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A b s t r a c t

The Tavsanli Zone of northwest Turkey is a tract of metacherts, metapelites and 

metabasite lithologies that have undergone a single metamorphic cycle in the 

lawsonite-blueschist, epidote-blueschist and low-temperature eclogite sub-facies. 

These deeply subducted rocks which formed during late Cretaceous closure of the 

Tethys Ocean reached minimum pressures of 24 ± 2 kbar and temperatures of 

approximately 500® C in the eastern regions, and 20 ± 2 kbar and 400® C in the 

central and western regions. The difference in metamorphic pressures between the 

east and west regions of the Tavsanli Zone are attributed to different locations of the 

rocks within the subducting slab. Syn-subduction exhumation brought the rocks up 

from depths of 75 km to the base of the continental crust. Metamorphism took place 

under fluid-absent conditions, in part due to the incorporation of large quantities of 

water into the lawsonite. Subduction ended by approximately 70 Ma and the ensuing 

exhumation during continent-continent collision took place by thrusting.

Rb-Sr and "^Ar-^^Ar geochronological techniques have been applied to phengites 

from the Tavsanli Zone and indicate that white mica crystallisation and the onset of 

exhumation occurred at 79 to 82 Ma. Ultra-violet laser, infra-red laser and furnace 

step-heating ^Ar-^^Ar techniques confirm that the rocks of the Tavsanli Zone contain 

excess argon, which has probably built up in the grain-boundary network during the 

single metamorphic cycle. The variable concentrations of excess argon correlate with



lithological type, reflecting low mobility of argon. This is consistent with vapour- 

absent metamorphism as inferred from metamorphic petrology.
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B « Âr»̂ Â t data relating to Cbopter Foat
B. 1 UVLAMP analyses
B.2 Infra-red laser spot analyses 
B.3 Infra-red laser step-heating analyses
B.4 Furnace step-heating ^alyses

200
200
202
204
205 
205
205
206
207
208

210
211
211
212

Co n t e n t s m



c -  Rb-Sr ANALYTICAL DETAILS
C. 1 Rb-Sr technical notes 213

D -  Rb-Sr DATA RELATING TQ CHAPTER FOUR
D. 1 Rb-Sr analyses 214

E  -  ̂ Ar-^Ardata relating to Chapter Five /
E. 1 UVLAMP analyses from sample 96/234 21S
E.2 UVLAMP analyses from sample 96/198 216
E.3 UVLAMP analyses from sample 96/185 217
E.4 UVLAMP analyses from sample K380 217
E.5 UVLAMP analyses from sample 96/12 . 218
E.6 UVLAMP analyses from sample 96/155 218
E.7 UVLAMP analyses from sample 96/155 218
E.8 UVLAMP analyses from sample 96/117 219
E.9 UVLAMP analyses from sample 96/118 219
E.IO UVLAMP analyses from sample 96/158 220
E.l 1 UVLAMP analyses from sample 96/135

F  -  ̂  Ar-^^Ardata relating to Chapter Five I I
F. 1 Furnace step-heating data from phengite sample 96/134 221
F.2 Infra-red laser spot analyses from sample 96/75 221

G -  E le c t r o n  PROBE MICROANALYSES
G.l CamecaSXlOO 222

H  ^ E l e c t r o n  M ic r o p ro be  DATA
H.l Sample 96/15 223
H.2 Sample 96/69 224
H.3 Sangle 96/149 226
H.4 Sample 96/158 228
H.5 Sangle 96/159 230

R e f e r e n c e s  231

Co n t e n t s  v iii



UST OF Ta b le s

Ch a p t e r  T w o

2.1 Major orogenic belts associated with the southern and northern margins 21 

of the Tethys Ocean

2.2 Sub-divisions of the three major tectonic zones in Turkey 24

Ch a p t e r  Th r e e

3.1 Mineral assemblages for samples from all lithological types 6S

3.2 Average garnet analyses for all garnet-bearing samples 75

3.3 Average amphibole analyses for representative analyses 78

3.4 Average phengite analyses from representative samples 79

3.5 Average clinopyroxene analyses from representative samples 80

3.6 Average mineral con^ositions of epidotes from representative samples 81

3.7 Mineral formulae and activities used to calculate equilibria for metapelite 82 

sample 96/69 and 96/149

3.8 Equilibria calculated for samples 96/69 and 96/149 84

3.9 Results of gamet-clinopyroxene thermometry for Sivrihisar samples and 87 

a single Tavsanli xample over the pressure range 18 to 26 kbar using
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2.3.4d Field photograph of blue/green banded foliated metabasite outcrop in 56

Halilbagi, within the Sivrihisar region 
2.3.4e Photomicrograph of foliated metabasite sample 96/158 from Halilbagi 57 
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sample region locality lithology

96/234 Orhaneli Alacaat metachert

96/252 Orhaneli Alacaat metachert

96/12 Tavsanli Inonu metachert

96/16 Tavsanli Dodurga foliated metabasite

96/27 Tavsanli Yeniuregil porphyroblastic metabasite

96/185 Tavsanli Yeniuregil metapelite

96/28 Tavsanli Yeniuregil foliated metabasite

K380 Tavsanli Dodurga metapelite

96/14 Tavsanli Dodurga metabasite

96/15 Tavsanli Dodurga metabasite

96/48 Akcakaya Akcakaya metapelite

97/1 Sivrihisar Halilbagi metapelite

96/66 Sivrihisar Halilbagi metapelite

96/158 Sivrihisar Halilbagi foliated metabasite

96/120 Sivrihisar Halilbagi metapelite

96/149 Sivrihisar Halilbagi porphyroblastic metabasite

96/134 Sivrihisar Halilbagi metapelite

96/135 Sivrihisar Halilbagi metapelite

96/139 Sivrihisar Halilbagi foliated metabasite

96/162 Sivrihisar Halilbagi foliated metabasite

96/117 Sivrihisar Halilbagi porphyroblastic metabasite

96/118 Sivrihisar Halilbagi porphyroblastic metabasite

96/152 Sivrihisar Halilbagi foliated metabasite

96/216 Sivrihisar Halilbagi porphyroblastic metabasite

96/159 Sivrihisar Halilbagi foliated metabasite

96/69 Sivrihisar Halilbagi foliated metabasite

96/67 Sivrihisar Halilbagi foliated metabasite



1.0 Introduction

An improved understanding of the thermal and mechanical processes operating in 

active subduction zones is, fundamental to interpreting the forces that drive plate v 

tectonics. At present the. sites of ancient subduction zones can often be identified by ? 

the exposure of blueschist- and eclogite-facies metamorphic rocks which indicate that 

rocks were buried to great depths and subsequently returned to the surface before 

thermal relaxation was able to take place. The study of such enigmatic rocks which 

formed under unusually high pressures (10 to 30 kbar) and often tenqperatures as low 

as (150° to 450° C) affords insight into the exact nature and timescales of processes 

operating within the subduction zone and/or convergent setting at the time.

In order to ftilly understand the tectonic mechanisms governing the formation of a 

region of high-pressure low-temperature (HPLT) metamorphic rocks and to solve 

fundamental problems, the pressure-temperature (P-T) constraints and fabric analysis 

of the petrologist must be integrated with thermochronological constraints from
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geochronological analysis.

This brief chapter introduces the blueschist metamorphic facies, the environments of 

formation of blueschist-facies assemblages, and the mechanisms by which they are 

exhumed. An introduction to ^Ar-^^Ar geochronology outlines the advantages and 

current limitations of applying such a technique to the interpretation of high-pressure 

low-temperature (HPLT) rocks. Finally this chapter defines the aims and objectives of 

the thesis, the overall methodology used in the field and the laboratory, and describes 

the layout of the thesis as a whole.

1.1 High-pressure low-temperature metamorphic rocks: their, 

formation and exhumation. ^

1.1.1 Blueschist-facies metaniorphic rocks

Blueschist-facies metamorphic rocks are intriguing and unusual for two reasons. 

Firstly they are crustal rocks that have formed at very high pressures, at depths 

exceeding the base of the earth’s crust and this requires some extraordinary process 

beyond intracontinental orogeny. Secondly they commonly show no evidence of 

heating during exhumation to the earth’s surface, in many cases preserving pristine 

HPLT mineralogy. Blueschist-facies mineralogy is formed exclusively under high P-T 

ratios (Ernst, 1977; Chopin, 1987; Ernst, 1988), requiring an environment where 

confining pressures are high, and temperatures are low to moderate (Ernst, 1971).
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To achieve the low tenq)eratures which will allow blueschist-facies assemblages to 

crystallise, normal continental geotherms must be depressed. Within stable continental 

crust at depths of 75 km, temperatures are expected to exceed 750° C but within 

subduction zones cold oceanic material is transported down the subduction zone, 

depressing isotherms at depth (e.g. Peacock, 1992; Hacker and Peacock, 1995). The 

diagnostic minerals of the blueschist-facies are the blue sodic an^hibole glaucophane, 

and lawsonite. The blueschist-facies lies within the P-T range of 150° to 450° C and 

upwards of 4 kbar (Figure 1.1).

The formation of high and ultra-high pressure rocks is generally regarded as a product 

of convergent tectonics, most commonly subduction zones and sites of continent- 

continent collision. HPLT. rocks formed m a subduction and continent-continent 

collision setting seem to display diagnostic P-T histories.

All blueschist-facies assemblages, regardless of their origin, have in common similar 

prograde P-T paths, under which the rocks pass through zeolite- to prehnite- 

pumpellyite to blueschist-facies with some assemblages reaching the eclogite-facies 

(Figure 1.1). Most prograde P-T trajectories have dP/dT gradients approaching 35 to 

40° C/kbar, translating to 10° C/km It is the retrograde path which varies significantly 

between blueschist belts of different origins. Ernst (1988) has distinguished two types 

of retrograde path, the Franciscan-type and the Alpine-type. The Franciscan-type, 

exemplified by the Franciscan complex of Caüfomia, is characterised by a retrograde 

path that closely mirrors the prograde path (Figure 1.1). Alpine-type retrograde paths
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experience isothermal decompression or 

even heating shortly after peak burial 

conditions, resulting in overprinting by 

greenschist- or ançhibolite-facies 

assemblages (Figure 1.1). Convergent 

tectonic style, or the style in which two 

crustal plates of either continental or 

oceanic origin meet, governs whether or

Figure 1.1: Pressure-temperature diagram & blueschist terrane experiences a
illustrating the various recognised
metamorphic facies and the sub-divisi<ms Franciscan-type or an Alpine-type retrograde 
of the blueschist-facies. The Alpine-type

p *  - i
experience thermal overprinting.i Franciscan-type paths require a subduction 

environment, and result from retrograde cooling which is facilitated by syn-subduction 

exhumation (Ernst and Peacock, 1996), thus retaining sufficiently low tençeratures to 

preserve HPLT mineralogy and prevent thermal overprinting. In contrast the Alpine- 

type retrograde paths are consistent with exhumation during and after the cessation of 

subduction, and/or a reduction in convergence rates.

1.1.2 Mechanisms of blueschist and eclogite exhumation

Numerous mechanisms have been proposed for the exhumation of blueschists and 

related HPLT rocks. When considering possible mechanisms It is useful to distinguish 

between the two terms ‘uplift’ and ‘exhumation’ which are commonly misused in the

C h a p t e r  1



thermochronology of metamorphic rocks. Whereas uplift strictly refers to the increase 

in elevation of the Earth’s surface (Platt, 1993), ‘exhumation’ refers specifically to the 

movement of rocks towards the Earth’s surface (England and Molnar, 1990). In 

HPLT terrains exhumation involves one or more, and commonly a combination, of the 

following mechanisms: i) external forces applied to the HPLT terrane (e.g. Platt, 1993; 

Thompson et al., 1997), ii) erosion (Draper and Bone, 1981), iii) density contrasts 

leading to the buoyant rise of HPLT material (e.g. Cloos, 1982), and iv) extensional 

tectonics (Dewey, 1988; Andersen et al., 1991; Platt, 1986).

i) Externally applied forces may result in the expulsion of HPLT rocks firom the 

subduction zone. Horizontal conçression of less con^etent hthologies causes vertical 

extension and uplift, and if denudation is simultaneous then continued extrusion and 

exhumation will occur for the : duration of compression. A transpressive component 

within a convergent zone behaves similarly with the development of localised uplift 

due to the vertical expulsion of a weaker zone between two more competent blocks -  

(e.g. Thompson et al., 1997) (Figure 1.2).
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Figure 1.2: Schematic block diagram to illustrate the vertical expulsion of deep crustal material 
within a convergent setting (From Thompson et al., 1997).

ii) Simple erosion of an orogenic belt may result in the gradual rise of rocks 

within the crust towards the surface. For the exhumation of HPLT rocks, which have 

experienced often extreme depths within the crust, this is an insufficient mechanism 

Simple erosion models are insufficient to result in the complete removal of 

overburden. Mass-balance calculations indicate that in many cases the volume of 

sediment within surrounding basins is unable to account for the volume of sediment 

removed during erosion (England, 1981). Moreover the thermal eonsequciiccs of 

exhumation exclusively by erosion are unrealistically high. A minimum erosion rate of
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between 0.04 and 1.4 cm/yr is required to prevent the thermal overprinting of HPLT 

assemblages, depending on the level of radiogenic heat production (Draper and Bone, 

1981), which is beyond any present-day denudation rate.

iii) Buoyancy-driven exhumation is reliant on the buoyancy differences between 

subducted crustal material and the surrounding mantle material. For example, England 

and Holland (1979) suggested that eclogitic blocks became entrained within the 

buoyant upflow of low-density and low-viscosity carbonate-rich material, and were 

exhumed. The key factor in such a model is the density difference between subducting 

material and surrounding mantle; if for example dense oceanic crust is undergoing 

subduction the contrast in density between it and the surrounding mantle is less stark 

and subducted material is more likely to remain at a constant crustal level. Such a 

mechanism-is siiccessfiil for either very small volumes of eclogitic HPLT material 

within a mass of much less dense arid lower viscosity material, or for unspecified 

quantities of low-density continental material. For higher-density eclogitic material it is 

unfeasible to suggest that it will approach the surface above the base of the continental 

crust by this mechanism alone, and a second mechanism must be invoked for the final 

return to the Earth’s surface (Platt, 1993).

iv) Extensional tectonics is one of the most commonly cited mechanisms for the 

exhumation of HPLT rocks within orogenic belts.
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Figure 1.3: Evolutionary model of an accretionary wedge. A: early stage, with frontal accretion 
dominant, the product of surface slope and wedge thickness which controls the wedge stability 
and has the term @H, is too low in the frontal region and internal shortening takes place. B: 
Under conditions such that most sediment is underthrust, the rate of frontal accretion is low, 
and underplating is the predominant mode of accretion. oH is too high in the rear of the wedge, 
where extension by normal faulting and ductile flow at depth occurs. HPLT metamorphism 
takes place in the deeper parts of the wedge. Ç: Continued underplating and extension have 
lifted HPLT rocks towards the surface. Extension in the rear of the wedge causes lateral 
spreading and late thrusting towards the front of the wedge. D: In a mature prism, underplating 
and extension have brought HPLT rocks to within 15 km of the surface, accessible to future 
erosion, (from Platt, 1986).

Platt (1986; 1987; 1993) proposed that during subduction the descending material 

would accrete to the front of the orogenic wedge by folding and thrust imbrication, 

and material may be accreted to the base of the wedge, or underplated, at depth. The 

orogenic wedge geometry becomes less stable with the addition of material; with 

continued underplating extension is initiated within the rear of the orogenic wedge
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itself. Within this mechanism material underplated at an early stage may be exhumed 

during later subduction (Figure 1.3).

A different mechanism for exhuming HPLT rocks following continent-continent

collision and accompanying orogenic collapse has been described by Dewey (1988)

and appüed to the Norwegian Gneiss Region (Andersen et al., 1991).
1
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Figure 1.4: The exhumation of the Western Gneiss Region of Norway following continent- 
continent collision and radial collapse. (From Andersen et al., 1991).

This model suggests that during collision and crustal thickening the thermal boundary 

conduction layer becomes gravitationally unstable and is removed by convection 

(England and Houseman, 1988). The subsequent rapid uprising of the geothermal 

gradient and uplift of the surface cause instability which is then accommodated by
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radial collapse (Figure 1.4). Rocks from deep crustal levels are exhumed via major 

eclogite-facies shear zones, which have been subsequently re-worked and overprinted 

during exhumation by the higher temperature an^hibolite and greenschist facies 

metamorphism.

1.1.3 ‘*®Ar-̂ ’Ar geochronology in HPLT assemblages

An understanding of exhumation mechanisms is essential to our understanding of the 

preservation of blueschists. However an obstacle to determining the rates of formation 

and exhumation of these rocks is their relatively low tençeratures of crystallisation, 

resulting in fine grain-sizes and chemical and isotopic disequilibrium ^Ar-^^Ar 

geochronology has been extensively applied to HPLT assemblages since the closure 

temperature to argon .diffusion in white micas, which are common minerals in such 

rocks, is approximately 350° ± 50° G (Dodson, 1973), and is within the temperature 

range for the likely exhumation path of many HPLT terranes (Figure 1.1). Most 

models for the rates and mechanisms of exhumation of HPLT terranes are therefore 

reliant to some extent on ^Ar-^^Ar geochronology. Unfortunately '*®Ar-̂ ’Ar white 

mica ages from HPLT terranes are often misleading and are open to misinterpretation 

due to the problem of excess argon (Li et al., 1994; Arnaud and Kelley, 1995; Ruffet 

et al., 1995; 1997; Scaillet, 1992; Scaillet 1996; Sherlock et al., submitted a; Sherlock 

and Amaud, submitted).

One of the principal assumptions of the ^Ar-^^Ar and K-Ar geochronological systems 
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is that all iargon within the system which is not produced by the in situ decay of 

has a ratio of 295.5 (Steiger and Jager, 1977), which is equal to that of

atmospheric argon. In essence, excess argon is ^Ar in a mineral additional to 

radiogenic ^Ar* produced by potassium decay since the mineral closed to argon 

diffusion. A primary difficulty is the detection of excess argon. The age spectrum 

approach associated with furnace step-heating has produced a variety of results for 

grains contaminated by excess argon. A release pattern common to amphiboles and 

feldspars, which became known as the.‘saddle-shaped’ spectra (Figure 1.5a), revealed 

high initial ages which decreased in medium-temperature steps, and rose again in the 

high-tençerature steps (e.g. Lanphere and Dalrymple, 1971; 1976; Pankhurst et al., 

1973; Dalrynyle et al,. 1975; McDougall and Harrison, 1988). The ‘saddle-shaped’A 

spectrum is easily distinguished from a plateau, for which the criteria of three ‘ 

consecutive steps each within error of one another and representing a significant 

proportion of the total ^^Ar released, must be met (Figure 1.5b) (e.g. Dalrymple and 

Lanphere, 1974; Lanphere and Dalrymple, 1978; Berger and York, 1981a). Some.; 

minerals contaminated by excess argon further con^licate the problem by giving a fiat 

release spectrum, and often a plateau more reminiscent of a mineral that has no excess 

argon contamination (Hodges et al., 1994; Ruffet et al., 1995; Sherlock and Amaud, 

submitted). Identifying the presence of excess argon with the furnace step-heating 

technique is further complicated by the breakdown of the mineral during heating in 

vaccuo in addition to the averaging effects of bulk sampling.
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Figure 1.5: ®̂Ar-̂ ’Ar release spectra: a) 'saddle shaped' spectra from hornblende contaminated 
by excess argon (McDougall and Harrison, 1988), and b) flat plateau from biotite free of excess 
argon (Tetley, 1978).

The advent of laser-ablation extraction techniques has advanced our understanding of. 

excess argon. The high-spatial resolution afforded by laser extraction techniques has 

firstly paved the way for single grain and intra-grj^ analyses, which circumvents the 

averaging effects of bulk sampling techniques, and secondly enabled in situ analyses of 

‘thick sections* of rocks. This ultimately leads to a much greater understanding of, 

argon systematics in rocks relative to mineral textures and structures.

The best-documented exan^le of widespread excess argon within a HPLT 

metamorphic belt is the HPLT regions of the European Alps. ^Ar-^^Ar furnace step- 

heated white mica ages provided the first age determinations on the Alpine Dora 

Maira ultra-HPLT coesite-bearing terrane. Convincing plateau ages of up to 130 Ma 

were obtained for the HPLT metamorphic event (Monié and Chopin, 1991; Scaillet et 

al., 1990; 1992), with a range of 40 Ma to 130 Ma, clustering at 60 Ma to 90 Ma.
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More recent U-Pb, Sm-Nd and Rb-Sr on a range of minerals gave much younger ages 

of 34 to 50 Ma for the same metamorphic event (Tilton et al., 1989; 1991; Bowtell et 

al., 1994; Gebauer et al., 1997). Chopin and Maluski (1980) argued that the closure 

temperature of argon difiusion in high-pressure white micas is much higher than in 

lower pressure white micas, and therefore the much older ages are real ages of ultra 

high-pressure metamorphism. Amaud and Kelley (1995) applied the Ultra-Violet 

Laser Ablation Microprobe (UVLAMP) technique to the same lithologies from the 

Dora Maira, and produced an age range of 40 Ma to 615 Ma from both potassium- 

rich and potassium-free phases. From this study it became apparent that the previously 

discounted theory of excess argon in the Alps was in fact the reason for such a wide 

range of ages for one metamorphic event. The Alpine Dora Maira is the best? 

documented but not the only example of excess argon in high-pressure rocks. Other : 

examples include the Sesia-Lanzo Zone of the western Italian Alps (Pickles et al., 

1997; Inger et al., 1996; Reddy et al., 1996;. Ruffet et al., 1995), and the Dàbie 

Mountains and Su-Lu terrane of China (Li et al., 1994).

Undetected excess argon h ^  led to erroneous hypotheses for the geological evolution 

of whole regions, and tectonic interpretation has been borne out of age ranges which 

may or may not be geologically meaningfiil.

1.2 Aims and objectives of this study

The broad objective of this thesis is to combine aspects of metamorphic petrology with 
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a number of*°Ar-^^Ar geochronological techniques to elucidate the tectonic history of 

an extensive belt of HPLT rocks. The field area selected is the Taysanli Zone of 

northwest Turkey (Figure 1.6).
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Figure 1.6: Location map of the Tavsanli Zone within Europe and Turkey.

More specifically this thesis has the following aims:

1 To combine metamorphic petrology and detailed geochronology to determine 

firstly the P-T-t path and secondly the possible exhumation mechanisms 

responsible for the return of the Tavsanli Zone HPLT rocks to the surface;

2 To use a variety of ̂ Ar-^^Ar geochronological techniques to determine the 

extent to which excess argon is present within the Tavsanli Zone, and attempt
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to understand its origins and evolution;

3 To evaluate the significance of the exhumation of the Tavsanli Zone for the 

tectonics of the Eastern Mediterranean during the Alpine orogenesis;

1.3 Fieldwork approach and methodology

During two brief field seasons samples were collected firom the Tavsanli Zone 

blueschist belt with a view to understanding the petrological evolution and 

geochronology of the region. The field area included the previously studied regions of 

Orhaneli and Tavsanli, and the lesser studied Sivrihisar region, aU of which are 

described in more detail in Chapter 2, The Tavsanli Zone is one of several zones that 

comprise the Anatolian Plateau, with an average elevation of 1700 m (Figure L7). ^

During the months of May and September the region was generally hot and arid with 

minor pockets Of snow at the highest altitudes. Sampling in the remotest regions in thé 

east was confined to early morning and where possible terminated by early afternoon 

to avoid maximum ten^eratures which approached 35® C. Outcrops were restricted to 

road cuttings in the west and central regions. In the east, however, regions were 

san^led by following dried stream gullies.

Travelling between regions, which were separated by as much as 200 km, was 

achieved by hire car, largely on dirt tracks and unmetalled roads. The principal 

difficulties encountered were navigational, since the topographical maps and the actual
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roads rarely coincided. In term s o f the rocks collected, where possible garnet-bearing 

samples have been favoured for their suitability for pressure-tem perature studies. The 

least deform ed and m ost m icaceous samples have been selected for geochronological 

purposes.

Figure 1.7; View of the Tavsanli Zone, looking northward over the village of Halilbagi in the 
Sivrihisar region.

1.4 Laboratory methodology

The Open University provided the following analytical facilities: Cam eca SX 100 

electron probe microanalyser, "^°Ar-^^Ar infra-red and ultra-violet laser-probes, and all 

mineral separation and preparation. In addition I undertook "^^Ar-^^Ar furnace step- 

heating at Université Blaise-Pascal, C lerm ont-Ferrand, France. Rb-Sr analyses were

C h a p t e r  1 16



undertaken at the Departm ent o f  Earth Sciences, University o f  Leeds. M icro-Ram an 

spectroscopy was undertaken with D r Steve Roberts in the Departm ent o f  Geology at 

the University o f  Southam pton. Each technique is detailed in the appendices.

1.5 Thesis Layout

Chapter Tw o places the w ork o f  this study within the context o f  its regional 

im portance in term s o f the Tethyan region o f the Alpine-Himalayan chain, with a 

detailed description o f the geological setting o f the field area, including field 

descriptions and petrography.

Chapter Three details the m etamorphic evolution o f  the two pristine regions o f H PLT 

regions o f the Tavsanli Zone. The P-T evolution is based on both detailed 

m etamorphic petrology and therm obarom etry and provides an insight into the 

processes taking place during exhumation. This com prises tw o subm itted manuscripts, 

co-authored by Nigel Harris, Aral O kay and Simon Kelley, the second o f which 

concentrates on a specific mineralogical problem  unique to samples from  the Sivrihisar 

region. A third section discusses the evidence both for and against the likelihood that 

parts o f  the Tavsanli Zone were once an ultra-high pressure m etamorphic region.

Chapter Four details the geochronology o f  the pristine H PLT regions o f the Tavsanli 

Zone. From  this and preliminary P-T estim ates it has been possible to propose rates 

and mechanisms for the exhumation o f the Tavsanli Zone H PLT rocks. This is also a
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submitted m anuscript w ith Simon Kelley, Simon Inger (Leeds), Nigel Harris and Aral 

Okay (Istanbul).

C hapter Five describes in detail the problem  o f excess argon in the Tavsanli Zone, and 

its implications for the interpretation o f  the argon data. This also includes a submitted 

manuscript based on the "^°Ar-^^Ar furnace step-heating results from Tavsanli Zone 

rocks, which have highlighted an inherent flaw in the way in which argon data is 

graphically represented. The manuscript is co-authored by Nicolas Arnaud o f 

C lerm ont-Ferrand. A second m anuscript co-authored by Simon Kelley is a detailed 

account o f  excess argon in the Tavsanli Zone.

Chapter Six provides a brief discussion o f  the aims and objectives addressed within 

this thesis together with proposals for future research directions. In view o f the fact 

that this thesis incorporates five submitted m anuscripts a certain amount o f  repetition 

has been unavoidable, largely in term s o f introductory statem ents and analytical 

techniques.

C o-authors on the subm itted manuseripts have been essential in establishing laboratory 

techniques and in the field for supervision and co-operation. W ith the exception o f the 

four Rb-Sr analyses perform ed by Dr Simon Inger at Leeds University all the analyses 

presented here are the au tho r’s own w ork, as are the interpretation o f  these results and 

the final w ritten m anuscript.
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Chapter  T wo

Th e  Ta v s a n l i  Z o n e

2.0 Geological setting

2.0.1 The Tethys Ocean

The Tavsanli Zone is the result o f  the consum ption o f  the Tethys Ocean during the 

Cretaceous.The Tethys Ocean was a major ocean formed within the eastw ard- 

widening gap betw een the Laurasian and Gondw ana continents after the 

Carboniferous. The Tethys did not experience a simple evolution, because continental 

fragm ents rifted from  both Laurasian and G ondw anan margins during the Perm o- 

Triassic generating new oceanic crust (Sengor, 1987; Ricou, 1994; Stampfli, 1996). 

M oreover, the absence o f  any pre-Jurassic subduction-accretion com plexes and 

ophiolites led to the subdivision o f Tethys into Neo- and Palaeo-Tethys (Smith, 1973). 

It has been further argued by Sengor (1979; 1984; 1987) that during the Triassic, in 

the M editerranean region a continental fragment rifted from  the northern G ondw anan
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margin, and moved north. This northw ard drifting fragment, named the Cimmerian 

continent, led to the closure o f  the Palaeo-Tethys and the opening o f  the Neo-Tethys. 

The whole Tethys gradually began diminishing after the late-Triassic during which 

time the Atlantic Ocean began to open and the Gondw anan continents were dispersed.

The plate boundary betw een G ondw ana and Laurasia com prise multiple sutures arising 

from  the diminishing N eo-Tethys and collision o f the m icro-continental fragments. The 

final closure o f the Tethys took  place at varying intervals along its length during the 

early M esozoic. In Turkey the final coalition o f the m icro-continents into a single 

landmass occurred as late as the Eocene (e.g. Okay and Tiiyiiz, in press). The highly 

deform ed southern margin o f  the Laurasian continent and deform ed northern margin 

o f the G ondw anan continents delineate the site o f the com plex Tethys Ocean. 

M ountain ranges associated with the Tethys ocean closure are outlined in Table 2.1.

SO U TH ERN  M A RG IN  OF N O RTH ERN  M A RG IN  OF
EU RA SIA GO N D W A N A

N ew Guinea; Zagros Belt, Iran; Far Eastern ranges o f  Asia;
Eastern Indonesian Taurides, Anatolides and Tien Shan;
tectonic zones; Pontides o f  Turkey;
W estern Indonesian G reek Hellenides; Caucasus;
tectonic zones;
Indo-China mountains; Italian Appenines; Carpathians;
Himalayas; Sicilian Thrust Belt; Pyrenees;
Salt Range, Pakistan; Tell and Atlas o f Alps;

northern Africa;
Oman M ountains; Betic Cordillera o f  Spain;

Table 2.1: Major orogenic belts associated with the southern and northern margins of the 
Tethys Ocean.
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2.0.2 Blueschists in the Alpine-Himalayan orogen

The distribution o f  blueschist facies m etam orphic rocks in the Alpine-Himalayan 

orogen has been described by Okay (1989). Figure 2.1 is a simplified version o f the 

Tethyan sutures, focussing on the Alpine-Himalayan orogen, upon which the 

distribution o f m ajor blueschist occurrences is marked.

— —  -<7

G o n d w a n a - L a n d  o u f s i d e  t h e  A l p i d e  o r o g e n  

A l p i d e  G o n d w a n a - L a n d

1 0 0 0  k m

A c f i v e  s u b d u c t i o n

Figure 2.1: The Alpine-Himalayan orogenic belt and 
Tethyan sutures, and the locations of major blueschist 
occurrences (after Okay, 1989).

O ver 80% o f the known 

occurrences are betw een 

Spain and w estern Turkey. 

This may reflect the state o f 

current research, which is 

m ore com prehensive in the 

M editerranean regions, or it 

may be a real feature (Okay, 

1989). The blueschists in 

northw est Turkey are one o f

the largest exposures in the 

A lpine-Him alayan chain.

2.0.3 The micro-continental framework of Turkey

2.0.3.1 Introduction
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The complex tectonic fram ew ork o f  Turkey is traditionally sub-divided into six major 

continental fragments: Istanbul Zone, Sakarya Zone, Tavsanli Zone, Afyon Zone, 

A natolide-Tauride Block, and Kirsehir Massif. These are stratigraphically, structurally 

and metamorphically distinct from  one another, and am algam ated during the Alpine 

orogeny (e.g. O kay et al., 1998). On a broader scale Turkey may be sub-divided into 

the Pontides, A natolides and Taurides. Table 2.2 briefly describes the geology o f the 

sub-divisions o f  each o f  these three m aior units.
rj 36'

Creaier^^jucjsus _ —Sudium i-s^   — —   ' — —

 ̂/ /,/ K , n i - i i fn  rrJl // ;/\ i

Ccniral romidcsongulJ.'dtfUlODOPE • STR/VNDJA 
7.0NE r r ^ r ; \ \

m mMASSir

- N  '

I IV R A 0 I A N PLATFORM
I

Damascus

Figure 2.2: Tectonic map of Turkey which illustrates the major microcontinental fragments and 
Tethyan sutures (Okay and Tiiyiiz, in press, modified after Sengor et al., 1984; Okay, 1989 and 
Okay et al., 1994). Sutures are shown by heavy lines with the polarity of the former subduction 
zones indicated by filled triangles. Heavy lines with open triangles represent active subduction 
zones. The Late Cretaceous oceanic crust in the Black Sea is shown by grey tones. Small open 
triangles indicate the vergence of the major fold and thrust belts. BFZ denotes the Bornova 
Flvsch Zone.

Figure 2.2 show s in detail both the continental fragm ents and the major tectonic 

boundaries within Turkey and the surrounding M editerranean regions. In brief the 

Pontides are considered to show Laurasian characteristics (Okay, 1986; Okay et al., 

1998), with less intense Alpine deform ation and no post-Jurassic regional

C h a p t e r  2 22



m etam orphism  (Okay, 1986). The A natolide-Tauride block, which covers most o f 

southern Turkey including the Tavsanli Zone, is both strongly deform ed by Alpine 

deform ation and extensively m etam orphosed (Okay, 1986).

The m icro-continental fragm ents o f Turkey are separated by Tethyan sutures. The 

Sakarya zone, which is the southernm ost unit o f  the Pontides, is separated from  the 

Tavsanli Zone, the northernm ost unit o f  the A natolide-Tauride block, by the major 

Izm ir-Ankara-Erzincan suture. This 2000 km  long suture represents the boundary 

betw een Laurasia and Gondw ana. The final collision, forming the Izm ir-Ankara- 

Erzincan suture, took  place in the early-Palaeocene in the west and late-Palaeocene in 

the east (Okay and Tiiyiiz, in press). Figure 2.3 is a south-north cross section across 

w estern Turkey, showing the relationships betw een some o f the m ajor tectonic units, 

described in Table 2.2.

In the south the Alanya N appes and Antalya Unit are thrust northw ards and overly the 

dom e o f  the Geyidag Unit. N orthw ards o f  this dom e structure all tectonic units form  a 

southw ard-thrusted imbricate stack, within which the Tavsanli Zone is m apped as two 

thrust slices, named the Orhaneli Unit and the Ovacik Unit. The Tavsanli Zone is 

tectonically overlain by the southw ard-thrusted ophiolite.
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Table 2.2: Sub divisions of the three major tectonic zones in Turkey.
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A NATOLI DES
AFYON ZONF BLUESCHIST

MENOERES M A S S I F V o l c a n o - s e d i m e n t o r y  com plex M a r b l e P r e - L i a s s i c  b a s e m e n fs km

PONTI DES
SAKARYA ZONE

Mesozoic c o v e r

Figure 2.3: Cross-section through northwest Turkey (after Okay, 1986).

2.0.3.1 The Tavsanli Zone

The Tavsanli Zone is a roughly linear east-w est trending belt outcropping in the 

central northern regions o f A natolia (Figure 2.4). To the north the Tavsanli Zone is 

bounded by the Izm ir-Erzincan-A nkara suture, separating it from the Sakarya Zone o f  

the Pontides. To the south it is divided from  the Afyon Zone o f the A natolide-Tauride 

block by a m ajor southw ard-directed thrust. The Zone itself extends for almost 300 

km  in length, and in width varies along its length from  approxim ately 80 to 150 km. 

The Tavsanli Zone itself represents northw ard subducted oceanic crustal and 

sedim entary material.

The Orhaneli and Ovacik units are easily distinguished. The Orhaneli Unit has 

undergone a pervasive recrystallisation and the developm ent o f layer-parallel
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schistosity, with the form ation o f a strong lineation and isoclinal folding. The Ovacik 

Unit, has suffered erosion and is not observed ubiquitously throughout the Tavsanli 

Zone. W here present, the Ovacik Unit is an imbricated and strongly deform ed 

volcano-sedim entary unit, comprising intercalated basic volcanics, radiolarian cherts, 

pelagic shales and limestones and pods o f serpentinite. A lthough in the field the rocks 

o f  the Ovacik Unit appear to be unm etam orphosed. The Ovacik Unit has in fact 

undergone incipient blueschist facies m etam orphism  at pressures o f up to 8 kbar, and 

regional m etasom atism  (Okay, 1980a, b; Okay, 1982), whereby H PLT m ineralogy has 

grow n within the amygdales and veins o f  the basic volcanic lithologies.

^  ü iu s a  .  -         — ~  ~      Nalliiuui ~

M ilulivcik

• r.skiichir

m I I I # .  ^

Sivrihisar'*/
J ' ~ ' ^ utaliyd

scilin itiils T A V 5 A N I . I  Z O N F .

I ,  I- i| Fuccnc granohiiinti;

Pciuiolile

CL li_h______ I
N couenc ilepnsils

S A F A K V A  Z O N E

Jiirassic-K oceiic sediniciiis

niigd-M inci-Tic (ira n o Jio n ie

a f y o n  z o n e

M icaschisi. p livllile. m arble u f 
I’alcoeciic n ieiaiiiiiiph ie aee

f ■ ^  1 Pre Jiiiassie b.iscniem
r /  < . -j rm ainlv I'liassie siitH liieliun-jecicliiin iinil.s 

—  F a iak a v a  iJom ple^ i

Uasall. lailio l.iiilc ;erpem inile Y y y A  I'le lacco iis aeeiciiuiiar;,- euinplex

n]||j|ll Hluesehibis w uli C rctaeeous 
I I IIIH liOl.ipie ages

Figure 2.4: Generalised geological map of the Tavsanli Zone (Okay and Tiiyiiz, in press), the 
dotted box south of Bursa represents the study area of Okay and Kelley (1994) and Okay and 
Tiiyiiz (in press).

2.0.3.2 Previous petrological studies o f the Tavsanli Zone
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Studies o f the H PLT m etam orphism  in the Tavsanli Zone have centred on the western 

region o f Orhaneli, and the central region o f Tavsanli (Figure 2.4).

The H PLT m etamorphic rocks o f the Orhaneli Unit have been extensively studied by 

Lisenbee (1971) and Okay and Kelley (1994). The subduction-related calc-alkaline 

rocks intrusive into the Tavsanli Zone HPLT rocks and the surrounding thermal 

aureole have been studied by Harris et al. (1994). In the Orhaneli Unit, pressures o f 

m etam orphism  have been constrained by the equilibrium  assemblage chloritoid + 

glaucophane + paragonite + chlorite +  quartz and are 20 ± 2 kbar at 430° ± 30° C. 

M axim um  and minimum tem peratures are constrained by the absence o f  garnet in 

either the m icaschists or the m etabasites, and by the chloritoid-glaucophane

equilibrium  (Okay and Kelley,

1994).

The P-T  evolution o f  the Tavsanli 

Zone has thus far been based upon 

these estim ates, w ith peak 

blueschist facies m etam orphism  

taking place at 88 M a (Okay and 

Kelley, 1994; Harris et al., 1994; 

Okay et al., 1998; Okay and 

Tiiyiiz, in press), followed by a

g l o u c o D f ' c n e - i c w s o n i f e - r ]  
facies'Tiefamorpnis.n, a

I 6 r

12 ,-

6 0 0  *C3 0 0100 200

Figure 2.5: Pressure Temperature path for the 
Orhaneli region (Okay and Kelley, 1994).
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steep retrograde path, which remains within the blueschist-facies, avoiding 

recrystalhsation within the greenschist-facies (Figure 2.5).

The Tavsanli region o f the Tavsanli Zone (Figure 2.4), which lies immediately south o f 

the Izm ir-Ankara-Erzincan suture and 60 km  east o f the Orhaneli region by, has also 

been extensively studied (Okay, 1980a, b; Okay, 1982). The rocks o f the Orhaneli 

Unit all contain the assemblage glaucophane-law sonite (Okay, 1980a, b) and therefore 

lie within the lawsonite-blueschist sub-facies. The blueschists o f  the Orhaneli Unit in 

the same region show evidence for an initial static recrystallisation in m etabasite 

lithologics resulting from  low shear stresses in the subducting slab (Okay, 1980b). The 

rocks o f the Ovacik Unit in the Tavsanli region have undergone incipient blueschist- 

facies m etam orphism  (Okay, 1982). Conditions o f the incipient m etam orphism  in the 

Ovacik Unit are in the range 5 to 8 kbar and 150 to  200° C, based on the absence o f 

jadeite and zeolites and the presence o f albite, lawsonite and aragonite (Okay, 1982). 

The Tavsanli region has also been briefly studied by Kaya (1972; 1981), reporting the 

range o f blueschist-facies mineral assemblages and paragenetic relationships.

O ther regions o f  the Tavsanli Zone have been studied m uch less extensively. The 

petrology o f  the M ihalliccik region in the northeast Tavsanli Zone (Figure 2.4) was 

described by Cogolu (1967), who notes a northw ard increase in grade based on the 

assem blages lawsonite, law sonite-crossite and law sonite-epidote. A small area south 

o f  Eskisehir was briefly described by Lunel (1967) and M onod et al. (1991) as 

containing lawsonite-blueschist sub-facies assemblages. Further east, the petrology and
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m etam orphism  within the Sivrihisar region (Figure 2.4) has been described by G autier 

(1984), and Kulaksiz (1981). The P-T estim ates for law sonite-glaucophane 

assem blages range from  200° to 350° C and 5 to 8 kbars, and for what is described as 

the transitional zones 350° to 470° C and 4 to 6 kbars (Kulaksiz, 1981).

2.0.3.3 Previous geochronology o f the Tavsanli Zone

Estim ates o f  the age o f  geological events in the Tavsanli Zone, from  deposition o f  the 

sedim ents in the Orhaneli Unit to the age o f  H PLT m etam orphism  and exhum ation o f 

the blueschists, have been inferred from regional geological constraints and scattered 

isotopic ages.

The deposition age o f  the Orhaneli and Ovacik Units is unclear. Palaeontological 

evidence suggests that the Ovacik Unit was deposited in the late-Jurassic to early- 

C retaceous (Servais, 1981). Based on the stratigraphie correlation betw een the 

Orhaneli Unit and the Afyon Zone o f  Okay (1984) the age o f  deposition o f  the 

Orhaneli Unit is late-Palaeozoic to early-M esozoic.

Estim ates for the age o f blueschist facies m etam orphism  range from pre-Carboniferous 

(Lisenbee, 1971), to Jurassic (Kaya, 1972); Bingol (1976) proposed late C retaceous to 

early Pliocene subduction and FIPLT metamorphism . K-Ar phengite ages o f 65 and 82 

M a from  the Sivrihisar region (Cogolu and Krum m enacher, 1967) provide the first
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isotopic determinations. M uch higher precision "^°Ar-^^Ar white micas ages o f  88 to 71 

M a (Okay and Kelley, 1994), 87 ± 3 M a (Okay et al., 1998) and a glaucophane age o f 

108 M a (Harris et al., 1994) have been obtained from  blueschists in the Orhaneli 

region.

2.0.3.4 Previous models for the exhumation of the Tavsanli Zone

A model for the exhumation o f  the Tavsanli Zone has only recently been considered. 

The P-T-t path and low geotherm al gradient o f 5° C/km  described by Harris et al. 

(1994) was considered to result from  underplating o f cold material under the 

blueschists during exhum ation by normal faulting, in conjunction with a slow er rate o f 

subduction, associated with the subduction o f  continental material. Norm al faulting 

was suggested as a likely mechanism for exhuming the blueschists beneath the 

overlying peridotite sheet (Okay and Kelley, 1994). A minimum exhum ation rate o f 

2mm/yr (Harris et al., 1994) precludes the possibility that exhum ation could have 

taken place purely by isostatic uplift since there is no evidence for the greenschist- 

facies overprinting which would be inevitable under such conditions (Harris et a l ,  

1994). The 20 M a age range o f 88 M a to 108 M a from  the blueschists o f  the Orhaneli 

region may be a result o f  syn-subduction and differential cooling and uplift o f  discrete 

tectonic units (Harris et a l ,  1994). A similar scenario has been reported for blueschist- 

assem blages o f Sifnos in G reece where younger blueschist ages are found closest to 

the detachm ent zone (W ijbrans et a l ,  1993). In the case o f the Tavsanli Zone an 

equivalent detachm ent is considered to be the interface betw een the blueschists and
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overlying peridotite (e.g. Harris et a l ,  1994).

The proposed model for the exhum ation o f  the Tavsanli Zone is based on the P-T-t 

data from the Orhaneli region o f O kay and Kelley (1994) and Harris et al. (1994), and 

on new "^^Ar-^^Ar white mica ages from  the Orhaneli region similar to those reported 

by Okay and Kelley (1994) (Figure 2.6a). The blueschists are said to have formed 

during subduction in the late C retaceous, and undergone exhumation in the late- 

C retaceous to early Palaeogene (Figure 2.6b). In this model the upper crustal parts o f 

the subducted slab are detached from  the basem ent and incorporated in the hanging- 

wall o f the subduction zone. The blueschists consequently rise buoyantly back up the 

subduction zone by virtue o f the density differences betw een the crustal material and 

surrounding mantle. Therm al relaxation o f  the ascending material and therm al 

overprinting o f the blueschist facies assemblages is avoided by the underplated cold 

material and the tem perature o f  the overlying wedge. Subduction zone shallowing due 

to  the detachm ent o f  the oceanic lithosphere root may have resulted in a rise in the 

mantle wedge, thinning by ductile flow in the low er part, accom panied by extensional 

faulting in the upper part, to bring the rocks to the surface (Okay et a l ,  1998).
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2.1 The Field area

In the following sections the areas from  which samples were collected are described, in 

addition to descriptions o f each lithological type in the field and petrography. Four 

regions o f  the Tavsanli Zone were studied, Orhaneli, Tavsanli, Akcakaya and 

Sivrihisar, from  west to east (Figure 2.7).

