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A B S T R A C T 

Petrogenesis of ColKsion'Related Plutonic Rocks, Central Anatolia (Turkey) 

Central Anatolia exhibits good examples of calc-alkaline and alkaline magmatism of 

similar age in a collision-related tectonic setting (continent-island arc collision). In the 

Central Anatolia region, post-collisional plutonic rocks (around 79.5 to 66.6 Ma) intrude 

Palaeozoic-Mesozoic metamorphic rocks overthrust by Upper Cretaceous ophiolitic units to 

make up the Central Anatolian Massif. 

In the Massif, three different intrusive rock types are recognised based on their 

geochemical characteristics: (i) calc-alkaline (Behrekdag, Cefalikdag, Celebi-BCC); (ii) 

transitional (Baranadag-B); and (ii) alkaline (Hamit-H). The BCC and B plutonic rocks are 

metaluminous, I-Type ranging from monzodiorite to granite. The H plutonic rocks are 

metaluminous to peralkaline, predominantly A-Type ranging from nepheline monzosyenite 

to quartz syenite. 

Two types of igneous enclave have been recognised in the BCC plutonic rocks; (i) 

fine-grained (Type-I); and (ii) medium-grained to porphyritic with feldspar megacrysts 

(Type-II). Field, petrographic and geochemical evidence suggest that the Type-I enclaves 

originated from injection of mafic magma into more silicic magma. Field, petrographic and 

mineralogical evidence together with major and trace element geochemistry suggest that the 

Type-II enclaves formed as cumulates of early-crystallised minerals (e.g. clinopyroxene, 

plagioclase, amphibole and biotite) from the granitoid magmas. 

All intrusive rocks show enrichment in LILE and LREE relative to HFSE and have 

high '̂Sr/̂ *Sr and low ''*̂ Nd/''**Nd ratios. These characteristics indicate an enriched mantle 

source region(s) carrying a subduction component inherited from pre-collision subduction 

events. Rb, Nb, Y versus SiOa diagrams and the tectonic discrimination diagram of Rb and 

the (Y+Nb) suggest that the BCC, B and H plutonic rocks have been affected by crustal 

assimilation combined with fractional crystallisation processes. 

Coexistence of calc-alkaline and alkaline magmatism in the Central Anatolian 

Massif has been attributed to mantle source heterogeneity before collision. Either thermal 

perturbation of the metasomatised lithosphere by delamination of the thermal boundary layer 

(TBL) or removal of a subducted plate (slab breakoff) are the likely mechanisms for the 

initiation of the post-collisional magmatism in the Massif. 
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CHAPTER 1- Introduction 

Chapter 1 
INTRODUCTION 

Granitic rocks can have a wide range of sources, from upper mantle to upper 

crust, displaying a significant correlation with tectonic setting (Pearce, 1996). These 

settings are; mid-ocean ridge, oceanic island arc, active continental margin, intraplate 

settings, particularly rift zone and collision zones. 

Many collision zones (e.g. the Himalayas and Anatolia) display associations 

of calc-alkaline to alkaline magmatism which are closely related in space and time. 

The genesis of these calc-alkaline to alkaline magmatism has been the subject of 

debate, even though their origins still remain one of the most interesting and least 

well understood of all petrological problems. Bonin (1990) carried out some work on 

the intrusive rocks in the Alps, where magmatism changed from calc-alkaline to 

alkaline around the end of Permian. He argued that the source was roughly similar, 

and the change from calc-alkaline to alkaline magmatism was caused by decreasing 

water contents. When water is present, calc-alkaline magmas are produced from 

mantle; when water is unavailable, the same source generates alkaline magmas. 

Pearce et al. (1990) did some work on the collision-related volcanics in Eastern 

Anatolia. They argued that derivation from mantle above an earlier subduction gives 

a calc-alkaline character and derivation from the lithosphere beneath the passive 

margin gives an alkaline character. 

The Central Anatolia region has been chosen for this study, as this region 

exhibits good examples of calc-alkaline and alkaline magmatism of similar age in a 

collision-related tectonic setting. In this work, attention is focused on the 

petrogenetic evolution of the Central Anatolian intrusive rocks. 

1.1. Geological setting of the Central Anatolian Massif 
Turkey is one of the important segments of the Tethyan orogenic collage, 

which lies between Eurasia in the north and Gondwanaland in the south. It is made 

up of a number of continental blocks separated by ophiolitic suture zones (Figure 

1.1). This complex structure formed as the result of the closure of the different 
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branches of the Neotethyan ocean during the late Cretaceous-Eocene (Sengor and 

Yilmaz, 1981). 

The studied area is situated in one of these blocks, the Central Anatolian 

Massif (Figure 1.1). The Massif is variously called the Kirsehir Massif, the 

Kizilirmak Massif (Erkan, 1981), the Kirsehir continent (Sengor et al., 1984) and the 

Central Anatolian Crystalline Complex (Gonciioglu et al., 1991). Two main models 

for the evolution of the Central Anatolian Massif have been proposed as follows: 

(i) According to Sengdr and Yilmaz (1981), the closure of Paleo-Tethys 

during the middle Jurassic meant that only two oceans were left in Turkey: the multi-

branched northern, and the relatively simple, southern branch of Neo-Tethys (Figure 

1.2). Sengor and Yilmaz (1981) postulated that the northern branches of Neo-Tethys 

consisted of the Izmir-Ankara-Erzincan, Intra-Pontide and the Inner Tauride oceans 

and that these separated the Anatolide-Tauride platform together with the Bitlis-

Potiirge fragment from Eurasia (Figure 1.2). By contrast, the southern branch of Neo-

Tethys separated the platform and fragment from the main body of Gondwanaland. 

According to Sengor and Yilmaz (1981), the Intra-Pontide and the Izmir-Ankara-

Erzincan oceans isolated the Sakarya continent within the northern branches of Neo-

Tethys. 

The Izmir-Ankara-Erzincan ocean began opening between the Sakarya 

continent to the north and the Anatolide-Tauride platform to the south during the 

early Jurassic (Lias) (Figure 1.2a). The northern branches of the Neo-Tethyan ocean 

reached their maximum size during the early Cretaceous (Figure 1.2c). 

The Izmir-Ankara-Erzincan ocean started to close at the beginning of the late 

Cretaceous along two north-dipping subduction zones beneath the Pontide arc 

(Sengor and Yilmaz, 1981) (Figure 1.2d). According to Sengor and Yilmaz (1981), 

the Rhodope-Pontide fragment collided with the Sakarya continent during the latest 

Cretaceous along the Intra-Pontide suture and acted as a single bIock-"the Pontides". 

Ophiolite and ophiolitic melange slivers from the Izmir-Ankara-Erzincan 

ocean, were obducted southwards onto the northern margin of the Anatolide-Tauride 

platform during the late Cretaceous (Figure 1.2d). Sengor and Yilmaz (1981) named 

these ophiolite and ophiolitic melange slivers "the Bozkir ophiolite nappe". 
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This obduction caused crustal thickening, metamorphism and subsequent 

granite plutonism in the northern edge of the platform. The Anatolide-Tauride 

platform and the Pontides collided during the late early-middle Eocene (Sengor and 

Yilmaz, 1981). As a result of this collision, extensive internal deformations and 

uplifts of the Anatolide-Tauride platform took place (Figure 1.2e). 

(ii) In contrast to the Sengor and Yilmaz (1981) model, Gor«r et al (1984) 

assumed a distinct Inner Tauride ocean (Figure 1.3). In their model, the three major 

tectonic elements, the Pontides, the Menderes-Taurus and the Kirsehir Blocks, were 

all separated from one another by various branches of Neo-Tethys during the late 

Maastrichtian, with the exception of the contact between the toe of the Sakarya 

continent and the northwest comer of the Kirsehir Massif (Figure 1.3a). 

North-dipping subduction of the northern branch of the Neo-Tethys began 

beneath both the Rhodope-Pontide fragment and the Sakarya continent during the 

Cenomanian and Turonian interval (Goriir et al., 1984). After the Maastrichtian 

collision of the Sakarya continent with the Rhodope-Pontide fragment, a single, 

sinuous, north-dipping subduction zone remained along the southern boundary of the 

Pontides (Sakarya continent-t-Rhodope-Pontide fragment) (Figure 1.3a). 

Goriir et al. (1984) argued that the Baranadag plutonic complex, which 

follows the western margin of the Kirsehir Massif (Figure 1.4), began its intrusion 

during the Maastrichtian and continued through the Palaeocene. They suggested that 

the nearest subduction zone with appropriate age and orientation that could have 

generated this magmatic axis was the Inner Tauride suture (Sengor et al., 1982), 

located to the west and southwest of the Tuzgolu Basin (Figure 1.3b). Goriir et al. 

(1984) argued that the Baranadag plutonic axis represents an Andean-type 

continental arc perched along the western margin of the Kirsehir Block as the latter 

moved westwards relative to the Menderes-Taurus Block. 
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During the late Maastrichtian, major parts of the Kirsehir Massif were 

covered by an ophiolitic nappe expelled from the northern branch of Neo-Tethys, 

now represented by the Erzincan suture. The initial contact between the Kirsehir 

Block and the Pontides took place during the late Maastrichtian (Figure 1.3a). 

Because arc magmatism both north of the Erzincan suture and along the western 

margin of the Kirsehir Massif continued into the Eocene (Figures 1.3a-c), thus 

neither the Erzincan nor the Inner Tauride sutures could have closed prior to the 

Palaeocene. 

The collision of Sakarya and Kirsehir fore-arcs pinned the northwest comer 

of the Kirsehir Block to the Pontides, and around it the Kirsehir Massif began to 

rotate in an anticlockwise fashion until its entire present northern margin completely 

collided with the eastern Pontides along the Erzincan suture during the Priabonian 

(Seymen, 1975) (Figure 1.3c). The Inner Tauride suture closed during the late 

Eocene, thus completely isolating the Tuzgolu Basin among three converging 

continental blocks (Figure 1.3c). 

The age of closure of the Izmir-Ankara-Erzincan ocean and the emplacement 

age of the Bozkir ophiolite nappe onto the Anatolide-Tauride platform are still the 

subject of debate. For the age of closure of the Izmir-Ankara-Erzincan ocean, Sengor 

and Yilmaz (1981) argue for a late Palaeocene-early Eocene collision between the 

Pontides and the platform. However, on the basis of blueschist evidence. Okay 

(1984a) postulated a late Cretaceous age for the final collision. He also added that the 

collision may have been diachronous, starting in the late Cretaceous in northwest 

Turkey and progressing eastward to the Eastern Sakarya Zone where island arc 

volcanism continued into the Eocene. Harris et al. (1994) argued that the obduction 

of the ophiolite fragments along the Izmir-Ankara-Erzincan suture zone indicate that 

the time of collision was certainly earlier than the middle Eocene and probably after 

the upper Cretaceous (Turonian). 

Faunal data suggest that ophiolites in central Anatolia (Gonciioglu et al., 

1992a; Yaliniz et al., 1996) and those in the Kutahya-Bolkardag Belt (Figure 1.1) 

(Ozcan et al., 1989; Gonciioglu, 1990) were emplaced by the pre-Upper 

Maastrichtian. Onen and Hall (1993) used stratigraphic evidence to postulate that 

ophiolite emplacement around the Kiitahya region was completed by the 

Maastrichtian. 
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1.2. Previous studies in the Central Anatolian Massif 
Most of the previous work in the Central Anatolian Massif has concentrated 

on the general geology and the metallogenic provinces of the Massif. 

Ketin (1955, 1963) carried out some of the early work on general geology of 

central Anatolia. The term "Central Anatolian Massif is used by him to refer to the 

crystalline rocks around Kirsehir. He (1963) revised and complied earlier and recent 

works on central Anatolia and prepared a map on a scale of 1:500 000. 

Erkan (1976) studied the characteristics and conditions of metamorphism 

around Kirsehir. According to him, these rocks were metamorphosed under high 

temperature-medium pressure conditions and the degree of metamorphism increased 

from the south to the north-northeast of the Massif. 

Gonciioglu (1977) did some work on the metamorphic rocks in the southern 

part of the Central Anatolian Massif. He named the Nigde group and argued that 

these rocks were the product of a medium-high grade of metamorphism. 

Seymen (1981, 1982) studied the area between the Kirsehir and Kaman 

regions which comprises mainly the metamorphic rocks of the Central Anatolian 

Massif. He named these metamorphics "the Kaman group" and divided them into the 

Kalkanlidag, Tamadag and Bozcaldag formations. The Kalkanlidag formation is 

characterised by a complex of gneisses, biotite schists, pyroxene schists, quartzites 

and calc-silicate schists. The Tamadag formation is an intercalation of marbles, 

schists and gneisses. The Bozcaldag formation is primarily composed of marbles, 

meta-chert bearing marbles and meta-cherts. On the basis of their sedimentary 

characteristics, Seymen (1983, 1985) argued that the protoliths of the basal part of 

this sequence were flood plain-meandering river sediments, passing upward into 

shallow marine elastics followed by neritic platform carbonates. The protoliths of the 

uppermost lithologies of this unit were probably a flysch sequence. According to 

Seymen (1985), there is no direct evidence either for the age of the protoliths or for 

the age of metamorphism, although the unconformably overlying, non-metamorphic 

elastics define the upper age limit as the late Maastrichtian. The stratigraphy of the 

Central Anatolian Massif based on his work is given in Figure 1.5. 
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T H I C K N E S S L I T H O L O G Y E X P L A N A T I O N S 

Holocene Presenl day stream sedimmts 
irsehir limestone member 

Akkasdag tuff member 
KIZILIRMAKFm 

Plioceae 

100-500 
CADIRLIHACryUSUF Fm 
ARZILAR LIME.STONE 

CONGLOMERATE 
~0-100/M)-160 

KARTALFm-2 

BUZLUKDAG PLUTON 

BARANADAG PLUTON 
Uppennost 
Cretaceous-
Palaeocene KOTUDAG VOLCANICS 

ASMABOGAZIFin Upper 
Maastrichtian 30-150 KARTALFm-1 

KARAKAYA ULTRAMAFICS 

ANKARA MELANGE 

BOZCALDAGFm 

TAMADAG Fm 

Kabaktepe metaquartzite member 
Pre-Mesozoic 1500-2500 

KALKANLIDAG Fm 

KAMAN GROUP 

Figure 1.5. Generalised columnar section of the Central Anatolian Massif (after 
Seyman. 1982). Thicknesses are taken from Kara andDonmez (1990). Abbreviation: 
FM-formation. 
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CHAPTER I- introduction 

1,2.1. Previous studies on the intrusive rocks of the Central Anatolian Massif 

Ayan (1963) made the first geochronological study on the plutonic rocks of 

the Massif. He used the total Pb method on a zircon crystal from the Baranadag 

monzonitic granite to obtain an age of intrusion of -54 Ma. He also carried out some 

work on other intrusives in the northwestern part of the Central Anatolian Massif. 

Ayan classified these intrusives as gabbro, granodiorite, granite, aplite 

granite, nepheline syenite, alkaline syenite, quartz syenite, nordmarkite and foyaite. 

According to Ayan, these rock types represented successive intrusions from the same 

magma chamber: first mafic rocks, then acidic rocks and finally alkaline rocks. 

Ataman (1972) carried out a geochronological study of the Cefalikdag 

plutonic rocks using the Rb-Sr method on two whole-rock samples and a biotite 

separate. He obtained 71±1 Ma and -80 Ma isochron ages. He postulated that the 

former was the cooling age of biotite, whereas the latter was the intrusion age. He 

argued that these plutonic rocks were derived from partial melting of arkose-

greywacke types of sedimentary rocks. 

Erkan and Ataman (1981) carried out K-Ar dating on regionally 

metamorphosed rocks (gneisses, mica-schists and amphibolites) from the northwest 

of Kirsehir. They obtained an age of 69.7±1.7 Ma, which is the average age of three 

biotite mineral separates, and 74.2±3.2 Ma for two hornblende separates. They 

argued that these values were not the ages of metamorphism but the cooling ages of 

the intrusive rocks. 

Bayhan (1986, 1987) studied the petrographical, mineralogical and chemical 

characteristics of the Celebi, Cefalikdag and Baranadag plutons. He classified the 

Cefalikdag plutonic rocks as subalkaline and the Baranadag intrusive rocks as 

alkaline. He further classified the subalkaline rocks as monzonitic and I type, and the 

alkaline rocks as syenitic and A-type. On the basis of trace element data, he argued 

that the intrusive rocks from the Celebi, Cefalikdag and Baranadag plutons were 

formed by extensive crustal contamination of mantle-derived magma. 

Gonciioglu (1986) carried out geochronological studies in the southern part of 

the Massif. Using the whole-rock Rb-Sr method, he obtained an age of 95±11 Ma 

(lower Cenomanian) for the Uckapili granitoid. The cooling ages of the granitoid and 

related gneisses obtained by the Rb-Sr whole-rock/mineral (biotite, muscovite) and 

K-Ar mineral (biotite) methods are 77.8±1.2 Ma and 76.5±1.1 Ma respectively. 

11 
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Erler et al. (1991) studied a number of granitoids on the western margin 

(Kaman) and northern margin (Yozgat) of the Central Anatolia Massif. On the basis 

of petrographical and geochemical data, they argued that the intrusive rocks from the 

western margin of the Massif have I-type characteristics. In contrast, they noted that 

the plutonic rocks from the northern margin of the Massif show S-type features. 

Akiman et al. (1993) argued that the granitoids of the western margin of the 

Massif, have metaluminous (I-type) and also peraluminous (S-type) characteristics 

and that these were derived from partial melting of crust. On the basis of trace 

element data, they suggested that the granitoids display syn- and post-collision 

granite characteristics. According to them, these granitoids were generated in two-

stages: (i) an island arc, formed within the Izmir-Ankara-Erzincan oceanic crust by 

northward intra-oceanic subduction, collided with the northern part of the Anatolide-

Tauride platform causing (a) obduction of ophiolite slivers onto the platform and (b) 

formation of the syn-collisional granitoids; and (ii) the Sakarya continent collided 

with the platform resulting in the intrusion of syn- and post-collisional granitoids. 

1.3. Objectives of this thesis 
The Behrekdag, Cefalikdag, Celebi, Baranadag and Hamit plutons from the 

Central Anatolian Massif have been selected for detailed study as they provide good 

examples of calc-alkaline and alkaline magmatism of similar age in a collision-

related tectonic setting. Although these plutons have also been studied by other 

authors, mainly in terms of field relations and petrographic characteristics, the 

genesis of these intrusive rocks is still debated and poorly understood. 

The aims of this project are: 

(i) to characterise the intrusive rocks from the Massif and identify the differences 

between them in terms of their mineralogy, major and trace elements and Sr, 

Nd isotopic compositions; 

(ii) to constrain the ages of emplacement for the intrusive rocks; 

(iii) to identify the magmatic processes involved in their genesis, such as fractional 

crystallisation, assimilation and magma mixing and the extent of crustal 

assimilation in the evolution of these rock units; 
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(iv) to describe the composition of their source or sources and to place constraints 
upon the sources from which they were derived; 

(v) to reveal the calc-alkaline and alkaline magmatism of a similar age in collision-

related setting; 

(vi) to present a petrogenetic model for the evolution of the collision-related 

Central Anatolian plutonics. 

1.4. Analytical techniques used in this thesis 
The techniques used in this study are summarised briefly below, also in Table 

1.1. Methods of sample preparation, analytical conditions and estimates of precision 

and accuracy are presented in Appendices A and B. 

XRF analysis 

A total of 301 samples from the Central Anatolian Massif were crushed and 

then powdered using an agate ball mill. Their major element contents were analysed 

on both pressed powder pellets and fused glass discs but the latter results have been 

used in this study. Trace elements were analysed on pressed powder pellets. Major 

and trace elements were determined by an automated Philips PW 1400 XRF 

spectrometer with a Rh anode tube. 

ICP-MS analysis 

A subset of 50 representative samples were chosen for ICP-MS (Inductively 

Coupled Plasma Mass Spectrometry) analysis. Fused glass discs were analysed rather 

than powders to ensure dissolution of the intrusive rocks. In addition to these whole-

rock samples, a total of 16 mineral separates (amphibole, biotite, plagioclase and 

alkali feldspar) were analysed by ICP-MS. 

Electron Microprobe analysis 

Electron microprobe analysis of a total of 33 representative samples was 

carried out using a Cameca CAMEBAX instrument at the University of Edinburgh. 

A total of 597 mineral grains were analysed of plagioclases, alkali feldspars, 

amphiboles, clinopyroxenes, biotites and Fe-Ti oxides. 
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K-Ar dating 

3 mineral separates (hornblendes and biotite) were selected for dating and 

analysed by Dr. J. G. Mitchell in the Department of Physics at the University of 

Newcastle-upon Tyne. 

Radiogenic isotope analysis 

A subset of nine representative whole-rock samples from the Central 

Anatolian Massif were analysed. Sr and Nd radiogenic isotope analysis were 

performed using the automated VG 354 multicollector thermal ionisation mass 

spectrometer at the Department of Geology, Royal Holloway and Bedford New 

College, University of London. 

A N A L Y T I C A L 
T E C H N I Q U E S 

N U M B E R O F 
S A M P L E S 

E L E M E N T S L A B O R A T O R Y E Q U I P M E N T 

X R F (wr) 301 Major elements 
Trace elements (Sc, V, Cr, 
Co, Ni, Cu, Zn, Ga, Rb, Sr, 
Y, Zr, Nb, Ba, La, Ce, Nd, 
Pb, Th, U) 

Durham University Philips PW 1400 

Icp-Ms (wr) 50 Sc, V, Cr, Ni, Co, Cu, Zn, 
Ga, Rb, Sr, Y, Zr, Nb, Cs, 
Ba, La, Ce, Pr, Nd, Sm, Eu, 
Gd, Tb, Dy, Ho, Er, Tm, 
Yb, Lu, Hf, Ta, Pb, Th, U 

Durham University PE SCIEX 
ELAN 6000 

Icp-Ms (min) 16 Sc, Cr, V, Ni, Co, Zn, Ga, 
Rb, Sr, Y, Zr, Nb, Cs, Ba, 
La, Ce, Pr, Nd, Sm, Eu, 
Gd, Tb, Dy, Ho, Er, Tm, 
Yb, Lu, Hf, Ta, Pb, Th, U 

Durham University PE SCIEX 
ELAN 6000 

ELECTRON 
MiCROPROBE (min) 

33 
(597 points) 

Major elements Edinburgh University Cameca 
CAMEBAX 

K-Ar (min) 3 Newcastle University 

MASS 
SPECTROMETRY 
(wr) 

9 "Sr/^'Sr, "'^Nd/""Nd University of London VG 354 thermal 
ionisation mass 
spectrometry 

Table 1.1. Summary of analytical techniques used for the Central Anatolian plutonics (wr-whole rock, 
min-mineral samples). 

1.5. Description of the thesis 
The thesis contains eight chapters. Chapter 2 presents a field study of the 

intrusive rocks in the Central Anatolian Massif. Chapter 3 describes the petrographic 

characteristics of the Central Anatolian plutonics. Chapter 4 gives the mineral 

geochemistry of the plutonics. It is subdivided into two Sections. The first Section 
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deals with the classification of feldspar, amphibole, clinopyroxene, biotite and Fe-Ti 

oxides. Geothermo-barometer and oxygen fugacity calculations are the main subject 

of the second Section. Chapter 5 presents the geochemical characteristics of the 

Central Anatolian plutonics. This chapter is also subdivided into two Sections. In the 

first Section, the plutonics are classified on the basis of their major element contents. 

The second Section presents the interpretation of their trace element characteristics, 

as shown by trace element variation diagrams, REE patterns, multi-element patterns 

and tectonic discrimination diagrams. Chapter 6 describes the igneous enclaves in 

the Central Anatolian plutonics using their field, petrographic, mineralogical and 

geochemical characteristics. Chapter 7 presents the petrogenetic modelling for the 

plutonics using their trace elements and Sr, Nd isotope compositions. Chapter 8 

gives the conclusions of this thesis. 
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Chapter 2 
T H E F I E L D AREA 

Introduction 

The area chosen for study is situated in the Central Anatolian Massif. The 

Massif is roughly triangular-shaped and surrounded by the Izmir-Ankara-Erzincan 

Suture Zone to the north, the Tuz Golu fault to the west and the Ecemis fault to the 

east (Figure 2.1). It contains Palaeozoic-Mesozoic, medium-high grade metamorphic 

rocks overthrust by Upper Cretaceous ophiolitic units and intruded by a number of 

plutons. The Central Anatolian Massif is made up of three crystalline massifs: (i) the 

Kirsehir Massif (around Kirsehir); (ii) the Akdagmadeni Massif (between Yozgat and 

Sivas); and (Hi) the Nigde Massif (around Nigde). Of these, the Kirsehir Massif is the 

largest and Nigde Massif the smallest (Figure 2.1). 

