7, cor = 0.567, sigfit = 0.49



Chapter 3

Metamorphic parageneses and P-T conditions of Precambrian-
Paleozoic schists of the Cine Massif in the Anatolide belt of
western Turkey. Nature of the contact schists/Proterozoic

orthogneiss and geodynamic implications.

ABSTRACT

The nature of the contact between Proterozoic orthogneiss of the Cine Massif and surrounding
metasedimentary rocks of presumed Paleozoic age, representing a part of the lower units of the
southern Menderes Massif of the Anatolide Belt in western Turkey is re-evaluated in light of new
petrological and structural data. In the southern part of the Cine Massif, Proterozoic orthogneiss and
Paleozoic metasedimentary rocks are separated by a major tectonic structure, the Selimiye shear zone,
which records top-to-the-S shearing under greenschist facies conditions. In the western part of the
Cine Massif, mylonitic shear zone situated at the base of the Proterozoic orthogneiss near the contact
with the metasedimentary rocks shows top-to-the-N movement. Pressure-temperature conditions
obtained with THERMOCALC constraints this top-to-the-N movement during a lower-amphibolite
facies metamorphism. Metamorphic mineral parageneses and pressure—temperature conditions do not
support a recently proposed model of high pressure—low temperature metamorphic overprinting,
which implies burial of the lower units of the Menderes Massif up to depth of 30 km, as a result of
closure of the Neo-Tethys. The observed parageneses and the lack of polymetamorphism within the
lower Menderes Massif units, the Cine and the Selimiye nappes, are consistent with a single
Barrovian-type metamorphism predating Eocene emplacement of the high pressure—low temperature

Lycean and Cycladic blueschist nappes.

Keywords: Metamorphism, P-T pseudosections, Selimiye shear zone, Menderes Massif,

Anatolide belt, western Turkey
INTRODUCTION

The structural evolution and associated metamorphism of the Menderes Massif, the structurally
lowest succession of nappes of the Alpine Anatolide belt of western Turkey, has been subject to
ongoing controversial debates. The main problem involves the timing of amphibolite facies

metamorphism of the main tectonometamorphic units that comprise the Menderes Core series, the
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Proterozoic basement of the Cine Massif and the overlying Paleozoic metasedimentary Selimiye and
underlying Bozdag nappes. Related to that is the unsolved nature of the contact between these

tectonometamorphic units during metamorphism.

Greenschist to lower amphibolite facies metamorphism of the Paleozoic metasedimentary units
(Selimiye nappe) is constrained to the Eocene (Satir & Friedrichen, 1986; Hetzel & Reischmann,
1996). Régnier et al. (2003) proposed a different timing for amphibolite facies metamorphism in the
Cine nappe. In the southern Cine nappe, metamorphism is coeval with that of the overlying Selimiye
nappe and Tertiary of age. In the northern Cine nappe a 566 £ 9 Ma old metagranite crosscutting
amphibolite facies foliation is seen as evidence for Neoproterozoic age for metamorphism (Gessner et
al., 2001a, 2004; Ring et al. 2001, 2004a). In addition kinematic indicators within metasedimentary
rocks of the Cine nappe show different sense of shear, top-to-the-N in north and top-to-the-S in the
south (Régnier et al, 2003). The discussion in Régnier ef al. (2003) has revealed that this
interpretation, based on existing evidence, is far from satisfactory. The main concern is that there is no
convincing evidence for polymetamorphism in the Menderes Massif, except in eclogite enclaves
within orthogneiss affected by an amphibolite facies metamorphism and localized retrograde
greenschist facies overprinting (Candan & Dora, 1993; Whitney & Bozkurt, 2002; Régnier et al.,
2003). Bozkurt & Park (1994, 1997) argued for a single Barrovian-type metamorphic event, the so-
called Main Menderes Metamorphism, that overprinted Proterozoic basement and overlying Paleozoic
sedimentary rocks during Eocene thrusting of HP-LT units onto the underlying core series. However,
timing and cause of Barrovian-type metamorphism and its relation with Eocene HP-LT

metamorphism remain a conjecture (Rimmel¢ ez al., 2003).

The nature of the contact between the Proterozoic basement and the overlying Paleozoic
metasedimentary rocks has been interpreted as either tectonic, termed the Selimiye shear zone (De
Graciansky, 1966; Ring et al., 1999a; Gessner et al., 2001a; Régnier er al., 2003), or intrusive
(Bozkurt et al., 1993).

The incentive of this study is to develop a geodynamic model of the Menderes Massif and the
Anatolide belt by differentiating timing and origin of metamorphism. An extensive data base already
exists through studies by Evirgen & Ataman (1982), Evirgen & Ashworth (1984), Ashworth &
Evirgen (1984, 1985), Candan & Dora (1993), Whitney & Bozkurt (2002). Our own research in the
northern and southern Cine Massif (Régnier er al., 2003) is augmented by additional detailed
structural and petrological studies of the western Cine Massif near Lake Bafa, which connects the
previously studied areas, and representative areas of the eastern part near Karacasu (Figs. 1-3). The

contact between Proterozoic basement and Paleozoic cover units is especially well exposed in the
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western Cine Massif. P-T conditions were then calculated with the program THERMOCALC (Powell
et al., 1998) and compared with a previous study (Régnier et al., 2003).

The new structural data and thermobarometric results are discussed with existing data and
previously postulated tectonometamorphic models. We will propose a new synthesis of the evolution
of the Menderes Massif based on a succession of parageneses from the greenschist to amphibolite
facies metamorphism through the contact of the orthogneiss with the surrounding metasedimentary

rocks.

GEOLOGICAL SETTING

The Anatolide belt of western Turkey comprises three major tectonometamorphic units (Figs. 3-
1 & 3-2). From top to bottom it includes the Lycian nappes and the Izmir-Ankara suture zone with the
Bornova Flysch Zone, as the uppermost unit, comprising ophiolitic mélange and Late Paleozoic to
Mesozoic rift succession deposited during opening of the northern branch of the Neo-Thetys ocean
(Collins & Robertson, 1999; Stampfli, 2000). The middle unit includes the Cycladic blueschist unit
composed of Mesozoic metabauxite-bearing platform carbonates and metaolistostrome. Both units
were affected by a single HP-LT metamorphic event resulting from the closure of the Neo-Tethys
(sensu lato, northern branch) during the Late Cretaceous to Eocene, and were subsequently thrust
southward along the Cyclades Menderes thrust onto the structurally deepest tectonometamorphic unit,
the Menderes core series (Oberhénsli et al., 1998, 2001; Sherlock et al., 1999; Collins & Robertson,
2003; Rimmelé et al., 2003).

The Menderes core series has been interpreted as an Eocene out-of-sequence stacking of nappes
that includes from top to bottom, the Selimiye, the Cine, the Bozdag and the Bayindir nappes (Fig. 3-1
& 3-2) (Ring et al., 1999a; Gessner et al., 2001a; Régnier ef al, 2003). The Selimiye nappe comprises
low-grade phyllite, metapelite, calc-schist, metamarl, marble and quartzite of locally (within low-
grade phyllites) Paleozoic age (Devonian to Carboniferous; Schuiling, 1962; Caglayan et al., 1980).
The Selimiye nappe experienced a greenschist to lower amphibolite facies metamorphism in the

Eocene (Satir & Friedrichen, 1986; Hetzel & Reischmann, 1996; Régnier ef al, 2003).

Underlying the Paleozoic metasediments of the Selimiye nappe are deformed orthogneiss,
weakly deformed to undeformed metagranite of the Cine Massif, forming the Cine nappe. Interlayered
mica schist and sillimanite-bearing paragneiss, partially migmatized, as well as enclaves of eclogite
also occur (Schuiling, 1962; De Graciansky, 1966; Hetzel & Reischmann, 1996; Oberhinsli e al.,
1997; Loos & Reischmann, 1999; Candan et al., 2001; Dora et al., 2001). The metasedimentary rocks

display amphibolite facies metamorphism and, eclogites show amphibolite facies metamorphic
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overprinting (Schuiling, 1962; Ashworth & Evirgen, 1985; Oberhénsli et al., 1997; Dora et al., 2001;
Ring et al., 2001; Gessner et al., 2001a; Régnier et al., 2003). The intrusion age of the orthogneiss is
asigned to the late Proterozoic, 560-540 Ma (Hetzel & Reischmann, 1996; Hetzel et al., 1998; Loos &
Reischmann, 1999; Gessner ef al., 2004).

Structurally underlying the Cine nappe are metapelites of the Bozdag nappe with intercalated
metapsammite, marble, amphibolite and eclogite of unknown age (Candan et al., 2001). The Bozdag
and Cine nappe locally form klippen on low-grade phyllite, quartzite, and marble of the Bayindir
nappe (Figs. 3-1 & 3-2). Deformation within the Bayindir nappe shows consistent top-to-the-S sense
of shear (Ring et al., 1999a; Gessner et al., 2001a). Recent discovery of rudist fossils assigns the
protolith age of the Bayindir nappe to the late Cretaceous (Ozer & Sozbilir, 2003), constraining top-to-
the-S shearing and lower greenschist facies metamorphism at the base of the core series to the Tertiary

or younger (Fig. 3-1 & 3-2).

The Bozdag and Cine nappes display amphibolite facies metamorphism associated with top-to-
the-N shearing, whereas Selimiye nappe is characterized by greenschist to lower amphibolite facies
metamorphism, respectively, coeval with top-to-the-S shearing. All nappes are affected by greenschist
facies top-to-the-S shear bands. Amphibolite facies metamorphism is assigned to the Proterozoic, due
to a SHRIMP zircon age of 566 = 9 Ma obtained from a metagranite crosscutting the penetrative
amphibolite facies foliation in orthogneiss (Gessner et al. 2001a, 2004). The stacking of the nappes
would occur during the Tertiary under lower greenschist facies conditions (Gessner et al. 20014,

2004).

STRUCTURAL STUDY AND NATURE OF CONTACT BETWEEN ORTHOGNEISS AND
METASEDIMENTARY ROCKS

Southern Selimiye area: summary of main conclusions of chapter 2

Determining the nature of the contact between orthogneiss of the Cine nappe and
metasedimentary rocks of the Selimiye nappe is complicated by the uncertainty of the correlation of
the metasedimentary rocks immediately north of the Selimiye nappe. Régnier et al. (2003) assigned
metasedimentary rocks outcropping east of Lake Bafa to Cine nappe due to a late Proterozoic
metagranite crosscutting the schistosity. Bozkurt ef al. (1993) describe intrusive relationships near the
village of Selimiye. These intrusions are weakly deformed and situated near the orthogneiss, implying
preservation of Proterozoic intrusive relationships (Hetzel & Reischmann, 1996; Loos & Reischmann,

1999). However, original intrusive contact between metasedimentary rocks and orthogneiss do not
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lead to the conclusion that the observed amphibolite facies metamorphism is of contact metamorphic

origin and related to the intrusion.

In the orthogneiss of the Cine nappe foliation strikes N—S, approximately perpendicular to the
WNW-ESE-striking schistosity observed in the Selimiye nappe, indicating the presence of an
important disharmonic structure (De Graciansky, 1966; see also paragraphe 2 & fig. 2-2a).
Synkinematic garnet porphyroblasts in equilibrium with chloritoid, biotite and chlorite in schist of the
Selimiye nappe indicate top-to-the-S shearing during prograde metamorphism. An increase of P—T
conditions toward the contact with the orthogneiss, from greenschist to amphibolite facies, and a jump
of 2 kbar and ¢. 100 °C across the contact between the Selimiye and the Cine nappes are recognized
(Régnier et al., 2003). Régnier et al. (2003) proposed that the contact between both nappes is
originally of tectonic origin, and occurred along the Selimiye shear zone. Subparallelism of the shear
zone, mineral isograds and the main schistosity within the Selimiye nappe, correlated with a top-to-
the-S sense of shear, indicates that the Selimiye shear zone has been likely initiated during
metamorphism. However jump of the P-T conditions mentioned above evidence mainly a post-peak

metamorphism movement throughout the Selimiye shear zone.

From a metamorphic point of view, mapped mineral isograds involve the following reactions in
the KFASH and KFMASH system: Fe-chlorite [J Fe-chloritoid + annite and biotite + chloritoid [
garnet + chlorite. P—T estimations yield 350-500 °C and 4-5 kbar toward the Selimiye shear zone and
observed parageneses correlate with Barrovian-type metamorphism, prograde normal (P and T
increasing together) on the erosional level (Ashworth & Evirgen, 1984). These P-T conditions are in
contrast to those encountered within the Cine Massif near the orthogneiss and behind the Selimiye
shear zone, or further north south of Korgali, where metasedimentary enclaves in orthogneiss contain
staurolite—biotite—kyanite (+ garnet) paragenesis, corresponding to P—T conditions of ¢. 9 kbar and 650
°C in the KFMASH system (Régnier ef al., 2003). The prograde character of amphibolite facies
metamorphism during regional top-to-the-N shearing is supported by the presence of chloritoid—

staurolite inclusions in garnet (Régnier et al., 2003).
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Fig. 3-1. Generalized geologic map of the Menderes Massif in western Turkey modified after Candan & Dora
(1998) and Gessner ef al., (2001a). Sample localities are shown. Detailed map of Figure 3-4 (western Cine
massif) is localized by the box. AB depicts location of cross section in Figure 3-2.

63



5 5 ﬂ‘lﬂlbl R A

e ;re L ~ . .,
S5W Cycladic c\rl 257 Me“d Tt e-o Sl NNE
Lycian nappe blueschist - C‘J' T-el RN Late Cretaceous

HP-LT unit -7 - \ - Sﬂlimjye ~~. ~. Izmir- Ankara suturc
metamorphism _ = Selimiye shear zone R /_> == I_Jappe ~o T~
(Late Cretaceous ,}r - L5 35’4'2}’1% -7 .o el ;:.‘_\
to Eocene 2O eFT 2 e AT >
S S .
A P
5 ,(/j‘fﬂ_‘:\/

¢ine nappe .
. Deformed Bayindir > Miocene granodiorite Ni
retrograde metamorphism Proterozoic intrusion nappe Bozdag 25 Km ™=
(greenschist facies) into orthogneiss nappe e
arwr— Fig. 3-2. Interpretative cross section through the central Menderes Massif’ modified after Lips ef al.
[ Quatemary I (2001) and Régnier et al. (2003) (for location of section and patterns see Fig. 3-1). 40Ar/3%Ar white
=] orthognei &7 Shear sense mica ages for the Selimiye shear zone are from Hetzel & Reischmann (1996). P-T field gradient for
rthogneiss i . . ~ . . .
* N Sfrf")’:ﬁlmn Sclimiye and Cinc nappes according to this study. Note the displacement along the BaylndIr low grade
< Thrust —F P mylonite (dotted line, see also text and figs. 3.17 & 3-18). BMG: Biiyiik Menderes graben; GG: Gediz
gradient graben; KMG: Kiigiik Menderes graben.
Staurolite-out Aydin©

SEA 20 km

N .
%?
‘D, M | omnwmassie |
+ 2 + j
+ -_.' LA P
Lake Bafa é’ + +,\-'
+ o+ +<;,§
MMM GUIT
+ 4+ + + + + + + o+ + T6 (CA 9 kbar & 650 uc)
R T SR S S S o
+ 4+t o+ o+ o+ o+ 4(0'5'6kb'dr&525 C)
+ o+ttt o+ v
- N I GOldag
A+ o+ o C
ERE N + o+ o+ o+ o+ o+ | C.) QA‘)
. + o+ + + + A N By
/ \ < Tt 4+ A \RY
S ;;;;;,\S \ \ L 10km |
- AEGEAN OMilas

Fig. 3-3. Location and sketch of cross section CD (for patterns see Fig. 3-1). The isograd staurolite-
out has been represented. Structural distance between T6 and GUIT is estimated around 5 km
(perpendicular to the main foliation).

64



Western area

In the western part of the Cine Massif the contact between Proterozoic orthogneiss and assumed
Paleozoic schists is best exposed (Figs. 3-1, 3-3 & 3-4). North of Lake Bafa, orthogneiss is also
present within metasedimentary rocks along the same foliation trend (Fig 3-4, samples YE9-YE11).
There, Late Cretaceous metacarbonates overlying Paleozoic schist were overprinted by Eocene HP—
LT metamorphism (Ozer et al., 2001; Rimmelé et al., 2003). The contact between Cycladic blueschist

and underlying metasedimentary rocks is tectonic near Lake Bafa (Fig. 3-4).

The Cross section CD (Fig. 3-3) displays the structural position of the orthogneiss compared to
the surrounding metasedimentary rocks and will be discussed below. The regional strike of the
foliation in the orthogneiss is N—S oriented and folded by large-scale N-trending syn- and antiforms.
Foliation in the metasedimentary rocks possesses a similar orientation (Fig. 3-4, cross section HG),
except northeast of Calikdy where NW-trending folds affect the schistosity. Stretching lineation in the
metasedimentary rocks are NNE-trending in the northern part of the study area, SSE-trending in the

southern part around Bafa Lake, while mostly NNE in the orthogneiss.

In metasedimentary rocks a complex deformation has been observed at the outcrop scale.
Sigmoid quartz aggregates and greenschists S-C’fabrics indicate a predominant top-to-the-SSW sense
of the shear in the most western part (Sample R1 & RS8 Figs. 3-5a & 3-5b). In the northern part near
the orthogneiss metasedimentary rocks show mainly top-to-the N structures again expressed by
sigmoid quartz pebbles (Fig. 5c). Boudinage foliation is also widespread. All metasedimentary rocks

are affected by top-to-the-S greenschists shear bands (Fig. 5c¢).

Near the metasedimentary rocks—orthogneiss contact and at the base of the orthogneiss, strongly
deformed orthogneiss to mylonitic fabric are localized in a ¢.100 m thick zone. The mylonitic
deformation is expressed in the orthogneiss as a linear alignment of fine recrystallized feldspar grain
and quartz (Fig. 3-5d) and decimeter-sized NNE-trending tourmaline porphyroblasts (Fig. 3-5e). A
boudinaged foliation has also been observed within the mylonite (Fig. 3-5f). When preserved C/S-
fabrics on feldspar indicate top-to-the-north sense of the shear (Fig. 3-5g). Similar deformation, albeit
less intense, is observed in the upper structural levels of the orthogneiss (Gessner et al., 2001a). As for
the metasedimentary rocks, top-to-the-S greenschist facies shear bands overprint preliminary top-to-
the-N fabrics within mylonite (Figs. 3-5g & 3-5h). Near Goldag peak the orthogneiss thrust via the
same mylonite over the metasedimentary rocks which are folded into a recumbent SSW-verging
antiform, consistent with apparent top-to-the-SSW movement (Fig. 3-4, cross section HG & fig. 3-6a).
However the polarity and the short limb are unknown leading to a speculative interpretation (see

below).
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The microstructure in thin section observations has shows the same complex deformation within
metasedimentary rocks. In the western most part, garnet inclusion trails in albite in pelitic gneiss show
consistent top-to-the-S sense of shear (Fig. 3-6b). Contrasting shear criteria has been found near the
orthogneiss within metasedimentary rocks. There, helicitic staurolite in textural equilibrium with
chloritoid and chlorite, shows top-to-the-N movement (Sample T6, fig. 3-7a). Within the mylonite,
mica fish also indicate top-to-the-N sense of shear (Sample GUS, Fig. 3-6¢). Thin section observations

revealed, as observed at the outcrop scale, top-to-the-S shear bands (Sample TE2, Fig. 3-6d).