Orhaneli

Yenmreei

Akcakaya

Tavsd Kaymaz

Blaik Sea

Istanbu l

A nkara

ed ite rranea iN -

Figure 2.7: Location map for the Tavsanli Zone field area. White circles indicate sample 
collection sites, hlack circles are places referred to in the text for location purposes.

2.1.1 Orhaneli region:
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2.J.L1 Aliova River section, Alacaat.

Eight samples were collected from  the road cutting following the Aliova River, to the 

east o f Alacaat village which is approxim ately 30 km  southeast o f M ustafakem alpasa 

(Figure 2.7). The outcrop was poorly exposed, friable and heavily w eathered (Plate 

2.3.1a). The rocks form  part o f  the low er-m ost Orhaneli Unit, and are predom inantly 

m icaceous m etacherts and quartz-rich m etapelites with the assem blage quartz -t- 

phengite + hematite; m etacherts and m etapelites are differentiated on the basis o f 

either quartz or phengite being the dom inant mineral. All samples are strongly foliated, 

the main penetrative foliation is flat-lying with local dip variations o f  up to 30 ° to the 

north or south due to late-stage regional warping. The samples from  the Orhaneli 

region are texturally and mineralogically simple; quartz -f- phengite predom inate with 

minor lawsonite -+- hematite. Q uartz is the dom inant phase and varies in grain size from  

coarse and platy to  fine grain-sized aggregates or ‘stringers’ associated with high- 

strain regions. Phengite is second in abundance to quartz, and forms phengite-rich 

layers o f up to 10 mm in thickness separated by quartz-rich domains. The abundance 

o f phengite-rich dom ains varies locally and sample collection was biased tow ards the 

most phengitic horizons for the purposes o f “̂ ^Ar-^^Ar geochronology. Plate 2.3.1b is a 

photom icrograph o f sample 96/234, representative o f  the least altered quartz 

micaschist from this locality. Phengites are elongated and form ed during the 

developm ent o f the penetrative foliation. D eform ation associated with this event has 

caused the localised reduction in quartz grain-sizes in high-strain areas. Law sonite is 

fine grained and forms tabular prisms within the phengite rich domains. Hem atite
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forms fine grained cubes dispersed throughout the phengite-rich domains. M ost o f  the 

samples collected are severely w eathered resulting in fine grained alteration products.

2.1.2 Tavsanli region

The Tavsanli region lies in the central Tavsanli Zone, near to the villages o f  Tavsanli, 

Inonii, D odurga and Yeniuregil (Figure 2.7), and south o f the Izm ir-Ankara suture by 

50 kilom etres. The dom inant lithology o f  phengite-rich m etapelite, was preferentially 

sampled for the purposes of'^^Ar-^^Ar geochronology.

2.1.2.1 Inonii

Inonii, meaning ‘caves in front o f  is situated 20 km  southeast o f Bôzüyuk (Figure 

2.7). M assive H PLT marbles are in contact with blueschist-facies m etapelites and 

metabasites. Eight samples have been collected from  the main east-w est road cutting, 

within close proxim ity to the concordant marble contact. O utcrops are less w eathered 

and friable than in the Aliova River section in the Orhaneli region (Plate 2.3.2a); all 

share a flat-lying dom inant foliation locally affected by regional warping.

2.1.2.1.1 Metapelite

M etapelites are characterised by the assemblage quartz  -+- phengite + glaucophane + 

lawsonite ± titanite. Samples are dom inated by quartz w ith phengite-rich bands o f up
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to 5 mm in thickness though m ore comm only restricted to 1 to 2 mm in thickness 

(Plate 2.3.2b). The main foliation com prises elongate phengite grains, some o f which 

are kinked. G laucophane grains are aligned within the main foliation and are optically 

zoned with lilac cores and darker blue/purple rims (Plate 2.3.2c). Law sonite is less 

abundant than glaucophane, forming elongate and tabular grains that are aligned 

within the main foliation. Titanite is an accessory mineral that is also aligned within the 

main foliation. A subsequent and less intense deform ation event has resulted in the 

crenulation o f  the main foliation, with the kinking o f some phengite grains and the 

occasional boudinage o f  glaucophane grains.

2.1.2.1.2 Metabasite

M etabasites are less prevalent than m etapelites. They are com positionally zoned, with 

sodic-pyroxene rich dom ains and law sonite-rich dom ains (Plate 2.3.2d). The overall 

assemblage is sodic-pyroxene + lawsonite 4- sodic-am phibole + phengite. The 

m etabasites are foliated, pyroxenes from  sodic-pyroxene rich dom ains being aligned 

within the main foliation. The less com m on sodic-amphiboles, lawsonite and phengite 

are also present within sodic-pyroxene domains but are far less common. Lawsonite- 

rich domains are less com m on than sodic-pyroxene rich domains, and comprise 

lawsonite + phengite. Law sonites are squat prismatic idioblasts reaching a maximum 

o f 100 pm  in diam eter. Phengites are elongate and reach a maximum diam eter o f 50 

pm . M inor sodic-pyroxene occurs within the lawsonite-rich domains. Texturally the 

earliest assemblage is the main foliation which com prises sodic-pyroxene + sodic-
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amphibole + law sonite + phengite. There are no earlier phases included within any 

grains, and further, there is no evidence for any deform ation subsequent to the main 

foliation.

2.7.2.2 Dodurga

Six samples were collected from a road cutting near to D odurga Reservoir, 

approxim ately 25 km  southw est o f Bozuyiik, near to the village o f  D odurga. Fine 

grain-sized m etabasites ou tcrop  along a roadcutting (Plate 2.3.2e).

2.7.2.2.7 Foliated metabasite

M etabasites contain the assem blage lawsonite 4- sodic-am phibole 4- sodic-pyroxene ± 

phengite ± garnet ± titanite (Plate 2 .3 .2f). The earliest distinguishable assemblage is 

quartz 4- lawsonite, the latter being preserved as rare inclusions within garnet where 

present. G arnets are rare; where present grains are sub-idiom orphic and are up to 250 

p m  in diam eter. The main penetrative foliation is dom inated by idoblastic tabular 

lawsonite grains, up to 200 p m  in diameter. Sodic-am phibole is less abundant; grains 

are optically zoned but to a lesser extent than those from  politic lithologies described 

from  Inonii. Rims are ferro-glaucophane-rich with glaucophane cores. Sodic-pyroxene 

is less abundant than sodic-am phibole, with a finer grain-size, and is aligned within the 

main foliation. Phengite is the least com m on mineral aligned within the main foliation. 

Grains are elongate and reach a maximum diam eter o f 50 pm.  The only accessory
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phase present is titanite; grains are elongate sub-idiomorphic and aligned within the 

main foliation.

2 .1 .23  Yeniuregil

Tw elve samples from  the Yeniuregil section were collected from  a road cutting 

spanning approxim ately 200 m etres in length, 5 km  from  the D odurga locality, near to 

Yeniuregil village (Figure 2.7). A series o f  intercalated massive poorly-foliated 

m etabasites, finer grain-sized foliated m etabasites, and m etapelites outcropped over a 

distance o f  200 m etres along a road cutting. A penetrative foliation is com m on to all 

outcrops, though it is less dom inant within the m ore com petent massive m etabasite 

lithologies. The flat-lying foliation strikes east-w est, though large-scale regional 

w arping causes local dip variations o f up to 20°. M ost outcrops are compositionally 

banded, and the m ore foliated m etabasites have a blue-green banded appearance 

attributed to  either sodic-amphibole or sodic-pyroxene rich dom ains (Plate 2 .3 .2g). 

The massive m etabasites contain law sonite-rich bands (Plate 2.3.2h). M etapelites are 

the least com m on lithology and are generally w eathered and friable.

2.1.2.3.1 Massive porphyroblastic metabasite

O utcrops o f  massive porphyroblastic m etabasite are less well foliated and massive. 

Lawsonite is sufficiently coarse grain-sized to be visible to the naked eye. M etabasites 

have the general assemblage lawsonite 4- sodic-amphibole 4- sodic-pyroxene ±
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phengite. Law sonite is the dominant mineral and reaches 1 mm in diam eter; grains are 

idioblastic squat prisms and are inclusion-free. Law sonite idioblasts represent the 

earliest phase (Plate 2.3.21), and are w rapped by the main foliation. The main foliation 

com prises fine grain-sized sodic-amphibole and less com m on and finer-grained sodic- 

pyroxene. Phengite grains are rare, fine- to m edium  grain-sized, and where present are 

aligned within the weakly developed foliation with sodic-amphibole.

2.1 .23 .2  Metapelite

M etapelites are found within bands up to 1 m etre in width intercalated within 

m etabasite outcrops. M etapelites are m icaceous and friable, and are often w eathered 

(Plate 2.3.2J). The general assemblage is quartz + phengite 4- sodic-am phibole ± 

lawsonite ± titanite (Plate 2.3.2k). The earliest assem blage is preserved as rare quartz 

inclusions within sodic-amphibole. The lithology is dom inated by fine- to coarse

grained quartz; the main penetrative foliation com prises fine- to medium-grained 

elongated phengite grains, up to 100 pm  in diam eter. M icaceous bands vary from  5 

mm to 15 mm in width. Sodic-am phibole is less com m on than phengite; grains are 

elongated and aligned within the main foliation, and are optically zoned with lilac-blue 

cores and dark blue rims. Lawsonite is less abundant than sodic-amphibole and, where 

observed, forms fine-grained, elongated tabular grains aligned within the main 

foliation. Titanite is a fine-grained accessory mineral which is also aligned within the 

main foliation.
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2.1.2.3.3 Foliated metabasite

The foliated m etabasite lithology is segregated into sodic-am phibole rich or sodic- 

pyroxene rich domains. Plate 2.3.21 is o f the sodic-amphibole rich variety, with the 

assemblage law sonite -f- sodic-amphibole 4- sodic-pyroxene ± phengite ± titanite. 

Lawsonite is the earliest mineral and varies from  fine- to coarse-grained tabular 

idioblasts which are inclusion-free. The main foliation is either sodic-amphibole rich 

with minor sodic-pyroxene, o r sodic-pyroxene-rich with m inor sodic-amphibole. The 

dominant mineral is generally fine- to m edium-grained and aligned with the foliation. 

Sodic-am phiboles are optically zoned with lilac-blue cores and deep-blue rims. 

Phengite is less com m on than either sodic-amphibole or sodic-pyroxene. Grains are 

aligned within the main foliation and are finer-grained than sodic-amphibole.

2.1.3 Akcakaya

Akcakaya neither belongs to the Tavsanli region nor the Sivrihisar region, but is 

located geographically betw een the two. A kcakaya is a small village which is 

approxim ately 30 km  south o f  Eskisehir (Figure 2.7). The outcrops are dom inated by a 

strongly fohated and fine-grained m icaceous m etapelite lithology and m etacherts 

which are free o f  m icaceous m aterial (Plate 2.3.3a). Samples w ere biased tow ards the 

micaceous lithology for the purposes of'^^Ar-^^Ar geochronology.
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2.1.3.1 Metapelite

The metapelite lithology has the finest grain-size collected within the Tavsanli Zone, 

comprising an assem blage o f  white mica + lawsonite. The dom inant foliation results 

from  aligned white mica, up to 10 pm  in diam eter, and law sonite which forms 

elongated tabular grains (Plate 2.3.3b). The white mica-rich foliation is weakly 

crenulated by a subsequent deform ation event, resulting in an undulating appearance.

2.1.4 Sivrihisar region

The Sivrihisar region lies at the eastern extrem ity o f  the field area, 70 km  east o f 

Eskisehir (Figure 2.7). O utcrop near to the village o f  Halilbagi, northw est o f Sivrihisar 

by 25 km, consists o f  a series o f  intercalated blueschist- and low -tem perature eclogite- 

facies m etabasites, m etapelites and m etacherts. A thick marble sequence underlies the 

H PLT rocks, beneath which is a m onotonous series o f low er-grade and less well- 

preserved schists. The dom inant penetrative foliation is concordant throughout the 

sequence o f  low er-grade schists, marble and high-grade blueschist and eclogite facies 

rocks.

2.1.4.1 Halilbagi

Halilbagi is a small village approxim ately 15 km  northeast o f  Kaymaz (Figure 2.7). 

O utcrops were not as well exposed as in previously described localities. Samples were
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collected from  dried stream  gulleys up to 2 km from  the roadside southeast o f 

Halilbagi village (Plate 2.3.4a). Sample collection was biased tow ards m icaceous 

lithologies for the purposes o f  "^Ar-^^Ar geochronology, and tow ards garnet-bearing 

lithologies for the purposes o f  therm obarom etric analysis.

2.1.4.L I  Low-grade metapelite

The low -grade metapelitic lithology, term ed the ‘Sivrihisar greenschist’ by G autier 

(1984), is the lowest stratigraphie horizon sampled in the Sivrihisar region. This 

lithology is heavily w eathered and friable (Plate 2.3.4b), with the assem blage quartz + 

lawsonite 4- chlorite ± white mica ± calcite ± unidentified alteration products. Q uartz is 

the dom inant mineral, and is fine- to medium-grained and locally highly strained. 

Law sonite is fine- to m edium -grained and is both squat and tabular, and also elongated 

tabular in form. The dom inant foliation is defined by aligned lawsonite grains, and 

white mica, where present. Chlorite forms fine-grained ‘c lo ts’ and is associated with 

am orphous aggregates o f  a brow n and ultra fine-grained alteration product. Calcite 

calcite forms am orphous regions and is associated with chlorite/alteration product.

2.1.4.1.2 Metachert

M etacherts are quartz-rich and foliated, with the assem blage quartz 4- phengite 4- 

law sonite (Plate 2.3.4c). Fine- to m edium-grained quartz which has been variably 

strained is the dominant mineral. The dom inant foliation com prises phengite and minor
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lawsonite. Phengite grains are elongated and aligned, with a maximum diam eter o f  100 

pm . Lawsonite is generally finer grained than phengite, and is elongated and tabular 

and aligned within the main foliation. A subsequent deform ation has resulted in a 

weakly developed strain-slip cleavage o f  re-orientated phengite grains.

2.1.4.1.3 Foliated metabasite

The foliated m etabasite is m ore ubiquitous than the m etachert. O utcrops are banded, 

with blue bands dom inated by sodic-amphibole and green bands dom inated by sodic- 

pyroxene (Plate 2.3.4d). The overall assemblage in the foliated m etabasite is garnet + 

sodic-amphibole + sodic-pyroxene 4- lawsonite ± phengite ± epidote ± titanite ± quartz 

(Plate 2.3.4e). The earliest minerals which can be distinguished are quartz and 

lawsonite inclusions within pre-kinem atic garnet. Pre-kinematic lawsonite has also 

been identified. Such grains are fragm ented and boudinaged, and wrapped around by 

the main foliation. G arnets are pre- to syn-kinematic and are comm only fragm ented in 

high-strain zones. G arnets are abundant in very fine-grained quartz 4- law sonite 4- 

sodic-amphibole inclusions, which in high-strain zones define an earlier fabric oblique 

to the dom inant foliation. In high-strain zones garnet rims are concordant with and 

include sodic-am phibole and sodic-pyroxene aligned with the main foliation. The main 

foliation com prises sodic-amphibole 4- sodic-pyroxene ± lawsonite ± phengite, with 

strong com positional banding into either sodic-pyroxene or sodic-amphibole rich 

domains. Law sonite is fine-grained and com m on to both com positional domains. The 

main foliation has been strongly deform ed, in places isoclinally, resulting in a weakly
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developed axial planar strain-slip cleavage o f  reorientated phengite.

2.1.4.1.4 Metapelite

M etapelites are quartz- and phengite-rich and have the overall assem blage quartz 4- 

phengite 4- sodic-amphibole 4- sodic-pyroxene (Plate 2.3.4f). Q uartz is fine- to 

m edium-grained and displays varying degrees o f strain. The main dom inant foliation is 

dom inated by elongated phengite grains which reach a maximum o f 70 pm  in 

diam eter. Sodic-am phiboles are aligned within the main foliation; grains are finer- 

grained than phengite and are optically zoned with lilac-blue cores and darker-blue 

rims. W here present, sodic-pyroxene is aligned with the main foliation, grains are o f 

similar grain-sizes to sodic-amphibole. Law sonite is fine-grained, elongate and tabular, 

and aligned within the main foliation. A subsequent deform ation event has deform ed 

the main foliation, resulting in a weakly developed crenulation and strain-slip cleavage 

o f  reorientated white micas.

2.1.4.1.5 Massive porphyroblastic metabasite

The main foliation in the porphyroblastic m etabasite is less strongly developed due to 

the greater com petency o f  the lithology (Plate 2.3.4g). W ithin the assemblage 

lawsonite 4- sodic-pyroxene 4- sodic-am phibole ± garnet ± phengite ± epidote ± 

titanite, four progressively developed mineral grow ths are distinguished. Pre-kinem atic 

garnet and clinopyroxene porphyroblasts form  the earliest assemblage (Plate 2.3.4h).
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B oth are heavily fractured with cores abundant in ultra-fine grained inclusions, too 

fine-grained to identify. Garnet and sodic-pyroxene sub-idioblasts are w rapped by the 

foliation, which comprises fine-grained sodic-pyroxene, sodic-amphibole, m inor 

law sonite and sparse white mica. Fine-grained idioblastic epidote grains, together with 

law sonite idioblasts, form  aggregates within pressure shadows around pre-kinem atic 

garnet and clinopyroxene porphyroblasts. A  second porphyroblastic lawsonite grow th 

has form ed subsequent to the main foliation developm ent. Coarse lawsonite idioblasts 

overgrow  the foliation and consequently contain, often coarse-grained, inclusions o f 

sodic-amphibole, sodic-pyroxene, and less com m only epidote.
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Plate 2.3.1a: Outcrop of phengitic metachert along the Aliova River section near Alacaat 
Village in the Orhaneli region.

Plate 2.3.1b: Photomicrograph of metachert sample 96/234 from the Aliova River section in 
the Orhaneli region.





Plate 2.3.2a: Blueschist-facies metabasite outcrop in Inonü, within the Tavsanli region. Dr 
Jo-Anne Wartho for scale.

Plate 2.3.2b: Photomicrograph of sample 96/12 from Inonü metapelite, Tavsanli region.



1 mm
Plate 2.3.2c: Optically zoned sodic-amphibole grains from sample 96/12, from Inonü, the 
Tavsanli region.

%

Plate 2.3.2f: Photomicrograph of foliated metabasite sample 96/16 from Dodurga, Tavsanli 
region.



Plate 2.3.2e: Blueschist outcrop along a road-cutting overlooking Dodurga reservoir, near 
Dodurga in the Tavsanli region.

Plate 2.3.2f: Photomicrograph of metabasite sample 96/15 from Dodurga, the Tavsanli 
region.
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Plate 2.3.2g: Compositionally banded field photograph of foliated metabasite in Yeniuregil, 
Tavsanli region.

Plate 2.3.2h: Field photograph of lawsonite rich band in metabasite outcrop, Yeniuregil, 
Tavsanli region.



Plate 2.3.21: Photomicrograph of massive porphyroblastic metabasite sample 96/27 from 
Yeniuregil, Tavsanli region.
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2.3.2j: Field photograph of metapelite bands within metabasite outcrops in Yeniuregil, the 
Tavsanli region
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Plate 2.3.2k: Photomicrograph of metapelite sample 96/185 from Yenluregil, Tavsanli region.

f

Plate 2.3.21: Photomicrograph of sodic-amphibole-rich foliated metabasite sample 96/28 from 
Yeniuregil, Tavsanli region
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Plate 2.3.3a; Field photograph of metapelite outcrop in Akcakaya.

Plate 2.3.3b: Photomicrograph of metapelite sample 96/48 from Akcakaya.



Plate 2.3.4a: Field photgraph of outcrop in Halilbagi, in the Sivrihisar region.

Plate 2.3.4b: Photomicrograph of low-grade metapelite sample 97/1 from Halilbagi in the 
Sivrihisar region.
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Plate 2.3.4c: Photomicrograph of sample 96/66 from Halilbagi in the Sivrihisar region.

m

Plate 2.3.4d: Field photograph of blue/green banded foliated metabasite outcrop in Halilbagi, 
within the Sivrihisar region.
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Plate 2.3.4e: Photomicrograph of foliated metabasite sample 96/158 from Halilbagi in the 
Sivrihisar region.
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Plate 2.3.4f: Photomicrograph of metapelite sample 96/120 from H alilb^i in the Sivrihisar 
region.



Plate 2.3.4g: Field photograph of porphyroblastic metabasite from Halilbagi, in the 
Sivrihisar region.

Plate 2.3.4h: Photomicrograph of porphyroblastic metabasite sample 96/149 from Halilbagi 
in the Sivrihisar region.



Chapter Three

M e t a m o r p h i c  E v o l u t io n

3.0 Outline of Chapter Three

The following chapter com prises two submitted papers. The first paper describes the 

metamorphic evolution o f the blueschist- and low -tem perature eclogite-facies rocks o f 

the Tavsanli Zone and an interpretation o f  the Pressure-Tem perature paths. The 

second paper describes oscillatory zoning in lawsonites, unique to the m etabasites in 

the Sivrihisar region. An additional section details the evidence for possible ultrahigh- 

pressure m etam orphism  o f  the Halilbagi region o f Sivrihisar.

3.1 Thermobarometry and P-T evolution of Tethyan high- pressure 

metamorphism: the Tavsanli Zone, NW Turkey.

3.1.1 Introduction
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The formation, exhum ation and preservation o f  high-pressure low -tem perature 

(HPLT) assemblages have long been enigmatic and the subject o f debate, not least in 

terms o f the mechanisms responsible for their return to the surface from depths greater 

than the base o f the continental crust. The diversity o f tectonic settings in which these 

rocks are formed attest to the diversity o f exhumation mechanisms including buoyancy 

forces (e.g. England and Holland, 1979; Cloos, 1982) or by extension (Platt, 1986; 

1987; 1993), and in many cases a com bination o f  several mechanisms may operate 

together (Platt, 1993).

Research in many areas o f  H PLT m etam orphism  shows that Pressure-T  em perature (P- 

T) paths associated with H PLT rocks follow two broad trends. Those resulting 

exclusively from subduction are characterised by a retrograde path closely mirroring 

the prograde path, term ed the Franciscan Type after the Franciscan complex, 

California (Ernst, 1988). HPLT rocks form ed in a collisional setting, such as the 

W estern Gneiss region o f  Norway, display a more ‘looped’ P-T path with almost 

isotherm al decom pression resulting in often extensive overprinting o f  HPLT 

assemblages by either greenschist- or amphibolite-facies m etam orphism  (e.g. Cloos, 

1982; Thompson and England, 1984). In many cases, however, the H PLT rocks can 

be attributed to a com bination o f  both subduction and collision-related tectonic 

processes, such as the Sesia Zone in the W estern Alps (e.g. Pognante, 1991; Avigad, 

1996) resulting in more com plex P-T paths recorded by different tectonic units. The 

Tavsanli Zone o f NW  Turkey is a region o f H PLT m etamorphic rocks for which the 

timing o f m etamorphism  and the process o f exhumation is now well constrained
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(Sherlock et al., subm itted a). The Tavsanli Zone is approxim ately 250 km  in length, 

and 100 km  across at its widest (Figure 3.1), and is the largest expanse o f  Tethyan 

blueschist-facies rocks (Okay, 1989). A com parison o f P-T paths from  the best 

exposed regions o f  pristine rocks from  this region affords a greater understanding o f 

Tethyan subduction and m etam orphism  within an eastern M editerranean tectonic 

context.

i f

B o z u y
Orfaaneli

# E s k i s e h i r

B l a c k  S e a  
I s t a n b u l

A n k a r a

M e d i t e r r a n e a n

Figure 3.1: Location map for the samples collected from the Tavsanli Zone.
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3.1.2 Geological setting

The Tavsanli Zone HPLT rocks lie in an east-w est trending major Tethyan Izmir- 

Ankara suture. The suture represents the site o f a major northw ard-directed 

subduction zone, one o f a number responsible for the consum ption o f the Tethyan 

ocean during the Alpide orogeny (Okay, 1989). Given the plate configurations and 

relative plate m otion directions for the African and European plates, subduction is 

inferred to have been oblique until approxim ately 65 M a (Dewey et al., 1989). 

Thereafter convergence remained northw ard-directed but becam e orthogonal 

following continent-continent collision and the cessation o f subduction. Final collision 

was diachronous, consuming the w estw ard-narrow ing Tethys earlier in the west than 

in the east (Okay and Tiiyliz, in press).

The Tavsanli Zone HPLT belt com prises both sedim entary and volcanic rocks which 

represent rem nants o f the m etam orphosed passive continental margin o f  the Anatolide- 

Tauride platform  that have been exhumed from different crustal levels. Intrusive into 

the HPLT rocks are a series o f 53 ± 3 M a calc-alkaline subduction-related granitoid 

plutons exposed from the Orhaneli region in the west (Harris et al., 1994; Okay et al., 

1998) to the Sivrihisar region some 200 km  eastw ard (Sherlock et al.. Subm itted a).

Neogene cover obscures large regions o f HPLT rocks, though the three best exposed 

areas o f Orhaneli, Tavsanli and Sivrihisar (Figure 3.1) provide ample outcrop and 

lithological variety for a detailed study o f the HPLT m etamorphism. The principal aim
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o f  this w ork is to assess the conditions o f m etam orphism  and P-T evolution o f two 

areas o f  pristine H PLT rocks within the Tavsanli Zone and com pare with the existing 

P-T data for the Tavsanli Zone which is primarily based on the Orhaneli region (Okay 

and Kelley, 1994; Harris et al., 1994; Okay et al., 1998) and reconnaissance studies 

further east (Kulaksiz, 1981; Gautier, 1984). We present new therm obarom etric and 

petrographical data from  the Tavsanli and Sivrihisar regions in the central and east 

Tavsanli Zone (Figure 3.1).

To date, the Orhaneli region in the west o f  the Tavsanli Zone has provided the best 

docum ented study o f blueschist-facies metamorphism. The P-T path o f those 

blueschists follows a clockwise trajectory, reaching peak metamorphic conditions o f 

430 ± 30° C and 20 ± 2 kbar (Okay and Kelley, 1994). The whole P-T trajectory lies 

within the lawsonite-blueschist sub-facies. Conditions o f m etam orphism  in the eastern 

regions o f  the Tavsanli Zone are less well understood and no previous attem pt has 

been made to constrain their P-T evolution. W ithin the Sivrihisar region P-T estim ates 

for law sonite-glaucophane assemblages range from  200° to 350° C and 5 to 8 kbars, 

and for the transitional zones 350° to 470° C and 4 to 6 kbars (Kulaksiz, 1981).

Blueschist- and low -tem perature eclogite-facies samples have been selected to 

constrain both the prograde and retrograde history o f the Tavsanli Zone rocks, and 

underw ent rapid syn-subduction exhum ation (Sherlock et al., submitted a). At 

approxim ately 65 M a subduction ceased and exhum ation continued during continent- 

continent collision by southw ard-directed thrusting (Sherlock et al., submitted a).
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Therm obarom etric and fabric analyses from a num ber o f lithological types are used to 

constrain the P-T conditions that link with the established chronological evolution o f 

the Tavsanli Zone.

3.1.3 Lithological descriptions

Four main lithological types occur within the Tavsanli and Sivrihisar regions: 

m etachert, metapelite, foliated m etabasite and massive porphyroblastic m etabasite. 

M ineral assem blages for all four lithological types are given in Table 3.1.

_______________ Qtz Phen Laws Amph Pyx Grt Epi Tite Hem Chi Calc
Metachert
9 6 / 2 3 4  
96/252 
M etapelite 
K380 
9 6 / 1 2  
96/69 
9 6 / 1 2 0  
9 6 / 1 3 4  
9 6 / 1 8 5  
96/198 
F oliated 
Metabasite 
9 6 / 1 4  
96/139 
9 6 / 1 5 2  
9 6 / 1 5 8  
9 6 / 1 6 2
Porphyroblastic 
Metabasite
9 6 / 1 5  
9 6 / 1 1 7  
96/118
9 6 / 1 4 9  X X X  X X
9 6 / 1 5 9  X X X  X X
9 6 / 2 1 6  X X X  X  X X  x x

X  X

X  X
X  X

Table 3.1: Mineral assemblages for samples from all lithological types.

C h a p t e r  3 64



3 .1 .3 .1 M etachert

M etacherts are dom inated by medium- to coarse-grained quartz with rare fine- to 

medium-grained fragm ented feldspar. Three stages o f mineral grow th can be 

distinguished:

i The dominant feature is the main penetrative foliation which com prises 

inclusion-free lawsonite + phengite ± titanite (Figure 3.2).

Figure 3.2: Photomicrograph of metachert sample 96/234 from the Orhaneli region.

C h a p t e r  3 65



Fine-grained idioblastic lawsonites are aligned in the foliation, phengites are inclusion- 

free and o f  a coarser grain-size than lawsonite. Fine-grained titanite grains are also 

aligned within the main foliation where present.

a  The dom inant foliation was weakly crenulated in a subsequent and less

intense deform ation event, resulting in a non-penetrative strain-slip cleavage o f re

oriented white micas.

3.1.3.2 Metapelite

M etapelites are dom inated by the penetrative foliation (Figure 3.3), within the overall 

assemblage phengite 4- sodic-amphibole 4- lawsonite 4- quartz ± sodic-pyroxene ± 

garnet ± titanite, four stages o f  mineral grow th can be distinguished:

i An earlier foliation comprising quartz and lawsonite is preserved as

fine-grained inclusions within cores o f  sodic-amphiboles, and where present within 

cores o f garnet.

a  The dom inant foliation is defined by aligned sodic-am phibole 4- 

lawsonite 4- phengite. W here present, sodic-pyroxene is aligned in the main foliation 

and forms domains which include minor lawsonite and sodic-amphibole, separated 

from sodic-am phibole-rich domains by fine- to m edium-grained quartz bands. The rims 

o f pre-kinem atic garnets preserve sodic-amphibole and occasionally sodic-pyroxene 4- 

phengite inclusions, which are concordant with the main foliation. Sodic-am phibole is
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optically zoned with deep-blue rims and lilac-blue cores. Sodic-pyroxenes are not 

optically zoned and are generally finer-grained than sodic-amphibole. Lawsonite are 

elongated sub-idioblastic and finer grained than sodic-amphibole. Phengites are finer- 

grained than lawsonite and are elongate with a maximum diam eter o f 50 pm.

Figure 3.3: Photomicrograph of metapelite, sample 96/12 from the Tavsanli Region.

Hi The dominant foliation has been deform ed producing a weakly 

developed strain-slip cleavage o f  re-orientated white mica.

3.1.3.3 Foliated metabasite

M etabasites contain the assemblage lawsonite + sodic-pyroxene + sodic-amphibole ± 

garnet ± phengite ± titanite. In the Tavsanli region garnet is absent with the exception
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o f  sample 96/15. Garnet is ubiquitous in the Sivrihisar region. Within the foliated 

m etabasite four progressive mineral grow th stages have been identified:

i The earliest assem blage o f  quartz + lawsonite is preserved as inclusions

in garnet cores. Pre-kinematic lawsonite is fragm ented and boudinaged. Subsequent 

sodic-amphibole and quartz have grow n within pressure shadows around lawsonite, 

and in cracks in lawsonite associated with deform ation. The pre-kinem atic lawsonite is 

wrapped by the main foliation.

a  W here present, garnets are pre- to syn-kinematic and commonly

fragm ented in high-strain zones (Figure 3.4).

Figure 3.4: Photomicrograph of foliated metabasite sample 96/158 from the Sivrihisar region.

W ithin the garnets are abundant quartz 4- lawsonite 4- sodic-amphibole inclusions 

which in high-strain zones define an earlier oblique foliation. How ever garnet rims are
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concordant with, and include sodic-amphibole and sodic-pyroxene defining the later 

foliation (Figure 3.5).

Figure 3.5: Backscattered electron image of a garnet in sample 96/158 illustrating 
porphyroblast-foliation relationships.

Hi The penetrative foliation is the dom inant feature, comprising sodic-

amphibole + sodic-pyroxene + lawsonite -i- white mica, with strong com positional 

segregation resulting in amphibole-rich and pyroxene-rich domains. Within the 

foliation, fine-grained tabular lawsonite is ubiquitous. Fine-grained phengite is also 

present but is less abundant than either sodic-pyroxene or sodic-amphibole.

iv The main foliation has been folded, in places isoclinally, resulting in a

weakly developed axial planar crenulation cleavage o f reorientated white micas.
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3.1 .3 .4  P orphyroblastic  m etabasite

The main foliation in the porphyroblastic m etabasite is weakly developed due to the 

greater com petency o f the lithology (Figure 3.6). W ithin the assemblage lawsonite + 

sodic-pyroxene 4- sodic-amphibole ± garnet ± phengite ± epidote ± titanite, four 

progressively developed mineral grow th events are distinguished:

i wm ifi

Figure 3.6: Photomicrograph of porphyroblastic metabasite sample 96/149 from the Sivrihisar 
region.

/■ Pre-kinem atic garnet and clinopyroxene porphyroblasts form the

earliest assemblage, both are heavily fractured with cores abundant in ultra-fine 

grained inclusions, too  fine grained to identify.

a  G arnet and sodic-pyroxene sub-idioblasts are w rapped by the weakly

developed foliation, which com prises fine-grained sodic-pyroxene, sodic-amphibole.

Ch a p t e r  3 70



minor lawsonite, and sparse white mica. Fine-grained idioblastic epidote grains, 

together with lawsonite idioblasts, form aggregates within pressure shadows around 

the pre-kinem atic garnet and clinopyroxene porphyroblasts.

Hi A second porphyroblastic lawsonite grow th has formed syn- to post- 

main foliation developm ent (Figure 3.7)

i

Figure 3.7: Lawsonite porphyroblast in sample 96/149 containing sodic-amphibole, sodic- 
pyroxene and rare epidote inclusions.

C oarse lawsonite idioblasts overgrow  the foliation and consequently contain often 

coarse-grained inclusions o f sodic-amphibole, sodic-pyroxene and less comm only 

epidote.

3.1.4 Mineral Chemistry
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Mineral com positions have been determ ined using a Cam eca SX 100 electronprobe 

microanalyser at the Open University, with a 20 kV accelerating voltage, 20 nA beam  

current and a spot size o f  10 microns. Representative analyses o f  selected minerals 

from all lithologies are presented in Tables 3.2 to 3.6.

3.1.4.1 Garnet

G arnets in m etachert and m etabasite samples from Sivrihisar are almandine-rich and 

concentrically chemically zoned (Figure 3.8). Garnet in sample 96/158 displays strong 

concentric zoning in Fe, M g, Ca and Mn. X-ray maps display a M n-rich, Fe-poor core 

(Figure 3.8). A chemically distinct region lies betw een the core and the rim regions o f 

the garnets, which is Fe-rich and M n-poor, with a minor increase in Ca and M g. Rims 

are lower in Fe with an increase in Mn and a corresponding decrease in M g and Ca.
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Figure 3.8: X-ray maps of concentrically-zoned garnet from sample 96/158 from the Sivrihisar 
region: a) Fe, b) Mg, c) Ca and d) Mn.

G arnets are rare within the m etabasites o f  the Tavsanli region and have only been 

observed in a single sample o f  the porphyroblastic m etabasite (sample 96/15). These 

are fine-grained and are more weakly zoned than garnets from Sivrihisar. G arnets are 

almandine-rich (Alm^6o-66)) with a grossular com ponent o f  GrS(24-26) and pyrope and 

spessartine com ponents o f  Py(05-o8) and SpsS(03-o9).
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96/15 96/158 96/159 96/69

SiOz 37.51 37.15 37.43 37.63
TiOz 0.39 0.15 0.13 0.32
AIzO^ 20.38 2 0 . 6 6 21.04 19.49
C fzO s 0.03 0 . 1 1 0.13 0 . 0 2

MgO 1.67 1.25 2.09 1.15
CaO 9.15 9.94 1 0 . 1 1 24.79
MnO 2.61 6.13 3.18 6 .6 8
FeO 29.54 24.91 26.77 10.09
NazO 0 0 0 0 . 0 0

KzO 0 0 0 0 . 0 0

Total 101.27 100.30 1 0 0 . 8 8 100.17

Si 2.98 2.98 2.97 3.04
Ti 0 . 0 2 0 . 0 1 0 . 0 1 0 . 0 2

AI 1.91 1.95 1.97 1.86
Cr 0 . 0 0 0 . 0 1 0 . 0 1 0 . 0 0

Mg 0 . 2 0 0.15 0.25 1.67
Ca 0.78 0.85 0 . 8 6 0.14
Mn 0.18 0.42 0 . 2 1 0.58
Fe 1.97 1.67 1.77 0.69
Na 0 . 0 0 0 0 0 . 0 0

K 0 . 0 0 0 0 0 . 0 0

Total 8.04 8.03 8.04 7.99

XAlm 0.63 0.54 0.57 0.22
XPyr 0.06 0.05 0.08 0.54
XGross 0.25 0.28 0.28 0.04
XSpss 0.06 0.14 0.07 0.19
Table 3.2: Average garnet analyses for representative garnet-bearing samples.

3.1.4.2 Amphibole

Amphiboles are sodic, and according to the classification o f  Leake et al. (1997) are 

glaucophane and ferro-glaucophane with an occasional m agnesio-riebeckite 

com ponent, (Figure 3.9). Fe^^ and Fe^^ were calculated according to the m ethod o f 

Okay (1980).
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Figure 3.9: Amphibole compositions according to the classification of Leake et al. (1997).

Individual grains display com plex optical and chemical zoning, with lilac-blue cores 

and deeper-blue rims. B ackscatter electron (BSE) imaging reveals distinctly more 

com plex zoning features (Figure 3.10). Rims show increased Fe(total) and Ca, with a 

corresponding decrease in Mg. Core regions are patchily zoned, a feature which 

cannot be attributed to major element zonation. The relationship between Fe-+, Fe^+ 

and Fe(total) within cores and rims is not simple. Within the rims Fe-+ behaves as 

Fe(total) described above but Fe^+ decreases though by a lesser extent than Fe-+ 

increases. W ithin the cores Fe-+ and Fe^+ m irror each other in an almost 1:1 ratio. 

Na-+ and Mn-+ are minor com ponents which co-vary in an almost oscillatory fashion 

throughout both cores and rims.
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Figure 3.10: BSE image of complex zoning in sodic-amphibole from sample 96/12.

Figure 3.11: X-ray maps of sodic-amphibole from sample K380: a) Fe(total), and b) Mg.
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X-ray maps o f  both Fe(total) and display distinct core/rim  differences (Figure 

3.11 a, b). Cores are M g-rich and Fe-poor, rims are Fe-rich and M g-poor. The 

boundary betw een core and rim in terms o f M g is much more distinct than for Fe.

96/12 K380 6/15 96/185 96/139 96/149 96/159 96/69

SiOz 57.27 55.79 57.59 56.95 57.09 57.66 56.92 57.18
TiOz 0 . 0 0 0 . 0 0 0 0 0 . 0 2 0 0 . 0 2 0 . 0 0

AlzOz 6.83 4.71 6.78 4.83 6 . 0 0 7.21 5.37 5.93
MgO 9.36 8 . 6 8 10.29 10.27 16.45 12.18 13.40 8.71
CaO 0.37 0.38 1 . 2 0 0.69 0.13 3.38 5.46 0 . 1 0

MnO 0.18 0.15 0.03 0.27 1.37 0.13 0.04 0.53
FeO 9.49 1 1 . 2 9.41 8.18 5.20 9.89 10.58 11.95
FezOz 7.57 1 0 . 1 6.46 10.03 5.94 2.08 1.89 7.79
NazO 7.03 7.03 6.61 6.76 6.61 5.15 4.22 6.32
KzO 0 . 0 2 0.07 0.04 0.03 0.03 0.03 0 0.03

Total 97.37 97.10 97.77 97.00 98.27 97.50 97.70 97.76

Si 8.15 8 . 0 1 8.13 8 . 2 0 7.99 8.05 8 . 0 0 8.08
Ti 0 0 . 0 0 0 0 0 . 0 0 0 0 . 0 0 0 . 0 0

A1 1.14 0.80 1.13 0.82 0.99 1.18 0.89 0.99
Mg 1.98 1 . 8 6 2.17 2 . 2 1 1.84 2.54 2.82 1.85
Mn 0.06 0 . 0 2 0 . 0 0 0 . 1 1 0 . 0 1 0.51 0.83 0 . 0 1

Fê + 1 . 1 1 1.34 1 . 1 0 0.03 0.60 1.15 1.40 1.41
Fê + 0.80 1.09 0 . 6 8 0.96 0.61 0 . 2 2 0 . 2 0 0.83
Ca 1.95 0.06 0.18 0.03 0 . 2 1 0 . 0 2 0 . 0 1 0.08
Na 0.04 1.96 1.81 1.89 1.79 1.39 1.14 1.73
K 1.94 0 . 0 1 0 . 0 1 0 . 0 1 0 . 0 0 0 . 0 1 0 0 . 0 0

Total 15.25 15.02 15.22 15.34 15.04 15.06 15.13 14.87
Table 3.3: Average amphibole analyses for representative samples

3.1.4.3 White mica

W hite micas are o f the Si-rich phengite variety and are in the range Si = 3.50 to 3.79 

(p.f.u.). M ost analyses do not lie on the ideal m uscovite-celadonite mixing line (Figure 

3.12) due to the interference o f  Fe^^ substitution. The calculation o f Fe^^ in phengite is
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not possible on a stoichiom etric basis (e.g. Carswell et al., 1997), and can only be 

inferred from the non-ideal behaviour o f the data in Figure 3.12. Also apparent from 

Figure 3.12 is that the Tscherm ak exchange ([M g, Fe"'^i'", SC  = A f ', Af'") in addition 

to Fe'^’̂ -Al'" substitution has taken place in most phengites.
3.8

3.75 Cel
3.7

Si(Fe,Mg,Mn) = 2A1

3.5
3.45
3.4

Mu

0.90.80.70.60.50.4
Fe + Mg + Mn p.f.u.

Figure 3.12: Compositional diagram of phengite illustrating both Tschermak and Fe  ̂
substitution.

96/12 96/15 96/185 96/198 K380 96/139 96/149 96/158 96/159 96/69 96/117 96/118

SiO: 51.8 5262 52.21 52.42 5203 53.35 5238 52.00 5280 52.66 4938 49.38
TiOi 0 . 1 0.14 0.09 0.08 0.09 0 . 1 2 0.13 0 . 2 0 0 0 0.15 0.15
AI2 O3 223 2 1 . 2 1 21.78 2214 21.90 20.92 21.62 22.40 22.14 22.20 21.34 21.34
MgO 4 A33 4J3 4.14 4.02 4.66 4.62 4.27 4.81 4.56 4.71 4.71
MnO 0 0.02 0 0.06 0.07 0 . 0 2 0.05 0 . 0 0 0 . 0 1 0 . 0 2 0 . 0 2 0 . 0 2

FeO 4.8 4.87 0.05 4^9 533 4.53 4.18 0.41 4.41 4.12 438 438
N^O 0 . 1 0 . 1 1 4.67 OT# 0.07 0 . 1 2 0.15 0 . 1 0 0.17 0.13 0.08 038
K: 0 1 0 . 8 10.95 0 . 1 1 10.81 10.51 10.98 10.60 1 1 . 0 0 11.03 10.69 11.16 1 1.16
Total 94.1 94.27 10.98 94.33 94.02 95.25 93.52 94.10 96.38 9439 91.32 9132
Si 3.60 7.21 94.13 3JW 3.57 3.61 338 3.60 339 338 3.51 3.51
Ti 0 . 0 0 0 . 0 2 3J# 0 . 0 0 0 . 0 0 0 . 0 1 0.01 0 . 0 0 0 0 0 . 0 1 0 . 0 1

AI 1.80 3.42 0 . 0 0 1.78 1.77 1.67 1.75 1.80 1.74 1.78 1.79 1.79
Mg 0.40 0.88 1.76 0.42 0.41 0.47 0.47 0.40 0.48 0.46 0.50 0.50
Mn 0 . 0 0 0 0 0 . 0 0 0 . 0 0 0 . 0 0 0 . 0 0 0 . 0 0 0 . 0 0 0 . 0 0 0 . 0 0 0 . 0 0

Fe OAO 0 . 0 0 0.43 OJ# 0.31 036 0.24 030 0.25 0.23 0.26 0.26
Na 0 . 0 0 0.56 0 . 0 0 0 . 0 1 0 . 0 1 0.02 0 . 0 2 0 . 0 0 0 . 0 2 0 . 0 2 0 . 0 1 0 . 0 1

K 0.90 0.03 0.27 0.94 0.92 0.95 033 1 . 0 0 034 033 1 . 0 1 1 . 0 1

Total 7.01 1.91 0 . 0 1 7.00 7.00 7.01 7.01 7.00 7.02 7.00 739 7.09
Table 3.4: Average phengite analyses from representative samples.
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3 .1 .4 .4  Pyroxene

Pyroxenes are generally augitic with the jadeite com ponent in the range for the

Sivrihisar region, tmd Jd^jg 33  ̂ from the Tavsanli region-

96/15 96/149 96/152 96/158 96/159 96/69

& 0 2 54.85 55.23 55.11 55.19 55.45 55.29
TI0 2 0 . 0 2 0.04 0.09 0 0.03 0.03
A1 2 0 3 5.21 6 . 0 2 4.98 5.63 4.86 632
MgO 733 8.24 831 8 . 0 0 8.15 4.88
CaO 13.33 13.65 13.53 13.40 14.41 938
MnO 0 . 0 2 0.06 0.17 0.07 0 . 1 0 0.30
F6203 (i) 
F6203 (ii)
FeO 12.64 10.26 10.65 11.47 11.98 14.36
N a . O 6.75 6.14 5.99 6.54 6 . 2 1 8.64

Total 100.17 99^d 99.34 100.30 101.19 98.99

Si 2.04 2.04 205 2.04 2.04 2.04
Ti 0 . 0 0 0 . 0 0 0 . 0 0 0 0 . 0 0 0 . 0 0

A1 0.23 0.26 0 . 2 2 0.24 0 . 2 1 0.29
Mg 0.41 0.44 0.49 0.44 0.45 039
Ca 0.53 0.45 0.54 033 0.57 039
Mn 0 . 0 0 0.54 0 . 0 1 0 . 0 0 0 . 0 0 0.47
Fe'"(i)
Fe^+fii)
Fê + 039 0 . 0 0 0.33 0.35 0.37 0 . 0 1

Na 0.49 032 0.43 0.47 0.44 0 . 6 6

Total 4.09 4.05 4.06 4.07 4.08 4.15

Jd 0.23 0.26 0 . 2 2 0.24 0 . 2 1 039
Ac 0.26 0.06 0 . 2 1 0 . 2 2 0.23 037
Aug 0.51 0 . 6 8 0.57 0.53 0.56 034
Table 3.5: Average clinopyroxene analyses from representative samples.