The intrusive rocks in the Central Anatolian Massif cover an area of about 

27000 km^. They are exposed as bodies of various sizes at several locations within 

the Massif (Figure 2.1). The intrusive rocks can be subdivided into three groups: 

(i) algnjiJhe^ western^ a wide belt with large outcrops 

extending from northeast of Kirikkale in the north to Nigde in the south; this 

belt is 200-km-long, curving from NE-SW in the north to NW-SE in the 

south. 

r « ) (ilRMJh?...fM?Ji.?.Kff:.MffKSl!h ^ narrow belt with small outcrops within 

metamorphic rocks, extending from Sivas in the north to Nigde in the south; 

this belt trends NE-SW. 

(in) ghng^the^ngrthern^ there is a granitoid outcrop around Yozgat. 

This Chapter contains the result of fieldwork carried out in the western part of 

the Massif (Figures 2.1-2.3). Of the intrusive rocks in the region, the Behrekdag, 

Cefalikdag, Celebi, Baranadag and Hamit plutons have been studied. The fieldwork 

was carried out over three, two month field seasons. The plutons studied and sampled 

are shown in Figures 2.2, 2.3 and 2.5-2.7. 
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" ' ' ^ . E R Z I N C A N S t m J l * ^ 

Klrikkale 

*m.«Kineliir ~ ^ 

Kayserl 

Metamorphic 
basement 

Thrust 

^ - • ^ Fault 

ANKARA 

60 km 

Figure 2.1. Geological setting of the Central Anatolian Massif (after Bingdl, 1989) (the inset map shows the 
Massif in relation to the rest of Turkey). Abbreviations: Ba- Baranadag. Be- Behrekdag, Ce- Celebi, Cf-
Cefalikdag, Ha-Hamit and CAM- Central Anatolian Massif 
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CHAPTER 2- The Field Area 

Figure 2.2 gives some general information about the geology of the intrusive 
rocks of the western part of the Massif. Figure 2.3 also provides general information 
about the geology of the four studied plutons (Baranadag, Cefalikdag, Celebi and 
Hamit). The geological settings of the Behrekdag, Cefalikdag and Hamit plutons are 
shown in Figures 2.5-2.7. Each pluton is well exposed. The primary aim of the field 
study was a number of traverses to study variations in each pluton. A number of 
small-scale traverses were also carried out in the country rocks to study the 
relationship between the plutons and the country rocks. A total of 550 representative 
samples were collected during the field study. 

2.1. ClassiHcation of the intrusive rocks 
The intrusive rocks from the Central Anatolian Massif have been classified 

according to the I.U.G.S. scheme (Streckeisen, 1976) as shown in Figure 2.4. The 

modal analyses on which it is based are given in Appendix C. On this diagram, the 

Behrekdag plutonics plot as quartz monzonite and granite. The Cefalikdag intrusives 

plot as a continuum of rock types from monzodiorite to granite. The Baranadag 

intrusives plot as monzonite and quartz monzonite and the Celebi intrusive rocks plot 

as quartz monzonite and granite. The Hamit plutonic rocks plot mainly as alkali 

feldspar syenite, quartz syenite and fold monzosyenite. 

Behrekdag 

o Cefalikdag 

Celebi 

Hamit 

Figure 2.4. Modal classification of the intrusive rocks from the Central Anatolian Massif (after 
Streckeisen, 1976). The corners of the triangles are Q-quartz, AF-alkali feldspar, P-plagioclase and 
F-feldspathoid. Abbreviations: gr-granite, qsy-quartz syenite, qmz-quartz monzonite, qmzdi-quartz 
monzodiorite, kspsy-alkali feldspar syenite, mz-monzonite, mzdi-monzodiorite and ftnzsy-foid 
monzosyenite. 
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2.2. Field relationships 

2.2.1. The Behrekdag pluton 

The Behrekdag pluton was described first by Taner (1974). Subsequently, 

Bayhan (1986) included its southern part in the Celebi intrusion and, later, Bayhan 

(1989) defined the same pluton as the Keskin intrusion. The pluton was m^ped by 

Yadete(1990) (Figure 2.5). 

The pluton trends north-south and is exposed over an area of about 230 km^. 

It is bounded by the Celebi marble of the Bozcaldag formation (Kaman group) 

(Seymen, 1981) and by the cover units (Figure 2.5). In the Behrekdag pluton, 

jointing is well-developed (Photo 2.1) and leads to a distinctive topography. The 

prominent joint planes have been picked out by weathering. Joints commonly have 

NE strike and are SE dipping. 

Photo 2.1. General view of the Behrekdag granite which shows well-developed jointing, Kizilirmak 
river, NWofKopru village. 

The Behrekdag pluton is made up (as noted earlier) of mainly quartz 

monzonite and granite. The quartz monzonite occupies the northeastern part and the 

granite covers western and southern parts, of the studied area (Figure 2.5). 
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The quartz monzonite is grey-dark grey, coarse-grained and porphyritic with 

feldspar megacrysts. It is characterised by prismatic, white-coloured feldspar crystals 

set in a grey, medium-grained groundmass. The granite shows similar field 

characteristics to those of the quartz monzonite. Unlike the quartz monzonite, the 

granite has prismatic/tabular, light pink-coloured alkali feldspar megacrysts. In the 

field, no contact between the quartz monzonite and the granite has been observed. 

Macroscopically, they are both mainly composed of prismatic/tabular alkali feldspar, 

plagioclase, amphibole, biotite and quartz. In some places, they display flow foliation 

produced by elongate feldspar laths (Photo 2.2). The feldspar megacrysts are up to 8 

cm across. 

Photo 2.2. A slight preferred orientation is produced by feldspar megacrysts in the Behrekdag quartz 
monzonite, Igdebeli village. Orientation is in N2CfE direction. 

Enclaves are common throughout the pluton (see Chapter 6). The quartz 

monzonite and the granite are cross-cut by aplitic, pegmatitic and mafic dykes (see 

the dykes Section). 
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2.2.2. The Cefalikdag pluton 
This pluton was named the Cefalikdag granodiorite by Ataman (1972), 

considered as part of the Baranadag pluton by Seymen (1982) and renamed as the 

Cefalikdag quartz monzonite by Erler et al. (1991). It was mapped by Geven (1992) 

as the Cefalikdag granitoid (Figure 2.6). 

The Cefalikdag pluton is exposed over 76 km^ and located in the northwest of 

the Central Anatolian Massif, trending roughly N-S from Kaman town to 

Savciliebeyit village (Figures 2.2, 2.3). It is bounded by the Baranadag pluton to the 

northeast, the Kaman metamorphics to the northwest and southeast and the cover 

units to the northeast, south and southwest (Figure 2.6). On the basis of petrographic 

studies, and also Geven's work (1992), the Cefalikdag plutonic rocks have been 

divided into three subunits: the Savciliebeyit monzodiorite; the Kucukcurtepe quartz 

monzonite; and the Kaletepe granite. The Savciliebeyit monzodiorite and 

Kucukcurtepe quartz monzonite were intruded by aplitic, pegmatitic, mafic and 

leucite phonolitic dykes. Unlike the Kaletepe granite, enclaves are common in the 

Savciliebeyit monzodiorite and the Kucukcurtepe quartz monzonite. 

2.2.2.1 The Savciliebeyit monzodiorite 

The Savciliebeyit monzodiorite was named by Geven (1992) as the 

Savciliebeyit hornblende granite after its best outcrops around Savciliebeyit village 

(Photo 2.3). Here, this rock type is renamed the Savciliebeyit monzodiorite as it is 

monzodiorite/quartz monzodiorite in composition rather than granite (Figure 2.4). It 

is mainly exposed around the contact zones of the Cefalikdag pluton (Figure 2.6). It 

is coarse-grained and porphyritic with feldspar megacrysts up to 10 cm across and 

dark grey-greenish in colour. Mesoscopically, it is composed of plagioclase, alkali 

feldspar, biotite and amphibole and is mainly characterised by a higher proportion of 

mafic minerals, especially biotite compared to the Kucukcurtepe quartz monzonite. 

Plagioclase laths in the monzodiorite show a slight to strong preferred NE orientation 

close to the pluton contact (especially around Savciliebeyit village) (Photo 2.4). 
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Photo 2.4. A strong preferred orientation is produced by feldspar megacrysts in the Savciliebeyit 
monzodiorite, NE of Savciliebeyit village. River Kirkikozu. 

2.2.2.2. The Kucukcurtepe quartz monzonite 

The Kucukcurtepe quartz monzonite is the dominant lithology in the 

Cefalikdag pluton and crops out mainly in the central part of the intrusion (Figure 

2.6). It was called the Kucukcurtepe megacrystic granite by Geven (1992). It is grey, 

coarse-grained and porphyritic with alkali feldspar (up to 10 cm across) megacrysts 

and contains amphibole as the predominant mafic mineral. It is characterised by 

euhedral, prismatic/tabular, light pink-coloured alkali feldspar megacrysts (Photo 

2.5). The Kucukcurtepe quartz monzonite has a gradational contact with the 

Savciliebeyit monzodiorite with increasing proportions of alkali feldspar and 

decreasing proportions of mafic minerals, mainly biotite. In the field, the lighter grey 

colour, the lower proportion of mafic minerals and the higher proportions of light 

pinkish-coloured alkali feldspar distinguish the Kucukcurtepe quartz monzonite from 

the Savciliebeyit monzodiorite. 
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5̂  

Photo 2.5. Pink prismatic/tabular alkali feldspar megacrysts developed in the Kucukcurtepe quartz 
monzonite, east of Kucukcurtepe hill. 

2.2.2.3. The Kaletepe granite 

The Kaletepe granite forms mini-stocks within the SavciUebeyit monzodiorite 

and Kucukcurtepe quartz monzonite towards the margin of the Cefalikdag pluton 

(Figure 2.6). It is characterised by an equigranular, fine-grained texture and light 

grey to white colour. It is mainly made up quartz, alkali feldspar, plagioclase and less 

than 5% mafic minerals. 

2.2.3. The Celebi pluton 
The Celebi pluton is also located at the northwestern part of the Central 

Anatolian Massif (Figures 2.1-2.3). It was defined as part of the Behrekdag pluton by 

Bayhan (1986). The pluton covers an area of approximately 150 km^ and trends 

north-south. It lies to the south of the Behrekdag pluton (Figure 2.1) where it is 

bounded by the Celebi marble, the Ankara melange, the Karakaya ultramafic rocks 

and the cover units. During the intrusion, the pluton produced the skam belt of 

Kesikkopru (Bala-Ankara) (Bayhan, 1984). 

Macroscopically, the Celebi pluton mainly comprises quartz monzonite and 

granite. In the field, there is no visible contact between these two rock types. They 
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are easily distinguished from one another on the basis of their colour and the 

composition of their megacrysts. The granite is the dominant lithology and occupies 

most of the pluton. It contains large, prismatic/tabular, pink, alkali feldspar 

megacrysts set in an equigranular, fine to medium-grained, darkish grey groundmass 

(Photo 2.6). Feldspar megacrysts are up to 3.5 cm across. The quartz monzonite 

tends to occur around the contact with the Celebi marble. It is grey to dark grey and 

medium-grained and porphyritic with white, feldspar megacrysts (Photo 2.7). 

Enclaves are common throughout the pluton. The Celebi plutonic rocks are cut by 

aplitic, pegmatitic and mafic dykes. 

mm 

Photo 2.6. View of the Celebi granite, NW of Karginyenice village. Pink prismatic/tabular alkali 
feldspar megacrysts are set in an equigranular, medium-grained grey groundmass. The granite also 
contains enclaves. 
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Photo 2.7. White feldspar megacrysts developed in the Celebi quartz monzonite, NWofTatik village. 
The rock is cross-cut by an aplitic dyke. Its thickness is about 3 cm with a strike ofNJCfE. 

2.2.4. The Baranadag pluton 
The pluton was described first by Seymen (1982) as a part of the Baranadag 

plutonic complex. It was defined by Erler et al. (1991) as a separate unit from other 

plutons of the Central Anatolian Massif. It was also called the Baranadag monzonite 

byLunel(1985). 

The pluton crops out over an area of 65 km^ and produces a very steep 

topography (Photo 2.8). It is surrounded by the cover units to the north and south-

southeast, the Kaman group to the east and the Cefalikdag pluton to the west-

southwest (Figures 2.2, 2.3). The contact between the Baranadag and Cefalikdag 

plutons is a NW-SE trending fault zone (Figure 2.6). 

The pluton mainly consists of monzonite and quartz monzonite. The 

monzonite is recognised in the field as a dark grey, coarse-grained and porphyritic 

rock with prismatic, white feldspar phenocrysts. In contrast, the quartz monzonite is 

coarse-grained and porphyritic with light pink-coloured alkali feldspar megacrysts 

set in medium-grained groundmass. The monzonite and quartz monzonite both 

contain amphibole and biotite as mafic minerals. 
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No contact between the monzonite and quartz monzonite has been observed 

in the field. They are distinguished from one another only on the basis of the colour 

of their megacrysts. Feldspar megacrysts in the Baranadag pluton are sometimes up 

to 5 cm across. The monzonite is mainly found in the north (around Cagirkan village) 

and the quartz monzonite in the south of the pluton (around Omerhacili village) 

(Figures 2.2, 2.3). Feldspar megacrysts in the pluton show a slight preferred 

orientation. As in other plutons, enclaves are abundant (see Chapter 6). The 

monzonite and quartz monzonite are cut by aplitic, pegmatitic and microsyenitic 

dykes (see the dykes Section). 

2.2.5. The Hamit pluton 

The Hamit pluton was defined as part of the Buzlukdag pluton by Seymen 

(1982). It was described as a separate unit by Erler et al. (1991). It was mapped by 

Akiman (1985) (Figure 2.7). It crops out to the northeast of Kaman and covers an 

area of about 120 km^. The Hamit pluton is bounded by the Kaman group, the 

Karakaya ultramafic rocks and the cover units (Figures 2.2, 2.3). 

Ridges and valleys are the main topographic features of the studied area. The 

greatest elevation is Camlik hill (1526 m) and the lowest is the flood plain of River 

Aci (900 m). Kirtis (1514 m), Domuduran (1463 m), Kale (1459 m), Sivriogul (1340 

m), Yapanbel (1339 m) and Kel (1279 m) hills are the other high elevations in the 

studied area (Figure 2.7). 

The Hamit pluton is composed of nepheline monzosyenite, pseudoleucite 

monzosyenite, alkali feldspar syenite and quartz syenite. In the field, these rock types 

are distinguished from each other mainly on the basis of their colour and the 

composition of their megacrysts. The dominant lithology in the Hamit pluton is the 

foid-bearing rocks (nepheline monzosyenite and pseudoleucite monzosyenite). 
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Figure 2.7. 1/25 000 scale geological map of the Hamit pluton (after Akiman, 1985). The inset map shows the 
pluton in relation to the rest of the Central Anatolian Massif (after Bingdl et at.. 1989). Abbreviation: Ha- Hamit 
pluton. 
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The nepheline monzosyenite is dark grey-green, medium-grained, 

occasionally porphyritic with alkali feldspar. It contains a greater proportion of mafic 

minerals than the alkali feldspar syenite and quartz syenite. The nepheline 

monzosyenite and pseudoleucite monzosyenite tend to crop out in the central part of 

the pluton, whereas the quartz syenite roughly covers the rim of the pluton with the 

alkali feldspar syenite between them. The pseudoleucite monzosyenite is grey-dark 

grey and porphyritic with prismatic/tabular alkali feldspar and euhedral 

pseudoleucite megacrysts (Photo 2.9). 

Photo 2.9. A general view from the Hamit pseudoleucite monzosyenite in which euhedral 
pseudoleucite and prismatic/tabular alkali feldspar megacrysts are set in fine to medium-grained 
groundmass. NE of Hamit town. 

The alkali feldspar syenite is pink-coloured and medium-grained (Photo 

2.10). The quartz syenite is cream-coloured, medium-grained and variably 

porphyritic with prismatic alkali feldspar (up to 4 cm across) (Photo 2.11). Alkali 

feldspar crystals show a slight preferred orientation. The alkali feldspar syenite and 

quartz syenite are cut by aplitic and silicic dykes. The nepheline monzosyenite and 

pseudoleucite monzosyenite are cut by foid-bearing micro-syenitic dykes. They trend 

E-W and NE-SW (Figure 2.7). They predominanUy crop out in the northwestern part 

of the pluton. They are fine-grained, dark grey-green in colour and are mainly 

phonolite in composition. Their widths vary from centimetres to a few meters. 
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Photo 2.10. Field view of the alkali feldspar syenite from the Hamit pluton, SWofCamsari village, 
SE of Hamit town. 

Photo 2.11. General field view of the Hamit quartz syenite. The photo is taken from east ofDemirci 
hill, NE of Hamit town. 
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2.2.6. The dykes 
The aplitic dykes cross-cut all intrusive rocks in the studied area. The 

pegmatitic dykes were found in all plutons except for the Hamit pluton. The aplitic 

dykes cut most of the main intrusive bodies. Their lengths vary from centimetres to 

hundreds of meters and widths from 1.5 cm to a few meters. Around Kucukcurtepe 

hill in the Cefalikdag pluton, the aplitic dykes reach their maximum width of 2-3 

meters. The pegmatitic dykes are small in volume and less than about a few 

centimetres wide. 

In hand specimen, fine-grained, equigranular, pinkish-yellowish coloured 

aplitic dykes are mostly granite composition and contain minor amounts of mafic 

minerals. Macroscopically, the pegmatitic dykes are composed of coarse-grained, 

smoky quartz, pinkish K-feldspar and a small amount of mica. The aplitic and 

pegmatitic dykes are most abundant around the contact zones of the plutons, 

especially the Celebi pluton. 

The mafic dykes have been observed in the Behrekdag, Cefalikdag and 

Celebi plutons. In the Cefalikdag pluton, they tend to crop out around contact zones. 

They reach a few centimetres in length. They are fine-grained and dark green-

coloured. . 

The micro-syenitic dykes have been found only in the Baranadag pluton. 

They are fine-grained and grey-dark grey coloured. They reach a few centimetres in 

length. 

The leucite phonolitic dykes have been found in the Cefalikdag pluton. They 

are dark grey-green coloured and porphyritic with leucite minerals. These dykes crop 

out around the contact zone of the Cefalikdag pluton. 

2.3. Age relations of the intrusive rocks in the Massif 
The crystallisation ages for the Central Anatolian plutonics are still debated. 

Previous age determinations (whole-rock Rb-Sr) of different intrusive rocks in the 

Massif include 71±1 Ma (Cefalikdag pluton-Ataman, 1972), 95±11 Ma (Uckapili 

pluton-Gonciioglu, 1986), 110±5 Ma (Murmano pluton-Zeck and Unlii, 1987), 

70±1.1 Ma (Bayindir pluton-Gundogdu et al., 1988) and 110±14 Ma (Giilec, 1994). 

In this study, three different intrusive rock samples have been dated by the K-Ar 

method on homblende and biotite minerals. The K-Ar age data are presented in 
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Appendix C. K-Ar age determinations from the Behrekdag, Cefalikdag and 

Baranadag plutonic rocks have yielded K-Ar ages of 79.5±1.7, 66.6±1.3 and 

76.4±1.3 Ma, broadly similar to the published ages of the Cefalikdag and Bayindir 

intrusions. 

2.4. Summary 

The Behrekdag, Cefalikdag, Celebi, Baranadag and Hamit plutons of the 

Central Anatolian Massif have been the subject of this study. The characteristics of 

these plutonic rocks have been listed in Table 2.1. 

P L D T O N B E H R E K D A G C E F A L I K D A G C E L E B I BARANADAG HAMTT 

R O C K UNIT quartz 
monzonite, 
granite 

monzodiorite 
(1), quartz 
monzonite (2), 
granite (3) 

quartz 
monzonite, 
granite 

monzonite, 
quartz 
monzonite 

nepheline 
monzosyenite (1), 
pseudoleucite 
monzosyenite (2), 
alkali feldspar 
syenite (3), quartz 
syenite (4) 

G R A I N S I Z E coarse-grained 
and 
porphyritic 
with feldspar 

coarse-grained 
and 
porphyritic 
with feldspar 
(1,2); and 
fine-grained 
(3) 

medium 
grained and 
porphyritic 
with feldspar 

coarse-grained 
and 
porphyritic 
with feldspar 

medium-grained 
(1, 3, 4); porphyritic 
with pseudoleucite 
and alkali feldspar 
(2); or alkali 
feldspar (4) 

O R I E N T A T I O N slight by 
feldspar 

slight to strong 
by feldspar (1, 
2) 

slight by 
feldspar 

shght by 
feldspar 

slight by alkali 
feldspar (4) 

E N C L A V E S common common 
(except 3) 

common common none 

A G E 79.5±1.7 Ma 
(this study) 

66.6±1 Ma 
(this study) 

76.4+1.3 Ma 
(this study) 

70.7±1.1 Ma 
(Gundogdu et al., 
1988) 

Table 2.1. Summary of the field relations and geochronology of the intrusive rocks from the Central 
Anatolian Massif. 
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Chapter 3 
PETROGRAPHY 

Introduction 

This chapter aims to describe and interpret the petrography of the Behrekdag, 

Cefalikdag, Celebi, Baranadag and Hamit plutons. In order to model the chemical 

variations in the intrusive rocks, it is necessary first to identify the crystallising 

phases. It is particularly important to recognise texturally which minerals are early 

crystallising phases (cumulates), and which crystallised from trapped interstitial melt. 

It is also important to describe subsolidus modification which may affect magma in 

that its original mineralogy is changed considerably. 

3.1. The Behrekdag pluton 
The Behrekdag pluton is made up of quartz monzonite and granite. The 

quartz monzonite and the granite show similar characteristics, even though the latter 

has slightly higher proportions of quartz. In addition, the megacrysts in the granite 

are mostly plagioclase feldspars whereas in the quartz monzonite they are alkali 

feldspars. The quartz monzonite and the granite will be discussed together in the 

following paragraphs. 

Modal estimates for the pluton are 25%-43% plagioclase and alkali feldspar, 

9%-26% quartz, 2%-24% amphibole, <5% biotite, and <2% clinopyroxene. The rock 

units are medium to coarse-grained with a hypidiomorphic, granular texture. The 

alkali feldspar is mostly orthoclase but microcline has been also observed in lesser 

amounts. Alkali feldspar crystals are up to 8 mm across and show a microperthitic 

texture (Photo 3.1). Alkali feldspar megacrysts are subhedral-anhedral in shape and 

poikilitically enclose plagioclase, amphibole, biotite, apatite and opaque minerals. 

Plagioclase inclusions are often orientated subparallel to the rims of the alkali 

feldspars. Plagioclase megacrysts (up to 7 mm across) are lath-shaped or prismatic, 

euhedral to subhedral and show normal and complex oscillatory zoning (Photo 3.2). 

Small grains of biotite, apatite and opaque minerals are enclosed by plagioclase 

feldspar. Some plagioclase feldspar crystals occasionally have a sieve texture caused 
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by small inclusions of biotite. Quartz is subhedral to anhedral and sometimes 

poikilitically encloses earlier crystallised minerals. Quartz is predominantly 

interstitial and has accommodated small amounts of strain, as revealed by undulose 

extinction. It occasionally forms vermicular intergrowths with plagioclase. 

Photo 3.1. Alkali feldspar megacryst in the granite (sample N9) encloses small grains of plagioclase 
feldspar. Alkali feldspar shows a microperthitic texture and simple twinning. Magnification: 6x3.7 
mm, XPL. 

Amphibole and biotite are the main mafic minerals, the former being the 

more common. Amphibole is found as euhedral to subhedral crystals, reaches up to 4 

mm in size. It occasionally encloses inclusions of plagioclase feldspar, titanite, 

apatite and opaques. Biotite is subhedral in shape and is in minor amounts compared 

to amphibole. Clinopyroxene occurs as relics within amphibole. Amphibole and 

biotite have inclusions of accessory phases such as titanite, opaques, apatite and 

zircon. Titanite is euhedral and fine to coarse-grained. The opaque minerals present 

are magnetite, ilmenite and pyrite. 

Sericitisation and chloritisation are the most common alteration types in the 

Behrekdag plutonic rocks. The former has affected both types of feldspar. It is most 

intense within the core of the plagioclase feldspar crystals. Plagioclase is 

occasionally replaced by carbonate. Biotite has been slightly to moderately affected 

by chloritisation. 
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amphibole crystal to the bottom left of the plagioclase feldspar encloses clinopyroxene relics. 
Magnification: 6x3.7 mm, XPL 

Oscillatory zoning in minerals is a common phenomenon (e.g. Shore and 

Fowler, 1996), and has been reported from a variety of geological environments. The 

rich structure represented by such zoning patterns contains potentially valuable 

information about crystal growth processes as well as changes in environments in 

which the crystals grow. Attempts to explain complex mineral zoning patterns 

commonly have been based on two assumptions: (i) the zonation is a result of 

internal crystal growth processes (e.g. Allegre et al., 1981; Wang and Merino, 1992; 

L'Heureux and Fowler, 1994); and (ii) the zonation mainly reflects changes in the 

external geological environment during crystal growth (e.g. Yardley et al., 1991; 

Jamtveit et al., 1993). 