A secondary S, crenulation cleavage associated with NNE-trending foldings, overprints the
primary S; schistosity (Figs. 3-4 & 3-6¢). Occasionally centimetric recumbent NNE-trending folds,
subparallel to stretching lineation, affect metasedimentary rocks. Folds are interpreted as resulting

from younger deformation that postdates juxtaposition of the orthogneiss and metasedimentary rocks.
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Fig. 3-4. Structural map of the western Menderes Massif between Bagarasi and Lake Bafa modified after Schuiling (1962)
and Taskin (1981). Localities of samples and figures are shown. Cross sections show the geometries of the contact between
the orthogneiss of the Cine nappe and metasedimentary rocks along different directions. Temperature gradient and
approximative metamorphic zones are also shown. Garnet-in isograd is considered as a “pseudo-isograd” since garnet

occurrence strongly depends on bulk composition of samples (see discussion in text).

Northern and Eastern area

In the northern part of the Cine Massif, metasedimentary rocks in enclaves in orthogneiss (south
of Korcal1), has been described in detail by Régnier et al. (2003) (see also chapter 2). Synkinematic
porphyroblasts revealed mainly top-to-the-N sense of shear. However, top-to-the-S fabrics are not
absent and often associated with foliation boudinage and coaxial deformation (see fig. 2-6c).
Nevertheless, we concluded that sense of shear overall was top-to-the-N in accord with the

deformation in the orthogneiss.

In the area west of Dalama, north of Cine, within the northern central Cine Massif (Fig. 3-1),
inclusion trails in rotated garnets in metasedimentary rocks (Sample EM2) are consistent with top-to-
the-S sense of shear (Fig. 3-6f). Mineral parageneses, top-to-the-S fabrics and P-T conditions

discussed latter in this work are similar to those found in the Selimiye nappe in the southern part.

In the eastern part of the Cine Massif reconnaissance mapping has shown that stretching
lineations and folds overprinting the primary schistosity, associated with a S, schistosity, have nearly
the same trend as in the western part of the study area (Fig. 3-1). There, parageneses and rotated

garnets record top-to-the-S shearing (Fig. 3-7¢c)

Primarily conclusions on structural observations

In the western part of the Cine Massif, the mylonite near the contact
orthogneiss/metasedimentary rocks is crucial for understanding the dynamics of this structurally
complex area. Mylonitic orthogneiss contains evidence of a strong deformation during top-to-the-N
movement. Presence of stretching-parallel tourmaline megablasts indicate the participation of an
important fluid influx during this event. There is no disharmonic structure between orthogneiss and
surrounding metasedimentary rocks and at least in the northern part shear sense criteria in
metasedimentary rocks corroborate displacement of the orthogneiss northward. The geometry of the
mylonite show special features. Indeed, in the southern part near Lake Bafa, the mylonite can be seen
as a strike-slip shear zone whereas in the northern part the foliation is nearly horizontal overlying

metasedimentary rocks (Fig. 3-4). Shear sense indicators are therefore consistent with overall
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movement top-to-the-N and thrusting of orthogneiss over metasedimentary rocks (Fig. 3-6a). In this

context apparent top-to-the-S thrusting near Goldag peak is misleading (Fig. 3-6a).

The mylonite zone is however only expressed within orthogneiss and no evidence for a
mylonite within metasedimentary rocks has been found. Moreover the presence of top-to-the-SSW
criteria in the SW part (north of Lake bafa) complicate matters. One could conclude that two tectonic
events have affected metasedimentary rocks in this area. However lack of mylonite within
metasedimentary rocks support the idea of synkinematic mineral growth uniquely during top-to-the-N
thrusting and loss of fluid. Mineralogic growth always results in volume increase and loss of fluid
during prograde metamorphism. Thus, different senses of shear are interpreted as being gue to strain
partition rather than due to several deformation events. Note that top-to-the-SW criteria seems limited
to the area where strike-slip shear zone is developed. Therefore first postulate that top-to-the-N
thrusting is coeval with metamorphism everywhere within metasedimentary rocks even in the SW.
Lack of disharmonic structures support this assumption but a detailed metamorphic study is necessary
to constraint deformation history (see below). Finally all structure is overprinted by top-to-the-S

greenschist shear bands.
Metasedimentary rocks in the northern part and eastern part show consistent top-to-the-S sens of

shear and are likely correlated with metasedimentary rocks of the Selimiye nappe from a tectonic and

metamorphic point of view (see below).
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Fig. 3-5. Structural character of metasedimentary rocks and orthogneiss in the western Cine Massif. (a) Sample R1. Field
photograph of sigmoid quartzitic pebble consistent with a top-to-the SSW movement. Note the presence of S-C' structure. (b) Same
observation for the sample R8. ¢) Conlrasting top-to-the-N sigmoid quarlz pebble within metasedimentary rocks near the
orthogneiss. Note the presence of top-to-the-south greenschists shear bands. See figure 3-4 for location. (d) Tield photograph of
mylonitic orthogneiss near the contact with metasedimentary rocks (TEL). View from the top. (e) Field photograph and sketch
showing parallel alignment of tourmalinite megablasts with mineral stretching lineation. Near the western margin of the
orthogneiss. Chiscl for scale. Scns of shear deduced from thin scction. Sec figure 3-4 for location. (f) Ficld photograph of
boudinage foliation within mylonitic orthogneiss. (g) and (h) Top-to-the-N sigmoid FK porphyroblast and associated top-to-the-S
greenschist shear bands.,
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71




SCOPE OF THE METAMORPHIC STUDY AND ANALYTICAL PROCEDURES

For this study 150 samples were analyzed, the bulk of which was collected in the western part
of the Cine Massif near Lake Bafa (Fig. 3-1 & 3-4). Twelve samples were collected in the eastern Cine
massif part near Karacasu (Fig. 3-1). Mineral parageneses do not allow a very precise mapping of
mineral isograds. Meanwhile P-T conditions of individual samples are estimated with the help of
pseudosections calculated with THERMOCALC software (version 3.2.1) ). We used an internally
consistent thermodynamic data set of Holland & Powell (1998) updated in May 2001. In addition,
pressure and temperature estimations have been correlated with the phengitic substitution in muscovite

(Wei & Powell, 2003, 2004).

Mineral analyses were obtained with a Jeol Superprobe (JXA 8900RL) undertaken at Johannes
Gutenberg-Universitit Mainz, Germany. The following operating conditions were applied:
acceleration voltage of 15 kV, beam current of 15 nA, 20 s counting time per element. The following
standards were used: wollastonite (Ca, Si), corundum (Al), pyrophanite (Ti), hematite (Fe), MgO
(Mg), albite (Na), orthoclase (K), tugtupite (CI), F-phlogopite (F), Cr,O; (Cr), rhodochrosite (Mn) and
ZnS (Zn). Matrix correction was done with a ZAF procedure. The mineral analyses are considered to
be accurate within a range of c. 3% (relative) on any given grain. Mineral formulae have been
calculated using AX software (Holland, 2000) and are shown in Table 3-1. The remains of the rock
chip used for the thin section was used for whole rock XRF analyses, also done in Mainz, to ensure
maximum correlation between microprobe analyses and pseudosection calculations. Whole rock XRF
analyses are given in wt % and normalized to mol % with Fe,O; recalculated to FeOyy, (Table 3-2).
Mineral abbreviations used in text, figures and tables are adopted from Powell et al. (1998): als:
aluminosilicate, amph: amphibole, and: andalusite; bi: biotite, cd: cordierite, chl: chlorite, ctd:
chloritoid, ep: epidote, fsp: plagioclase, g: garnet, ilm: ilmenite, ky: kyanite, mu: muscovite, q: quartz,
sill: sillimanite, sph: sphene, st: staurolite, zo: zoisite. Sample localities are shown on maps on Figures
3-1 and 3-4. Mineral parageneses are listed in Appendix 2 and activity models used for

THERMOCALC calculations are described in Appendix 3.
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MINERAL CHEMISTRY OF METASEDIMENTARY ROCKS OF THE CINE MASSIF

Garnets, attaining up to 5 mm in size, with exceptional grains exceeding one centimetre in
diameter, are commonly almandine-rich (X,,, 60—90) in both metapelites and calc-schists (Régnier et
al., 2003). Other components vary in abundance: Mg (X, 1-10), Mn (Xps 1-10) and Ca (X5 2-30).
Most garnet grains lack zoning (Sample EM2, Fig. 3-8a). If present, characteristic zoning patterns for
garnets of the Cine Massif, sample KO6 from a metasedimentary enclave in the orthogneiss near
Korgal1, show core to rim decrease of Ca and Mn and an increase of Mg and Fe (Fig. 3-8b). Similar
zoning patters are observed in samples from metasedimentary rocks of the Selimiye nappe near
Selimiye (Sample SE12, Fig. 2-9a), and are further reported by Ashworth & Evirgen (1984) and
Whitney & Bozkurt (2002).

Garnet inclusions in albite from a pelitic gneiss, common in the eastern part of the Cine Massif,
display different zoning pattern, with core to rim increase in Ca and Fe, while Mn decreases and Mg
remains constant (Sample R9, Fig. 3-8c) (Appendix 2). Ashworth & Evirgen (1984) reported similar
patterns. In the metasedimentary units adjacent to the orthogneiss garnets are commonly retrograded to
chlorite and pinite (Fig. 3-7c, Appendix 2), while garnets from metasedimentary enclaves within the
orthogneiss appear less altered. Similarily, biotite from the metasedimentary rocks is commonly
chloritized (Ashworth & Evirgen, 1984). Primary chlorite occurs in most of the sample but secondary
chlorite is ubiquitous crosscuting the main foliation or replacing garnet during keliphytisation (e.g

sample Z12).

Muscovite forms a solid solution between paragonite, muscovite, celadonite and Fe-celadonite.
As discussed in the following sections the phengitic substitution (Si content in T1 site) provides

additional information for constraining pressure or temperature conditions of the parageneses studied.

Chloritoid is in textural equilibrium with biotite and chlorite (Samples SE3, T6, Z9; Figs. 2-4a,
3-7b, 3-7d), garnet-biotite—chlorite (Samples SE12, EM2, GU9, Z13; Figs. 2-4b, 3-9a & 3-9b),
staurolite—chlorite (Sample T6; Fig. 3-7a), and as inclusion in garnet (Samples D6, EM2, GU9, GU10,
KG3, KG6, Ki6, KO6, Z12; Figs. 3-9b, 3-9¢; Appendix 2). On the basis of 6-oxygen structural
formula, the mole fraction of Mg increases toward the orthogneiss from 0.135 (XMg = 0.135) to 0.213
(XMg = 0.213) for metasedimentary rocks of the Selimiye nappe (Régnier et a/, 2003). In the western
part (Samples T6, GU10, GU9) and in the eastern part (Sample Z12) mole fraction of Mg ranges from
0.16 to 0.19 (XMg) (Table 1). There is no significant difference in the mole fraction of Mg between
chloritoid as inclusion in garnet and at 7, (textural equilibrium in matrix). In the metasedimentary
enclaves of the orthogneiss chloritoid inclusions in garnet have Mg-values up to 0.225 (XMg) (Sample
D6, Régnier et al, 2003).
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Plagioclase composition is near albitic in lower grade rocks, and oligoclase—andesine at higher
metamorphic grades (Table. 2-2 & 3-1). Significant zoning of plagioclase, oligoclase core and
andesine rim, has been observed solely in calc-schists (Régnier et al., 2003) but has been reported by
Whitney & Bozkurt (2002) in metapelite. Furthermore, oligoclase is observed in apparent textural
equilibrium with albite (peristerite gap, Ashworth & Evirgen, 1985; Régnier ef al., 2003).

Staurolite is in textural equilibrium with chloritoid and chlorite at 7T},,x in the western part of the
Cine Massif (Sample T6; Fig. 3-7a). In a previous study, Régnier et al. (2003) have reported
staurolite-chloritoid paragenesis (textural equilibrium) as inclusions in garnet south of Korg¢ali, but
never at Tp.c (c.f in matrix). A small porpyroblast of staurolite is observed in equilibrium with
chlorite and garnet (Sample GU10; Fig 3-9c). In both cases staurolite is enriched in Zn (I 5 wt %). In
comparison, a staurolite from the schist enclaves south of Korcali has a significantly lower Zn content

(~ 0.2 wt %) (Sample KO6 ; Fig. 3-1, Table 3-1).

Kyanite is a common phase in the schist enclaves south of Korgali in metapelite (Sample D6;
Régnier et al., 2003), in equilibrium with staurolite—biotite (+ garnet). Sample GU1T provides the key
paragenesis kyanite—biotite—garnet (without staurolite, fig. 3-5d). This study reports the first
observations of kyanite in equilibrium with muscovite—ilmenite in the surrounding metasedimentary

rocks (Selimiye nappe, samples 27, Z8; Fig. 3-7d).

Amphibole in calc-schists near Selimiye is in equilibrium with garnet-biotite—zoisite—
muscovite—plagioclase—chlorite—carbonate (Whitney & Bozkurt, 2002; Régnier et al., 2003).
Actinolite has been described within low-grade calc-schists near Milas (Fig. 3-1, Ashworth & Evirgen,
1985). In addition, near Calikéy small calcic amphibole porphyroblasts were observed as inclusions in
plagioclase in pelitic gneiss (Samples R9, TE9; Appendix 2). In the metasedimentary enclaves south
of Korgali amphibolite mostly consist of calcic amphibole and biotite (+ epidote & sphene) (Samples
GUAT, GU6T, GUST, GU9T; Appendix 1). The compositional range of amphibole is shown on a Si
vs. Mg/(Mg+Fe *) diagram after Leake er al. (1997). Sample R9 plots near the transition
ferrohornblende—magnesiohornblende, whereas sample GU6T is located near the transition
magnesiohornblende—tschermakite indicating a higher Al content on the T1 tetrahedral site (Fig. 3-10;
Table 3-1). Similar composition as in GU6T has been observed near the orthogneiss north of Selimiye

(sample A1, Fig. 2-91).

Zoisite and clinozoisite are common epidote phases in the calc-schists. Epidote also occurs in
metapelite enriched in Fe*" and Ca (Samples T6, Z12, Appendix 2).Common accessory minerals are
sphene, ilmenite, hematite, rutile, tourmaline, apatite and zircon. Some samples, e.g Z12, contain

stilpnomelane overgrowing the main foliation, as a result of retrograde metamorphism or alteration.
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IMPLICATIONS OF MINERAL COMPOSITION AND PARAGENESES

The similar zoning patterns in garnets of the metasedimentary rocks of the Selimiye nappe and
enclaves in the Cine orthogneiss has also been observed in the central Menderes Massif near Odemis
(Ashworth & Evirgen, 1985). In some samples bulk rock chemistry controls zoning. The low Mg
content of sample R9 is reflected in constant low Mg abundance across the grain. Ashworth & Evirgen
(1984) also suggested that slow diffusion within plagioclase grains acting as hosts to garnets

inclusions suppressed zoning.

The relatively high abundance of Zn in synkinematic staurolite porphyroblasts is interpreted as
preferential partition of Zn into staurolite, due to lack of suitable cation sites in other phases, rather
than concentration in a relic grain during prograde metamorphism (Goodman, 1993). Zn-content may
have stabilized staurolite at lower temperatures than pure Fe-staurolite, evident in sample GU10 where
staurolite is in equilibrium with garnet and chlorite (Soto & Azafién, 1994). Indeed, in pure KFMASH
system, the paragenesis staurolite—chlorite—garnet results from the breakdown of chloritoid (Spear &
Cheney, 1989; Powell et al., 1998). But nearby sample GU9 contains abundant chloritoid in
equilibrium with garnet. However, staurolites of GU10 and T6 still contain enough Fe that its relative
high Zn content likely does not any effect on temperature calculation beyond the uncertainties of the

thermodynamic data base (Worley & Powell, 2000).

The occurrence of garnet-biotite—kyanite paragenesis in metasedimentary enclaves south of
Korgal1 (sample GU1T) indicates conditions above 630 UC and 8 kbar in KFMASH system (Spear &
Cheney, 1989; Powell et al., 1998). Other parageneses in metasedimentary enclaves include biotite—
kyanite—staurolite, conspicuously lacking chloritoid at Tp.x. In contrast, the metasedimentary rocks

east of the Cine Massif are characterized by chloritoid stable in the kyanite field (Sample Z7 & Z8).

The presence of chloritized biotite in low-grade metapelites complicates classic thermodynamic
considerations. The projection of biotite in AFM diagram (+ mu + q + H,0) is so not suitable and

misleading, preventing accurate paragenetic analysis via microprobe analyses.

The presence of actinolite in low-grade calc-schist, of hornblende (sensu lato) near the
orthogneiss (Samples R9 & A11), or within upper amphibolite facies metasedimentary rocks (Samples
GUST, GU6T), shows a correlation with the Al content in the T1 tetrahedral site of calcic amphibole,
expressed in the decreasing Si-number in the formula (Samples R9, GU6T; Fig. 3-10, Table 3-1). Due
to the non-isobaric erosion level of this study area, the Al content in the T1 tetrahedral site can not
easily be correlated with an increase of pressure or temperature, as proposed in models by Johnson &

Rutherford (1989) and Blundy & Holland (1990). However, the Al content in the T1 site appears in
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good agreement with the general increase of the P-T conditions through the orthogneiss (Régnier et

al., 2003).

d) ¢)

Iig. 3-7. a) Sample Té from the western Cine Massif. Photomicrograph of staurolite-chlorite-chloritoid paragenesis. llelicitic
porphyroblasts of staurolite displays consistent top-to-the-N shear. XPL. b) Sample T6. Photomicrographs of chloritoid-chlorite-
biotitc (on the left) and epidote-chloritoid parageneses (on the right). XPL. ¢) Sample 212 from the castern Selimiye nappe near
Karacasu. Photomicrograph of retrogressed garnet porphyroblast with curved inclusion trails and G-type pressure quartz pressure
shadows indicate top-to-the-S sense of shear. Detailed photo shows garnet-chloritoid paragenesis. Biotite and chlorite occur as
traces. Epidote, not shown here, is also in equilibrium textural with chloritoid (Appendix 2). PPL. d) Samples SE3 from the
southern Selimiye nappe. Photomicrograph displaying chlorite-biotite-chloritoid paragenesis. PPL. e) GUIT from the
metasedimentary enclave of the northern Cine nappe. Photomicrograph displaying garnet-kyanite-biotite paragenesis. PPL.
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The sequence of mineral parageneses in the metapelitic rocks around the Cine Massif displays
always the same pattern: Chlorite—biotite (likely in kyanite stability field, cf sample Z7 and Z8) at
low-grade, followed by chlorite—biotite—chloritoid or chloritoid—staurolite—chlorite, and garnet—
biotite—chloritoid—chlorite at higher grade (Ashworth & Evirgen, 1984). These mineral isograds have
been precisely mapped by Régnier et al., (2003) in the Selimiye nappe. In the western part of the Cine
Massif isograds mapping is nearly impossible because of the lack of suitable critical paragneses.
However parageneses observed (Appendix 2) allow to proposed three main metamorphic zones: a
chlorite-biotite zone, a garnet zone (lower amphibolite facies) and an amphibolite facies zone near the
orthogneiss, more or less correlated with occurrence of staurolite in the sample GU10 (Fig. 3-4). This
mapping is just given here in first approximation. Indeed, occurrences of garnet, staurolite, chloritoid
and kyanite are controlled by the whole rock chemistry (c.f Al,O3;, Mn content). Conspicuously absent
in the metasedimentary rocks arround the Cine Massif are cordierite—andalusite and garnet—cordierite
parageneses (which are typical of a contact-type metamorphism). This strengthens evidence for a
barrovian-type metamorphism. Similar Barrovian metamorphism and associated sequences of
parageneses have been reported from the central Menderes Massif around Odemis (chloritoid,
staurolite—kyanite, sillimanite, kyanite) by Evirgen & Ataman (1982), and south of Dermici
(staurolite—andalusite—garnet-biotite, staurolite—garnet—kyanite—sillimanite, garnet-kyanite—

sillimanite—biotite) by Candan & Dora (1993) .