3+
The Fe com ponent has been estim ated in om phacites using (i) a standard charge 

balance procedure (e.g. D roop, 1987), and (ii) the procedure o f Caw thorn and
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Collerson (1974), which maximises the jadeite com ponent relative to acmite - thus

iv

making the assum ption that the om phacites are low in Ai .

3.1.4.5 Lawsonite, epidote and titanite

Lawsonite com positions vary little from  the ideal formula in samples from  the four 

lithologies from either Tavsanli or Sivrihisar. In some m etabasite samples unusually 

high is reported in lawsonites which are oscillatory zoned (Sherlock and Okay, 

submitted) but this is not com m on to all lithologies.

96/117 96/118 96/149 96/216

& 0 2 37.22 36 96 3635 3832
TiOz 0 . 0 0 0 0 0

AI2 O3 22.07 2336 2265 2332
CrzOa 0 . 0 0 0 0 0

MgO 0 . 0 1 0 0 . 0 1 0 . 0 2

CaO 23.05 25.01 2278 2296
MnO 0.30 0.16 033 0.31
FezOj 13.55 12.99 13.62 13 96

Total 96.20 9838 96.14 9839

Si T03 2.95 299 332
Ti 0 . 0 0 0 0 0

A1 2 . 1 2 2 . 2 2.17 2.16
Cr 0 . 0 0 0 0 0

Mg 0 . 0 0 0 0 0

Ca 2 . 0 1 2.14 1.99 1.96
Mn 0 . 2 1 0 . 0 1 0 . 0 2 0 . 0 2

0.83 038 033 033

Total 8 . 0 0 8.07 8 739
Table 3.6: Average mineral compositions of epidotes from representative samples.
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3.1.5 Conditions of metamorphism

3.1.5.1 NCMASH partial petrogenetic grid

M etam orphic conditions have been determined using three pertinent equilibria 

calculated for minerals within the NCM ASH system. M ineral formulae and associated 

activities are represented in Table 3.7.

Formulae Activities

96/69 96/149

gi N a2M g2Al2(Sis0 2 2 )[H 2 0 ]2 0.0242 0.054
law CaA l2Si2 0 7 (0 H )2.H2 0 1.0 1.0
cz Ca2Al3SÎ3 0 ,2(0 H) 0.69 1.0
di CaM gSi2 0 ô 0.272 0.433
jd NaAlSizOe 0.279 0.259

bed CaFeSi2 0 ô 0.163 0.158
aim Fe2Al2Si30i2 0.144 0.17
py Mg2Al2Si30i2 0.000848 0.00124
gr Ca2Al2Si30i2 0.00617 0.0202
mu K 2 A l4 (S i()A l2 0 2 o )[O H ]4 0.261 0.25
cel Na2Ah(Si6Al202o)[OH]4 0.331 0.334
qtz SÎ02 1.0 1.0

H2O H 2 0 0.3 0.3

Table 3.7: Mineral formulae and activities used to calculate equilibria for metapelite sample 
96/69 and metabasite sample 96/149. Activities calculated using Ax software (T. J. B. Holland).

The lawsonite-blueschist and epidote-blueschist sub-facies boundaries, and the 

lawsonite-blueschist and low -tem perature eclogite sub-facies boundaries have been 

calculated for metapelite and m etabasite lithologies from  the Tavsanli Zone following
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Evans (1990) (Figure 3.13). The four calculated reactions are given in Table 3.8.

25

20 B B S

L B S5

E p i d o t e -
a m p h i b o l i t e0

G r e e n s c h i s t

5
300 400  500 600

Figure 3.13: P-T diagram illustrating the sub-facies boundaries computed by Evans (1990) (A), 
with the reactions 1 to 3 of this study bigbligbted in box B. Abbreviations LBS = lawsonite- 
blueschist sub facies, and EBS = epidote-blueschist sub-facies. The quartz-coesite transition 
equilibrium is after Boblen and Boettcher (1982), the Si in phengite isopleth is according to 
Massonne and Schreyer (1987). aH^O = 0.5 for A, and aHiO = 0.2 for B. i = metabasite sample, 
ii = metapelite sample.
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W here garnet is present in the Sivrihisar rocks the transition from the lawsonite- 

blueschist sub-facies to the low -tem perature eclogite sub-facies is marked by the 

‘garnet-in’ reaction 1. Reaction 2 marks the boundary betw een the low -tem perature 

eclogite sub-facies and the epidote-blueschist sub-facies, and the appearance o f 

clinozoisite in som e Sivrihisar samples. Reaction 3 marks the transition betw een the 

epidote-blueschist sub-facies and the lower tem perature lawsonite-blueschist sub

facies observed within epidote-bearing assemblages from  Sivrihisar. Reaction 4 is 

calculated for garnet-bearing samples from the Sivrihisar region and is an effective 

barom eter since it has a flat slope in P-T space.

No. R eac tion

1 4gl 4- 3law = 3py + 3di + 8jd  -I- 7qtz 4- IOH2O
2 9py + 12di 4- 26jd 4- 19qtz 4- I 6 H2O = 13 gl 4- 6 cz
3 cz 4- jd  4- py 4- qtz 4- H2O = gl 4- law
4 py 4- gr -H cel = di 4- mu_________________________

Table 3.8: Equilibria calculated for samples 96/69 and 96/149.

Reactions 1 to 3 are strongly tem perature dependent and highly sensitive to aH 2 0 . All 

end-m embers are independent o f iron and are thus unaffected by the Fe^^ content o f 

clinopyroxenes. Reaction 4 is a strongly pressure dependent equilibrium, independent 

o f w ater activity and iron end-members. Com parison o f reactions 1 to 3 calculated for 

the Sivrihisar rocks, with those com puted by Fvans (1990), illustrate the effect that 

increased aH 2 0  on these equilibria. The petrogenetic grid o f  Fvans (1990) assumes 

aH2 0  = 0.5 (Figure 3.13). W ater activity is difficult to assess in these rocks, and a
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value o f aH iO  = 0 .2  has been assigned based on the positioning o f  the triple point o f 

reactions 1 to 3, relative to the average pressures obtained using reaction 4, which is 

independent o f  HiO. Points i and ii (Figure 3.13) are calculated for the 

porphyroblastic m etabasite sample 96/149 and the m etapelite sample 96/69 

respectively, both from the Sivrihisar region. Both i and ii are approxim ately 3 kbar 

higher than the same equilibria calculated by Fvans (1990), i is 100° C and ii 150° C 

lower than Fvans (1990), due to the lower aHiO. The tem perature variations observed 

between the lithologies are within a ± 50° C error and may be apparent differences 

rather than real differences.

3.1.5.2 Thermometry

Garnet-clinopyroxene and garnet-phengite therm om etry has been applied to suitable 

assemblages to determ ine tem peratures o f metamorphism . Both garnet-clinopyroxene 

and garnet-phengite therm om etry are strongly dependent on Fe^^-Mg^"^ partitioning. 

For garnet-phengite therm om etry the calibrations o f Ki'ogh and Raheim (1978) and 

Green and Heilman (1982) have been applied; for garnet-clinopyroxene therm om etry 

the calibrations o f  Fllis and G reen (1979), Powell (1985) and Krogh (1988) have been 

applied. For peak tem peratures the highest X M g(grt), lowest XN a(cpx) and lowest 

XSi(phen) have been chosen from  mineral pairs to minimise the likelihood o f using 

points within minerals which reflect equilibration at lower tem peratures during 

exhumation.
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The results o f  the garnet-clinopyroxene therm om etry vary significantly with different 

methods o f Fe^^ recalculation (Table 3.9). All tem peratures which are estim ated 

assuming that all Fe is ferric, are considerably higher than for tem peratures estim ated 

following Fe^^ calculation in pyroxene according to Caw thorn and Collerson (1974) 

and D roop (1987) (Table 3.9). Tem perature estim ates obtained using garnet-phengite 

therm om etry cover a w ider tem perature range than garnet-pyroxene therm om etry 

(Table 3.10) and is probably due to the inestimable Fe^^ within phengite.

In summary tem peratures from garnet-clinopyroxene and garnet-phengite therm om etry 

are highly variable, both betw een calibrations and betw een samples, as is often 

observed in H PLT rocks (e.g. Carswell et al., 1997). The spread o f tem perature 

estim ates in both  garnet-clinopyroxene and garnet-phengite calibrations can be 

attributed to the varying am ounts o f Fe^^ in both clinopyroxene and phengite (Table 

3.9). To a certain extent this can be rectified using recalculation m ethods in 

clinopyroxenes (see section 3.1.4.4), but cannot be accounted for in phengites.
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(Sivrihisar) Fe(total) = Cawthorn and Collerson 
(1974)

Droop (1987)

Ellis and Green (1982) 642° - 928° C 482° - 646° C 452°-641° C
Poweli (1985) 623°-915° C 462° - 625° C 429° - 620° C
Krogh ( 1988) 542° - 608° C 429° - 600° C 400° - 600°C

(Tavsanli) Fe( total) = 
Fe^^

Cawthorn and Collerson 
(1974)

Droop (1987)

Ellis and Green (1982) 705°-715° C 498° - 507° C 456° - 463° C
Powell (1985) 685° - 695° C 476° - 484° C 433° _ 440° C
Krogh (1988) 444° - 453° C 441° -452° C 404°-412° C

Table 3.9: Results of garnet-clinopyroxene thermometry for Sivrihisar samples 96/159, 96/159, 
96/149, 96/69, and a single Tavsanli sample -  96/15 -over the pressure range of 18 to 26 kbar 
using both all iron as ferric, and Fe^* calculated according to Cawthorn and Collerson (1974) 
and Droop (1987).

18-26 kbar 18-26 khar
(Sivrihisar) (Tavsanli)

Krogh & Raheim (1978) 460° - 708° C 520° - 565° C
Green and Heilman (1982) 481°-680° C 535° - 559° C

Table 3.10: Results of garnet-phengite thermometry from Sivrihisar samples samples 96/159, 
96/159, 96/149, 96/69, and a single Tavsanli sample -  96/15.

The three garnet-clinopyroxene calibrations have been applied with varying effects. 

Tem peratures using both Ellis and Green (1982) and Powell (1985) exceed garnet- 

clinopyroxene tem peratures using Krogh (1988) by over 100° C, and are also 

significantly higher than garnet-phengite estimates. Krogh (1988) accounts for Ca"^ in 

the garnet mineral lattice which significantly affects Tavsanli Zone garnets, and is a 

likely cause o f the overestim ation o f tem peratures from Ellis and Green (1982) and 

Powell (1985). The garnet-phengite tem peratures o f Green and Heilman (1982) and
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Krogh and Raheim (1978) are lower than garnet-clinopyroxene tem perature estimates, 

though are still higher than expected for the Tavsanli Zone according to Okay and 

Kelley (1994) and Okay et al. (1998). The proportion o f Fe^^ in phengite is 

inestimable. If, however, all Fe is assum ed ferric in phengites in sample 96/149 then 

the tem perature using both Krogh and Raheim (1974) and Green and Heilman (1982) 

is 600° C at 23 kbar, whilst assuming Fe(total)=Fe'^(0.6), Fe^^(0.4) the tem perature at 

23 kbar is reduced to 530° C. Garnet-clinopyroxene and garnet-phengite therm om etry 

indicate that tem peratures for the Sivrihisar region are a maximum o f  500° to 550° C ± 

50° C. G arnet-clinopyroxene therm o metric estim ates for the Tavsanli region are lower 

by betw een 50° and 100° C, but garnet-phengite estimates for the Tavsanli region are 

within error o f those obtained for the Sivrihisar region.

3.1.5.3 Bcirometry

M etam orphic pressures have been calculated using the garnet-clinopyroxene-phengite 

barom eter o f W aters and M artin (1993), which is based on the equilibrium: pyrope 4- 

2grossular = 6  diopside 4- 3phengite, and uses the self-consistent therm odynam ic 

dataset o f Holland and Powell (1998). To avoid retrograde re-equilibration at lower 

pressures, the highest X C a(grt), XN a(cpx) and XSi(phen) points have been chosen 

from  mineral pairs. Results o f garnet-clinopyroxene-phengite barom etry are presented 

in Table 3.11.
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(Sivrihisar) Fe(total) = 
Fe"^

Cawthorn and 
Collerson (1974)

Droop (1987)

Waters and Martin 
(1993)

27.7 to 33.6 kbar 23.0 to 26.9 kbar 19.4 to 26.9 kbar

(Tavsanli) Fe(total) = 
Fê ^

Cawthorn and 
Collerson (1974)

Droop (1987)

Waters and Martin 
(1993)

23.0 to 23.2 kbar 17 kbar 13.8 to 14 kbar

Table 3.11: Garnet-clinopyroxene-phengite barometric estimates for Sivrihisar (samples 96/158, 
96/159, 96/149 and 96/69) and a single Tavsanli Zone sample (96/15) over a temperature range 
of 400° to 550° C.

Pressure estim ates for the Tavsanli Zone are less complex than tem perature estim ates, 

but results are still highly sensitive to Fê "̂  recalculation m ethods (Table 3.11).

3.1.5.4 Pitfalls o f  thennobarometry in Tavsanli Zone rocks

Therm obarom etry in HP-LT rocks is com plicated by the major element chemical 

heterogeneity resulting from  both the low tem peratures and limited fluid levels during 

form ation, and also by the difficulty in assessing aH 2 0 . The specific problem s 

encountered whilst attem pting to assess the therm obarom etric conditions o f  the 

Tavsanli Zone samples are the uncertainty surrounding the w ater activity, the 

uncertainty surrounding the ratio o f  ferric to ferrous iron in a variety o f  minerals, and 

the strong major element chemical zoning in garnet.
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Garnet-clinopyroxene and garnet-phengite therm om eters are readily applied to HP-LT 

rocks since garnet, phengite and clinopyroxene are all relatively com m on, and only 

tw o o f the three are required to extract tem peratures. The disadvantages are, however, 

the reliance upon the exchange o f  Fe‘  ̂ and Mg^^. Fe^^ may be present within garnet, 

clinopyroxene and phengite but no therm odynam ic data is available for the Fe^^- 

bearing end-m em bers so that it is impossible to take account o f them  in therm om etric 

equations. If however a percentage o f  Fe^^ is assumed to be Fe^^ in a given mineral 

then the tem peratures obtained are erroneously elevated. The garnet-phengite m ethod 

assum es that all iron in phengite is Fe^^, though according to figure 3.12 there is a 

significant proportion o f  Fe^^ within phengite. The same is true o f  garnet- 

clinopyroxene therm om etry in that all iron is assum ed to be Fe"^, which according to 

the various recalculation methods applied to clinopyroxene m icroprobe analyses is not 

the case. In the event that the percentage o f Fe^^ is reduced to accom m odate a 

proportion o f  Fe^^, the estim ated tem peratures rise.

The garnet-phengite-clinopyroxene barom eter is extremely sensitive to Fe^^ in 

clinopyroxene. The pressures vary within one sample by 8 kbar depending on whether 

all iron is assum ed to be Fe“̂ , or w hether an assum ption is made on the am ount o f  Fe^^ 

in clinopyroxene, based on the various Fê "̂  recalculation m ethods (see section 

3.1.1.4). B oth the tem peratures and pressures calculated using m ethods that are 

heavily dependent on iron-bearing phases are only as good as the Fe^^ estim ation will 

allow. In the absence o f M ossbauer spectroscopy, which enables a quantitative 

assessment o f  the Fe^VFe'^^, it is reasonable to assume that all tem peratures calculated
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in samples known to contain Fe^^ are maximum tem peratures.

The Thermocalc approach (Holland and Powell, 1998) avoids the problem  o f Fe^TFe^"" 

estimation to a certain extent by accounting for all com ponents in all the phases which 

are in equilibria. The problem s in applying this technique to the rocks o f the Tavsanli 

Zone, and indeed other HP-LT rocks, is the difficulty in assessing exactly which 

phases are in equilibrium. A further problem, which has proved m ore pertinent in the 

Tavsanli Zone rocks, is the assessment o f aHiO . Reaction 4 on figure 3.13 is a 

barom eter which has the advantage o f avoiding hydrous phases such as lawsonite, 

epidote and amphiboles, which are very sensitive to aH20. Reactions 1, 2 and 3 

however do not avoid such phases and are problem atic. The three sub-facies 

boundaries that have been calculated (Figure 3.13, Table 3.8) are highly sensitive to 

aH 20, and in the absence o f  an independent reaction such as reaction 4, could be 

positioned anywhere betw een 350° C and 600° C depending on the assum ed aH20.

Finally the success o f both Fe^VMg^^ exchange therm om etry and Therm ocalc are 

dependent on understanding which minerals, or parts o f  minerals, are in equilibrium. 

The best estim ate o f peak conditions possible in strongly zoned minerals where 

equilibrium may or may not be represented, it to choose the highest X M g(grt), lowest 

XNa(cpx) and lowest X Si(phen) points (Carswell et al. 1997). It must be stressed, 

however, that the results may only be considered maximum estimates.
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3.1.6 P-T paths

The general form o f the P-T path may be determined on the basis o f  the observed 

parageneses and mineral grow th sequences in m etachert/m etapelite and m etabasite 

samples (Figure 3.14).

D e v e l o p m e n t  o f  L I E  m i n e r a l s  
s y n c h r o n o u s  wi t h  
p r o g r e s s i v e  f o l i a t i o n .

M e t a p e l i t e /m e tacher t

D e f o r m a t i o n  an d  f o l i a t i o n  
d e v e l o p m e n t ,  g r o w t h  o f  
L B S  f a c i e s  p a r a g e n e s i s
M e tap e l i t e / m e t a c h e r t

M  etabasi t e
W e a k l y  f o r m e d  f o l i a t i o n  
and L B S  m i n e r a l  g r o w t h .

M e t a b a s i t e
LT E m i n e r a l  

g r o w t h ,  l e s s  i n t e n s e  
d e f o r m a t i o n .

St a t i c  r e c r y s t a l l i s a t i o n  
d u r i n g  s u b d u c t i o n

C o n t i n u e d  d e f o r m a t i o n  
and g r o w t h  o f  E B S  
f a c i e s  p a r a g e n e s i s .  
Me t a b a s i t e

o P y r o x e n e

Q G a r n e t
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i i i

Figure 3.14: Schematic summary of the assemblages and textures used to determine the form of 
the P-T path.
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From  static recrystallisation in the subducting slab, the rocks then undergo 

deform ation in the lawsonite-blueschist sub-facies where lawsonite and glaucophane 

grow  and are observed as inclusions within subsequent low -tem perature eclogite facies 

minerals. In the metapelites, where deform ation is more intense, garnet rims grow 

synchronous with deform ation and include sodic pyroxene, sodic amphibole and 

lawsonite. Textural evidence for a passage through the epidote-blueschist sub-facies is 

in the form  o f ultra fine-grained epidote forming in the pressure shadows o f  garnet and 

pyroxene porphyroblasts in the m etabasite lithology. Subsequent to this lawsonite 

porphyroblasts which contain inclusions o f epidote, sodic-amphibole and sodic- 

pyroxene overgrow  the main foliation and serve as evidence for the rocks passing from 

the epidote-blueschist sub-facies into the lawsonite-blueschist sub-facies.

From  this combined approach it is possible obtain a P-T path in a region where Fe^^ is 

variable and aHzO is difficult to estimate. In calculating the three reactions which 

correspond to the law sonite-blueschist/low -tem perature eclogite-facies/epidote- 

blueschist sub-facies boundaries it is possible to track the evolution o f Tavsanli and 

Sivrihisar samples without depending on estim ates o f absolute pressure and 

tem perature. This approach is advantageous in avoiding Fe end-members, and is based 

upon the most recent internally consistent therm odynam ic data set (Holland and 

Powell, 1998). The transition from  the lawsonite-blueschist into the low -tem perature 

eclogite sub-facies, corresponding to the ‘garnet-in’ reaction, is crossed with 

increasing pressure and tem perature at approxim ately 400° C in the Sivrihisar samples, 

and 350° to 375° C in the Tavsanli sample (Figure 3.15).
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Minimum peak pressures are 23 kbar, as is indicated by reaction 4 on Figure 3.13 and 

Figure 3.15. From  textural relations (see section 3.1.3) it is apparent that phengite 

grow th occurred post-peak pressure, and is likely to have partially re-equilibrated at 

lower pressures during uplift. Fstim ated pressures are therefore a minimum, a feature 

com m on to many high and ultra-high pressure m etamorphic terranes (e.g Okay, 1993). 

Peak tem peratures in Sivrihisar are a maximum o f  550° C based on therm om etric 

estim ates and m ore qualitatively, on the upper stability limit o f  natural glaucophane 

(M aresch, 1977) which is a mineral com m on to each stage o f  the m etam orphic 

evolution. Samples in both the Sivrihisar and Tavsanli regions have m oved down- 

tem perature and pressure into the lawsonite-blueschist sub-facies. Som e Sivrihisar 

samples such as 96/69 and 96/149 show evidence o f  passing through the epidote- 

blueschist sub-facies.
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Figure 3.15: P-T boxes and sub-facies boundaries for the Sivrihisar and Tavsanli regions.

Pétrographie observations and the reaction equilibrium in the N CM ASH system, place 

conditions o f  m etam orphism  in the Sivrihisar region in the range 20 to 24 kbar and 

420° to 380° C for the basites, and 400° to 350° C for the metapelite. The same 

approach applied to the single garnet-bearing sample from  the Tavsanli region
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suggests that return to the lawsonite-blueschist sub-facies took place at approxim ately 

375° to 400° C and 18 to 20 kbar.

3.1.7 Discussion

Both the Tavsanli and Sivrihisar regions have undergone a single Franciscan-type PT 

path (Figure 3.16).

10-

400200
T°C

Sivrihisar
Tavsanli
Orhaneli

(from Okay and Kelley, 1994)

Figure 3.16: P-T paths for the Sivrihisar and Tavsanli regions, with the Orhaneli P-T path of 
Okay and Kelley (1994) for comparison.

Steady-state conditions and low shear stresses within the subduction zone are 

necessary to achieve the high dP/dT ratio observed within the Tavsanli Zone (e.g. 

Peacock, 1992; 1996). Steady state conditions only hilly develop within a subduction
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zone after 5 to 20 M a o f  subduction (Peacock, 1996) and thus if subduction initiated 

at approxim ately 100 M a (Sengor and Yilmaz, 1981; Okay et al., 1998) and white 

mica crystallisation occurred at 80 M a (Sherlock et al., subm itted a), subduction must 

have been taking place for at least 20 Ma, which is sufficient for steady-state 

conditions to have developed.

From  an amalgam ation o f pétrographie relationships, therm obarom etric estimates and 

the positioning o f pertinent reaction equilibria in PT space, it is evident that the 

retrograde P-T paths o f  both the Tavsanli and Sivrihisar regions closely m irror the 

prograde path. This is consistent with syn-subduction exhum ation and ‘retrograde 

refrigeration’ which is necessary to maintain the depressed geotherm s within the 

subduction zone and prevent a tem perature increase during exhum ation (Ernst and 

Peacock, 1996).

3.1.8 Conclusions

All three regions o f the Tavsanli Zone have undergone a single clockw ise, Franciscan- 

type P-T evolution which is characterised by a low dT/dP ratio, and consistent with 

syn-subduction exhum ation and retrograde refrigeration. An initial lawsonite- 

blueschist sub-facies static recrystallisation consistent with low shear stresses within 

the subduction zone is observed in some lithologies, whilst peak conditions were 

achieved in the lawsonite-blueschist sub-facies or the low -tem perature eclogite sub
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facies. The retrograde path illustrates the absence o f heating following peak burial 

conditions, which requires the ‘retrograde refrigeration’ achieved by syn-subduction 

exhumation.

3.2 Oscillatory-zoned chrome lawsonite in the Tavsanli Zone of 

Northwest Turkey.

3.2.1 Introduction

Lawsonite is a mineral found within a variety o f m etavolcanic and m etasedim entary 

lithologies, that have undergone high-pressure low -tem perature (HPLT) conditions o f 

metamorphism. Recent experiments have shown that lawsonite is stable to 120 kbar 

and 960° C - conditions which occur in the subducting slab (Schmidt, 1995). The 

general structure o f lawsonite as CaA L[Si2 0 7 ](0 H)2.H2 0  was first determ ined by 

W ickmann (1947), and later redefined by Bauer (1978). Lawsonite rarely deviates 

from  the ideal com position, and experiences no changes in the lattice structure during 

subduction (Com odi and Zanazzi, 1996). To our knowledge there is only one other 

reported  occurrence o f  chrom ium  lawsonite, within a Cr-rich m etagabbro in the 

Piémont zone, western Alps (M evel and Kienast, 1980). Within the Tavsanli Zone o f 

northw est Turkey oscillatory zoned lawsonite occurs within blueschist-facies 

m etabasites from a small region o f high-pressure low -tem perature (H PLT) rocks.
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The aim o f this paper is to describe a first occurrence o f Cr in lawsonite from  the 

Tavsanli Zone in northw est Turkey, and m ore importantly the first occurrence o f 

oscillatory zoning recorded in lawsonite. Oscillatory zoning is comm only described in 

magmatic minerals such as pyroxenes and feldspars (Shore and Fowler, 1996). Both 

extrinsic and intrinsic mechanisms have invoked oscillatory zoning in magmatic 

minerals. Extrinsic mechanisms require differences in pressure, tem perature or 

chemical com position in a convecting magma cham ber or solution (e.g. Bow en, 1928). 

Intrinsic mechanisms invoke a feedback mechanism betw een a growing crystal and 

narrow fluid margin, which is depleted in grow th constituents with respect to the bulk 

liquid, at the crystal-fluid interface (e.g. Shore and Fowler, 1996).

3.2.2 Occurrences of oscillatory zoning in metamorphic minerals

M echanisms for oscillatory zoning in metamorphic minerals are less well docum ented. 

Oscillatory zoned prehnite and epidote from  an active geotherm al field in C osta Rica is 

thought to be the result o f  fluctuations o f a(Fe^^) in the fluid due to rapid changes in 

redox state in the fluid (Yardley et al., 1991). Oscillatory zoned pyroxenes from  Fraser 

Mine, w estern Australia, may be due to externally imposed changes in the com position 

o f an infiltrating fluid, or due to changes in the rate o f  fluid flow (Yardley et al., 1991). 

Oscillatory zoned pyroxene from  a bedded rock unit within the Connem ara marble 

have grow n metasomatically due to the interaction o f  infiltrating quartz-saturated fluid 

with dolom ite (Yardley et al., 1991). G arnets in skarn deposits have been described in
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a contact m etamorphic environm ent as a result o f  com plex epitaxial grow th in addition 

to changing fluid com positions (Jam tveit, 1991; Jamtveit et al., 1993). Finally, 

com plex oscillatory zoned plagioclase is described in a calcic pelitic schist from South 

Stafford, Verm ont, which preserves almost an entire com positional range o f 

plagioclase com positions from core to rim, due at least in part to plagioclase 

overgrow ing a heterogeneous m atrix o f crenulated m uscovite (M enard and Spear, 

1996).

3.2.3 Geological setting

The lawsonites described here are found within the Tavsanli Zone o f northw est 

Turkey. The Tavsanli Zone is an east-w est trending linear tract o f H PLT rocks, lying 

south o f the major Izm ir-Ankara suture (Figure 3.17). The suture is one o f many 

found within the Alpine-Himalayan orogenic chain and represents the site o f  a major 

northeast-directed oblique subduction zone responsible for the consum ption o f the 

Tethys Ocean during the Cretaceous (Okay, 1989). The Tavsanli Zone com prises 

sedim entary and volcanic rocks, which have been m etam orphosed in the blueschist- 

and low -tem perature eclogite-facies, and are subducted rem nants o f  the passive 

continental margin o f  the Anatolide-Tauride platform. Rb-Sr white mica ages for the 

subduction-related HPLT m etamorphic event are approxim ately 80 M a (Sherlock et 

al., subm itted). Pressures and tem peratures o f  m etam orphism  are estim ated to be in 

the region o f 24 kbar and 400° to 450° C (Sherlock et al. submitted b).
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Figure 3.17: Location map of Halilbagi, in the Tavsanli Zone.

W ithin the Halilbagi region in the east o f the Tavsanli Zone (Figure 3.17) there is a 

small region o f  intercalated marble, m etachert, foliated m etabasites, m etapelites and 

poorly foliated porphyroblastic metabasites that have undergone HPLT 

metamorphism. From  these metabasic lithologies with a volcanic protolith  have been 

collected which contain the unusual oscillatory zoned Cr-lawsonite.

3.2.4 Sample description

Samples 96/152 and 96/67 are foliated m etabasites with the assem blage lawsonite ± 

clinopyroxene ± sodic amphibole + white mica + apatite + calcite + chlorite ± titanite 

+ talc. Within sample 96/152 pre-kinem atic lawsonites and clinopyroxenes are sub-
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idioblastic and reach a maximum diam eter o f 500 microns. W hite mica and a second 

clinopyroxene are finer grained and form  the dom inant fabric which wraps the 

lawsonite and clinopyroxene grains. Apatite is a com m on accessory mineral, and there 

is evidence o f late alteration in the form o f  fine-grained chlorite, talc and calcite. 

Sample 96/67 is a com positionally banded m etabasite, with bands rich in sub- 

idioblastic lawsonite o f up to 300 microns in diam eter, and fine-grained sodic 

amphibole and white mica. Titanite is a com m on accessory phase and fine-grained talc 

is a late alteration product.

Average chemical analyses are presented in Table 3.12, and have been determ ined 

using a Cam eca SX 100 electronprobe m icroanalyser at the Open University, with a 20 

kV accelerating voltage, 20 nA beam  current and a spot size o f 10 microns.

3.2.5 Mineral chemistry

Amphiboles in sample 96/67 reach a maximum o f  150 microns in diam eter and are 

both optically and chemically zoned. Average com positions are glaucophane and are 

chrom e-free; grains have lilac blue cores and dark blue rims corresponding to 

glaucophane-rich cores and ferroglaucophane rims after the amphibole classification o f 

Leake et al. (1997). Fe^^ in amphibole has been determ ined according to the 

recalculation m ethod o f Okay (1980b). The core-rim  optical zoning observed in 

amphiboles corresponds to decreasing Mg^^ and increasing Fe^^ from  core to rim, with
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an overall decrease in and corresponding increase in Fe^^. In sample 96/152 the 

pre-kinem atic sub-idioblastic clinopyroxenes are more augitic and with a jadeite 

com ponent o f  Jd(2i), whilst later syn-kinematic clinopyroxenes are much finer grained, 

less augitic and with a higher jadeite com ponent o f  Jd(23). Both clinopyroxene 

generations contain Cr; pre-kinem atic grains contain an average o f 0 .30 wt %, 

whereas syn- to post-kinem atic grains have a lower concentration o f 0.19 wt %. Syn- 

to post-kinem atic white micas, which are aligned with the main foliation are phengitic, 

with average Si = 3.70 and 3.58 in samples 96/152 and 96/67 respectively.

Amph Cpx Law Mica Talc
67 152(1) 152 (2) 152 67 152 67 152 67

SiOz 56.65 54.79 54.36 37.05 39.30 57.33 52.65 60.15 61.78
AI2 O3 5.83 4.83 5.40 26.25 25.00 14.83 21.82 0.70 0.68
CfaOj 0 . 0 0 0.33 0.19 3.62 6.40 0.07 0.30 0.04 0 . 0 1

Pe2 0 3 7.48 7.52 9.36 0 . 0 0 0 . 0 0 0 . 0 0 0 . 0 0 0 . 0 0 0 . 0 0

FeO 13.3 3.52 2.04 1.41 1.90 4.80 3.86 6.13 6.83
MnO 0.29 0.18 0.16 0.04 0.03 0.03 0.04 0.05 0.14
MgO 7.74 9.87 8.50 0 . 0 0 0.03 13.52 4.81 24.77 27.22
CaO 0.68 12.39 13.40 16.72 16.90 0 . 0 0 0 . 0 2 1.73 0.03
N& 2 0 6.20 6.13 6.57 0.03 0 . 0 1 0.22 0.08 0.59 0.03
K2O 0.04 0 . 0 1 0 . 0 0 0 . 0 0 0 . 0 1 6.73 1 0 . 8 6 0.03 0 . 0 1

Total 98.27 99.48 99.98 87.97 89.72 97.50 94.44 94.11 96.73

Si 8.05 2 . 0 1 1.99 3.20 3.27 3.70 3.58 7.96 7.94
A! 0.98 0 . 2 1 0.23 2.67 2.44 1.15 1.75 0 . 1 1 0 . 1 1

Cr 0 . 0 0 0 . 0 1 0 . 0 1 0.25 0.43 0 . 0 0 0 . 0 2 0 . 0 1 0 . 0 0

Fê + 0.81 0 . 2 1 0.26 0 . 0 0 0 . 0 0 0 . 0 0 0 . 0 0 0 . 0 0 0 . 0 0

Fê + 1.58 0 . 1 1 0.06 0 . 1 0 0.14 0.13 0.22 0.68 0.73
Mn 0.04 0 . 0 1 0 . 0 1 0 . 0 0 0 . 0 0 0 . 0 0 0 . 0 0 0 . 0 1 0 . 0 2

Mg 1.04 0.54 0.46 0 . 0 0 0 . 0 0 1.32 0.48 4.89 5.21
Ca 0 . 1 0 0.48 0.52 1.43 1.50 0 . 0 0 0 . 0 0 0.25 0 . 0 1

Na 1.71 0.44 0.47 0 . 0 0 0 . 0 0 0.03 0 . 0 1 0.15 0 . 0 1

K 0 . 0 0 0 . 0 0 0 . 0 0 0 . 0 0 0 . 0 0 0.57 0.94 0 . 0 1 0 . 0 0

Total 14.90 4.00 4.01 7.65 7.78 6.91 6.92 14.07 14.01

Jd 2 1 23
Ac 23 24
Aug 56 53

Table 3.12.: Representative chemical analyses of minerals from samples 96/152 and 96/67.
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M icas in sample 96/152 do not contain measurable Cr; whereas micas in sample 96/67 

contain (on average) 0.3 wt %.

3.2.6 Chrome lawsonite

Lawsonites are idioblastic to sub-idioblastic squat prismatic grains, com positionally 

ideal with the exception o f the presence o f  Cr^^. On average sample 96/67 has twice 

the abundance o f Cr -  6.40 wt. % - com pared with 3.62 wt. % in sample 96/152. In 

both samples 96/67 and 96/152 Cr^^ is oscillatory zoned and varies antithetically with 

Al. Figure 3.18 illustrates the Cr^"'-Al^^ substitution in lawsonites from  both samples.

0.3

0.2

C r

0.1

0
32.82.62.42.22

Al

Figure 3.18: substitution diagram plotted for lawsonites from samples 96/67 (circles)
and 96/152 (squares).

In both samples oscillatory zoning is concentric. In sample 96/152 oscillatory zoning in 

lawsonite persists from core to rim (Figure 3.19a). In sample 96/67 cores are 

oscillatory zoned with a monotonically zoned outer margin (Figure 3.19b). In both
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samples C r   ̂ and Al^^ co-fluctuate on a su b -10 micron level. There are no further

com positional variations, lawsonite is either ideal or it contains Cr,3+

r

Figure 3.19: Images of oscillatory Cr^/AF^ zoning in lawsonite in a) X-ray map of Cr, sample 
96/152 and b) backscattered electron image, sample 96/67.

3.2.7 Discussion

W ithin the Tavsanli Zone the only lawsonites which are oscillatory zoned are those 

within metabasites characterised by a high bulk Cr^O]. The pre-kinem atic pyroxenes 

were originally igneous, and were topotactically replaced by sodic pyroxene during the 

static recrystallisation in the subducting slab (Okay, 1980a). Cr '̂  ̂ is likely to have been 

inherent in the igneous pyroxene. Pre-kinematic lawsonite is therefore likely to have 

been form ed during the same static event during subduction. Since coexisting phases 

show no significant zoning the oscillatory zoning in lawsonite is unlikely to be the 

result o f  rapidly changing externally controlled param eters such as pressure and 

tem perature. Detailed P-T analyses suggest that steady-state conditions prevailed
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during subduction (Sherlock et al., submitted b) which preclude any rapid or 

fluctuating changes in tem perature and pressure as a possible mechanism. In this case 

the Cr in lawsonite will have originated from chrom ite grains in the protolith, with the 

oscillatory zoning resulting from  fluid/rock interaction.

Fluids originating from the subduction and consequent dehydration o f sedim ents and 

volcanics may well have interacted with lawsonite during growth. In particular Cr^^ 

originated from chrom ites within the volcanic protoliths, which then substituted for 

Al^^ in lawsonite. The oscillatory nature o f the zoning may have been achieved by local 

fluid buffering by chrom ite grains and slow equilibration at the fluid-crystal interface. 

A second mechanism may be a result o f fluctuating fO]. Oxygen fugacity is a locally 

buffered com ponent (e.g. Chinner, 1960; G reenw ood, 1975). Previous studies in the 

Tavsanli Zone illustrate that changing fO] determines the Fe^VFe^"^ ratio in the sodic 

amphiboles (Okay, 1980b), producing the same com positional zoning as is observed in 

amphiboles in sample 96/67, indicative o f reduction during amphibole grow th. It may 

be possible that the Cr^VCr^'" is similarly affected and whilst fluid is oxidising a high 

Cr^VAF^ substitution is facilitated in lawsonite.

Syn-kinematic phengites in sample 96/67 and clinopyroxene in sample 96/152 contain 

minor quantities o f  Cr^^ which may be a result o f later rem obilisation o f during 

the higher tem peratures following peak-pressure conditions, and associated with the 

onset o f  exhumation.
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3.2.8 Conclusions

The first recorded oscillatory zoning in lawsonite occurs in m etabasite lithologies from 

the Halibagi region o f the Tavsanli Zone in northw est Turkey. Cr^VAl^"^ substitution is 

responsible for the zoning. Fluids, which most likely originate from the dehydration o f 

subducting sediments and volcanic rocks are either locally buffered by chrom ite in the 

volcanic protolith, or changes in fO? which have already been described in the Tavsanli 

Zone (Okay, 1980b) may be responsible for fluctuations in a(Cr^^). Sodic pyroxenes 

which form ed topotactically from pre-existing magmatic pyroxenes do not display 

oscillatory zoning, it has been suggested that hydrous phases such as amphibole and in 

this case lawsonite, are more highly susceptible to fOz fluctuations than anhydrous 

phases such as pyroxene (Okay, 1980b). Adjacent lawsonite-bearing m etachert and 

metapelite lithologies neither contain any Cr^^ or oscillatory zoned lawsonites. It is 

suggested that oscillatory zoning in lawsonite is a primary met amorphic feature 

culminating from  quantities o f Cr^^ in the protolith and local fluid conditions.

3.3 Are parts of the Tavsanli Zone relic ultra-high pressure 

metamorphic fragments?

3.3.1 Introduction
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Ultra-high pressure metamorphic terrains are characterised by the presence o f coesite. 

Coesite is a rare high-pressure silica polym orph indicative o f crustal rocks having been 

buried to depths o f 100 km within the crust and rapidly exhumed. There are few 

reported ultra-high pressure (UHP) m etamorphic terrains and as yet there are no 

reported occurrences related to the subduction o f the Tethys Ocean. The W estern 

Gneiss region o f N orway, the K okchetav region in Kazakhstan, Dabie Shan o f  Eastern 

China, the W estern Alps and the Bohemian massif. Eastern Europe are the known 

occurrences o f UH P metamorphic rocks. The com m on denom inators are that these 

crustal rocks are cold and dry supracrustal rocks that have undergone high- 

tem perature m etam orphism  and often anatexis prior to UHP m etamorphism  (Coleman 

and W ang, 1995).

In the following sections, evidence is presented and discussed both for and against the 

hypothesis that the rocks in Halilbagi from the Sivrihisar region o f the Tavsanli Zone 

have undergone UH P metamorphism.

3.3.2 The significance of coesite in metamorphic terranes

Coesite is the ultra-high pressure SiO] polymorph and the quartz/coesite transition is a 

solid-solid phase transform ation which is a flat-lying and strongly pressure dependent 

equilibrium in P-T space. The position o f  the equilibrium in P-T space has been 

experimentally determined (Eigure 3.20), and although well-constrained at
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tem peratures above 500° C and pressures o f 26 kbar (Bose and Ganguly, 1995), only 

Bohlen and B oettcher (1982) have constrained the phase transition below these 

pressures and tem peratures.

Coes i te

Quartz

2 4 i
■  1 i  1 T h i s  W o f *

a a aA Sch len  end Boe t t cher  ( ' 9 8 2 )  
 Mirwold and Massonne  (1 980)

CO 4 0 0  5 0 0  8 0 0  1 0 0 0  1 2 0 0  1 4 0 0

Figure 3.20: Experimentally determined quartz coesite equilibrium, from Bose and Ganguly 
(1995).

Coesite in crustal rocks was first recorded as relic inclusions in garnet in whiteschists 

from the W estern Alps by Chopin (1984). Prior to this all naturally occurring examples 

had only been found in association with impact craters (e.g. Chao et a l ,  1960). 

Coesite has currently been identified as relic inclusions in clinopyroxene from  the 

W estern Gneiss Region o f N orw ay (Smith, 1984; W ain, 1997), in zircon grains from 

the Kokchetav M assif, N orthern  Kazakhstan (Sobolev et al., 1991), and in two regions 

o f the Dabie Shan M ountains, China (Okay et al., 1989; W ang et al., 1989). In the 

Tavsanli Zone coesite has not been reported, and the maximum pressures o f 

m etamorphism  have always been regarded as 20 ± 2 kbar (Okay and Kelley, 1994,
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based on rocks from the Orhaneli region) significantly lower than the quartz/coesite 

transition.

3.3.3 Thermobarometric evidence for ultra-high pressures in the Tavsanli Zone?

Sherlock et al. (subm itted b) detail the therm obarom etric evolution for the rocks o f the 

Tavsanli Zone. There is no a priori reason to suspect that the rocks o f either the 

Orhaneli region in the west or the Tavsanli region in the central Tavsanli Zone have 

ever achieved pressures within the coesite stability field. The rocks from  the Sivrihisar 

region, however, yield a range o f barom etric estimates, many o f which are in the 

coesite stability field. Table 3.11 on page 88 lists the pressures determ ined for the 

Sivrihisar region using the W aters and M artin (1993) garnet-clinopyroxene-phengite 

barom eter. Pressures are strongly dependent on the Fe '̂^/Fe '̂^ ratio, and are in the 

range 27.7 to 33.6 kbar assuming no Fe^^, 23.0 to 26.9 kbar using Fe^^ the 

recalculation m ethod o f C aw thorn and Collerson (1974), and 19.4 to 26.9 kbar using 

the Fe^^ recalculation m ethod o f D roop (1987). In the absence o f an accurate 

determ ination o f  the Fe^VFe^^ ratio it is only possible to infer that pressures assuming 

no Fe^^ are maxima, while the low er estim ates using the m ethods o f  both Caw thorn 

and Collerson (1974) and D roop (1987) are minima. Pressures estim ated using the 

strongly pressure-dependent reaction 4 in Table 3.8 on page 83 are a minimum o f 23 

kbar. All pressures are calculated using equilibria which are strongly dependent on 

phengite, and according to textural observations phengite is a retrograde phase. So on 

this basis also, all calculated equilibria must be considered as minimum estim ates (e.g.
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Okay, 1993). The pressure ranges straddle the quartz/coesite transition in the 

tem perature range 400° to 500° C.

3.3.4 Optical evidence for ultra-high pressures in the Tavsanli Zone?

Sample 96/69 is a low -tem perature eclogite facies metapelite, with the assemblage 

quartz  + garnet + sodic-amphibole + sodic-pyroxene + lawsonite + phengite + 

chlorite. The metapelite is strongly foliated and has undergone subsequent 

deform ation, resulting in tight folding o f  the main foliation. The main foliation is 

defined by aligned sub-idiomorphic to idiomorphic sodic-amphibole, sodic- 

clinopyroxene, lawsonite and m inor phengite. Poikiloblastic garnets o f  up to 600 p m  

diam eter contain an inclusion suite predom inantly o f quartz with minor apatite, sodic- 

amphibole and lawsonite. Garnet is almandine-rich ranging from  51-56 mol % o f  the 

end-m ember, the rem ainder being 21-26 mol % spessartine and 18-29 mol % grossular 

and 4-10 mol % pyrope. Reverse grow th zoning is preserved within garnet, indicating 

that tem peratures were not sufficiently high for hom ogenisation. The coarsest a -  

quartz inclusion (approxim ately 100 p m  in diam eter) contains a 20 p m  inclusion o f 

SiO] which is higher in both density and relief than the surrounding quartz, and 

displays the feathery texture observed in coesite relics and described by Chopin (1984) 

(Figure 3.21). Figure 3.22 is a photograph o f the 20 p m  SiOi inclusion in reflected 

light, and illustrates the higher relief o f  the 20 p m  inclusion in com parison to the 100 

p m  host quartz inclusion. The higher density o f the 20 p m  SiO] inclusion is illustrated 

by the backscattered electron image. Figure 3.21.
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Figure 3.21: Backscattered electron image of garnet in sample 96/69 with quartz inclusion 
containing the 20 pm SiO^ inclusion.