3.2. The Cefalikdag pluton 

As mentioned in Chapter 2, the Cefalikdag pluton is composed of the 

Savciliebeyit monzodiorite, the Kucukcurtepe quartz monzonite and the Kaletepe 

granite. 
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3.2.1. The Savciliebeyit monzodiorite 

The Savciliebeyit monzodiorite varies modally between monzodiorite and 

quartz monzodiorite, and has a modal mineralogy of 39-57% plagiociase, 8-32% 

alkali feldspar, 1-29% amphibole and biotite, up to 17% quartz, and <5% 

clinopyroxene. It is medium to coarse-grained with a hypidiomorphic, granular 

texture (Photo 3.3). 

Photo 3.3. Microphotograph of the Savciliebeyit monzodiorite (sample N231). Myrmekite is common 
and most minerals display undulose extinction due to strain. Magnification: 6x3.7 mm, XPL 

Plagioclase feldspar is characterised by no zoning or by normal and 

oscillatory zoning. Its size reaches 8 mm across. Alkali feldspar is mainly orthoclase 

and a microperthitic texture is characteristic. Alkali feldspar encloses predominantly 

plagioclase, amphibole, biotite, apatite and opaque minerals. Quartz occasionally 

shows a poikilitic texmre. It is also present as interlocking grains with sutured 

boundaries and appears to have crystallised late. It shows undulose extinction. 

The mafic phases are amphibole, biotite and clinopyroxene. Subhedral 

amphibole crystals enclose inclusions of plagioclase feldspar, titanite, apatite and 

opaques. Biotite is found as fresh, subhedral crystals and also as inclusions in other 

minerals. It has typically a foxy-red brown colour. Biotite has zircon inclusions 

which produce pleochroic haloes due to their high content of radioactive elements. 
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Clinopyroxene is also present, either as relics within amphibole cores or as 
subhedral, medium-grained discrete crystals. Titanite, opaques, apatite and zircon are 
accessory minerals. The opaque minerals present are magnetite, ilmenite and pyrite. 

The most common subsolidus modification in the monzodiorite is sericitic 

alteration. It has affected both alkali feldspar and plagioclase feldspar. A few 

plagioclase grains are also altered to carbonate. Amphibole crystals are sometimes 

replaced by biotite. 

3.2.2. The Kucukcurtepe quartz monzonite 

The Kucukcurtepe quartz monzonite is medium to coarse-grained with a 

hypidiomorphic, granular texture. Modal estimates are 35%-48% plagioclase, 28%-

33% alkali feldspar, 12%-17% quartz, 5 % - l l % amphibole, and up to 7% biotite. 

Alkali feldspar is mostly orthoclase with a microperthitic texture. A poikilitic texture 

is developed when subhedral, alkali feldspar megacrysts (up to 1.2 cm across) 

enclose small grains of earlier phases such as plagioclase, amphibole, biotite, apatite 

and opaque minerals. Plagioclase is subhedral and shows normal, oscillatory and 

patchy zoning. Small grains of biotite are enclosed by plagioclase feldspar. Quartz is 

late and has undulose extinction. It is also common as myrmekite, forming 

vermicular intergrowths with plagioclase. 

Subhedral amphibole, with clinopyroxene cores, is the main mafic phase for 

the Kucukcurtepe quartz monzonite (Photo 3.4). Amphibole crystals reach 3 mm 

across. Biotite in the quartz monzonite is in minor amounts compared to amphibole. 

It contains no inclusions apart from tiny zircon grains which produce pleochroic 

haloes. Titanite and apatite are mainly found as euhedral crystals. The opaque 

minerals present are magnetite and ilmenite. 

Sericite is the most common alteration products in the monzodiorite. Sericitic 

alteration occurs mainly along the zoning planes and around central parts of the 

feldspar crystals. Plagioclase is occasionally altered to carbonate. Chlorite is found as 

alteration products after biotite. Amphibole is occasionally replaced by biotite. 
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Photo 3.4. Photo shows an amphibole and an anhedral biotite mineral in the Kucukcurtepe quartz 
monzonite (sample N83). Biotite is moderately chloritised. Magnification: 3x1.9 mm, PPL 

3.2.3. The Kaletepe granite 

The Kaletepe granite is fine to medium-grained and has an allotriomorphic, 

granular texture (Photo 3.5). Modal estimates are 42%-45% alkali feldspar, 26%-

32% plagioclase, 20-23% quartz, and <7% biotite. The contents of plagioclase and 

mafic minerals decrease from the Savciliebeyit monzodiorite to the Kaletepe granite, 

while alkali feldspar and quartz increase. 

Alkali feldspar is most commonly found as microperthitic microcline which 

shows typical tartan twinning. It poikilitically encloses biotite, plagioclase and 

quartz. Euhedral-subhedral plagioclase feldspar is zoned and is the earliest phase. 

Quartz is subhedral to anhedral and also fills the interstices between the early formed 

minerals. It has sutured boundaries and shows undulose extinction. Quartz displays 

graphic intergrowths with alkali feldspar and myrmekitic intergrowths with 

plagioclase feldspar. Biotite is the only mafic mineral. Accessory minerals in the 

Kaletepe granite are titanite, opaques, apatite, zircon and allanite. 

Sericite is found as replacement products of both feldspars. Biotite is 

occasionally replaced by chlorite. 
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Photo 3.5. Microphotograph of the Kaletepe granite (sample N394) showing microperthitic 
feldspar, zoned plagioclase feldspar, quartz and biotite crystals. Magnification: 12x7.2 mm, XPL 

3.3. The Celebi pluton 
The Celebi pluton comprises quartz monzonite and granite. The Celebi quartz 

monzonite is medium to coarse-grained with a hypidiomorphic, granular texture. 

Modal estimates are 25%-45% alkali and plagioclase feldspars, 11-17% quartz, 4%-

13% amphibole, and up to 7% biotite. 

Microperthitic alkali feldspar in the quartz monzonite is mostly orthoclase but 

microcline has been also observed. Alkali feldspar megacrysts (up to 1.1 cm across) 

are subhedral-anhedral and enclose plagioclase, amphibole, biotite, opaques and 

apatite. Fine plagioclase inclusions in alkali feldspar have a preferred orientation, 

subparallel to the rims of the alkali feldspars. Plagioclase megacrysts are euhedral to 

subhedral and show normal and oscillatory zoning. Plagioclase reaches 8 nun across 

in the quartz monzonite. Plagioclase feldspar encloses amphibole, biotite, apatite and 

opaque minerals. Quartz is always present as interlocking grains with sutured 

boundaries and shows undulose extinction. It occasionally encloses other mineral 

phases of the rock indicating late crystallisation (Photo 3.6). Quartz forms 

intergrowths with plagioclase. 
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The mafic phases in the quartz monzonite are amphibole and biotite. The 

main mafic phase is euhedral to subhedral amphibole. Biotite is subhedral in shape. 

Clinopyroxene is generally found as relics within amphibole cores. Amphibole and 

biotite enclose titanite, opaques, apatite and zircon. The opaque minerals include 

magnetite, ilmenite and pyrite. 

Sericite and epidote have been observed as secondary minerals after 

plagioclase. The former is most common along the zoning planes and the latter is 

found mainly within the cores of the plagioclase feldspar. Chlorite is also found as 

alteration products after biotite. 

Photo 3.6. Quartz in the Celebi quartz monzonite (sample N23) poikilitically encloses plagioclase 
feldspars. Magnification: 6x3.7 mm, XPL 

Thin section study of the Celebi granite yields an estimate of the modal 

mineralogy of 34-46% alkali feldspar, 24-33% plagioclase, 18-26% quartz, 2-12% 

amphibole, and <2% biotite. The rock is medium to coarse-grained, locally 

porphyritic with a hypidiomorphic, granular texture. In the porphyritic samples, 

alkali feldspar, plagioclase, quartz, amphibole and biotite form the phenocrysts. The 

matrix is made up of alkali feldspar, plagioclase, quartz and biotite. 

In the non-porphyritic samples, alkali feldspar megacrysts are subhedral-

anhedral and are mostly orthoclase with a microperthitic texture. They are up to 1 cm 
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across and often form a poikilitic texture with inclusions of plagioclase, amphibole, 
biotite, apatite and opaques. Plagioclase inclusions are concentrated around the rims 
of the alkali feldspar crystals and some have a preferred orientation. Alkali feldspar 
shows graphic intergrowths with quartz. Plagioclase feldspar is euhedral to 
subhedral. Its size is up to 7 mm across and it shows normal and oscillatory zoning. 
Myrmekite is developed on the rims of the plagioclase feldspar and within the 
smaller grains. Quartz appears as a late phase and is subhedral to anhedral. Earlier 
crystallised phases are included in quartz, and quartz occasionally fills interstices 
between other phases of the rock. It is slightly strained, as revealed by undulose 
extinction. 

Amphibole is always euhedral and prismatic, most commonly acicular in 

shape (Photo 3.7, 3.8). It is occasionally poikilitic with inclusions of apatite, titanite 

and opaques. Biotite is in minor amounts relative to amphibole and subhedral in 

shape. Clinopyroxene has been observed as relics within amphibole cores. Common 

accessory phases are fine to medium-grained titanite, together with opaques, apatite 

and zircon. 

The most common alteration products in the granite are sericite and epidote 

after plagioclase feldspar. Chlorite is found as secondary minerals after amphibole 

and biotite. 
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Photo 3.7. The Celebi granite (sample N75) with euhedral, prismatic amphiboles. Subhedral, 
anhedral crystals at the upper right of the field are titanites and the green-coloured mineral next to 
titanites was originally amphibole which is extensively altered to chlorite. The yellow-coloured 
crystal above the centre of the field is epidote. Magnification: 3x1.9 mm, PPL 

Photo 3.8. The same view under XPL 
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3.4. The Baranadag pluton 
The Baranadag pluton is made up of monzonite and quartz monzonite. In thin 

sections, the monzonite and the quartz monzonite show similar characteristics, 

although the latter has slightly higher proportions of quartz. The monzonite and the 

quartz monzonite will be discussed together in the following paragraphs. Modal 

estimates are 39%-46% alkali feldspar, 31%-39% plagioclase, 3%-15% amphibole, 

2%-17% quartz, up to 8% clinopyroxene, and <2% biotite. The Baranadag plutonic 

rocks are medium to coarse-grained with a hypidiomorphic, granular texture. 

Alkali feldspar is most commonly orthoclase and occasionally microcline 

with a microperthitic texture (Photo 3.9). Alkali feldspar megacrysts (up to 1.5 cm 

across) are subhedral to anhedral and contain inclusions of plagioclase, amphibole, 

biotite, apatite and opaques. Plagioclase inclusions in alkali feldspar are often 

orientated and concentrated around rims of the host crystal. Plagioclase megacrysts 

are subhedral and commonly zoned. Plagioclase often shows a myrmekitic texture. 

Biotite, apatite and opaque minerals are enclosed by plagioclase feldspar. Quartz is 

generally interstitial indicating late crystallisation and also shows a poikilitic texture 

enclosing earlier phases. Quartz occasionally displays a graphic texture and also 

shows undulose extinction. 

Amphibole, clinopyroxene and biotite are the mafic minerals. The main mafic 

phase is subhedral amphibole which encloses plagioclase feldspar, titanite, apatite 

and opaques. Clinopyroxene is most commonly found as subhedral, prismatic and 

medium-grained (up to 2 mm across) crystals (Photo 3.10). It is occasionally within 

amphibole cores. Biotite is in minor amounts compared to amphibole and 

clinopyroxene. Titanite, apatite, opaques, zircon and allanite are found as accessory 

minerals (Photo 3.11). 

Sericite and chlorite are found as common alteration products after feldspar 

and biotite in the Baranadag intrusive rocks. Amphibole is occasionally replaced by 

biotite. 
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Photo 3.9. Microcline in the monzonite (sample N304) encloses plagioclase feldspars and shows a 
microperthitic texture. Magnification: 3x1.9 mm, XPL 

Photo 3.10. Subhedral, prismatic clinopyroxenes in the monzonite (sample N28). Magnification: 
3x1.9 mm, PPL 
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Photo 3.11. Euhedral, prismatic, dark brown-coloured allanite in the quartz monzonite (sample 
N135) showing zoning. In the field view, there are also titanite, apatite and biotite minerab. The 
latter is chloritised. Magnification: 1.3x0.77 mm, PPL 

3.5. The Hamit pluton 
The Hamit pluton comprises nepheline monzosyenite, pseudoleucite 

monzosyenite, alkali feldspar syenite and quartz syenite. The nepheline 

monzosyenite and pseudoleucite monzosyenite are cut by the foid-bearing 

microsyenitic dykes. 

The nepheline monzosyenite is medium-grained with a hypidiomorphic, 

granular texture. It has higher proportion of mafic minerals than the alkali feldspar 

syenite and the quartz syenite. Alkali feldspar is the dominant mineral in the 

nepheline monzosyenite and is most commonly orthoclase. Microperthitic alkali 

feldspar is euhedral to subhedral. The alkali feldspar encloses inclusions of 

plagioclase, biotite, titanite and opaques. The interstices between other crystals of the 

rock are generally filled by nepheline. Alkali feldspar and nepheline form 

intergrowths in places. Plagioclase feldspar is euhedral to subhedral and zoned. It 

encloses apatite, titanite and clinopyroxene. 

Clinopyroxene, amphibole and biotite are the mafic minerals. Clinopyroxene 

is euhedral to subhedral and reaches 4 mm across. It is often zoned and sometimes 
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rimmed by amphibole (Photo 3.12). Clinopyroxene occasionally has a colourless 

core but a green-coloured rim. Amphibole is found as subhedral-anhedral crystals. 

Subhedral amphibole poikilitically encloses titanite, apatite and opaques. Amphibole 

crystals in the nepheline monzosyenite are strongly pleochroic. Biotite is in minor 

amounts compared to clinopyroxene and amphibole. It is commonly subhedral or 

interstitial. Biotite contains inclusions of accessory minerals such as titanite, apatite, 

zircon, fluorite and opaques. Garnet has been also observed as euhedral crystals and 

shows zoning (Photo 3.13). Titanite is found as inclusions enclosed within 

amphibole, alkali feldspar and biotite or as fine-grained discrete crystals. Apatite is 

fine-grained and forms elongated prismatic crystals or hexagonal crystals. Fluorite is 

found as inclusions mostly in clinopyroxene. Opaque minerals are generally 

magnetites. 

Photo 3.12. The nepheline monzosyenite (sample N32) from the Hamit pluton with a zoned prismatic 
clinopyroxene. The remaining minerals seen in the view are alkali feldspar, nepheline and 
plagioclase feldspars. Magnification: 3x1.9 mm, XPL 
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Photo 3.13. Euhedral garnet phenocryst in the nepheline monzosyenite (sample N50) shows 
oscillatory zoning. Magnification: 3x1.9 mm, PPL 

The most common alteration product is cancrinite after nepheline. Sericite 

and chlorite are also observed as secondary minerals. Alkali feldspar and plagioclase 

feldspar are partially sericitised. Biotite is slightly to moderately chloritised. 

Amphibole is occasionally replaced by biotite. 

The pseudoleucite monzosyenite is porphyritic with a hypidiomorphic, 

granular texture. Phenocrysts are pseudoleucite, plagioclase, alkali feldspar, 

clinopyroxene and, occasionally, amphibole and garnet. The matrix is fine to 

medium-grained containing nepheline, nosean, garnet and plagioclase feldspar. The 

dominant phase in the rock is alkali feldspar which is euhedral to subhedral with a 

microperthitic texture and is, most commonly, orthoclase. Plagioclase, biotite, 

titanite and opaques are enclosed by alkali feldspar. Nepheline appears as a late 

phase filling the interstices between the earlier-formed phases. Plagioclase feldspar 

(up to 7 nun across) is euhedral to subhedral and zoned. 

Clinopyroxene is euhedral to subhedral and shows oscillatory zoning. It has 

either a colourless core with a green rim or a green core with a colourless rim. 

Colourless clinopyroxene has been also found. Accessory minerals, such as titanite, 

apatite, opaques and fluorite; are embedded in clinopyroxene. Pseudoleucite hass 
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resulted from an intergrowth of nepheline and alkali feldspar and has well-defined 

boundaries (Photo 3.14). Garnet is generally euhedral with a poikilitic texture and 

occasionally zoned. Nosean is euhedral to subhedral with dark rims due to iron oxide 

inclusions. Amphibole is occasionally found as reaction rims around clinopyroxene 

crystals. Subhedral amphibole poikiUtically encloses biotite, titanite, apatite and 

opaques. Biotite is subhedral and contains inclusions of zircon, apatite, titanite, 

fluorite and opaques. 

Cancrinite is the most common secondary mineral after nepheline. Nepheline 

is generally extensively altered to cancrinite and is, rarely, altered to gieseckite. 

Biotite is slightly to moderately chloritised. 

Photo 3.14. Pseudoleucite phenocryst in the pseudoleucite monzosyenite (sample N45) from the 
Hamit pluton together with euhedral clinopyroxenes. Magnification: 12x7.2 mm, PPL 

The alkali feldspar syenite is medium-grained, equigranular with a 

hypidiomorphic, granular texture. The dominant mineral is alkali feldspar, which 

occurs as tabular, euhedral to subhedral crystals, and forms up to 90% of the rock by 

volume (Photo 3.15). The alkali feldspar is mostly orthoclase and occasionally 

microcline. It almost always shows a microperthitic texture. Plagioclase feldspar is 

euhedral to subhedral and forms about 10% of the rock. Feldspar crystals show a 

preferred orientation. Quartz is interstitial and in minor amounts. The alkali feldspar 
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syenite contains small quantities of amphibole, clinopyroxene and biotite. In some 
thin sections, subhedral amphibole encloses small grains of plagioclase feldspar, 
titanite and opaque minerals. The amphibole is up to 2 mm across. Subhedral to 
anhedral clinopyroxene encloses apatite and opaque minerals. Gamet is occasionally 
found as a primary mineral. Accessory minerals are quartz, clinopyroxene, biotite, 
titanite, opaques, apatite, zircon and allanite. The titanite crystals are euhedral, fine­
grained and often associated with opaque minerals. 

Photo 3.15. Tabular alkali feldspars in the alkali feldspar syenite (sample N40) show strong 
microperthitic texture. Alkali feldspars also display typical simple twinning. Magnification: 6x3.7 
mm, XPL. 

Muscovite and epidote are found as alteration products after plagioclase. 

Plagioclase is occasionally extensively sericitised. Alkali feldspar also shows 

sericitic alteration. 

The quartz syenite shows similar characteristics to the alkali feldspar syenite 

but with higher proportions of quartz and mafic minerals (Photo 3.16). Modal 

estimates are 50%-70% alkali feldspar, 12%-26% plagioclase, l l%-23% quartz, and 

<8% amphibole, biotite and clinopyroxene. The alkali feldspar is mainly orthoclase 

but microcline has been also observed. The alkali feldspar is found as tabular and 

euhedral to subhedral crystals, up to 1.5 cm across and always displays a 

microperthitic texture. Its microperthitic texture is not so intense as in the alkali 
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feldspar syenite. It poikilitically encloses plagioclase, biotite, titanite and opaque 

minerals. Plagioclase feldspar is euhedral to subhedral and exhibits complex 

oscillatory zoning. As in the alkali feldspar syenite, feldspar crystals show a 

preferred orientation. The plagioclase feldspar encloses biotite, apatite and opaque 

minerals. Quartz appears as a late phase and fills interstices between the other 

phases. It is slightly strained, as revealed by undulose extinction. Quartz is 

intergrown with both plagioclase and also with alkali feldspar. 

Photo 3.16. Microphotograph of the quartz syenite (sample N49) from the Hamit pluton. Tabular 
alkali feldspars are seen showing microperthitic texture. Plagioclase feldspars display complex 
zoning. The remaining minerals are quartz and amphibole. Magnification: 12x7.2 mm, XPL 

Amphibole, clinopyroxene and biotite are found as mafic minerals. Subhedral 

amphibole encloses inclusions of apatite, titanite and opaques. Biotite has inclusions 

of zircon, apatite, titanite and opaque minerals. Clinopyroxene is in smaller amounts 

than amphibole and biotite. Accessory minerals are titanite, opaques, apatite and 

zircon. Titanite is generally euhedral and fine to coarse-grained. 

Sericite is found as a secondary mineral after plagioclase. Alkali feldspar also 

displays sericitic alteration. Biotite is slightly to moderately replaced by chlorite. 

The foid-bearing microsyenitic dykes are, in general, phonolite in 

composition. They show a well-developed porphyritic texture with plagioclase, 

clinopyroxene, alkali feldspar and nepheline phenocrysts. The groundmass is made 

55 



CHAPTER 3- Petrography 

up of nepheline, plagioclase, alkali feldspar, biotite and nosean. The plagioclase 
feldspar is generally euhedral to subhedral, lath-shaped, and forming a 
glomeroporphyritic texture. The clinopyroxene phenocrysts are generally euhedral 
and green. The alkali feldspar is commonly subhedral and slightly altered to sericite. 
The nepheline crystals in the groundmass are subhedral and prismatic. The nepheline 
crystals are often altered to cancrinite and, rarely, gieseckite. Fluorite, titanite and 
opaques are the main accessory minerals. 

3.6. The dykes 

The aplitic dykes are fine-grained with an allotriomorphic, granular texture. 

Alkali feldspar, plagioclase and quartz are the dominant minerals. Quartz is anhedral 

and shows undulose extinction. It displays graphic intergrowths with alkali feldspar. 

Alkali feldspar is most commonly found as microperthitic microcline which shows 

typical tartan twinning but orthoclase is also present. Plagioclase is subhedral to 

anhedral and shows zoning. The accessory minerals are biotite, apatite, titanite and 

opaque minerals. 

The mafic dykes are fine-grained with a hypidiomorphic, granular texture. 

The dominant minerals are plagioclase, clinopyroxene, amphibole, quartz, biotite and 

alkali feldspar. Clinopyroxene is the main mafic phase and is most commonly found 

as subhedral and prismatic crystals. Amphibole is subhedral to anhedral and 

prismatic. Plagioclase is subhedral and shows zoning. It is commonly altered to 

sericite, carbonate and epidote. Biotite is slight to moderately chloritised. Quartz is 

subhedral to anhedral and shows undulose extinction. Titanite, opaques and zircon 

are accessory phases. Quartz is intergrown with both plagioclase and alkali feldspar. 

The micro-syenitic dykes are fine-grained with a hypidiomorphic, granular 

texture. The dominant mineral is alkali feldspar, which forms subhedral to anhedral 

crystals. The alkali feldspar is mostly orthoclase and occasionally sericitised. It 

shows a microperthitic texture. Plagioclase feldspar is subhedral and shows zoning. 

Quartz is interstitial and in minor amounts. Accessory minerals are biotite, titanite 

and opaques. 
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3.7. Summary 

The thin section features of the Behrekdag, Cefalikdag, Celebi, Baranadag 

and Hamit plutons have been summarised in Table 3.1. 