Index minerals, the sequence of mineral parageneses, the paragenesis staurolite—chloritoid at
Tmax around the Cine massif and as inclusion in garnet of the metasedimentary enclaves, all point to a
single metamorphism event affecting metasedimentary rocks of the Selimiye and Cine nappes. In
accordance to Whitney & Bozkurt (2002) and Régnier et al. (2003) there is no evidence for
polymetamorphism in the Menderes massif. This would imply similar ages for lower to upper

amphibolite facies metamorphism.
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Fig. 3-8. Representative compositional transects of garnets of the Cine Massif. a) EM2 from the Selimiye nappe
of the central Cine massif. b) KO6 from the metasedimentary enclave within the orthogneiss of the Cine nappe
near Korgali. ¢) R9: garnet inclusion in plagioclase from the western Cine Massif.
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c)
Fig. 3-9. Photomicrographs of mica schist samples from locations of Cine Massif. a) Sample GU9 (western zone): garnet-chlorite-
biotite-chloritoid paragenesis. Chloritoid forms inclusions in garnct. Biotitc and chloritc occur as traces. PPL. b) Sample EM2
(central zone): chlorite-hiotite-garnet-chloritoid paragenesis. Biotite is in trace. PPL. ¢) Sample GU1() (western zone): staurolite-
chlorite-garnet paragenesis (left) and chloritoid inclusion in garnet (right). PPL. d) Samples Z7, Z8 (eastern zone): kyanite-
ilmenite-muscovite parageneses. Kyanite shown polysynthetic macles. PPL.
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PSEUDOSECTIONS AND P-T ESTIMATES

MnO is negligible on first approximation in all analysed samples lacking garnet. TiO, is
relatively abundant, and mainly incorporated in ilmenite (e.g. sample SE12, Z12, Z8, T6, Table 3-1).
White et al. (2000) show that large amounts of TiO, in metapelite have a restricted effect on
KFMASH phase equilibria. Therefore, it is assumed at first approximation that all opaques are “in

excess”.

Five representative samples (SE3, SE12, T6, Z12, GU1T) were selected for calculation of P-T
pseudosections in the KFMASH (SE3), NCKFMASH (T6) or MnNCKFMASH (SE12, Z12, GUI1T)
systems. The NCKFMASH system is suitable in sample lacking garnet with epidote, albitic
plagioclase and paragonite end-member participating in muscovite solid solution (sample T6). The
MnNCKFMASH has been used when additional garnet phase occurs (SE12, Z12, GU1T). Indeed even
weak additional MnO may have a strong influence on garnet growth (see below) and therefore can not
be neglected (Droop & Harte, 1995; Tinkham ef al., 2001). XRF analyses listed in Table 3-2 show that
K,0, Na,O and CaO are relatively low in the analysed samples, prohibiting usually, projection from
muscovite or plagioclase in all the P—T space. Isopleths of phengitic substitution help in some cases to
constrain pressure or temperature conditions (Wei & Powell, 2003, 2004). Additionally we used
garnet isopleths (core) to constraint initial P-7" conditions of garnet growth. For plagioclase the model
4T (C1 structure) of Holland & Powell (1992) was chosen, since the anorthite-component of

plagioclase in this study does exceed Ans. Other activity models used are listed in Appendix 3.

Sample SE3

This sample from the chloritoid—biotite—chlorite zone of the Selimiye nappe north of Selimiye
(Régnier et al., 2003) can be modelled in the KFMASH system (lack of garnet and weak participation
of CaO, Na,O and MnO, Table 3-2). The high abundance of quartz (SiO, > 80 wt %) is due to the
presence of quartz-rich layer in the remains of the rock chip used for the thin section. This is not
problematic -from a thermodynamic point of view- since the pseudosection is projected from quartz,
but we obviously lose some accuracy during XRF analysis. Within the metapelitic part of the chip, the
paragenesis chloritoid—chlorite—biotite (+ mu + q + H,O ) has been observed in thin section (Figs. 2-
4a, 3-7d). P-T conditions in pseudosection for the observed chloritoid—chlorite-biotite (+ mu + q +
H,0) paragenesis, are on order of 475-550 °C and 1-5 kbar (Fig. 3-11). However, the stability field
size for this paragenesis may be wider because of the large uncertainties at low pressure and the failure
of THERMOCALC to compute large Fe-rich field in KFMASH system (Roger Powell, written

total -

communication, 2003). Phengitic substitution (Si°" in muscovite) ranges from 3.10 to 3.23 (Table 3-

1) with a average around 3.15 (on 5 analyses in matrix). Therefore only the value of 3.10 for Si'"® i
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muscovite is stable for the paragenesis observed. The AFM diagram plots whole rock composition at
4.5 kbar and 540 °C for Si'"® = 3.10 (Fig. 3-11, inset) and corresponding calculated phases. Phengitic
substitutions with higher value are considered metastable. Possible interpretation is a P-7 path in
decompression or/and heterogeneity of the bulk composition at small scale. Unfortunately chloritized
biotite prevent any comparison between calculated and observed phases. However, it is interesting to
note the occurrence of chlorite-chloritoid-garnet paragenesis around 5 kbar and 540 °C via the

univariante reaction in KFMASH (Fig. 3-11):

chloritoid + biotite [l0garnet + chlorite.

Indeed, adjacent sample SE12 (see below) displays syn-kinematic garnet porphyroblasts in textural
equilibrium with chlorite, biotite and chloritoid (Régnier et al., 2003). P-T conditions are so likely
near the aluminosilicate triple point as already proposed by Régnier et al. (2003) but still with a large

uncertainty (see also Fig. 2-10).

Sample SE12

Sample SE12 was collected 1.5 km northward from SE3 (Appendices 1 & 2) and displays the
following paragenesis: chlorite-biotite-garnet-chloritoid-muscovite-quartz (Fig. 2-4b). Plagioclase is
rare (An;4) and not in equilibrium with garnet or chloritoid (plagioclase-muscovite-quartz). Epidote is
an accessory mineral (Table 3-1). P-T conditions have been estimated via two pseudosections in
NCKFMASH and MnNCKFMASH systems (Fig 3-12). In both systems, a part of pseudosections is
not caculable at low 7" and medium P. This results from the fact that zoisite is not predicted as a stable
phase. An additional phase such as paragonite-margarite and another activity model for Ca-rich
plagioclase would allow us to calculate this area, but will not bring any substantial information since
we are beyond the garnet stability field. In NCKFMASH the chloritoid—chlorite—garnet (+ mu + pl + q
+ H,0) paragenesis is stable around 8 kbar and 560 °C (Fig. 3-10a). In MnNCKFMASH the
chloritoid-chlorite-garnet (+ mu + pl + q + H,O) paragenesis is stable around 6-8 kbar and 525-550 °C
(Fig. 3-10b) emphasizing the importance of even small additional MnO for P-T estimates. Stability of
biotite with garnet, chlorite and chloritoid is not predicted in both systems. Phengitic substitution
ranges from 3.00 to a maximum of 3.12 (Table 3-1), leading to maximum P-T conditions around 7.5
kbar and 550 °C. However, the pressure is likely overestimated for two main reasons. Firstly,
phengitic substitution average is here around 3.03 for muscovite (on 11 analyses in matrix) and so
mainly correlated with low or medium pressure. Secondly, the grain size of garnets (around 0.5 cm;
Fig. 2-4b) likely involves non negligible fractionation of the bulk rock composition. The lack of
plagioclase in textural equilibrium with garnet may also result from fractionation of the bulk rock

composition since the percentage of CaO and Na,O in this sample is low (Ca0=0.83 and Na,0=1.54 in
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mole %; Table 3-2). Ca will be mainly concentrated in garnet during nucleation and Na in muscovite
(Table 3-2) preventing occurrence of plagioclase in equilibrium with garnet. Presence of sporadic

paragonite may also be envisaged.

The garnet core composition from microprobe analysis yielded: almandine (68%), pyrope (5%),
spessartine (5%) and grossular (22%) (Fig. 2-9a). This composition is considered as representing
chemical conditions of initial garnet growth. Figure 3-12b displays calculated Xgewmg.ca isopleths for
garnet (c.f Xp:=0.68, Xy,=0.05, X,=0.22). Intersection of calculated isopleths lead to P-T estimates
around 8 kbar and 530 °C well correlated with maximum phengitic values. Maximum conditions of 8
kbar and 530 °C is therefore interpreted as representing P-T conditions of initial garnet growth. In
other words, keeping in mind a classic schema during barrovian-type metamorphism, these P-T
conditions would correspond to Py, before decompression and equilibrium at Ty, in the matrix. We
believe that P-T conditions at T, are likely those predicted in the KFMASH system (+ q + mu +
H,0) for the univariante reaction: chloritoid + biotite [1Ugarnet + chlorite around 5 kbar and 540 °C
(Figs. 2-10 or 3-11). The presence of biotite a 7. is in this case explicable. This also means that
calculated pseudosections, when non negligible fractionation occurs due to garnet nucleation
(whatever the system, KFMASH, NCKFMASH or MunNCKFMASH), will lead to P-T conditions of
initial garnet growth but unlikely those at T.x. Figure 3-12b shows a possible P-T path for the sample
SE12 (arrow) according to the remarks above. P-T conditions at 7}, are also more in agreement with

the chlorite-biotite-chloritoid paragenesis observed in sample SE3 and described above.
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Fig. 3-11. Sample SE3 from the southern Selimiye nappe. -1 pseudosection in KFMASH
system (+ quarlz + H,Q) with detailed sections enlarged (insets). Note the position of the
reaction ctd + bi = g + chl (vsing the updated (2001) data set of Holland & Powell (1998)).
Phengitic substitution (Sit(’tal) ranges from 3.10 to 3.23 (Table 3-1), P-T estimates for observed
chlorite-biotite-chloritoid paragenesis are approximately 4.5 kbar and 540 °C for Sitotal jp
muscovite = 3.10. Inset shows AFM diagram of calculated phases and bulk whole rock
composition. Chloritized biotite prevent any representation of observed phase in AFM diagram.
Muscovite with high Si value is considered metastable. Heterogeneity of bulk composition
and/or P’-T path in decompression is envisaged.
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Sample T6

This sample from the metapelitic rocks in the western part of the Cine Massif contains the
following textural equilibria:
chlorite—-muscovite—quartz, epidote—chloritoid—muscovite—quartz (Table 3-1 & Appendix 2). This
sample mainly consists of chloritoid (mode of chloritoid around 80%). Plagioclase (Ans,) is rare and

not in equilibrium with staurolite or epidote (plagioclase-muscovite-quartz). In the KFMASH

T (°C)
Fig. 3-13. Sample T6 from the western Cine Massif. P-T pseudosection in KFMASH system (+
quartz + H,0). Insets show AFM diagram of observed/calculated phases and bulk whole rock
analyse. For staurolite FeO has been corrected form the amount of ZnQ). Phengitic substitution
(Sitotal) ranges from 3.00 to 3.13 (Table 3-1). P-T estimates for chlorite-staurolite-chloritoid are
approximately 5 kbar and 530 °C for gitotal average in muscovite = 3.08. P-T pseudosection
does not account for stability of observed chlorite-biotite-chloritoid paragenesis. Zoisite stability
can not be calculated in this system (see Fig 3-14). Muscovite with high Si value is considered
metastable. Heterogeneity of bulk composition and/or P-T path in decompression is envisaged.

chlorite—chloritoid—staurolite—muscovite—quartz,
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petrogenetic grid of Powell ez al. (1998) stable parageneses chlorite—chloritoid—staurolite and chlorite—

chloritoid—biotite are restricted to relatively low pressure by the reactions (see also Figure 2-10):

ctd +als O st + chl
bi+ctd U g + chl
chl + ctd OO bi + st

In the KFMASH grid of Spear & Cheney (1989) these parageneses are stable over a wider
pressure range. Observations of natural assemblages corroborate the stability of chlorite—chloritoid—
biotite paragenesis in andalusite and kyanite stability fields (Spear & Cheney, 1989; Likhanov et al.,
2001, 2004). The discrepancy between observed and calculated chlorite—chloritoid—biotite stability
fields originates from the uncertainty of the location of the invariant point [cd, als] (Powell et al.,
1998) and the slope of the reaction bi + ctd [l g + chl. To constrain pressure estimates the phengitic
substitution of muscovite was calculated with THERMOCALC and correlated with microprobe
analyses. Si®“ in muscovite ranges from 3.00 to 3.13. Observed AFM diagram phases has been
compared to calculated phases. A calculated AFM diagram using the bulk whole rock composition
plots the chlorite-chloritoid-staurolite paragenesis at 530 OC and 5 kbar (Fig. 3-13), according to
phengitic substitution average around 3.08 (Table 3-1). However the P-T pseudosection in KFMASH
does not show a stable field for chloritoid-biotite—chlorite. Possible reason is the whole rock
composition which may change even at small scale. Because of the presence of plagioclase and
epidote a NCKFMASH pseudosection was computed (Fig. 3-14). At moderate pressures there is little
difference between KFMASH and NCKFMASH pseudosections. P-T conditions for the stable
chlorite—chloritoid—staurolite paragenesis are again approximately 530 UC and 5 kbar (Fig. 3-14a) and

correlate well with the average of phengitic substitution (Si*“

= 3.08). The presence of Zn in
staurolite may result in lower temperature estimates. Zoisite—chloritoid—chlorite—muscovite—
plagioclase is stable at relatively high pressure for Ab = 70 % in plagioclase (Fig. 3-14b). But small
scale variation of the bulk rock composition may cause the growth of epidote and plagioclase (e.g
Fe'", Ca’"). Indeed Fe’* is not taking into account in NCKFMASH system preventing any
consideration about P-T conditions for epidote growth. The critical paragenesis is considered to be
chlorite—chloritoid—staurolite-muscovite—quartz (+ plagioclase not in equilibrium here) which

corresponding to P-T conditions in the kyanite field near the aluminosilicate triple point. Note that P-T

conditions are again near the reaction in KFMASH system:

bi+ ctd O g + chl.
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Sample 712

This sample from the Selimiye nappe in the eastern part of the Cine Massif is characterized by
strong retrogression of garnet to chlorite and pinite (sensu lato). Small relics within retrogressed
garnet reveal similar composition (X,im=66, Xg=22; X,=6; Xp=5; Table 3-1) to those obtained for
garnet cores in SE12 or EM2 (Figs. 2-9a & 3-8a). A Possible interpretation is that Mn in core stabilize
garnet at low temperature even after important retrogression. The observed parageneses are chlorite—
chloritoid—garnet-biotite—muscovite—quartz and chloritoid—epidote-muscovite—quartz (Table 3-1 &
Appendix 2). Chlorite and biotite occur as traces. Secondary chlorite replaces garnet during almost
total kelyphitisation (pseudomorphose) at the outcrop scale. Though plagioclase was not observed in
thin section, it may be present in the rock chip used for whole rock XRF analyses. With the given bulk
rock composition (Table 3-2), chloritoid—garnet paragenesis without staurolite or kyanite does not
exist in KFMASH system (calculated but not presented here). The more suitable system -as already
noticed when garnet occurs- is in our case MnNCKFMASH (Fig. 3.15a). Biotite is still not predicted
as stable phase. Then observed parageneses would correspond to the quadrivariant field: chlorite—
chloritoid—garnet—zoisite (+ mu + q + H,O) without plagioclase, which ranges from 8 to 16 kbar (Fig.
3-15a). However Fe’" may stabilize epidote at medium pressure and lack of plagioclase might be due
to fractionation of bulk rock composition during garnet nucleation (grain size around 0.5 cm; Fig. 3-
7¢). It is so difficult here to propose pressure estimate without phengitic substitution or garnet
isopleths like for sample SE12. Table 3-1 displays phengitic values ranging from 3.12 to 3.17 (Si* in
muscovite). This would involve pressure ranging from 7 to 10 kbar. Average of phengitic substitution
in the matrix (7},,,) yield a value around 3.15 (on 9 analyses). The corresponding pressure would be
8.5 kbar for T}, temperature around 525 °C. Calculated/observed (core ?) garnet isopleths (X, =66,
Xgr=22; Xpy=6; Xspss=3; Table 3-1) yield P-T conditions around 6-8 kbar and 525 °C (see intersection
field; Fig. 3-15a). Finally almost total garnet kelyphitisation implies retrograde metamorphism beyond
garnet field stability (large arrow; Fig. 3.15a).

Sample GUIT

This sample from the metasedimentary enclaves in the Cine Massif SW of Korcal1 contains the
paragenesis garnet—kyanite—biotite and lacks staurolite (Fig. 3-7e). Muscovite only occurs as traces
and oligoclase (Anj,s, Table 3-1) is not zoned. The relative low K,O abundance prevents coexistence of
biotite and muscovite everywhere in the P-T space. As mentioned above P-T conditions in KFMASH
are likely around 630 UC and above 8 kbar (Spear & Cheney, 1989; Powell et al., 1998). However, the
whole rock analysis show non-negligible contents of Na,O and CaO (Table 3-2), so that a
pseudosection in the MnNCKFMASH system (+ q + H,O) (Fig. 3-13b), indicates conditions of 8§-9

kbar and above 630 UC according to the presence only in trace of muscovite (biotite-garnet-kyanite-
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plagioclase (= muscovite) field). This is in good agreement with estimations of 600-630 °C and 8-11
kbar from the concomitant staurolite—biotite—kyanite zone south of Kor¢ali (Samples D1, D30, D42,
Appendix 2). However between both zones an important isograd is crossed: the isograd staurolite-out.
Indeed, corresponding univariante reaction in KFMASH system: staurolite + biotite = kyanite + garnet
(Fig. 2-10) become a narrow biotite-garnet-staurolite-kyanite-plagioclase quadrivariant field in

MnNCKFMASH at nearly same P-T conditions.