A diagnostic feature com m on to all reported  relic coesite are radial cracks surrounding 

V “ . j ' f  I  the host inclusion, which are filled with a -q u artz

rather than a late alteration product such as

rn S i0 2 'lifc lu sjo n  chlorite or white mica. In sample 96/69 radial

cracks surrounding quartz inclusions are filled

I Q u a r t z

with quartz (Figure 3.21).

The traditional view o f this has been that it is 

unequivocal p roo f o f the prior existence o f 

coesite.

Figure 3.22: Photograph in reflected 
light of the 20 pm SiOi inclusion 
within the quartz inclusion shown in 
figure 3.21.
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During rapid decom pression radial cracks form  in response to the contrasting elastic 

properties o f  quartz and garnet, and the large volume increase o f the inclusion which 

takes place during the phase transition from coesite to quartz (van Der M olen et al., 

1986).

W endt et al. (1993) state that radial cracks around quartz are not indicative o f  a phase 

transform ation from  coesite to quartz, and they may occur when initial inclusion 

pressures are greater than 10 kbar. The appearance o f radial cracks is dependent on 

the com ponent o f isothermal compressibility within the retrograde P-T path (Figure 

3.19). Either the radial cracks in the Sivrihisar samples occurred at high pressures and 

as a result o f  the coesite to quartz transition, or they occurred at low pressures 

conform ing to the model o f W endt et al. (1993).

3.3.5 Microraman spectroscopy of sample 96/69 from the Tavsanli Zone

Historically quartz and coesite have been differentiated using Raman spectroscopy. 

M icro-Ram an spectroscopy has been applied at the University o f Southam pton 

Departm ent o f Geology, to the 20 pm  inclusion within the a -q u artz  inclusion with 

garnet. The analysed regions within the quartz inclusions in garnets from  sample 96/69 

are all a-quartz .
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3.3.6 Discussion

There is evidence both for and against the rocks from the Sivrihisar region o f  the 

Tavsanli Zone experiencing UHP metamorphic conditions. Therm obarom etry is 

problem atic in H PLT assemblages due to the chemical disequilibrium and the strong 

mineral zoning inherent in a low -tem perature and low -aH iO  system  (e.g. Carswell et 

al., 1997). The range o f pressure estimates obtained from the Sivrihisar rocks o f  the 

Tavsanli Zone attest to this. The fact remains that the pressure estim ates straddle the 

coesite/quartz phase transition equilibria and are not conclusive. Similarly the presence 

o f quartz-filled radial cracks around quartz inclusions within garnet are inconclusive. 

Regarding the physical evidence for the existence, or not, o f  coesite in the Sivrihisar 

rocks there are a number o f  obvious differences betw een the Sivrihisar rocks and the 

confirmed UHP m etamorphic terrains. Firstly there is only one possible coesite relic 

out o f a more than representative number o f thin sections and samples. In the W estern 

Gneiss region o f N orw ay there have been occurrences reported in a number o f 

outcrops spanning a wide region (Wain, 1997). A nother problem  is the 

m onocrystallinity o f the quartz inclusion which contains the 20 pm  SiOi inclusion. In 

all other reported occurrences, the a -quartz  inclusions that either contain relics or in 

which relics have been entirely pseudom orphed, the a -q u a rtz  is polycrystalline. The 

monocrystalline a -q u a rtz  inclusion which contains the 20 pm  SiO] inclusion barely 

exceeds the diam eter o f one o f the grains within the polycrystalline aggregates, and is 

therefore a fraction o f the size o f the a -quartz  inclusions described in the previously 

reported UHP terranes. A second observation is the tem perature differences between
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the Tavsanli Zone and reported UHP terrains. The Tavsanli Zone is o f a much lower 

tem perature than the reported UH P terrains. Tem peratures have not exceeded 475° C 

in the Sivrihisar region. In the Dora M aira coesite-bearing terrain o f the Alps 

tem peratures are estim ated to be 700° C (e.g. Chopin, 1984; Chopin et al., 1993), are 

700° to 850° C for the W estern Gneiss Region o f  N orw ay (Lappin and Smith, 1978) 

are greater than 900° C in the K okchetav M assif in Kazakhstan (Sobolev et al., 1991), 

and in the Central Dabie mountains o f China tem peratures are estim ated at 850° C 

(Carswell et al., 1997). The fine-grained nature o f  the a -q u a rtz  inclusions in the 

Tavsanli Zone could be attributed to the low tem peratures experienced, and the 

possibility that it is kinetically unfavourable for an inclusion no greater than 100 pm  in 

diam eter to grow polycrystalline.

From  the M icro-Ram an spectroscopy it is apparent that the 20 pm  inclusion within a -  

quartz is a -quartz . This does not explain however why the 20 pm  is SiOi in 

com position, determ ined by both Energy Dispersive spectrom eters and W avelength 

Dispersive spectrom eters, and is both higher relief according to a reflected light image 

o f the polished section, o r higher in density according to the Backscattered electron 

image. There is no reason to doubt the M icro-Ram an spectroscopy technique 

however.

The p roof required for a m etamorphic region to be designated U H P is the existence o f 

coesite. As yet no coesite has been discovered within the Tavsanli Zone. This is not to 

say that the rocks have never experienced the coesite stability field. Owing to the
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difficulty in preserving coesite, and given the fine-grained nature o f  the low- 

tem perature eclogite facies rocks it is unlikely, if it was once present, that coesite has 

been preserved.
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Chapter F our

G e o c h r o n o l o g y

4.0 Outline of Chapter Four.

Previous geochronological studies o f the Tavsanli Zone have raised a number o f key 

questions, w ithout answers to which an understanding o f the rates and timescales o f its 

tectonic evolution is severely com prom ised. This chapter details the problem s raised 

by previous geochrono logical studies o f  the Tavsanli Zone, the approach adopted in 

order to tackle these problems, the results o f  such a study, and then finally a synthesis 

o f  the new geochronology. This chapter is a m anuscript in its entirety, entitled “^OAr- 

^^Ar and Rb-Sr geochionology o f high-pressure m etam orphism  and exhumation 

history o f the Tavsanli Zone, NW  Turkey” submitted to C ontributions to M ineralogy 

and Petrology on the M arch, 1998. This manuscript is co-authored by Simon 

Kelley who has provided supervision in the Open University A rgon-A rgon laboratory, 

Simon Inger who perform ed Rb-Sr analyses on the four Tavsanli Zone sample at the 

University o f  Leeds, Nigel Harris and Aral Okay who provided expertise in the field.
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4.1 Introduction

Blueschist-facies assemblages are extraordinary not only for providing evidence o f low 

tem peratures, o f  less than 500° C at crustal depths in excess o f 75 km, but also for 

their preservation during exhum ation from such deep crustal levels. The mechanisms 

responsible for the exhum ation o f  high-pressure low -tem perature (HP-LT) 

m etamorphic rocks and the tectonic rates required for their preservation are the 

subject o f  continued debate (e.g. Platt, 1993; Beaum ont et al. 1996; Hynes et al. 

1996). Dating H P-LT assemblages is problem atic because the low peak tem peratures 

experienced do not reset many comm only used isotope systems, and partly because the 

most comm only used ^OAr-^^Ar white mica ages are open to m isinterpretation. Insight 

into the processes may be afforded by high resolution, m ulti-system  geochronological 

analysis, w ithout which the mechanisms and rates o f  exhum ation o f pristine HP-LT 

rocks will remain largely conjectural.

Studies from  a range o f  H P-LT assemblages from the European Alps to the Dabie 

Shan o f China have established that white mica ages within H P-LT assemblages often 

yield ages older than are geologically realistic. The age o f  H P-LT m etam orphism  in the 

Alps provides a com prehensive example, where "^^Ar-^^Ar step-heating and laser spot 

ages yielded plateau ages o f  110 to 130 M a for the high-pressure m etamorphic event 

(e.g. M onie and Chopin, 1991; Scaillet et al. 1990), contrasting with Rb-Sr, Sm -Nd, 

U-Pb and L u-H f ages o f  ca. 34 to 66 M a (e.g. T ilton et al. 1991; Inger et al. 1996; 

Gebauer et al. 1997; Duchene et al. 1997). Arnaud and Kelley (1995) and Scaillet 

(1996) dem onstrated that the old "^^Ar-^^Ar ages were an artifact o f  excess argon, 

resulting from  the incorporation o f  a non-radiogenic ^^Ar. Nonetheless relatively small 

variations in white mica ages from  some blueschist assemblages appear to be 

tectonically significant, underpinning proposed exhum ation models for blueschists
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(W ijbrans et al. 1990). Clearly the interpretation o f  white mica ages even within HP- 

LT terranes can not be unequivocal and it is im portant to distinguish the role o f excess 

argon before attem pting models for the exhumation o f H P-LT assemblages.

This study is an investigation o f the conditions and timing o f  high-pressure 

m etam orphism  in an extensive and largely pristine blueschist-facies belt from NW  

Turkey. N ew  chronological data have been obtained combining the high spatial 

resolution 40Ar-39Ar UVLAM P, infra-red laser spot ages and furnace step-heating 

tecliniques, com pared with Rb-Sr white mica ages. The UV LA M P extraction 

technique has enabled detailed intra-grain analysis o f minerals in order to distinguish 

isotopic heterogeneities (Kelley et al. 1994). Fine-grained lithologies are unsuited to 

such a technique, to which the lower spatial resolution infra-red laser is m ore readily 

applicable. Furnace step-heating has been applied to white micas for com parison with 

intra-grain analyses, and to investigate the relationship betw een bulk-sampling 

techniques and laser extraction. Rb-Sr white mica ages have also been obtained 

primarily as an estim ate o f  white mica crystallisation rather than cooling ages since the 

Tavsanli Zone rocks have not been heated sufficiently to  exceed the closure 

tem peratures o f  the Rb-Sr system  in white micas.

In applying both the Rb-Sr and ^OAr-^^Ar techniques we aim not only to  distinguish 

betw een geologically meaningful ^^Ar-^^Ar age ranges and those which may be an 

artefact o f excess argon, but also to assess the timing o f  crystallisation o f  the white 

micas, which is not possible using the ^^Ar-^^Ar system. In addition to data from  HP- 

LT assemblages a "^^Ar-^^Ar plateau age has been obtained for hornblende from  a 

single granodiorite intrusive into the blueschist facies rocks, in order to constrain the 

post-H P-LT  facies history o f the region.
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4.2 Geological Setting

The Tavsanli Zone o f  N orthw est Turkey is a passive continental margin sequence 

which has undergone subduction resulting in high-pressure m etam orphism  at unusually 

low tem peratures (Okay, 1984). The zone forms a coherent tract o f  blueschist and 

low -tem perature eclogite facies m etamorphic rocks o f up to 40 km wide and 250 km  

in length (Fig. 4.1); for such an expansive region o f H PLT rocks, it remains poorly 

understood in term s o f its thermal evolution and exhum ation history.

31

Orhaneli
50 k m  .

Akcakaya
• T a v s a n l i

BIdck  S i a
I s t a n b u l

M e d i t e r r a n e a n  '

A e g e a n )

Figure 4.1: Location map of the Tavsanli Zone and the four sample locations in northwest 
Turkey. IAS = the Izmir-Anakara Suture.

The Tethyan Izm ir-Ankara suture, that marks the northern boundary o f  the Tavsanli 

Zone, formed in response to the northw ard subduction o f the Tethyan oceanic 

lithosphere, culminating in continental collision betw een the northern plate and the 

passive southern plate, now represented by the Late C retaceous blueschists o f  the
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Tavsanli Zone (Sengôr and Yilmaz, 1981). An accretionary complex, or tectonic 

melange, overlies a thick marble, m etachert and m etaclastic sequence derived from  a 

passive continental margin, all o f  which have undergone various degrees o f HPLT 

m etam orphism  and form  a sequence reaching over 5 km  in thickness (Okay, 1984). 

The accretionary complex com prises intercalated and highly tectonised basic 

metavolcanic rocks, m etachert and m etashale lithologies displaying evidence o f 

m oderate metamorphism, with maximum pressures estim ated at only 8 kbar (Okay, 

1980).

Previous geochronological studies within the Tavsanli Zone report tw o K-Ar white 

mica ages from blueschists o f 82 M a and 65 M a (Cogolu and Krum menacher, 1967) 

and '^^Ar-^^Ar white mica ages o f 89 to  71 M a (Okay and Kelley, 1994; Okay et al., 

1998) and a ^OAr-^^Ar glaucophane age o f  108 M a (Harris et al., 1994) for the high- 

pressure blueschist facies metamorphism. Until now it has not been established 

w hether these age ranges are geologically significant or an artifact o f  excess argon. 

The Orhaneli and Topuk granodiorites within the w estern regions o f the Tavsanli Zone 

yielded ^OAr-^^Ar hornblende plateau ages o f  48 M a to 53 M a (Harris et al., 1994) for 

intrusion into the blueschists.

Samples analysed are from  the unit o f  intercalated blueschist- and low -tem perature 

eclogite-facies marble, m etabasite and m etachert lithologies outcropping in the 

Orhaneli, Tavsanli Akcakaya and Sivrihisar regions, forming a w est-east transect o f 

the belt (Figure 4.1). The granodiorite was sampled from  within the Sivrihisar region. 

The extensively studied Orhaneli region in the W estern part o f  the Tavsanli Zone 

com prises m etapelites, m etapsam mites and rare m etabasites (Okay and Kelley, 1994; 

Okay et al., 1998). The Tavsanli, Akcakaya and Sivrihisar regions within the central 

Tavsanli Zone com prise intimately associated m etabasite and m etachert lithologies.
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with peak m etam orphic conditions reaching the epidote-blueschist facies in the 

Tavsanli and Akcakaya region and low -tem perature eclogite facies in the Sivrihisar 

region.

4.3 Metamorphic history

The Orhaneli, Tavsanli and Sivrihisar regions o f  the Tavsanli Zone comprise 

metabasite, m etachert and marble lithologies, all o f  which underw ent an initial static 

recrystallisation probably during subduction. Recrystallisation was in the low- 

tem perature m edium -pressure lawsonite-blueschist sub-facies, with the partial to 

com plete pseudom orphing o f augite by sodic-pyroxene (Okay, 1980) and developm ent 

o f lawsonite. Peak conditions within the low -tem perature eclogite sub-facies were 

subsequently attained in the Tavsanli and Sivrihisar regions, with coexisting garnet + 

omphacite.

Peak conditions in the Tavsanli and Sivrihisar regions are based on both pétrographie 

observations and calculations using the garnet-om phacite-phengite barom eter o f 

W aters and M artin (1993) which gave results o f  18 ± 2.5 and 24 ± 2.5 kbar 

respectively. Tem perature estim ates are based on both pétrographie observations and 

therm obarom etric estim ates using the garnet-clinopyroxene Fe^+/Mg^+ exchange 

calibrations o f Ellis and Green (1979), Powell (1985) and Krogh (1988), and garnet- 

phengite Fe^+/Mg-+ exchange calibrations o f  Krogh and Raheim  (1978) and Green and 

Heilman (1982). The m ost im portant conclusion from  the application o f  these 

therm om eters is that neither the Tavsanli or Sivrihisar rocks have exceeded 550° C. In 

contrast, further west within the Orhaneli region, peak tem peratures were not high 

enough to  generate garnet and the rocks stayed within the lawsonite-blueschist 

subfacies. From  petrographical observations it is clear that the rocks have not
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exceeded the lawsonite-blueschist sub-facies. Detailed studies from  the Orhaneli 

region indicate a single clockw ise high-pressure m etamorphic event in the Late 

Cretaceous culminating in peak pressures and tem peratures o f 20 ± 2 kbar and 430 ±

30° C in the Orhaneli region (Okay and Kelley, 1994).

The main penetrative foliation is a retrograde feature com m on to all three regions, 

with the assem blage phengite + glaucophane 4- lawsonite ± om phacite ± garnet ± 

epidote progressively developing. During exhumation the rocks pass from  the low- 

tem perature eclogite sub-facies to the lawsonite-bluechist sub-facies with some 

assemblages just entering the epidote-blueschist sub-facies. Samples from Orhaneli 

have a main retrograde foliation o f  phengite + glaucophane + lawsonite. Sample 96/48 

from Akcakaya, near to Sivrihisar, differs from  both Sivrihisar and Tavsanli in that the 

retrograde foliation o f white mica 4- lawsonite is significantly finer-grained, rarely 

exceeding 50 microns. No greenschist-facies m ineralogy is observed within these 

samples which suggests that the rocks never passed th iough the greenschist-facies 

field.

The later stages o f  the P-T evolution are not well constrained by the assemblages o f 

Okay and Kelley (1994). Pétrographie observations from  samples from  the Sivrihisar 

and Tavsanli regions show  evidence o f  'retrograde refrigeration' (Ernst and Peacock, 

1996), or cooling during exhumation.

4.4 Geochronology

The maximum age o f the blueschist-facies m etam orphism  is established as 'late- 

Cretaceous' by the earlier geochronological estimates, the minimum age by the 

intrusive Eocene granodiorites (Harris et al., 1994). '^^Ai'-^^Ar phengite and
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glaucophane ages spanning the range 88 M a to 108 M a (Okay and Kelley, 1994; 

Harris et a l ,  1994) com pare with K-Ar ages o f  82 M a and 65 M a (Cogolu and 

Krummenacher, 1967). W ithin this study high-resolution ^^Ar-^^Ar and Rb-Sr white 

mica ages have been com bined from  the Tavsanli Zone HPLT metamorphic event in 

order to establish the geological validity o f  these age ranges.

4.4.1 Analytical techniques

High-spatial resolution ^OAr-^^Ar white mica ages were obtained using the U ltra-Violet 

Laser Ablation M icroprobe extraction technique. For a detailed account o f  the 

technique see Reddy et al. (1997), samples were m onitored using the G A 1550 biotite 

standard with an age o f  97.9 M a (M cD ougall and Harrison, 1988). The calculated J 

value for the samples was 0.00583, and results were corrected for blanks, ^^Ar decay 

and neutron-induced interference reactions. The correction factors used were: 

(39Ar/37Ar)Ca = 0.00067, (36Ar/37Ar)Ca = 0.000255, (40ArP9Ar)K = 0.048 based on 

analyses o f  Ca and K salts. Furnace step-heating was carried out at Clerm ont-Ferrand, 

for the experim ental procedure see Arnaud et al. (1993). A J value o f  0 .016952 and 

correction factors o f (39Ar/37Ar)Ca = 0.002341, (3^Ar/37Ar)Ca = 0.0003127, 

(40Ar/39Ar)K = 0 .00 were used. Step-heating with an Infra-red laser was perform ed on 

amphiboles from  the Sivrihisar granite, standard magnetic separation followed by 

handpicking resulted in a high-purity hornblende separate. The sample was step heated 

using the Infra-red laser, for the experim ental procedure see Kelley et al. (1994).

Samples w ere crushed and sieved for Rb-Sr analysis and minerals separated by 

standard m agnetic and heavy liquid m ethods. M icas were separated by adherence to 

paper, and where impurities were not quartz separates were further purified by hand
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picking. For a detailed account o f  the analytical procedure and error propagation see 

Inger et al. (1996).

E lectronprobe microanalyses were obtained with a Cam eca SX 100, using operating 

conditions o f  20 kV accelerating voltage, 20 nA beam  current and both 10 and 20 um 

beam  sizes. Elements w ere analysed with four wavelength-dispersive detectors.

Appendices A, C and G detail the techniques described above.

4.5 Results

4.5.1 Rb-Sr white mica ages

Four samples, 96/12, 96/134, 96/198 and 96/158 from  two pristine HP-LT 

assemblages from  the Tavsanli and Sivrihisar regions yield white mica ages o f  78.5 ±

1.6 to  82.8 ± 1.7 M a (Table 1). Samples 96/12 and 96/198 are from  the Tavsanli 

region m etachert and penetratively foliated m etabasite lithologies. W hite mica ages o f 

78.5 ±  1.6 M a and 79.7 ±  1.6 M a were obtained from  samples 96/12 and 96/198 from  

the Tavsanli area. Ages from  samples 96/134 and 96/158 from  the Sivrihisar region 

some 130 km  east o f  Tavsanli are marginally older, with a white mica age o f 80.1 ±

1.6 M a and an isochron age o f  80.1 ± 2.6 M a from  the m etachert 96/134, and from  the 

penetratively foliated m etabasite 96/158 a white mica age o f 82.8 ± 1.7 Ma.

4.5.2 "̂Ar- ’̂Ar white mica ages
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4.5.2.1 High resolution UVLAMP

High spatial resolution argon data using the UV LAM P has been collected from eight 

samples from  Orhaneli, Tavsanli and Sivrihisar. A detailed study has been made o f  

fine- to m edium-grained phengites, the coarsest o f which reached approxim ately 250 x 

90 microns, and o f  very low -potassium  glaucophane grains. (Average com positions 

Table 4.1).

From  the Orhaneli region sample 96/234 phengites gave an age range o f  84 ± 6 M a to 

124 ± 6 M a (Appendix B .l) . Phengite ages from  the four samples 96/12, 96/185, 

96/198 and K380 from  the Tavsanli region yielded an age range o f  75 ± 6 M a to 118 ± 

3 Ma. Ages have been obtained from  both whole single phengite grains, and from 

sequential traverses across single coarser phengite grains. Samples 96/198 and K380 

from Tavsanli contain phengite grains up to 100 microns in diam eter, and intra-grain 

age variations w ere determ ined by detailed grain profiling. Figures 4 .2a and 4.2b 

illustrate that core regions o f the coarsest grain size in samples 96/198 and K380 yield 

ages o f  86 ± 3 M a and 94 ± 6 M a respectively, with ages increasing tow ards the rims 

to 111 ± 3 M a and 110 ± 3 Ma. Single phengite grains from  sample 96/12 yielded ages 

ranging from  75 ± 6 M a to 89 ± 1 Ma. Sample 96/185 is finer-grained and single 

phengite grains gave an age range o f  102 ± 4 to 118 ± 3 Ma. G laucophane grains 

analysed from  all four samples contained very little argon (Appendix B .l) , with such 

large uncertainties the ages are meaningless.
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Figure 4.2: UVLAMP traverses across phengite grains a) sample 96/198, b) sample K380, and c) 
sample 96/158.

Phengites and glaucophanes w ere analysed from  the three samples from  the Sivrihisar 

region, 96/120, 96/134, and 96/158, (Appendix B .l) . The m etachert sample 96/158 

was coarse enough for detailed intra-grain analysis; Figure 4.2c illustrates a core age
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o f  73 ± 5 Ma, and a rim  age o f 100 ± 6 Ma. Single phengite grains from  the same 

sample fell within the range o f  83 ± 2 M a and 107 ± 3 Ma. Sample 96/134 yielded an 

intra-grain age range o f 98 ± 3 M a to 109 ± 3 M a from  core and rim respectively, and 

single phengite grains gave a range o f  78 ± 2 M a to 105 ± 2 Ma. Phengite ages from 

single grains in sample 96/120 are in the range 86 ± 4 M a to 105 ± 5 Ma. A 

glaucophane 'age' o f  109 ± 7 M a was obtained from  sample 96/158, most likely the 

result o f  phengite inclusions or intergrow ths within the amphibole. G laucophanes from 

96/134 and 96/120 did not yield age data (Appendix B .l) .

4.5.2.2 IR laser spot analyses

Tw o samples were analysed using an Infra-red laser which produced spots o f 

approxim ately 100 pm  in diam eter; results are presented in Appendix F.2. Spot 

analyses o f single in situ phengite grains from  the Tavsanli region (sample K380, see 

Appendix B.2) yielded an age range o f 92 ± 11 M a to 192 ± 8 Ma. Ages from fine

grained sample 96/48 from  Akcakaya are 'whole rock' ages. From  m icroprobe analyses 

it is apparent that the potassium  budget o f the rock is dom inated by fine-grained 

phengites (< 20 pm ), thus the age range 59 ± 5 M a to 63 ± 9 M a are considered to 

reflect white mica ages.

4.5.2.3 IR laser step-heating

Figure 4.3 is the release spectra for hornblende separate from  the granodiorite 

intruding the FIPLT assemblages near to Sivrihisar, plotted from  the data in Appendix 

B.3. The plateau age o f 53 ± 3 M a is consistent with the ^OAr-^^Ar age range obtained 

from both the Topuk and Orhaneli granodiorties in the west (Harris et a l ,  1994) and is
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indicative o f a mag mat ic event distributed over distances o f >100 km  for a duration o f 

less than 6 Ma.
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Figure 4.3: Infra-red laser step-heating spectra of Sivrihisar granodiorite hornblende separate.

4.5.2.4 Furnace step-heating

Phengite from  sample 96/12 and glaucophanes from  samples 96/12 and 96/134 from  

the Tavsanli and Sivrihisar regions respectively were analysed (Appendix B.4). A well- 

defined plateau age o f  86.5 ± 1 . 2  M a was obtained from  the 96/12 phengite (Figure 

4.4a), which com prised 7 steps and 97%  o f the ^^Ar released, and the total fusion age 

for the sample is 85.9 ± 1.2 M a. A lthough Figure 4.4a appears to be a well-defined 

plateau for 69/12 phengite, when com pared with the Rb-Sr and laser ^^Ar-^^Ar ages it 

is clearly more than 6 M a too old and outside the errors, as is the total fusion age. The 

phengite plateau age is considered to be an artifact o f excess argon on the grounds 

that it is significantly higher than the Rb-Sr white mica ages for the same sample, as
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has been discovered in phengites from  the Sezia Lanzo Zone in the European Alps 

(Inger et a l ,  1996).

The amphibole spectra do not yield plateau ages; sample 96/134 from  the Sivrihisar 

area has a total fusion age o f  154 ± 3 Ma, sample 96/12 from  Tavsanli has a total 

fusion age o f  118 ± 2  Ma. Figures 4 .4b and 4.4c illustrate that both amphibole spectra 

display the same characteristics, with an increase in age within the first three steps, 

followed by an overall decline. The K/Ca ratios (Figures 4 .4d and 4.4e) suggests that 

this represents the early outgassing o f mica inclusions in the amphibole, followed by a 

release pattern m ore consistent with an amphibole that has an excess argon 

com ponent. The first step in Figure 4 .4d have a K/Ca ratio o f  3.3, steps 2 to 7 show a 

m arked reduction to betw een 0.3 and 0.8. The same is true o f  sample 96/12 with a 

m ore pronounced drop in K/Ca ratio from  8.5 in step 2 to betw een 0.5 and 1.0 in steps 

3 to 10. The data from  these amphiboles do not correspond to a geological event, 

since the initial steps are dom inated by this release from  mica inclusions which mask 

any signal from  the low-K amphibole. To derive a plateau age, three or more 

concordant steps must represent a significant proportion o f  to tal ^^Ar released (e.g. 

Dalrymple and Lanphere, 1974). These criteria are not met by these amphiboles due to 

the non-pervasive contam ination o f excess argon in both samples.

C h a p t e r  4  1 2 8



a
100 

95 +  

1: 90
^  85

I  80 +
75 -  

70

86.5 ± 1.2 Ma

TF ase: 85.9 ±1 . 2  Ma

0 20 40 60 80

Cumulative % A t release
100

cx
<

0

200 -

150 - fj ■

100 - 1

50 - TF age; 154 ± 3 Ma

0 -
20 40 60 ' 80

Cumulative %^^Ar release
100

Figure 4.4: Furnace step-heating release spectra for a) phengite from sample 96/12, b) sodic- 
amphibole from sample 96/134.

C h a p t e r  4 1 2 9



140 y  

120  -  

100 
80 -  

i  6 0 -
<  An —

20  -

40 800 20 10060

1 -  

0
0

0

Cumulative %^^Ar release

•K/'Ca
C/K

20 40 60 80
39Cumulative % Ar release

- K / C i
■Cl/K

20 40 60 80

39Cumulative % Ar release

- r  0.0195

Y 0.019
I

-r 0JD185
i

f  0.018

-  0.0175

-  0.017

100

0.0205 
0.02 
0.0195 
0.019 

-j- 0.0185 
+  0.018 

- j -  0.0175 
0.017

X
>

100

Figure 4.4 continued: c) sodic-amphibole from sample 96/12, d) K/Ca ratios from sodic- 
amphibole in sample 96/12, and e) K/Ca ratios for sodic-amphibole in sample 96/12.

C h a p t e r  4 1 3 0



96/134
phengite glaucophane

96/158
phengite glaucophane

K380
phengite glaucophane

SI02 51.90 5229 52.00 57.56 54.20 55.76
TI02 0.01 0.00 0.20 0.00 0.10 0.00
AI203 22.70 5.84 22.40 5.13 19.50 4.64

0.00 0.00 0.00 0.00 0.00 0.00
FeO (total) 4.38 16.62 4.10 16.53 635 2038
MnO 0.10 0.16 0.00 0.23 0.10 0.31
MgO 4.50 10.49 4.30 10.34 4.20 837
CaO 0.00 0.53 0.00 058 0.00 0.51
Na20 0.20 6.91 0.10 6.68 030 633
K20 11.10 0.03 11.00 0.18 10.01 0.03
Total 94.90 97.92 94.11 97.24 94^7 97.27

Si 3.53 8.01 3.56 8.23 369 8.00
Ti 0.00 0.00 0.01 0.00 0.01 0.00
A1 1.82 0.96 1.81 086 1.57 0.79
Cr 0.00 0.00 0.00 0.00 0.00 0.00
Fe (total) 0.24 1.84 0.23 1.98 0.35 233
Mn 0.01 0.02 0.00 0.03 0.01 138
Mg 0.46 2.19 0.44 2.20 0.44 098
Ca 0.00 0.08 0.00 0.09 0.00 0.08
Na 0.03 1.87 0.01 1.85 0.04 1.90
K 0.96 0.00 0.96 0.03 0.87 0.00
Total 7.04 14.99 7.02 15.28 699 15.01

96/12 96/198 96/234 SivG
phengite glaucophane phengite glaucophane phengite amphibole

SI02 51.80 56.86 52.40 57.18 51.90 45.74
Ti02 0.10 0.05 0.10 0.00 0.10 0.92
A1203 2230 6.76 22.20 5.93 2230 733
Cr203 0.00 0.02 0.00 0.00 0.00 0.00
FeO (total) 4.8 16.86 4.60 18.96 05.56 15.64
MnO 0.00 0.17 0.10 0.10 0.00 0.70
MgO 4.20 908 4.10 8.71 4.40 12.3
CaO 0.00 0.47 0.00 0.53 0.00 12.06
Na20 0.10 6.91 0.10 632 0.20 1.17
K20 10.80 0.02 10.80 0.03 10.80 0.74
Total 94.14 97.19 94.42 97.76 94.17 97.10

Si 3.56 8.14 3.57 8.07 3.55 6.81
Ti 0.01 0.00 0.01 0.00 0.01 0.10
A1 1.80 1.14 1.79 0.99 1.79 138
Cr 0.00 0.00 0.00 0.00 0.00 0.00
Fe (total) OJ# 2.02 0.26 233 0.26 1.85
Mn 0.00 0.02 0.01 0.01 0.00 0.09
Mg 0.41 1.93 0.42 1.83 0.45 233
Ca 0.00 0.07 0.00 0.08 0.00 1.93
Na 0.01 1.92 0.01 1.73 0.03 0.34
K 0.95 0.01 0.94 0.00 0.94 0.14
Total 7.01 15.25 7.00 14.87 7.02 15.42
Table 4.1: Average mineral compostions
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4.6 Geological implications of the new age data

4.6.1 Excess argon in the Tavsanli Zone

Previous attem pts to understand the geochronology o f the Tavsanli Zone have been 

distorted by the heterogeneous distribution o f  excess argon which is evident from 

m acroscopic to m icroscopic scales. This has affected K-Ar and ^OAr-^^Ar ages from 

white micas and glaucophanes in the Tavsanli Zone in a way similar to that seen in the 

European Alps (e.g. Scaillet et al., 1992; 1996; Arnaud and Kelley, 1995; Inger et al., 

1996). Excess argon within the Tavsanli Zone has not been previously considered, 

given the regional geological constraints and a small age range. The age range o f 70 ±

1.2 to 88.5 ± 0.5 Ma was considered to reflect geological events (Okay and Kelley, 

1994; Harris et al., 1995). The age ranges reported  by Cogolu and Krummenacher 

(1967) and O kay and Kelley (1994) are similar to this new data. The '^OAr-^^Ar age 

range o f 72 ± 3 to 124 ± 6 M a obtained with the UV LA M P are both older and 

younger than Rb-Sr ages in the Tavsanli and Sivrihisar regions. A lthough there are no 

Rb-Sr ages for the Orhaneli region, the presence o f  excess argon is inferred from  the 

similarity o f isotopic characteristics o f Orhaneli phengites and phengites from  the 

Tavsanli and Sivrihisar regions.

Infra-Red laser spot ages o f  phengites in sample K380 from  the Tavsanli region further 

confirm  the presence o f excess argon (Appendix B.2), where ages o f  up to 192 M a 

have been obtained. The Infra-Red laser has a larger spot size and has a tendency to 

average isotopically distinct regions in grains which are as small as 120 pm  in 

diameter. Results represent a mixture o f real ages, possibly from  core regions free o f 

excess argon, and older rims contam inated by excess argon. W hen samples analysed
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by furnace-step heating are com pared with the high spatial resolution UV LAM P 

extraction technique it becom es apparent that the bulk sample technique results in an 

age which is an average o f  the low core ages and high rim ages which are evident from 

the high spatial resolution UVLAM P. The analysis o f phengite and low-potassium  

minerals with the UV LAM P indicates either i) that only phengites are contam inated by 

excess ^OAr or ii) that the concentration o f excess argon is higher in the phengites than 

in the low -potassium  amphiboles. The step-heated glaucophane ages are likely to be an 

artefact o f excess argon from  mica inclusions and intergrow ths since with a bulk 

separate analysis technique it is not possible to avoid the effects o f  mica inclusions. 

Several attem pts have been made to obtain meaningful chronological information from 

low -potassium  amphiboles (e.g. Sisson and O nstott, 1986), which often yield age data 

reflecting phengite inclusions or m icroscopic phengite intergrow ths, as is illustrated by 

the sodic amphibole analyses presented here. The contam ination o f phengite by excess 

argon is to a lesser extent than phengites from other H PLT areas, exemplified by the 

Dabie Shan o f  China (Li et al., 1994 ) and D ora M aira in the W estern Alps (Arnaud 

and Kelley, 1995), where intra-grain ages are consistently older than those yielded by 

all o ther isotopic systems (Scaillet et a l ,  1992; Inger et a l ,  1996; Reddy et a l ,  1996).

4.6.2 P-T-t evolution of the Tavsanli Zone

Closure tem perature (Tc) estim ates have been calculated for Tavsanli Zone white 

micas. In the absence o f  satisfactory kinetic data for Ar diffusion in the Si-rich 

phengitic white micas, the data o f  Hames and Bow ring (1994) for m uscovitic white 

micas has been applied using the closure equation o f  D odson (1973). Given that the 

diffusion param eters are poorly constrained for high-pressure white micas, the 

proposed Tc within this study may be subject to large uncertainties. Estim ates o f Tc
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based on an average cooling rate o f 10° C/K m  are 400 ± 50° C for the coarsest 

phengite grain size, (~ 100 pm ). For the finest-grained material analysed with the 

infra-red laser, Tc is approxim ately 290 ± 50° C for the 20 pm  diam eter grains, based 

on the same cooling rate. H P-LT phengite crystallisation during exhum ation o f the 

Tavsanli Zone occurred within the timespan o f  79.7 ± 1.6 to 82.8 ± 1.7 M a during the 

developm ent o f the penetrative retrograde foliation, post-peak metamorphism . The 

youngest ^^Ar-^^Ar ages provide the best estim ates for the time at which the samples 

passed through Tc o f  400 ± 50° C and 290 ± 50° C, at 72 M a and 60 M a respectively.

If petrographical observations, therm obarom etric estim ates and the new 

geochronological data are combined, it is possible to describe a P-T-t path for the 

Tavsanli Zone rocks. From  the petrographical observations it is apparent that the 

rocks o f the Tavsanli Zone underw ent a prograde path within the lawsonite-blueschist 

sub-facies. Peak m etamorphic conditions were achieved within the low -tem perature 

eclogite sub-facies, and the rocks returned along a retrograde P-T path which closely 

miiTors the prograde path in form, within the lawsonite-blueschist sub-facies. On this 

basis it is possible to constrain the form  o f  the P-T path using the sub-facies stability 

fields o f Schliestedt (1990), w ith peak m etam orphic conditions constrained by 

therm obarom etric estim ates (Fig. 4.5). Time, t, is constrained by the new 

geochronological data. The phengites crystallised at tem peratures o f  approxim ately 

500 ± 50° C, thus the ca 80 M a Rb-Sr white mica ages reflect the time o f 

crystallisation during the retrograde part o f  the P-T path, post-peak m etamorphic 

conditions (Fig. 4.5). By 72 M a the rocks had cooled to 400 ± 50° C, based on the 

youngest UV LAM P "^Ar-^^Ar white mica ages from  the coarsest-grained phengites. 

From  the infra-red laser analysis o f  much finer-grained phengites it is apparent that at 

60 M a the rocks were at tem peratures o f 290 ± 50° C (Fig. 4.5).
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Figure 4.5: P-T-t path for the Tavsanli Zone blueschist- and iow-temperature-eclogite facies 
rocks.

The final constraint on the P-T-t path cornes from  the granodorite aureole, where 

intrusion at 51 to 53 M a occurred, at pressures o f approxim ately 3 kbar (Harris et al.

1994).

It is possible to infer mechanisms for the exhum ation o f  the H P-LT rocks on the basis 

o f the P-T-t information in Figure 4.5. The retrograde P-T trajectory path passes from
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the low -tem perature eclogite sub-facies into the lawsonite-blueschist sub-facies, 

indicative o f  cooling during exhumation. Figure 5 presents both the P-T-t path for the 

Tavsanli Zone rocks and a theoretical path for deeply subducted rocks undergoing 

post-subduction exhum ation (H acker and Peacock, 1995). In order to achieve the 

cooling during exhumation, syn-subduction exhum ation is required (e.g. Rubie, 1984; 

Platt, 1986; Okay and Kelley, 1994; Ernst and Peacock, 1996). HP-LT material is 

underplated and accreted to the base o f the hangingwall, and cooled by conductive 

heat loss to both the hangingwall and lower subducting plate, a process described as 

‘retrograde refrigeration’ (e.g. Platt, 1986; Platt, 1987; Platt, 1993). The most likely 

mechanism for the subsequent exhumation o f  H P-LT rocks is mechanical exhum ation 

back up the subduction zone by underplating, from  maximum depths o f 75 km.

At approxim ately 65 M a the oblique northeast directed convergence o f  African and 

European plates changed to northw ard directed orthogonal convergence (Dewey et al. 

1989). The implications o f  this for the exhum ation o f  the Tavsanli Zone rocks are that 

at approxim ately 65 M a subduction ceased and continent-continent collision ensued 

(e.g. Okay et al. 1998). Syn-subduction exhum ation is no longer viable and 

exhum ation must have taken place by some other mechanism. From  72 M a to 53 Ma, 

an average rate o f  exhum ation o f  approxim ately 1.5 mma ' can be inferred based on the 

P-T-t estim ates in Figure 4.5. It is during this time that subduction ceases, and an 

alternative mechanism  o f  exhumation must have becom e operative. Exhum ation at an 

approxim ate rate o f  1.5 mma'^ exceeds that predicted by any simple erosion m odel 

(D raper and Bone, 1981) and an additional tectonic mechanism is probably required 

during this period o f  post-colhsional crustal shortening. Alternatives include: i) crustal 

shortening accom m odated by the southw ard-directed thrusts which exhumed the 

blueschists, or ii) backsteepening o f  the suture during collision. There is no direct 

evidence from  this study to  favour either model.
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The calc-alkaline granitoids em placed into the Tavsanli Zone were generated at the 

base o f the crust at tem peratures o f  approxim ately 950° C at 53 M a, and emplaced 

into HP-LT rocks at a depth o f approxim ately 10 km (Harris et al. 1994). No 

overprinting is observed in HP-LT rocks presently exposed in the Tavsanli Zone which 

were already at upper crustal levels whilst therm al relaxation took place at depth; thus 

rocks likely to have experienced overprinting lie beneath the present erosion level. 

Such tem peratures in the lower crust could not be generated less than 20 M a after 

collision by radiogenic heat build up (England and Thom pson, 1984). Okay et al. 

(1998) have suggested heating due to slab-breakoff (Davies and von Blackenberg

1995) though there is no surficial evidence o f basalt eruption due to decom pression 

melting which might ensue from  such a process.

4.7 Conclusions

This study highlights the im portance o f  the high spatial resolution UV LAM P 

technique. Detailed profiling o f coarse phengite grains enables us to see past excess 

argon in a H P-LT terrain, providing excess argon is a non-pervasive feature. By 

combining a range o f  ̂ ^Ar-^^Ar and Rb-Sr isotope techniques we conclude:

1 Rb-Sr dating o f  white micas indicate that phengite crystallisation which post

dates the peak o f  H P-LT m etam orphism  occurred at 79.7 ± 1.6 to 82.8 ± 1.7 

Ma.

2 The analysis o f  phengite and sodic-amphibole indicate the presence o f  excess 

argon. The previous Ar-A r ages o f Okay and Kelley (1994) and Harris et al. 

(1994) are probably an artifact o f excess argon, and only the cores o f  coarse 

phengite grains yield true cooling ages in the Tavsanli Zone rocks.
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3 The Tavsanli Zone H P-LT rocks underw ent syn-subduction exhum ation and 

cooling, followed by exhumation along southw ard-directed thrusts to the 

surface.

4 W hen the P-T  path derived from  mineral assemblages is combined with mineral 

chronom etry a minimum exhum ation rate o f  1.5 mma-1 is determ ined for the 

period betw een 72 and 53 Ma.

5 G ranodiorites intruded HP-LT rocks in the eastern end o f  the Tavsanli 

Zone at 53 M a synchronous with similar intrusions emplaced into the western 

extent o f the belt reported  by Harris et al. (1994).

Finally we suggest that Ar-A r data from  white micas in H P-LT terrains should be

approached with caution before being used in any geological interpretation.
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E x c e ss  A r g o n

5.0 Outline of Chapter Five

W hen attem pting to apply geochronological techniques to  H PLT

m etamorphic terranes, many, if not all, are found to suffer from  the problem  o f  

‘excess argon’. The Tavsanli Zone provides excellent opportunities for studying 

this problem, with an abundance o f m icaceous rocks that are well characterised and 

have only experienced a single m etam orphic cycle, removing many o f  the problem s 

inherent in studying polymet amorphic terranes. The absence o f crystallisation in 

either the amphibolite- or greenschist-facies during exhum ation also precludes the 

complexities associated with full and partial resetting o f the argon system. This 

chapter com prises tw o m anuscripts, the first o f  which is co-authored by Simon 

Kelley who has provided supervision in the A rgon-A rgon laboratory at The Open 

University, the second is co-authored by Nicolas Arnaud who provided supervision 

in the A rgon-A rgon laboratory in C lerm ont-Ferrand, France.

5.1 Excess argon in HP-LT rocks: a UVLAMP study of phengite 

and K-free minerals.
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5.1.1 Introduction

High- and ultra-high-pressure m etam orphic rocks formed in convergent settings 

often originate from deep crustal levels, and generally survive an elaborate P-T-t 

return path to the surface. The exhum ation o f  these high-tem perature/low -pressure 

(HPLT) m etamorphic rocks has been the subject o f  debate. A com prehensive 

understanding o f  the mechanisms o f exhum ation is subject to knowledge o f  rates o f 

cooling from H PLT conditions. A major com plication how ever is isotopic 

disequilibrium, which is prevalent in rocks with low w ater activities and low 

tem peratures o f  form ation. M ost im portantly the closure tem perature concept 

applied to "*°Ar-^^Ar white mica ages assum es that radiogenic ^*°Ar* from the decay 

o f  K in white micas is isotopically equilibrated with argon within the whole rock at 

high tem peratures but is retained within the mica at low tem peratures. In rocks 

with both low tem peratures and low w ater activities, the extrinsic param eters 

responsible for the equilibration o f  argon are reduced in effect and result in the 

heterogeneous distribution o f  argon within the system, thus reducing the 

effectiveness o f the '^^Ar-^^Ar technique.