P L U T O N B E H K E K D A G C E F A L I K D A G C E L E B I BARANADAG HAMTT 

R O C K UNIT quartz 
monzonite, 
granite 

monzodiorite (1) 
quartz monzonite 
(2), granite (3) 

quartz 
monzonite (1), 
granite (2) 

monzonite, 
quartz 
monzonite 

nepheline 
monzosyenite(l), 
pseudoleucite 
monzosyenite (2), 
alkali feldspar 
syenite (3), 
quartz syenite (4) 

T E X T U R E hypidiomorphic hypidiomorphic 
(1,2); 
allotriomorphic 
(3) 

hypidiomorphic 
(1,2); 
hypidiomorphic 
porphyritic (2) 

hypidiomorphic hypidiomorphic (1, 
3,4); 
hypidiomorphic, 
porphyritic (2) 

G R A I N S I Z E medium-coarse medium-coarse 
(1,2); and fine 
(3) 

medium-coarse medium-coarse medium-coarse 

M A F I C P H A S E amp, bi, (±) cpx amp, bi, cpx (1); 
amp, bi, (±) cpx 
(2); bi (3) 

amp, bi, (±) cpx 
(1); amp, bi, cpx 
(2) 

amp, cpx, bi cpx, amp, bi, (±) gt 
(1) ; cpx, amp, bi, gt 
(2) ; (+) amp, (+) cpx, 
(±) bi (3, 4) 

A C C E S S O R Y 
P H A S E 

titanite, 
opaques, 
apatite, 
zircon 

titanite, 
opaques, 
apatite, 
zircon, 
allanite (only 3) 

titanite, 
opaques, 
apatite, 
zircon 

titanite, 
opaques, 
apatite, 
zircon, 
allanite 

titanite (1-4), 
opaques (1-4), 
apatite (1-4), 
zircon (1-4), 
allanite (3), 
fluorite(l,2), 
quartz (3), 
clinopyroxene (3), 
biotite (3) 

Q U A R T Z AND 
F E L D S P A R 
T E X T U R E 

microperthite, 
zoning, 
myrmekite 

microperthite, 
zoning, 
myrmekite, 
graphic (1,3) 

microperthite, 
zoning, 
myrmekite 

microperthite, 
zoning, 
myrmekite, 
graphic 

microperthite, 
zoning, 
myrmekite (4) 

A L T E R A T I O N sericite, 
chlorite, 
carbonate 

sericite, 
ihlorite, 
:arbonate 

sericite, 
chlorite, 
epidote 

sericite, 
chlorite 

cancrinite (1, 2), 
gieseckite (2), 
sericite (1-4), 
chlorite (1-4), 
garnet (3, 4), 
5pidote (3) 

Table 3.1. Summary of the petrographic characteristics of the intrusive rocks from the Central 
Anatolian Massif Abbreviations: amp-amphibole, bi-biotite, cpx-clinopyroxene and gt-garnet. 
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Chapter 4 
MINERAL GEOCHEMISTRY 

Introduction 

This chapter interprets the electron microprobe analyses of the mineral phases 

(plagioclase, alkali feldspar, amphibole, clinopyroxene, biotite and Ti-Fe oxides) 

from the Central Anatolian plutonics. The analyses were undertaken to assess how 

the whole-rock major element variations were reflected in individual minerals and 

also to investigate conditions of crystallisation. A total of 539 point analyses were 

performed on 29 representative samples from the Behrekdag, Cefalikdag, Celebi, 

Baranadag and Hamit plutons using a Cameca CAMEBAX electron microprobe at 

the University of Edinburgh. The full electron microprobe data set is listed in 

Appendix D. 

This chapter is presented in two main Sections: 

4.1. Classification Qf mi^^^^ this Section classifies the mineral 

phases using the International Mineralogical Association (IMA) 

methodologies. 

4.2. Geotheimo-bqm this Section presents 

determination of crystallisation temperatures, pressures and oxygen 

fugacities and hence provides vital information about the emplacement 

conditions of the granitic magmas. 

4.1. Classification of mineral phases 

4.1.1. Feldspars 

28 representative samples from the Behrekdag, Cefalikdag, Celebi, 

Baranadag and Hamit plutons were chosen for electron microprobe analysis (Table 

4.1). A total of 266 feldspar crystals were analysed. Feldspars (plagioclase and alkali 

feldspar) are, in general, the most abundant mineral phases of the Central Anatolian 

plutonics. Alkali feldspar can make up nearly 90% of the alkali feldspar syenite from 

the Hamit pluton. Because plagioclase feldspars in the Central Anatolian plutonics 
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are generally zoned, analyses of at least two points (one near the margin and the 

other near the core) were performed on these zoned crystals (Figure 4.1-4.6). The 

mole fractions of the feldspar end-members (albite, orthoclase, anorthite) were 

calculated using the Na, K and Ca contents of feldspar (in atoms per formula unit). 

The data were then plotted on albite-orthoclase-anorthite ternary classification 

diagrams (Figure 4.1-4.5). 

PLUTON ROCK UNIT 

BEHREKDAG quartz monzonite 

granite 

CEFALIKDAG Savciliebeyit monzodiorite 

Kucukcurtepe quartz monzonite 

Kaletepe granite 

CELEBI quartz monzonite 

granite 

PLUTON 

BARANADAG 

HAMIT 

ROCK UNIT 

monzonite 

quartz monzonite 

nepheline monzosyenite 

pseudoleucite monzosyenite 

alkali feldspar syenite 

quartz syenite 

Table 4.1. Table showing the studied plutons from the Central Anatolian Massif from which 
representative samples were chosen for electron microprobe analyses. 

Plagioclase crystals from the Central Anatolian plutonics vary from An7i to 

Ani (these maximum and minimum values both belong to the Hamit pluton). The 

average anorthite content of the plutonics, based on 183 analyses, is 38.17 mol.% and 

the standard deviation of these analyses is 10.77%. This means that 95% of the 

anorthite contents of the plutonics lie in the range 38.17±21.5. Or (orthoclase) 

contents are consistentiy low, rarely exceeding 2 mol.% for plagioclases from the 

Behrekdag, Cefalikdag, Celebi and Baranadag intrusive rocks. On the other hand, 

those in plagioclases are generally high in the Hamit plutonic rocks (up to 9.3 

mol.%). 

As noted in Chapter 3, alkali feldspars generally show a microperthitic 

texture. In the Hamit pluton (especially in the alkali feldspar syenite), this texture is 

quite coarse which causes problems in trying to obtain representative values. To 

eliminate this problem, and also the possibility of sample decomposition (especially 

Na and K-bearing minerals, e.g. feldspar and biotite), the electron beam was 

defocused to about 15p. 
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4.1.1.1. Chemical variations 

TheBehreMm.P.lHt.Qn. comprises quartz monzonite and granite. Figure 4.1 

shows that the plagioclases from the quartz monzonite and granite are mainly 

andesine, the exception being an oligoclase from one granite sample. The main 

compositional range of plagioclase is restricted in the quartz monzonite (Anso-ss) but 

slightly wider in the granite (An47,27). Potassium feldspar in the quartz monzonite has 

compositions of Or79.89 and that in the granite Orgi.84-

The,S.eMliMotg...p.luton is made up of the Savciliebeyit monzodiorite, 

Kucukcurtepe quartz monzonite and Kaletepe granite. Plagioclases from the 

Savciliebeyit monzodiorite are mainly andesine in composition (An52.4o), except for 

two samples falling in the labradorite field (Figure 4.2). The Kucukcurtepe quartz 

monzonite has a compositional range of An47 and An^o, which has a similar mean but 

slightiy greater standard deviation than that of the Savciliebeyit monzodiorite. There 

are only five plagioclase analyses from the Kaletepe granite and these plot in the 

oligoclase and andesine fields (An3o-27) . Potassium feldspars in the Savciliebeyit 

monzodiorite and Kucukcurtepe quartz monzonite are characterised by similar 

compositions (Or82-95)- There are no alkali feldspar analyses from the Kaletepe 

granite. 

TM..CeJeM^pluton consists of quartz monzonite and granite. Plagioclase from 

the quartz monzonite and granite is mainly andesine, the one exception being 

oligoclase (Figure 4.3). The quartz monzonite contains plagioclase with a 

compositional range of An48-33 compared with the granite range of An46-25. The main 

compositional range of orthoclase is restricted in the granite (Or73.8i) but slightly 

wider in the quartz monzonite (Or76-9i). 

Tke.Barmqdqg,pluton contains monzonite and quartz monzonite. Plagioclase 

from the monzonite and quartz monzonite is mainly andesine and oligoclase (Figure 

4.4). Plagioclases in the monzonite lie in the range An37.29 whereas the range in the 

quartz monzonite is wider at An38.i7. Alkali feldspars in the monzonite show almost 

the same compositional range as the quartz monzonite (Or77-93). 

TM..H.Qmit_plutgn is made up of nepheline monzosyenite, pseudoleucite 

monzosyenite, alkali feldspar syenite and quartz syenite. In Figure 4.5, plagioclase 

from the nepheline monzosyenite plots in the labradorite, andesine and oligoclase 

fields (An49.24). Apart from one bytownite sample, plagioclase from the 
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pseudoleucite monzosyenite is mainly labradorite in composition (An7i.4g). Most 

plagioclase crystals, from the nepheline monzosyenite and pseudoleucite 

monzosyenite have higher orthoclase contents than other rock units in the Hamit 

pluton (up to 9.3 mol.%). These higher values can be explained by the development 

of antiperthite, although this has not been observed microscopically. The alkali 

feldspar syenite and quartz syenite from the Hamit pluton contain much more sodic 

plagioclase than the nepheline monzosyenite and pseudoleucite monzosyenite. 

Plagioclase in the alkali feldspar syenite is mainly albite (Ang.i). Plagioclase in the 

quartz syenite is albite and oligoclase (An2o-i), with one andesine sample (Ans?). 

Alkali feldspar from the Hamit pluton has a large compositional range compared to 

that from the Behrekdag, Cefalikdag, Celebi and Baranadag plutons, possibly 

because of exsolved lamellae of perthite. Alkali feldspars from the Hamit pluton plot 

in the sanidine field (Oreo-gs). 

Figure 4.6 illustrates the plagioclase compositions of the cores and rims of 

zoned plagioclase crystals from the Central Anatolian plutonics. An additional point 

analysis, here called the "inner-zone", was sometimes carried out between the rim 

and core of some plagioclase crystals. It is evident from this Figure that oscillatory 

zoning is quite common in the plagioclase of the plutonics. As it was mentioned in 

Chapter 3, the plagioclase generally shows normal, oscillatory and, rarely, patchy 

zoning patterns. 

In Figure 4.7, the anorthite compositions of plagioclases are plotted against 

the SiOa wt.% contents of the host rocks. As can be seen from Figure 4.7, the 

anorthite contents generally decrease with increasing silica. For comparison a linear 

regression line has been plotted through all plagioclase data for the plutonic rocks. 

The anorthite contents of plagioclase crystals from the Behrekdag, Cefalikdag, 

Baranadag and Hamit intrusive rocks decrease with silica, forming linear trends, 

whereas those from the Celebi intrusives increase with silica, forming also linear 

trends. In theory, i f they had been crystallised in equilibrium with the magma, their 

anorthite contents would have been decreased progressively with increasing silica, 

forming a linear or sublinear trend with a negative gradient and without substantial 

scatter. The negative linear trends shown by the Behrekdag, Cefalikdag, Baranadag 

and Hamit plutonic rocks indicate that most of the plagioclase crystals in these 

plutonic rocks are in equilibrium with magma/magmas. 
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4.1.2. Amphiboles 

4.1.2.1. Calculations of amphibole end-members 

Amphiboles are a highly complex group of minerals, because of the wide 

variety of cation sites available. Their compositional space is defined by A, B, C and 

T site occupancies. These sites are subdivided into 13 tetrahedral domains which 

comprise the amphibole end-members (Currie, 1991) (Table 4.2). 

tremolite ferro-actinolite 
(A)(B) (C) (T) ferro-anthophyllite 
( ) (Caj) (Mgs) (Sis) tirodite 

dannemorite 
winchite ferro-alumino 
( ) (CaNa) (Mg4Al) (Sis) ferro-ferri 

magnesio-ferri 
riebeckite magnesio-riebeckite 
()(Na2)(Fe'*2Fe'*)(Si8) ferro-glaucophane 

glaucophane 
holmquistite 

hornblende ferro-alumino 
( ) (Caa) (Mg4Al) {ShkX) ferro-ferri 

magnesio-ferri 
barroisite magnesio-alumino 
( ) (CaNa) (MgjAb) (Si7AI) ferro-alumino 

ferro-ferri 
magnesio-ferri 

tschermakite magnesio-alumino 
()(Ca2)(Mg3Al2)(Si6Al2) ferro-alumino 

ferro-ferri 
magnesio-ferri 

richterite ferro-richterite 
(Na) (CaNa) (Mgs) (Sig) 

arfvedsonite 

(A) (B) (C) (T) 
(Na) (Na2) (Fe'^Fe^) (Sig) 

magnesio-arfvedsonite 
eckermannite 
ferro-eckermannite 
kozulite 

edenite 
(Na) (Ca2) (Mgs) (Sig) 

magnesio-edenite 
ferro-edenite 

kataphorite 
(Na) (CaNa) (Mg4Al) (ShM) 

magnesio-alumino 
ferro-alumino 
ferro-ferri 
magnesio-ferri 

nyboite 
(Na) (Naj) (Mg3Al2) (SITAI) 

magnesio-alumino 
ferro-alumino 
ferro-ferri 
magnesio-ferri 

pargasite 
(Na) (Ca2) (Mgp l̂) {SifAh) 

ferro-pargasite 
hastingsite 
magnesio-hastingsite 

taramite 
(Na) (Na2) (MgjAh) {SifAh) 

magnesio-alumino 
ferro-alumino 
ferro-ferri 
magnesio-ferri 

Table 4.2. Table displaying amphibole end-members used in the calculation scheme of Currie 
(1991). 

The nomenclature of amphiboles has been established by the Subcommittee 

on Amphiboles of International Mineralogical Association (IMA) (Leake, 1978; 

Rock and Leake, 1984; Leake et al., 1997). On this basis, the amphibole formula may 

be written as: 

Ao-l52C5r8022(OH,F,Cl)2 

A (8 to 10-fold site): Na, K to total between 0.00 and 1.00, 

B (6 to 8-fold site) : Na, Li , Ca, Mn, Fê "", Mg to total 2.00, 

C (octahedral site) : Mg, Fê "", Mn, Al, Fe'", Ti to total 5.00, 

7 (tetrahedral site) : Si, Al to total 8.00. 
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Mole fractions of amphibole end-members can be calculated by using 

analyses of amphiboles as source data and by site assignments (A, B, C and T). 

However this requires complex calculations because of the wide variety of cation 

sites and valencies of elements. Another problem is to reduce the results of electron 

microprobe analysis lacking H2O and Fê "̂  determinations. To recalculate chemical 

analysis of amphiboles on the basis of their structural formulae and also classify 

them according to the M A guidelines, Richard and Clarke (1990) and Currie (1991) 

developed computer programs. A CLASAMPH program written by Currie (1991) 

starts from an amphibole composition and attains site assignments of end-members 

followed by calculation of mole fractions based on these assignments. He argues that 

the calculation is relatively insensitive to a lack of water and ferrous iron 

determinations. 

4.1.2.2. Chemical variations 

Amphibole is, in general, the most abundant mafic mineral in the Central 

Anatolian plutonics. A total of 132 electron microprobe analyses from five plutons 

(Behrekdag, Cefalikdag, Celebi, Baranadag and Harait) were made from a sum of 20 

representative samples. Their end-member calculations on the basis of Currie's 

software are presented in Appendix D. Amphibole end-member calculations from the 

Hamit pluton were cartied out only on those from the quartz syenite, as the 

calculations assume that there are no vacancies in the A site of amphiboles from the 

nepheline monzosyenite, pseudoleucite monzosyenite and alkali feldspar syenite. 

Average amphibole end-member compositions for the Behrekdag, 

Cefalikdag, Celebi, Baranadag and Hamit plutons are plotted in Figure 4.8. As can be 

seen from Figure 4.8, amphiboles from the Central Anatolian plutonics are mainly 

edenite, tschermakite and hornblende in composition. Amphiboles generally exhibit 

considerable variation within the Central Anatolian plutonics. For example, 

amphibole crystals from the Behrekdag, Cefalikdag and Celebi plutons are mainly 

made up of edenite, tschermakite, predominantly hornblende and bartoisite and, 

rarely, taramite and kaersutite. These plutons do not contain any AlB4Si6 at all. 

Amphiboles from the Baranadag and Hamit plutons predominantly contain AlB4Si6. 

Amphiboles from the Baranadag pluton consist of mostly edenite and tschermakite, 

predominantly taramite, kaersutite and AlB4Si6 and, rarely, bartoisite. Unlike other 
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plutons, the Baranadag and Hamit plutons do not contain hornblende. The quartz 
syenite from the Hamit pluton, like the monzonite from the Baranadag pluton, also 
does not contain barroisite and mostly contains edenite and tschermakite. 

100% 

KaersuUte 

•5 60% Taramite 

AlB4Si6 
-J Edenite 

Tschemiakite 

BaiTOisite 

Hornblende 

Figure 4.8. Average end-member compositions of amphibole crystals from the Central 
Anatolian plutonics. Abbreviations: q-quartz, mzdi-monzodiorite, mz-monzonite, gr-
granite and sy-syenite. 

The microprobe data have been also plotted on the classification diagram of 

Leake et al. (1997) (Figure 4.9). All samples from the Central Anatolian plutonics 

are classified as calcic amphiboles, mainly edenite, magnesio-homblende and, 

predominantly, magnesio-hastingsite and hastingsite. Amphiboles from the 

Behrekdag, Cefalikdag and Celebi plutonic rocks are plotted into two diagrams on 

the basis of (Na+K)A > 0.50 and (Na+K)A < 0.50 (Figures 4.9a,b) following the IMA 

classification scheme (Leake et al., 1997). Amphiboles from these plutons are mainly 

edenite and magnesio-homblende in composition. 

Amphiboles from the Baranadag pluton fall in both the edenite and magnesio-

hastingsite fields. The data from the Hamit pluton appear to have high and low 

Mg/(Mg4-Fe) values, and thus the compositions of amphiboles from the Hamit pluton 

70 



N. Ilbeyli 

fall in discrete areas which principally include hastingsite and edenite. Amphiboles 

from the quartz syenite have high Mg/(Mg+Fe) values, whereas those from the 

nepheline monzosyenite, pseudoleucite monzosyenite and alkali feldspar syenite in 

the Hamit pluton have low Mg/(Mg+Fe) contents. 

(Ca>l .50; (Na+K) > 0.50; Ti<0.50) 

So 0.5 

edenite 

paigasite 

magnesio-hastingsite 
(Al"<Fe3^ 

magnesio-
sadanagaite 

feiro-edenite 

(a) 
1 1 

ferro-pargasite Z4 

hastingsite 

sadanagaite 

7.5 6.5 6 

Si in formula 

5.5 

• Behrekdag 
• Cefalikdag 
• Celebi 
O Baranadag 
A Hamit 

4.5 

(Ca>1.50; (Na+K) < 0.50) 

0.5 

7.5 

tremolite 

actinolite magnesio-homblende tschennakite 

P 

ferro-actinolite 

(b) 

ferro-homblende 
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ferro-tschennakite 

7 6.5 

Si in formula 
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Figure 4.9. (a) Amphibole crystals from the Behrekdag, 
Cefalikdag, Celebi, Baranadag and Hamit plutons plotted on the 
classification diagram of Leake et al. (1997) on the basis of 
(Na+K) > 0.50. (b) Amphiboles from the Behrekdag, Cefalikdag 
and Celebi plutons according to (Na+K) <0.50. 
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The compositional differences of amphiboles from the Central Anatolian 
plutonics can be also seen on a plot of Na (formula unit) versus the Si02 wt.% of 
their host rocks (Figure 4.10a). Amphiboles from the Behrekdag, Cefalikdag and 
Celebi plutons have the lowest Na values, whereas those from the Hamit pluton have 
high Na contents. Amphiboles from the Baranadag pluton have intermediate Na 
values between these rocks. Similar relationships can be also seen from the plot of K 
(formula unit) against the Si02 wt.% of their host rocks (Figure 4.10b). 
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Figure 4.10. Na (a) and K (b) formula units of amphiboles 
from the Central Anatolian plutonics plotted against the SiOi 
wt.% content of their host rocks. 
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4.1.3. Clinopyroxenes 
4.1.3.1. Calculations of clinopyroxene end-members and classification 

Although clinopyroxene is the most common mafic mineral in the foid-

bearing Hamit rock units (nepheline monzosyenite, pseudoleucite monzosyenite), it 

is generally found only as relics in amphibole cores in the Behrekdag, Cefalikdag, 

Celebi and Baranadag plutonic rocks. 

Several methods have been proposed for the calculation of pyroxene end-

members. Most of them are sequential schemes that usually differ in the order of the 

calculation sequence and this may lead to an overestimation of the component 

calculated first. To solve this problem, Dietrich and Petrakakis (1986) developed an 

algebraic method which allows the calculation of 11 linearly-independent pyroxene 

components. However, on the basis of crystal-chemistry experiments, Lindsley 

(1986) showed that some of those end-members have little chemical justification. 

These pyroxene end-member calculations had a drawback since electron 

microprobe analysis cannot detect the two oxidation states of iron separately. 

Cawthom and Collerson (1974) proposed an alternative scheme which minimises the 

significance of FeiOs contents and allows for a more rigorous determination of end-

member concentrations. Several methods have also been developed to calculate the 

structural formulae of the pyroxenes (e.g. Dollase and Newman, 1984; Guiraud, 

1986). 

The Subcommittee on Pyroxenes (Commission on New Minerals and Mineral 

Names of the International Mineralogical Association-IMA) has recently approved 

the new classification and nomenclature for pyroxene minerals (Morimoto, 1989). 

The IMA proposes that, if Fe203 is not available, the formula should be calculated to 

four cations to estimate Fe^* by charge balance. Cations are then allocated to their 

structural sites. According to the IMA suggestions. Si'** and particular amounts of 

Al̂ "̂  and Fê "̂  are situated in tetrahedral sites. The remaining cations are considered 

to belong to the Ml or M2 sites. Each pyroxene is then assigned to one of four 

chemical groups defined by Morimoto and Kitamura (1983): (i) Ca-Mg-Fe 

pyroxenes (Quad); (ii) Na-Ca pyroxenes (Na-Ca); (iii) Na pyroxenes (Na); and (iv) 

other pyroxenes (Other). The Quad pyroxenes are classified in the enstatite-

ferrosilite-diopside-hedenbergite (En-Fs-Di-Hd) quadrilateral, whereas the Na-Ca 

and Na pyroxenes are plotted in the Quad-Jd-Ae triangle. Despite the use of this new 
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classification system, the calculation of pyroxene end-members remains necessary 
for many studies. Some authors (e.g. McHone, 1987 and Gomez, 1990) have 
developed computer programs for this purpose. The PX program (Gomez, 1990) 
classifies pyroxenes on the basis of the M A scheme and also calculates the two 
normalisation schemes of Kushiro (1962) and Cawthom and Collerson (1974). In 
addition, the program calculates the woUastonite, enstatite and ferrosilite parameters 
following the scheme of Lindsley and Anderson (1983). 

4.1.3.2. Chemical variations 

A total of 54 point analyses was carried out on a sum of 12 samples selected 

from the Behrekdag, Cefalikdag, Celebi, Baranadag and Hamit plutons. Mineral 

formulae were calculated using the PX program of Gomez (1990) (Appendix D). 

They were then plotted on the Quad (enstatite-ferrosilite-diopside-hedenbergite) 

diagrams. Classification of clinopyroxenes from the Central Anatolian plutonics is 

presented in Figure 4.11 and a more detailed classification is also shown in Figure 

4.12. 

As can be seen from Figure 4.11 and 4.12, clinopyroxenes from the 

Behrekdag, Cefalikdag, Celebi and Baranadag plutons have a limited compositional 

range and plot in the salite field apart from one Celebi quartz monzonite sample that 

falls into the augite field. Clinopyroxenes from the Baranadag pluton are slightly 

more calcic than those from the Behrekdag, Cefalikdag and Celebi plutons. 

Clinopyroxenes from the Hamit pluton show a rather wider compositional 

range and predominantly plot in the salite field (Figure 4.11, 4.12). The Hamit rocks 

mainly contain more calcic clinopyroxenes than the Behrekdag, Cefalikdag, Celebi 

and Baranadag intrusive units. In addition, of the nonquadrilateral cations, 

clinopyroxenes from the Hamit pluton tend to be richer in Al, Ti and Na than the 

clinopyroxenes from other plutons. 
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Figure 4.11. Distribution of the composition of clinopyroxenes from 
the Central Anatolian plutonics. 

Recent reviews of the mineralogy of orogenic volcanic rocks have suggested 

that the clinopyroxenes in potash-rich rocks may differ from those in lower-K calc-

alkali rocks. Ewart (1982) noted that, whereas augite is characteristic of most calc-

alkalic rocks, there is a 'tendency to extend into diopside and salite compositions in 

the higher K magmas'. Gill (1981) found a general 'increase in Wo (wollastonite) 

content of augite as K-enrichment of the whole rock increases', and showed that 

some clinopyroxenes in potash-rich andesites have high A I 2 O 3 contents. 

4.1.4. Biotites 
Biotite is as common a ferro-magnesian mineral as amphibole in the 

Savciliebeyit monzodiorite and Kucukcurtepe quartz monzonite (Cefalikdag pluton). 