Sample Z8

This sample from the overlying metasedimentary rocks southwest of Karacasu contains
synkinematic porphyroblasts of kyanite in textural equilibrium with muscovite, ilmenite and quartz
(Fig. 3-9d, Appendix 2). The presence of previously unreported kyanite provides important constraints
on the pressure estimation. A P-T pseudosection can not be calculated since the sample lacks a
suitable paragenesis in KFMASH. Whole rock analyses shows non-negligible content of TiO, (Table
3-2), suggesting that most of FeO is incorporated in ilmenite, suppressing growth of other Al-Fe
silicates. The most suitable system is likely KFMASHTO (White ef a/., 2000). Phengitic substitution
in muscovite is low (Si'® = 3.13, table 1) and on first approximation we assume pressure conditions

similar to sample Z12.
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metapelite GUIT* SE3 SEI12 To Z12 Z8

Wt. % Wt. % Wt. % Wt. % Wt % Wt. %
Si0, 67.23 80.63 523 64.34 57.09 64.49
Ti0, 0.90 0.69 1.14 1.03 1.08 1.50
Al,O, 13.56 6.43 24.54 18.15 21.86 20.79
Fe 05 5.80 5.33 12.02 7.49 8.53 7.08
MnQ 0.08 0.07 0.13 0.04 0.15 -
MgO 3.01 0.33 1.87 0.85 0.94 0.17
Cal 2.17 0.04 0.75 0.88 1.13 0.15
Na,O 2.69 0.22 1.53 0.65 1.02 0.30
K,0 1.67 1.03 1.42 1.43 2.61 1.81
P,0; 0.22 0.06 0.05 0.08 0.15 0.10
Fluid .79 2.31 4.044 3.65 5.04 3.62
Total 99.14 97.14 99.79 98.59 99.60 100.01
metapelite GUIT* SE3 SE12 T6 Z12 8
Mol. % Mol. % Mol. % Mol. % Mol. % Mol. %
Si10, 69.40 82.15 54.32 66.02 57.39 66.36
TiO, 0.70 0.53 0.89 0.79 0.82 1.16
Al O, 8.25 3.86 15.02 10.98 12.95 12.61
FeOT 4.50 4.09 9.40 5.78 6.45 348
MnQ 0.07 0.06 0.11 0.03 0.13 -
MgQO 4.63 0.50 2.90 1.30 1.41 0.26
Ca0 2.40 0.04 0.83 0.97 122 0.17
Na,O 2.69 0.22 1.54 0.65 0.99 0.30
K,O 1.10 0.67 0.94 0.94 1.67 1.19
P,0; 0.10 0.03 0.02 0.03 0.06 0.04
H,O 6.17 7.86 14.02 12.50 16.91 12.43
Total 100.00 100.00 100.00 100.00 100.00 100.00

* pelitic gneiss

Table 3-2. Whole rock XRF analyses of selected samples of the Cine
and Selimiye nappes of the western Menderes Massif. Analyses are
given in weight % and normalized in mole % with Fe203 recalculated
to FeO total.
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P-T FIELD GRADIENT, NATURE OF TECTONIC CONTACT AND POSSIBLE ORIGIN OF
BARROVIAN METAMORPHISM IN THE MENDERES MASSIF

In the western Cine massif metasedimentary enclaves in orthogneiss recorded temperatures of
600— 640 °C and pressures around 8—10 kbar (e.g Sample GU1T). Nearly the same P-T estimates have
been obtained south of Korgali for samples D6, D1, D30, D42 (Chapitre 2) but in the staurolite
stability field. Surrounding metasedimentary rocks yielded temperatures of 525-540 °C and 56 kbar
(Samples T6). Albeit not precise, metamorphic zones shown an overall increase in P-T conditions
toward the orthogneiss. The contact between orthogneiss and surrounding schists is mylonitic. The
syn-metamorphic character of this contact is outlined at least in northern part by helicitic top-to-the-N
staurolite and sigmoid quartz pebbles. Shear senses criteria in mylonitic orthogneiss show same top-
to-the-N sense of shear. Correlation between shearing and metamorphism lead to consider in this area,
the presence of overall top-to-the-N movement and thrust of orthogneiss over metasedimentary rocks.
In the SW part the deformation pattern is much more complicated by the presence of top-to-the-SW
criteria. Absence of disharmonic structures would imply a possible partition of the strain, maybe
related to the mylonite geometry (c.f strike-slip shear zone, fig. 3-4). Another possibility is the
correlation between widespread top-to-the-SW shear bands and local overprint of primarily top-to-the-
N fabrics. Whatever the good interpretation it seems clear that top-to-the-N movement during lower
amphibolite facies metamorphism characterize the NE part of this area. Temperature difference
between sample T6 and GU1T in figure 3-3 would imply a “normal” temperature fied gradient of c. 25
°C/km, according to the structural distance between both sample (around 5 km). The pressure is not
well constrained but implies the presence of an inverted field gradient (prograde normal). Lateral

distribution of isotherms in this area is likely complicated by an important fuid influx.

In the northern part, metasedimentary rocks in an enclave in orthogneiss (south of Korgal1), and
orthogneiss everywhere in the Cine Massif revealed mainly top-to-the-N sense of shear with locally
coaxial deformation (see fig. 2-6¢). Top-to-the-N shear sense indicators are also expressed in the
central Menderes Massif, where mylonitic foliation at the base of the orthogneiss has been described

(Lips et al., 2001).

In the southern Cine massif, the Selimiye nappe shown widespread evidence for a top-to-the-S
displacement during prograde lower amphibolite facies metamorphism (Chapitre 2). Metasedimentary
rocks behind the Selimiye shear zone shown the same deformation during a prograde amphibolite
facies metamorphism. The difference of 2-3 kbar across the contact between orthogneiss/schists of the
Cine nappe and metasedimentary rocks of the Selimiye nappe implies that approximately 7 km of

crust is missing -notwithstanding thermodynamic uncertainties- throughout the Selimiye shear zone.
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Metamorphic zones yielded overall increase of P-T conditions toward the orthogneiss (chapter 2),

from greenschist to amphibolite facies metamorphism.

In the area west of Dalama, north of Cine, within the northern central Cine Massif (Fig. 3-1),
mineral parageneses (Sample EM2) of overlying schists and top-to-the-S fabrics are similar to those
found in the Selimiye nappe. The same observations have been done in the eastern part where top-to-
the-S fabrics are associated with garnet-biotite-chlorite-chloritoid parageneses and lower amphibolite

facies metamorphism (sample Z12).

Figure 3-16 summarizes parageneses observed using AFM diagrams (KFMASH system).
Indeed, we noticed during this work that only small differences occur in pseudosections using
different chemical system. Only the garnet stability field strongly depends on the Mn content and for
“normal” metapelite the system KFMASH can be used as a first approximation. Another important
point concerns the stability field of chloritoid. Whatever the system, the chloritoid stability field in Al-
rich metapelite is limited by the isograd chloritoid-out (breakdown of chloritoid) which constitutes a
excellent thermometer (Wei & Powell, 2003). The same is true for the staurolite-out isograd (Fig. 3-
16). Observed parageneses within the orthogneiss and in surrounding metasedimentary rocks
(including the Selimiye nappe), plot in P-T space near a line described as a “typical” geotherm for
“normal” continental crust by Spear (p. 37-39, 1993). This is characteristic of Barrovian-type
metamorphism. Chloritorid and chloritoid—staurolite inclusions in garnets from the Cine nappe
(sample D6) provide valuable information of an likely earlier high-pressure garnet—chloritoid—
staurolite paragenesis (Spear & Cheney, 1989; see also chapter 2) during metamorphism, and suggest
a clockwise P—T-path. Same clockwise P—T-path has been proposed for metasedimentary rocks of the

Selimiye nappe (Sample SE12).
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Fig. 3-16. Summary of parageneses observed in the Cine Massif. The system KFMASH has been chosen in order to
simplify the representation of parageneses using calculated AFM diagrams (see also fig. 2-10). Parageneses observed
are in grey. Sequence of parageneses describes a typical Barrovian field gradient. Chloritoid-in and staurolite-out
isograds are well constrained whatever the system chosen for metapelite. Position of other isograds is specific to our
own samples and will depend on whole rocks analyses. Clockwise P-T-path is deduced from pseudosections in
chapitre 2 and 3. Surrounding metasedimentary rocks are charactlerized by the stability of chloritoid whereas
metasedimentary enclaves shown total breakdown of this phase. Note the occurrence of sillimanite in the central

Menderes Massit near Tire (Evirgen & Ataman, 1982) and in the North Menderes Massit, south of Dermici (Candan &
Dora, 1993) (Bozdag nappc).
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The occurrence of sillimanite in the central Menderes Massif near Tire (Evirgen & Ataman,
1982) and in the North Menderes Massif south of Dermici (Candan & Dora, 1993) within the Bozdag
nappe, are associated with top-to-the north shear criteria (Hetzel et al., 1998), and concur with

northward crustal thickening.

Although the deformation history is quite complex, metamorphic parageneses are consistent
with a single metamorphic event. Figure 3-17 attempts to summarize our observations from a
tectonical point of view taking as assumption that all parageneses are coeval. In this case overall top-
to-the-N thrust of Cine orthogneiss would account for different sense of shear along different shear
zone. Top-to-the-N sense of shear would occur within the orthogneiss whereas top-to-the-S would be
expressed in overlying metasedimentary rocks. In lateral parts, accommodation of the deformation
would be done via strike-slip shear zones (Fig. 3-17). Lack of evidence for polymetamorphism
supports such a hypothesis. Indeed, if we assume an older age of metamorphism in the Cine nappe
compared to the one observed in the overlying Selimiye nappe (with chloritoid), retrograde
metamorphism in the chloritoid stability field would likely occur within metasedimentary enclaves of
the Cine nappe. In contrast staurolite-kyanite-biotite parageneses did not show any retrograde
overprinting metamorphism in chloritoid stability field (Note that there is still enough water within

orthogneiss metasedimentary enclaves to allow this retrograde metamorphism).

In this context existence of an inverted field gradient (prograde inverse) described by Hetzel et
al. (1998) near the Birgi-Bozdag area (north of our this study, figs. 3-1 & 3-18a-c) with occurrence of
sillimanite (and presumably cordierite in paragneiss or pyroxene—garnet—plagioclase in calc-silicate
rocks) at the base of the Cine nappe, would explain by top-to-the-N thrusting. Moreover, this position,
underlying Bozdag nappe (see. Fig 3-2) is characterized by staurolite—kyanite—biotite and garnet—
biotite parageneses, indicating a decrease in temperature across the nappe boundary (Hetzel et
al.,1998; Dora et al., 2001). This succession describes a typical prograde inverse field gradient (Fig. 3-
18) (e.g Scheuvens, 2002). Nevertheless, Dora et al. (2001) and Ring et al. (2001) postulate that the

inverted field gradient resulted from Eocene folding of a normal prograde field gradient.

South of Dermici Candan & Dora (1993) describe index mineral sequences which are consistent
with Barrovian-type metamorphism and which are exposed along a normal prograde field gradient.
Additionally, Régnier et al. (2003) reported a normal prograde erosion level near Selimiye. It seems
plausible that the lower unit thrusted during Barrovian-type metamorphism does not record real
prograde inverse field gradient, however detailed isograd mapping is necessary to solve this problem

in the Birgi-Bozdag area.
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Widespread greenschist shear bands are assumed related to top-to-the-S emplacement of Cine
Bozdag and Selimiye nappes during lower greenschist metamorphism via Bayindir nappe (Fig. 3-17).
Finally, retrograde metamorphism is common in the Selimiye nappe as previously noticed by
Ashworth & Evirgen (1984) and Régnier ef al. (2003) and has to be correlated with an important

tectonic event.
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DISCUSSION

Bozkurt & Park (1994) associated Barrovian metamorphism with Eocene burial of the
Menderes Massif under the HP-LT blueschist unit and Lycian nappes, an interpretation which does
not seem plausible since these nappes are typically cold during their exhumation. Rimmelé et al.
(2003) argued for burial of the lower units of the Menderes Massif to a depth of at least 30 km during
the closure of the Neo-Tethys (Northern branch). However, this study has not reported any evidence
for a HP metamorphic overprinting. Régnier er al. (2003) correlate important retrograde
metamorphism in the Selimiye nappe and greenschist facies shear zones in the Menderes Massif with
thrusting of the HP—LT units onto the core series (Figs. 3-17b, 3-18b & 3-18c). Exhumation of lower
structural levels has likely been initiated along the Bayindir nappe under lower greenschist facies
conditions with top-to-the-S movement. However, in contrast to our study from the southern Cine
massif (Régnier et al., 2003 and chapter 2), the new evidence from the western part strongly suggests
that amphibolite facies metamorphism throughout the Menderes Massif is coeval, implying that
Barrovian metamorphism predated the nappe emplacement and HP-LT metamorphism (Fig. 3-18b;
Gilingor & Erdogan, 2000).

Gessner et al. (2001a), Ring et al. (2001) and Gessner et al. (2004) suggested regional top-to-
the-N deformation exclusively occur during Proterozoic amphibolite facies metamorphism, while
Gessner et al. (2001a) additionally correlated regional top-to-the-S shearing under greenschist
metamorhism during the Eocene. Data of the western Cine Massif presented in this study shown that
such simplification is not suitable. Indeed, top-to-the-N deformation occurs during lower amphibolite
facies metamorphism and top-to-the-S shearing has been observed in southern Cine nappe during
amphibolite metamorphism. Moerover coaxial deformation is also present at the top of the orthogneiss
unit (Régnier et al., 2003). On the contrary, index minerals and deformation within Menderes Massif
indicate that a major tectonic event, which resulted in the northward thrusting of Proterozoic
orthogneiss onto lower units of the metasedimentary rocks prior to the Eocene (Hetzel et al., 1998;
Lips et al, 2001; Fig. 3-18b). Top-to-the-N shearing would be accommodated in the underlying
metasedimentary rocks (central Menderes Massif, Hetzel et al., 1998; Ring et al., 2001), while coaxial
deformation prevails at the top of the orthogneiss. We infer fabrics indicating top-to-the-S shearing in
the Selimiye nappe to be related to southward back-thrusting onto the Proterozoic orthogneiss (Fig. 3-
17b & 3-18b). It should be noted that metamorphism in the upper metasedimentary unit of the thrust
can involve a clockwise P—T path as in the lower thrust unit if dissipated heating is taking in account
(England & Molnar, 1993). Unloading implies decompression followed by heating of the upper unit
while loading would be followed by heating in the lower unit (Spear, 1993). The only difference will
be the presence of an inverted field gradient in the lower unit which has been described controversially

near Birgi-Bozdag area.
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Régnier ef al. (2003), Gessner et al. (2004) and Ring et al. (2004a) propose a Proterozoic age
for amphibolite facies metamorphism, due to a SHRIMP zircon age of 566 = 9 Ma for a metagranite
(only affected by greenschist shear bands) crosscutting regional-scale amphibolitic facies foliation in
the orthogneiss. It seems plausible that protolith age for a part of metasedimentary rocks arround the
Cine Massif is older than previously assumed (Caglayan ef al., 1980), Proterozoic instead of Paleozoic
in age. Indeed, fossils of Paleozoic age in the Selimiye nappe (Devonian and Carboniferous), have
been found (as usually) in very low grade schists. Alternatively, zircons from the metagranite could be
inherited zircons. For instance if original melting occurred with a strong fluid participation
temperatures attained will not be sufficiently high to cause rim overgrowth of zircon, so that some of
this intrusions in the Cine Massif may be young. Rb—Sr and **Ar—*"Ar ages on mica yield Eocene ages
within Cine and Selimiye nappe that are locally associated with a top-to-the-north displacement (Satir
& Friedrichen, 1986; Hetzel & Reischmann, 1996), contrasting Gessner et al. (2004) and Ring et al.
(2004a). Supporting a Tertiary age for amphibolite facies metamorphism are Eocene **Ar—""Ar age on
mica associated with top-to-the-N shearing in mylonitic granitic gneiss at the base of the Cine nappe
(Lips et al., 2001). “Ar—"Ar ages can also be interpreted as true cooling ages. However, it appears
unlikely for amphibolite facies metamorphism to take 500 Ma to cool below 400 °C. In addition, in
situ monazite dating with the Th-Pb ion microprobe method yielded Eocene age for a part of the
metasedimentary rocks of the Menderes Massif (Catlos et al., 2002). All these remarks outline an
serious geochronological problem which can not be solved, of course, only by an metamorphic study.
However the possible existence of a major tectonic event before the Eocene and during the Tertiary,
associated with top-to-the-N thrusting and Barrovian-type metamorphism, may have important
implications on the paleocontinental reconstruction of the eastern Mediterranean domain, and could
lend support to the idea of a Neo-Tethys (sensu stricto) branch south of the Menderes Massif
(Stampfli, 2000).

102



CONCLUSIONS

Parageneses observed in Proterozoic?—Paleozoic metasedimentary rocks of the southern
Menderes Massif are indicative of a single Barrovian-type amphibolite facies metamorphism related to
crustal thickening and northwards thrusting of the lower unit exposed in the Cine Massif. This could
occur during pre-Eocene Tertiary. The emplacement of the lower nappes (Cine nappe, Bozdag nappe,
Selimiye nappe) postdated the main metamorphic event and was most likely initiated on the so-called
Bayindir nappe under lower greenschist facies conditions. The Bayindir nappe can be interpreted as a
major greenschist facies mylonitic shear zone developed at the base of the lower thrust nappe.
Subsequently Late Eocene overthrusting of the HP—LT units following their exhumation resulted in
retrograde metamorphism observed in the immediately underlying Selimiye nappe. The petrological
data shows no evidence for burial of the lower units of the Menderes Massif to a depth of more than

30 km during closure of Neo-Tethys.
What remains to be solved are the cause and the age of the Barrovian metamorphism. Although

early Tertiary age for widespread amphibolite facies metamorphism in the Menderes Massif is

proposed here, this assumption needs to be substantiated by additional geochronological studies.
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Fig. 3-18. Summary of parageneses encountered in the Cine Massif and sketch about timing of the different metamorphism in the
Menderes Massif. a) Plot of different parageneses on a P-T diagram according to I’-T estimates of Régnier et al. (2003) and this study
(scc also fig. 3-16). The ditferent paragenescs typically described a Barrovian ficld gradient (Spear, 1993). Chloritoid inclusion in (inc
Massif garnet constrains clockwise P-7-path during thickening. C'ine and Selimiye nappes are in tectonic contact via a jump of pressure
on order of 2-4 kbar depending on the area. Selimiye nappe and surrounding schists in the western Cine Massil are characterized by P-T
candition in the chlaritaid-kyanite field near triple aluminosilicate point. Cine nappe is characterized by P-T conditions from the ctd-out
isograd to the st-out isograd (biotite-garnet-kyanite field, sample GU1T). Retrograd metamorphism occurs mainly in Selimiye nappe. b)
Sketch on the top: pre-Eocene barrovian metamorphism. We propose overthrust to the north (see text for sense of shear) of Proterozoic
orthogneiss (including the Cline nappe) on metasedimentary rocks, to explain Barrovian metamorphism (Hetzel er al., 1998; Lips, 2001).
Sketch on the bottom: syn to post-Eocene exhumation during closure of Neo-Tethys and emplacement of HP-LT units (blueschist umit
and Lycian nappe) on the Menderes Massif. Parageneses from this study are also shown. Garnet-sillimanite-biotite paragenesis from
Candan & dora (1993).c) P-T path history proposed in this study correlating emplacement of the HP-LT units over the Menderes Massif
with the important retrogression observed in the selimiye nappe. The hypothetical prograde inverse field gradient from the Birgi-Bozdag
region is also shown (Hetzel ¢t al,, 1998; Dora ¢t al,, 2001), Sce Fig, 3-1 for patterns, SSZ= Sclimiye shear zone, Z = zone,
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Chapter 4

Summary and general Conclusions

In Chapter 2, we put forward the theory that Barrovian-type metamorphism expressed within
the core series of the Menderes Massif may result from a polyorogenic history. In other words we
considered two distinct events and metamorphisms. The first one would occur during the Proterozoic
involving the Cine and Bozdag nappes with amphibolite facies metamorphism and associated top-to-
the-N shearing. The second one would occur during the Eocene involving the Selimiye and Bayindir
nappe, related to the closure of the northern Neo-Tethys branch and associed with top-to-the-S
shearing during a single greenschist metamorphism. Meanwhile, the Selimiye nappe which effectively
shows top-to-the-S sense of shear, recorded higher P-T conditions -greenschist to lower amphibolite
facies metamorphism- than those observed in the Bayindir nappe at the base of the lower thrust
nappes. Additionally, part of the Cine nappe in the south showed amphibolite facies metamorphism
associated with top-to-the-S shearing, making speculative the idea associating different sense of shear

with different facies and ages of metamorphism.