Despite the apparent problem s, ^*°Ar-^^Ar geochronology is comm only applied to 

white micas in H PLT rocks. W hite micas are often abundant in H PLT rocks, and 

with a high-potassium  content are well suited to the "^^Ar-^^Ar technique. Ideally, in 

higher-tem perature assem blages cooling ages are obtained. In low er-tem perature 

assem blages which crystallised in tem peratures similar to the closure tem perature 

o f  argon diffusion in white micas (approxim ately 350° C, D odson, 1973) white 

mica ages may be interpreted as crystallisation ages. A lthough in a large num ber o f
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regions and tectonic settings the ‘̂ °Ar-'*^Ar technique has proved reliable and 

consistent, an array o f results indicating excess argon have been produced from  

unaltered micas in HPLT rocks (Scaillet et al., 1990; 1992; Arnaud and Kelley, 

1995; Ruffet et al., 1995; 1997; Scaillet, 1996; Reddy et al., 1996; Pickles et al., 

1997; Boundy et al., 1997; Sherlock et al., subm itted, a; Sherlock and Arnaud, 

subm itted). Excess argon is com m on to both pristine and altered or overprinted 

micas and is largely responsible for the variable success o f 

geochronology in HPLT rocks. Excess "̂ ®Ar, additional to radiogenic “̂ ^Ar*, may be 

incorporated into the mineral lattice during or after mineral grow th, resulting in 

apparent ages older than the true age o f  the mineral. In many cases white mica ages 

which have been considered reliable, and which have been used to generate 

tectonotherm al models (e.g. Rubie, 1984; Duchene et a l ,  1997), have subsequently 

been found to be an artefact o f  excess argon. In order to distinguish meaningful 

from  problem atic age data the isochron approach has historically been used (e.g. 

Dalrymple and Lanphere, 1974; Lanphere and Dalrymple, 1978; Berger and York, 

1981a; Heizler and Harrison, 1988). This approach enables us to identify the 

presence o f  the additional "*°Ar com ponent, which results in a deviation o f the "^°Ar- 

^^Ar ratio from  an atm ospheric value o f  295.5 (Steiger and Jager, 1977). How ever, 

in some examples this approach can indicate no excess argon contam ination, this 

only becom es apparent from Rb-Sr white mica dating (Inger et a l ,  1996; Ruffet et 

a l ,  1997; Sherlock et a l ,  submitted a; Sherlock and Arnaud, submitted). The "^°Ar- 

^^Ar plateaux ages o f up to 110 M a for high-pressure m etam orphism  in the D ora 

M aira o f  the w estern European Alps (e.g. M onie and Chopin, 1991; Scaillet et a l ,  

1990; 1992) are one such well-docum ented example o f the effects o f  excess argon.

In the high-pressure rocks o f  the Alpine D ora M aira, although the "^"Ar-^^Ar white
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mica plateaux are convincingly fiat they are not geologically meaningful but an 

artefact o f  prevalent and pervasive excess argon (Arnaud and Kelley, 1995). Rb-Sr, 

Sm -Nd and U -Pb ages o f  ca. o f  35 M a to 40 M a for the same m etam orphic event 

further corroborate this (e.g. Tilton et al., 1991; Bow tell et al., 1994; G ebauer et 

al., 1997).

A similar problem  may exist in the G reek Cyclades. A large num ber o f  K-Ar and 

^°Ar-^^Ar geochronological studies have revealed age ranges for the various islands 

(Table 5.1).

Island Isotopic system Age ranges Reference

los K-Ar phengite 82 to 26 Ma Henjes-Kunst and Kreutzer (1982)
‘**’Ar-^‘̂ Ar glaucophane 120 to 100 Ma M aluski et al. (1981)

Naxos K-Ar white mica 38 to 11 Ma Wijbrans and McDougall (1986, 88)
'"Ar- '̂^Ar white mica 40Ar to 18 Ma

Sifnos K-Ar white mica 48 to 41 Ma Altherr et al. (1979)
Rb-Sr white mica 41 to 33 Ma
‘’̂ Ar-^Ar white mica 42  to 30 Wijbrans et al. (1990)

Syros “̂ Ar-^Ar, phengite and paragonite 53 to 37 Ma M aluski et al. (1987)
Tinos ""Ar-^Ar white mica 44  to 31 Ma Brocker et al. (1993)

Rb-Sr white mica 39 to 29 Ma B rocker and Franz (1998)
Table 5.1: Comparison of ^"Ar-^Wr and K-Ar with Rb-Sr age determinations of HPLT 
metamorphism in the Cycladic Islands, Greece.

The variation in K-Ar, "^^Ar-'^^Ar and Rb-Sr ages from  these G reek Cycladic islands 

has been variably interpreted. The interpretations are: partial resetting resulting 

from  heterogeneous fluid m igration in Tinos (B rocker et al., 1993; 1998), 

differential uplift and cooling rates in Sifnos (W ijbrans et al., 1990); and mixing 

betw een coexisting phengite and m uscovite resulting in complex spectra, with 

characteristics o f  both mica populations, in N axos (W ijbrans and M cDougall, 

1986). In the m ost recent and com prehensive '^^Ar-^^Ar and Rb-Sr study in the
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Cyclades, excess argon is considered as a possible mechanism  for the "^^Ar-^^Ar 

ages being persistently older than Rb-Sr ages. H ow ever, given the small age 

differences betw een the two systems it is considered to be o f  limited, or perhaps no 

im portance (B rocker and Franz, 1998). A ltherr et al. (1979) concluded that Rb-Sr 

ages, which were persistently younger than K-Ar ages, were a result o f  the less- 

well preserved samples having a disturbed Rb-Sr system. This observed 

relationship, in addition to the ages presented in B rocker and Franz (1998), may be 

interpreted as the less-well preserved samples suffering from  excess argon 

contam ination and yielding older '^^Ar-^^Ar ages, rather than younger Rb-Sr ages.

In this study we have chosen the Tavsanli Zone o f  N W  Turkey (Figure 5.1), a 

relatively little studied region o f H PLT m etamorphic rocks, to investigate excess 

argon in a simple geological system. In contrast to previous studies, the Tavsanli 

Zone o f NW  Turkey has only undergone a single subduction-exhum ation 

m etamorphic cycle (Sherlock et al. submitted a). The implications o f  this are that 

the system  is simple in that: i) samples contain a single generation o f  white mica 

and have not been thermally overprinted, and ii) there are no relic assemblages 

from previous m etam orphic events which would give rise to m em ory effects within 

the argon isotopic system.
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Figure 5.1: Location map of the Tavsanli Zone and sample localities.

5.1.2 Excess argon in the Tavsanli Zone?

Previous geoehronological estim ates o f  the age o f H PLT m etam orphism  have 

raised a num ber o f  key questions. The first isotopic age determ inations were K-Ar 

white mica ages o f 65 and 82 M a from  the Sivrihisar region (C ogolu and 

Krum m enacher, 1967). Higher precision “̂ ^Ar-'^^Ar white mica ages o f  89 to 71 M a 

(O kay and Kelley, 1994) and 97 M a (Okay et al., 1998), and a sodic-amphibole 

age o f 108 M a (Harris et a l ,  1994) have been determined from  the H PLT rocks in 

the Orhaneli region. The narrow  age ranges reported by Cogulu and 

Krum menacher (1967) and Okay and Kelley (1994) raised the key question o f 

w hether or not they are real and geologically significant, or w hether they are an 

artefact o f  excess argon. The most recent age determ inations for the Tavsanli Zone
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H PLT m etam orphism  are Rb-Sr white mica ages o f  79.7 to 82.8 M a and ^^Ar-^^Ar 

white mica and sodic-amphibole ages o f 60 to 192 M a (Sherlock et a l ,  submitted 

a; Sherlock and Arnaud, submitted). These studies show ed that excess argon is 

responsible for the reported age ranges, and that the white micas from  Tavsanli and 

Sivrihisar crystallised within a m uch narrow er age range than was previously 

thought. The small "*°Ar-^^Ar and K-Ar age ranges, com parable to those ranges 

presented in table 5.1, are an artefact o f excess argon (Sherlock et a l ,  submitted 

a). These ranges are neither too  broad or too old to be geologically impossible, and 

detection o f  excess argon in similar rocks poses a problem  in many H PLT terranes.

A number o f key questions have arisen from  the preliminary studies (Okay and 

Kelley, 1994; Harris et a l ,  1994; Okay et a l ,  1998): i) is there a regional variation 

in the distribution o f excess argon which may be attributed to a geological event, ii) 

are there variations in the distribution o f  excess argon according to lithological 

type, mineral type and chemistry, deform ation and grain size o r the therm al history 

o f  the rocks; iii) is it possible to assess the relative timing o f  excess argon 

contam ination; and iv) what are the possible sources o f  excess argon in the 

Tavsanli Zone?

In order to understand excess argon in the Tavsanli Zone a detailed investigation o f 

white micas and K-free minerals in rocks from  three areas has been carried out 

using the high spatial resolution UVLAM P (Ultra Violet Laser Ablation 

m icroprobe). Samples have been collected from  Orhaneli, Tavsanli and Sivrihisar, 

spatially distributed west to east across the length o f  the Tavsanli Zone and varying
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in distance southw ards from  the main Tethyan suture (Figure 5.1). The coarsest 

grain-sized phengites have been chosen for detailed intra-grain UV LAM P profiling.

5.1.3 Geologic setting

Blueschist- and low -tem perature-eclogite-facies rocks form  an east-w est trending 

linear belt situated south o f  a major Tethyan suture. The suture represents the site 

o f  a m ajor-northw ard dipping subduction zone, one o f  a number responsible for the 

consum ption o f the Tethys Ocean during the Alpide orogeny. The tract o f  H PLT 

rocks, the Tavsanli Zone, is 250 km  long and 40 km  wide (Figure 5.1) and 

com prises m etam orphosed continental margin sequence rocks. The Tavsanli Zone 

is stratigraphically uncom plicated and is traditionally sub-divided into the Orhaneli 

Unit which is concordantly overlain by the Ovacik Unit, and finally tectonically 

overlain by an ophiolitic peridotite nappe which has not undergone HPLT 

m etam orphism  (Okay, 1986). The Orhaneli Unit has attained H PLT conditions. 

Subduction took place in an oblique convergent setting during the early 

Cretaeeous, followed by syn-subduction exhum ation and white mica crystallisation 

betw een 79.7 ± 1 . 6  and 82.8 ± 1.6 M a (Rb-Sr white mica, Sherlock et al., 

subm itted a). In the Orhaneli Unit, the maximum tem peratures attained are 

considered to be 430°C in the Orhaneli region (Okay and Kelley, 1994), and 450°

C and 550° C in the Tavsanli and Sivrihisar regions respectively (Sherlock et al., 

subm itted a; Sherlock et al., subm itted b). The Ovacik Unit has only experienced 

incipient blueschist-facies m etam orphism  o f up to 200° C and 8 kbar, and is 

thought to represent a tectonic melange o r accretionary w edge (Okay 1982; 1984; 

1986). The pristine H PLT assem blages o f  the Orhaneli Unit have returned from
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crustal depths in excess o f  70 km to the surface without experiencing therm al 

overprinting in the greenschist- or amphibolite-facies, due to the refrigeration 

effects o f syn-subduction exhum ation (Sherlock et al., submitted a, b).

5.1.4 Sample petrography

A suite o f  m etachert, m etapelite and m etabasite samples have been studied 

petrographically using standard thin section and electronprobe m icroanalyser 

techniques. Ten samples have been analysed in detail from the Orhaneli, Tavsanli 

and Sivrihisar regions, the most phengite-rich having been chosen for their 

suitability to the '^°Ar-^^Ar technique.

M etacherts and metapelites have relatively simple mineralogies. Sample 96/234 

from the Kocasu River valley near to Orhaneli (Figure 5.1) is a blueschist-facies 

phengite-rich m etachert w ith the assem blage quartz + phengite ± lawsonite ± 

hematite. Phengite, and where present lawsonite, define the main penetrative 

foliation. Samples 96/12, 96/185, 96/198 and K380 from  the Tavsanli region 

(Figure 5.1) are blueschist-facies m etapelites and comm only have the assemblage 

quartz 4- phengite + sodic amphibole + lawsonite. The phengite, sodic-am phibole 

and lawsonite define the main foliation, which is weakly crenulated in samples 

96/12, 96/185 and K380, and in places isoclinaUy folded in sample 96/198. The 

rocks o f  the Sivrihisar region are predom inately m etabasites and are m ore 

mineralogically com plex than m etachert and m etapelite lithologies. 96/158 from  the 

Sivrihisar region (Figure 5.1) is a low -tem perature eclogite-facies lithology which 

has the assemblage garnet 4-  sodic pyroxene 4-  sodic amphibole 4-  phengite 4-
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lawsonite + quartz + titanite. The main foliation com prises sodic pyroxene + sodic 

amphibole + phengite + lawsonite and has been isoclinaUy folded. Samples 96/117 

and 96/118 from  the Sivrihisar region (Figure 5.1) are from  a single outcrop which 

displayed petrographical evidence o f late-stage fluid influx parallel to the foliation. 

B oth samples are law sonite-m etabasites with the assem blage lawsonite + phengite 

+ sodic amphibole + sodic pyroxene. Sample 96/117 is green in appearance due to 

late-stage epidote, and calcite and chlorite alteration. Samples 96/153 and 96/155 

are also law sonite-m etabasites from  the Sivrihisar region (Figure 5.1) but are finer 

grain-sized than samples 96/117 and 96/118, with a less weU-developed foliation. 

Sample 96/134 is a metapelite from  the Sivrihisar region (Figure 5.1) with the 

assem blage phengite + quartz -+- sodic-am phibole + titanite.

5.1.5 White micas in the Tavsanli Zone

The white micas which have been analysed are o f  varying grain sizes ranging from 

30 pm  to 100 pm  in diameter. Grain sizes are generally coarser in the Sivrihisar 

region than in the Orhaneli or TavsanU regions. In aU three regions white micas are 

o f the Si-rich phengite variety and have Si contents in the range 3.42 to 3.79 

(p.f.u.) (Table 5.2). M ost analyses do not lie on the ideal m uscovite-celadonite 

mixing Une and both the Tscherm ak exchange ([M g, Fe^^] '̂ , S f ‘ = A f ‘, A f'') and 

Fe^AAl^"" substitution has occurred in most phengites analysed (Sherlock et al., in 

subm itted b). Com positionally the phengites do not vary betw een either the 

different regions or different lithologies, though samples 96/117 and 96/118 from 

the Sivrihisar region show some variation in K/Na ratios. Sample 96/117 shows 

pétrographie evidence for alteration due to foUation-paraUel fluid influx, in the
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form  o f fine-grained chlorite and calcite. Phengites in sample 96/117 have lower 

K/Na ratios than phengites in the pristine equivalent sample 96/118 which displays 

no petrographical evidence o f fluid infiltration.

96/234 96/198 K380 96/185 96/12 96/134 96/153 96/155 96/158 96/117

SiOz 51.9 52.42 52.03 52.21 51.8 51.9 52.01 52.13 52.00 49.32
TiOz 0.1 0.08 0.09 0.09 O.I 0.01 0.01 0 0.20 0.13
AlzOs 22.2 22.14 21.90 21.78 22.3 22.7 22.35 22.63 22.40 21.70
MgO 4.41 4.14 4.02 4.23 4 4.5 4.23 4.12 4.27 0.04
MnO 0 0.06 0.07 0 0 0.1 0 0 0.00 4.78
FeO 5.56 4.59 5.33 0.05 4.8 4.38 5.32 4.96 4.93 0.02
NazO 0.2 0.08 0.07 4.67 O.I 0.2 0.01 0.1 0.10 4.11
KzO 10.8 10.81 10.51 0.11 10.8 11.1 10.69 10.85 11.00 0.10

Total 94.18 94.33 94.02 10.98 94.1 94.9 94.62 94.79 94.90 0.00

Si 3.55 3.58 3.57 94.13 3.6 3.53 3.54 3.53 3.60 91.27
Ti 0.01 0.00 0.00 3.58 0 0 0 0.01 0.00 3.50
AI 1.79 1.78 1.77 0.00 1.8 1.82 1.81 1.79 1.80 0.01
Mg 0.45 0.42 0.41 0 0.4 0.46 0.42 0.44 0.40 0.00
Mn 0 0.00 0.00 0.43 0 0.01 0 0 0.00 0.51
Fe 0.26 0.26 0.31 0.00 0.3 0.24 0.23 0.25 0.20 0.00
Na 0.03 0.01 0.01 0.27 0 0.03 0.01 0.01 0.00 0.24
K 0.94 0.94 0.92 0.96 0.9 0.96 0.96 0.95 1.00 0.01

Total 7.02 7.00 7.00 7.02 7.01 7.04 6.97 6.98 7.00 7.09

Table 5.2: Representative phengite analyses from samples analysed.

5.1.6 Experimental methods

40  39
High-Spatial resolution Ar- Ar white mica ages were obtained using the Ultra- 

Violet Laser Ablation M icro probe (UVLAM P) extraction technique. For a detailed 

account o f  the technique see Reddy et al. (1997) and Appendix A. Samples were 

m onitored using the G A 1550 biotite standard with an age o f 97.9 M a (M cD ougall 

and Harrison, 1988). The calculated J value for the samples was 0.00583 ±
39

0.000029, and results w ere corrected for blanks, A r decay and neutron-induced
39 37

interference reactions. The correction factors used were: ( A r/ A r)Ca = 0.00067,
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(^^Ar/ ^Ar)Ca = 0.000255, (^ V r/^ A r)K  = 0.048 based on analyses o f  Ca and K 

salts. All samples were irradiated at the R is0  National Laboratory, Denmark.

5.1.7 Results

Phengites and K-free phases have been analysed using the UV LAM P. Results are 

presented in Tables E .l  to E. 11 in Appendix E.

5.1.7.1 UVLAMP intra-grain and whole phengite analyses

18 detailed intra-grain analyses were perform ed on phengite with additional ages 

from  finer grain-sized single phengite grains.

5.1.7.1.1 Orhaneli region

From  the Orhaneli region traverses 1 and 2 in phengites from  sample 96/234 gave 

intra-grain age ranges o f  94 ± 5 to 125 ± 9 M a and 106 ± 5 to 124 ± 6 Ma. The 

tw o phengites analysed w ere approxim ately 100 pm  and 40 pm  in diam eter 

respectively. Traverse 1 is asymmetric but broadly concave with a core to rim  age 

increase (Figure 5.2).
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Figure 5.2: UVLAMP traverse 1 across phengite grain in sample 96/234 from the Orhaneli 
region.

Traverse 2 is irregular with no systematic increase in age from  core to rim (Figure 

5.3). Q uartz analysis A on figure 5.2 corresponds to  quartz analysis A in table E .l .
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Phengite
50 pm

_  140 
 ̂ 120

-  100
on

Figure 5.3: UVLAMP traverse 2 from sample 96/234 from the Orhaneli region.

Single finer grain-sized phengites yielded ages o f 84 ± 6 and 154 ± 7 Ma. Points 1 

and 3 in traverse 1 and points 3 to 6 in traverse 2 have elevated ^^Ar/^^Ar ratios 

which m ost likely correspond to analyses which have incorporated adjacent
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lawsonite or inclusions o f lawsonite. Q uartz analysis B on figure 5.3 corresponds 

to  analysis B in table E .l .

5.1.7.1.2 Tavsanli region

Four samples were analysed from  the Tavsanli region. Traverses 3 and 4 from  

sample 96/198 are from  phengites 100 pm  and 70 pm  in diam eter; traverse 3 

yielded an age range o f  86 ± 3 to 111 ± 3 M a (Figure 5.4), traverse 4 an age range 

o f  93 ± 4  to 123 ± 7 M a (Figure 5.5). In traverse 3 there is an increase in age 

asymmetrically tow ards one rim, but in traverse 4 there is no systematic age 

variation. Q uartz analyses C and D on figures 5.4 and 5.5 correspond to analyses C 

and D in table F .2. Amphibole analyses A, B and C on figures 5.4 and 5.5 

correspond to amphibole analyses A, B and C in table F .2. Phengite analysis A on 

figure 5.5 corresponds to phengite analysis A in table F .2.

9 6 H9 8 ( 3 )

I  ̂ I Q u a r t z  g r a i n s

5 0  p m

P h e n g i t e  -

2 4 6
d i s t a n c e  (x 10 p m )

Figure 5.4: UVLAMP traverse 3 from sample 96/198 from the Tavsanli region.
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Figure 5.5: UVLAMP traverse 4 from sample 96/198 from the Tavsanli region.

Traverses 5, 6 and 7 are also from  sample 96/198 but from  finer grain-sized 

phengites o f betw een 30 pm  and 40 pm  in diameter.

9 6 / 1 9 8  (5 )

P h e n g i t e
A m p h i b o l e

5 0  p m

d i s t a n c e  (x 10 p m

Figure 5.6: UVLAMP traverse 5 from sample 96/198 from the Tavsanli region.
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The age ranges were 95 ± 3 to 104 ± 3 Ma, 95 ± 5 to 104 ± 3 M a and 96 ± 3 to 97 

± 4 M a (Figures 5.6, 5.7, 5.8). Point 2 o f  traverse 5 has an elevated ^^Ar/^^Ar ratio 

and is m ost likely due to included or adjacent lawsonite. Amphibole analysis D on 

figure 5.6 corresponds to amphibole analysis D in table E.2.

120
Z  100 - 

& 80
* « « * *

2 3 4
distance (x 10 pm)

Figure 5.7: UVLAMP traverse 6 from sample 96/198 from the Tavsanli region.

S  100
Sb 80
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Figure 5.8: UVLAMP traverse 7 from sample 96/198 from the Tavsanli region.

Four single phengite grains o f  30 pm  in diam eter were analysed and gave an age 

range o f  95 ± 3  to 105 ± 2 Ma. In sample K380 traverse 8 gave an age range o f 91 

± 2 0  to 159 ± 15 M a, with an asymmetric age increase from  core to one rim 

(Figure 5.9).
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Figure 5.9: UVLAMP traverse 8 from sample K380 from the Tavsanli region.
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Points 1, 3 and 6 o f  traverse 8 have elevated ^^Ar/^^Ar ratios which are attributed 

to lawsonite included in the phengite.

9&185
P h e n g i t e  H  
A m p h i b o l e  ^  
Q u a r t z  □  
L a w s o n i t e  □
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120
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80

60

1 2 3
d i s t a n c e  (x 10  p m )

12 0  

£100 
ÏL 80 

60

10
1 2 3

d i s t a n c e  ( x  10  p m )

Figure 5.10: UVLAMP traverses 9 and 10 from sample 96/185 from the Tavsanli region.

Traverses 9 and 10 are from  sample 96/185, and the coarsest-grain sized phengites 

o f approxim ately 50 pm  in diam eter yielded intra-grain age ranges o f  90 ± 4 to 99 

± 7 M a and 93 ± 3 to 108 ± 3 M a (Figure 5.10). Point 3 on traverse 10 has a high 

^^Ar/^^Ar ratio due to the analysis o f  adjacent lawsonite. Single finer grain-sized 

phengites gave ages o f  91 ± 5  to 105 ± 3 Ma. Q uartz analyses A and B on figure

5.10 correspond to analyses A and B in table E.3. Amphibole analyses A on figure

5.10 corresponds to amphibole analysis A in table E.3. In sample 96/12 phengites 

do not exceed 30 pm  in diam eter, and traverse 11 yielded an intra-grain age range 

o f  75 ± 6 to 79 ± 5 M a (Figure 5.11). Point 1 on traverse 11 has a high ^^Ar/^^Ar 

ratio due to the analysis o f  lawsonite. Single finer grain-sized micas in sample 

96/12 yielded ages which were betw een 78 ± 3 and 89 ± 1 Ma, the grain which
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yields the lowest age has a high ^^Ar/^^Ar ratio, and is likely to be due to the 

incorporation o f  included or adjacent lawsonite.

1 2 3
d istance  (x 10 pm )

Figure 5.11: UVLAMP traverse 11 from sample 96/12 from the Tavsanli region.

5.1.7.1.3 Sivrihisar region

Samples from the Sivrihisar region are coarser grained and six samples have been 

analysed. Traverses 12 and 13 from  samples 96/153 and 96/155 respectively, gave 

intra-grain age ranges o f  100 ± 4 to 120 ± M a and 78 ± 3 to 96 ± 3 M a (Figures 

5.12 and 5.13).

_  140
I  120  
r  100  

 ̂ 80 
60
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1 . _ L  - 1 . . .  ...

0 4 6
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Figure 5.12: UVLAMP traverse 12 from sample 96/153 from the Sivrihisar region.

C h a pt e r  F iv e 155
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Figure 5.13: UVLAMP traverse 13 for sample 96/155 from the Sivrihisar region.

Traverse 12 yielded no systematic age range while traverse 13 yielded a concave 

traverse systematically increasing from  core to both rims. Points 2, 4 and 5 o f 

traverse 12 have high ^^Ar/^^Ar ratios due to the influence o f adjacent or included 

lawsonite. In sample 96/155 single fine grain sized phengite yielded ages o f  111 ± 

11 M a, 112 ± 4 M a and 82 ± 2 M a Point 3 on traverse 13 has a high ^^Ar-^^Ar 

ratio and is due to the incorporation o f  lawsonite in the mica analysis. Single 

phengite grains in sample 96/153 gave an age range o f  82 ± 2 M a to 112 ± 4 Ma, 

tw o o f which have very high ^^Ar/^^Ar ratios and may either be due to lawsonite or 

epidote adjacent to the phengites. Traverses 14 and 15 from  samples 96/117 and 

96/118 gave age ranges o f  78 ± 4 to 85 ± 5 and 79 ± 4 to 89 ± 5 Ma. In neither 

case were there any systematic age increases (Figures 5.14 and 5.15).
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Figure 5.14: UVLAMP traverse 14 from sample 96/117 from the Tavsanli region.
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Figure 5.15: UVLAMP traverse 15 from sample 96/118 from the Sivrihisar reeiregion.

In sample 96/158 the coarsest phengite grain, with a diam eter o f  approxim ately 

100 pm , yielded an asymmetric concave traverse 16 (Figure 5.16). The age range 

obtained is 72 + 3 to 100 ± 5 M a, with ages increasing tow ards the rims. Tw o 50 

pm" pits ablated within the remaining grain from which traverse 16 was taken, 

gave ages o f  74 ±  2 and 80 + 2 Ma. Traverse 17 is from a finer grain-sized 

phengite som e 40 pm  in diam eter, and gave an age range o f  82 ±  3 to 87 + 4 Ma 

(Figure 5.17).

C h a pt e r  F iv e
157



96/158 (16) 
Phengite

50 îm
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Figure 5.16: UVLAMP traverse 16 from sample 96/158 from the Sivrihisar region.
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Figure 5.17: UVLAMP traverse 17 from sample 96/158 from the Sivrihisar region.

Points 1 and 2 on traverse 17 have elevated "^^Ar/^^Ar ratios, attributable to an 

incorporation o f  either lawsonite, epidote or clinopyroxene within the analysis. 

Single finer grain-sized phengites gave ages o f  83 ± 2 to 107 ± 3 Ma. In sample 

96/135 the maximum grain size o f  phengites is 50 pm  in diam eter, from  which 

traverse 18 gave an age range o f  98 ± 3 to 109 ± 3 (Figure 5.18).
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Single finer grain-sized phengites gave ages betw een 98 ± and 129 ± 87 Ma.

100
S  90

0 1 2 3
d is ta n c e  (x  10 p m )

Figure 5.18: UVLAMP traverse 18 from sample 96/135 from the Sivrihisar region.

5.1.7.2 UVLAMP analysis o f potassium-free minerals

W here applicable, quartz, sodic-amphibole, lawsonite and garnet have been 

analysed. The results are within Tables E .l  to E .l  1.

5.1.7.2.1 Quartz

Q uartz analysed in sample 96/234 from  Orhaneli gave apparent ages o f  109 ± 6 to 

1506 ± 5 6 1  Ma, though m ost analyses showed only "̂ ^Ar at background levels. 

Four out o f six quartz analyses have high ^^Ar/^^Ar ratios which are most likely a 

result o f  analysing adjacent fine-grained lawsonite. Tw o out o f six analyses have 

high ^^Ar/^^Ar ratios indicative o f  fluid inclusions containing Cl-rich brines (e.g. 

Cum best et al., 1994). The high ^^Ar/^^Ar analyses correspond to quartz analyses 

with the highest ^^Ar/^^Ar ratios. These grains are also from  the high-strain regions.

In the Tavsanli region, quartz in samples 96/198 contains minor am ounts o f  " °̂Ar, 

with a single analysis yielding an apparent age o f 724 ± 36 Ma. Q uartz in sample
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96/185 contains much greater concentrations o f  “̂ °Ar, the two apparent ages 

obtained are 467 ± 44 and 348 ± 281 Ma. A quartz analysis in an unstrained region 

contains no argon. The second quartz analysis from  a high-strain region has high 

"^°Ar/^^Ar, ^^Ar/^^Ar, ^^Ar/^^Ar, and ^^Ar/^^Ar, indicative o f  atm ospheric argon 

enriched in excess " °̂Ar in addition to Cl-derived argon from fluid inclusions. The 

elevated ^^Ar/^^Ar ratio is most likely due to adjacent fine-grained lawsonite.

5.1.7.2.2 Sodic-amphibole

In sodic-amphibole analyses from  sample 69/12 from  the Tavsanli region, five out 

o f eight have very high "^^Ar-^^Ar ratios, with apparent ages o f  1818 ± 826 and 157 

± 130 Ma. Sodic-am phibole in sample 96/185 yields an apparent age o f  676 ± 383 

Ma. In the Sivrihisar region amphibole analysed in sample 96/158 contained 

significant ^°Ar and yielded an apparent age o f  109 ± 7 Ma. Law sonite has been 

analysed in sample 96/185 from  the Tavsanli region, and had a high "*°Ar/^^Ar ratio 

and an apparent age o f  117 ± 1 7 .

5 .1.7.2.3 Garnet

Garnet in sample 96/158 from  the Sivrihisar region contained no ^*°Ar. There is no 

garnet in samples from  either the Orhaneli or Sivrihisar regions for com parison.

5.1.7.3 Relative concentrations o f excess argon in phengite and K-free minerals.
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An estimation o f  the quantity o f  excess '^^Ar has been made in all minerals based on 

the '^^Ar-^^Ar ratio required to yield an age o f  80 Ma, which is the Rb-Sr age o f 

white mica crystallisation (Sherlock et a l ,  subm itted a), and a maximum "^^Ar-^^Ar 

age for the phengite. The estim ated excess ^*°Ar concentrations are therefore a 

minimum, though they provide a com parative means o f  assessing inter- mineral 

variations.
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Figure 5.19: Relative concentrations in cc x 10 ‘‘ of excess 40Ar in all minerals analysed 
with the UVLAMP.

From  figure 5.19 it is apparent that there is a range o f  concentrations o f  excess 

argon within phengite, with a high relative abundance o f  both high concentrations 

(greater than 200) and low concentrations (less than 10). Q uartz also yields a range 

o f  concentrations, w ith the majority betw een 0 and 70, and a minor population at 

200. G laucophane follows a similar trend, with concentrations either in the range 0 

to 30, o r 120 to greater than 200. Law sonites are betw een 30 and 40, and two 

analyses o f garnet indicate no excess argon. Phengite contains the highest 

concentrations o f  excess argon, and covers the broadest range o f excess argon
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concentrations. Excess argon is not hom ogenously distributed among all minerals. 

High concentrations o f excess argon in amphibole and quartz  may result from  fluid 

inclusions, indicating the main mineral reservoir for excess argon in H PLT rocks is 

phengite

5.1.8 Discussion

5.1.8.1 Regional distribution o f excess argon in the Tavsanli Zone

Excess argon is prevalent within all three regions o f  the Tavsanli Zone. This is 

apparent from the com parison o f  the "*°Ar-^^Ar white mica ages with Rb-Sr white 

mica ages from the same samples (Sherlock et al., subm itted a). The '^^Ar-^^Ar 

white mica ages are up to 30 M a older than Rb-Sr white mica ages (Sherlock et al., 

subm itted a; Sherlock and Arnaud, subm itted). W ithin the Orhaneli region, 

phengites o f  varying grain sizes are pervasively contam inated by excess argon. The 

mean ages for traverses 1 and 2 are 36 and 24 M a older than Rb-Sr white mica 

ages for the same m etamorphic event. In the Tavsanli region excess argon is also 

pervasive. The mean ages for phengite traverses 3 to 10 are in the range 93 ± 4  M a 

to 103 ± 7 Ma, 13 to 23 M a older than Rb-Sr white mica ages from  the same 

locality. The mean age is noticeably low er in sample 96/12 which has a mean age 

o f 77 ± 2 M a for traverse 11. In the Sivrihisar region excess argon is prevalent 

though not consistently pervasive in coarse phengite, in that m uch lower ages are 

obtained from  the cores o f  some grains. T raverses 13 to 17 have mean ages in the 

range 81 ± 2  M a to 86 ± 7 Ma, which are betw een 0 M a and 4 M a older than Rb- 

Sr white mica ages from  the same region. Samples 96/153 and 96/135 are the
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exception to this and for traverses 12 and 18 mean ages are 112 ± 6 M a and 103 ± 

5 Ma, 20 M a and 11 M a older than Rb-Sr white mica ages for the same locality.

5.1.8.2 Excess argon and lithological variation

In the m etachert sample 96/234, excess argon is prevalent and pervasive within 

both phengite and quartz. The mean age for phengite traverses are 116 ± 10 and 

104 ± 10 Ma, which is older than the initiation o f  subduction in the region (Yilmaz 

and Sengor, 1981). Q uartz analyses are variable in isotopic com position. O f those 

with high ratios, many but not all have high ^^Ar/^^Ar ratios indicative o f

fluid-inclusions rich in chlorine in addition to excess "̂ ^Ar. All the m etapelites, with 

the exception o f  sample 96/12, are contam inated pervasively by excess argon and 

yield ages up to 24 M a older than Rb-Sr ages. The mean ages for intra-grain 

phengite traverses within the m etapelites are betw een 94 ± 7 M a and 104 ± 23 Ma. 

Sample 96/12 differs in that excess argon is non-pervasive in the phengite, and the 

mean intra-grain traverse age is 77 ± 2 Ma. In m etapelite samples generally, quartz 

and sodic-amphibole contain variable concentrations o f  excess argon, which is not 

detected in many analyses. The ^^Ar-^^Ar concentrations are variable. In quartz 

there is evidence o f some influence o f chlorine-rich brines. In sodic-amphibole 

chlorine in fluid inclusions and chlorine in the mineral lattice are indistinguishable. 

In m etabasite samples much younger ages are found within cores o f  the coarsest 

phengites, and excess argon is not always pervasive, with a higher frequency o f 

younger ages in phengite cores than in either the m etachert o r m etapelite samples. 

M ean ages for intra-grain phengite traverses are 81 ± 2  M a to 86 ± 7 Ma, with the
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exception o f sample 96/153 which has a mean age o f 112 ± 6  Ma. Excess argon is 

apparent in sodic-amphibole, but there is no excess argon in garnet.
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Figure 5.20: Distribution of UVLAMP "”Ar-^’Ar phengite ages versus lithological type

Figure 5.20 illustrates the relationship betw een apparent "^^Ar-^^Ar phengite age 

and lithological type. M etabasite samples yield a normal distribution curve with a 

peak within the 85 to 90 M a interval. M etapelites also form  a normal distribution 

curve and peak within the 100 to 105 M a interval. M etachert phengite ages are 

m ore widely distributed with two peaks at 105 to 110 M a and greater than 125 

Ma. Samples 96/12 (metapelite) and 96/153 (m etabasite) are exceptions to these 

observed trends (Figure 5.20). Sample 96/12 yields low apparent phengite ages 

which are com parable to those from  the m etabasites, and sample 96/153 yields 

apparent phengite ages which are much older than those o f  o ther m etabasites and 

m ore com parable to  those from the m etacherts and metapelites.
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It is apparent from  figure 5.20 that excess argon is heterogeneously distributed 

among different lithological types. Excess argon is far m ore pervasive and o f 

greater concentrations in both the m etachert and the m etapelites, and apparent 

phengite ages are higher, than in the metabasites. The concentration o f  excess 

argon and therefore the extent o f  excess argon contam ination, appears to be 

controlled by lithological type. The correlation o f  excess argon with the K2O 

content o f  the lithology is reminiscent o f  the situation in some dry granulite rocks 

where excess argon was shown to correlate with K2O (Poland, 1979) and indicated 

near closed system  behaviour for argon.

5.1.8.3 Excess argon and phengite mineral chemistry.

W hite mica chemistry has formed the basis o f  previous discussions o f  argon 

retentivity and excess argon in m etamorphic rocks. Chopin and M aluski (1980) 

suggested that white micas with higher celadonitic com ponents are m uch more 

retentive o f  argon than low er pressure m uscovites, challenging the traditional view 

o f the blocking tem perature concept and stating that the blocking tem perature 

must be significantly higher in m ore celadonitic white micas, hence the older Alpine 

"^°Ar-^^Ar ages. Scaillet et al. (1992) found evidence for increasing retentivity o f 

argon with increasing M g content in white mica. Dahl (1996), based on ionic 

porosity argum ents, stated that argon retentivity should increase with increasing 

K/Na ratios with increasing pressure. Phengites in rocks from  all three areas 

studied in the Tavsanli Zone, covering all lithologies, lie in a restricted 

com positional range. The differences observed in the am ount and pervasive nature 

o f the excess argon in Tavsanli Zone cannot be attributed to variations in K/Na
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ratios. There are also no significant variations in the ferrom agnesian com ponents o f 

the phengites. The likelihood o f  a significantly higher closure tem perature for 

argon in phengitic white mica com pared with m uscovite has been discounted as a 

possible reason for the "^^Ar-^^Ar ages in the Tavsanli (Sherlock and Arnaud, 

submitted).

5.1.8.4 Excess argon and deformation

In the m etachert from the Orhaneli region, the analyses which have been made in 

the vicinity o f the kinks in phengites do not correspond to the oldest ages, and 

therefore the highest excess argon concentrations. In Traverse 2 the two analyses 

which directly correspond to the kink are the lowest ages, 94 ± 5 M a and 96 ± 6 

M a - the other six analyses all exceeding 100 Ma. In the same sample, excess argon 

is heterogeneously distributed in quartz. This may be attributed to quartz 

deform ation structures, with excess argon associated with high-strain zones. The 

same is also true o f  high- and low-strain quartz  in sample 96/185, with the excess 

argon associated with high-strain zones in quartz. During deform ation subsequent 

to foliation developm ent amphiboles have been extended and boudinaged, leaving 

extensional cracks within which quartz has recrystallised. Tw o analyses have been 

made o f the recrystallised quartz for com parison with matrix quartz. One contained 

excess argon, the second did not. The same is true o f  the platy m atrix quartz which 

was analysed for com parison.

5.1.8.5 Excess argon and foliation-parallel flu id  ingress
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Samples 96/117 and 96/118 are from  a single law sonite-m etabasite outcrop in the 

Sivrihisar region. Samples were separated by as much as 30 cm  distance. Sample 

96/117 green in appearance, sample 96/118 blue in appearance. Both samples have 

undergone the same therm al history and have the same assemblage but sample 

96/117 has additional calcite and chlorite resulting from  fluid influx parallel to the 

foliation prior to the second deform ation event. Detailed intra-grain UV LAM P 

analysis o f phengites in both samples reveal that excess argon is prevalent in both 

samples, and has neither been introduced or rem oved by late-stage fluids during 

exhumation.

5.1.9 Timing of excess argon contamination

5.1.9.1 Qualitative assessment

On the basis o f  the relationships betw een excess argon and geological and 

mineralogical observations it is possible to say something o f the relative timing o f 

excess argon contam ination. Detailed intra-grain phengite analysis suggests that 

younger cores reflect close to  ‘real’ ages and that rims have been much more 

greatly affected by excess argon at some point during the later stages o f  phengite 

grow th, during foliation developm ent. The analysis o f  the deform ed phengite from  

Orhaneli suggests that excess argon contam ination took place prior to the second 

deform ation event. Excess argon loss is associated with the mica deform ation due 

to crenulation, similar to results from  white micas in D ora M aira (Scaillet et al., 

1992; 1996) and contrasting with previous studies which have reported excess 

argon gain under such circum stances (Reddy et al., 1996). Excess argon is also
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linked to quartz-deform ation which appears to be synchronous with foliation 

developm ent. The analysis o f sodic-am phibole and quartz in extensional cracks in 

sodic-amphibole reveals little or no excess argon within sodic-amphibole, and no 

discernible differences betw een the low-strain m atrix and subsequent deform ation- 

related quartz. The implications are that either excess argon preferentially 

partitions into phengite over sodic-amphibole, or (less likely given other 

constraints, Dahl, 1996) sodic-am phibole is less retentive o f  excess argon than 

phengite.

Excess argon has contam inated phengites during the form ation o f the main 

penetrative foliation, prior to the second deform ation event. The contam ination o f 

phengite by excess argon does not seem  to be associated with either peak 

metamorphic conditions o r the late fluids which ingress preferentially along the 

foliation in the Sivrihisar region.

5.1.9.2 Quantitative assessment

An intra-grain phengite U V LA M P age profile has been modelled using the 

DIFFARG softw are (W heeler, 1996) in order to quantitatively assess the timing 

and duration o f  excess argon contam ination. The softw are is capable o f simulating 

argon diffusion profiles and bulk ages o f  individual mineral grains for any thermal 

history and grain boundary argon history. The intra-grain traverse 13 from  sample 

96/155 has been modelled using the DIFFA RG softw are (Figure 5.21), and reveals 

a number o f key points regarding the excess argon evolution o f  the Tavsanli Zone 

rocks. Even in this case the apparent excess argon introduction history is complex.
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Figure 5.21: Modelling of UVLAMP profile 13 from sample 96/155 using the DIFFARG 
software of Wheeler (1996).

The therm al history o f  the white micas input into DIFFA RG was derived from 

Sherlock et al. (subm itted a). M odelling the intra-grain phengite age ranges reveals 

that in order to achieve apparent ages in the cores o f  78 M a (Figure 5.21), excess 

argon has to be present at the grain boundary at 330° C, causing an apparent grain 

edge age o f 8 M a rather than 0 Ma. The implications o f this are that there has to 

have been an initial concentration o f "^°Ar in the grain boundary netw ork, right from 

the inception o f phengite grow th, but only sufficient to raise the apparent age from  

0 M a to 8 Ma. Failing this, ages older than 60 M a cannot be achieved in phengite 

cores, regardless o f  therm al history or grain size. It is a requirem ent that an 

additional pulse o f  excess argon enters the mineral lattice and remains there whilst 

tem peratures are in the region o f 300° to 320° C. If this additional pulse o f  excess 

argon is introduced into the system  at higher tem peratures, diffusion is sufficiently 

fast and the balance o f  argon loss/argon gain, in an effectively open system, is such 

that the preservation o f  older ages in the white mica grain is impossible. If excess
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argon is introduced at tem peratures lower than 300° C then the preserved age 

distribution is hom ogeneous from  core to rim, and ages are significantly older than 

those m easured in the Tavsanli Zone. The duration o f  the additional supply o f 

excess argon is o f  great importance. If the pulse exceeds 1 M a in duration then the 

modelled apparent age ranges are m uch older than the m easured intra-grain age 

ranges.

5.1.10 A model for excess argon in the Tavsanli Zone HPLT rocks

A m odel for the Tavsanli Zone must account for: i) an initial concentration o f 

excess argon in the grain boundary netw ork prior to phengite grow th, ii) ages 

which are an artefact o f  excess argon contam ination but are neither geologically 

absurd o r sufficiently erratic to be obvious in themselves, iii) higher concentrations 

o f  excess argon in m etacherts and m etapelites than in m etabasite lithologies, and 

iv) an additional influx o f  excess argon within the tem perature range 300° to 330°

C.

In a rock which contains potassium , radiogenic argon begins accum ulating 

immediately the rock becom es a closed system, regardless o f  the status o f 

individual minerals within the rock. During the single m etam orphic cycle 

experienced by the Tavsanli Zone H PLT rocks, potassium -bearing minerals break 

recrystallise and grow within a progressively evolving paragenesis in response to 

the transient pressure and tem perature conditions. In the absence o f fluids fluxing 

during cooling, the rocks have experienced very low aHzO (Sherlock et al., 

subm itted b) and remained effectively a closed system. Radiogenic argon is
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produced continuously, and since minerals may individually produce argon, the 

concentration o f  excess argon builds up in the grain boundary netw ork. In order to 

calculate K-Ar or "^°Ar-^^Ar ages it is comm only assum ed that argon is lost from  a 

mineral whilst at tem peratures which exceed its closure tem perature. In other 

words a hypothetical ‘infinite reservoir’ (e.g. D odson, 1973) is assum ed, and argon 

is considered to ‘vanish’ from the rock. A similar assum ption has been made for 

the Rb-Sr system, recently addressed by Jenkin (1997), in which plagioclase forms 

a ‘sink’ for the Sr which would otherw ise have been considered ‘lost’ from the 

system. In the case o f  the Tavsanli Zone the H PLT rocks remain in a low- 

tem perature and low -w ater activity system  (Sherlock et al., submitted b) with no 

extrinsic param eters to render the rocks an ‘open’ system. This is not an 

uncom m on scenario and is consistent with the observations o f Phillipot (1993), 

whereby fluid m ovem ents are often severely restricted in H PLT conditions. In the 

absence o f  externally-derived fluids from  either adjacent tectonic units o r from  the 

m antle for example, and fast fluid-pathways such as m ajor faults or shear zones, 

there is no mechanism to rem ove this excess argon from  the grain boundary 

netw ork. The ages which are an artefact o f excess argon are neither geologically 

absurd for the evolution o f the Tavsanli Zone, o r widely erratic and, may be 

explained in term s o f  the relatively young protolith  age (maximum sediment age o f 

m id-Jurassic; Liverm ore and Smith, 1985) and m ono-m etam orphic history. W ithin 

the Alpine D ora M aira for example, where peak high-pressure m etam orphism  is 

considered to be at around 35 M a (G ebauer et al., 1997), '^^Ar-^^Ar ages white 

mica ages, which are an artefact o f excess argon, are comm only 90 M a though they 

can be as old as 130 Ma. Higher concentrations o f  excess argon are apparent in the 

D ora M aira, which is most likely due to the age and complexity o f  the protolith.
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Hercynian m etagranites and basem ent which have subsequently undergone ultra- 

high pressure m etam orphism  (e.g. Chopin et al., 1991; Biino and Com pagnoni, 

1992; Henry et al., 1993). W ithin such a protracted  evolution as the Alpine D ora 

M aira, greater concentrations o f excess argon may accum ulate in the grain 

boundary netw ork over time and produce older ages. The observation that 

m etabasites contain low er concentrations o f excess argon than m etacherts and 

m etapelites may be explained in terms o f  the in situ production o f  excess argon.