On the other hand, it is less abundant in the Behrekdag, Celebi and Baranadag 

intrusive rocks and it is a scarce mineral phase in the Hamit rocks. 
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Figure 4.12. Clinopyroxene compositions from the Behrekdag, Cefalikdag 
and Celebi plutons. 
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Figure 4.12 (continued). Diagram shows clinopyroxene compositions 
from the Baranadag and Hamit plutons. 
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A total of 28 point analyses were carried out on a sum of 9 samples from the 
Behrekdag, Cefalikdag, Celebi, Baranadag and Hamit plutons (Appendix D). Except 
for biotites from the Hamit pluton, biotites from the Central Anatolian plutonics are 
rich in Ti02, with contents of 2.75-5.01 wt.% in the Cefahkdag pluton, 4.99 wt.% in 
the Behrekdag pluton, 4.00 wt.% in the Celebi pluton and 3.16-4.11 wt.% in the 
Baranadag pluton. In addition, biotites from the Cefalikdag pluton are slightly more 
aluminous than those from the Behrekdag, Celebi, Baranadag and Hamit plutons. 
Unlike biotites from the Hamit pluton, the range of Fe/(Fe-i-Mg) is quite small, with 
an average of approximately 0.54 for the Behrekdag, Cefalikdag, Celebi and 
Baranadag intrusives. Minor constituents show no correlation with Fe/(Fe+Mg). 

4.1.5. Fe-Ti oxides 

A total of 27 analyses were performed on 11 samples from the Behrekdag, 

Cefalikdag, Celebi, Baranadag and Hamit plutons (Appendix D). Only magnetite and 

ilmenite from these plutons have been studied in detail as the other opaque minerals 

(chalcopyrite and pyrite) are restricted in occurrence. Unlike magnetite, ilmenite is 

quite scarce in the Hamit rocks. Magnetites from the Central Anatolian plutonics 

have 0-0.8 wt.% Ti02 and 0.05-1.06 wt.% AI2O3. Dmenites from the plutonics 

contain 2.4-9.7 wt.% MnO (pyrophanitess) and up to -0.2 wt.% MgO. 

Takasashi et al. (1980) have compared Ishahara's (1977) classification of 

granites as magnetite- and ilmenite-bearing with the I- and S-type granite 

classification of Chappell and White (1974). I-type granites generally contain 

magnetite and less commonly ilmenite without magnetite. The absence of magnetite 

is often associated with S-type granites, because of the C (graphite) content of the 

sedimentary source. 

4.2. Calculations of pressures, temperatures and oxygen fugacities of 
the Central Anatolian plutonics 

The mineral compositions of the granitic plutons enable the use of a large 

number of thermometers and barometers that characterise emplacement conditions. 

However, only a portion of mineral compositions in igneous rocks represents true 

solidus conditions since some mineral phases continue to react during subsolidus 

cooling (e.g. feldspar, Fe-Ti oxides). 
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Water fugacity (fmo) and oxygen fugacity (foi) are two of the intensive 

properties that also control the crystallisation paths of a magma. Determination of 

these variables at magmatic conditions is also difficult because of phase and 

compositional changes caused by subsolidus re-equilibration (e.g. Czamanske and 

Wones, 1973; Wones, 1981). Nevertheless, there are several ways to estimate the 

pressure, temperature and oxygen fugacity during crystallisation of the Central 

Anatolian plutonics. These are: 

4.2.1. Amphibole-plagioclase geothermometer and barometer: 

4.2.1.1. Al-in-homblende barometer (Schmidt, 1992) 

4.2.1.2. Amphibole-plagioclase geothermometer (Blundy 

and Holland, 1990) 

4.2.2. Feldspar geothermometer: 

4.2.2.1. Two-feldspar geothermometry (Wen and Nekvasil, 1994) 

4.2.3. Oxygen and water fugacities: 

4.2.3.1. Oxygen fugacity (Wones, 1989) 

4.2.1. Amphibole-plagioclase geothermometer and barometer 

4.2.1.1. Al-in-hornblende barometer 
Hammerstrom and Zen (1986) first experimentally determined that the Al 

content of hornblende in calc-alkaline granitoids varies linearly with pressure of 

crystallisation, thereby providing a means of determining depth of pluton 

emplacement (Equation 4.1): 

P{± 3 kbar) = -3.92 + 5.03 Al'^bi r ^ = 0.80 (Eq. 4.1) 

Hollister et al. (1987) discussed the thermodynamic basis for this barometer 

and refined the empirical calibration of Hammerstrom and Zen (1986) with 

additional hornblende compositional data from intrusives that crystallised at 

intermediate pressures (Equation 4.2): 

P(± 1 kbar) = -4.76 + 5.64 Al\b\ r ^ = 0.97 (Eq. 4.2) 

Both empirical calibrations (Equation 4.1, 4.2) are based on pressures generally 

derived from contact-aureole geobarometry. Hammerstrom and Zen (1986) and 
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Hollister et al. (1987) emphasised that the barometer is restricted to calc-alkaline 
rocks containing the specific assemblage "quartz + plagioclase + potassium feldspar 
+ hornblende + biotite + titanite + Fe-Ti oxide phase(s) (magnetite or ilmenite)". 

Johnson and Rutherford (1989) equilibrated the specified assemblage (using 

natural samples of both volcanic and plutonic rocks) in reversed, /02-buffered, 

vapour-present experiments over the range from 2 to 8 kbar at 740-780 °C (Equation 

4.3): 

P{± 0.5 kbar) = -3.46 + 4.23 Al""hbi r ^ = 0.99 (Eq. 4.3) 

Schmidt (1992) calibrated the Al-in-homblende barometer experimentally 

under water-saturated conditions at pressures of 2.5-13 kbar and temperatures of 

700-655 °C (Equation 4.4): 

P{± 0.6 kbar) = -3.01 -H 4.76 Al""hbi r ^ = 0.99 (Eq. 4.4) 

The Al-in-hornblende geobarometer has been criticised by Anderson and 

Smith (1995) and Anderson (1996). They pointed out that many granitic intrusions 

are emplaced under conditions inconsistent with those of existing experimental 

calibrations, including /o2<NNO (nickel-nickel oxide) and/or variable to high 

temperature. They also noted that the barometer fails by yielding elevated pressures 

for I0W-/02 plutons with iron-rich hornblendes. Thus they recommend that the 

barometer is used for hornblende with Fe/(Fe-i-Mg)<0.65. 

132 point analyses of amphiboles from the Central Anatolian plutonics were 

performed on a subset of 20 representative samples. Pressure calculations were 

carried out only for the quartz syenite in the Hamit pluton. The foid-bearing syenite 

(nepheline monzosyenite and pseudoleucite monzosyenite) and alkali feldspar 

syenite from the Hamit pluton are excluded because amphiboles from these rock 

units have the ratios of Fe/(Fe-i-Mg)>0.65. Thus crystallisation pressures were 

determined only on 122 analyses from 18 samples from the Behrekdag, Cefalikdag, 

Celebi, Baranadag and Hamit plutons using the Schmidt's calibration. The results are 

presented in Table 4.3 and Appendix D. 

80 



N. Ilbeyli 

PLUTON PRESSURE (kbar) 
(±0.6) 

Behrekdag pluton 
quartz monzonite 3.6-4.3 
granite 2.6-3.4 

Cefalikdag pluton 
Savciliebeyit monzodiorite/quartz monzodiorite 3.5-5.2 
Kucukcurtepe quartz monzonite 4.2-4.6 

Celebi pluton 
quartz monzonite 2.9 - 4.0 
granite 2.6-3.8 

Baranadag pluton 
monzonite 4.5 - 5.3 
quartz monzonite 4.1 -4.6 

Hamit pluton 
quartz syenite 3.4-3.9 

Table 4.3. Table displaying crystallisation pressures of the plutonics in the 
Central Anatolian Massif 

23 No. of Samples: 122 

c 
g-

As can be seen from Table 4.3, the 

Savciliebeyit monzodiorite from the 

Cefalikdag pluton and also the monzonite 

from the Baranadag pluton yield 

considerably higher pressures (3.5-5.3 kbar) 

than the other rock units in the Massif. The 

granite from both the Behrekdag and Celebi 

plutons have the lowest crystallisation 

pressures. Figure 4.13 shows the 

distribution of the crystallisation pressures 

in the Central Anatolian plutonics. As 

shown by the histogram, most of the plutonics have crystallisation pressures between 

3 to 5 kbar. Only about 10% of the plutonic rocks have pressures between 2.5 and 3 

kbar and about 15% of those have pressures ranging from 5 to 5.5 kbar. 

2.5 3.5 4 4.5 

Pressure (kbar) 
5.5 

Figure 4.13. Histogram showing the 
frequency distribution of crystallisation 
pressures in the Central Anatolian plutonics. 

4.2.1.2. Amphibole-plagioclase geothermometer 
Experimental studies performed using synthetic amphibole from a wide range 

of starting materials and pressures and temperatures demonstrated that amphibole 



CHAPTER 4- Mineral Geochemistry 

also has potential for indicating crystallisation temperatures. Spear (1980, 1981) 
described early calibrations of the homblende-plagioclase thermometer based on 
pairs (homblende-plagioclase) in metamorphic rocks for which temperature was 
already known. Nabelek and Lindsley (1985) proposed an experimentally-based 
thermometer using variations in Al*^ of hornblende. Blundy and Holland (1990) 
developed a new amphibole-plagioclase geothermometer using a combined set of 
experimental and empirical data and have formulated a calibration for the equilibria: 

edenite + 4 quartz = tremolite + albite 

pargasite + 4 quartz = hornblende + albite 

and their calibration is: 

„ 0.677P-48.98-hy ^ 
T = (Eq.4.5) 

-0.0429-0.008314 In ^ ^ 

where; 

K = 
Si-4 

S-Si 
j^Plag 

Ah 

Si: number of atoms per formula unit in amphibole 

P: pressure (kbar) 

T: temperature (Kelvin) 

Y: plagioclase non-ideality 

Y = OforXab > 0.5 and Y = -8.6 + 25.5(1-Xabf for X^b < 0.5 

They determined that the amphibole-plagioclase thermometer is robust to 

ferric iron recalculation from electron microprobe data and should yield temperatures 

of equilibration for hornblende-plagioclase assemblages with uncertainties of around 

±75 °C for rocks equilibrated at temperatures in the range 500-1100 °C. They also 

demonstrated that the thermometer should only be used in this temperature range and 

for assemblages with plagioclase less calcic than An92 and with amphiboles 

containing less than 7.8 Si atoms per formula unit. 

The Blundy and Holland's (1990) calibration was criticised by Hammerstrom 

and Zen (1992), Rutherford and Johnson (1992) and Poll and Schmidt (1992) 

generally on thermodynamic grounds. 
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Figure 4.14. Histogram displaying the 
frequency distribution of crystallisation 
temperatures in the plutonics. 

Temperatures obtained for the 

Central Anatolian plutonics using the 

Blundy and Holland (1990) calibration of 

the homblende-plagioclase geothermometer 

range from 716 to 858 °C. 

Figure 4.14 shows the distribution of 

crystallisation temperatures in the plutonics. 

As can be seen from the histogram, most of 

the plutonics have crystallisation 

temperatures ranging from 750 to 800 °C. 

About 1-2% of the plutonics have 

temperatures between 700 and 725 °C. 

Figure 4.15 displays the relationship between the distribution of temperatures 

and the Si02 wt.% contents of their host rocks. Notably, temperatures from these 

plutons decrease with increasing silica contents of their host rocks. 

Figure 4.16 shows the relationship between pressures and temperatures for 

the plutonics. As can be seen from Figure 4.16, there is a positive linear correlation 

between temperatures and pressures calculated for the Behrekdag, Cefalikdag, 

Celebi, Baranadag and Hamit plutons. The monzodiorite from the Cefalikdag pluton 

have the highest temperatures, whereas the granite from the Behrekdag and the 

quartz monzonite and granite from the Celebi plutons have the lowest temperatures. 
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Figure 4.15. Distribution of amphibole-plagioclase 
geothermometer calculations from the Behrekdag, 
Cefalikdag, Celebi, Baranadag and Hamit plutons plotted 
against Si02 contents of their host rocks. Abbreviations: q-
quartz, mz-monzonite and mzd-monzodiorite. 
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Figure 4.16. Diagram displaying a positive correlation 
between pressures and temperatures from the Behrekdag, 
Cefalikdag, Celebi, Baranadag and Hamit plutons calculated 
by using the Schmidt's (1992) and Blundy and Holland's 
(1990) formulations. Abbreviations: q-quartz, mz-monzonite 
and mzd-monzodiorite. 
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4.2.2. Feldspar geothermometer 

4.2.2.1. Two-feldspar geothermometry 
Feldspars have been given much attention over the past decades mainly for 

the purpose of geothermometry. Barth (1951) first suggested that the distribution of 

the albite component between coexisting plagioclase and alkali feldspar could be 

used to estimate the temperature of equilibration. Several more recent feldspar 

thermometers (e.g. Stormer, 1975; Powell and Powell, 1977; Whitney and Stormer, 

1977; and Haselton et al., 1983) have been calibrated using the equilibrium of a 

single component between coexisting feldspars. Brown and Parsons (1977) 

suggested that thermodynamic models of feldspar equilibria should account for the 

equilibria between all three components (albite-orthoclase-anorthite) in coexisting 

feldspars. More recent publications, including Ghiorso (1984), Green and Usdansky 

(1986), Nekvasil and Bumham (1987), Fuhrman and Lindsley (1988) and Elkins and 

Grove (1990) offer three calibrations for each feldspar pair based on the exchange of 

albite, anorthite and orthoclase components, respectively. However, each of these 

models has both advantages and weakness. Anderson (1996) argues that the results 

using anorthite and orthoclase components are subject to analytical error given that 

the proportions of the anorthite component in K-feldspar and of the orthoclase 

component in plagioclase are usually very low. 

Wen and Nekvasil (1994) developed a computer program, SOLVCALC. The 

program calculates isothermal sections of the ternary feldspar solvus using Ghiorso 

(1984), Green and Usdansky (1986), Nekvasil and Bumham (1987), Fuhrman and 

Lindsley (1988) and Elkins and Grove (1990) geothermometers. 

16 representative samples from the Behrekdag, Cefalikdag, Celebi, 

Baranadag and Hamit (only quartz syenite samples) plutons were selected to 

calculate crystallisation temperatures. Pressures from these plutons were determined 

using the Schmidt's (1992) Al-in-hornblende equation. The results of two-feldspar 

geothermometers are given in Table 4.4 and also Figure 4.17. 

Temperatures estimated from the Central Anatolian plutonics using the two-

feldspar geothermometer range from 485 to 742 °C. As can be seen from Table 4.4 

and Figure 4.17, the quartz syenite from the Hamit pluton has the lowest 

temperatures among the Central Anatolian plutonics. It seems likely that feldspars 

from the quartz syenite have undergone subsolidus re-equilibration. 
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Two-feldspar geothermometry ( T) j 
Pluton Sample 

no 
Ghiorso, 

1984 
Green & 

Usdansky, 
1986 

Nekvasil & 
Bumham, 

1987 

Fuhrman & 
Lindsley, 

1988 

Lindsley & 
Nekvasil, 

1988 

Elkins & 
Grove, 
1990 

Behrekdag N2 730 710 679 703 655 706 

N7 684 649 651 663 665 629 

Cefalikdag N85 708 723 670 683 650 699 

N20 680 681 653 660 621 656 

Celebi N71 728 690 670 713 678 718 

N75 742 715 685 722 686 729 
Baranadag N26 684 678 645 666 624 656 

N18 669 671 661 666 636 661 
Hamit N290 526 478 570 510 487 4S3 

Table 4.4. The results of two-feldspar geothermometer for the Central Anatolian plutonics 
calculated using the SOLVCALCprogram (Wen and Nekvasil, 1994). 

1000 T-

Behrekdag 
pluton 

Cefalikdag 
pluton 

Celebi 
pluton 

Baranadag 
pluton 

Hamit 
pluton 

200 + 

• Gfaiorso, 1984 

• Grcii and Usdmsky. 1986 

• Nekvasil and Bumham. 1987 

• Fuhnnan and Undsley. 1988 

• Lindsley and Nekvasil, 1988 

• Elkins md Grove, 1990 

Figure 4.17. Comparison of two-feldspar geothermometers for the Central Anatolian plutonics. 

4.2.2.2. Comparison of geothermometers calculated using different 
methods 

The Central Anatolian plutonics, unfortunately, have an insufficient range of 

mineral assemblages to allow the comparison of large number of geothermometers. 

Figure 4.18 demonstrates the comparison of geothermometer results for individual 

samples chosen from the studied plutons (Behrekdag, Cefalikdag, Celebi, Baranadag 
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and Hamit) in the Central Anatolian Massif. Temperatures from these plutons were 

calculated using Blundy and Holland's (1990) amphibole-plagioclase 

geothermometer and Wen and Nekvasil's (1994) two-feldspar geothermometers. As 

can be seen from Figure 4.18, Wen and Nekvasil's two-feldspar geothermometers 

agree to ±10°C with the Blundy and Holland's amphibole-plagioclase 

geothermometer for the Behrekdag, Cefalikdag, Celebi and Baranadag plutonic 

rocks. In contrast, the amphibole-plagioclase geothermometer of Blundy and Holland 

(1990) gives temperatures which are higher than those obtained by the two-feldspar 

geothermometer of Wen and Nekvasil (1994) for the quartz syenite from the Hamit 

pluton. 

4.2.3. Oxygen and water fugacities 

4.2.3.1. Oxygen fugacity 

Determination of oxygen fugacity (foi), at the P and T of crystallisation of 

granitic rocks is often constrained by subsolidus re-equilibration and/or alteration. 

During late-stage re-equilibration in granitic plutons, magnetite typically loses Ti and 

ilmenite undergoes one or more stages of oxidation-exsolution. Therefore, the 

application of ilmenite-magnetite geothermometry cannot be used to ascertain 

oxygen fugacities during crystallisation of the magmas (Buddington and Lindsley, 

1964; Haggerty, 1976). 

The assemblage titanite+magnetite+quartz in volcanic or granitic rocks 

permits an estimate of relative oxygen fugacity. Verhoogen (1962) demonstrated that 

the equilibrium; 

titanite + magnetite + quartz = wollastonite + ilmenite + O2 (Eq. 4.6) 

separates an oxidised titanite + magnetite assemblage from a reduced wollastonite + 

ilmenite assemblage. 
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1000 X 

Behrekdag pluton Cefalikdag pluton 
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58.17 
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600 + 
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1000 T 

800 + 

600 + 

o 

H 

Hamit pluton 

400 + 

200 + - - -

N290 

• Blundy and Holland's (1990) amp-pl 
geothennonKter 

• Ghiorso's (1984) two-feldspar 
geothennometer 

• Green and Usdanskyls {1986) two-
feldspar geothennometer 

• Nekvasil and Bumham's (1987) two-
feldspar geothermometer 

• Fuhrman and Lindsley's (1988) two-
feldspar geothermometer 

• Lindsley and Nekvasil's (1988) two-
feldspar geothennometer 

• Elkins and Grove's (1990) two-
feldspar geothemmnieter 

Figure 4.18. Comparison of geothermometers applied to the Central 
Anatolian plutonics. Si02 wt.% contents of their host rocks are given 
on the labels on each bar. Abbreviations: amp-amphibole and pl-
plagioclase. 
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By adding SiOz, the equilibrium can be written as: 

titanite + magnetite + quartz = hedenbergite + ilmenite + O2 (Eq. 4.7) 

in which hedenbergite and ilmenite represent the reduced assemblages (Wones, 

1989). Wones (1989) also suggested that an equilibrium comparable to Equation 4.7, 

but involving amphibole, can be written: 

titanite + magnetite + quartz + H2O = ferrotremolite + ilmenite + O2 (Eq. 4.8) 

According to Wones (1989), Equation 4.8 can be used to distinguish relatively 

oxidised granitoids containing titanite + magnetite + quartz from those that are more 

reduced and contain amphibole + ilmenite. The temperature dependency of oxygen 

fugacity (Equations 4.9 and 4.10) can be approximated by: 

logfo2=-j + B + ̂ - ^ (Eq.4.9) 

using calculated values for A, B and C (Wones, 1989) we get: 

l o g / . = - ^ . U . 9 8 . ^ I i ^ (E<,.4.10, 

P: pressure (bar) 
T: temperature (Kelvin) 

To calculate/02, Wones (1989) equation (Equation 4.10) has been applied to 

18 representative samples from the Behrekdag, Cefalikdag, Celebi, Baranadag and 

Hamit (only quartz syenite samples) plutons. The average pressures and 

crystallisation temperatures of the plutonics were obtained using the Schmidt (1992) 

and Holland and Blundy (1990) equations. The estimated T-/02 conditions for the 

crystallisation of the Central Anatolian plutonics are given in Figure 4.19. 
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As can be seen from Figure 4.19, 

the plutonics crystallised under 

conditions between the HM (Hematite-

Magnetite) and FMQ (Fayalite-

Magnetite-Quartz) buffers. The rock 

units from the Behrekdag, Cefalikdag, 

Celebi, Baranadag and Hamit plutons 

plot between the titanite + magnetite + 

quartz and hedenbergite lines. The 

Cefalikdag plutonic rocks have slightly 

higher foi than the other units in the 

Central Anatolian Massif. 

Many arc-related batholiths 
Figure 4.19. Logarithmic plot of fo2 versus 
temperature for the Behrekdag, Cefalikdag, 

Celebi, Baranadag and Hamit intrusive crystallise near the experimental Ni-NiO 
assemblages. Abbreviations: HM=Hematite-
Magnetite, FMQ=Fayalite-Magnetite-Quartz and buffer (Czamanske et al., 1981; Speer, 
hed-hedenbergite. 

1987). Others, particularly ilmenite 

series and fayalite-bearing granites (Anderson, 1983; Emslie and Stirling, 1993), 

crystallise near the quartz-fayalite-magnetite buffer; and a few high /02, magnetite 

series granites (Barth et al., 1995) crystallise a few log units below the hematite-

magnetite buffer. Thus, the observed range of /02 in granites spans seven orders of 

magnitude and this duplicates the range of /02 measurements for rapidly erupted 

volcanic rocks (Ewart et al., 1975; Luhr et al., 1984; Carmichael, 1991). 

90 



N. llbeyli 

4.3. Summary 

The mineral phase characteristics and also geothermo-barometry of the 

Behrekdag, Cefalikdag, Celebi, Baranadag and Hamit plutons have been summarised 

in Table 4.5. 

PLUTON BEHREKDAG CEFALIKDAG C E L E B I BARANADAG HAMIT 

R O C K UNIT quartz 
monzonite (1), 
granite (2) 

monzodiorite 
(1), quartz 
monzonite (2), 
granite (3) 

quartz 
monzonite 
(1), granite 
(2) 

monzonite 
(1), quartz 
monzonite 
(2) 

nepheline 
monzosyenite 
(1) . 
pseudoleucite 
monzosyenite 
(2) , alkali 
feldspar syenite 
(3) , quartz 
syenite (4) 

PLAGIOCLASE mainly 
andesine (1,2) 

andesine and 
labradorite (1); 
andesine (2); 
oligoclase and 
andesine (3) 

andesine (1, 
2) 

oligoclase 
and andesine 

oligoclase, 
andesine and 
labradorite (1); 
mainly 
labradorite (2); 
albite (3); albite, 
oligoclase and 
andesine (4) 

AMPfflBOLE hornblende, 
barroisite, 
tschermakite, 
edenite and 
taramite (only 
1) 

hornblende 
(only 1), 
barroisite, 
tschermakite, 
edenite, 
taramite and 
kaersutite 
(only 1) 

hornblende, 
barroisite, 
tschermakite, 
edenite and 
taramite (only 
1) 

barroisite 
(only 2), 
tschermakite, 
edenite, 
AlB4Si6 
(only 1), 
taramite and 
kaersutite 

tschermakite, 
edenite, 
AlB4Si6, 
taramite and 
kaersutite 
(these amphibole 
compositions 
only for 4; more 
explanation see 
Section 4.1.2.2) 

CLINOPYROXENE salite salite salite salite salite 
PRESSURE (kbar)* 3.6-4.3 (1); 

2.6-3.4 (2) 
3.5-5.2(1); 
4.2-4.6 (2) 

2.9-4.0 (1); 
2.6-3.8 (2) 

4.5-5.3 (1); 
4.1-4.6 (2) 

3.4-3.9 (4) 

TEMPERATURE 

( ° C ) * 

768-791 (1); 
741-753 (2) 

760-858 (1); 
754-767 (2) 

716-791 (1); 
740-770 (2) 

759-783 (1); 
747-764 (2) 

698-711 (4) 

Table 4.5. Summary of the mineral phase features and geothermo-barometry of the intrusive rocks 
from the Central Anatolian Massif "-Pressures were calculated using the Schmidt's calibration 
(1992) and ^-temperatures were calculated using the Blundy and Holland's calibration (1990). 
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Chapter 5 
MAJOR AND T R A C E ELEMENT GEOCHEMISTRY 

Introduction 

Whole-rock XRF major and trace element data are presented for 301 rock 

samples from the Central Anatolian Massif. The trace elements determined were 

Sc, V, Cr, Co, Ni, Cu, Zn, Ga, Rb, Sr, Y, Zr, Nb, Ba, La, Ce, Nd, Pb, Th and U. A 

subset of representative samples were also analysed for Rb, Sr, Y, Zr, Nb, Cs, Ba, 

Rare Earth Elements (REE), Hf, Ta, Pb, Th and U by ICP-MS. Appendix A 

documents the analytical techniques while Appendix B lists the accuracy and 

precision of the anal5^ical data. The set of XRF and ICP-MS data is given in the 

Appendix C. 