As discussed in the Chapter 2, P-T conditions in the Selimiye nappe contrast with those
observed in the Cine nappe. The difference of P-T conditions between the Cine and Selimiye nappes
has been observed via paragenetic analyses and furthermore quantified from a thermodynamic point of
view. Therefore the contact between the Cine and Selimiye nappes in the southern part is tectonic
throughout the Selimiye shear zone and postdates the Barrovian-type metamorphism. These
observations support the notion of nappes to describe the structure of present-day Menderes Massif.
On the other hand, parageneses observed in both nappes are indicative of a single Barrovian-type
amphibolite facies metamorphism. Petrological study showed a strong consistency of parageneses
from greenschist to upper amphibolite facies metamorphism and point to a single event affecting
metasedimentary rocks of the Selimiye and Cine nappes. No evidence has been found for a
polymetamorphic history. There are therefore no petrological and tectonical reasons — according to our
remark above concerning the sense of shear- to dissociate in age the metamorphism observed in the

Selimiye nappe from the one observed in the Cine nappe.

It has been proposed by previous studies and in Chapter 2 that the actual structure observed in
the Central Menderes Massif, which shows the presence of high-grade (Cine and Bozdag nappes) on
low-grade metamorphism rocks (Bayindir nappe), was initiated under lower greenschist

metamorphism by top-to-south out-of-sequence thrusting during closure of the Neo-Tethys (northern

105



branch) in the Eocene. This model seems consistent on the whole with our observations but the
Bayindir nappe could only be a major lower greenschist mylonitic shear zone at the base of the lower

thrust nappes, inducing exhumation of previously existent Barrovian-type metamorphism.

In Chapter 3, evidence for top-to-the-N thrusting of orthogneiss over surrounding
metasedimentary rocks has been found in the western part of the Cine Massif. P-T conditions during
this top-to-the-N thrusting are around 530 °C and 5-6 kbar. Mineral parageneses are consistent with a
Barrovian-type metamorphism and correspond to a lower amphibolite facies metamorphism as
expressed by the presence of staurolite and chloritoid in textural equilibrium. This additional data
make the interpretation of Proteroic top-to-the-N versus Eocene top-to-the-S deformation respectively
associated with amphibolite and greenschists metamorphism improbable. However presence of
widespread top-to-the-S greenschist shear bands is in good agreement with previously proposed top-
to-the-S emplacement of lower Menderes nappes (Cine, Bozdag and Selimiye nappes) via the

Bayindir nappe.

The idea that emplacement of the lower nappes is related to out-of-sequence thrusting during
single greenschist metamorphism involving the Selimiye and Bayindir nappes is not supported by this
study from a metamorphic point of view. As mentioned above the Selimiye nappe and overall
surrounding metasedimentary rocks displayed higher P-T conditions than those observed in the
Bayimdir nappe (Phyllite of lower greenschist metamorphism). Moreover, out-of-sequence thrusting
and associated metamorphism used by Ring et al. (19994a) and Gessner et al. (20015) to describe the
structure of the core series, would imply polymetamorphism in the directly underlying Cine or Bozdag
nappes and so retrograde parageneses in the chloritoid-garnet-chlorite stability field since the base of
the Selimiye nappe records lower amphibolite facies P-T conditions. The lack of evidence for
polymetamorphism, whatever the type within the metasedimentary rocks from the Cine nappes, argue
for a single event. Within the Selimiye nappe no evidence for an inverted field gradient or for a single
lower greenschist facies have been found. In contrast the metamorphic gradient around the Cine
Massif is prograde normal from greenschist to amphibolite facies on the erosion level and unrelated to
any thrust on the top. Therefore metamorphism in Cine Massif predates out-of-sequence thrusting (and
associated greenschists shear bands) of Ring ef al. (1999a) and Gessner et al. (20015). Additionally

evidence for a HP-LT metamorphism overprinting is nonexistent.

Deformation and petrological data are consistent with a top-to-the-N thrusting of orthogneiss
over Bozdag metasedimentary rocks related to a classic collisional chain metamorphism. Difference of
sense of shear in surrounding metasedimentary rocks compared to those in the Cine or Bozdag nappes
is not in contradiction with a single event. Collisional chains show widespread evidence for back-

thrusting shearing on the top of the structure during regional compression and thrusting (for instance
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in the Himalayas; Brunel, 1986). Subsequently Late Eocene overthrusting of the HP-LT units would
induce exhumation of the lower nappes (Cine nappe, Bozdag nappe, Selimiye nappe) likely initiated
on the so-called Bayindir nappe. Retrograde metamorphism observed mainly in the Selimiye nappe

would result to top-to-the-S thrusting of upper and middle HP-LT units.

According to the geochronological problem outlined during this thesis, there are therefore two
possible schemes: either Barrovian-type metamorphism is Proterozoic in age and so part of the
sediments from surrounding metasedimentary rocks has to be Proterozoic in age too; or Barrovian-
type metamorphism in Eocene of age (or Mesozoic since these ages are deduced from dating on mica).
In the first case the structure observed now in the core series would correspond to a simple
exhumation of proterozoic basement. In the latter it is possible -as outlined in Chapter 3- to envisage
that Barrovian-type metamorphism associated with top-to-the-N thrusting would occur during closure
of Neo-Tethys (sensu stricto, southern branch). This may have important implications on the
paleocontinental reconstruction of the eastern Mediterranean domain. Indeed, possible presence of
Neo-Tethys suture beneath the Lycean nappe may represent an oceanic closure during southward
subduction involving for instance the presence of exotic block between Gondwana and the Taurid-
block. An even more complex history could be envisaged but additional geochronological studies are

necessary before doing so.

Whatever the assumption, the HP-LT metamorphism displayed by the overlying blueschist and
Lycean nappe, has no relation with the observed parageneses in the core series. Moreover Barrovian-

type metamorphism pre-date on the whole emplacement of the lower nappes.

Recommendations for further study

Despite the very fact that we did not make a success of dating mica and amphibole by **Ar/*’Ar
method, the few results that we have seems relatively promising. Indeed, prelimirary results yielded
Mesozoic ages on mica from the Cine nappe (c. 100 Ma). Within the Cine nappe amphiboles are also
well preserved and albeit rich in calcium, they still display the presence of potassium. That would be a
good starting point to perform dating by *’Ar/*’Ar method using [Ca, K]-amphibole. The other
important point concerns the existence of an inverted field gradient (prograde inverse) described by
Hetzel et al. (1998) near the Birgi-Bozdag area in the central Menderes Massif. This area has to be
mapped in detail from a metamorphic point of view in order to mark the boundary of the sillimanite-in
isograd and to constrain the succession of parageneses. Generally, the northern most part of the
Menderes Massif lack of any detailled metamorphic study. The correlation between metasedimentary

rocks from the southern Menderes Massif and those outcropping in the northern part is therefore
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complicated by the distance involved. Additional data from the northern most part is crucial for

understanding of metamorphic history in the Menderes Massif.
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Appendix 1

Location of samples in chapter 2.

2736
2742

4 : 1)41:/ 20
& 13742 Faki] T
- 1337 —_— 3K
I . D3b
D4 D3

P31~ iz

D3

2
nrr_ =D

mg\;//D,’f;
DisDIGh
O__l S 03 o DR
- D 13
kilometres 012 i
DYy e
S iy
m\ i
3736 T~
[)7\\_____1)[

¢ 10 20 30km

27727

37°33

o bhin 27930"

peLtl

r 27733
27738

275397

37°30"

2742

N = 7' s
: Fibiv Iy
.#'g. X3 Fil 42
Ny g Hﬂ 11
= :
\9(70@ AR f;j___\ A 2748
% y
(&} 10
- N, g Ff',f// PR EI7
N ECANTNY FIS Senkoy B
>y ~ (ri’(.H(:(ﬁ/ 5 827
afs 53
D HH \/ B2
TG 822
{7 A 03
4
- 03
TN [
% ™~ l\/
5 SELIMIVE n %,.,
~,
D - a r'/ // r)m/)‘/f”’ o4
~. (w =
i ot
0 15 3 ~ : ri / Soih
~ ur B m orf 030sE,
kilometres : ‘U" \ N /}
Q20
”" ol
0 P
ox 0% 7
. ~ 1)35/ €y
<
B e
rr ('?(‘4[ 5
o \\/
[SURN
—
MILAS
[m]

109



110

X L - - - - - - - X - X 0T 1072 /233
L a L - - - - - - - X X X 0T 107:L2 923s
L L L - - - ()X - Z 0dL - B/WL "% X X W02 10%:LT 092 LZ:.LE s195233
1 L - - - - - - - X X X WOC L0%.L2 WJO9ZP LT, G¢3s
L a L - . - - - : 3 X X X 02856 OF ¥E L2 S19yZ3s
L - L - - - - - - - > o X 0T .56 220 Z¥23s
L - L - - - - - - - X o X iSE 0€.£2,.LE #23S
L g o - = - (do - - . X X X IS6 086212,/ £23s
L o - - B 0do - - - X X X IS, W08'SZ.22./ FES
L 4] : i = [T : i & X X X (12 W09€Z 22..8 1235
S L - - - Odo - i . X X X St 81,22,/ 023s
L L X - - - - - - X X X OFEE 0122,.E {ES
- - X - - (rd)x 5L - X X X 4 00°6.48-48 ELEES
& 1 €] - a Cdne - - X X X 1 0004248 €138
- - o - - 0 - 0 LY | % ¥ p P 7138
<] - = (X - ROIS) X X X 054 58 9135
3] - - ()X - 0 o X 05F W02 5€.92.4€ HES
[4) - - (Ldyx - X X X 058 .04 GE82..E ES
X i - i - Gdx 3 X X X 058 .09°0€.92./ HES
X i = ()X z (AL 3 X ] X EE] 0T LZT:4E HES
[3) - = ededx A AX - 6OL% | o % .08 Vi £2.92..€ 1135
o - - 0do - Z - X X X 0L T .00'81.92./€ (ES
o - - [ - z - X X X 0L6Z65.C_ | OV OLSZ.i8 519 635
3] - - - - - - X X X 0L 6ZE 07 91.92.4E 635
X - B - - - 3 X o X .08 WOLZHIZ:LE 835
o : & G - (X 5L X X % .00° 00°5.92.1% 135
o - = dEd(dx cdo : X ] X .05 L.08'95.52,.8 935
Q - - - CdL X X <] X .00 00 FS.EZ.L8 5§35
L - - - - X X P - .00 WDV 2Z552.L€ ¥
X - - = - R - X o X 0Z 6.5E. L00'SZ.52./8
L - = 3 = (Ldx . X X X LOEVLESLT | JOSZTHEZ.LE z
Q Q = - = - - . X 9] X OSEVEELZ | JOTLGHE.LE
do Ay 5 [} pia EICH) nw ds; b N

1oured popridonal =y zyenb = b SUIOTYD = [
% I> 1 anbedo = do JILIBIPIOD = PO
%011 O eou s = e awuoques = Q> so|dwes palpn}s Jo sasauabeled
% 0I< X ey = Ay Mo =19 =
sasouaderd urewr = d SUDISN[OUL = [ aede = de N Xl UC mQQ..q
UODIZ = 1Z Pwes =3 S}ISN[EPUE = PUB -

MC.——M::,_._Oﬂ = 0]
AMOMEBIS = 1§
anuewnps = s

redspjay = dsy
2510z ‘sajoprda — do
PIOLIONYD = PR

sjoqydue — ydume
ATBpPUOD3S = ¢
wasqe -




= = S - Thd)x - - - CdlL s - X X X X 0T B¥.1 Fol .05 15,92, 8
- - X - B01 Gdx - - (.4 (Do /ML iz - X - X 106951 Fo.L2 192..8 L
: : X - E0L (dx - - a0 do - do - X o X 105051712 I E)
- - 3] - zd)o - - - Zd(do - (do X X X X 0L LF.LT. cz8
L 1 ] - - - - (1.8 ediedo {edi1dlx [ - X Q Q QP 6ELFalC (=]
L <) [§] - B} L - - (1.0 GRS Ch(LdX tzdhx = X X X 0001 ¥ol2 dezg
L 1 o - 5L - - 0.4 do T - X X X O 1L bol3 SIIZZE
L 1 3] - BN - - (. do T - X X X O 1L Fol3 zza
L - 0 - 0dx - - L (Ao - 2 - X X X 08 L1 Fol2 si9.za/za
L - - [S) - [5) - - - 1 ) - X X X X 0L161./C | .0S2ToT.L8 0za
L s s L - [5) - - 5] [3) ) [5) B X - X OE¥rlb.IT | OPSLEZ. 518
= = [¢] - [¢) B - (1.8 (Do = [ = X X X PEBE. L Foli 00T} EZ:LE 8l
- - 0 - (B - B = (X = Cdo X X X X OV 08,1 ¥ol 09852,/ s
- - [S) - [(EI) - - - (dx - - - X X X 02 82,1 Fol2 0125218 F)
: = L - 90 - - - (dx - T (LOX X X X X 00611 FoL3 08 ¥FFZ:LE F
: a 0 - 90 - - - Gdo ) Cdo = X il X 02 9},1F0l2 02 OFFZ:LE ¥18
- = X - [(EIS) G - - (X = - X o X 066.17..2 02 ¥FbZ.LE HE
L L - 8] - [(EI) - - zdix Zdi(do - czdio - X o X 065.17..T 021G FZ.LE HE]
- - [s] - - - - [(EN (L) - z (do - X X X 08'65.0F.. 09 OFFT..L [E]
- - ¢ - - - - zdo (Do (GRS cdo - X o X ZEVOF.LC | .09BEFZ.LE 018
= z X - - - - - (% [[FS - = X X X 0%.0F.L2 001 EFZ.LE 5
= = X - - - - adL Gdo = - B X X X 92,012 .08'8ZHZ.LE B
- - [S] - [(EI) - - - Do - L - X L X 100 0Z.0F..2 .00 0ZFZ-LE I
L - 1 0 - - - - - (Do - (do - X X X 05 ¥ HOF.LZ 08 ELPEZ.LE 98
d - - X - - ) ) - - = - X X X X OF8S.65..C | .068S.E2..C 58
L L = o - - - - - (dx - (do - X X X P OB L ISEZ.LE &
L : 5 L - - - - - Cd)1 - 0dx - X <] X 09 1 716€0.2 ¥SEZ:LE
. = = L - : ) - - [§) s - X X X X 0L ¥EBE L3 BVEZ..E
L L - L - - - - - do - do - X X X 01 6Z.6€.12 L¥EZ.LE
1z de 0} la ydwe da A s B ] PR qIes nw dsy b 3 N
L 1 [¢] - - - - Gdo (dx - - - X X X OV 02ViT 089 LZ:LE
L : L - - - - - X - - - X X X 00 L b bal2 08 ¥7LZ.L8
L = L - - - B [(EN (dx ) - B X X X 0881 F.l2 06 17,22,
- 1 L - - ) - - X E - 3 X X X AT 00Tk LZ.LE
L 1 L - - - - zdo [ - - - DL X X X ALY 0L 172218
L [5) L - - - - - X - - - X X X 088L1b.L2 | .0.BLLZ..€
L = L - B - - diL (dx = - = X X X ¥l JOLPELT:.E
L X o - - B - - X 5 - = X X X 090LLb.LT | 0L 1TL2..8
L 1 S - - B - .4 5ri)L Ty ) - = X X X 06 L1 bsiT L096}42:.8
L 1 0 - - - - (.8 (% - 2 - X X X AN .080}.£2:.8
: : [S) dx Zdx - - tdo Zdiido - 3 X X X X 0E01.LF./T 08'9.2./
L - - X [T - - - (.} (1 d)x - H - X X X 09G.17.iZ 082592,
L L 1 X - - - - 1.80% (d)x : [ 2 X X X AN OF T592:28
= = 5] = zdl0 - - (197 ED(dL ) z 6L X o X 0081 F.LE O EFIZ.LE
- - 8] - [E£IS) - - d01dix G I - T - X [s] X W08 V1L bl .08'G28Z..8
- - 3] - 0 - - [ Zd(d)o - do - X X X TN TATNE LOF'B19Z..8
- - 0 - G do - - ZdIX (Ao Zz (.do - X Q X 100 £},0¥0.2 00°1.92.4€
- = X - [5) - - (1.0 [(TIIS) do B X o X 00°G1,07,12
) = = X - zalido - - ZdIX Gdo - B X - X OV EIV.LT
A = = X - zd)o - - (.4 ed)Ld)x & X Q X 0F §1BE.LT 06 BFEEZ:LE
L E = ] - 1 - - - (dx - - X X X 0E ¥E6E.LC {08'BEEZ..C
£ de o) do ydwe da L] I 5 1q P q1eo nuw dsy b 3 N

111



o

F

[~
Ot

O =

=

|-
o

(o] (o] BN PN 9 S el [e] o] (] [}

===

] Ll

- X - - - X X X LOEL7lFL LC7ELETL €23
(dx (d)x - - - X X X 02 S7lF:L LCS'GLETL z23
- - - 0 : o X X 0L 0S¥L CEGLETL E=120
= X - s : X X X .08 05.F. 22 C7'GLETL 2020
- X - T - X ] X .07 T3LF: LT L0€ LEZ.LE L3
- X - - - ] 5] X 08 TrdbL 0L LETLE 81O
(dx (Ld)x - 4 3 X o X J0LGELFL 016581 10
= X - 4 B X X X 0L 1ELF L 05" 1728 913
= X - 3 B X ] X .07 7. P2 CE L7281 3
- X - - - X X X .08 9SF.L .07 27:88L e
X 040 5L Ld)C - - B X X X (S TBYLT 02822t p)
2d)x zddio z (o - X X X LCEC8FLT LCELLTTL Z13
a (9o (dx : X X X (S8l .08 622 L)
(L)X - Z = X X X .0S78F71T .08622.L¢€ 112
[s] (Ld)o - (Ldh - X X X W07 28.0F: LT LCLS6TLE doiD
(do zddio - Zdx - X X X LO0ESLF:2 0087121 462
- 5] - & - X X X Oz eodbL LCS6E.1TL 80
- (dc (d)x (do - X o X LCE'BTITL )
- () - (do B X 5] X 07 6LITL 92
- (9o - (d)o B ] - X .CE'GL.0ZL 50
- X - - - X < X .C5°0L.02-L o)
- X - - - X ] X .0L'€.0Z: LS €0
3 L - - X - <0 D .C00S61-L€ 20
- (d)x - (djo = % P X 0E 158118 10
] 1q P12 2 EIEE nw ds; b N saiduies