The m etabasites are less potassic than m etacherts and metapelites and, therefore, 

produce less radiogenic argon throughout their evolution. The additional influx o f 

excess argon responsible for the elevated rim ages in phengites is m ore difficult to 

explain geologically, and may best be explained in term s o f dynamic 

recrystaUisation, since at tem peratures o f  300° to 330° C the rocks are still 

plastically deforming.

5.1.11 Conclusions

From  this detailed study o f H PLT rocks from  the Tavsanli Zone a number o f key 

observations are made:

1. Excess argon varies with lithology. In the simplest m etachert assemblages 

excess argon in phengite is m ore pervasive, and has higher concentrations, whereas 

in the m etabasites excess argon in phengite is both less pervasive, and o f a lower 

concentration. This observation cannot be explained by phengite mineral chemistry 

which does not vary significantly, and is more readily explained in term s o f 

lithological type and bulk K. The m ore phengite-rich and potassic m etacherts and
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metapelites having higher excess argon concentrations in the grain boundary 

netw ork than the lower potassium  m etabasites. This observation is consistent with 

the results o f  Poland (1979) who dem onstrated that the concentration o f excess 

argon found in biotites was higher in lithologies with higher bulk K.

2 High concentrations o f  excess argon have become incorporated into quartz, 

phengite and sodic-amphibole during the exhum ation-related deform ation event 

responsible for the form ation o f the penetrative foliation. This contrasts with the 

Alpine D ora M aira and Sesia Zone, within which excess argon became 

incorporated within minerals during peak H PLT m etam orphism  (Arnaud and 

Kelley, 1995; Reddy et al., 1996; Pickles et al., 1997). From  the analysis o f  quartz 

it is apparent that this may have been accom panied by a minor fluid-phase 

containing chlorine. The concentration o f  excess argon inherent in the grain 

boundary netw ork is likely to  have been fortified by an additional pulse o f  excess 

argon for a duration o f  1 M a whilst the rocks were at tem peratures o f  330° to 300°

C.

3 The transport o f  excess argon in the Tavsanli Zone cannot be attributed to the 

late-stage retrogressive foliation-parallel fluid influx which is observed within some 

m etabasites in the Sivrihisar region. M any w orkers have attributed excess argon to 

extensive fluid alteration and greenschist-facies m etam orphism  (e.g. W artho et al., 

1996; von Blackenberg and Villa, 1988) indicating the w idespread transport o f 

‘im ported’ excess argon. W idespread excess argon enrichment in Caledonian 

eclogites in N orw ay occurred during a period o f increased w ater activity associated 

w ith the eclogitisation o f  granulites (Boundy et al., 1997). In the Tavsanli Zone,
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excess argon has been present in an essentially closed and low-fluid system  for an 

indeterm inate time period, the age o f  the protolith forming an upper limit o f 

approxim ately 150 Ma. The concentration o f  excess argon in the grain boundary 

netw ork is most likely related to the age o f  the protolith, which will determ ine the 

amount o f argon which is recycled in the grain boundary netw ork due to prograde 

breakdow n reactions (Scaillet, 1996; Boundy et al., 1997). Rocks o f the Tavsanli 

Zone have undergone a single m etamorphic cycle (Sherlock et al., submitted a, b), 

and thus the problem  o f  inherited trapped argon and m em ory effects encountered 

in polymetam orphic terranes (e.g. Scaillet, 1996; Boundy et a l ,  1997), is m uch less 

im portant.

4 Given the outcrop scale (approxim ately 100 m) and spatial distribution o f 

adjacent lithologies (1 to 10 m) within the Tavsanli Zone, it is apparent that the 

mobility o f  excess argon in a low w ater activity environm ent may be less than has 

previously been suspected. Poland (1979) observed an upper limit o f  10 m based 

on a study o f  excess argon contam ination in biotites within granitic rocks. In the 

Tavsanli Zone rocks, the spatial distribution o f  lithologies and strong lithological 

control on the distribution o f  excess argon imply that argon mobility was restricted 

to  a maximum o f 5 m.

5 The small '^^Ar-^^Ar age ranges which have been obtained in the Tavsanli Zone 

H PLT m etamorphic belt serve as an illustration o f  how the problem  o f  excess 

argon in HPLT rocks may remain undetected and overlooked, whilst more 

elaborate tectonic m odels and mechanisms may be invoked to erroneously explain 

such data.
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40 39
5.2 Flat plateau and impossible isochrons: apparent Ar- Ar 

geochronology in a HP terrain

5.2.1 Introduction

40
'Excess argon' is the additional com ponent o f  non-radiogenic Ar which leads to 

ages older than the 'real' age, which has proved problem atic in a large number o f 

m etam orphic terranes. Prior to laser-ablation techniques argon was without 

exception extracted by furnace step-heating, and the resulting age spectra used to 

determ ine a statistically meaningful age. Consequently until the high spatial 

resolution UV LA M P (Ultra Violet Laser Ablation M icroProbe) was applied to 

phengites from  the Alpine D ora M aira (Arnaud and Kelley, 1995) the pervasive 

contam ination by excess argon in the area was greatly underestim ated. This has 

been corroborated  by other techniques (e.g. Bow tell et al., 1994). The m uch cited

40  39
Ar- Ar plateau ages o f  up to 110 M a for high-pressure m etam orphism  (e.g. 

M onié and Chopin, 1991; Scaillet et al., 1990, 1992), although convincingly flat, 

w ere probably misleading. It is now m ore generally accepted that flat plateau may 

not always reflect the 'real' age o f  m etam orphism  (e.g. Ruffét et al., 1995, 1997; 

Scaillet 1996; Sherlock et al., submitted a). In distinguishing meaningful from 

problem atic age data the isochron approach has historically been used (e.g. 

Dalrymple and Lanphere, 1974; Lanphere and Dalrymple, 1978; Berger and York,

40
1981a). This approach enables us to identify the presence o f a Ar com ponent

which results in a deviation o f the ^^Ar- ^Ar ratio from  an atm ospheric value o f

295.5 (Steiger and Jager, 1977). Until now this has been considered extremely
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valuable in the detection o f  excess argon. W e present here a furnace step heating

40  39
Ar- A r white mica plateau and inverse isochron diagram  and Infra-Red laser spot 

ages which convincingly appear to reflect the 'real' age o f  a single high-pressure

40  39
m etamorphic event. W hen Ar- Ar UV LA M P and Rb-Sr white mica ages from 

the same handsample are com pared it is apparent that both the plateau age and the 

tw o 'isochrons' present potential flaws and are geologically meaningless.

5.2.2 Geochronological disagreement on a handsample scale.

Sample 96/134 from  the Tavsanli Zone high-pressure m etam orphic belt in NW  

Turkey, has yielded a range o f  isotopic ages for a single m etam orphic event. Rb-Sr 

white mica ages o f  79.7 ± 16 to 82.8 ± 1.7 M a have been reported for high- 

pressure m etamorphism  (Sherlock et al., subm itted a). Sample 96/134 yields a

mineral age o f  80.2 ± 1.6 Ma. "^^Ar-^^Ar UV LA M P analysis ranged from  78 ± 2 

M a to 109 ± 3 Ma.

5.2.3 Results

5.2.3.1 Furnace step-heated phengite

Figure 5.22 illustrates the convincing plateau age o f 107 ± 2 M a from  a step- 

heated mica separate from  96/134, which is consistent with many o f the oldest

^Vr-^^Ar UV LAM P data for the sample, but is 25 M a older than the Rb-Sr age.

The ages o f  all seven steps fall within error o f  one another at the 1 sigma level, and
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comprise 94 % of the total released (see Table F.l, Appendix F). This exceeds 

the generally accepted criteria for a plateau age of 3 concordant steps representing

39
a significant proportion of total Ar released (e.g. Dalrymple and Lanphere, 1974; 

Lanphere and Dalrymple, 1978; Berger and York, 1981a) which for most is 

approximately 50 %.

120
a

ICO --

107 ±2 Ma
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20 - - TF age: 105 ± 2 Ma
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%̂ ’At cumulative

Figure 5.22: Flat age spectra for phengite sample 96/134 with a plateau age of 107 ± 2 Ma 
on the basis of 94% of the totaP^Ar released: total fusion age of 105 ± 2 Ma.

On an inverse isochron diagram the line of best fit drawn through the five points 

which naturally appear to define an 'isochron' - line a on Figure 5.23 - intercepts

the y-axis at 0.00513, which is a '"̂ Ar-^^Ar ratio of 195 ± 24, far less than even the 

lowest recorded. The intercept age of 111 ± 2 Ma is within error of the plateau age 

but 31 Ma older than the Rb-Sr age.-Accounting for the sixth point - shaded circle 

on Figure 5.23 - has a significant effect on the 'isochron', and increases the MSWD 

from 0.1 to 2.6. On this scale the intercept on the y-axis is 0.0033 equal to the 

value for air. Isochrons' may be drawn to intercept the x-axis at a range of ages 
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depending on where the best fit of the five clustered points is assumed. Figure 5.23 

depicts the two end-member intercept ages from the apparent range - 107.5 ± 2 

Ma and 104.5 ± 2 Ma - lines b and c respectively. Both are within error of one 

another at the 1 sigma level, intercept the y-axis at the value foi the ah ratio, and 

are 27.5 Ma older than the Rb-Sr age. The fourth 'isochron' in Figure 5.23 - line J  - 

is a line which intercepts the y-axis at the value for air, is the "best fit' for all six 

data points, and has an intercept age of 107.5 ± 2 Ma.

Air 111 ±2 Ma
(^Ar/“ Ar)„:195 ±  24  

MSWD: 0.1

□

J---------1--------- —
0.2 0.225 0.25 0.275

’̂A r /“Ar

107 ± 2  Ma 
(“W ‘'Ar)„:280 ± 23

MSWD: 2.6

107.5 ± 2 Ma
H H

104.5 ± 2 Ma

0.3

0.025 0.05 0.075 0.1 0.125 0.15 0.175 0.2 0.225 0.25 0.275 0.3 0.325 0.35 0.375

’̂Ar/®Ar

Figure 5.23: Inverse isochron correlation diagram for phengite sample 96/134, with end- 
members of all ‘best fit’ lines. Shaded squares are the five points which readily defined an 
isochron’, the shaded circle is a sixth point which when taken into account increases the 

MSWD significantly though introduces a plausible, if incorrect, ‘*®Ar/®*Ar ratio. Open 
squares are discounted points.

The plateau and isochron for 96/134 phengite in Figure 5.23 would historically 

have been considered sufficient evidence for the 'real' age of high-pressure 

metamorphism for the Tavsanli Zone.
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5.2.3.2 Infra-red laser whole rock analyses

Sample 96/75 is a fine-grained HPLT rock from the Tavsanli Zone. Whole rock 

laser spot ages gave an age range of 87 ± 4 to 100 ± 3 Ma (Table F.2, Appendix 

F). This sample has the assemblage phengite + quartz + lawsonite + chloritoid, and 

in the absence of any other K-bearing phases the whole rock ages are interpreted as 

white mica ages. The whole rock ages are 7 to 20 Ma older than Rb-Sr ages for 

samples from the same area and are attributed to excess argon contamination. 

Figure 5.24 is an inverse isochron correlation diagram illustrating results from 

sample 96/75. Line e is the line of best fit which takes into account all eight points. 

The interception on the y-axis at 0.0035 exceeds the value for air. L ine/is made to 

intercept air when the shaded point is neglected resulting in an increased MSWD 

from 2.0 to 2.3. The intercept ages for lines e and/are 96 ± 1 and 98 ± 1 Ma, 16 

and 18 Ma older than the Rb-Sr age from the same area.
0.004

107 ± 2 Ma
("Ar/“ Ar)o:280±23 

MSWD: 2.6

111 ±2 Ma
C 'W ’Ar)„:195±24 

MSWD: 0.1

0.0005 --

-------- 1-------- H ----------- 1----------- 1----------- 1----------- 1----------- '--------
0 0.01 0.02 0.03 0.04 0.05 0.06 0.07 0 .08  0.09 0.1

W ®Ar
Figure 5.24; Inverse isochron correlation diagram for sample 96/75 whole rock laser spot 
analyses, with two ‘best fit* lines depicted -  one fitting all data points, a second neglecting 
the point with the lowest *̂Ar-‘*®Ar ratio.
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5.2.4 Discussion

Figures 5.24 to 5.26 are the required graphical representation to prove and 

disprove the validity of both the 107 ± 2 Ma plateau and the IR laser spot ages. 

This raises a number of key issues for discussion.

1 The plateau age is correct and is supported by the inverse isochron 

correlation diagram. This assumes that the 'isochron' passes through the value for 

air on the y-intercept, disproving the presence of excess argon, and has an intercept 

age of 107 ± 2 Ma. The most immediate point to be addressed is why phengite

^Ar-^^Ar ages are 27 Ma older than Rb-Sr ages for the same mica. One possibility 

is that the Rb-Sr age is wrong, however there is no a priori reason to suspect the .%

Rb-Sr ages. The other consideration is that the ^Ar-^^Ar closure temperature (Tc) - 

for phengite is significantly higher than for muscovite white mica. This has already 

been examined in several HP metamorphic terranes (Chopin and Maluski, 1980; 

Monié and Chopin, 1991). Tc for sangle 96/134 is approximately 380° C, 

calculated using the kinetic data of Hames and Bowring (1994) and the equations 

of Dodson (1973), and is some 120° C lower than for the Rb-Sr Tc of 550 ° C. 

However the paucity of diffusion kinetic data for argon in phengites precludes an 

adequate determination of the Tc for high-pressure white micas, and the estimation 

of 380° C for phengites in 96/134 may be entirely unrealistic. No definitive 

conclusion can presently be drawn, however, other constraints can be used to

40 39
discard geological in^ossibilities. If the Ar- Ar phengites ages are real, based on 

the P-T history and an average cooling rate and it is possible to constrain the Tc
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40 39
for phengite based on the Ar- Ar age of 107 Ma and the Rb-Sr age of 80 Ma. 

Most agree that cooling rates following peak pressure are generally quite rapid. If a 

conservative estimate of 10° C/Ma is taken, then the 27 Ma difference of age 

would suggest a closure temperature for the phengites of approximately 800° C. 

This is in^ssible to reconcile with the maximum tenq>erature estimate of 550° C 

proposed for the Tavsanli Zone (Sherlock et al., submitted a). A cooling rate of 1°

40 39
CTMa would separate Rb-Sr and Ar- Ar systems by only 20° C but this requires 

a thermal stasis of almost 30 Ma which is difficult to reconcile with the 

geodynamics of the Tavsanli Zone.

2 Both the plateau age and the 'isochron' are incorrect and have no geological 

meaning. Several studies have proved the existence of excess argon in some of the 

most debated samples in the Alps, and have suggested that this is a widely spread} 

phenomenon in HP terranes (Arnaud and Kelley, 1995; Scaillet, 1996). However 

one has to explain why in our case especially, the plateau and isochron ages appear , 

to be so exact. Inherent to the plateau approach is the fact that each step is 

corrected for air, assuming that all argon which is not radiogenic in each

temperature step is polluted by argon solely in the ratio of Ar- Ar = 295.5. 

Graphically this corresponds in the isochron diagram to draw lines from the air 

intercept on the y-axis down through each step/point to the x-axis. Typically most 

phengites are K-rich and are very rich in radiogenic argon providing they exceed 

30 Ma in age. In this case most points on the isochron diagram are clustered near 

the x-axis. This cluster is typically smaller than the error bars associated with

40 39
spectroscopic analysis, and the scale on the Ar- Ar transforms large age 
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40
variations into small ratio deviations. Consequently contamination by excess Ar 

may well go unnoticed in a sample whilst having a significant effect on the age of 

each step. If the excess argon or the radiogenic component are homogeneously 

distributed throughout the phengite then all points will remain clustered thus 

preventing any valid 'isochron' without an extensive re-scaling of the x-axis. In 

terms of the radiogenic component this is dependent only upon the homogeneous 

distribution in K over the sanq>le. Most HP environments are likely to develop

40 40 36
reservoirs of high Ar concentrations and high Ar- Ar, firstly because 

metamorphism often affects the base of the continental crust where age integrated

growth of ̂ Ar may be very efficient. Additionally in many exanq>les fluid flow is 

reduced during high-pressure metamorphism which will restrict the extensive 

redistribution argon (Philippot, 1993). Thus most HP terranes are likely to develop 

the kind of artefacts that will typically be neglected by the classical statistical '

40“ 39 ■
techniques used to assess meaningful Ar- Ar ages. In our case it is possible to 

intercept the y-axis at any desired value and calls into question the validity of the 

diagram.

5.2.5 Conclusions

We would like to again stress that the use of plateau ages, not least during the 

analysis of high-pressure metamorphic terrains, must be rigorously examined in 

each individual case, preferably in the context of an independent geochronometer.

The statistical tools have not been created in the forecast of such difficult 

applications, following the development of new sampling techniques. Failure to do
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so will most likely lead to the generation of incorrect ages, and then to the 

production of erroneous tectonothermal modelling. We suggest that the use of the

40 39
isochron in Ar- Ar geochronology cannot always be relied upon to prove or 

disprove the presence of excess argon, and therefore cannot ultimately be used to 

prove or disprove the validity of a plateau age. Ultimately new diagnostic tools 

must be proposed as well as kinetic data for the diffusion of argon in high silica 

micas.
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Ch a p t e r  S i x

6.0 Introduction

In chapters 3, 4 5 chemical and isotopic analyses from the Tavsanli Zone HPLT

rocks have been presented and di^ussed within their individual contexts. This final 

chapter will briefly address the results in terms of the original aims and objectives of 

this thesis as set out in Chapter 1, By integrating detailed metamorphic petrology and 

geochronology it has been possible to further our understanding of a relatively little 

studied HPLT belt as part of a much larger-scale Tethyan evolution. The application 

of three different ^Ar-^^Ar geochronological techniques has enabled a detailed study 

of argon geochronology in HPLT rocks, paying particular attention to the problem of 

excess argon.
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6.1 The Pressure-Temperature-time evolution and exhumation of the 

HPLT Tavsanli Zone

The rocks of the Orhaneli, Tavsanli and Sivrihisar regions have undergone a single, 

clockwise Franciscan-type P-T path. Sediments and volcanic rocks underwent an 

initial static recrystallisation event at low tenq)erature during subduction prior to peak 

metamorphic conditions. Peak metamorphic conditions are not uniform across the 

Tavsanli Zone. In the Orhaneli and Tavsanli regions peak conditions are within the 

lawsonite-blueschist sub-facies, with pressures and temperatures of up to 20 kbar and 

400° C. In the Sivrihisar region peak metamorphic conditions were in the low- 

temperature eclogite sub-facies with minimum pressures of 24 kbar and maximum 

temperatures of 500° C. Peak metamorphism occurred between the onset of 

subduction which is estimated on the basis of palaeomagnetic data to be approximately 

100 Ma, and white mica crystalisation at approximately 80 Ma. The exhumation of 

Tavsanli and Sivrihisar rocks is estimated to have started at approximately 80 Ma.

Initially exhumation was rapid, orthogonal, and in a syn-subduction exhumation 

setting, achieved by the mechanical exhumation back up the subduction zone by 

subcretion to crustal levels of approximately 36 km. Retrograde refrigeration resulted 

from the underplating of the cool descending slab. A slower period of exhumation 

occurred from approximately 72 Ma, corresponding to slowing subduction which 

ceased by approximately 65 Ma, when the oblique northeast-directed convergence of

C h a p t e r  6  1 8 5



the African and European plates became northward-directed orthogonal convergence 

and continent-continent collision ensued. During this period of continued orthogonal 

crustal shortening the HPLT rocks were lecionically exhumed, most likely by 

southward-directed thrusting. It is at this time that the Tavsanli Zone was thrust 

southwards over the Afyon Zone, synchronous with the southward-directed thrusting 

of the peridotite sheets over the Tavsanli Zone. In terms of the Alpine-Himalayan 

chain and the Alpine orogeny, the Tavsanli Zone HPLT rocks are some of the oldest. 

The equivalent Alpine HPLT event in the Alpine Dora Maira and Sesia Zones are 35 

to 40 Ma and approximately 60 Ma respectively; in the Attic-Cycladic belt of Greece 

HPLT metamorphism took place at around 40 Ma, and at the Himalayan end of the 

chain collision was approximately 50 Ma. The Tavsanli ̂ n e  HPLT rocks most likely 

represent the deeply subducted remnants of a promontory or microplate, which 

underwent HPLT metamorphism some 20 to 30 Ma earlier than surrounding 

counterparts due to the diachronous closure of Tethys. t

6.2 Geochronology and excess argon in the Tavsanli Zone

In comparing the results of the Rb-Sr and ^Ar-^^Ar geochronological techniques 

applied to Tavsanli Zone HPLT white micas, it has become apparent that excess argon 

has affected the rocks within the Tavsanli Zone. Within Chapters 4 and 5, ^Ar-^^Ar 

white mica ages of 72 Ma to 129 Ma are reported, which are both older and younger 

than the 79 to 82 Ma Rb-Sr white mica ages from the same regions, and in many cases
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the same handsamples and outcrops. The maximum apparent ^Ar-^^Ar ages obtained 

are younger than the protolith, which had a late-Jurassic age. During the single 

metamorphic cycle potassium in rocks of the Tavsanli Zone has decayed to produce 

^Ar which did not equilibrate over distances of greater than 5 m. Phengite 

crystallisation occurred in this closed system and thus incorporated variable amounts 

of excess ^Ar. The initial concentration of excess "^Ar in the grain boundary network 

corresponded to lithological type such that the higher bulk-K metapelites and 

metacherts contained higher concentrations of excess ^Ar than the lower-K 

metabasites. The narrow but anomalously old '^Ar-^^Ar phengite age ranges are a 

function of the protolith age, and therefore a combination of whole rock potassium 

content and the amount of time for ^Ar* to buüd up.

6.3 The advantages and pitfalls of the Infra-red laser, UVLAMP and 

furnace step-heating "̂ Âr-̂ Âr techniques applied to HPLT rocks

In trying to understand the argon iso topic evolution in the Tavsanli Zone the high 

spatial resolution UVLAMP technique is more suited than either the Infra-red laser or 

furnace step-heating techniques. The advantage of the UVLAMP over the infra-red 

laser is twofold. Firstly the ultra-violet laser may ablate areas down to 10 pm in size, 

and is limited purely by the need for sufficient argon over and above a blank correction 

within the ablated region to allow analysis. The infra-red laser produces laser pits in 

excess of 50pm and will average any isotopic heterogeneities which may occur on
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lesser scales. Given the fine-grain sizes of the minerals analysed from the Tavsanli 

Zone a laser pit of 50 pm or more it becomes difficult to avoid ablating adjacent 

minerals. Secondly the ultra-violet laser is readily absorbed by both mafic and 

felsic/transparent minerals, whereas the infra-red laser is more readily absorbed by 

mafic minerals. The much broader beam size of the infra-red laser compared with the 

ultra-violet laser has been exploited for step-heating mineral separates such as the 

Sivrihisar granodiorite hornblende described within Chapter 4. This allows the low- 

grade alteration products often associated with anq)hiboles to be outgassed at low 

temperature or low laser power, so that they may be discounted and not affect the final 

plateau age of the mineral. The disadvantage of this approach, which is inherent in any 

bulk analysis, is the averaging of iso topic heterogeneities inherent in similar minerals  ̂in 

rocks such as those analysed from the Tavsanli Zone. The phengite and sodic- 

amphibole separates which, have been furnace step-heated and described in Chapters 4 

and 5 serve to illustrate this. Seemingly good plateaux from both phengites and sodic- 

anq)hiboles are geologically meaningless due to the averaging of the heterogeneously 

distributed excess ^Ar component, within each grain. The phengite plateaux imply that 

excess argon is homogeneously distributed within the phengite mineral lattices. 

However, with the UVLAMP intra-grain analyses it is apparent that this is not the case 

and the exemplary plateaux are an artefact of white mica behaviour in vaccuo. The 

sodic-anq)hibole plateaux are also geologically meaningless, and given the low-K 

content of the mineral and the estimated excess ^Ar component the results reflect 

phengite inclusions or intergrowths, which are unavoidable in a bulk separate analysis 

technique. With the UVLAMP it is possible to avoid inclusions and intergrowths
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providing they are optically distinguishable. Given that excess argon is more difficult 

to distinguish with either the infra-red laser, or a bulk furnace step-heating approach, 

more emphasis is placed on the inverse isochron correlation diagram which is 

described in the second part of Chapter 5. Here a case is presented whereby a furnace 

step-heated phengite plateau age and a series of infra-red laser spots from a single 

sanq>Ie, both yield inverse isochron correlation diagrams which give no indication of 

the presence of excess argon. This emphasises the point that a careful choice of argon 

extraction technique and careful scrutiny of results is imperative in attempting to 

understand such a conq)lex region.

6.4 Isotopic and chemical disequilibrium: Low temperatures and 

‘dry’ rocks

Many of the conq)lexities of the argon systematics described in Chapters 4 and 5 and 

outlined above, have resulted from the low tenq>eratures and the dry nature of the 

Tavsanli Zone HPLT rocks throughout their evolution. The problems incurred are 

numerous. Low temperatures are responsible for the fine mineral grain sizes 

experienced. The major element chemical heterogeneity resulting in the conq>lex 

zoning patterns observed in minerals is described in Chapter 3. Disequilibrium of argon 

isotopes as described in Chapter 5. The problems of analysis and interpretation 

resulting from the major element chemical heterogeneities are reflected in the problems 

of applying thermobarometric techniques. It is unlikely that the required assemblages
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were ever folly in equilibrium causing problems when applying both conventional 

thermobarometric techniques and internally consistent thermodynamic data sets and 

using the Thermocalc approach described within Chapter 3. The results are only valid 

if the assumptions of equilibrium is valid, which in the case of the Tavsanli Zone HPLT 

rocks is hanq)ered by mineral disequiUbria. Rocks of the Sivrihisar region may have 

reached the coesite stability field and evidence has been presented both for and against. 

With such low temperatures and ‘sluggish’ reactions kinetics, it is likely that even if 

the rocks did achieve pressures greater than 25 kbar within the observed temperature 

range, the quartz-coesite transition was not kinetically favoured.

The generally ‘dry* conditions under which the Tavsanli Zone HPLT rocks have 

evolved are also partially responsible for the major element chemical disequilibrium, 

though have had more dramatic effects on the argon isotope systematics. The excess 

argon within the rocks has been able to build up within the grain boundary network 

during the evolution of the rocks, and in the absence of a fluid influx has not become 

mobile. With the introduction of fluid the excess argon within the grain boundary 

network would have been mobilised, and the excess argon concentration differences 

observed between different lithologies would have been averaged. Had a major fluid 

influx been introduced along major structures and derived from either adjacent 

tectonic units or the mantle, the in situ-dcnvcd concentration of excess argon within 

the grain boundary network may be enriched from this external source and result in 

much higher apparent ages which in themselves are undoubtedly geologically 

meaningless and a result of excess argon.
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Ch apter  Seven

CONCIMSIONS AND FVTORE WORK

7.0 Introduction

Chapter Seven outlines the principal results of this thesis, as described in detail in

Chapters 3 to 5 and briefly in Chapter 6. The final section of this chapter outlines

ideas for future work which have arisen during the course of this thesis.

. • .  -  I , i " ' /

7.1 Metamorphic evolution

i’ . • \

1 The Tavsanli Zone followed a single clockwise Pressure-Tem^erature ■ , 

evolution, culminating in peak pressures and temperatures which increase 

from west to east in the Tavsanli Zone.

2 Peak metamorphic conditions reached a maximum of 20 kbars and 400° C 

in the Tavsanli region, and a minimum of 24 kbars and maximum of 450°

C in the Sivrihisar region.

3 The differences in peak metamorphic conditions between the west and east 

regions of the Tavsanli Zone reflect different structural levels in the
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subducting slab; the rocks of the Sivrihisar region record higher pressures 

and tenq>eratures since they were situated lower down in the descending 

slab than the rocks of the Tavsanli or Orhaneli regions.

The HPLT rocks did not experience overprinting at higher temperatures 

and lower pressures. Due to the refrigeration effects of syn-subduction 

exhumation the rocks of the Orhaneli and Tavsanli regions remained 

within the lawsonite-blueschist sub-facies. The rocks of the Sivrihisar 

region also experienced the low-tenq)erature eclogite sub-facies.

The rocks of the Sivrihisar region may have reached the coesite stability 

field, but no relict coesite has been confirmed within this study.

The first reported occurrence of oscillatory zoning in lawsonite has been 

identified in metabasite.rocks from the Sivrihisar region and is a primary 

metamorphic feature..Cif^-Al^^ substitution has been brought about by

protolith-derived magmatic chromite and local fluid conditions.

7.2 Geochronology and exhumation

7 Rb-Sr dating indicates that white mica crystallisation took place between

78.5 ± 1.6 and 82.8 ± 1.7 Ma which is considered to reflect the onset of 

exhumation.
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8 The Tavsanli Zone rocks underwent initial rapid exhumation at a rate of

3.6 mma~l between 80 Ma and approximately 72 Ma, followed by a

period of slower exhumation at a rate of 1.5 mma"^ between 

approximately 72 Ma and 53 Ma.

9 Initial rapid exhumation was synchronous with subduction and achieved 

by underplating and ascent back up the subduction zone; the slower period 

of exhumation from the base of the continental crust to the surface was 

achieved by southward-directed thrusting within a continent-continent 

collision setting following the cessation of subduction.

10 The Sivrihisar . granodiorite was intruded at 52 Ma, thé same time as the 

Orhaneli granodiorite.

7.3 Excess argon

11 Excess argon is prevalent within the regions studied in the Tavsanli Zone 

and is responsible for the wide range of apparent ^Ar-^^Ar white mica 

ages which are both older and younger than Rb-Sr white mica ages.

12 Excess argon is likely to have been produced in situ within an effectively 

closed low-water system In the absence of an externally-driven method 

for its removal, the excess argon has been able to concentrate within the 

grain boundary network.
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13 According to the results of DIFFARG, the concentration of excess argon 

within the grain boundary network at the time of phengite growth must 

have an apparent age of 8 Ma.

14 The more K-rich metapelite and metachert lithologies contain higher 

concentrations of excess argon than the less potassic metabasite lithology, 

resulting in higher apparent phengite ages in the metapelite and metachert 

samples.

15 Excess argon is present within both phengite and K-free minerals, with the 

exception of garnet.

16 The majority of the ^Ar-^^Ar ages within the Tavsanli Zone rocks are only 

slightly older than their Rb-Sr counterparts. This indicates that there is 

only a smaU quantity of exccss aigon, which is probably related to the 

young Tavsanli Zone protolith. The maximum age of the protolith is 

Upper Jurassic and there are no ^Ar-^^Ar ages older than this from the 

Tavsanli Zone.

7.4 The application of geochronology to HPLT rocks:

UVLAMP, Infra-red laser and furnace step-heating techniques

17 The UVLAMP is an important tool in undertaking detailed intra-grain 

analyses of grains as a result of both the high spatial resolution and the
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ability to analyse a range of mineral types. With the UVLAMP it has been 

possible to assess the origin and evolution of excess argon within the 

Tavsanli Zone.

18 The furnace step-heating ^Ar-^^Ar technique produces high-precision ages 

from lower-K minerals, though the analysis of bulk mineral separates in 

the absence of conq)arative Rb-Sr ages would not allow the detection of 

excess argon within the Tavsanli Zone.

19 The furnace step-heating of low^K sodic-amphiboles has been 

. unsuccessful in the Tavsanli Zone samples since it is impossible to avoid

inclusions and micro-intergrowths.

20 Results obtained using both the Infra-red laser and by furnace step-heating 

and plotted on ah inverse isochron correlation diagram in Chapter 5 

display no evidence of excess argon contamination, highlighting an 

inherent flaw in using this approach to identify the presence of excess 

argon.

7.5 Future work

1 The paucity of diffusion data for argon in high-silica white micas is such 

that the solubility and closure tenq)erature of argon in phengite may only 

be estimated on the basis of argon diffusion data in lower pressure
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muscovite, which in turn is poorly characterised. Within the second part of 

Chapter 5 a scenario is discussed in an attençt to explain a "^Ar-^^Ar 

phengite age which is 27 Ma older than the Rb-Sr age from the same 

handsample. The argument for a much higher closure temperature for 

argon in phengite is discounted on the grounds that it would need to be in 

the realms of 800° C given the thermal history of the rock. In this case it is 

possible to state that the apparent age cannot be attributed to closure 

tenq)erature differences. In examples such as the Greek Cyclades where 

errors on "^Ar-^^Ar and Rb-Sr ages overlap, and excess argon has been 

generally dismissed, it may be necessary to consider the potential 

differences in closure tençerature between muscovite and high-pressure 

white micas.

2 A detailed quantitative study of the relationship between bulk potassium; 

content and apparent phengite age in IffLT rocks would improve the more,

. qualitative approach to the excess argon. A simple XRF study of a number . 

of well-characterised samples covering all the lithological types would 

complement the data described in Chapter 5.

3 In terms of the tectonic evolution of Turkey the relationship between the 

Tavsanli Zone and the Afyon Zone should be more fully explored. The 

Afyon Zone is said to contain relic HPLT minerals which have been 

overprinted by higher-temperature greenschist-facies minerals. It is 

possible that the Afyon Zone is another thrust slice formed in the same 

subduction zone with the Tavsanli Zone.
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4 The Orhaneli granodiorite and the Sivrihisar granodiorite are 

conten^oraneous. A detailed geochemical study may reveal something of 

the thermal conditions at the base of the continental crust prior to 52 Ma, 

and, therefore, something of the origins of the linear belt of granodiorites.

5 One of the prinicipal problems encountered during the investigation of P-T 

conditions is the problem of accurately determining the Fe^ /̂Fe^  ̂ratios in 

minerals, especially sodic-pyroxene. It is possible to estimate the Fe^  ̂

conq)onent empirically but a comprehensive investigation using 

Mossbauer Spectroscopy would provide a definitive answer. A limited

pilot study is in operation on the Tavsanli Zone HPLT rocks but the 4

restriction of the bulk sampling technique is insufficient in such strongly f

zoned minerals. The application of a high spatial resolution laser technique /

. would allow the investigation of Fê '̂ /Fê '̂  in strongly zoned minerals and i

avoid the ‘averaging’ effect inherent in most bulk sampling techniques, ^,'i

' . and. enable a more accurate determination of the pressures and ^ '

temperatures of metamorphism.

Ch a p t e r  7  1 9 7



A.1.0 The ®̂Ar/̂ Âr technique

The '‘̂ Ar-^^Ar technique is a refinement of the K-Ar technique which has been 

extensively applied to geological problems since its first development in 1963 

(Turner and Merrihue, 1963; Merrihue and Turner, 1966). The following sections 

give a brief conq>arison of the ^Ar-^^Ar and K-Ar techniques, an overview of the 

^Ar-^^Ar technique and the different methods of argon extraction adopted within 

this study.

A.1.1 Comparison of K-Ar and ®̂Ar-̂ Âr datii^ techniques

Both K-Ar and 40Ar-39Ar dating techniques are based upon the radioactive decay 

of unstable 40K to radiogenic daughter 40Ar*. This occurs by positron emission 

(6^ and electron capture to excited states followed by y decay and decay to the 

ground state or electron capture direct to the ground state. ^K  decays not only to 

^Ar but also to ^Câ wliich comprises almost 89% of the decay. K-Ca datiiig is 

possible but rarely used since "^Ca is sufficiently abundant to make it difficult to
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distinguish the radiogenic ^Ca. ^Ar is trace and inert and radiogenic levels 

normally exceed background levels.

The way in which the K is measured is the principal difference between K-Ar and 

^Ar-^^Ar dating. K-Ar requires the measurement of K and Ar from separate 

aliquots of the same sanple. K is measured as total K and the amount of parent ^K  

calculated from the known "”̂ K/K present day ratio in nature (0.0001167). The 

measurement is generally carried out by flame photometry, though isotope dilution 

can be used in order to achieve higher precision (Renne et al.. 1997). Argon 

isotopic analysis is carried out by mass spectrometry using a calibrated ^*Ar spike 

from which the absolute amount of^Ar is determined.

The ^Ar-^^Ar technique is an advance since it is possible to measure the ratio of % 

the daughter to parent in a single analysis. The K is measured by the transformation 

of ̂ ^K to ^^Ar by neutron bombardment in a nuclear reactor. Argon isotopes "^Ar, 

^^Ar, ®̂Ar, ^^Ar and ®̂Ar are then measured using noble gas mass spectrometry. 

Smaller samples may be measured by this technique and the ratios can be measured 

more precisely than separate determinations of K and Ar thus providing a more 

precise age determination. The second advantage of ^Ar-^^Ar over K-Ar is the 

ability to identify excess "^Ar by the inverse isochron correlation diagram which 

highlights mixing trends between radiogenic and excess or atmospheric argon 

components.
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A. 1.2 Principles of the '‘̂ Ar-̂ ^Ar technique

A comprehensive account of the subject is provided by McDougall and Harrison 

(1988) with further discussions within Kelley (1995). The '"̂ Ar-̂ ^Ar technique was 

first described by Merrihue and Turner (1966). Its basis lies in the formation of 

^^Ar fi’om ^̂ K by the irradiation of K-bearing samples by neutron bombardment in a 

nuclear reactor by the reaction:

ZKin,pŸ^Ar E.l

^^Ar is radioactive and decays to ^̂ K by beta emission with a half life of 269 years 

and is corrected for. The ^K/K ratio is known and essentially constant in nature 

(0.0001167, Steiger and Jager, 1977). Thus the '^Ar*/^^Ar ratio can be calculated 

and this is proportional to the "*°Ar*/°K ratio in the sanq)le and can therefore be 

used to calculate the age of the sample. The amount of ^^Ar produced from ^̂ K 

during neutron irradiation was formulated by Mitchell (1968) to be:

0(e)c7(e)de E.2

^^Ar is the number of atoms produced from ^̂ K in the sample, ^̂ K is the original

number of atoms of ̂ ^K present, AT is the duration of the irradiation, 0 (e) is the

neutron flux density at energy e , and (7(E) is the neutron capture cross section of 

K for neutrons of energy e for the neutro in/proton out reaction (E.2).39

The standard equation for the K-Ar decay scheme is fully derived in McDougall 

and Harrison (1988). The age equation is:

1,r = --ln 
A

A ^Ar* 
’’’ Ae+A'e

E.3
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where t is the age of the sample, A is the combined decay constant for Xe and 

A'eare the decay constants for electron capture to an excited state and a ground 

state respectively, '*®Ar*/^K is the ratio of radiogenic daughter to parent. 

Rearranging E.3 to show the number of "*°Ar* atoms present in the sample due to 

decay of yields:

*‘Ar*=^K  ̂  [(e  ̂) - 1] E.4

If equations E.2 and E.4 are combined for a sample of age t then the ^Ar*/^®Ar 

ratio is:

^A r*  1 [(e^)-l]
” A r a  NT  JO(£)(T,(£)ife

This term can be sinçlified by introducing by introducing a dimensionless 

irradiation related parameter, J:

Standard minerals of known age are used to monitor the neutron flux in the reactor 

and the apparent ages obtained from them is used to determine the /-value. 

Standards used within this study are reported in the appropriate sections of 

Chapters 4 and 5. Substituting equation E.6 into E.5 and rearranging leads to the 

standard ^Ar-^^Ar age equation:

1, r = --ln 
A

1+ /
"Ar

/

40

E.6

Equation E.6 is similar to that for the K-Ar scheme E.l. The calculation of a Ar- 

^^Ar age is possible given the J value which is calculated from mineral standards 

after irradiation. Measured ""̂ Ar comprises radiogenic and non-radiogenic (excess,
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inherited and atmospheric). Atmospheric non-radiogenic argon may be corrected 

for since the ratio of the atmosphere is constant and has been measured

at 295.5. Thus the daughter/parent ratio can be determined:

39Ar 39A r
-295.5

Jm
39A t

E .l
m

Subscript m denotes the measured ratio.

A.1.3 Interference reactions

Neutron bombardment during irradiation induces a number of reactions in addition 

to the production of ̂ ^Ar from The neutron bombardment of K, Ca Cl and Ar 

nuclei produce a number of different argon isotopes which are outlined in Table 

A.1.1.

Table A.1.1: Reactions producing argon isotopes in neutron irradiated samples (from 
McDougall and Harrison, 1988).
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The most inçortant reactions involve Ca and K and data from irradiated samples 

are corrected to account for these. Correction factors used in this study are 

described in the appropriate sections of Chapters 4 and 5.

A.1.4 Argon extraction techniques

A.1.4.1 Furnace step-heating

Incremental step-heating was first applied by Turner et al. (1966) to extraterrestrial 

samples. The technique involves incrementally increasing the tençerature of a 

double vacuum furnace (Staudacher et al., 1978) which contains the sample. Argon > 

is released from the sample in a series of steps, with deeper or more strongly 

retained argon released from the mineral lattice as the temperature increases. If 

^Ar*̂  and K have remained in the sample since the time of initial cooling then the j - 

^Ar*/^^Ar ratios and therefore ages for each step should remain constant. The ' 

limitations of the technique are briefly outlined in Chapter 2.

A.1.4.2 Laser extraction techniques

Laser extraction techniques have the advantage of being able to make detailed 

studies of the intra-grain isotopic heterogeneities which are ‘averaged’ by the 

furnace step-heating technique on hydrous minerals, in addition to overcoming the 

behavioural problems suffered by minerals in vacuo. Two main types of lasers are
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used, continuous wave (CW) and pulsed. CW is the most commonly used since 

they can be used to both slowly heat and instantaneously melt material. It is also 

possible to focus CW lasers in order to carry out high spatial resolution work, 

resulting in laser pits of between 50 pm and 250 pm in diameter. Low mineral 

absorption as briefly described in Chapter 6 is a particular problem of CW lasers, 

when absorption is low the sample may take several seconds to melt during which 

time heating and argon loss may take place in the surrounding minerals. An 

additional problem is reflectance or refraction within the mineral and melting 

inclusions or adjacent minerals up to 500 pm from the laser spot. Pulsed laser 

output comprises a series of nano- to micro-second pulses. Instantaneous melting 

is achieved by pulses of high power densities which last for a few nano-seconds to 

hundreds of micro seconds. In such pulsed-lasers there is a threshold where lasing ' 

will not occur, below which an alternative to both the CW and early pulsed lasers, ' 

Q-switched ultra-violet systems may be used; ‘Q-switching’ generates very short 

pulses of light a few nanoseconds in length by storing energy in the laser and 

releasing it rapidly. Such lasers achieve very short pulse lengths and short 

wavelengths resulting in a small spot size and avoiding large-scale heating. The UV 

is also strongly absorbed by aU silicate minerals except quartz.

A.I.4.2.1 Infra-red laser probe

In this study a focussed infra-red laser has been used to carry out in situ single spot 

analyses of phengites and sodic-amphiboles, whole rock spot analyses of very fine

grained samples, and step-heating of a bulk hornblende separate. The main

Appendix A 204



drawback of this technique is the laser spot size which is limited to a minimum of 

around 50 pm, such that intra-grain isotopic heterogeneities may not be solved and 

in many cases some argon is extracted from beyond the limit of the laser pit, 

typically distances equalling 10 % of the width of the laser pit width, from adjacent 

minerals.

The Spectron Laser Systems SL902 CW Nd YAG laser used in these experiments 

produces a continuous wavelength infrared beam with a wavelength of 1064 nm. 

The beam has an output power of around 15 W in TEM 00 mode and is directed 

using high reflectance oxide coated mirrors into a customised Leica Metallux 3 

microscope. Within the microscope the beam is focussed at the sample surface via 

the microscope objective lens to a spot size of around 25 pm. The sample may be i 

observed using a CCD camera, coaxial with the laser beam. The gases released by 

laser ablation are cleaned using two SAES AP 10 getters (one operated at 400° C 

and other at room temperature) and after 5 minutes, equilibrated via automated 

valves into a MAP 215-50 noble gas mass spectrometer. Average blank levels were 

■“Ar = 7 X 10 ’, ’’Ar = 2 X 10"’, “ Ar = 1 x lO"® (all cc STP).

A.I.4.2.2 Ultra-violet laser probe

This technique was developed by Kelley et al. (1994). UV analysis allows 

extraction of mineral samples which do not absorb IR wavelengths such as 

plagioclase and K-feldspar, and also allows high spatial resolution analysis of all 

minerals. There is also no heating outside the visible laser spots and thus there is
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unlikely to be contamination from inclusions or adjacent minerals. The direct 

correlation of in situ argon analyses with positon within mineral grains is made 

possible (Kelley et al., 1994; Reddy et al., 1996; Pickles et al., 1997).