This chapter contains two Sections: 

5.1. The first Section classifies the Central Anatolian plutonics on the basis of 

their major element contents and examines the major element variation 

diagrams. 

5.2. The second Section concentrates on the trace element characteristics, as 

shown by trace element variation diagrams, REE patterns, multi-element 

patterns and tectonic discrimination diagrams. 

5.1. Major element characterisation of the Central Anatolian 
plutonics 

5.1.1. Classification of the intrusive rocks using major element geochemistry 

The Central Anatolian plutonics have a broad petrological range from 

monzodiorite to granite/syenite, as illustrated on the Streckeisen diagram (Figure 

2.4). They have been classified chemically using the total alkali versus SiOa 

diagram of Middlemost (1994) (Figure 5.1). 
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• CeMkdag 
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O Baranadag 
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60 
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Figure 5.1. The intrusive rpcks from the Central Anatolian Massif plotted on the 
total alkali versus SiOi diagram of Middlemost (1994). Abbreviations: FD-
foidolite, FSY-foid syenite, FMZSY-foid monzosyenite, FMZDI-foid monzodiorite, 
FGB-foid gabbro, SY-syenite, MZ-nionzonite, MZDI-monzodiorite, MZGB-
monzogabbro, QMZ-quartz monzonite, PGB-peridotgabbro, GB-gabbro, GBDI-
gabbroic diorite, Dl-diorite, GRD-granodiorite and GR-granite. 

The data from the Central Anatolian plutonics fall in three distinct areas of 

this diagram. The first area, which includes the data from the intrusive rocks from 

the Behrekdag, Cefalikdag and Celebi plutons, covers a linear compositional 

spectrum from monzogabbro with 50.45 wt.% SiOa through monzonite/quartz 

monzonite to granite with 77.26 wt.% SiOi. The second area includes the intrusive 

rocks from the Baranadag pluton that plot within the monzonite, quartz monzonite, 

syenite and granite fields. The third area is characterised by high total alkali values 

and contains the rocks from the Hamit pluton. The samples from this pluton mainly 

plot from the fold monzosyenite through the foid syenite to the syenite fields, but 

they do extend into the quartz monzonite and granite fields. 

The Middlemost (1994) diagram is displayed in Figure 5.2 in five parts (a-e) 

to show the compositional differences between the rock types in more detail. The 

intrusive rocks from the Behrekdag pluton, which is made up of quartz monzonite 

and granite according to the Streckeisen classification (Figure 2.4), plot in the 

monzonite, quartz monzonite and granite fields (Figure 5.2a). 
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Figure 5.2. Classification of the Central Anatolian plutonics using the classification diagrams of 
Middlemost (1994). Abbreviations: FD-foidolite, FSY-foid syenite, FMZSY-foid monzosyenite, 
FMZDI-foid monzodiorite, FGB-foid gabbro, SY-syenite, MZ-monzonite, MZDl-monzodiorite, 
MZGB-monzogabbro, QMZ-quartz monzonite, PGB-peridotgabbro, GB-gabbro, GBDl-gabbroic 
diorite, Dl-diorite, GRD-granodiorite and GR-granite. 
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The Cefalikdag pluton is composed of monzodiorite/quartz monzodiorite, 

quartz monzonite and granite (Figure 2.4). In Figure 5.2b, these rock units form a 

well-defined trend from the monzogabbro through the monzonite to the granite 

fields. The Celebi intrusives are plotted in Figure 5.2c and fall predominantly in the 

quartz monzonite and granodiorite fields. The Baranadag plutonics plot in the 

monzonite, quartz monzonite, syenite and granite fields (Figure 5.2d). The granite 

field only includes the aplitic granites. The rocks from the Hamit pluton fall in the 

foid monzosyenite, foid syenite and syenite fields, apart from two samples falling in 

the quartz monzonite and granite fields (Figure 5.2e). 

In addition, the intrusive rocks have been classified as high-K types 

according to their K2O and silica contents (Le Maitre et al., 1989) (Figure 5.3). The 

three distinct areas described above can be also seen in this diagram. In Figure 5.3, 

the Behrekdag, Cefalikdag and Celebi intrusive rocks have the lowest K2O (2.56-

7.97 wt.%) and a well-defined positive correlation, whereas the rocks from the 

Baranadag pluton have intermediate K2O (5.14-7.94 wt.%), and a negative 

correlation with silica. The highest values for the Behrekdag, Cefalikdag, Celebi 

and Baranadag plutonic rocks mainly belong to the aplitic dyke samples. The Hamit 

rocks from the Massif have the highest K2O (5.86-11.30 wt.%). The K2O 

abundance increases until -64 wt.% Si02 and then decreases sharply. 

12 

10 H 

8 

1^ 

A 
A 

\ ^ * B higk-K • 
o 

medium-K 

low-K 

• Behrekdag 
• Cefalikdag 
• Celebi 
O Baranadag 
A Hamit 

40 50 60 

Si02Wt.% 

70 80 

Figure 5.3. K2O versus SiOi diagram of Le Maitre et ai (1989) for the Central Anatolian 
plutonics. 
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o Baranadag 

Hamit 

Alkaline 

SubAlkaline 

On the basis of the 

total alkali versus silica 

diagram of Irvine and 

Baragar (1971) (Figure 5.4), 

the intrusive rocks from the 

Behrekdag and Celebi 

plutons fall in the 

subalkaline field. The 

Cefalikdag intrusives plot 

mainly in the subalkaline 

field except for the least 

acidic samples which fall in 

the alkaline field. Although the Baranadag intrusive rocks lie between the 

subalkaline and alkaline fields, they predominantly plot in the alkaline field. On the 

other hand, the Hamit rocks plot in the alkaline field. 

The intrusive rocks from the Central Anatolian Massif plot within the calc-

alkaline field on the ternary AFM diagram of Irvine and Baragar (1971) (Figure 

5.5) where no iron enrichment is observable. The Hamit intrusive rocks plot almost 

on the A comer of the AFM diagram showing alkali enrichment compared to the 

other intrusives in the Massif. 

55 60 65 

SiOjWtVo 

Figure 5.4. The plutonics plotted on the classification 
diagram of Irvine and Baragar (1971). 
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Figure 5.5. Ternary alkali-total iron-magnesia (AFM) 
diagram (Irvine and Baragar, 1971) of the Central Anatolian 
plutonics. 

One of the most important early contributions to the recognition and 

classification of magmatic rock series was that of Peacock (1931). Peacock's 

classification is made up of two Harker plots on the same diagram: Si02 versus 

(Na20-I-K20) and then versus CaO. The critical value on this diagram is the Si02 

value at the point where best-fit curves through the two trends intersect which is 

called "alkali-lime index". Four rock series are defined in Peacock's plot: alkalic, 

alkali-calcic, calc-alkalic and calcic. On the basis of the Peacock diagram (1931) 

(Figure 5.6), the Central Anatolian plutonics form three different kinds of series; 

(i) CoJf-fffMMf.JSrM^- the Behrekdag, Cefalikdag and Celebi plutonic rocks 

have an alkali-lime index of 57+1. 

(•«) 4/̂ îfc?J?M'P..'?S!XC?' the Baranadag intrusive rocks have an alkali-lime index 

of 52+1. 

(iii) 4.l^(!liF£S€?'i?5- the Hamit rocks have an alkali-lime index of 45+1. 
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Figure 5.6. Peacock's (1931) alkali-lime diagram of the Central Anatolian 
plutonics (key symbols as in Figure 5.5). 

On the basis of the alumina saturation diagram of Shand (1951) (Figure 

5.7), the intrusive rocks from the Central Anatolian Massif are mainly 

metaluminous. The Behrekdag, Cefalikdag, Celebi and Baranadag plutonic rocks 

are metaluminous except for four samples from the Cefalikdag pluton which are 

peraluminous. The foid-bearing rocks (nepheline monzosyenite, pseudoleucite 

monzosyenite) from the Hamit pluton are metaluminous, whereas the alkali 

feldspar syenite and quartz syenite are peralkaline. A few samples from the Hamit 

pluton are peraluminous. 

METALUMINOUS PERALUMINOUS 

P E R A L K A L I N E 

0.7 0.9 1.1 1.3 1.5 

mol Al203/(CaO+Nap+K2P) 

1.7 1.9 

Figure 5.7. Alumina saturation diagram (Shand, 1951) of the Central 
Anatolian plutonics (symbols as in Figure 5.5). 
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5.1.1.1.1-, S- and A-type granite classification 

Chappell and White (1974) classified the granitoids of the Lachlan fold belt 

into two groups based on their source characteristics (Table 5.1): (i) I-type and (ii) 

S-type. They suggested that metaluminous "I-type" granitoids are derived from 

igneous (or meta-igneous) sources, whereas peraluminous "S-type" granitoids are 

derived from metasedimentary sources. Even though this classification has been 

extensively used to interpret the nature of the source of granitoids, it has some 

drawbacks. For example: a granitoid may be derived from a combination of igneous 

and sedimentary sources; or the composition of source regions within continental 

crust may vary from amphibolite/granulite to greywacke rock types. 

I-type S'type Behrekdag, CefalOcdag, Celebi 
and Baranadag plutons 

Metaluminous to weakly 
peraluminous 

Strongly peraluminous Metaluminous 

Amphibole common and 
cordierite absent; accessory 
titanite common 

Biotite and muscovite 
predominate, cordierite 
present; monazite may be 
accessory 

Amphibole common and cordierite 
absent; accessory titanite common 

Normative diopside or 
<1% normative corundum 

>1% normative corundum Normative diopside 

Magnetite common Ilmenite common Magnetite common 
High Na20>3.2% for felsic 
varieties; >2.2% for mafic 
varieties 

Low Na20<3.2% when 
K20=5%; >2.2% when 
K20=2% 

High Na20>3.2% for intermediate and 
felsic varieties 

Relatively high Ca and Sr Relatively low Ca and Sr Relatively high Ca and Sr 
Regular inter-element variation 
within plutons and near linear 
variation diagrams 

Variations diagram more 
irregular 

Near linear variation diagrams (see 
Sections 5.1.2; 5.2.1) 

Mafic to felsic Mainly felsic Intermediate to felsic 
Shallow to deep level Shallow level Shallow level (see Chapter 4) 
Amphibole-bearing enclaves 
common 

Metasedimentary enclaves 
common 

Amphibole-bearing enclaves common; 
no sedimentary enclaves 
(see Chapter 6) 

Low initial '"Sr/'"'Sr -0.704-
0.706 

High initial '"Sr/'*''Sr >0.708 Initial '*̂ Sr/'"'Sr =0.7090-0.7096 
(see Chapter 7) 

Table 5.1. Comparison of 1- and S-type granites (Chappell and White, 1974; White and 
Chappell, 1983) with the intrusive rocks from the Behrekdag, Cefalikdag, Celebi and Baranadag 
plutons. 

A-type granite was used first by Loisella and Wones (1979) to describe 

"alkaline, anorogenic and anhydrous granites". Collins et al. (1982) have described 

a set of chemical criteria for the anorogenic granites of the Lachlan Fold Belt of the 

southeastern Australia. The chemical and other characteristics of A-type granites 
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are listed in Table 5.2 which also compares to the most silicic rocks from the Hamit 
pluton. 

A-type Hamit pluton 
(alkali feldspar syenite/quartz syenite) 

Low Al, Mg and Ca Low Mg and Ca 
High NajO-HKzO High NazO-i-KzO (11.27-14.16 wt.%) 
Low Sr and Ba Low Sr and Ba 

High abundances of large highly charged cations e.g. 
Zr, Nb, Y and R E E (except Eu) 

Relatively high Zr, Nb and R E E 

Feldspar is mainly alkali feldspar commonly albite-
orthoclase solid solutions or intergrowths 

Feldspar is mainly alkali feldspar and for 
other petrographic characteristics 
see Chapter 3 

CI high in peralkaline and F high in metaluminous 
magmas reduces viscosity 

Fluorite present 

Table 5.2. Comparison of A-type granites with the most silicic rock types from the Hamit 
pluton (after Collins et al., 1982; and Whalen et al, 1987). 

To sum up, the general characteristics of the plutonics are given in Table 

5.3, which is on the basis of major element geochemistry and mineralogy. 

Pluton Behrekdag, Cefalikdag, 
Celebi (BCC) 

Baranadag (B) Hamit (H) 

Alkali-tune index 
(Peacock, 1931) 

calc-alkalic alkali-calcic alkalic 

Shand's index 
(1951) 

metaluminous metaluminous peralkaline 

Mineral 
composition 

Ksp+pl-hq+amp+bi±cpx Ksp+pl+q+amp-i-bi 
(+)/±cpx 

Ksp-i-pl(±)/-Hq±amp±bi 
±cpx 

NuiO+KiO (wt.%) 5.66-10.34 8.85-12.05 11.27-14.16 
Rock type(s) mzdi, qmzdi, mz, qmz, gr mz, qmz kspsy, qsy 

Granite type I yA A 

Table 5.3. Classification of the Central Anatolian plutonics on the basis of major element 
geochemistry and mineralogy. * Abbreviations: ksp-alkali feldspar, pl-plagioclase, q-quartz, 
amp-amphibole, bi-biotite, cpx-clinopyroxene, mzdi-monzodiorite, qmzdi-quartz monzodiorite, 
mz-monzonite, qmz-quartz monzonite, gr-granite, kspsy-alkali feldspar syenite and qsy-quartz 
syenite. 

In the following sections, major and trace element characteristics of the 

Central Anatolian plutonics will be examined in the framework of this classification 

namely the BCC (Behrekdag, Cefalikdag, Celebi), B (Baranadag) and H (Hamit) 

plutonic rocks. 
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5.1.2. Harker diagrams of major elements 

The intrusive rocks from the Central Anatolian Massif are plotted on Figure 

5.8 with silica as the index of differentiation. The intrusive rocks from the Massif 

have a range of silica contents from approximately 50 to 77 wt.%, corresponding to 

a compositional variation from monzogabbro to granite/syenite (Figures 5.1, 5.2). 

As can be seen from Figure 5.8, the BCC (Behrekdag, Cefalikdag, Celebi), 

B (Baranadag) and H (Hamit) intrusive rocks from the Massif generally form three 

distinctive differentiation trends on most of the diagrams. Samples from these 

plutons fall on negatively correlated linear arrays on Harker variation diagrams for 

Ti02, AI2O3, Fe203 (total), MnO, MgO, CaO and P2O5. 

The concentrations of Ti02, Fe203, MnO, MgO and CaO are higher in the 

BCC intrusive rocks, compared to the B and H rocks. In addition, the least acidic 

samples from the BCC (mainly from the Cefalikdag pluton) intrusive rocks have 

higher Ti02, Fe203, MnO, MgO and CaO contents than those of the other BCC 

intrusions. 

On the other hand, the concentrations of AI2O3 and Na20 are generally 

higher in the H plutonic rocks than the B and the BCC intrusive rocks, whereas the 

concentrations of P2O5 are higher only in the least acidic members of the H rocks. 

Moreover, the B intrusive rocks from the Central Anatolian plutonics have 

transitional values between the BCC and the H rocks for all major elements. Na20 

remains constant for the BCC and the B intrusive rocks until about 68 wt.% and 

then decreases. The latter includes mainly aplitic samples of these plutons. On the 

other hand, Na20 describes a more scattered trend for the H rocks. 
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Figure 5.8. Marker variation diagrams of the intrusive rocks from the Central Anatolian Massif 
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5.2. Trace element characteristics of the plutonics 
5.2.1. Trace element variation diagrams 

Harker diagrams of trace elements plotted against silica are presented as 

log-normal diagrams for all the plutons in Figure 5.9. Like major element diagrams, 

the BCC (Behrekdag, Cefalikdag, Celebi), B (Baranadag) and H (Hamit) intrusive 

rocks generally form three distinctive differentiation trends on most of the diagrams 

(Figure 5.9). 

As can be seen from Figure 5.9, the BCC intrusive rocks are enriched in the 

transition elements, Sc, V, Cr, Co compared to the B and H intrusive rocks. On the 

other hand, the H rocks are enriched in LILEs (e.g. Rb, Sr, LREE, Pb, Th, U) and 

HFSEs (e.g. Zr, Nb). The B plutonic rocks have generally intermediate values of 

those elements between the BCC and H rocks. 

Sc, V, Cr, Co, Ni, Cu, Zn and Ga have a negative correlation with silica in 

the BCC and H rocks. Of these elements, Cr and Ga have a positive correlation 

until -65 wt.% Si02 and then negative correlation in the B plutonic rocks. 

Rb shows a constant positive correlation for the BCC intrusive rocks. It 

remains almost constant for the B plutonic rocks. It increases slightly for the H 

rocks. 

Sr decreases steadily with increasing silica for the BCC and the B intrusive 

rocks. However, Sr has two distinct ranges for the H rocks: (i) the foid-bearing 

rocks (nepheline monzosyenite, pseudoleucite monzosyenite) have generally higher 

concentrations of Sr (1453-1066 ppm); and (ii) the alkali feldspar syenite and 

quartz syenite have lower concentrations of Sr (284-59 ppm). Sr remains almost 

constant for both rock types. 

Y is almost constant until -70 wt.% Si02 and then decreases sharply in the 

BCC plutonic rocks. The latter mainly includes the apHtic rocks from these plutons. 

Y shows a negative correlation with silica in the B and H rocks. 

Zr demonstrates a constant decrease with silica until -75 wt.% and then 

falls rapidly for the BCC and B intrusive rocks (Figure 5.91). Zr increases until -60 

wt.% Si02 for the foid-bearing syenite (nepheline monzosyenite, pseudoleucite 

monzosyenite) and then decreases for the alkali feldspar syenite and quartz syenite 

in the H plutonic rocks. 
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Figure 5.9. (continued). 

Nb remains constant until -67 wt.% Si02 and decreases for the BCC 

plutonic rocks. It shows a constant negative correlation with silica for the B 

intrusive rocks. Nb increases until -60 wt.% Si02 for the foid-bearing syenite and 

then decreases for the alkali feldspar syenite and quartz syenite in the H plutonic 

rocks. 

Ba decreases slightly with silica until -72 wt.% and then decreases sharply 

for the BCC plutonic rocks. However, it shows a constant negative correlation for 

the B intrusive rocks. Ba has two distinct ranges for the H rocks: (i) the foid-

bearing rocks have predominantly higher concentrations of Ba (2082-1134 ppm); 

and (ii) the alkali feldspar syenite and quartz syenite have lower concentrations of 

Ba (309-22 ppm). Ba decreases for both rock types. 

La, Ce and Nd decrease slightly for all the intrusive rock types from the 

Massif. 

Th and U have a positive correlation for the BCC and B plutonic rocks. 

However, U decrease with silica and Th increases slightly for the H rocks. Pb 

remains almost constant for the BCC, B and H rocks. 
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5.2.2. Rare earth element geochemistry 
The rare earth elements (REE) are a group of 15 elements with atomic 

numbers of 57 to 71 from lanthanum (La) to lutetium (Lu); of which all but 

Promethium-Pm occur naturally. The REE with lower atomic numbers are 

generally referred to as the light REE, LREE (La, Ce, Pr, Nd), those with higher 

atomic numbers as the heavy REE, HREE (Dy, Ho, Er, Tm, Yb, Lu), and with 

intermediate numbers as the middle REE, MREE (Sm, Eu, Gd, Tb). 

The REEs have similar chemical and physical properties because they form 

stable 3+ ions of similar size. A small number of the REE also exists in oxidation 

states other than 3+, notably Ce"̂ "̂  and Eû "̂ . The REEs show differences in their 

mass and ionic radius due to small but steady decrease in ionic size with increasing 

atomic number. These small differences in their size and behaviour cause the REEs 

to become fractionated relative to each other in a number of petrological processes. 

Thus, the REEs are used in geochemistry to probe the genesis of igneous rocks. 

The extent of fractional crystallisation is related to mineral/melt partition 

coefficients {K^). The ^d's for olivine are so low that its crystallisation causes the 

equivalent enrichment of all the REEs. Feldspars have low ̂ d's for the REE, except 

Eu therefore, they have a minor effect on the REE pattern of the melt. Garnet has 

low ATd's for the LREEs and has increasingly larger KA^ for the HREEs. Therefore, 

the fractional crystallisation of garnet causes the depletion of the HREEs in the 

melt. Ortho- and clinopyroxene, in general, have î d's that are lower than 1 for the 

REEs. For pyroxenes, the ^d's of the LREEs are slightly lower than those of the 

MREEs and HREEs. Therefore, fractional crystallisation of pyroxenes causes a 

LREE enrichment in the melt in most cases. The K^s for hornblende are strongly 

dependent on composition and greater than 10 for the MREEs and HREEs in silica-

rich systems. Thus, hornblende crystallisation causes the depletion of the MREEs 

and HREEs. Biotite has A'd's values lower than 1 for the REEs. Therefore, its 

presence has a relatively little effect on the REE pattern of the melt. 

Whereas the REE partition coefficients for most rock-forming minerals are 

<10, those for accessory minerals may be up to three orders of magnitude higher. 

Studies of the distribution of REEs in granitoids have shown that the REE are 

largely accommodated in accessory minerals such as monazite, allanite, zircon, 

titanite and apatite (e.g. Miller and Mittlefehldt, 1982; Gromet and Silver, 1983; 
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Sawka, 1988). Zircon has very large K^s (on order of lOO's) for the HREE. 
However, its low abundance (generally less than 0.1%) leads to only a minor 
depletion of the HREE in the melt. Apatite and titanite have similar patterns for 
the REE with A'a's greater than 1 for all of the REE. Their generally low abundance 
reduces the effect of their large ^d's. Both apatite and titanite cause enrichment of 
the LREEs and HREEs relative to the MREEs. 

Apatite, titanite and most likely monazite and allanite have ^d's much 

greater than 1 for the LREEs and may deplete the LREEs in the melt i f they are 

present in abundance during melting or fractional crystallisation. The MREEs in a 

melt will be less enriched or even depleted relative to the LREEs and HREEs 

principally by the fractionation of apatite and titanite. 

5.2.2.1. R E E abundances in minerals of the Central Anatolian plutonics and 
individual mineral contributions to the whole-rock R E E system 

Mineral separates of amphibole, biotite, plagioclase and alkali feldspar from 

the BBC (Behrekdag, Cefalikdag, Celebi) and B (Baranadag) plutonics were 

analysed by ICP-MS. Details of the analytical procedures are given in Appendix A 

and the data set is presented in Appendix C. Chondrite- and whole-rock normalised 

REE patterns of these mineral separates are displayed in Figure 5.10. These mineral 

separates are normalised to their whole-rocks since in intrusive rocks, a whole-rock 

sample is accepted as representative of a melt composition. 

Published partition coefficients (e.g. Dudas et al., 1971; Nagasawa and 

Schnetzler, 1971; Arth, 1976; Leeman and Phelps, 1981; Mahood and Hildreth, 

1983; Nash and Crecraft, 1985) are presented in inset diagrams for comparison. 

As can be seen from the chondrite-normalised REE patterns in Figure 5.10, 

amphibole and biotite separates show LREE-enriched patterns with negative Eu 

anomalies. Both plagioclase and alkali feldspar have very similar patterns with 

steep slopes in the LREE, large positive Eu anomalies and low concentrations of 

HREEs. 
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Figure 5.10. Chondrite- and whole-rock normalised REE patterns of mineral separates 
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The whole-rock normalised REE patterns for amphibole separates (N85 and 
N2) are LREE-depleted with negative Eu anomalies. They have nearly flat MREE 
and HREE patterns. On the other hand, an amphibole separate from sample N214 
shows a nearly flat LREE pattern with a negative Eu anomaly. The whole-rock 
normalised REE patterns for amphiboles in Figure 5.10 are generally in good 
agreement with published partition coefficients for amphiboles except for sample 
N214. 

The whole-rock normalised REE pattern for a biotite separate (Figure 5.10) 

exhibits a nearly flat REE pattern except for a negative Eu anomaly. The whole-

rock normalised REE pattern for a biotite plots about in the limits of published 

partition coefficient ranges. 

Plagioclase and alkali feldspar both show REE patterns with characteristic 

positive Eu anomalies. In Figure 5.10, the whole-rock normalised REE patterns of 

plagioclase and alkali feldspar separates from the plutonics closely resemble 

phenocryst/groundmass REE distributions measured in silicic volcanic rocks (e.g. 