112




1 L o L 2 2 - = X 5 2 - X X X L0885 2h.LT 0Z5.97..E
1 L X L - ) - - X s 2 = X X X LOEBE LT 0T S.9¥.LE
1 - 1 X - Gdlo Gdx ()X [(EI] - - - X X b 0E7..2 WOV ZEGY.LE
1 - = X X - - - (1d)ic - - - [e) 0 L0083k 2r.L2 CENT
1 - - X B/ L (1 dX - - (Ld)x B/L (A% - - - S/ % X WOEEL LT OTEEFF.LE
L a o o ) - - - X = ) : X X VPF1F..2 | JOEBEVP.LE
L L 8] o 2 - . (L)X [(C)FS = = = X X L088F 7.4 | JOBGHF.LE
1 o] X L = a = a X = = = X X JO0E'8E LF.LC W0GGGEF.LE
L o [s) [s) - - - (dlo (L)X - - - X X W05 ZLLFLT WLO06EEY.LE
L L o L - - - (dio (Ld)x - B 1L X X L0S5FQFLE_ | DV iEEP.LE
L a 8] L = - - 0d)o [(T)FS = B : X X L098F07.42 | WDV iBEV.LE
1 L X [3) = - : (1d)o (LA)x = - - X X KIWE N 04 82EV.LE
L - 1 = - - Gd)L (Ld)x = = = X X WOLEFQFLE | DL iTEFLE
L X 1 - - - (d)x (Ld)x - - - )L X X DEGL7.LZ OB ELEY.LE
L X 1 - - - - X - - - X X W22V 1F.LT 08 LEF.LE
1 [3) 1 : - : (LE)X (La)x : - - /(1L X X 08 ZL LT W04 LG2Z7.LE
1 X = ediedix__ | Bi0L d)d(1dn &AL 5L A (1do = z - BT X 0 DLLZ 1PolC | 0B 2G2P.iE
L 1 X - (ediizd)x Edied(L X (R L zd)(1d10 - Z BIL - BIL X X L0B6°3C 1PoiC_| M OEZPLE
1 [ X - (zd)x ed)1d)x A0 dx 5L 1dI0 6001 z D)L 5L [ 5L X W00EE LPoLT W04 ETTFoLE
- 1 1 - - - - 5] - - - ) - LOEEE 1Pl | OB FLZP.LE
L X [5) - = - (a)x (Ld)x - z - ROTT X OV LE LF. 4 08 FTFaLE
L 1 8] - - - ()X 6/0L (L dx = Z - DL X X LB IE LF. 4 0585 17.L€
L 1 [s) J ediedix EDE0LdX Eddx zd(1dio 0N = - BT X X WOLEE LboL 0T 05.L7..8
1 [s) [s) = - : (16X (LE)x = Z 3 X X P EZLFLT W048ELF.LE
L 1 L - - - (rd)L (TR - - - X X 09V LFiZ | DOFBELFLE 9td
L X L - - - 0d)o (Ld)x = - - X X L098507:42 | WDL0ZLY.LE ced
1 5] [5) = ) - [T () = z : X X OE1Lv.ig 0Z0.17..E ved
L X L = = - (16X (LE)x a FALTI0M - X X L LFoLT DT T5.07.L8 €20
1 L [0 . - () (4o = B/DL - ST X X L LFs i 0F.iE z£d
L 1 9] - A0dxX EDEIIX edl(1d)x &dzdio - z - Bl X 0 Z Lhodi W01 BEDV.LE 120
1 [5) Tz (L)X 6L Ed)Ed)Ld)x ed)(LdIx 5L cdledio 5L BrIL - BATL X X L Lpodi L005207..8 0ed
1 o - (zd) (L)X Eded){(Ldix ed) (1 dix Eddo 6/0)L - - X X WOEEL LF LT WD0°E10Y.LE 523
[5) ] ) = . (a)x (TR = z = X X TN 09 FOFaLE 2zd
L 1 8] - ) (dx (.d)x (d)o ) - - 5L X X 00617..2 OZESBE.LE £zd
L 1 L - - - [T (Ld)x - [ - X X 0ZEL7.i2 OB ZrEE.LE 920
- 3] - - Zd)x 5. ‘) (d)o - Z B/1)L " @do [ Bi(]1 % X X LOET 7. WD0'EEEE.LE £20
L ] [5) zd) (1) Edd (L [EEIE &dzdio 5L - - ST X X X 0B 0.17.4 BE.4E ¥Za
1 L 1 5 G Edzd(dx Ed0dx Edzdo 6L Z BIL - 5L X X % LOL S L7ed, BE.LE £2d
L L 1 [S) 6L X (Ldx (Ldx AL a0 5L [ - X X % 0L T AP0 06 F6€.LE 220
- = - o - B - 1 = - X X L X LOF L L7.iZ L00F585./8 12d
L - [5) - - (.d)x (Ld)x - BDL (0L X | Bl X X X LB EL7.4T WOV SEEE.LE 020
L L 1 o - - 5L Td)x ()X (L 601 - - 5L X X % W0ZLFLFLZ | JOTGGLE.LE 510
L - [5) (Ldx = ) i Ldx = B : X 0 X 049k 1v.i2 | 06 irIE.IE g1d
1 3 o (do g B i (dio = - X X 0 X 0TS LF. LT DLV IS8 213
1 L 1 [5) BL X - BDL T dix (d)x a1 dx. zd)L = 5L X X X .00 927.4, W095ELE.LE sI991Q
1 L 1 o - - - (.0)X (Ld)x - - - X X 009274 L095EE..8 91a
L L 1 X ) d [T (1o () = B : X X % 05627.4 DL 62.18./8 1a
L n o o B 3 - (Ld)x (L% - - 5L X X X 0851 TF. 4 DT V1HIE.LE ¥1d
L = K [5) 1o 2 = i (dio = 5 X X X X L0Z 5L b i OZOLE.LE a
L 2 1 o - . - i X ) 2 5L X X X 0Z 254 00Z.LE.LE a
L - - [5) 1do - - - () - - X X 0 % 5L 2p.di 018555,/ a
L - L X - - (191X (.dx /)L TLdx 6,001 z Bri)L - 5L X% X X bl 2hoL 0T ErBE. 4| ]
1 - ) L 51 edo = - (X A0 dx = - X 0 20 % HETN 0L 9E8E.L| ]
L L 1 X - (edio 6/00.L ed)(Ld)x (.d)x ed)zdo 6001 - - 5/0L X X % ol 086258, ea
L = 2 1 Ldx = . i () = = X X [2s) X ol OB 298] $13.0
L 2 - o (.dx g B = (dic = g X X ¢0 X Pl 08'EZ8E. 4| 40
1 1 [S) [5) 5L Zd (x| B/0L DX [EEIE edlzdix B/l)L - - BTL X X % [ 0T G1EE.L| oa
L L [§) o - (zd) (1d)x (ed)zd)(Ld1x (ed)(1d)x (ed)(zd)x 6001 - - 5/0)L "X X ol DL HESE L ca
1 1 [3) [%) = (L)X ed)(1d)x d(1dx edzdio 6001 - - 5/01L X X v27.42 06295,/ drd
L L X o = = B = X 3 ] - X X 1274 061555/ s13eq
L L X [5) = - zdlo (dio d(Ldx 5 : X X Tl 0615554 td
L - o o - - - (.ax (L - - X X X 9Z7.L OEBF.GE. L ]
1 1 o] o] - - - - X - - - X X X YRANE W0 BFGELE siq L
L 3 o o - 3 - (L d)x (L% - - - X X X 08 L2742 D0°8F5E.LE 1a
Z de o} do ds 5] 5 B q [ 43 CIER) nw | dg) b 3 N se|dwes

113




L L 1 [S) - - ) - - () (. do do = X X X 0.2888,.C_ | _.098892..¢ ]
- 1 X - - - - - (do - [ - X X X OF 178€..C | .0E6EZ..E 512
- 1 [s] - - - - - (1d}o 1 do Cdo - X €] X 020! {OLTRIZ:LE 71
- - [§) - 1 - - - (Do - 0dx - X <] X 0.2 0B Z€.9Z:.8 €IS
5 1 X - B B B - (do do A = X [s] X 05 02 1T9Z..8 ZLS
: 1 X - - - - - (L dx ) z B X o X or9 0002928 112
L 1 0 - - - - - (dx - z (do - X X X 0L LOET}9Z.L4 0L

L - - [¢] - 1 - - - (1dx - EE - > X X 00Z) 0L°6.92:4 [5)
- 1 [§] - L - - 1L.0X (1dx - 201 (LdL - DL X X 0L .05 85,52, €9
= - o - - - - - (Do ) z (do - [5) X X 09 .00'952Z..8 19
: 1 X - - - - - Do ) (do B X X X 06" L09TSEZ:LE 99
= = X - - ) - - X s - - X X X 0t .05 BFEZ.LE 5]
- 1 X - - - - - (T - - X X X 08 .05 8¥2Z.LE

L L 1 [§] - - - - - (dx - - X X X 02028 OF E¥EZ.LE

L L B [¢] - L - - Gdo (dx - - X X X 0Z128€.12 | .OE IREZ:LE

1z de 0 do ydwe do L5 5 5 19 PR q1eD nw dsy b N
L 1 L - B ) B - Do = - X o X 0L
- 1 X - - - - - - - - X o X 019
- 1 L - 1 - - - Gdo - - X il X 002

L - 1 [¢] - - - - - ()1 - - X X X OLE (06 0€,52,.€
L j 3] - - - - - [ B 3 X [¢] X 0TZ OE9TEZ.LE
= [ L - - - - - X ) B X o X :
- f 0 - - - - - [ - - X [s] X g
L 1 [S) - - - - - (dx - - X o X

L : 1 [S) - - ) - - d1 ) - X o X 08 I7E8..C

L L 1 [¢] - - - - - ()L - - X [s] X 06'iFEE.LT | .09FLEZ.LE

13 de o) dao ydwe de L5 s B 9 (05} qIes nw ds} b 3 N
= = [¢) - = ) ) B - = 5 X X X 08'6LEE.LE | [0S IPEE.L
L 1 X - - - - - do - 0dx - X X X EOTEEL L0E'6}.92..L4
L 1 5] - - - - - (L dx - (.do - X X X O iFLE.LT 0STLT.1E
L 1 0 - - - - - Gdo ) [ - X X X 0818.18..2 05 122:4€

L L 1 [5) - - ) - - [N - [ = X X X OL i ol 0V'G.22..8

L = 1 [s] - = = - . (Ld)1 = (. = X X X 06 75.0€.. O LLT.1IE

1z de o} do ydwe do LT s 5 [ PR q1E0 nw dsy b 3 N
L X L - - - - (do (d)L - - X X X 0} 08,922 Z1ZE:L8
L 1 L - - ) - - (do ) B X o X 0} 089212 TLEE.L
: 5 [S] - 40 - - £L [N ) 3 X o X 02 £2.92,. L0011 ZE-LE

L L X 3] - B - - - (Do : B X X X 02919212 0L92E.18

L L 1 0 - - - - - Gdo - - X X X 05 71.92..C 00G.2E.L8

2 de o) do ydue do L5 5 5 1q P q1e nw dsy b 3 ) sajdwes

114



1 3 5] ) = = ) = (d)L (do (d). = [s] 0 X L W9 FEEZ.LE SIQZLN
1 1 X = = - ) = (d)L (dlo Z B X 0 X 02 SR SE. 4 DI FEBZ.LE z

1 - o - - - - Gdo (d)o 6,001 1 dx Z - 5L % o] X W00 bk GE. L N 1

L 1 o - - - - - GdiL (8% Z (1d)x - X 0 00 bk SE 4 82.4€ 0

1 - X - - - (.dx L - 5L 2 5L X 0 X 08'P.9C.L8 £82.,48 BN

1 1 o s = B (dx 0L = T - 5L X% X X LOF E88.L2 P.82..8 g

1 - o Zdd)x . - ()X zd)o 3 Zd) (1) UL Td] X X X L0512 8848 582.4 N

1 - 9] - - (.dx% (dio [0 (L d)x 5L X X % o€, 42 582..E diN
1 - o (Ld)x - - - (dic - (Ld)x X X X X TS E 9N

1 - o - - - - () - Gd1 X X X X LT 82,48 SIASN
1 - o ) i - - (dio - - X X X X o LT 82,48 TN

1 - 9] - - (.dx% CdiL - - - 5L X 0 % N5 82,48 PN

1 2 1 B - - s . ) s - X X X WL 8LELE 05 L62.LE €N

1 1 1 - - - - - - - - X X X WOEDLLIELE | OFSLEZ.LE N

1 o 1 - - - - - - - X X X WEDLLELE | DS BLEZ.LE B=.N
z 0} 0 yduwe ds 5] 5 [ R B 0120 nw ds) 13 3 N SojdWEs
1 - X - 6,101 (1o - - (Ld)x [10[) (Ld)1L - 5/01L X Q X 06 SF £7.42 0T 9GE2.LE Zid
1 - L = (do = : 0dL X ] X ¢ 0852 £F. LT 08 LYC.LE 1id
1 1 o - 6/()L - - Qd)x BlDL X Z - 5L % o] X WIEBZEFLT | OVLbFE.LE aid
1 - 8] - - - - - - - - ] S X W009€7.42 WD0G17Z.LE 8d
L 2 [5) ) ) - - i - - - L L X WEZE7.42 WDE8HTZ.LE 8d

1 1 X 2 s = - (LE)x Bi{L %X Z (1AL - S0 % o ¥ [ W00 42F2.L8 Ad

1 - o - L = - i ) Z - o <) X 0995 Zh.LT 7 0E.7Z.LE 9d

1 - 8] - - - - - - - X X X 018FZh.LC | JOOGPFZ.LE cd
n - 1 - [ - - - - (1d)x X X X X b 02742 [Z]
L 1 o - L - - - - - - X <) X LOEDF LA ed
L 1 X - - - [N BADL (2d)o R - 5L % =] % W05 BE LFaLT 7 8F.PZ.LE zd

L - X - - ) - GdL () - [8) 0 % WOFBELFLZ | JOEBGFZ.LE ]

H o1 do ydwe da 5] IS [} (=) 142 0JED nw ds) b 3 N sodwes
1 1 ) - - - - (LE)x% - - - X X X W0L5L 87 LT W09 462Z:LE 0

L 1 o - - - - (X - - - X 5] X LOFB8LEF.LZ | JODBSZZ:LE S0
L 8] L - - - - - - - - X 9 X 0L 129542 OETETLE 70

1 X 1 = = = = - = ) - X X X 0E'5Z EF.LT OF ££ToL! 519 £O/E0
1 X 1 = 2 - B = = = B X X X LOEFZTEF.LT DL VTl 519 20
1 o 1 - - - - - - - - X X X LOEFZEF.LT DL VET LS z0

- X 9] - - - - - - - - [§] X X WOEFZ Y.L 08 7ET.LE 1B=10
Z o1 do ydwe da 5] IS [ ] PR 149 cJeo nw dsj b E] N sojdwes

115



L - L 5] - - - - - Z - X | x X 07 LLGEL N
T 5} = B - - - Zel - X | X X 020751 01654218 A
B [5) - - - - ) [ - X | X o L .Cp L BZ-LE [
T o . = = = B Z el - X | X X Z 06 01,82..E W
L o] o] = = = = = = - X | © X J .01'€2.82.1¢ N
] de 03 do UdWE 0] IS 5 PR ) QIEd Ny | ds) 3 N
1 T - T - - - - - < - X | x X W00'5L6Z-LE
L L - L - - - - - - - X | X X 02 6L6ELT
L - T - - - z - X | x X 0L ELBEL
T r B B . - N - X | © X Y] 02 Z26E: L 3
L = 1 - - - - - X | x X L W07 ETBC L o8l
- N - 5 B - - - - c_ [ x X 1 07 S26T.L z
- n L z - - - - - - [e] [ x X ! GTHCL si9 g9l
X - L - do - - - . 1 X | X X z "GT6C.L. [
T 1 N - - - = 2Ll - X | © X .0Z°¢ ol “GL6C L 7
T T T . B = g - Z (ZdL - X | X X L002£8.12 IL6C.L B
T T [5) p B - - - Z - LX | X X L08'L£€.12 09°8L6E L H]
B - 5] g < < - - . - X | x X oLeee.le .06°6L.62L iB=,
de Q) do UCLIE e IS [B 15 U2 GIER) () [ ds b E] N sajdwes
= 5 ] . = - B - Z°0 - - - X | O &) L CSEGEEL .00 8,81 L}
= o . = = = ) Z (DX - - X | x X 08 LLYE.L 07 0P8l TE
T o) . = = B Z (Ao - - X | % X LS SEFEL .07 07uiCl 3
T 15} . B - - (1d) - - X | X X . CFa5.Fe I
= ) = B B B Z GD(DX - - X | X X 7L 85822 dcid
L 1 1 5] = - = = (2d)(Ld)x - H = X [ x % .0£ 225812 HE]
L L L 5] - - - - A dX - z (do - X | X X 06 TTSELT CLT8Z.LC [
T 15} - B - - ©d( X - A - X | X 1 SE.L CZl8Z.LE ok
- o - T - - - Gdio (X A - x | % X 581 6
= ) . - - B z Z Gdo (dx Tdo - X IS X e L EE]
E [5) - B - - - Z () (T} Tidio - X | O X el id
= - &) - [ - - - [ - z (.1 X X | ¢© X oL 94
- L 5] - L - - - d)(LdTL ed{Ldx Z AL - X | © X ¥E.1. =]
L 1 - ) - - - - (Ld)x - - - X [ x % L0 LL¥E. L. (=]
L 5] 0 - - - - % - - - X | © X 02 CL¥E.L td
L - X = - - - d)(Ld)x - Z dx : X [ x X ‘ 2]
L L = 5] - - = - (d)L - iZ = X [ x X [F]
3 de o) do UdwE do IS 5 [TR) o a12d no__ | ds) 3 sodwes |
s B ) - B - - - - H - X | X X [
T n L - B B - - - H - X | x X
T T L - B - - - : - - X | x X
L 1 1 L = - = = = - [ = X [ x % [1E
L L L L - - - - - [ - LX | X X HE
L - - L - - - - - Z - X | © X z13
L L - L - - - - - - - - X | X X .0€ 62681 Siq113
B L = - - - - ¥ - - - X [ © % WJOF LEFE WOE6THCL 13
T T . = = = T ZAN . O - Z AL - X | X X 08 7C.¥S .00 6L6CL 013
1 L - - - - - X - 4 = X | © X WOL L LS WLEZL6C L 63
[5) 0 0 - a1 - - zdl0 A dx - - X | X X .09 Z¥e.12 0L LL6CL FE]
L X X - - - - - o - - - X | L X 1T .CP £B2.L8 z /3
[o] o [o] - - - - - [e] - - - X | © X €/ .CP'€B2.LE e
L 1 1 L - - - - (190 (2d)(Ld)x - Z Zd)L = X [ x X €.LT BZ.LC 93
L L 1 [5]) : - - - = (td)o - Z (L)X - X [ x X C0'L2£E.-4T si3 ¢3
- 5] - (do : = - zd) D)) z_(zo)adL s X | X X CELL€8.0C | . g
- 5} = - B - - (1d) (Ld)x z (DL - X | © X .0S°€L.8E.IT 08°0L.8C./¢ [£
= 5} T g g - - 0.d) (Ld)x z (1o - X | © X L0SPEe.12 . COCBZ.LE 3
- T B - - - = <) - - - X [ x X W06 G72€:LT 0T 6G.4CLE 323
- = T = - = - - 1 - = = X [ © X J0E€'672E-1T 08'65.4C-L€ 3
de 03 do UdWE 0) IS 5 B q PR &) CIER) na__ | oS 3 E odwes |