The laser port is fitted with a UV grade fused-silica window which has a high 

transmission coefficient for light at 266 nm. A 1 mm thick sapphire window is 

placed between the laser port and the sangle to prevent ablated material from 

coating the outer window. A Spectron Laser Systems SL401 with two temperature 

and angle controlled KD*P crystals is used as the source of UV light. The laser 

produces pulsed light at with a wavelength of 1064 nm (IR) which is frequencey 

doubled by the two KD*P crystals to 532 nm then 266 nm (UV). The wavelengths 

are separated using a Pellin Brocca prism, and the resulting UV laser pulses have 

an energy of up to 20 mJ per pulse, for a pulse length of 10 ns at a repetition rate " 

of 10 Hz. High reflectance oxide-coated mirrors direct the light inot a customised ■ 

Leica D M microscope. The beam is redirected within the microscope through a 

UV refracting objective lens and focussed to a spot size of 5 pm at the sample / 

surface. A programmable automated stage allows the beam to be rastered across 

the sangle, the gases released by laser ablation are cleaned using 2 SAES AP 10 

getters (one operated at 400° C and one at room tenperature) after 10 minutes, 

equilibrated via automated valves into a MAP 215-50 noble gas mass 

Spectrometer. Average blank levels vyere '̂ Âr = 3 X 10^ ,̂ ^^Ar = 5 X 10 ^̂ Ar — 

1X10"'^ (all cc STP).

A.I.4.2.3 Furnace step-heating
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The principal behind the technique has been outlined in A.1.4.1. Step-heating was 

carried out in a Modifications Ltd. Double vacuum resistance furnace which wül 

heat to 1800° C (Staudacher et al., 1978). Tençerature control is achieved by a 

Eurotherm controller linked to a W-Rh thermocouple which is situated in the 

bottom of a crucible, 1.5 ± 0.5 mm from the samples, the temperature is monitored 

at ± 10° C or better. During heating the gas is cleaned with a N2 cold trap mounted 

on the furnace. On release fi-om the furnace section of the extraction line the gas is 

transferred to a second section and cleaned by two SAES Zr-Al getters (one at 

400° C, one at room tein?erature). The cleaned gas is analysed within a VG3600 

noble gas mass spectrometer.

Appendix A  207



B .l UVLAMP analyses

^Ar/*»Ar ^Ar/^’Ar ^A rP ^A r  Total ^^Ar
(XlOO) (XlOO) (XlOO) (x lO " cm ^ S T P )

»̂*Ar/»*»Ar Age
(Ma)

±  
(2 0 )

9.4 ISS 0.9668 1.0269 1.1359 2.67 ' 6.0582 88 3
8.7612 1.4398 35079 0.1490 3.34 85199 82 1
8.7311 0.9336 0.4189 0.4408 3.08 7.4292 82 2
8.3626 1.4438 3.3075 0.0000 3.21 8.3630 78 3
9J34S 1.0970 2.3138 0.0000 453 95341 89 1
8.SS40 0.7889 1.8711 0.4915 \ m 6.8996 78 5
7.9870 0.1639 2.7354 0.0000 1.03 7.9772 75 6

113.9021 195.0601 0.0001 92.5911 0.282 0.0000

14.S241 1.8132 1.1710 2.2901 . 0.04 7.7714 110 3
14.0900 0.6841 0.0000 0.0000 0.06 14.0901 107 3
1S.122S 0.1052 0.0000 0.0000 0.05 18.3413 114 2
12.3331 1.6125 05965 0.3812 0.07 11.252 94 2
I2.8S10 0.4037 0.0000 1.4122 0.04 8.7003 98 3
12.3300 1.4413 0.0000 05713 0.08 11.5245 94 .2
12.9403 0.6500 0.0000 0.7421 0.09 10.7612 98 1
32.2500 68725 6.6900 13.4841 0.00 0.0000

S36.9S10 0.0000 0.0000 3.7001 0.00 0.0000

11.94S2 1.2964 0.0000 05838 226 l a s i s i 111 3
10.2820 2.1360 15861 0.5977 2.32 8.5187 . 96 3
10.2196 • 1.1152 0.0001 0.0000 262 10.2195 95 3
9.2631 1.3251 1.0623 21253 3.03 25918 86 3
9.9010 1J298 0.0000 22654 2.75 35117 92 2
9.5496 2.2297 0.0000 . 0.0000 1.74 95492 89 2
9.1929 • 0.7209 1.5711 0.7769 2.62 65007 86 3
9.8616 1.4992 0.7101 1.0001 259 6.9081 92 3
10.0001 0S992 0.0000 . 0.0000 2.47 laoooi 93 2
10.3412 3W38 2.8095 . 0.8471 0.00 0.0000

108601 0.9110 0.1701 0.0600 1.34 10.6912 101 7
101121 1.0100 0.0003 0.0000 0.01 ia4322 94 5
11.3641 0.8702 0.1202 0.7921 3.44 9.0253 105 5
9.2331 15000 6.4804 0.2314 1.33 85569 86 4
102016 0.0545 4.1051 2.0855 1.02 4.0640 95 6

149.0314 55.8816 447.0656 232.3512 0.00 0.0000
245.9400 0.0000 . 1333.3300 0.0000 0.00 393.69

9.9912 05163 .0.0000 0.0000 1.86 ia8776 102 4
11.5245 05000 0.4594 15806 1.73 7.4449 117 4
11.6005 1.0497 20089 1.5502 2.89 7.0197 118 3
0.0000 0.0000 0.0000 0.0000 0.00 422512 5687 2354

9(̂ 2,
Ttivsanli
PhengUe
PhengUe
Phen^
Phengite
Phengite
Phengite
Phengite
Olsucophane
K380.
Tavsanll
Phenghel
Phenghe2
Phengite3
Phengite4
PhengiteS.-
PhengiteC
Phengite?
GbucopKane
Ctaucophane

Tavfanli
Phengite!
Phengite2
Phengitt3
Phengite4
Phengites
Phengite6
Phengite?
Phengites •
Phengite9
CtaiKophane
9M 20,
SivrihlHr
Phengite
Phengite
Phengite
Phengite
Phengite
Glaucophane
Gtaucophane
9M 85,
Thvcanll
Phengite
Phengite
Phenpte
Gtaucophane
9M 34,
Sivrihbar '
Phengite 1
Phengite!
Phengites
Phengite
Phengite
Phengite
Phen^te
Phengite
Gtaucophane
•W158,
SIvrihtaar
Phengitel
Ptieniiie2
Phengites
Phenghe4
Phengites
Phengites

10.7968 15988 0.0000 05309 3.49 101155 100 5
10.5541 25117 0.0000 0.0000 4.14 11.4322 98 3
11.7451 09077 19126 10727 4.15 5.6163 109 3
11.3584 1.1216 6.4540 0.0214 3.14 11.2951 105 2
109533 1.1662 2.7325 05281 2.31 95920 102 1
9.9052 05441 0.6602 0.4263 118 8.6470 92 2
11.3605 05647 25840 0.0000 258 11.3622 105 2
8.3526 1.7009 0.0000 0.5847 1.88 6.6268 78 2
0.0000 3.0910 2.8049 0.8422 0.03 0.0000

107042 1.4889 21.6801 6.1368 0.85 . 7.4312 100 5
8.3201 15241 1.40)8 0.0000 159 85203 80 4
8.4463 1.9479 45241 1.2972 2.02 4.6141 79 3
8.1930 1.7593 0.0000 06819 158 6.1852 77 2
7.6968 1.4751 0.0000 1.0099 1.76 4.7114 72 3
85709 0.6571 1.8535 0.0000 1.91 8.5778 80 3
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Phengite? 95857 0.8252 0.0000 0.0000 152 9.5961 89 3
PhengiteS 9.3550 0.0000 0.0000 0.4769 154 7.9515 87 . 3
Phengite 10.9549 1.1266 7.5945 15835 2.69 7.1611 102 4
Phengite 11.5210 1.4676 0.0000 0.7544 3.48 9.2900 107 3
Phengite 10.5035 - 1.6081 1.3284 0.1066 4.81 ia i920 98 2
Phengite 8.8375 15273 35837 0.8928 2.47 65038 83 2
Phengite 9.1684 1.7672 0.4141 1.2438 3.13 5.4934 86 2
Gtaucophane
96f2M,
Orliandi

11.7001 15576 0.0000 1.4272 2.14 7.4811 109 7

Phengite 85001 1.7801 3.8211 0.1710 3.77 7.6912 84 6
Phengite 103622 0.3920 0.0078 15874 3.59 5.7132 106 5
Phengite 12.1353 08122 10.0251 1.1725 2.05 8.6931 123 7
Phenghe IZI767 15036 ■ 0.0042 05213 3.47 11.2201 124 6
Phengite 111415 15435 15020 1.0900 3.38 85125 123 6
Phengite 9.9200 15401 0.0096 0.37'31 2.88 8.8384 101 5
Phengite 11.0120 1.7001 0.0000 1.6110 2.38 6.2534 112 6
Phengite • 9.8830 1.3802 0.0000 0.0000 259 7.5710. 101 6

B.2 Infra-red laser spot analyses

^A rP ^A r -̂’A tP^At Total *̂'At ^ A tP^At Age ±

(X 100) (XlOO) (XlOO) (x lO ^ cm ^ S T P ) (Ma) (2 0)

K380,
Tavtanll
Phengite 15.6475 1.4107 25510 0.4608 458 14.2851 . 108 6
Phengite 13.9344 15461 0.0000 0.4994 10.51 154585 95 5
Phenghe 16.0627 1.6107 5.1553 05421 650 15.3481 116 5
Phengite 34.8838 0.8474 0.0000 4.4383 1.51 21.7573 162 22
Phengite ' 17.6177 • 1.1045 0.0000 0.6995 9.01 15:5499 118 4
Phengite 23.6140 2.3525 9.7815 15101 2.86 17.9769 135 14
Phengite 14.0051 0.5609 0.0000 0.3510 3.60 159671 99 7
Phengite 165801 1.1520 0.0000 1.1672 3.24 13.1308 100 9
Phengite 165138 0.9222 0.0000 1.4819 3.12 151340 92 11
Phengite 33.4681 1.9597 0.0000 2.5537 450 25.9709 192 8
Phengite 23.7085 15260 0.4529 0.3062 10.95 258039 170 4
Phenghe , 13.7907 ■ 1.1722 0.0000 0.0290 8.85 159339 98 13
Phengite 17.9079 15405 0.0000 0.0429 11.75 166401 126 4
96M8,
Alccakaya
Whole rock 5.6901 67352 11.6910 0.3901 3693 4.5222 59 5
Whole rock 5.8823 1.8136 17.1823 0.0000 139.18 65831 61 4
Whole rock 6.0625 0.8719 13.3802 0.0000 199.36 7.0216 63 9
Whole rock 6.0400 0.0000 14.3230 1.4601 68.89 1.7402 62 7

B.3 Infra-red laser step-heating analyses

40at/39a
r

38Ar/3)Ar
(XlOO)

3 V /3 5 A r
(XlOO)

^ A r P ^ A r
(XlOO) released

40*Ar/3)Ar Age
(Ma)

±  
(2 0)

SIvG
Stepl 317.6316 353.5151 0.0000 0.0000 0.03 11.5762 118 143
Step2 41.2235 58.5637 9.6001 6.1444 0.22 6.9553 72 40
steps 7.9716 364333 261868 0.4109 1.98 5.6896 59 4
Step4 5.4377 39.2264 24.04048 0.1542 27.81 5.4063 56 1
Stcp5 5.1702 39.9177 23.9130 0.1139 40.53 5.1175 53 1
S t ^ 5.1191 4013605 23.7173 ■ 0.0710 5578 5.1627 53 2
Step? 5.1741 40.2142 25.7582 0.0350 5681 4.8698 51 2
Step8 5.1061 41.2174 23.4630 0.0970 89.08 5.2473 54 1
Step9 5.0096 40.1157 23.7633 0.3076 9554 3.8036 40 2
Step 10 5.1786 455522 27.2805 0.1705 98.56 4.7558 49 1
Stepl 1 5.1235 40.2160 33.1109 0.4913 100.00 2J355 23 5

AppendikB 2 0 9



B.4 Furnace step-heating analyses

“ C *®Ar/*»Ar 3® A r/*»A r 
(x  100)

)^A r/)» A r “ Ar/*®Ar
(XlOO)

% 3 ® A r
re le a se d

"«•A r/^’ A r A ge
(M a)

±
d o )

W/134,
Sivrihbar
glaucophane
800 5.77 1.91 0 J9 0.54 41.46 431 133 3
830 7.91 1.97 550 0.78 66.24 5.90 172 3
900 9.16 513 6.26 1.20 76.74 6.27 183 4
930 1625 2.24 6.85 1.73 8522 5.88 171 6
1000 11.43 2.25 7.62 513 85.86 5.98 174 8
1030 1514 2.30 5.29 531 9601 5.96 174 8
1100 15.51 2.46 4J5 3.22 93.03 6.63 192 10
1400 37.12 3.90 1.63 11.54 100.00 3.81 113 11
96/12,
Tavaanll
glaucophane
700 27.74 3.50 0.33 8.35 733 3.53 105 4
800 5.90 1.96 0.23 0.93 4660 3.21 96 2
830 6.80 2.05 1.35 1.10 67.26 3.75 111 2
900 7.46 510 2.84 1.31 7680 3.94 117 3
930 6J9 502 2.32 0.10 84.82 336 106 • 4
1000 3.06 1.89 1.37 U.63 89.46 335 100 5
1030 7.80 2663 1.14 1.63 9533 3.18 95 8
1100 23.16 3.05 1.30 6.82 93.86 . 3.51 104 15
1200 78.38 6.78 2.20 25.84 95.27 3.65 108 22
1400 59.87 5.68 1.69 19.61 100.00 3.16 95 9
96H2,
Tavsanll
phengite
600 27.78 0.351 0.00 8.57 1.11 2.92 87 4
700 7.37 2.11 0.01 1.51 4.93 3.01 90 2
800 3.25 1.79 0.00 0.10 36.72 2.94 88 2
900 3.11 1.80 0.00 0.08 71.99 2.89 86 2
1000 3.15 1.79 0.00 ■ 0.09 87.95 2.89 86 2
1100 ■ 3.20 1.80 0.00 0.11 95.58 2.87 ' 86 2
1200 3.76 1.84 0.00 033 9&60 2.80 84 2
1400 5.48 1.97 0.00 1.67 100.00 0.66 Z) 3
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C l  Rb-Sr technical notes

Samples were crushed and sieved, and fines and very magnetic material removed 

from each fraction prior to mineral separation. Analyses were performed on 80- 

100 pm size fractions. Micas were separated by adherence to paper, other phases 

by standard magnetic and heavy liquid methods before final purification by hand- ^ 

picking. Minerals were washed several times in methanol and water in an 

ultrasound bath. Samples were dissolved in hot HF + HNO 3 + HCIO4 . Standard ' 

ion-exchange procedures were followed to separate Rb and Sr. Rb analyses were 

performed using a VG Micromass 30 mass spectrometer, Sr was analysed using 

VG Isomass 54E, both at the University of Leeds. Sr was corrected by reference 

to'the^NBS=987-standardrErrors^hr87Sr/86Sr'and"87Rb/86/Sr were assessed'by 

replicate analysis of homogeneous natural mica samples which yielded 2-a 

reproducibility of 0.005% in 87Sr/86Sr and 1.2% in 87Rb/86Sr. These errors were 

propagated through the age equation by a perturbation algorithm (Rees, 1984).
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D .l Rb-Sr analyses

Sample Rb ppm Sr ppm *^Sr/*^r *^Rh/*^r Age

96/12, Tavsanll
Glaucophane 5.39 22.00 0.7062 0.70875
Phengite 296.16 22.03 0.7490 39.06 78.5 ±1.6
96/134, Sivrihisar
Glaucophane 10.45 57.33 0.7073 0.53
Phengite 292.45 7.25 0.8413 118.17 80.1 ±1.6
Pyroxene 16.39 156.06 0.7062 0.30 •
Lawsonite 15.49 645.08 0.7077 0.07
69/198, Tavsanll
Glaucophane 3.67 8.2 0.7095 1.30
Phengite 256.23 8.28 0.8104 90.43 79.7 ±1.6
96/158, Sivrihisar
Phengite 223.16 59.93 0.7177 10.78 82.8 ±1.7
Pyroxene 2.04 73.67 0.7051 0.08
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A ppend ix  E
40 A _ 39Ar^ A r DATA REMTtNG TO CHAPTER F lW  I

E .l UVLAMP analyses from sample 96/234

96/234 «Ar/»Ar “Ar/»Ar " A t/** A t *'Ar/»Ar "Ar "Ar*/"Ar Age
(Mo)

±

_.(2«)
Phengite 1 (Tl) 151283, 0.0081 10.0156 O nil6 0.0045 8.6871 123 7
Phengite 2 (Tl) 151664 0.0130 0.0000 0.0032 0.0076 11.2165 124 6
Phengite 3 (Tl) 151441 0.0134 1.4979 0.0109 0.0075 8.9101 123 6
Phengite 4 (Tl) 163634 0.0139 • 0.0000 0.0158 0.0079 5.7083 106 5
Phengite 5 (Tl) 9.9183 0.0134 0.0000 0.0037 0.0067 8.8284 101 5
Phengite 1 (T2) 152891 0.0101 0.0000 . 0.0410 0.0025 0.1691 125 9
Phengite 2 (T2) 11.0093 0.0170 0.0000 0.0161 0.0052 6.2499 112 6
Phengite 3 (T2) 9.7827 0.0161 14.1978 0.0116 0.0062 6.3645 100 6
Phengite 4 (T2) 9.8772 0.0107 9.4481 0.0140 0.0063 5.7438 101 5
Phenghe 3 (T2) 9.3793 0Æ137 3.8866 0.0065 9.6825 96 5
Phenghe 6 (T2) 9.2116 0.0113 7.7041 0.0104 0.0060 6.1386 94 5 -
Phengite 7 (T2) 9.8796 0.0138 0.0000 0.0078 0.0057 7J7I3 101 6
Single phengite 13.3025 0.0153 0.0000 0.0000 0.0114 15.3025 154 7
Single phengite 8.1966 0.0177 3.8177 0.0017 0.0083 7.6945 84 6
Quartz 30pm A 223.7419 OJ990 336.6220 0,6874 0.0001 20.6169 1506 261 .

. Quartz iOOpm 5.6361 0.0000 ' ' 54.3339 0.0008 9.8748 58 43
Quartz 100pm 0.0000 n.d. 0.3705 0.0000. 0 0
Quartz 30pm B 23.8345 0.0000 106.0801 0.2600 0.0004 0 0
Quartz 100pm 167138 0.0195 0.0000 0.0066 0.0040 8.1799 109 6
Quartz 100pm 113.6479 0.1710 141.9973 0.0000 0.0002 113.6479 • 917 133
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E.2 UVLAMP analyses from sample 96/198

96/198 • A t/ *  A t **Ar/*Ar "Ar/»Ar "Ar/»Ar "Ar «Ar*/»Ar Age
(Ma)

±  

(2  0 )

Phengite 1 fI3) ia8153 0.0525 0.0068 0.0042 0.0028 9.5662 101 4
Phengite 2 (13) 11.9452 0.0000 0.0130 0.0038 0.0031 188131 111 3
Phengite 3 (13) ia2820 0.0199 0.0214 0.0060 0.0053 85187 96 3
Phengite 4 (13) 10.2196 0.0000 0.0112 0.0000 0.0055 182195 95 3
Phenghe3 (13) 9.2631 0.0506 0.0133 0.0213 0.0062 2.9918 86 3
Phengite 6 (13) 9.9010 0.0000 0.0130 0.0227 0.0072 3.2117 92 2
Phengite? (13) 9.5496 0.0000 0.0223 0.0000 0.0065 9.5492 89 2
Phengite 8 (13) 9.1929 0.0157 0.0072 0.0078 0.0041 69007 86 3
Phengite 9 (13) 9.8616 0.0071 0.0150 0.0100 0.0062 6.9081 92 3
Phengite 10 (13) 10.0010 0.0000 0.0100 0.0000 0.0061 180006 93 2
Phengite 11 (13) 9.6188 0.0000 0.0105 0.0106 0.0058 6.4895 90 2
Phengite 1 (IQ 109846 0.0000 0.0070 0.0336 0.0027 1.0544 102 4 —
Phengite 2 (IQ 107190 0.0566 0.0071 0.0125 0.0041 7.0285 100 3
Phengite 3 (IQ 101768 0.0000 0.0169 0i)199 0.0036 4.3102 95 3
Phengite 4 (IQ 11.3459 0.0000 0.0109 0.0007 0.0027 11.1422 105 4
Phengite 3 (IQ 103510 0.0000 0.0033 0.0398 0.0026 0.0000 96 4
Phengite 1 (IQ 10.0310 0.0000 0.0050 0.0136 0.0038 6.0000 93 3
Phenghe2 (IQ 11.2412 0.1029 0.0071 0.0004 0.0042 11.1137 104 3
Phengite 3 (IQ 109109 0.0000 0.0148 0.0107 0.0049 7.7588 101 3
Phenghe4 (IQ 102127 0.0008 0.0120 0.0211 0.0025 3.9916 95 5
Phengites (IQ 109731 0.0287 0.0220 0.0095 0.0023 81675 102 5
Single phengite 10.9718 0.0158 0.0135 a0068 0.0105 8.9499 102 2
Single phenghe 10.2133 0.0182 0.0161 0.0000 0.0049 182132 95 4
Single phengite lOOOOl 0.0339 0.0134 0.0123 0.0067 6J583 93 3
Phenghe1 (17) 104429 0.0427 0.0108 0.0074 0.0044 8.2704 97 2
Phengite 2 (17) • 104090 0.0262 0.0108 0.0000 0.0034 184102 97 4
Phengite 3 (17) 102639 0.0000 0.0134 0.0174 0.0059 5.1197 96 3
Phengite i (T4) ' 10.1318 0.0284 0.0087 0iX)64 0.0066 8.2508 94 2
Phengite 2 (T4) 10.0153 0.0330 0.0000 0.0057 0.0039 8.3413 93 4 ■
Phenghe3 (T4) 11.3336 0.0044 0.0157 0.0267 0.0023 3.4344 105 5
Phengite 4 ' (T4) . 106335 0.0000 0.0157 0.0004 0.0050 10.5047 99 3
Phengite 5 (T4) 105993 0.0000 0.0168 0.0088 0.0059 8.0014 99 2
Phengite 6 (T4) 107931 0.0153 0.0169 0.0000 0.0071 187925 100 3
Phengite? (T4) 13.2770 0.0018 0.0119 0.0160 0.0058 85398 123 7
Phengites :(T4) 104009 0.0000 0.0098 0.0000 0.0048 184006 97 3
PhengheA 11.3014 0.0715 0.0205 0.0122 0.0059 7.6937 105 2
QuaitzSOpm A 0.0000 0.0000 0 0
Quartz 50pm B 32.3702 3.6742 1.8823 3.0879 0.0000 0 0
Gtaucophane A 529199 6.7475 2J540 4J797 0.0000 n j . 0 0
Gtaucophane B n.d. nA. n.d. nj. 0.0000 n.d. 0 0
GtaucophaneC 93.4167 163333 0.0000 4.3167 0.0000 n.d. 726 876
Gtaucophane D nA. 0.2583 0.0000 n.d. n.d. 2173
Gtaucophane 102.6667 181667 0.0000 0.9833 0.0000 n5. 784 955 ■
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E.3 UVLAMP analyses from sample 96/185

96/185 " A r /» A r “ A r/» A r " A r/» A r " A r /» A r " A t " A r* /" A r A ge
(M a)

±

(2<y)

Phengite 1 (T9) 10.6338 0.0076 nxl. n.d. 0.0025 186901 99 7
Phengite 2 (T9) 9.5977 • 0.0202 0.0096 0.0044 6.7599 90 4
Phengite 3 (T9) 9.8635 0.0131 n.d. 0.0053 11.4220 92 4
Single phengite 9.8057 0.0023 n.d. 0.0039 183941 91 5
Single phengite 9.6216 0.0145 0.0303 0.0301 0.0041 0.7404 90 • 5
Single phengite 187270 0.0059 0.0173 0.0168 0.0018 5.7525 100 3
Single phengite 11.2443 0.0084 0.0000 0.0053 0.0038 9.6764 104
Single phengite 9.7988 0.0096 0.0140 0.0023 0.0044 9.1265 91
Single phengite 11.2660 0.0140 0.0156 0.0248 0.0052 31475 105 3
Single phengite 10.2661 0.0077 0.0041 0.0065 0.0124 81562 96 2
Single phengite 184491 0.0139 0.0035 0.0113 9.4059 97
Phengite 1 (TIO) 9.9912 0.0092 n.d. 0.0044 188776 93 3
Phengite 2 (TIO) 11.5245 0.0046 0.0138 0.0041 7.4449 107 4
Phengites (TIO) 11.6005 0.0105 01009 0.0155 0.0069 7.0197 108 3
Quaitz 100pm A 4208.6667 73333 6.3333 0.0000 2337.1667 5681 3562
Quartz 90pm B 22286667 80000 188333 0.0000 n l . 4601 5520
Quartz 100pm 55.7786 0.0816 0.0280 0.0005 686002 467 44
Quartz 30pm 32.3702 0.2353 0.0001 233.4902 348 281
Glaucophane A 519199 0.5152 0.3636 0.0000 382.3939 . 676 383
OlauLuphnnc ■ 175.1770 nxi. 0.0000 722.3707 1185 816
Glaucophane 25.5697 6.6541 11888 80000 229 203
Lawsonite A 116291 0.0213 7.1423 0.0009 485482 117 17
Lawsonite B 24.0025 0.0000 5.3621 n j . 0.0002 ^ 1 9 0 4 216 30

E.4 UVLAMP analyses from sample K380 -

K380 **Ar/»Ar " A r /» A r ” A r /" A r " A r /» A r " A r « A r* /" A r A ge ±

' (M a) (2 0 )

Quartz 30pm 73.6147 3.3817 0.0000 0 3838
Quartz 3(^m 132J680 0.1432 0.0002 885554 817 240
Quartz 30pm n.d. 01001 0 972
Quartz 30pm 35.8560 n.d. 0.0999 0.0005 3.4965 260 125
Phengite i (T8) 21.3297 0.0212 0.3822 0.0462 0.0043 11.1692 159 15
Phengite 2 (T8) 11.9234 0.0172 0.0395 0.0086 0.0035 7.7667 91 20
Phengites (T8) 11.9084 0.0107 . 0.1753 n j . 0.0046 14.0871 91 15
Phengite 4 era) 0.0728 0.0125 n.d. 0.0073 183441 104 9
Phengites (TQ 112513 0.0118 0.0029 0.0104 11.2042 93 7
Phengite 6 (T8) 118243 0.0023 0.1381 0.0127 0.0078 86986 97 9
Phengite 7 (Tg) 113108 0.0132 0.0440 0.0018 0.0110 11.5210 94 6
Oiaucupliatie "17.2134 U.U222 . 8U85U U.Ü11U U.U117 14.5099 130 6
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E.5 UVLAMP analyses from sample 96/12

96/12 " A r /* A r “ A r/» A r ” A r/» A r " A r /» A r " A r « A r* /* A r A ge
(Ma)

±  
(2  a )

Single phengite 9.4133 0.0097 0.0103 0.0114 0.0063 6.0582 88 3
Single phengite 8.7612 0.0144 0.0321 03)015 0.0079 83200 82 1
Single phengite 8.7311 0.0093 0.0042 0.0044 0.0073 7.4292 82 2
Single phengite 8J626 0.0144 0.0331 0.0000 0.0076 8.3630 78 3
Single phengite 9.5343 0.0110 0.0231 0.0000 0.0100 9J341 89 1
Phengite 1 (T il) 8.4840 0.0000 81813 0.0000 0.0024 8.4957 79 5
Phengite 2 (TII) 83470 0.0079 0.0187 0.0049 0.0024 6.8996 78 5
Phengite 3 (Til) 7.9755 0.0164 0.0274 0.0000 0.0025 7.9772 75 6
Glaucophane n.d. n j . 0.0000 342.9354 0 0
Glaucophane 328.1779 282755 0.6258 03)000 0.0001 1.1585 1818 826
Glaucophane 1622.6398 148.0435 3.7578 6.5217 0.0000 89656 4080 3724
Glaucophane 384180 0.0680 0.0000 3.3762 0.0001 nA. 270 272
Glaucophane 294.0991 32.2973 2J991 122072 0.0000 n j . 1695 2940
Glaucophane nA. n.d. nA. 03)000 103.8157 0 0
Glaucophane n.d. 0.1314 . 0.1565 0.0000 n.d. 0 0
Glaucophane 17.1584 0.0000 0.3970 0.0001 n.d. 157 130

Quartz 50pm 65.6211 0.1314 0.8106 0.0000 538 797

E.6 UVLAMP analyses from sample 96/153

96/153 « A r/» A r “ A r/» A r " A r /" A r " A r /" A r " A r " A r* /» A r A ge
(Ma)

±  
( 2  a )

Phengite i <Ti2) 188658 0.0135 0.8716 0.0052 0.0073 9.3228 111 3
Phengite 2 (Ti2) 188593 0.0055 1.0030 0.0016 0.0053 10.3801 111 4
Phengites (Ti2) 11.7306 0.0143 0.0019 0.0055 11.1681 119 4
Phengite 4 (T12) 189594 0.0214 2.4809 0.0159 0.0060 6.2515 112 4
Phengites (T12) 9.8187 0.0039 1.0866 03)258 0.0050 2.1982 100
Phengite 6 (T12) 11.7625 0.0125 0.0040 12.3850 120 4

E.7 UVLAMP analyses from s^ p le  96/155

96/155 " A r /* A r " A r /* A r " A r /» A r " A r /" A r " A r " A r* /» A r A ge
(Ma)

±  
(2  a )

Single phengite 187837 0.0352 3.7396 • 0.4836 0.0003 168 49
Single phenghe 8.2243 80116 0.0000 0.0078 03)103 5.9249 84 2
PtwngiRl (713) M876 0,0074 n.d. n,d. 0,0033 9,9138 96 3
Phengite 2 (T13) 8.0759 0.0117 n.d. 0.0002 0.0076 . 80024 83 2
Phengites (T13) 7.6089 0.0080 0.9812 0.0124 0.0087 3.9386 78 2
Phengite 4 (T13) 7.8691 03)077 n.d. 0.0077 8.2106 81 2
Phengite 5 (T13) 9.0777 03)141 n.d. 0.0205 0.0035 3.0271 93 4
Single phenghe 189320 0.0149 03)709 0.0013 111 11
Single phenghe 189481 0.0113 4.7428 0.0052 12.9962 112 4
Single phengite 79868 00096 66113 00081 0006? 5 6063 8? ?
Garnet 100pm n.d. 0.0041 n.d. n.d. 109.2919 0 0
Garnet 100pm 0.6781 0.1641 n.d. n.d. 92.3978 7 107
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E.8 UVLAMP analyses from sample 96/117

96/117 "Ar/»Ar "Ar/»Ar "Ar/"Ar "Ar/"Ar "Ar «Ar*/»Ar Age
(Ma)

±
(2<y)

Phenpie I (T14) 8.5322 0.0054 0.1556 0.0039 0.0054 7.3885 80 4
PhengUe2 (T14) 8.6012 0.0101 0.1660 nA. 0.0049 111697 80 5
Phenghe3 (T14) 8.7030 0.0119 0.1150 0.0069 0.0059 6.6536 81 4
Phenghe4 (T14) 83004 0.0118 0.1465 0.0133 0.0068 4J721 78 4
PhengheS (T14) 9.1265 0.0056 0.0280 n.d. 0.0053 11.8622 85 5
Phengite 6 (T14) 87010 03)147 0.0649 n.d. 0.0069 14.2534 81 4
Single phengite 8.8146 03)126 0.0435 0.0059 9.5606 82 40

E.9 UVLAMP analyses from sample 96/118

96/118 **Ar/"Ar "Ar/»Ar "Ar/»Ar "Ar/»Ar "Ar "Ar*/»Ar Age
(Ma)

±  
(2 0)

Single phenghe 9.4923 0.0078 0.0227 0.0063 9.8961 89 5
Phengite 1 (T15) 8.7130 0.0117 nA. 0.0027 80042 75122 81 5
Phengite 2 (T15) 9.1047 0.0041 0.0990 0.0045 0.0047 7.7708 85 5
Phengites (T15) 8.5280 0.0078 0.0759 0.0062 0.0051 6.7041 80 4
Phengite 4 (T15) 8.5034 0.0066 0.1643 0.0047 0.0044 7.1100 80 5
Phengite 5 (T15) 85238 03)042 0:l854 0.0024 0.0045 7.8122 80 5
Phenghe6 (T15) 84499 0.0166 0.0803 0.0020 0.0055 7.8465 79 4
Phenghe7 (T15) 88506 0.0095 01141 0.0002 0.0042 8.7916 83 5
Single phenghe 84414 0.0250 0.1475 0.0012 0.0042 8.0889 79 38
Single phengite 9.0977 • 0.0103 0.1432 n5. 0.0073 9.7089 85 41
Single phengite . 85946 . 0.0111 0.0305 0.0095 180015 80 39
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E.IO UVLAMP analyses from sample 96/158

96/158 "Ar/"Ar “Ar/»Ar "Ar/"Ar "Ar/»Ar "Ar "Ar*/»Ar Age
(Ma)

±  
(2 0)

Phengite 1 (TIQ 187042 0.0149 0.2168 0.0614 0.0020 100 5
Phengite 2 (TKS) 85201 0.0132 0.0141 0.0000 0.0030 8.5209 80 4
Phengites (T16) 84463 0.0195 0.0432 0.0130 0.0048 4.6130 79 3
Phengite 4 (TK5) 81930 0.0176 0.0000 0.0068 0.0047 6.1780 77 2
Phengites (T16) 7.6968 0.0148 0.(X)00 0.0101 0.0041 4.7126 72 3
Phengite 6 (T16) 85709 0.0066 0.0185 0.0000 03)045 85720 80 3
Phenghe? (T16) 9.5857 03)083 0.0000 0.0000 0.0036 95857 89 3
Phenghe8 (TKS) 9.3550 n.d. 0.0000 0.0048 0.0046 7.9457 87 3
Phengite 50pm 7.8474 0.0165 0.0000 03)032 0.0069 89114 74 2
Phenghe 50pm 85294 0.0166 0.0458 0.0104 0.0060 5.4706 80 2
Phenghe i (TIT) 9.3522 0.0163 05080 03)037 9.3829 87 4
Pheng^2 (TIT) 8.7871 0.0142 05156 0.0063 0.0051 6.9341 82 3
Phengites (TIT) 9.1379 0.0134 0.0944 0.0057 03)038 7.4391 85 3
Single phengite 189488 0.0113 0.0759 0.0128 0.0064 7.1560 102 4
Single phengite 11.5210 0.0147 0.0000 0.0075 0.0082 95918 107 3
Single phenghe 185035 0.0161 80133 0.0011 0.0114 181884 98 2
Single phengite 8.8375 0.0153 0.0328 03)089 0.0058 6.1994 83 2
Single phengite 9.1684 0.0177 0.0041 0.0124 0.0074 5.4930 86 2
Gtaucophane
50pm

11.6974 0.0156 0.0000 0.0143 0.0051 7.4801 109 7

Garnet 100pm 0.0041 n.d. 1095919 0 0
Garnet KXIpm 0.6781 0.1641 n.d. 92.3978 7 107

E l i  UVLAMP analyses from sample 96/135

96/135 "Ar/*Ar "Ar/"Ar "Ar/"Ar "Ar/*Ar "Ar "Ar*/»Ar Age
(Ma)

±  
(2 a)

Single phengite 11.3584 0.0112 0.0645 0.0002 0.0083 11.2951 105 2
Single phenghe 10.9533 0.0116 0.0273 0.0053 0.0098 9.3920 102 1
Single phengite 9.9052 0.0094 0.0066 0.0043 0.0098 8.6470 92 2
Single phengite 11.3605 03)096 0.0228 0.0000 0.0074 11.3622 105 2
Single phengite 8.3526 0.0170 0.0000 0.0058 0.0055 6.6268 78 2
Phengite 1 (T18) 187968 0.0200 0.0000 0.0023 0.0052 181155 100 5
Phenfpte 1 (TIQ 185541 0.0221 0.0000 0.0061 11.4322 98 3
Phengite 1 (T18) 11.7451 0.0091 0.0291 0.0207 0.0044 5.6163 109 3

" Gtaucophane 14.0000 0.0320 ■ 0:0000 2.6818' 0.0001 n.d. 129 87
Gtaucophane 67.6045 '  0.0680 0.0810 44.0032 80001 n j . 552 469
Gtaucophane 1068.8889 21.9259 0.0000 0.0000 80000 1068.722 3422 16047
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F .l Furnace step-heating data for phengite sample 96/134

T
r c )

^Ar/»Ar "Ar/»Ar ”Ar/»Ar “Ar/"Ar
(10^)

"Ar
(10 "moles)

%»Ar
released

«Ar*/"Ar Age
(Ma)

±
( la )

800 3.986 0.018 0.001 1.253 28.18 3088 3.62 107.51 2.25
850 3.939 0.018 0.001 1.094 32.70 64.01 3.62 107.48 2.29
900 3.960 0.018 0.001 1.186 15.88 8009 3.62 107.32 2.25
900 4.002 0.018 0.002 1.446 7.28 87.47 3.58 106.38 2.12
1000 4.046 0.018 0.004 1.588 4.34 91.86 3.59 106.45 2.18
1050 4.083 0.018 0.004 1.800 2J3 94.42 3.56 105.75 2.16
1100 4.498 0.017 0.005 33)41 1.67 96.11 3.62 107.32 250

. 1200 4.947 0.018 0.012 7.003 0.97 97.10 2.92 87.07 2.13
1400 2.903 0.019 ' 0.029 6133 2.86 ■ 100.00 1.13 34.15 0.92

F.2 Infra-red laser spot analyses for sample 96/75

^Ar/'Ar "Ar/'Ar ” Ar/”Ar ^Ar/»Ar "Ar ^Ar*/*Ar Age (Ma) ±  
(2 a)

75 13.38799 0.016646 1.441724 0.009174 0581222 10.677 124 2
75 11.8821 0.01338 0585582 0.003975 0.686735 1&70739 110 1
75 1033226 0.015405 0580936 0.003606 0577174 9.266759 96 1
75 1061335 0.015409 0509242 0.012917 0.294183 6.796343 99 1
75 3634851 0.032888 2.884897 0.091573 0.078626 9588805 318 3
75_ I080J94___ 0.012W _ q,M9po7__ 0.00168 0.845289 1&30553 100 2
75 11.0037 0.011356 0.202942 0503065 0.69Î684 10.098 102 1
75 13.92799 0.015017 0516988 0.012717 0.609824 1&17018 128 2
75 11.69171 0.013079 0.823328 0.003362 0581434 10.69813 108 2
75 12.31924 0.013 0 0.008588 056259 9.781623 114 1
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G.l Cameca SXlOO

The electron probe microanalyser in the Dept. Earth Sciences at the Open 

University is a Cameca. SXIOO fitted with four wavelength-dispersive (WDS) 

spectrometers and an energy-dispersive spectrometer (EDS). Cameca software 

controls a fiiUy automated system. Standards for each element, count times and 

detection limits in ppm are presented in Table G.1.1

Element Standard Cone. (Wt %) Detection limit (ppm)

Na jadeite-BM4 11.20 522
Mg forsterite-BM4 25.52 713
A1 fspr-In5 9.83 536
Si fispr-InS 30.10 799
K fspr-In5 12.39 536
Ca bustamite-ast3 13.56 575 .
Ti rutile-BM4 59:95 1133
Cr crocoite-ast3 16.09 627
Mn bustamite-ast3 18.83 693
Fe hematite-ast3 69.86 1293

Table G.1.1: Mineral standards used within this study.
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A ppend ix  H

H I Sample 96/15

S iO i T IO 2 A I2 0 3 M g O C a O M n O F e O T o ta l S i T i AI M g C a M n F e T o ta l

37.99 0.14 2&35 1.70 9.26 1.95 3051 101.66 6.01 0.02 3.80 0.40 157 0.26 4.00 1607
37.73 0.16 2057 1.69 9.34 253 2955 101.08 6.01 0.02 3.80 0.40 159 0.30 3.94 1607
37.67 0.18 2ai4 1.57 9.60 146 29.02 100i71 6.02 0.02 3.79 0.37 1.64 0.33 358 1607
37.07 2.07 1957 1.60 10.16 2.66 27.84 ioa66 5.93 055 3.63 058 1.74 056 3.72 1600
37.63 • 0.13 20.20 1.60 9.09 3.40 28.85 100196 6.01 0.02 3.80 058 1.55 0.46 3.85 1608
37.69. 0.06 2tt22 156 8.96 352 28.95 100.99 6.02 0.01 3.80 057 153 0.47 3.86 1607
37.72 0.09. 2a28 . 1.42 8.77 395 29.09 101.35 6.01 0.01 3.80 0.34 150. 0.53 3.88 1607
37.74 ■ 0.16 20:05 1.37 9.14 3.73 29.08 101.36 6.01 0.02 3.77 0.32 156 0.50 3.88 16.07
37.51 0.03 m i8 1.33 8.89 3.98 2899 10097 6.01 0.01 3.80 0.32 152 054 3.88 1609
37.60 0.19 20.09 1.27 9.28 4.12 2897 10156 599 0.02 3.77 0.30 158 056 3.86 1610
37.40 0.03 2a i l 1.28 958 4.06 28.77 10092 599 0.00 3.80 0.31 1.60 055 3.86 1610
37.70 0.14 ' 20.08 154 9.08 400 28.89 101.18 6.02 0.02 3.78 059 1.55 054 3.86 1607
37.44 0.13 20.14 1.30 9.04 408 28.94 101.12 5.99 0.02 3.80 051 1.55 0.55 3.87 1609

Table H.1.1: Garnet analyses from sample 96/15

SIO 2 A lïO j MgO MnO F e O N a ,0 K 2O T o ta l Si AI Mg Mn F e N a K T o ta l

52.47 21.39 4.29 0.00 4.75 0.12 11.06 9451 7.19 3.45 0.87 0.00 054 0.03 1.94 1455
52.88 20.88 4.40 0.06 4.92 0.03 11.04 9457 754 3.37 090 0.01 056 0.01 1.93 14.01
52.16 2154 4.25 0.04 5.11 0.16 10.79 9390 7.18 3.45 0.87 0.01 059 0.04 190 14.05
£199 21.33 1:40 OiOO .1:72 0.15 1192 9450 T51 3.45 0.89 0.00 0.34 vXW 190 14.01

Table H.1.2: Hiengite analyses from sample 96/15
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SiOi AI2O3 MgO CaO MnO FeO Na20 Total Si A1 Mg Ca Mn Fe Na Total

54.73 4.86 7.42 13.70 0.00 1Z64 650 99.86 2.04 O il 0.41 055 0.00 0.39 0.47 4.08
34.96 5.18 759 1297 0.00 1Z72 6.75 100.00 2.05 013 0.41 0.52 0.00 0.40 0.49 4.09
34.70 4.92 7.45 1354 0.00 1185 6.64 10a  13 104 0.22 0.41 054 OXX) 0.40 0.48 4.09
5497 5.85 7.03 13X12 0.01 1129 7.20 100.35 2.04 0.26 059 0.52 0.00 058 052 4.10
54.75 5.10 7.60 13.83 0.05 1254 654 100.42 2.03 0.22 0.42 055 0.00 0.39 0.47 4.09
55.01 615 6.86 12.73 0.04 1119 751 10055 2.04 057 0.38 051 0.00 0.38 052 4.09
54.82 4.41 759 1355 0.07 1317 6.44 100.15 2.05 0.19 0.42 0.54 0.00 0.41 0.47 4.09

Table H. 1.3: Sodic-pyroxene analyses from sample 96/15

H.2 Sample 96/69

SiOi AI1O3 MgO MnO FeO NajO KjO Total Si AI Mg Mn Fe Na K Total

5136 2113 4.45 0.04 457 050 11.06 94.49 357 1.78 0.45 0.00 054 0.03 0.96 7.04
5146 2106 4.49 0.03 452 0.16 1099 9451 358 1.77 0.46 0.00 055 0.02 0.95 7.03
5130 21.99 4.48 0.02 4.32 0.16 10173 94.00 3.58 1.77 0.46 0.00 0.25 0.02 0.94 7.01
5255 2119 4.33 0.02 4.35 0.15 11.01 94.61 358 1.78 0.44 0.00 0.25 0.02 696 7.02
5257 21.96 4.33 ' OXE 455 0.13 1680 94.36 359 1.77 0.44 0.00 0.26 0.02 0.94 7.01
5106 2112 453 0.02 4.70 0.15 1687 94.14 357 1.79 0.43 0.00 057 0.02 0.95 7.02
5119 2113 458 0.02 4.62 0.15 1670 94.09 357 1.78 0.44 0.00 056 0.02 0.94 7.01
53.20 21.82 5.02 0.04 3.17 . 0.10 1699 94,34 3.61 1.74 051 0.00 0.18 0.01 0.95 7.00
53.36 22.48 4.83 0.03 3.68 0.11 11.02 95.51 3.58 1.78 0.48 0.00 0.21 0.01 0.94 7.01 ■
47.31 19.89 4.04 0.02 3.80 0.13 9.82 85.01 352 1.60 0.41 0.00 0.22 0.02 0.85 6.32

Table H.2.1: Phengite analyses from sample 96/69

SiOi AI2O3 MgO CaO MnO FeO Total Si AI Mg Ca Mn Fe Total

35.63 2056 1.07 7.79 9.65 2458 9959 2.92 1.97 0.13 0.69 0.67 1.69 8X»
35.80 20.48 1.11 7.73 1603 2454 9957 193 1.98 0.14 0.68 0.70 1.67 8.08
3554 2623 1.09 7.64 1639 24.03 98.99 193 1.96 0.13 0.68 0.73 1.66 8.09
35.71 2617 1.10 756 1672 2356 9951 254 155 0.14 0.67 0.75 1.64 8.08
3556 2057 1.08 7.71 11.00 23.50 99.36 2.92 1.96 0.13 0.68 0.77 1.61 8.09
3632 2052 1.08 7.72 11.12 23.69 10631 255 1.95 0.13 0.67 0.77 1.61 8X17
3623 2644 1.07 7.65 11.08 2351 10607 255 1.96 0.13 0.67 0.76 1.60 807
3647 2651 1.10 7.63 1682 23.47 10620 196 1.96 0.13 0.66 0.74 159 805
34.32
3351