Dudas et al., 1971; Arth, 1976; Mahood and Hildreth, 1983; Nash and Crecraft, 

1985). 

Mineral/whole-rock abundance ratios measured from the Central Anatolian 

plutonics do not represent actual mineral/melt {K^ values. The relationship 

between the minerals composing intrusive rocks and the minerals involved during 

differentiation of the precursor liquids (i.e. early liquidus minerals) is unclear, as 

the cooling history of intrusive rocks may alter the compositions of what were 

originally early liquidus minerals. Unlike intrusive rocks, partition coefficient 

values can be determined by analysing phenocrysts and their glassy matrix in 

volcanic rocks. These values measured from volcanic rocks are more reliable than 

those from intrusive rocks. 

5.2.2.2. R E E abundances in whole-rocks of the Central Anatolian plutonics 

In addition to mineral separates, a set of representative whole-rock samples 

was analysed for the REEs by Inductively Coupled Plasma-Mass Spectrometry 

(ICP-MS). Samples plotted in accordance with the increasing silica content of the 

rock samples are presented on the legend of each diagram. LREE/MREE and 

MREE/HREE ratios are calculated using the normalised ratios of (La/Eu*)N and 
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(Eu*/Yh)f4 respectively. Eu* represents the extrapolated value calculated using the 

normalised values of Sm and Gd. 

The REE patterns of the Central Anatolian plutonics are presented in four 

diagrams (Figures 5.11a-d). Three of these diagrams (Figures 5.11 a-c) demonstrate 

REE characteristics of the BCC (Behrekdag, Cefalikdag, Celebi), B (Baranadag) 

and H (Hamit) plutonic rocks, whereas Figure 5.11d shows the comparison between 

these rock types. As can be seen from Figure 5.11, the BCC, B and H plutonic 

rocks display generally similar REE patterns. In general, the intrusive rocks from 

the Central Anatolian Massif are LREE-enriched with small/moderate negative Eu 

anomalies. 

The samples from the BCC plutonic rocks have LREE-enriched patterns 

(LaN/YbN=10.33-19.45) (Figure 5.11a) with small to moderate negative Eu 

anomalies (Eu/Eu*=0.68-0.85) indicating probable plagioclase and/or alkali 

feldspar fractionation. They have a LREE/MREE ratio of about 5.05-13.06 and 

MREE/HREE ratio of about 1.27-2.44. In these rock samples, the Eu anomaly 

generally increases slightly with increasing silica content in response to feldspar 

crystallisation. The BCC rock samples, in general, have the lowest total REE 

contents of the plutonics. 

The B intrusive samples have slightly steeper LREE-enriched patterns 

(LaN/YbN=15.98-22.83) than the BCC samples but they have similar small to 

moderate negative anomalies (Eu/Eu*=0.66-0.82) (Figure 5.11b). The samples 

from the B pluton have broadly similar LREE/MREE profiles to those of the BCC 

plutons, with (La/Eu*)N values varying between 7.60 and 11.98. These samples 

have total REE contents between those of the BCC and H rocks. 

The H rock samples have higher abundances of LREE and MREE (Figure 

5.11c) than the BCC and B samples. Like other plutons, the rocks from the H 

pluton show LREE enrichment (LaN/YbN=27.44-56.10 for the least acidic and 

22.61-41.68) for the most acidic samples with small to moderate negative Eu 

anomalies (Eu/Eu*=0.68-0.85 for the former and 0.58-0.67 for the latter). The H 

intrusive rocks have a LREE/MREE ratio of about 8.19-14.48 for the least acidic 

and 19.66-33.56 for the most acidic samples and a MREE/HREE ratio of about 

3.27-3.87 for the former and 1.15-3.12 for the latter. The H intrusive samples have 

the highest total REE values in the Central Anatolian plutonics. 
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Figure 5.1 Id generally shows that the LREEs and MREEs contents of the 

Central Anatolian plutonics increase from the BCC to the H rocks whereas the 

HREEs are constant. 

5.2.3. Multi-element patterns 
5.2.3.1. ORG-normalised diagrams 

Pearce et al. (1984) proposed a spider diagram for granites to classify them 

on the basis of their tectonic settings. Trace element abundances are normalised to a 

hypothetical ocean ridge granite (ORG) produced by assuming 75% fractional 

crystallisation of average N-type mid-ocean ridge basaltic magma (MORB) (Pearce 

et al., 1984). The chosen trace elements for this pattern were restricted to those that 

behave incompatibly during fractionation of MORB to acid composition, therefore 

Ti , P, Eu and Sr were excluded from these diagrams. Pearce et al. (1984) ordered 

the chosen elements on the basis of their relative incompatibility during MORB 

genesis (which increases from Yb to Rb) and K 2 O was added to the LHS of the 

pattern. Ce, Sm and Yb were used to represent REE. The normalising conditions, 

therefore, represent the composition of a granite would have had were it: (i) derived 

from upper mantle unaffected by any mantle enrichment event; (ii) derived from 

basalt by fractional crystallisation of A plagioclase-olivine-clinopyroxene-

magnetite assemblage; and (iii) unaffected by crustal melting or assimilation or by 

volatile-dominated processes (Pearce et al., 1984). 

Representative intrusive rock samples (samples >5% of modal quartz) from 

the Central Anatolian Massif are normalised to the hypothetical ocean ridge granite 

(ORG), the results are shown in Figure 5.12. Rb, Ba, Th, Ta, Nb, Ce, Hf, Zr, Sm, Y 

and Yb data are ICP-MS analyses whereas K 2 O is analysed by XRF. The plots are 

presented in four multi-element diagrams (Figures 5.12 a-d). Three of these 

(Figures 5.12 a-c) show trace element characteristics of the BCC (Behrekdag, 

CefaUkdag, Celebi), B (Baranadag) and H (Hamit) rocks, whereas Figure 5.12d 

compares these three rock units. The inset diagram in Figure 5.12d also compares 

these three units to well-known granites from the volcanic arc and collision 

settings. 

113 



g « !̂  
S i s 

5 

11 I I 

D H O / 1 3 0 H 

f i l l 
o a a 
B 2 ;;r 2 
g S £ g 

6" i " S 
^ 3( S « 
M « « 

9 9 9 i 

s i l l 

T Y 

/ (
H

am
it)

 in
tr

us
iv

es
 

• 

1 ^ ' C " ^ 
2 , 

• I i l l 

o o 

Its 
111 

J i 

D H O /^a»a 



N. Ilbeyli 

All samples are characterised by enrichments in LILEs (K, Rb, Ba, Th) and 

LREEs (Ce, Sm) relative to HFSEs (Ta, Nb, Hf, Zr, Y and Yb) (Figure 5.12). In 

addition, they have low values of Y and Yb relative to the normalising 

compositions. There is also a relative enrichment of all elements except Ba from the 

BCC to the H rocks (Figure 5.12d). 

The patterns of the BCC, B and H rocks are broadly similar in shape, 

differing mainly in the absolute abundances of the elements. There are nonetheless 

some features which are peculiar to particular rock types. For example, the most 

acidic rocks from the H pluton (Figure 5.12c) are more depleted in Ba than the 

other rock series, reflecting the dominant control of alkali feldspar. The shapes of 

the patterns resemble those for the volcanic arc (VAG) and collision granites (syn-

and post-COLG) of Pearce et al. (1984) (Figure 5.12d). 

5.2.4. Tectonic discrimination diagrams 
The most commonly used tectonic discrimination diagrams for granites 

were introduced by Pearce et al. (1984). The concept that trace element 

compositions of granites can be used to indicate tectonic setting is particularly 

attractive because the tectonic history of an orogen can be reconstructed by 

studying the changing compositions of the granites which are associated with it. 

Perhaps for this reason, the tectonic discrimination diagrams of Pearce et al. (1984) 

are commonly used. 

Pearce et al. (1984) examined the relationship between the chemical 

compositions of granites and the tectonic setting in which they occur. They noted 

that the granite composition is fundamentally controlled by source rock 

composition and not by tectonic setting, but they also demonstrated empirically that 

granites from different tectonic settings have distinct trace element characteristics. 

Pearce et al. (1984) used Nb (or Ta), Rb and Y (or Yb) to show the link between 

sources and tectonic settings. 

Over 600 trace element data of granites taken from known tectonic settings 

were used by Pearce et al. (1984) in a series of discrimination diagrams to 

characterise granites to one of four tectonic settings: (i) ocean-ridge; (ii) volcanic 

arc; (iii) within-plate; and (iv) collision (syn- and post-). 
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The samples from the Central Anatolian plutonics (>5% of modal quartz) 
(excluding aplitic rocks) are plotted on the tectonic discrimination diagrams of 
Pearce et al. (1984) (Figure 5.13). In the Nb versus Y diagram (Figure 5.13a), the 
BCC (Behrekdag, Cefalikdag, Celebi) intrusive rocks fall into the volcanic arc 
granite (VAG) and syn-COLG fields. In contrast, the B (Baranadag) plutonic rocks 
plot between the volcanic arc granite (VAG) and syn-COLG and within-plate 
granite (WPG) fields. The H (Hamit) rocks fall in the within plate granite (WPG) 
field. 
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Figure 5.13. Nb versus Y (Figure 5.13a) and Rb versus 
(Y+Nb) (Figure 5.13b) discrimination diagrams for the 
Central Anatolian plutonics (>5% modal quartz) (after 
Pearce etai, 1984). 
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In the Rb against (Y+Nb) discrimination diagram (Figure 5.13b), most of 

the intrusive samples from the Central Anatolian Massif plot within the post-COLG 

field as described by Pearce et al. (1984) and Pearce (1996). The BCC rocks plot in 

the volcanic arc field. The B plutonic rocks fall within the volcanic arc field apart 

from one sample which falls in the within-plate granite field. In contrast, the H 

rocks plot between the syn-collision and within plate granite fields. 

5.3. Summary 

The geochemical characteristics of the BCC (Behrekdag, Cefalikdag, 

Celebi), B (Baranadag) and H (Hamit) plutonic rocks have been summarised in 

Table 5.4. 

PLVTON BEHREKDAG, CEFAUKDAG, 

CELEBI (BCC) 

BARANADAG (B) HAMIT (H) 

Rock type monzodiorite, monzonite, 
quartz monzonite, granite 

monzonite, quartz 
monzonite 

nepheline monzosyenite 
(1), pseudoleucite 
monzosyenite (2), alkali 
feldspar syenite (3), 
quartz syenite (4) 

Shand's index 
(1949) 

metaluminous metaluminous metaluminous (1, 2); 
peralkaline (3, 4) 

Alkali-lime index 
(Peacock, 1931) 

calc-alkalic alkali-calcic aLkalic 

Major elements high TiOj, FejOj, MnO, MgO 
and CaO 

transitional between 
the BCC and H rocks 

high AI2O3 and P2O5 

Trace elements enrichment in LILEs relative 
to HFSEs 

enrichment in LILEs 
relative to HFSEs 

enrichment in LILEs 
relative to HFSEs 

Rare earth 
elements 

enrichment in LREEs (LREEs 
and MREEs contents increase 
from the BCC to the H rocks) 

enrichment in LREEs 
(LREEs and MREEs 
contents transitional 
between the BCC and 
H rocks) 

enrichment in LREEs 
(LREEs and MREEs 
contents higher 
compared to the BCC 
and B rocks) 

Tectonic 
discrimination 
(Pearce et aL, 
1984) 

in the Nb versus Y diagram: 
the VAG+syn-COLG field; 
in the Rb versus Y+Nb 
diagram: the post-COLG field 

in the Nb versus Y 
diagram: between the 
VAG+syn-COLG and 
the WPG fields; 
in the Rb versus Y+Nb 
diagram: the post-
COLG field 

in the Nb versus Y 
diagram (3 and mainly 
4): the WPG field; 
in the Rb versus Y+Nb 
diagram: between 
the WPG and syn-COLG 
fields 

Granite type I I/A A (only 3 and 4) 

Table 5.4. Summary of the geochemical characteristics of the Central Anatolian plutonics. 
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Chapter 6 
T H E ENCLAVES 

Introduction 
Igneous enclaves are a widespread feature of granitoid intrusions (e.g. Pabst, 

1928; Didier, 1973) and silicic volcanic rocks (e.g. Bacon, 1986). Their compositions 

range f rom gabbro to granodiorite but they are usually of quartz diorite to tonalite 

composition. Igneous enclaves have igneous microstructures and generally show 

strong affinities with their host rocks in terms of mineralogy, mineral composition 

and bulk chemistry (e.g. Didier, 1973; Vernon, 1983). 

Igneous enclaves have been interpreted in four principal ways: as partially 

reacted and digested fragments (xenoliths) of wall rocks (e.g. Tindle and Pearce, 

1983); as cognate fragments of cumulate minerals (e.g. Arculus and Wills, 1980); as 

refractory 'restite' blocks inherited f rom the source region of partial melting (e.g. 

White and Chappell, 1977; Chappell et al., 1987); and as magma mixing/mingling 

products representing blobs of mafic magma injected into a felsic magma (e.g. 

Vernon, 1983; Castro et al., 1990). These genetic types may vary between 

occurrences and, conceivably, several types could coexist in the same pluton. 

This Chapter describes the igneous enclaves taken from the Behrekdag, 

Cefalikdag and Celebi plutons in the Central Anatolian Massif and attempts to 

identify their origin using their field, petrographic, mineralogical and geochemical 

characteristics. 

6.1. Field occurrence of enclaves 
Enclaves are very abundant in all the plutons studied except the Hamit pluton. 

Although the Baranadag plutonic rocks contain a few enclaves, only the enclaves 

f r o m the BCC (Behrekdag, Cefalikdag, Celebi) plutonic rocks w i l l be discussed in 

the fol lowing sections. The abundance of enclaves in the BCC plutons is not related 

to the proximity of the margin or to any other particular part of the plutons: the 

enclaves are evenly dispersed throughout the whole plutons. Most of the enclaves are 

ellipsoidal in shape with a wide range of sizes. Contacts with host rocks are generally 
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sharp and chilled rims are occasionally present. Two types of igneous enclave may 

be recognised (Table 6.1): (i) fine-grained (Type-I); and (ii) medium-grained to 

porphyritic with feldspar megacrysts (Type-II). No sedimentary enclaves have been 

found. 

(i) Fine-grained varieties (Type-I) 

These enclaves are consistently finer-grained and darker than the host. They 

are generally ellipsoidal with their long axis in the range of -0.5 to -45 cm. Contacts 

with host rocks are generally sharp and, occasionally, have crenulated fine-grained 

margins. These margins have high proportions of mafic minerals, especially 

amphibole. 

(ii) Medium-grained to porphyritic varieties (Type-II) 

These are found mainly in the Savciliebeyit monzodiorite of the Cefalikdag 

pluton. They are generally ellipsoidal with their long axis in the range of -5 cm to - 1 

m. Flattened enclaves have been found only around the contact zone of the pluton 

(around Savciliebeyit village) (Photo 6.1). They are medium-grained and porphyritic 

with plagioclase or amphibole crystals. They are darker than the host and contacts 

with host rocks are sharp (Photo 6.2). The Savciliebeyit monzodiorite and enclaves 

show a slight to strong preferred orientation (commonly NE strike) defined by 

parallel alignment of plagioclase feldspar laths which is strongest near the pluton 

contacts. 

Type-I enclaves Type-ll enclaves 

size -0.5 to -45 cm ~5 cm to ~1 m 

shape rounded to ellipsoidal 
(generally elipsoidal) 

rounded to ellipsoidal 
(generally elipsoidal) 

grain size fine-grained medium-grained and 
porphyritic with pi 
sometimes amp 

contact sharp (occasionally 
crenulated fine-grained 
margins) 

sharp 

host monzodiorite to granite 

Table 6.1. The macroscopic characteristics of the enclaves from 
Central Anatolian Massif. Abbreviations: pl-plagioclase and amp-
amphibole. 
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Photo 6.1. Field view of flattened enclaves, NE of Savciliebeyit village. River KiHdkozu. 

Photo 6.2. The Kucukcurtepe quartz monzonite around Kucukcurtepe hill containing porphyritic 
enclaves which vary in size (12 cm across in the photo). 
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6.2. Petrography 
On a modal quartz-alkali feldspar-plagioclase (QAP) diagram (Streckeisen, 

1976) (Figure 6.1), the fine-grained enclaves (Type-I) mainly plot in the quartz 

diorite and quartz monzodiorite fields. However, the medium-grained to porphyritic 

enclaves (Type-U) plot in the quartz diorite and gabbro fields. 

• Fine-grained (TVpc-I) 
* Medium-grained to 

poiphyritic (Typ^JI)J 

Figure 6.1. Modal classification of the enclaves from the Central 
Anatolian Massif (after Streckeisen, 1976). The comers of the 
triangles are Q-quartz, AF-alkali feldspar and P-plagioclase. 
Abbreviations: ton-tonalite, qmzdi-quartz monzodiorite, qdi-
quartz diorite and gb-gabbro. 

(i) Fine-grained varieties (Type-I) 

The enclaves are fine-grained and, rarely, porphyritic with a hypidiomorphic, 

granular texture. They are made up of plagioclase, alkali feldspar, clinopyroxene, 

amphibole, biotite and quartz. 

Plagioclase feldspar is generally lath-like, or prismatic, with sericitised cores. 

I t is euhedral to subhedral, exhibiting normal, patchy and oscillatory zoning. The 

rims are free f rom inclusions while cores partially or wholly enclose biotite. Alkal i 

feldspar is microperthitic and anhedral and poikilitically encloses other phases 

(Photo 6.3). Clinopyroxene occurs as four types: subhedral large grains (2.4 mm); 

subhedral-anhedral fine grains; needles scattered throughout the rock; and irregular 

patches included within amphibole. Amphibole is subhedral to anhedral and encloses 

plagioclase crystals. Biotite is foxy-red coloured and subhedral. Quartz is generally 

anhedral and shows undulose extinction. It often encloses small grains of the other 

phases. Quartz is intergrown with both plagioclase feldspar and alkali feldspar. 
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Accessory phases include apatite, titanite, zircon and opaques. Apatite forms short-
prisms or needles. It occurs either as a separate phase or as inclusions. Opaque 
minerals are most commonly euhedral and are scattered throughout the rock. Titanite 
is often euhedral and prismatic zircon almost always occurs as inclusions in biotite, 

Epidote and sericite are common alteration products of plagioclase feldspar. 

Clinopyroxene is occasionally altered to uralitic amphibole or chlorite. Biotite is also 

slightly altered to chlorite. 

Photo 6.3. View showing poikilitic alkali feldspar (centre of the view), quartz (on the left side of the 
view) and amphibole (right comer of the field) enclosing predominantly plagioclase and other phases 
of the enclave (sample N103). Magnification: 3x1.9 mm, XPL 

(ii) Medium-grained to porphyritic varieties (Type-II) 

The medium-grained enclaves are made up of plagioclase, amphibole, biotite, 

clinopyroxene, alkali feldspar and quartz. These enclaves show cumulate textures 

(Photo 6.4). 

Plagioclase is euhedral to subhedral and shows zoning. Amphibole (up to 9 

m m across) is generally present as prismatic, euhedral to subhedral crystals. Biotite 

is foxy-red coloured and subhedral. Clinopyroxene is occasionally colourless and is 

subhedral to anhedral. Alkal i feldspar is microperthitic and interstitial. It encloses 
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biotite, plagioclase and clinopyroxene. Quartz is interstitial and shows undulose 

extinction. Accessory minerals are apatite, titanite, zircon and opaques. 

Epidote, carbonate and chlorite are found as alteration minerals. The former 

is replaced by plagioclase and the latter is by amphibole and biotite. 

Photo 6.4. Microphotograph of the medium-grained enclave in the Savciliebeyit monzodiorite 
(sample N509) showing a cumulate texture. The green-coloured crystals in the view are amphiboles. 
Magnification: 12x7.2 mm, PPL 

The porphyritic enclaves have a hypidiomorphic, granular texture (Photo 

6.5). Phenocrysts are plagioclase feldspar, clinopyroxene, amphibole and biotite. 

Matrix minerals are plagioclase, clinopyroxene, amphibole, biotite, quartz and alkali 

feldspar. Modal estimates give 40-50% plagioclase, 15-30% clinopyroxene, 

amphibole and biotite, 15-20% quartz, and <5% alkali feldspar. 

The plagioclase phenocrysts (up to 2.1 mm) are generally present as tabular, 

euhedral to subhedral crystals. Some crystals show zoning of normal and oscillatory 

type. They occasionally enclose fine-grained biotite and, rarely, clinopyroxene which 

are mainly concentrated in plagioclase cores. Clinopyroxenes in the enclaves f rom 

the Savciliebeyit monzodiorite have three forms: irregular patches included within 

amphibole; small grains enclosed within plagioclase feldspar; and colourless, 

anhedral small grains scattered throughout the matrix. Amphibole crystals are 

commonly present as subhedral crystals, but some are euhedral and anhedral. In 
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some cases, they enclose fine-grained plagioclase crystals suggesting that amphibole 

crystals grew later than the enclosed minerals. Some amphibole crystals contain 

patches of clinopyroxene. Biotite is often foxy-red coloured and ranges in size up to 

1.1 mm. It occurs as subhedral flakes enclosing zircon crystals. Some biotites 

occasionally have undulose extinction and are kinked. The small greenish biotites 

occasionally replace amphiboles along cleavages and are apparently a later product. 

Quartz occurs as small grains in the matrix and is often anhedral in shape indicating 

late crystallisation. Alkal i feldspar is generally interstitial indicating late 

crystallisation. Accessory minerals are zircon, apatite, opaques and, rarely, titanite. 

Opaque minerals include magnetite and ilmenite. These minerals are normally fine­

grained and scattered throughout the rock. 

Plagioclase and alkali feldspar are altered to sericite. Clinopyroxenes are, 

rarely, altered to chlorite and carbonate. 

Photo 6.5. View from the boundary between the porphyritic enclave and host (sample N80). The 
former contains aburuiant biotite and amphibole. Magnification: 3x1.9 mm, XPL 

6.3. Mineral chemistry 
6.3.1. Plagioclase 

Plagioclase is generally the most abundant phase in the Type-I and Type-II 

enclaves. Plagioclase f rom the Type-I enclaves and host rocks is mainly andesine in 
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composition (Figure 6.2). They contain plagioclase with a compositional range of 

An55.35 compared with the host rocks range of An47-33- Plagioclase cores in the host 

rocks lie in the range of An44.36, whereas the range in the Type-I enclaves wider at 

An54.36. 

Plagioclase f rom the Type-II enclaves is mainly andesine in composition 

(An5i.42), except for one sample falling in the labradorite field (Figure 6.2). The host 

rocks have a compositional range of An5o-4o, which has a similar mean but slightly 

greater standard deviation than that of the Type-II enclaves. Plagioclase cores in the 

Type-II enclaves show almost the same compositional range as the host rocks (Ansi. 

4 5 ) . 

6.3.2. Amphiboles 

Amphiboles f rom the Type-I enclaves have a restricted AI2O3 content of 7.05 

to 7.51 wt.% and a Si02 content of 45 to 46 wt.%. They are characterised by a mg# 

(Mg/Mg+Fe) ratio between 0.44 and 0.48. On the other hand, amphiboles f rom the 

host rocks have the same AI2O3 content as the enclaves with a range of 6.90 to 8.30 

wt.%. However, amphiboles f rom the host rocks have a slightly greater range of SiOa 

(43 to 46 wt.%) than those f rom the enclaves. In addition, amphiboles f rom the host 

rocks are slightly more magnesian (mg# = 0.51-0.57) than those f rom the Type-I 

enclaves. On the I M A classification scheme (Leake et al., 1997), amphiboles from 

the enclaves and host rocks are classified as edenite (Figure 6.3a). 

Amphibole is the most abundant mafic phase in the Type-II enclaves. 

Amphiboles f rom the Type-II enclaves have a restricted AI2O3 content of 8.79 to 

10.42 wt .% and a Si02 content of 41 to 43 wt.%. They are characterised by a mg# 

(Mg/Mg+Fe) ratio between 0.42 and 0.48. 

In contrast, amphiboles f rom the host rocks have an AI2O3 content of 8.91 to 

9.37 wt .% and a Si02 content of 42 wt.%. The host rocks are slighdy more 

magnesian (mg# = 0.51-0.55) than the enclaves. On the M A classification scheme 

(Leake et al., 1997) (Figure 6.3b), amphiboles f rom the Type-II enclaves 

predominantly fal l in the ferro-edenite field. On the other hand, those from the host 

rocks plot in the magnesio-hastingsite field. 
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Figure 6.3. (a) Amphibole crystals from the Type-1 enclaves and 
host rocks plotted on the classification diagram of Leake et al. 
(1997) on the basis of (Na+K) > 0.50; and (b) amphiboles from 
the Type-II enclaves and host rocks. 