116




= = 5] - : - - - (1do - z'ielL - X [+] X 01'6G,58..2 OF'€5.52:LE 120
= 1 1 = = - = = (1o = T o = X [s) X 00851 F..T LA a9z0
- L [3) - - - - B (do - a1 - 3] [3) X 006FEY.LZ 3 520
- - 3 - - - - - Gdo - [N - X X X 08 LTEbsL 720
- - - L - - - - - - - - X - [5) X WL VEED-L €20
I L 1 [5) - ) - ) - do - 4o - X X X 0855.27.L z20
1 3 B 3] - g - 3 - (do - AR 3 X X X O PHZb.L 120
L - B X - = - 2 - [s] - - X 3] [5) c OV EEZP.L Z0
- - L [$) - - - - - L - z - n L X 06'Ghbb.L 10
- - [3) - 1do - - - a1 ()TN (L6 o X [3) [+ N AT z0
) L [3) - - ) - (do (dx - - X [5) X OV L15b.L 10
- i X - BL - - IS z 1 do BADL (eI z - L3 | % X 02 75FelT. 710
L <] [¢) L - : - = (9% (Ldx B 2 : X [5) X OSELEP.LE 9.0
- X [¢) - - - - X - - - % X X LOTELEb-L 510
- L ¢ - - - - X - L'z - X [5) X 06°ELEP-L 7LO
L - [ - - - ) [(TES z (DX - z - X 5 X OV £.50..T €10
= L [3) - : - - (dx - 3 3 X [3) X 06 ¥S.Fp.L zL.0
L 5] [3) - ) - ) (v - - ) X L X 0T S5.7p.L 110
L 5] L - - - - X - - - [5) X OV ESFp-L 0.0
- - [3) - - - - L - - - L X OV Fp-L O LFZ.LE 60
1 i 1 - - - = L)X (Ld)x - z = K ) X 00 Er.hb.L JOF LFZ.LE 8C
- f [3) - L - ) - - 3 [5) X 0T 18 Ph.L2 O ¥1L5T..8 0
L f - 3 - 3 (L - z 3 X [5) X DT TTbbsdi I ER)
= L - . - - [ - 041 - X 5 X OLBLbb.L c
1 - [5) - - - - (dx - - - i [3) X OL12bb.L R
1 - [¢] - - - - (L - - - 6,001 % [3) X SOLVE L ()
- 0 - ) - - - X - - 2 X X X 00 1Zhp-L €0
= X - ) - ) - - - - X [5) X 6hb z0
= X [3) - = - = - L - g 3 % X X F 1C
de o} do ydwe da 15 5 19 55 qIea nw ds} b sejdwes
T - X - - - - - CaL - - X 0 X 2]
L 1 X - g - - ) 5] - ) % X X 0z
= L X - s - : (Ldlx (d)o BANL L)X iZ 2 b1 X [3) X 51
= : [§) - 3 - 3 L L - - 3 X X X 81
- - Q - [(EIN - - - Gdo dx C - X [5) X SI3 LI
L L 3 - - - - (do BADL (o)X 3 - 61 % X 0 08'96.92..€ 91
) 1 X - - - - (do dx 4 - B % [ X 0T 6+.92,.¢ S
L - - 3] - - - - (1o 3 - 6,001 X [3) X (0494218 FIN
1 1 L [§] - - - (d)o g : 6,01 X X X 08Zhigalf G5
= L X - = - CdlL 5L (.40 z - 6L % X X TELZ.LE $10 d2 1
L L [3) - - - - Gdo dx i1’z - X X X T2LToiE dZ13
L 5] L - - - - - X - T - % [5) X CELT.LE 11
) 5] L - - - - - X - - D X X 02 07.22..€ 01
1 n 1 [3) - - - = [T)] (L)% - [ - 6,01 [3) X 00'8Y.42..€ 53
L 1 ] [s] = = = - e (L) . 4 - X X X OF 15.4C:4€ ER]
L 5] 3] - - - - - X - - - X X X OV 66,4248 did
- - L - - - - [(CES (Y - 4 X X 0 X 0V'65.22.4€ 5]
= L [3) - - - - (L0 (dx - z - X X X 09'81.82..¢ EENER]
= L 3] - ) - - (L)X 5L () - - 3 X X X OFV'8Z.82..€ ]
L L X L - ) - - - X - - - X X X 08'9h.82..€ 2]
L - 1 1 - - - - (MBS (Ld)x - - - X X X 08 €L62.18 e
L - L L - - - - - X - - - X X X W0 L8384 08'61.52.4€ ]
1 L - L - L - 3 - X - - - % X X WOTIEBEL 08'61.62.4€ ]
5 de o) do ydwe da [ s 5 [E] PR 2] qIEd nw ds} b 3 N se|dwes

117



L L L L B - - - - z 1o : [ x X LCS0S0E./C_| .06 7EsSalE zlN9
L L L X = - = = - Z = [ x X CLSLIEIT | .08'8LAELE )
L L [¢) X : - - AL B/01L (ed)(Ld)o 700 Z AL - [ X X ,02'02.28:12 W00 PLLELE 0LNo
- ) X - - - - [ B0c 1 Cd1L - C [ © X L 0£ 76281 06 PLiE L 6N9
L =) L - - - - % - - - X | © X .02'GEEEL 024 L gN9
5] X L i - = = (dx - CdL : X | X X 02 67£8.L .09 LE.AEL N9
5] X L = = = = = X = = = X | © X 0T 7584 .00 L€.4EL eNo
5] ) L G - - - - - g - X | % X 0L O¥EL2 07 LEEL
L L [5] - - - - - - - X o | x o 0S'GSEELT | .07 CEuf.l
L - - X - - - 2 - - X c_ [ © [§] LL¥ESZ | JO9EELELE
L = = [5) = = = = - = X [s] | © X LLYE LT G €E.LELE
L [5] = X ) = = B = - = X | © X CZ'6EHFELT
L - 0 - - - [1dix - Z (9L X X [ x X CO'LEVE:L
1Z de do UOWE 1S] B B PR 42 Q1ed nw [ dg b =
. X 5 - . 3 : - s - X | X X 082212
E [5] i - - - ) - z (dL - X | X X 05551
[5) [5] - - - - v - Z (AL a X [ x X 0S5 '6758.LT
L 1 ) E = - = 3 = - (Ld)x = X [ x X . CE'8EGC. /T
L [5) ) X - [o) - - - - Zz (dL - X [ X % .CE'825T.L
L L X - - - - - - Z (.dL - X [ x X ,0S'GLST:L
= [¢) % = B B - = - Z AL = X [ x X \70°ELSELE
[5) X = = - = : - z = X | X X L06'652:12
5] Ed = = = = 3 - = = X | X X O L7WTc L
[5] - - - - - - z (AL - X [ x X L CF6EVT. L. 06ZL
[5] 3 - - - v - Z (Ldx - X | X X CL'62FC.1 CLPEE.LE
L - [5) : - N N = - (.d)1L = X IS LCE'0THT LT .06 LEE.LE
L 1 X = [5) N N = - Gdo = X [ x X 05 L L L0SZLECLE
1 L 5] [5) * 1 = = r ) z do osylL X | x X 0L 7PE: WL LLEE.LE
1L - - 5] - - - - - - (Ld)x csy{DL X [ x % 087 L0SCLES. LS
L L L X - X - - - - [E0 X X | © X LCES: . CO'8EE.L!
- - - L - - - - - - - X - - L OLTE 086528/
L L 5 [5] B - B - 3 - . : X | © X 7L 7L L07'GLbEL
- B ) X = - - - . - - X | X X 0L OF 06 PSEEL
L 1 1 [5] - 1 N B = - - X [ x X 08 L¥e 0L PGEE.L
L - 5 X - - - - - - - 0 [ x X L0872, 05 1GEEL
L 1 L 5] - - - - - - - X | X X 0SS ¥2:12 L.09'G7.88.LE
L L n X - - - - - - - dsyWL X | X X 06 C¥.LT 07 GPEELE
L L [5] - - - - - - - X | x X 02 7L¥E.1T 9'8E.6€. .
= L X - [5] - - = = = X | X X 06 E¥2-LT "SEEE.L
L - [5] - - - - - - - X | © X 0L IGET LT L
[ de a) do UCWE e IS [5 B [9) U2 FIEE) nw [ ds b =] seidwes
L L L X &do - zdio - Edied) el - X | © X L0LSE1E.22 | 08T20F:LE 9L
L L 2 L - = = = - = X | % X GEIELE | .0LSCOVLE 6L
L 1 L L - - - = - - = X | X X C0'8E1ELT | .087280F-LE €L
L L - L - - - - - - - X | X X LO0€ZIELT | .082E0PLE ZL
1 L - X - - - Odix - Z - X | x X \0E4G1E.LC | OLGEOPLE 1L
z de 0] do UCWE e S B B 5 U2 FIEE) o | ds) 3 E N soidwes

118



119

L 5] X - z (.do - X X 109 ¥G.08.L: 06 0%.8E..E
L = 5] = dsylUL (X = X X 105 92,0842 01 96,381
[s) 0 0 - FspL (1900 | dsrlL X X .00 BZ.0E.13 .00 £Z.8E.28
L L = 0 - dsplL (1910 = X X 0L 0E.0E.L .0k 0Z.8E.LE
L L 1 0 ) z = X X 0L0Z1E..C | 09S5.LE.L8
L f [¢] - z (do = X X LOF EVLE.LE
5] ) 5] = H - X X 0L1618.JC_| OV 6LlE.LS
[5) [ 5] - - - X X LOEVZELT D0TELE. LS
L - 5] - - - X X OL9LZELC | 08 1EJE.L
L 0 0 - - = X X 0L TT2ELT_| 00 9TLEL!
de oy da ydwe qIes dsy b = N
[5) 0 5] - B X X 0Z8292..C_| .09659¢E.L¢
L o] o] mmlt.:k ds; (0L X X 04'9€.92..C 08C.LELLE
[ X 0 - dsyrilL X X OV 11.92.JC_| 06051808
[5) 1 5] - ds;rilL X X OF1192..Z | .06 0S2E.LE
- 0 0 ) = X X OV 0.92.42 O SHLE.LE
L 1 0 5 = X X 0806.52..C_| 02 ieli.ie
L - X - - X X 00 FFEZ.le | 0 9elE.le
L = 0 - - X X 0 925E.LC | .08 1GLE.LC
_ . X . - o X OV932.._ | 0SE5.L8.L8
L 0 o - = [5) X 009G FE.LE | .OPTSLE.LS
L 0 0 - = [5) X 05SPFE.LC_| 0P 1SJE.LE
de o1 do ydwe qIEo ds} b
L <) S dsy{0L dsi()L (Le)c - X X LT .08'85.9E:2€
L i [¢] - (do - X X ¥4 .00 [S3E..8
L I I - 0] Ao | dsylilL 41310 - X X LT 08ZTiEIE
L ] 5] - 3 o z = X X X OF 85.22.13 068G, 98 ..
L f X - [T (dio o - X X X 100°85.LZ.12 0¥ S5,9E. L4
L 1 0 - @do Zh0dc Z (LOJL - X X X 00°85./Z.42 0¥ 55,5845
- : X X - - [ - - X X X 0T G.82.4C .01 06,9844
L L 1 L - ds; 07 Gdi [ dspllL @O d0 Z d)o - ILx| % X 09918212 L0 THIE.L!
L 1 [§] - zdo ed(Ldx z 0Ldx - L X X X 0€'61,82..3 .0F 62,98
5 0 X - v 3] z = X X X 061824 0T €T.9E.L4
L D 0 . e (dio z (LOIL - X X X 0F iS.LZ.1 D0TG.5E. LS
7 de 01 do ydwe 5 [ IE) qIeo nw ds} b 3
1 L 1 0 - - [ z'(.do - X X X 0T T.520iT 09 BF.FE.L
1 L = 0 ) B (idio z (.o = X X X 05 GE.52.1C OF£.88.18
L = o - B 1 - = X [5) X OLEF.ST.LT 0E85ELE
5] - 5] . r o z - X X X 06'96.52..C | .08 0CSE.LE
L - L - - o - - X X X 05 119213 080,34
L 1 5] - v 0dio - X X X 09 12,9242 01 ST.2E.L8
[5) = 0 - - [ = X X X 0¥ 0Z.92.. 0T LLEE.LS
[5) : X = - (T} = X X X 0L S2.92.1 DETEELE
L X o - v X = X X X L 529 WLE
L - X - v [S) - % X X LS. Wi
L 1 5] - - (dio - X X X OFEr. N
L : 5] - 0do (T = X X X 0L15, PE.L!
L = X ) (G ido = X X X 05 IS, PE.L
L 1 0 - v X z - X X X DOLELZ.0E . PELL
L L 1 X » r X - X X X OEEhie.LC | .OF PRFELE
1 - 1 1 - - X - X X X 01'TZ.L8..C JOZ'EVPE.LE
1z de o) do ydue 5 1q uo q1es nuw dsy b 3 N




L - 5] X - /00 - - X L - - <] b/ "X X L0£'G7.15: 12 LCETLSh.2E EE]
L s L X ) - - - Gd)x (dio 6,000 "(1d)x [N - L% 8] L08°GP.15:22 CETLSh.LE FTE]
= = L X : /10 : - (Ld)x 1 e - (L.do X X .72 0L0S /T .Cv'8nSh.LE qLi3
- L X - /0L - - (d)x (dio - - 51 X X X .72 010522 CF875F.1€ LW3
de 0} do ydwe de (5] 15 B 19 [T5) 5] oles nw dsy 3 sa|dwes
1 L [s) - - = B (Ld)x [ - H = X X L7 BEOPEE .CO'ES9P:LE ¥4
5] L B = - s = dx (dio : z : X 5] 0T E7.0P. 0L b LS z
- L X ) 1 - - - 1 = - <] Q [s) 0 7EEP: CO67ER-L! vz
: L X - [¢) - = (1d)o (d)L (Ld)x s X [s] .05 GG e CFEebbaL! z
- - X - zdio - - (d) z 0d)L BTL 2d)(Ld)X z (1AL - z X [5) 05 LLSF. TEATL A¥3
- L 5] - - - - - (1d)o - Z (L - a X 0L PEFP: "0SEP.L! F
5] - [8) - - - - Odx (.E% - - I X L Cv 62852 0152 012
- L X = B = - = Z (d)L (A Z (L1 = X o 0867662 L.CL'G20b-L: 62
E = X = = X = = = = - = X 5 0B ZEEST LCEL20b.L! 8z
- - - X - - X - - - - - - 1 - .00 £GZE-EC L5 120r:2E iz
1 - L X - 1 - - - (Ld)x - (1LdiL - X X L0 BG.EEEE .CO'62.88-L€ 92
: - L X - 1 = - - [¢] - - <) X X W09 7LFEE2 LCET78E.L! Sz
L 1 L X - L - - (1c) (ed)L - ZdN.d10 - X X L6 PSPEEE .CE'96.8E:L [74
8 : = X - - - - Gdx (1dlo = z (do = X X 08P P LCE L9881 €2
- - L [3) - 1 - - - 01dio - 0dx - X X .08° 07 FE: .CL'928e.L! 2z
- - - [5) - 5] - - - - - <] a X W00 ELLE: L0ESELE (¥
z de 0} do ycwe de 5] 1S [ [T5) Y2 Qe nuw EEN 3 N sejdwes
L 5] 5] [5) = - B - (dx B - = X X CE6FY- LT 06092 £OY
L L al X = - B [(E) (Ld)x E - 2 X X W00 EZER:L L0619k 2 CEH]
L B g 8] B g - Qrdyx (d)x (L - . X X L0022 EP:L L06'L9FL 90
L L - [5) - (Do - - (T[] - - - X X X L0l 0S6E2 00292 SOX
L L - L - - - - - - - - X % X .08 076812 L0629F: L€ 7O%
L L 5] [8) - - - - Gdx - Z - X X X .09 L78E12 .Cl875b:2€ SOM
L L - L - B & = (d)o : - - X X X W00 €78E:22 .COLESY-LE 20
L - = L - 3] - = = = = = ¢ L X W00 C72p L2 .CETSSH-LE LOX
de ) do ydwe de I5] 5 B PR 3] B0 nw EEN b 3 ] ssidwes |
1 - [6) - - - - 0dx - 2 - [§) X X 0L 02,484 CETLbp L 10109
1 = [5) (dx (Do - - - - - - - - 1 LLOZELEL LCEESIb-LE {iE)
1 - 5] 0dx (do - - - - - - L L 1 .06 0ELE:L L05°22r:LE &N
5] X [§) - - B - Gdx = 2z B [$) X X \CP'GuLE LT LC5'162Zr.2E N9
L - [5) 0dx - - - - - - - L o 5 .06 1G8E 12 CElper.lE E)
L 5] - [3) - - - - (D) - Z - X X X LCE'GLEIT L0ESrp.LE 15N9
L L - [8) (dx - - - - - - - - X X W09 ELLELT L CE8nbr.2E 1¥N9
L [5) = 5] ) - (Ld)o - {Ld)x B z : X X X LS ELAELE . CS'86.PP-LE 1£N9
L 1 B L ) - e - (1c)o e - = X X X WOEELAELT .C7'OLSh-LE 1z2n9
L L s [8) = - (Ldx - GLd)x B z - n X X W0V ITLELT | CE6LSh:lE 109
3 de 0] do ydwe do E] 1S B P10 U2 Q180 nw ds) b E seidwes |
L - L - - - - - - - - X X JO0 EG8E- L2 LCELEOF- L 2vdo
L - L - - - - - - - - Q L X 05 ClL¥E:L CFSebbaL W40
o = L - - - - - - - - X X X L COGPEp.L! CLOM
1 = [3) = P 3 = = : = = X X X CESTZh-L: FLOM
1 - 5] - - - - - - - - X X X LS oL €LOM
] B X - - - - Odx - - - X X X L7 LibbaL 2LOM
L 5] = [5) ) - = - : : Z ‘(dx : X X X LG LE0F.L! LLOY
L L - 3] - - - - - - 21X - X X X .08'65.0€. 2 LCO'9E6E.LE d01 A
L L B [5) = - : - dsy @ L dix - 2 (1d)x ) X X X 06 PS0E:LE JCP'GLBE:LE RN
1 1 - [s) - - - - (1e)o - 2 (1Ldx - X X X W08'6G.0€: 42 .CS'GP.8E.LE 39Y
] - [5) - - - - - - H - X [s) [5) W00 L7 IEL LFTTOb-L: 19
1 X [¢) - - - - (Ld)x SA0L 2 (dix - X X X W06 PP HEL JCE LT Pt SI999
L X [6) - - - - Gd)x 501 2 (¥ - X X LB PPHEL ATy 99
5] L L ) - B = = = - = X [s) LO0EEIEL bl SOY
1 = L = = = = = = - = X X L0E°CELE ol 7OY
1 - X - - - - Gdx 501 2 (X - X X 0B 67.0€.22 bol! BE
1 L [5) - - - - - - - - X X L0211 IT oL ZOX
5] X L - - - - - - - - X X .08 6E0E- 12 ol BE
de 0} do ydwe de [5] 1S B P1 ['E) oles nw dsy 3

120



Appendix 3

Thermodynamic in petrology & THERMOCALC software

INTRODUCTION

Thermodynamic of solid solution is a large subject which involves mathematic, physic and
mineralogy background. Because we used exclusively THERMOCALC software (Powell et al., 1998)
during this thesis work, we will present here a summary about thermodynamic principles and try to
explain succinctly the method used by THERMOCALC to solve non linear equation. More details can
be found for instance in Powell (1978), Holland & Powell (1985), Powell & Holland (1985), Powell &
Holland (1988), Holland & Powell (1990), Holland & Powell (1998), Powell ef al. (1998), and Will
(1998a, 1998b). Consider the reaction involving M;, M,, M;, M,; end-members of minerals and F;, F,
fluids:

mM,+m,M, + fF, & mM,+m,M,+ f,F,

where m;, m,, ms, my, f;, and f, are respectively the stoichiometric coefficients of minerals end-

members and fluids. At the equilibrium the molar Gibbs free energy of reaction AG,,/ T at Tand P is:

ACpdt P
T + L)AKx)/iddp

my my 1
+RTln(aM3) () (a.) =0 v

(a0 )" (a0,)" ()]

AG," =AH,"" ~TAS, "+ [ ACpdt~T [

with T in Kelvin and P in kbar:

-A,_Hm,T‘J’P“ molar enthalpy of reaction at Ty and P, (1bar and 298 K) calculated via molar

enthalpy of formation from minerals end-members and fluids (kJ.mol™).
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-A S % molar entropy of reaction at Ty and Py (1bar and 298 K) calculated via molar entropy

r=ml

of minerals end-members and fluids (kJ.mol".K™).

- Cp heat capacity for each mineral end-menber and fluid, usually:

1
Cp=c,+c,T+c¢,T7 +¢,T * (with c=constants and T in K).

- a activity of the different phases involved in the reaction. In our case the fluid phase is
globaly consist of F; and F, fluids (for example CO, and H,0). The mineral M; might belong to a

global solid solution ¢y; or can be the only end-member present in ¢y; which imply in this case that

ay, = 1. However, most of the time it is not true and ;3 consist of several end-members.