1850 0.99 
17.87 0.M

_ 7 . ^
7.41

1603 2180_ 
1603 2136

94.33___197_
9111 196

_1 .89_0 .13_0 .68 . 
157 0.13 0.71

_ 0 .7 4 _ 1 .» ___8.07.
0.76 1.66 8.10

33.56 18.16 0.95 7.70 1656 23.05 94.06 253 1.87 0.12 0.72 0.78 1.69 8.12
34.86 19.75 0.99 7.93 1693 2357 9854 250 1.94 0.12 0.71 0.77 1.67 8.12
34.79 19.73 0.99 7.89 1680 23.79 98X0 191 1.94 0.12 0.71 0.77 1.66 812
35.16 19.65 1.03 7.82 1669 2356 98.44 192 1.93 0.13 0.70 0.75 1.66 810
35.12 19.65 1.02 7.72 1679 23.80 9853 192 153 0.13 0.69 0.76 1.65 8.10
35.03 1956 1.03 7.76 1663 23.73 9753 2.93 153 0.13 0.70 0.75 1.66 810
34.92 19.59 1.03 7.69 1645 23.81 9756 2.93 1.94 0.13 0.69 0.74 1.67 8.10
34.74 1959 1.00 7.59 1052 2358 9753 192 1.94 0.13 0.68 0.75 1.66 810
34.43 19.61 0.95 7.75 1659 24.11 97.53 190 1.95 0.12 0.70 0.76 1.70 812
34.79 19.40 0.98 7.66 1623 24.31 97.47 193 1.92 0.12 0.69 0.73 1.71 8.11
34.47 19.34 0.96 7.82 1627 24.20 97.15 251 153 0.12 0.71 0.74 1.71 8.12
34.76 19.58 1.00 7.74 1638 2453 9854 251 153 0.13 0.69 0.74 1.71 812
35.68 19.98 039 7.60 1054 2458 99XW 2.94 1.94 0.12 0.67 0.72 1.68, 808
35.41 2607. 1.03 755 1618 24.30 98.63 193 1.96 0.13 0.67 0.71 1.68 809
34.96 19.80 1.01 7.69 1601 24.22 97.90 192 1.95 0.13 0.69 0.71 1.69 809
33.81 18.65 0.95 7.42 9.84 23.94 94.77 253 1.90 0.12 0.69 0.72 1.73 8.11

Table H.2.2: Garnet analyses from sample 96/69
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SiOz AI2O3 MgO CaO MnO FeO NazO K2O Total Si Al Mg Ca Mn Fe Na K Total

33.36 5.32 8.22 0.47 0.%) 1890 6.63 0.01 93.14 8.11 0.95 1.86 0.07 0.02 2.40 156 0.00 15.39

53.27 5.14 800 0.60 011 1917 6.65 0.02 93.18 8.11 0.93 1.82 0.10 0.03 Z46 1.97 0.01 15.42

53.37 4.98 7.91 0.65 0.23 19.78 658 0.02 93.55 8.12 0.89 1.79 0.11 0.03 251 1.94 0.01 15.41

53.49 5.01 7.88 0.66 0.24 1955 6.46 0.01 93.32 8.14 0.90 1.79 0.11 0.03 2.49 1.91 0.00 15.36

53.02 5.08 7.76 058 012 19.62 6.58 0.02 9250 8.12 0.91 1.77 0.09 0.03 251 1.96 0.01 15.40

53.42 514 7.67 057 010 19.54 6.57 0.01 9332 8.14 0.94 1.74 0.09 OXE 2.49 1.94 0.00 15.36

5355 5.26 7.77 056 011 19.45 6.62 0.01 93.46 8.13 0.94 1.76 0.09 0.03 2.47 1.95 0.00 15.38

5333 5.28 7.66 058 0.18 19.28 652 0.02 92.87 814 0.95 1.74 0.09 0.02 2.46 153 0.01 15.34

53.10 5.25 7.66 057 0.19 19.47 6.43 0.02 92.70 813 0.95 1.75 0.09 0.02 2.50 151 0.01 15.35

53.05 5.49 7.74 055 0.19 19.41 659 0.01 93.03 810 0.99 1.76 0.09 0.02 2.48 155 0.00 1539

53.15 5.44 7.67 057 0.18 19.36 654 OXE 92.96 811 058 1.74 0.09 0.02 2.47 1.93 0.01 1536
53.22 551 7.60 852 0.17 19.39 654 0.02 93.00 8.12 059 1.73 0.09 0.02 2.47 1.94 0.01 15.36

53.10 5.64 7.69 0.54 0.19 1889 6.52 0.02 92.62 8.11 IXE 1.75 0.09 0.02 2.42 1.93 0.01 15.35

53.33 559 7.79 0.55 0.19 1919 6.56 0.02 9332 8.10 1.00 1.77 0.09 0.02 2.45 1.93 0.01 15.36
53.40 5.61 7.65 0.52 010 19.14 6.57 0.02 93.12 8.12 1.01 1.73 0.09 0.02 2.43 1.94 0.01 15.34

53.67 557 7.80 053 0.19 19.46 654 0.01 93.80 811 0.99 1.76 0.09 0.02 2.46 151 0.00 15.35
53.39 5.46 7.69 053 0.19 19.54 655 0.02 93.39 811 0.98 1.74 0.09 0.02 148 1.93 0.01 15.36
53.40 5.52 759 053 0.17 19.19 656 0.02 93.01 813 0.99 1.73 0.09 0.02 144 154 0.01 15.34

53.43 5.57 7.74 0.48 0.18 19.29 6.65 0.01 93.37 811 0.99 1.75 0.08 0.02 145 156 0.00 1537
53.22 5.66 7.63 0.48 0.17 19.49 6.68 OJOl 93.36 8.09 1.02 1.73 0.08 0.02 2.48 1.97 0.00 1539
53.44 5.65 7.61 0.47 0.17 19.29 6.69 0.01 93.36 811 1.01 1.72 0.07 0.02 2.45 1.97 0.00 15.36
53.55 557 752 0.46 0.16 1958 6.61 0.01 93.48 812 0.99 1.70 0.07 0.02 2.48 1.94 0.00 15.35

53.31 555 7.60 0.46 0.17 1919 6.64 0.02 93.06 8.12 0.99 1.73 0.07 0.02 2.46 1.96 0.01 15.36
53.23 5.61 7.69 0.46 0.16 19.17 655 0.01 92.89 8.11 1.01 1.75 0.07 0.02 2.44 1.94 0.00 15.34
53.22 556 7.70 0.43 0.17 19.52 6.63 0.01 93.26 8.10 1.00 1.75 0.07 0.02 148 1.96 0.00 15.38
53.34 555 7.64 0.43 0.15 19.56 6.67 0.02 93.37 8.11 0.99 1.73 0.07 0.02 148 157 0.01 15.38
5358 557 7.47 0.45 0.14 19.52 6.65 OXE 93.41 8.13 0.99 1.69 0.07 0.02 2.48 1.96 0.01 1S3S

5311 5.54 751 0.43 0.14 19.29 6.71 0.02 92.86 812 0.99 1.71 0.07 0.02 2.46 158 0.01 15.36
53.40 5.56 7.48 0.43 0.14 19.49 6.63 0.01 93.16 8.12 059 1.70 0.07 0.02 2.48 1.96 0.00 15.34

53.43 5.58 757 0.44 0.13 1912 6.54 0.01 92.92 8.14 1.00 1.72 0.07 0.02 2.45 1.93 0.00 15.32

53.43 5.56 7.53 0.43 0.14 1912 6.57 0.02 9251 8.14 1.00 1.71 0.07 0.02 2.45 1.94 0.01 15.34

53.32 5.60 7.65 0.43 0.13 1932 6.74 0.01 93.22 8.11 1.01 1.73 0.07 0.02 2.46 158 0.00 15.37
54.07 5.71 7.67 0.43 0.15 ■ 1912 6.58 0.01 93.88 8.14 1.01 1.72 0.07 0.02 2.42 1.92 0.00 ■ 15.31
5352 5.64 7.70 0.45 0.15 19.23 6.66 0.02 93.40 811 1.01 1.74 0.07 0.02 144 156 0.01 15.36
5352 5.60 7.75 0.45 0.14 19.12 655 0.02 93.18 812 1.00 1.75 0.07 0.02 2.43: 1.93 0.01 1534

52.86 5.48 756 0.46 0.14 1888 651 0.02 91.92 8.14 0.99 1.74 0.07 0.02 143 1.94 0.01 15.34

5254 5.56 754 0.45 0.15 1893 6.46 0.02 91.67 8.11 1.01 1.74 0.07 0.02 2.44 1.93 0.01 15.34

52.68 5.50 7.65 0.46 0.15 1894 6.47 0.01 91.86 8.12 1.00 1.76 0.07 0.02 2.44 1.93 0.00 15.35

53.28 5.57 7.64 0.43 0.13 1899 6.49 0.01 9256 8.14 1.00 1.74 0.07 0.02 2.43 1.92 0.00 15.31

Table H.2.3: Sodic amphibole analyses from sample 96/69

SiOi AI2O3 MgO CaO MnO FeO NazO Total Si Al Mg Ca Mn Fe Na Total

55.463 6.076 4.771 9.392 0349 14.456 8.447 98.888 2.04 0384 0382 0.399 0.008 0.479 0.649 4.142
55.097 6.418 5.076 9.19 0.33 14.181 8.656 98376 Z036 0396 0396 0.385 0.011 0.463 0.656 4.144
55.304 6.471 4.807 835 0325 14.432 8.805 99.112 2.029 0.302 0.283 0.379 0.011 0.477 0.675 4.157
55.29 6.32 4.88 9.18 030 14.36 8.64 98.99 2.04 0.29 0.29 0.39 0.01 0.47 0.66 4.15

Table H.2.4: Sodic-pyroxene analyses from sample 96/69

SiOz AIzOs MgO CaO MnO FeO Total Si Al Mg Ca Mn Fe Total

37.28 22.12 ox» 2236 0.27 13.49 95.71 3.37 2.36 0.00 118 0.(E 1.02 815
37.66 22.51 aol 22.89 0.23 1151 95.81 3.38 238 0.00 210 0.02 0.94 8.92
37.05 2236 0.02 21.83 0.71 13.03 9430 . 3.37 239 0.00 113 0.05 0.99 8.94
37.66 22.17 0.00 2156 0.43 13.74 9635 3.38 234 0.00 117 0.03 1.03 8.95
37.36 22.98 0.01 2119 0.68 1149 95.71 3.36 144 0.00 114 .0.05 014 8.92
37.45 2235 0.01 23.10 0.26 13.13 96.30 3.36 137 0.00 122 0.02 019 8.95
37.32 22.36 0.02 2119 0.93 1198 95.79 337 138 0.00 115 0.07 0.98 8.95
37.70 2239 0.00 2194 0.44 1185 9632 337 138 0.00 2.20 0.03 0.96 814
37.22 22.07 0.01 23.03 0.30 1335 96.20 335- 2.35 0.00 2.23 0.02 1.02 817
37.72 2233 0.03 23.30 0.15 13.17 96.61 338 2.35 0.00 2.23 0.01 0.99 815

Table H.2.5: Epidote analyses from sample 96/69

A p p e n d ix  H 223



H.3 Sample 96/149

SiOz AlîOî MgO CaO MnO FeO Total SI AI Mg Ca Mn Fe Total

37.82 20.60 1.47 1088 3.54 2657 10075 3.00 1.93 0.17 0.93 0.24 1.74 8.03
38.12 2111 2.85 1041 1.84 26.65 101.14 2.99 1.96 0.33 0.87 0.12 1.75 8.03
3751 21.15 3.33 9.83 1.32 26.96 10063 198 1.96 0.39 0.83 0.09 1.77 8.03
3754 21.12 3.35 936 1.40 27.36 10084 198 156 0.39 0.80 0.09 1.80 853
3754 21.10 317 9.06 1.46 27.85 10074 2.99 156 0.38 0.77 0.10 1.83 8.03
37.76 21.10 258 9.55 153 27.07 10056 2.98 1.96 035 0.81 0.13 1.79 8.03
37.91 21.09 2.62 1091 2.44 2536 10056 2.99 1.96 031 052 a i6 1.69 8.03
38.22 21.07 2.78 1006 2.31 26.42 10096 3.00 1.95 0.32 0.85 0.15 1.73 8.02
3738 2a81 3.01 911 1.86 2738 10014 2.99 1.95 0.36 0.78 0.13 1.83 8.04
37.85 2139 196 9.13 1.93 28.06 101.24 258 1.95 0.35 0.77 0.13 1.85 8.03
37.65 21.15 2.92 916 1.81 27.84 10087 197 157 0.35 0.78 0.12 1.84 8.03
37.52 21.05 2.87 9.03 1.81 28.16 10047 198 1.97 0.34 0.77 0.12 1.87 8.04
37.93 20.99 2.85 9.40 1.79 27.84 100.90 199 1.95 0.34 0.79 0.12 1.84 8.03
37.75 2099 2.77 9.67 1.77 27.70 10071 198 1.96 033 0.82 0.12 1.83 8.04
37.93 2088 181 9.13 1.73 2850 10086 199 1.94 0.33 0.77 0.12 1.86 8.03
37.74 21.03 176 9.97 1.71 27.45 10081 2.98 156 0.32 0.84 0.11 1.81 8.04
3739 2081 2.66 1003 1.72 2733 10058 259 1.94 0.31 0.85 0.11 1.81 8.02
37.88 21.04 168 952 1.81 27.45 10085 259 156 0.32 0.84 0.12 1.81 8.03
37.87 2087 2.77 9.61 1.78 27.63 10037 2.99 155 0.33 0.81 0.12 1.83 8.03
37.73 2098 2.68 9.60 1.72 27.62 10035 199 1.96 0.32 0.81 0.11 1.83 8.02

• 37.72 21.04 2.78 9.55 1.79 2731 100.46 199 1.96 033 0.81 0.12 1.82 8.03
37.69 21.02 2.78 9.64 1.73 27.47 10045 199 1.96 033 0.82 0.12 1.82 8.03
3739 2056 181 1053 1.61 26.74 10074 199 1.95 0.33 0.89 0.11 1.76 8.03
37.79 21.03 188 9.76 1.81 27.10 10049 2.99 1.96 0.34 0.83 0.12 1.79 8.03
37.79 21.00 2.78 10.74 1.75 26.62 10079 2.98 155 0.33 0.91 0.12 1.76 8.04
37.99 2083 236 10.45 256 2645 10079 3.00 154 0.30 0.88 0.15 1.74 8.02
37.75 2099 156 1136 3.46 24.89 10064 199 1.96 033 0.98 033 1.65 8.03
37.80 2082 2.25 1098 232 25.76 100.49 199 1.94 036 0.93 0.19 1.71 8.03
38.01 20.86 156 1022 2.25 2633 10066 3.00 1.94 030 0.86 0.15 1.75 8.02
38.09 21.17 196 9.68 1.62 2731 101.08 2.99 1.96 0.35 0.82 0.11 1.81 8.03
38.09 m 97 3.27 9.49 1.37 2739 10074 2.99 1.94 0.38 0.80 0.09 1.80 8.02
38.14 2095 312 9.96 1.31 27.07 10078 3.00 154 0.38 0.84 0.09 1.78 8.03
37.78 21.04 311 9.50 1.37 27.51 10060 2.% 156 0.38 0.80 0.09 1.82 8.03

Table H.3.1: Garnet analyses from sample 96/149

SiOz AlzOz MgO CaO MnO FeO NazO KzO Total Si A! Mg Ca Mn Fe Na '  K Total

56.07 0.98 16.29 9.71 0.40 11.65 1.39 0.07 96.56 8.06 an 3.49 1.50 0.05 1.40 0.39 0.01 15.05
58.13 7.86 10.58 1.18 0.00 13.32 6.37 0.02 97.46 8.12 1.29 Z20 0.18 0.00 1.56 1.73 0.01 15.09
57 J5 6.96 1088 1.75 0.01 13.89 5.88 0.03 96.96 8.13 1.16 259 0.26 0.00 1.64 1.61 0.01 15.10
56.74 0.71 17.21 1043 039 11.14 1.13 0.07 97.80 8.04 0.12 3.63 138 0.05 1.32 031 0.01 15.06
55.18 4.45 9.10 14.97 050 1084 5.22 • 0.00 99.75 7.84 0.74 153 Z28 0.00 1.29 1.44 0.00 1531
55.11 6.53 7.81 12.55 0.12 1075 6.20 0.00 99.07 7.83 1.09 1.66 1.91 0.01 158 1.71 0.00 15.48
5073 6.18 5.85 954 0.01 12.89 2.84 0.11 88.55 8.03 1.15 138 1.68 0.00 1.71 0.87 0.02 14.85
58.19 9.44 1089 1.22 0.08 1159 6.40 0.00 97.51 8.04 134 2.24 0.18 051 131 1.72 0.00 15.04
58.42 1047 1071 1.08 0.08 1043 639 0.02 97.80 8.02 1.69 2.19 0.16 051 1.20 1.75 0.01 15.02
5751 lOJO 11.00 1.73 0.05 1012 655 0.04 9739 756 1.70 2.25 0.25 0.01 1.16 1.67 0.01 15.01

■58.09-— 1004----- 1093 -1.61—— 0 59-----1099 — 6 54-----0.00—  97.98— ■7.99-—1.63— 254—■ 0 54—001— 1.27 ■-1 .6 6  —0.00— 15.03
57.88 7.97 11.13 1.73 055 13.02 6.09 0.03 97.89 856 1.31 Z31 0.26 0.01 132 1.65 0.01 15.12

Table H.3.2: Sodic-amphibole analyses from sample 96/149
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SiOz AlzOs MgO CaO MnO FeO NazO Total Si Al Mg Ca Mn Fe Na Total

S3J8 6.31 8.05 13.39 0.10 10.04 6.05 99.32 2.04 0.28 0.44 0.53 0.00 0.31 0.43 4X)4
5550 6.25 7.91 13.30 0.09 952 6.13 98.83 Z05 0.27 0.44 0.53 0.00 0.31 0.44 4.03
55.17 5.94 8.17 13.46 ao9 955 5.87 98.69 2.05 0.26 0.45 034 0.00 031 0.42 4.03
5535 5.81 8.31 13.80 0.11 1Ü23 5.96 99.60 204 0.25 0.46 035 0.00 032 0.43 4.04
55.75 6.99 757 13.10 0.03 9.51 6.48 99.83 2.04 0.30 0.44 031 ox» 039 0.46 4.04
55.18 6.31 759 1334 0.07 9.95 6.35 9932 2.04 038 0.44 034 0.00 031 0.46 4.05
55.24 5.68 837 1438 0.06 1&24 6.01 9955 2.04 035 0.46 036 0.00 0.32 0.43 4.05
55.06 5.17 851 14.92 0.03 ltt27 5.40 99.82 2.03 033 0.49 0.59 0.00 0.32 039 4.05
55.04 4.69 932 1535 0.03 1Ü22 5.17 99.85 2.03 030 0.51 0.61 0.00 0.32 037 4.05
55.15 4.67 9.40 1530 0.09 ia i8 533 ioao5 203 0.20 0.52 0.61 0.00 0.31 037 4.05
55.29 6.45 8.03 13.15 0.06 10.00 638 99.63 2.04 0.28 0.44 032 0.00 0.31 0.47 4.06 .
5555 6.66 7.73 12.83 059 1039 6.70 99.70 2.03 0.29 0.42 031 0.00 032 0.48 4.06
55.16 6.55 7.75 1160 051 1036 6.71 99.34 204 0.29 0.43 030 0.00 033 0.48 4.06
5536 6.69 7.74 13.02 0.10 1038 6.66 99.88 2.04 039 0.42 031 0.00 032 OAl 4.06
55.15 6.40 8.06 13.37 0.09 ia35 6.50 9951 2.03 038 0.44 033 0.00 032 0.46 4.07
55X)7 6.18 7.68 IIM 0.03 1Ü93 6.62 99.61 2.04 037 0.42 032 0.00 0.34 0.48 4.06
55.19 5.78 838 1335 0.08 ia48 6.10 99.46 254 0.25 0.46 0.54 0.00 0.32 0.44 4.05
55.19 6.26 8.01 13.16 0.02 1&49 6.05 99.20 2.04 0.27 0.44 0.52 0.00 0.32 0.43 4XM
55.24 5.31 833 1434 0.09 ia i9 538 99.49 204 023 0.49 0.56 0.00 0.32 0.40 454
53.06 6.38 739 13.14 0.06 ia42 6.43 99.38 2.04 0.28 0.44 032 0.00 0.32 0.46 4.06

Table H 3 3: Sodic-pyroxene analyses from sample 96/149

SiOz AIzOz MgO MnO FeO NazO KzO Total SI Al Mg Mn Fe Na K Total

52.32 2150 4.36 0.03 4.13 0.20 10.22 9333 3.59 1.77 0.45 0.00 0.24 0.03 0.90 6.98
5Z77 20.81 4.70 0.07 3.90 0.12 11.23 93.71 3.62 1.69 0.48 0.01 0.23 0.02 0.98 7.03
51.01 21.58 . 5.44 0.00 434 0.15 ia38 93.05 333 1.76 0.56 0.00 0.25 0.02 052 7.05
5Z13 22.09 4.19 0.10 430 0.16 1&65 93.78 338 1.78 0.43 0.01 0.25 0.02 053 7.00
52.67 21.72 4.40 0.04 432 0.15 ia52 93.84 3.60 1.75 0.45 0.00 0.24 0.02 0.92 6.99

Table H.3.4: Phengite analyses from sample 96/149

SiOz AIzOz MgO CaO MnO FeO NazO Total Si Al Mg Ca Mn Fe Na Total

38.18 23.26 0.03 23.21 0.05 12.46 0.01 97.20 3.37 2.42 0.00 2.20 0.00 0.92 0.00 852
37.80 24.12 0.03 23.47 0.07 11.26 0.00 96.74 3.34 231 0.00 2.22 0.00 0.83 0.00 851
38.45 26.81 0.15 23.10 0.10 7.73 0.01 96.35 3.33 Z74 0.02 2.14 0.01 0.56 0.00 8.80

Table H.3.5: Epidote analyses from sample 96/149
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H.4 Sample 96/158

SiOi AhOa MgO MnQ FeO NaiO KiO Total Si AI Mg Mn Fe Na K Total

5154 2104 4.27 0.01 4.3 0.13 109 93.36 336 1.79 0.44 0 0X5 0.02 0.96 7.02
51.73 2151 4.26 0.01 3.88 0.15 11.16 93.9 335 1.82 0.43 0 0.22 0.02 0.98 7.03
51.56 2138 4.32 0.02 3.84 0.15 1078 93X1 335 1.82 0.44 0 0.22 0.02 0X5 7X1
5151 21.99 4.28 0 4.05 0.13 11 93.14 336 1.79 0.44 0 0.23 0.02 0X7 7.03
51.44 2134 4.11 0.01 4 1 0.14 1076 93.18 335 1.82 0.42 0 0X4 0.02 0.95 7.02
5188 2U 5 4 J2 0.03 4.61 0.12 1067 94.51 3.6 1.73 0.46 0 0X6 0X2 0X3 7
5159 2155 4.18 0.02 4.06 0.17 1018 93.74 334 1.83 0.43 0 0X3 0.02 0.96 7.03
5108 2132 4.29 0.02 41 0.14 11.1 94.3 3.56 1.8 0.44 0 0X4 0.02 0.97 7.03
5101 215 4.25 0.01 3.92 0.15 1087 93.9 3.56 1.82 0.43 0 0.23 0.02 0.95 7.01
51.79 2171 4.16 0 4.12 0.15 1095 94.06 3.54 1.83 0.42 0 0.24 0.02 0.96 7X2
5104 2166 4.33 0.01 3.95 0.15 1066 93.98 335 1.82 0.44 0 0.23 0.02 0.93 7
5107 2109 4.37 0.02 415 0.12 11.09 94.16 336 1.78 0.45 0 0.24 0.02 0.97 7.03
51.96 2137 4.28 0.02 311 0.13 1091 93.76 336 1.81 0.44 0 0.23 0.02 0X5 7.01
51.66 2158 4.18 0 3.97 0.14 11.09 933 334 1.83 0.43 0 0.23 0.02 0.97 7.03
51.64 2148 417 0 4.1 0.14 1089 93.71 335 1.82 0.44 0 0X4 002 0.95 7.02
51.94 2152 419 0 3.92 0.14 1079 93.81 336 1.82 0.44 0 0X3 0.02 0.94 7.01
5137 2124 4.35 0 4.03 0.13 10.9 94.21 3.57 1.79 0.44 0 0X3 0.02 0.95 7.01
51.7 2144 4.1 0 4.36 0.15 1096 93.93 3.55 1.82 0.42 0 0.25 0.02 0.96 7.02
51.05 2144 4.26 0.02 3.88 0.14 11.07 03.06 3.56 1.81 0.43 0 0.22 0.02 0.97 7.02 ■
511 2141 4.36 0X)1 4 0.15 11.06 94X6 336 1.8 0.45 0 0.23 0.02 0X6 7.02
51.73 216 4.1 0.01 417 0.16 11.05 94.11 334 1.82 0.42 0 0.24 0.02 0X7 7.02

Table H.4.1: Phengite analyses from sample 96/158

Si02 AI2O3 MgO CaO MnO FeO N% 0 Total Si Al Mg Ca Mn Fe Na Total

55.12 6.13 7.43 1181 0.06 11.43 6.87 99.85 2.04 0.27 0.41. 031 0.00 035 0.49 4.07
55.03 4.93 8.13 13.91 0.07 1Z17 631 10056 2.04 OX I 0.45 035 0.00 0.38 0.45 ■ 4.08
55.38 4.96 8.42 14.14 0.06 11.75 6.03 10074 2.04 0X2 0.46 0.56 0.00 0.36 0.43 4.07
54.47 5.98 7.98 13.05 ao6 10.55 6.46 9834 2.04 0X6 0.45 0.52 0.00 0.33 0.47 4.07
55.34 5.95 7.80 13.17 0.06 11J4 6.69 10038 2.04 0X6 0.43 0.52 0.00 0.35 0.48 4.07
55.01 5 .» 7.89 1316 0.08 1214 636 10033 X04 0 .^ 0.44 0.53 0.00 0.38 0.47 4.08
55J9 6.17 8.09 13J6 0.05 10.71 6.69 10068 Z03 0.27 0.44 032 0.00 0.33 0.47 4.07
55.67 6Æ» 7.82 1178 0.08 1067 7.07 10068 X03 0.28 0.43 030 0.00 033 030 4.07
55.44 5.71 7.99 13.32 0.06 11.69 6.64 10086 X04 0.25 0.44 032 0.00 036 0.47 4.08
54.80 4.64 8.41 14.22 0.07 1X18 6.04 10037 2.03 0.20 0.47 037 0.00 038 0.44 4.08

Table H.4.2: Sodic-pyroxene analyses from sample 96/158
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SIO, AI2O3 MgO CaO MnO FeO Total Si Al Mg Ca Mn Fe Total

38.22 21.20 1.81 9.04 Z92 28.32 101.69 3.00 1X7 0.21 0.76 0.20 1.86 8.01
38.07 21.19 1.81 9X3 Z85 28X4 101.77 2X9 1X7 0.21 0.78 0.19 1.88 8.02
37.91 21.02 1.82 9X5 2.85 28.38 101.38 2X9 1.96 0.21 0.79 0.19 1.88 8.03
37.73 21.12 1.81 8.87 2.76 28X2 101.24 Z99 1.97 OZl 0.75 0.19 1.91 8.03
37.94 21.09 1.83 8X1 2.84 28.82 101.49 2X9 1.96 0Z2 0.75 0.19 1.90 8.02
37.68 21.(S . 1.81 8.79 2.81 28.73 101.24 Z98 1.97 OZl 0.74 0.19 1.90 8.03
3731 20X9 1.80 8X6 2.86 28X5 101.01 2.98 1.97 OZl 0.75 0.19 1.92 8.03
37.78 21X1 1.81 8.81 2.88 28.85 101X1 2.99 1.96 OZl 0.75 0.19 1X1 8.02
37.59 20X4 1.77 8.81 2.87 29.00 101.05 2.99 1X6 021 0.75 0.19 1.93 8.03
37.96 20X2 1.77 8.80 Z87 28.96 101.35 3.00 1X5 0.21 0.75 0.19 1.92 8.02
37.90 21.15 1.81 8.59 Z94 29.05 101.49 2X9 1X7 0.21 0.73 0.20 1.92 8.02
37.38 21.05 1.80 8.66 Z94 29.21 101.08 2X7 1.97 OZl 0.74 OZO 1.94 8.04
37.38 2089 1.79 8.72 Z87 28.63 10033 2.99 1.97 OZl 0.75 OZO 1.91 8.03
37.35 21.06 1.79 8X4 Z87 28.78 101X8 Z96 1.97 OZl 0.76 0.19 1.91 8.03
37.45 21.05 1.75 8.90 2.81 28.69 10068 Z98 1.98 OZl 0.76 0.19 1.91 8.03
37.49 20X8 1.72 8.77 2X9 28.82 10088 Z98 1.97 OZO 0.75 OZO 1X2 8.03
37.47 2088 1.71 8.60 3.04 28.68 100X9 2.98 1X6 0.20 0.73 0.20 1X1 8.02
37.66 2093 1.76 8.69 3.09 28.70 101.14 2.99 1X6 0.21 0.74 0.21 1X1 8.02
37.72 2085 1.83 8.83 3.11 28.68 101.17 2X9 1X5 0Z2 0.75 0.21 1.90 8.03
37.20 20X5 1.79 8.93 3.04 28.94 101.09 2X6 1.97 OZl 0.76 OZO 1.93 8.05
37.44 20X7 1.74 8.89 3.10 28.61 10092 2X8 1.97 OZl 0.76 OZl 1.90 8.03
37.33 2089 1.71 8.84 3.13 28X9 10066 Z98 1.97 OZO 0.76 OZl 1.91 8.04
3731 2073 1.72 9.02 3.24 28.65 100.86 Z98 1.95 OZO 0.77 0Z2 1X1 8.04
3730 2086 1.74 8.97 3.16 28.45 10068 2.98 1.96 OZl 0.77 0.21 1.90 8.03
37.61 2082 1.74 9.19 3.18 28X1 101.14 2.99 1X5 0.20 0.78 0.21 1.89 8.03
37.62 2094 1.73 9.15 3X0 28X8 101.08 2X9 1X6 OZO 0.78 0.22 1.88 8.03
37.36 2086 1.75 8.03 3.44 2142 10081 3X8 1X6 OZl 0.76 0.23 1.89 8.03
37.30 20X2 1.74 8X2 3X2 2177 10071 2X8 1.96 OZl 0.73 0Z4 1.92 8.04
37.81 2075 1.80 8.45 3X4 2162 101.03 3.00 1.94 OZl 0.72 0Z4 1.90 8.02
37.32 20.85 1.71 8.41 3.63 28X5 10071 Z98 1.96 OZO 0.72 0Z5 1.91 8.03
37.15 20.72 1.72 8.45 3.75 2173 10057 2.98 1.96 OZl 0.73 0.26 1X3 8.05
37.62 2080 1.72 8.44 3.88 2145 101.02 2.99 1.95 0.20 0.72 0.26 1X9 8.03
37.18 2072 1.65 8X9 3.96 2106 10041 2.98 1X6 0.20 0.74 0.27 1X8 8.04
37.37 2071 1.65 8.65 3.94 27.97 10033 2X9 1X5 0.20 0.74 0.27 1.87 8.02
37.16 2085 1.57 8X1 4.09 28.07 10066 2X7 1X7 0.19 0.77 0Z8 1.88 8.04
37.50 2077 1.57 8X4 4X2 27.61 10079 2X9 1.95 0.19 0.77 0Z9 1.84 8.03
37.30. 2077 1.53 8X4 4X2 27.76 10066 2.98 1.96 0.18 0.77 0Z9 1.86 8.04
37.10 ■ 20.77 1X5 8.97 4.42 27.50 10040 Z97 1.96 0.19 0.77 OZO 1.85 8.04
37.16 20.82 1.48 8.98 4.51 27.62 10097 Z96 1.96 0.18 0.77 OZl 1.84 8.04
37X4 2081 1.42 8.79 4X1 27X1 100.79 2.98 1.96 0.17 0.75 0.31 ' 1X7 8.04

. 37.10 2082 1X0 8X2 4.65 27.74 10037 2.98 1X7 0.18 0.73 0.32 1.86 8.03
37.19 2072 1.48 8.44 4.81 27.87 100.85 2.97 1X5 0.18 0.72 0.33 1.86 8.04
37.45 2067 1.46 8X7 4.67 27.96 10083 2X9 1.95 0.17 0.74 0.32 1.87 8.03
36.98 20.77 1.39 8.35 4.86 27.61 10055 2X7 1.96 0.17 0.72 0.33 1.85 8.03
37.19 20.77 1.42 8.64 4X2 27.74 10080 2.98 1.96 0.17 0.74 0Z3 1.86 8.04
37.21 20.79 1.40 8.46 4.78 27.73 10042 2.99 1.97 0.17 0.73 0Z2 1.86 8.03
37X2 2087 1.35 8.77 4.80 27.74 10092 2.97 1.97 0.16 0.75 0Z2 1.85 8.03
37.(S 2084 1.36 8,78 4.77 27XS 100.43 2,97 1,97 0,16 0,73 Q32 1.83 8 ,0
37.10 2082. 1X6 8.73 4.81 27.45 10061 2X7 1X7 0.16 0.75 0.33 1X4 8.03
37.17 2078 1X7 8.83 4.95 27X6 100.70 2.97 1X6 0.15 0.76 0.34 1.82 8.03
36.92 20X1 1.24 9.16 4X4 26.79 10010 2X7 1X2 0.15 0.79 0.34 1.80 8.02
37.41 20.77 1.27 8.72 5.06 27.31 10089 2X9 1.95 0.15 0.74 0.34 1.82 8.02
36.58 20.81 1.27 8X5 5X5 27.29 99.92 2X6 1.M 0.15 0.74 0.36 1.85 8.05
3&91 2058 1X2 8.36 5X0 27.19 99X2 2X9 1.97 0.15 0.73 0Z6 1.84 8.03
36.89 2074 1X5 8.29 5X8 27.19 99.69 Z98 1.97 0.15 0.72 0Z6 1.84 8.03
37X3 2071 1X1 8.69 5.27 27.06 100.78 2.99 1X5 0.14 0.74 0Z6 1X1 8.02
37.11 2068 1X1 8.68 5/43 27.04 100.68 Z97 1.95 0.14 0.74 0Z7 1X1 8.03
36.97 2069 1X7 8.49 5.63 27.13 100.41 2.97 1X6 0.15 0.73 0.38 1X2 8.04
37.07 2068 1.27 8X4 5.73 26.92 100.19 2.98 1X6 0.15 0.72 0.39 1.81 8.03
37.10 20.77 1.25 8X5 5.70 27.29 10043 2X8 1.97 0.15 0.71 0.39 1.83 8.03
37.03 20.62 1.28 8.25 5X2 27.22 10042 2X8 1.95 0.15 0.71 0.40 1.83 8.03
37X5 2064 1X8 8.46 5.73 26.89 10031 2X9 1.95 0.15 0.73 0.39 1.81 8.03
37.09 2093 1X3 8.61 4.31 27.66 10025 Z98 1.98 0.18 0.74 0Z9 1.85 8.03
37X3 21.04 1.70 8.76 3.32 2135 10071 Z97 1.98 OZO 0.75 0Z3 1.89 8.03
37.01—-21.20— - 1 X 6 - 9.08 — -1X5 ---- 29X6— 100X4— Z 9 6 - zoo- 0.23--0.78— 0;i 1— 1X6— 804"
37.38 21.11 2.04 9.08 1X6 29.18 10041 2.98 1.98 0Z4 0.77 0.11 1X4 8.03
37.29 20.86 1.99 9X3 1X8 29.30 10044 2.98 1X6 0.24 0.80 0.11 1.96 8.04
37.70 21.03 1.79 9X8 1.67 2149 10090 2.99 1X6 OZl 0.85 011 1.89 8.02
37.44 21.15 1.80 9.95 1.65 2142 10068 2X7 1.98 OZl 085 0.11 1.89 8.03
37.46 21.05 1.85 1005 1.42 2143 10036 2.% 1.97 0Z2 0.86 0.10 1.89 8.03
37.22 2096 1X3 1024 1X4 2143 10034 Z97 1X7 0Z2 0.88 0.11 1.90 8.04
37.14 20.91 1.73 1009 1.62 2171 10029 Z97 1.97 OZl 0.86 0.11 1X2 8.04
37.45 20.98 1.72 10.16 1.65 2141 100.43 Z98 1.97 OZO 0.87 0.11 1.89 8.03
37X5 2099 1.72 10.30 1.70 2129 100X0 2.97 1X7 0.20 0.88 0.11 1X9 8.03
37X9 21.01 1.65 1045 1.63 2112 10043 2.97 1X7 0.20 0.89 011 1.87 8.03
37.46 21.04 1.70 1047 1.62 2133 10091 2X7 1X7 OZO 0.89 011 1.88 8.03
37.75 2094 1.67 1046 1.59 28X8 10076 2X9 1.96 OZO 0.89 0.11 1.88 8.02
37.53 21X1 1.67 1049 1.62 2134 101.34 2X6 1.97 OZO 0.89 0.11 1.87 8.03
37.30 20X9 1.72 1046 .1.60 2127 100X9 Z97 1.97 OZO O.W 0.11 1.88 8.04
37.65 2086 1.67 10X6 1X9 2131 106.74 2.99 1.95 OZO 0.90 0.11 1.88 8.05
37X2 21.05 1.66 1018 1X9 2154 100.55 2.96 1.98 OZO 0.87 0.11 1X0 8.04
37X2 20.95 1.70 9.97 1.61 2178 10071 2X6 1.97 0.20 0.85 0.11 1X2 8.03

Table H.4.3: Garnet analyses from sample 96/158

A f f e n b ix H 2 2 7



H.5 Sample 96/159

S102 AI2O3 M g O C aO M n O F e O T o ta l SI AI M g C a M n F e T o ta l

36X1 2056 1.92 9.11 0.64 31.03 10026 2.96 1.95 0.23 0.78 0.04 2X9 8.06
37X4 2048 1.96 9.19 0.63 31.05 10047 2X7 1.94 0.23 0.79 0.04 308 8.06
37X0 2052 1.93 9.13 0.63 30.74 10024 2X7 1X4 033 0.79 0.04 2.06 805
3675 2045 1X8 936 0.71 3071 10024 2X6 1X4 033 0.80 0.05 2.06 806
37.02 2051 1X0 9.21 0.73 30.88 10070 2.96 1.94 033 0.79 0.05 2X7 8.06
37.44 2056 1X2 9.41 0.84 3036 10059 2.99 1.93 0.23 0.80 0.06 2.03 8.04
3688 2059 1.90 9.47 083 3049 10034 2.96 1.95 0.23 0.81 0.06 2X5 8.06
37.13 2054 1.90 931 1.06 3015 10038 2.97 1.94 0.23 0.82 0.07 302 8.05
36X9 2067 1.86 9.33 1.16 3014 10021 2X7 1.95 0.22 0.80 0.08 302 805
37.13 2067 1.88 9.43 132 3012 10057 2X7 1X5 033 0.81 0.08 2.01 805
37X3 2076 1.97 939 1.03 30.07 10065 2.96 1.95 033 0.80 0.07 2.01 805
37.13 2076 1.99 9.44 1X0 30.16 10038 Z97 1.95 024 0.81 0.07 2X1 805
37.41 2073 1.94 9.36 1.02 3017 10072 2.98 1.95 0.23 0.80 0.07 2.01 804
37.10 2071 1X2 9.57 1.00 29.89 10061 2.96 1.95 0.23 0.82 0.07 300 8.05
37.19 2080 1.88 9.74 1.06 29.66 10076 2X6 1.95 0.23 0.83 0.07 1.98 8.05
37Z3 2076 1.89 9.88 1.13 29.75 10081 2X7 1.95 033 0.84 0.08 1.98 806
37.17 2079 1.89 9.98 1.15 29.35 10063 2X6 1.95 033 0.85 0.08 1.96 8.05
37 j l 20.71 1.86 9.91 1.17 29.44 101.07 198 1.94 032 0.84 0.08 1.95 803
37.14 2070 1.83 10.04 1.43 29.34 10037 197 1.95 0.22 0.86 0.10 1X6 805
37.20 2068 1.73 9.88 134 2930 10080 2.96 1.94 0.21 0.84 0.11 1.95 8.04
37.64 2072 1.69 1005 1.68 28X3 10078 2.99 1.94 0.20 0.86 0.11 1X2 8.03
37.19 2075 1.57 1035 1.96 28.68 10068 2.97 1.95 0.19 0.89 0.13 1.91 805
37.09 2072 1.58 1039 101 28.67 10064 2X6 1.95 0.19 0.89 0.14 1.92 806
37.17 2078 132 1047 2X4 2834 10058 2X7 1X6 0.18 0X0 0.14 1.91 805
3734 20.69 131 1037 107 28.30 10038 198 1.95 0.18 0X0 0.14 1.89 8.04
3734 2085 . 1.47 10.83 101 28.03 100.68 197 1.96 0.17 0.92 0.14 1.87 804
37.07 2086 1.43 11.07 2X2 27.99 10052 2.96 1.97 0.17 0.95 0.14 1.87 8X6
37.01 2078 1.45 11.45 2.05 27.78 10061 2.96 1.96 0.17 0.98 0.14 1.85 806
37.37 2080 1.34 11.82 2.00 27.39 10091 2.97 1.95 0.16 1.01 0.14 1.82 8.05
3737 2093 1.32 1100 1.96 27.10 101.16 2.96 1X6 0.16 1.02 0.13 1.80 805
37.47 2089 . 1.24 1135 132 2634 10087 2.97 1.95 0.15 1.05 0.16 1.76 804

Table H.5.1: Garnet analyses from sample 96/159

SI02 AI2 O 3 M g O M n O F eO N * 0 K 2 O T o ta l Si AI M g M n F e N a K T o ta l

54.15 21.96 4.95 0.02 4.18 0.08 11.31 9665 3.60 1.72 0.49 0.00 0.23 0.01 0.96 7.02
54.75 2230 • 4.98 0.00 3X3 0.10 11.19 9736 3.61 1.73 0.49 0.00 0.22 0.01 0.94 7.00
54.18 2397 4.88 0.01 4.00 0.13 1134 97.40 3.57 1.78 0.48 0.00 032 0.02 0.95 7.02
54.63 22.60 4X1 0.01 3.94 0.12 1134 97.44 3.60 1.75 0.48 0.00 032 0.01 0X4 7.00
54.35 2334 4X1 0.01 4.18 0.11 11.17 9699 3.60 1.74 0.48 0.00 0.23 0.01 0X4 7.01
-5397 2385 4.39 0.01 438 0.15 11.13 95.88 336 1.81 0.44 0.00 0.25 0.02 0.95 7.03
53.89 2234 4.86 0.01 4.01 0.08 11.30 9648 339 1.75 0.48 0.00 0.22 0.01 0.96 7.02
5344 2233 434 0.00 4.45 0.14 11.20 95.00 336 1.78 0.46 0.00 0.25 0.02 0.97 7.04
53.00 2341 431 0.02 435 0.13 11.12 95.74 337 1.78 0.45 0.00 0.26 0.02 0.95 7.03
5377 2314 434 0.00 4.89 0.10 11.28 95.72 3.56 1.76 0.46 0.00 038 0.01 0.97 7.04
53.80 2314 4.81 0.01 4.41 0.17 11.03 9638 3.59 1.74 0.48 0.00 035 0.02 0.94 7.02

Table H.5.2: Phengite analyses from sample 96/159

S iO j AI2O3 M g O C aO M n O F e O N azO T o ta l S i T i AI M g C a M n F e N a T o ta l

54.39 4.19 8.92 13.78 034 10X3 5.62 97.98 2.05 0.00 0.19 030 036 0x1 0.34 0.41 4.06
53.37 5.03 8.00 1344 0.16 1071 6.30 98.95 2.00 0.08 0.22 0.45 030 0.00 0.33 0X6 4.04
55.19 4.64 8.76 13.60 0.17 1079 5.85 99.10 2.05 0.00 030 0.49 034 0.00 034 0.42 4.05
55.62 4.34 1138 1332 0.17 9.97 5.00 98.78 2X6 0.00 0.19 0.62 0.49 0.01 0.31 0.36 4.03
5537 4.93 8.89 1331 0.19 1041 5.96 99.16 305 0.00 032 0.49 0.54 0.01 0.32 0.43 4.06
55.27 4.87 8X2 13.87 0.21 1050 5.95 99.60 2.05 0.00 031 0.49 0.55 0.01 033 0.43 4.06
55.33 4.68 9.15 13.81 0.19 1036 5.80 99.34 2.05 0.00 0.20 0.51 035 0.01 0.32 0.42 4.05
54.06 4.83 8.88 13.74 030 10.10 5.67 97.54 2.04 0.00 0.21 0.50 036 0.01 0.32 0.42 4.06

Table H.5.3: Sodic-pyroxene analyses from sample 96/159
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