- R gas constant = 0.0083143 kj. K 'mol™".

If the volume of solid phases are dependent of T and P, then:

J:,DAVsohddp =A|:PV1,298(1+05(T_298)_ﬂ§)}

with:

- V] 295 volume at 1 bar and 298 °K (KJ.kbar ")

- & coefficient of thermal expansion (K™)

- [ coefficient of isothermal compressibility (kbar™)

THERMOCALC SOFTWARE

The software THERMOCALC (Powell et al., 1998) use internally consistent thermodynamic
data set (Powell & Holland, 1985; Holland & Powell, 1985; Powell & Holland, 1988; Holland &
Powell, 1990; Holland & Powell, 1998) which allows to determine uncertainties on phase equilibrium

calculations summarized here. Consider the global equilibrium following:

P, t Py, +H S Oy 0y T F, (D)

122



where @iy, @, ¢us, and @y are this time solid solutions consist of several end-members. It is
possible to write the equation (1) for all the possible reactions between the different end-members.

Most of these reactions are linear combinations of other reactions, so that, for an m end-member, n
component system (SiO,, AL,O5 etc..) there are a total of C, possible reactions (in general), only m-n

of which are independent (Powell & Holland, 1988). Therefore THERMOCALC solve an independent
set of reactions instead of the total number of reaction. Given the compositions of the phases whose
end-members are involved in (2), and the activity-composition relationships for these phases, the

solution of the independent set of reactions will be a non-linear line on a P-T space. To generalize,

considering an n-component model system, if phase k (solid solution) involves e, end-members, then

it involves e, —1 compositional variables. For p solid solutions in the equilibrium, there will be

P P
Zek =m end-members of phase, and Zek —l=m— p composition variables. We have seen
k=1 k=1

above that the number of reaction between the end-members that make up an independent set is m-n.
Given that there is a non-linear equation for each reaction in the independ set, these relationships
indicate how many unknowns can be solved for, and therefore how many must be set, because the m-n
equations can only be solved for m-n unknowns. The number of things that have to be set in order for
an equilibrium to be calculated can be represented in terms of degrees of freedeom, equal to the
number of unknowns, (m-p)+ 2 (P & T) minus the number of equation m-n, given, n + 2 — p. So the
number of degrees of freedom is just the variance. Setting unknowns may involve setting P and/or 7,
or setting compositional variables, as would be done, for example, in calculating composition

isopleths on a P-T diagram (Powell et al., 1998).
ACTIVITY-COMPOSITION RELATIONSHIP

In order to solve the set of equations resulting from (2), it is necessary to setup activity-
composition relationship script for each solid solution involved. This imply to consider a general
mineral formula and to recalculate the proportion of the different end-member which make up the
interested phase. We will take here simple examples in order to illustrate the method which can be

easily generalized to more complicated phases.
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Calcul of end-member proportions

Consider the white mica solid solution formula follows:
[K*.Na* | (AP, Fe™, Mg "[Si*, A" T;' 41Si,0,,(OH),

where A, M2, T1 are respectively the alkali, octahedral, and tetrahedral sites. The equilibrium of the

charge leads to:

X+ X+ X3+ X2 2)+ X2 (2)+2X 1 (4)+2X7) (3)+3+2(4) +12(-=2)+2 =0 (3)

where X*" s the molar fraction of the element in the considered site. Reducing (3) leads to:

element
M2 Tl _
XM 4ox =2

if)chSTl.l then XZZ =2(1-x) and XZ =1—x

M2 4

. Fe Na M2 M2

if y=| —— and z = then X, " =yp(2x—-1) and X;, =2| x—— |(1—

4 (Fe+Mg] (Na+Kj e = ) e (1-2)

The problem following is to choose an independent set of end-members to describe our system.

Since we have 3 compositional variables X, y, and z we need only four independent end-menbers

(Powell et al., 1998). According to the structural formula, white mica can be modeled in the system

NKFMASH involving four end-members: muscovite (mu), paragonite (pa), celadonite (cel) and Fe-

celadonite (fcel):

A M2 T1
(mu): KAl;Si30,0(OH), K Al AlSi  AlSi,O1(OH),
(pa): NaAl;Si;0,o(OH), Na Al AlSi  AlSi,O1(OH),
(cel): KMgAlSi,0,0(OH), K Mg Si,  AlSi,O0(OH),
(feel): KFeAlSi;0,0(OH), K Fe Si,  AlSi,O01(OH),
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the compositional matrix in term of molar fractions is:

y y M2 M2 M2 Tl Tl
Xya  Xg Xy XMg . G, R ¢

(mu) 0 1 1 0 0 05 05
(pa) 1 0 1 0 0 05 05 (A
(cel) 0 1 0 1 0 0 1
(feel) 0 1 0 0 1 0 1

The transpose of A (A") multiplied by the matrix proportion will give the matrix of the molar

fraction:

X4 =
0 1 00 XAN"IZ
1o 11 XMZK_N_Z
11 0 offPm - =201-x)
o o0 1 ol |z XAA;g2=2(x—lJ(1—y)

pcel 2

0 0 0 1 P
05 05 0 0] \Fre Fe;y(x )

X, =1-x
05 05 1 1 .

X. =x

or [4]' [p]=[ X2k ]

then to solve [ p], the matrix [A]" must be nonsingular, which imply that end-members chose are

independents. In our case the solution of [ p] is straightforward, but for more complex solid solution

(for example amphibole) the solution can be quite more complicated. This can be however carried out
using mathematical software as mathematica via nullspace fonction. Solving [ p] give the proportions
of each end-member in the white mica:

P =z

pa

P =1-z—-(2x-1)



P =y(2x—1)

Activity models

Consider from the equation (1) the enthalpie molar of formation A/Gm,(Mg)T' P of the end-

member M;. If M; belongs to the global phase o3, the activity a’ M, " #1and we have:

M,)dt
G (MY =& H, (M) =18, (M) + [ o= [ LEIL s [ (uayap
+RTIn(af} ) =0
or
7 Cp(M,)d
A Gy (LY = A, Gy (MY =T =18, (M) + [ o= [ LI [y (a1 )y
+RT In(aj)" |
If ,uMsr’P =A,G, (M,)"" (chemical potential for M; at T and P)
and
. 7 Cp(M,)dt
" = 8,6y (M) = (T =TS, (M) + [ ot yae=T [ LEDL s [Ty, ot yap

(stantard state for M at T and P)

then ,uMBT’P =4, +RTln< {/’M’)

If the solid solution ¢y; is an ideal solution the activity a,(@f will depend only on the entropy of
configuration (Will, 1998a). However, if the mixing between the different end-members which make
up the solid solution ¢y; involves an excess energy, then a corrective term 7/1‘(/:}3’3 need to be added and

we have:

ILIMST,P zﬂ*M3T,P +RT ln(a;”/[’vl3 y;i;’})
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with n 2 the activity coefficient. The term a Will depend on the ideal mixing on site (entropy of

configuration) and so on the X*  molar fractions of the elements in the considered sites. The term

element

Pty

47

solid solution ¢y3, and on interaction parameters according to the activity model chosen. For instance

will depend on the activity model and so on the proportion of the end-members involved in the

if the solid solution ¢y; consist of two end-members M;; and M;,, using a regular solution model we

will have:

RTI (70 )= (py, )’ Oy, )

RTIn (72 ) = (pyy, ) Wy, )

with Wi interaction parameter between the M;; and M;, (KJ/mol end-member). Other more

complex solution model can been found in Will (1998a).
Activity models used with THERMOCALC v3.1 for the KFMASH system

In addition to the solid solution minerals described below, the pure phases quartz, andalusite,

sillimanite, kyanite, and an H,O fluid phase were used in calculations.
Biotite : K/'[Al’", Fe™*, Mg™ """ [Mg™", Fe™* 1,"*[Si*", A" 1} Si,0,,(OH),

Biotite is modeled in the system KFMASH involving order-disorder of Fe and Mg between one
M1 site and two M2 sites (Powell & Holland, 1999). There are four independent end-members:
phlogopite (phl), annite (ann), eastonite (east), and the ordered end-member (obi). Biotite mixing is

described by the following three variables:

F62+ tot
=l —— ;y=X" N=3(x—-X
[Fe2+ + Mg** j 4 A ( )

Site fractions in terms of compositional variables are:
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2N 2N N
XM=y, XM =x(1—y)+T : Xf;gl :(1—y)(1—x)—T : ij; =(1—x)+?;
N
X}F\ZZ :X—?
1- 1+y

The ideal activities of end-members are expressed as:

. 2
ideal __ M1 M?2 T1 T1
Apn _4XMg (XMg ) XauXs

. 2
ideal __ M1 M2 Tl v T1
a _4XFe (XFe ) XAIXSi

ann

2N
P =(1—x)(1—y)—T
N
ann =X——
3
Peast:y
P, =—+N

Non-ideality is expressed using symmetric formalism (Powell & Holland, 1993) with
interaction parameters from Powell & Holland (1999) for KFMASH biotites. The interaction

parameters are (KJ/mol end-member):

/4

phl—ann

=9; W

phl—east

=10, W =3, W =-1:W

phl—obi ann—east ann—obi

= 6 5 I/Veast—obi = 10
Darkens Quadratic Formalism (DQF) parameter for the ordered end-member obi is (KJ/mol end-
member):

1, =-10.73

(Powell & Holland, 2002; http://www.earthsci.unimelb.edu.au/tpg/thermocalc/)
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Chlorite : [Fe™*, Mg™* 1)/ ?[ A", Mg™ , Fe** [""'[ A", Mg™ , Fe** 1"*[Si*", A" 1’ Si,0,,(OH),

Chlorite is modeled in the system FMASH involving four end-members: Al-free chlorite (afchl),

clinochlore (clin), daphnite (daph) and amesite (ames) with:

Fe** + Mg™ ) ~ an 2

Site fractions in terms of compositional variables are:

XpP=x; Xyl =1-x; Xi'=y-N; X' =x(1-y+N) ; X3/ =(1-x)(1-y+N)

X3t =y+ N Xt =x(1-y=N); X' =(1-x)(1-y-N) ; X}j =y Xg" =1y
The ideal activities of end-members are expressed as:

. 4 2
ideal __ M?23 Ml yM4 T2
Dafent = XMg ) XMgXMg (XSi )

, 4
ideal M23 M1y M4 T2 1/T2
Aelin 4(XMg ) Xy Xy Xy X

, 4
ideal M23 M1y M4 T2 1 T2
A juph 4(XFe ) Xpe Xy Xy X

ames

ideal M3\t My ma (T2
Aimes = XMg ) Xy X (XA/)
The proportions of each end-member in the chlorite phase are defined as:

Piy=1-y-N
2x
P, =2N—(?j(3_y)
2x
f)daph :(?j(3_y)

:y—N

ames
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Non-ideality is expressed using symmetric formalism (Powell & Holland, 1993) with
interaction parameters from Holland et al. (1998) for FMASH chlorite. The interaction parameters are

(KJ/mol end-member):

W;ﬁ'hl_di" =18 > W‘?ft’hl—daph =14.5 ; I/Vafch/—armzs =20 ; chlin—daph =25 >
VVClinfames =18 5 Wdaph—ames =135

White Mica : K/'[A", Fe**, Mg™ 1""*[Si*", AI’* ;' A1Si,0,,(OH),

White mica is modeled in the system KFMASH involving three end-members : muscovite
(mu), celadonite (cel) and Fe-celadonite (fcel). Ideal mixing is assumed (Massonne & Schreyer, 1987;

Holland & Powell, 1998). The compositional variables are:

F2+ tot
T, €
x=Xg :y—(mj

Site fractions in terms of compositional variables are:
XZZ =2(1-x) ; Xﬁzz =y(2x—1) ; XAA;; :Z(x__j(l_y) ; X;l —x lel 1y

The ideal activities of end-members are expressed as:

ideal _ M2 3Ty Tl
a,, =4X, X, X

ideal _ M2 (3T 2
Ao = Mg Si

ideal M2 ( yT1\?
afcel :XFe (XSi )
The proportions of each end-member in the white mica phase are defined as:

P =2(1-x)

mu

Bd=2(x—lj0—y)

2

Py = y(2x-1)
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Cordierite : [Fe™", Mg™ 1) A1,Si,0,[Q, H,0]"

Cordierite is modeled in the system FMASH involving three end-membres: cordierite (crd), Fe-
cordierite (fcrd) and hydrous cordierite (hcrd). Ideal mixing is assumed. The compositional variables
and site fractions in terms of compositional variables are:

Xpp=x:Xyo=h; Xy, =1-x; X3 =1-h

The ideal activities and proportion of each end-member in the cordierite are expressed as:

al = (X ) (XY) 5 Py =1-(x+h)

ad = (X0 ) (XU,) : Poy=h

Staurolite : [Fe", Mg 1\ Al,.Si, O, H,

Staurolite is modeled in the system FMASH involving two end-members: Fe-staurolite (fst) and

Mg-staurolite (mst). Ideal activities of end-members:

; 4 . 4
ideal __ M . ideal __ M
a _<XFe) 4 _<XMg)

fst mst

Non-ideality is expressed using symmetric formalism (Powell & Holland, 1993) with the

interaction parameter (KJ/mol end-member):

w =-8

fst—mst

(http://www.earthsci.unimelb.edu.au/tpg/thermocalc/)

Chloritoid: [Fe®*, Mg*'1)" 41,5i0; (OH ),

Chloritoid is modeled in the system FMASH involving two end-members: Fe-chloritoid (fctd)

and Mg-chloritoid (mctd). Ideal activities of end-members:
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ideal __ M |, ideal __ M
afcta’ _XFe 5 Aycia _XMg

Non-ideality is expressed using symmetric formalism (Powell & Holland, 1993) with the

interaction parameter (KJ/mol end-member):

w

fetd—mctd =

1

(http://www.earthsci.unimelb.edu.au/tpg/thermocalc/)

Garnet: [Fe’, Mg™ 1! A1,Si,0,,

Garnet is modeled in the system FMAS involving two end-members: almandine (alm) and

pyrope (py). Ideal activities of end-members:

. 3 . 3
ideal __ A . ideal __ A
g’ =(X7) s ay =(X0)

alm py

Non-ideality is expressed using symmetric formalism (Holland & Powell, 1998) with the

interaction parameter (KJ/mol end-member):

w

alm—py =

2.5

Activity models used with THERMOCALC v3.2.1 for the NCKFMASH system

We added plagioclase and zoisite as new phases in the NCKFMASH system. All other phases
use similar activity models except for white mica and garnet. The pure phases quartz, andalusite,

sillimanite, kyanite, and an H,O fluid phase were used as well in calculations.
A
White Mica : | K*, Na" | [AI"", Fe™", Mg™ \"’[Si*", AT ]} 4iSi,0,,(OH),

White mica is modeled in the system NKFMASH involving four end-members: paragonite (pa),

muscovite (mu), celadonite (cel) and Fe-celadonite (fcel). The compositional variables are:
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2+ M2 + A
¥ Fe* + Mg* Na* +K*

Site fractions in terms of compositional variables are:

The ideal activities of end-members are expressed as:

ideal _ g yA yM2 Tl Tl
a,, =4X5, X Xy X
ideal _ 4 v Ay M2 T 71
A, =4X X, XXy
ideal _ A M2 (1 2
Ao = Ak Mg Si
ideal _ yr4 yrM2 (3T 2
et = AxAp, Si

The proportions of each end-member in the white mica phase are defined as:

P =z

pa

P =1-z-(2x-1)
P, =2 x—l (1— )
cel — 2 Yy

P =y(2x—l)

Non-ideality is expressed using symmetric formalism with the interaction parameters of Holland

& Powell (1998; http://www.esc.cam.ac.uk/astaff/holland/thermocalc.html). The interaction

parameters are (KJ/mol end-member):

/4 =12+04P ; W

pa—mu pa—cel

=14+02P ; W

pa— feel

=14+0.2P

DQF parameter for the end-member paragonite is (KJ/mol end-member, P in Kbar): 1.42 + 0.4P
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Garnet: [Fe™*,Ca’, Mg™* 1 AL,Si,0,,

Garnet is modeled in the system CFMAS involving three end-members: almandine (alm),

grossular (gr) and pyrope (py). Ideal activities of end-members:

. 3 . 3 . 3
ideal A . ideal A . ideal A
a —(XFe) ; a —(/XCQ) ;a —(/XMg)

alm ar y

Non-ideality is expressed using symmetric formalism (Worley & Powell, 1998) with the

interaction parameter (KJ/mol end-member):

=33

gr=py
. + 2+ A -4+ 3+qT
Plagioclase : [Na ,Ca l [Si™, Al ], O,

Plagioclase is modeled with the binary albite(ab)-anorthite(an) solution model 4T (CT
structure) of Holland & Powell (1992). The compositional variable is:

Na* !
X=l T A
Na™ +Ca

Site fractions in terms of compositional variables are:

1 1 I 1
Xt =x, X2 =1-x; Xl =—+—x; X =———x
Na Ca Si 2 4 Al 2 4

The ideal activities of end-members are expressed as:

Zzeal =22i76(X1/v4a)(X§l)(X;)3

4 2 2
ay =16(X¢, ) (X%) (X5)
Regular solution model interaction parameter, from Worley & Powell (1998) is (KJ/mol):

/4

ab—an

=55

DQF parameter for the end-member anorthite is (KJ/mol end-member, T in Kelvin): 4.31 -

0.00217T
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Activity models used with THERMOCALC v3.2.1 for the MnNCKFMASH system
MnO is assumed mainly concentrated in staurolite, chloritoid and garnet. All other phases use

similar activity models (see NCKFMASH system). The pure phases quartz, andalusite, sillimanite,

kyanite, and an H,O fluid phase were used as well in calculations.
Staurolite : [Fe™", Mg™*, Mn** 1}’ A1,,Si, O, H,

Staurolite is modeled in the system MnFMASH involving three end-members: Fe-staurolite

(fst), Mg-staurolite (mst) and Mn-staurolite (mnst). Ideal activities of end-members:

aldeal (XM) : aldeal (XM ) . Ideal _ (XAA,;[,, )4

fst mst mnst

Non-ideality is expressed using symmetric formalism (Powell & Holland, 1993) with the

interaction parameter (KJ/mol end-member):

/4 =-8

fst—mst

(http://www.earthsci.unimelb.edu.au/tpg/thermocalc/)

Garnet: [Fe’",Ca’, Mg®", Mn™" 1} AL,Si,O,,

Garnet is modeled in the system MnCFMAS involving four end-members: almandine (alm),

grossular (gr), pyrope (py) and spessartine (spss). Ideal activities of end-members:

zdeal (XA) : atdeal (XA ) : atdeal (XA ) a Ideal (XA )

a/m gr py spss

Non-ideality is expressed using symmetric formalism (Worley & Powell, 1998; Wood et al.,

1994) with the interaction parameter (KJ/mol end-member):

=33, W =45

Py—Spss
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Chloritoid: [Fe®*, Mg**, Mn** 1} A1,SiO, (OH ),

Chloritoid is modeled in the system MnFMASH involving three end-members: Fe-chloritoid
(fctd), Mg-chloritoid (mctd) and Mn-chloritoid (mnctd). Ideal activities of end-members:

ideal __ M, ideal __ M, ideal __ M
afctd _XFe S Dera _XMg 5 Aoncid _XMn

Non-ideality is expressed using symmetric formalism (Powell & Holland, 1993) with the

interaction parameter (KJ/mol end-member):

w

fetd—mctd =

1
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