6.3.3. Clinoproxenes and biotites 

Clinopyroxene is a more common mafic phase in the Type-I enclaves than in 

the Type-n enclaves. On the other hand, biotite is a more common mafic phase in the 

Type-n enclaves compared to the Type-I enclaves. 

Clinopyroxenes f rom the Type-I enclaves have a Ti02 content of 0.92 to 3.70 

wt .% and an AI2O3 content of 0.15 to 0.56 wt.%. Clinopyroxenes f rom the host rocks 

have a lower Ti02 (0.02 to 0.17 wt.%), but they have a slightly higher AI2O3 (0.45 to 

1.07 wt .%) than the enclaves. Clinopyroxenes in the host rocks have a slightly 
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l imited range in a mg# (Mg/Mg+Fe) ratio (0.57-0.68) than those in the enclaves 
(0.63-0.76). Clinopyroxenes in the enclaves and host rocks are salite in composition 
(Figure 6.4). 

Clinopyroxenes f rom the Type-II enclaves have a TiOa content of 0.76 to 0.83 

wt.% and an AI2O3 content of 0.05-0.12 wt.%. Clinopyroxenes from the host rocks 

have a lower Ti02 (0.00 to 0.12 wt.%), but they have a higher AI2O3 (0.33 to 0.96 

wt.%) than the enclaves. Clinopyroxenes in the enclaves have a slightly higher mg# 

(Mg/Mg+Fe) ratio (0.67-0.71) than those in the host rocks (0.62-0.65). 

Clinopyroxenes in the enclaves and host rocks are salite in composition (Figure 6.4). 

CaSiOj 
OVollastonite) 

( • Type-I enclaves 
O host rocks 

• Type-n enclaves 
o host rocks 

Ferrosillite Vledotegiu. 

/ / 
\ \ 

/ Subsilicic Atigite SiAstUctc FoTDaugilB \ 

/ Mg 
Pigconiic Pigeonite 

Fariferms 
Pigeonite z: 

MgSiOj 
(Enstathe) 

FeSiOj 
(Ferrosilite) 

Figure 6.4. Distribution of the composition of clinopyroxenes from the 
enclaves and their host rocks. 

In the Type-II enclaves and host rocks, biotites are generally enriched in Fe 

(FeOtot >19 wt.%) and T i (Ti02 > 2.8 wt.%). The enclaves are characterised by a 

mg# (Mg/Mg+Fe) ratio between 0.42 and 0.45. On the other hand, biotites in the host 

rocks are slightiy more magnesian (mg# = 0.45-0.51) than those in the Type-II 

enclaves. 
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6.4. Chemical constraints 
A total of 37 enclave samples were analysed to investigate chemical 

differences between the enclaves and the BCC (Behrekdag, Cefalikdag, Celebi) 

plutonic rocks. There is broad range of silica contents of the enclaves, from 42 to 66 

wt.% (Figure 6.5). The Type-I enclaves are more silicic (55-66 wt.%) than the Type-

I I enclaves (42-59 wt.%). 

On Harker diagrams of Si02 against other major oxides (Figure 6.5), the 

enclaves and the BCC plutonic rocks generally display linear correlations. TiOj, 

Fe203 (total), MnO, MgO, CaO and P2O5 show negative correlations with silica for 

the BCC plutonic rocks and both types of enclave. 

AI2O3 decreases slightly until -58 wt.% SiOj and then decreases sharply for 

the BCC plutonic rocks. It describes a more scattered trend for both types of enclave. 

NaaO, however, remains constant until about 68 wt.% Si02 and then 

decreases for the BCC intrusive rocks. It increases until -50 wt.% Si02 and then 

remains almost constant for the Type-II enclaves, and it decreases for the Type-I 

enclaves. K2O (Figure 6.5i) displays a positive correlation with silica for the BCC 

plutonic rocks and both types of enclave. 

The concentrations of Ti02, Fe203, MnO, MgO, CaO and P2O5 are, in 

general, higher in the Type-H enclaves, compared to the BCC plutonic rocks and 

Type-I enclaves. The concentrations of Ti02, Fe203, MgO, CaO and P2O5 in the 

Type-I enclaves are similar to the BCC plutonic rocks. However, the Type-I enclaves 

have higher K2O contents than the Type-II enclaves. 

On Harker diagrams of Si02 against trace elements (Figure 6.6), Sc, V, Co, 

N i , Zn and Ga have a negative correlation with silica in the BCC plutonic rocks and 

both types of enclave. Cr and Cu decrease for the BCC plutonic rocks, whereas they 

display no significant correlation for the enclaves. 

The most distinctive feature of the ferromagnesian trace elements (Sc, V, Cr, 

N i , Cu and Zn) in the enclaves is the low abundance of N i and Cr. Two Type-H 

enclave samples have N i around 61 ppm. A l l the remaining enclave samples have N i 

less than 31 ppm. Apart f rom two Type-II enclave samples, all enclave samples have 

Cr less than 68 ppm, with the majority having less than 30 ppm. 

129 



CHAPTER 6- The Enclaves 

1.4 

12 

1.0 

0.8 

0.6 

0.4 

0.2 H 

• 
• 

e Bdirekdag 
• Ce&likdag 
• Celebi 

• Typa-Utoc 

20 

18 

16 

14 

5S 
t 

(b) 

• 

40 

IE 

50 60 70 40 50 60 70 

(g) 

SiOiWt.% 

1.0 

0.8 

0.6 

0.4 

0.2 

0 + -
40 

Si02Wt.% 

50 60 70 40 50 60 70 

Figure 6.5. Marker variation diagrams of the BCC (Behrekdag, Cefalikdag, Celebi) intrusive rocks 
and enclaves from the Massif Abbreviation: enc-enclave. 
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Figure 6.6. Log-normal plots ofSc, V, Cr, Co, Ni, Cu, Zn, Ga, Rb, Sr, Y, Zr, Nb, Ba, La, Ce, Nd, 
Pb, Th and U against silica displaying differences between the BCC (Behrekdag, Cefalikdag, 
Celebi) intrusive rocks and enclaves. Abbreviation: enc-enclave. 
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Figure 6.6. (continued). 

Rb shows a positive correlation with silica for the BCC intrusive rocks and 

Type-n enclave. However, it increases until -58 wt.% Si02 and then rather 

ambiguous for the Type-I enclaves. 

Sr remains constant until -55 wt.% Si02 and then decreases for the BCC 

plutonic rocks, whereas it remains almost constant for the Type-I enclaves. It 

decreases for the Type-II enclaves. 

Y increases slightly until -62 wt.% Si02 and then decreases for the BCC 

plutonic rocks. It decreases for the Type-I enclaves but it increases for the Type-II 

enclaves. 

Zr demonstrates a constant decrease for the BCC intrusive rocks. It increases 

until -50 wt.% Si02 and then remains constant for the Type-II enclaves, whereas it 

decreases for the Type-I enclaves. 

Nb remains constant for the BCC plutonic rocks. It increases until -50 wt.% 

Si02 and then remains constant for the Type-II enclaves. It increases for the Type-I 

enclaves. 
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Ba increases slightly with silica until -55 wt.% Si02 and decreases for the 
BCC plutonic rocks. It increases until -50 wt.% Si02 and then decreases for the 
Type-II enclaves. It increases until -56 wt.% SiOa and then decreases for the Type-I 
enclaves. 

La, Ce and Nd decrease slightly for the BCC intrusive rocks. However, they 

decrease for both types of enclave. 

Pb, Th and U have positive correlations with silica for the BCC plutonic 

rocks and Type-II enclaves. However, Pb, Th and U increase until -58 wt.% SiOi 

and then decrease for the Type-I enclaves. 

In Figure 6.6, the Type-II enclaves are, in general, enriched in Sc, V, Co, Cu 

compared to the BCC plutonic rocks and Type-I enclaves. However, most of the 

Type-I enclave samples are enriched in Cu compared to the BCC plutonic rocks. In 

addition, the Type-I enclaves have higher Rb, Th and U contents than the Type-II 

enclaves. 

The rare earth element patterns of the enclaves are characterised by 

enrichment in the LREE (LaNAT)N=7.51-25.82) relative to the MREE and HREE, 

with small to moderate Eu anomalies (Eu/Eu*=0.45-0.75) (Figure 6.7). Except for 

sample N139, the Type-I enclaves all exhibit similar REE patterns (Figure 6.7a). 

Except for sample N226, the Type-II enclaves all display similar REE patterns 

(Figure 6.7b). 

The Type-II enclaves are slightly more enriched in HREE compared to the 

Type-I enclaves. The Type-II enclaves have smaller Eu anomalies (Eu/Eu*=0.57-

0.74) than the Type-I enclaves (Eu/Eu*=0.45-0.75). As can be seen from Figure 6.7a, 

the REE patterns of the Type-I enclaves are, in general, similar to those of the BCC 

plutonic rocks. On the other hand, the Type-II enclaves are slightly enriched in 

LREE (e.g. Pr, Nd) MREE and HREE compared to the BCC plutonic rocks (Figure 

6.7b). 
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The Type-I enclaves are generally characterised by enrichments in L I L E s 
(e.g. Rb, Ba, Th, U, K ) relative to HFSEs (Ta, Nb, Hf, Zr, Y , Yb) (Figure 6.8a). As 
shown in Figure 6.8a, the multi-element patterns of the Type-I enclaves are generally 
similar to those of the B C C plutonic rocks. 

The Type-II enclaves are only slightly enriched in L I L E s compared to HFSEs 

(Figure 6.8b). As can be seen from Figure 6.8, the Type-I enclaves are slightly more 

enriched in L I L E s and more depleted in HFSEs than the Type-II enclaves. However, 

the Type-n enclaves are more depleted in L I L E s (Rb, Ba, Th, U , K ) relative to the 

B C C plutonic rocks (Figure 6.8b). 
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Figure 6.8. Primordial mantle-normalised multi-element 
diagrams for the enclaves from the Massif Normalisation factors 
are taken from Sun and McDonough (1989). Abbreviations: 
BCC-Behrekdag, Cefalikdag, Celebi plutons and grd-grained. 
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6.5. Origin of the enclaves 

The various models and hypotheses that have been proposed to account for 

the origin of enclaves will now be discussed. In each case, the possible application of 

models to the enclaves from the B C C (Behrekdag, Cefalikdag, Celebi) plutonic rocks 

will be assessed. 

Xenoliths could be originated from assimilation of sedimentary, metamorphic 

or igneous country rocks by magmas during emplacement of the latter (Didier, 1973; 

Maury and Didier, 1991). Xenoliths are generally reworked by chemical and 

mechanical action of the enveloping magma and are partially digested and 

recrystallised (Nockolds, 1932; Loomis, 1961; Bateman et al., 1963; Link, 1970). 

The general characteristics of xenoliths are compared to the enclaves of the 

B C C plutonic rocks in Table 6.2. 

XemlUhs Type-I enclaves Type-H eneUvm 1 

show textural evidence of 
thermal nietainoq)hism and 
recrystallisation (e.g. 
granoblastic texture) 

igneous textures; and no 
recrystallisation textures 

igneous textures; and no 
recrystallisation textures 

concentrated in the proximity 
of the margins of plutons 

evenly distributed evenly distributed 

Table 6.2. Comparison of xenoliths with the enclaves from the Central Anatolian 
Massif (e.g. Maury and Didier, 1991). 

The following features of ^«„cnc(<!ve$: in the B C C plutonic rocks are 

inconsistent with xenoliths: 

(i) Neither type of enclave shows any recrystallisation textures (see Section 6.2). 

(ii) If the enclaves are fragments of country rocks, they are unlikely to be evenly 

distributed; most probably they will be more concentrated in the proximity of 

the margins of the B C C plutons. However, both types of enclave in these 

plutons are, as mentioned above, widely distributed (see Section 6.1). 

(iii) No igneous rocks that could be regarded as the parental materials of the 

enclaves are found in the country rocks of the B C C plutonic rocks at the 

present level of exposure. 
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On the basis of these arguments, it can be concluded that the enclaves are 
unlikely to be fragments of country rocks (xenoliths). 

CUMVJATES 

Palm (1957) (see also Didier, 1973, pp. 295-297; Didier, 1984) proposed a 

cumulate hypothesis to explain the origin of the enclaves that he studied. According 

to his hypothesis, the enclaves could be aggregates of earlier minerals (e.g. calcic 

plagioclase, hornblende, biotite) that crystallised from a magma parental to both host 

granites and enclaves. 

The knowledge of cumulate enclaves in granitic plutons is very poor (Didier 

and Barbarin, 1991). Such enclaves have been studied only in some special cases 

such as in several plutons of the Sierra Nevada batholith (Frost and Mahood, 1987; 

Dorais et al., 1990; Barbarin, 1991; Reid et al., 1993). Cumulate enclaves provide 

insights about differentiation histories and magma chamber processes (e.g. 

Varekamp, 1983; Tait, 1988; Tait et al., 1989; Giannettti and Luhr, 1990; Turbeville, 

1992). 

The general characteristics of cumulates are compared to the enclaves of the 

B C C plutonic rocks in Table 6.3. 

cumuUttes Type-l enclaves Type-H enclaves 

medium-grained fine-grained medium-grained to porphyritic 

cumulate textures no cumulate textures; 
hypidiomorphic, granular 
textures 

cumulate to hypidiomorphic, granular 
textures 

mineral phases similar to host 
rocks 

mineral phases similar to the 
BCC plutonic rocks 

mineral phases similar to the B C C 
plutonic rocks 

they lie on extrapolation of 
granite compositions to more 
mafic values 

most of the samples have 
major and trace element 
contents similar to the BCC 
plutonic rocks 

most of the samples lie on the 
extensions of the BCC plutonic rock 
trends 

Table 6.3. Comparison of the general characteristics of cumulates with the enclaves from the BCC 
plutonic rocks (e.g. Didier, 1973; Didier and Barbarin, 1991). 

The following features of AjeT^e^Ijnclayes in the B C C plutonic rocks are 

inconsistent with cumulates: 

(i) They are fine-grained rather than medium-grained. 
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(i i) I f they are cumulates, they are likely to have cumulate textures. However, they 

have a hypidiomorphic, granular texture. 

( i i i ) I f they are cumulates, they should lie on the extensions of the BCC plutonic 

rock trends in the major and trace element variation diagrams (Figures 6.5, 

6.6). However, in these diagrams, the Type-I enclaves do not lie on the 

extrapolation of the BCC plutonic rocks to more mafic values. Most of the 

samples have major and trace element contents similar to the BCC plutonic 

rocks (e.g. Figures 6.5c, e, g, h; Figures 6.6a, b, d, e, g, h). 

(iv) They have too high total alkalis (Na20+K20) (6.69-10.16 wt.%) and some 

incompatible trace element abundances (e.g. Rb, Pb, Th, U) (Figures 6.6i, r, s, 

t) to be cumulates. The higher Rb, Pb, Th and U contents in the enclaves could 

result f rom extensive crystal accumulation (-50 %) i f the Type-I enclaves are 

accumulates of early precipitating phases from granitoid magmas. However, 

such large amounts of accumulation are not consistent with the similar Fe203, 

MgO, CaO, Sc and V (Figures 6.5c, e, f; Figures 6.6a, b) contents in the Type-I 

enclaves and BCC plutonic rocks. 

The Type-I enclaves have mineral phases and mineral compositions similar to 

the BCC plutonic rocks. For example, plagioclase crystals f rom both the Type-I 

enclaves and host rocks are mainly andesine in composition (Figure 6.2). In addition, 

amphiboles f rom the Type-I enclaves and host rocks are classified as edenite on the 

I M A classification scheme (Figure 6.3) (for more explanation see Section 6.3). 

Furthermore, clinopyroxenes f rom both the enclaves and host rocks are salite in 

composition (Figure 6.4). 

On the basis of these arguments, it can be concluded that the Type-I enclaves 

are unlikely to be cumulates. 

On the other hand, the following features of {^c Tjjgg://enc^^ in the BCC 

plutonic rocks are consistent with cumulates: 

(i) They are medium-grained to porphyritic. 

( i i ) They show cumulate to hypidiomorphic, granular textures. 
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( i i i ) They also have mineral phases and mineral compositions similar to those of the 
BCC plutonic rocks. For example, these enclaves and host rocks are made up 
of plagioclase, amphibole, biotite, clinopyroxene, alkali feldspar and quartz. 
However, the enclaves are more enriched in mafic minerals than the host rocks. 
In addition, plagioclases f rom both the Type-II enclaves and host rocks are, in 
general, andesine in composition (Figure 6.2). 

(iv) They lie on the extensions of the BCC plutonic rock trends in the major and 

trace element variation diagrams (Figures 6.5, 6.6). For example, in most of the 

major element versus silica diagrams (Figures 6.5a, c, e-i), the Type-II 

enclaves lie on the extrapolation of the BCC plutonic rocks to more mafic 

values. 

Some major elements are plotted against silica to demonstrate that the Type-

n enclaves formed as early crystal cumulates of minerals f rom granitoid magmas 

(Figure 6.9). Electron microprobe data of clinopyroxene, amphibole, biotite and 

plagioclase minerals f rom these enclaves and their host rocks are also plotted on 

these diagrams. 

As can be seen f rom Figure 6.9, most of the enclaves plot within 

clinopyroxene, amphibole, biotite, plagioclase space. In Figures 6.9a, b, linear trends 

of Fe203 and MgO in plots against silica for the Type-II enclaves and BCC plutonic 

rocks may indicate that these enclaves formed as early crystal cumulates 

(clinopyroxene, plagioclase, amphibole and biotite) which precipitated f rom the 

granitoid magmas. In Figures 6.9a, b, most of the Type-II enclaves contain more 

FeaOa and MgO than the BCC plutonic rocks. In Figures 6.9a, b, amphibole and 

biotite minerals with high contents of Fe203 and MgO plot above the extension of the 

Type-II enclaves and BCC plutonic rock trends, indicating accumulation of 

amphibole, biotite and to a lesser extent clinopyroxene, plagioclase in the enclaves. 

However, magnetite as well as amphibole, biotite, clinopyroxene and plagioclase 

may have accumulated f rom the granitoid magmas. 

In Figure 6.9c, although most of the Type-II enclaves have AI2O3 contents 

similar to the least acidic BCC plutonic rocks, more of these enclaves lie below than 

the extension of the BCC plutonic rock trend. In Figure 6.9c, plagioclase minerals 

wi th a high content of AI2O3 plot above the extension of the Type-II enclaves and 
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B C C plutonic rock trends. On the other hand, amphibole and biotite minerals with 

low contents of AI2O3 plot below the extension of the Type-U enclaves and B C C 

plutonic rock trends, indicating accumulation of amphibole, biotite and plagioclase in 

the enclaves. 

In Figure 6.9d, most of the Type-U enclaves lie on the extrapolation of the 

B C C plutonic rocks to more mafic values. Amphiboles from the Type-II enclaves 

and host rocks plot close to the Type-U enclave trends. On the other hand, 

plagioclase from the Type-II enclaves and host rocks falls above the B C C plutonic 

rock trend. In Figure 6.9d, clinopyroxenes are more enriched in CaO compared to 

plagioclase and amphibole minerals indicating accumulation of clinopyroxene, 

amphibole, plagioclase and biotite in the enclaves. 
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Figure 6.9. Fe203, MgO, AI2O3 and CaO versus silica diagrams for the Type-II enclaves 
BCC plutonic rocks. Abbreviations: amp-amphibole, bi-biotite, cpx-clinopyroxene, 
plagioclase, ht-host and enc-enclave. 
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On the basis of these arguments, it can be concluded that the Type-II enclaves 
can reasonably be interpreted as cumulates of early-crystallised minerals 
(clinopyroxene, plagioclase, amphibole and biotite) from the granitoid magmas. 

RESTITES 

Bateman et al. (1963, p. 17) suggested that the enclaves in some Sierra 

Nevada granites could be 'refractory material that was not melted when the magma 

was formed'. Chappell (1966) argued that enclaves in certain granites of the Moonbi 

district in eastern Australia could also be material residual f rom the partial melting 

event. This proposal was developed by later workers (White and Chappell, 1977; 

Chappell, 1978; Gr i f f in et al., 1978; Hine et al., 1978). Chappell et al. (1987) and 

Chappell and White (1991) describe the term "restite" to refer to any solid material 

in a plutonic or volcanic rock that is residual f rom the partial melting of a source. 

There are two types of restite in granitoids. The first, mainly enclosed in S-

type granitoids, contains Al-rich minerals and has a clear metamorphic texture. The 

second, mainly enclosed in I-type granitoids, has an igneous texture. 

Pyroxene- and amphibole-bearing clots, and/or clinopyroxene rimmed by 

amphibole, are common in I-type granitoids. For these, a restite or re-equilibrated 

restite origin has been put forward by Presnall and Bateman (1973), White and 

Chappell (1977) and Chappell et al. (1987). However, Wall et al. (1987) argued that 

mafic clots (which commonly contain plagioclase) in I-type granitoids may represent 

accumulations of relatively early-crystallised magmatic material. Wall et al. (1987) 

further argued that clinopyroxene rimmed by amphibole could represent material 

crystallised f rom melt at high temperature and lower/h2o which has partially reacted 

with magma later in its crystallisation history. In addition, some authors have shown 

that clinopyroxenes have broad P-T-fmo stability fields in intermediate to silicic 

magmas (e.g. Rutherford et al., 1985; Clemens et al., 1986). 

White and Chappell (1977) argued that complexly zoned and twinned 

plagioclase is characteristic of modified restite in granitoids. They further argued 

irregular, patchily zoned, often corroded, calcic cores to be definitive origin of 

restite. However, Hibbard (1981), Tsuchiyama (1985) and Cocirta (1986) have 

shown that magma mixing/mingling can also lead to complex resorption and zoning 

patterns. 
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The general characteristics of restites are compared to the enclaves of the 

BCC plutonic rocks in Table 6.4. 

restites Type-I enclaves Type-H enclaves 

fine-grained to porphyritic 

hypidioraorphic, granular 
textures 

fine-grained medium-grained to porphyritic fine-grained to porphyritic 

hypidioraorphic, granular 
textures 

hypidiomorphic, granular 
textures 

cumulate to hypidioraorphic, 
granular textures 

show linear correlations for 
major and trace elements, they 
should lie on extrapolation of 
granite compositions to lower 
silica values 

have major and trace element 
contents similar to the BCC 
plutonic rocks 

generally show linear trends in the 
major and trace element diagrams, 
most of the samples lie on the 
extensions of the BCC plutonic rock 
trends 

Table 6.4. The general characteristics of restites comparison with the enclaves from the BCC 
plutonic rocks (e.g. Chappell et al., 1987). 

The fol lowing petrographic features of the.Tyge-I^ enclqv^^^^ in the BCC 

plutonic rocks are consistent with restites: 

(i) They are fine-grained. 

(i i) They have a hypidiomorphic, granular texture. 

The following features of the Type-I enclaves in the BCC plutonic rocks are 

inconsistent with restites: 

(i) They occasionally show fine-grained margins, indicating rapid cooling of 

mafic magma against granitic host magma (e.g. Vemon, 1983). 

(i i) They have acicular minerals, such as apatite, indicating rapid cooling of mafic 

magma (e.g. Vemon, 1983). 

( i i i ) I f they are restites, they should lie on the extensions of the BCC plutonic rock 

trends in the major and trace element variation diagrams (Figures 6.5, 6.6). 

However, in these diagrams, the Type-I enclaves do not lie on the 

extrapolation of the BCC plutonic rocks to more mafic values. Instead, they 

generally have major and trace element contents similar to the BCC plutonic 

rocks (e.g. Figures 6.5c, e, g, h; Figures 6.6a, b, d, e, g, h). 

On the basis of these arguments, it can be concluded that the Type-I enclaves 

are unlikely to be restites. 
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The following geochemical characteristic of ?M.D!R«://..?«c((?K?.? in the BCC 
plutonic rocks is consistent with restites: 

They generally show linear trends on major and trace element diagrams 

(Figures 6.5, 6.6). Most of the samples lie on the extensions of the BCC 

plutonic rock trends in Figures 6.5, 6.6. However, i f they are aggregates of 

early-crystallised minerals (see Cumulates), they also would lie on the 

extrapolation of the BCC plutonic rocks to more mafic values. Therefore, their 

geochemical characteristics may not be conclusive. In addition. Wall et al. 

(1987) argued that restite unmixing could result in linear trends i f all restite 

fragments are chemically homogeneous. I f not, large and/or mafic restite wi l l 

unmix more readily than small and/or felsic restite, resulting in non-linear 

trends on Harker variation diagrams. 

However, the following characteristics of the Type-II enclaves in the BCC 

plutonic rocks are inconsistent with restites: 

(i) They are medium-grained to porphyritic. 

(i i) I f they are restites they are unlikely to have cumulate textures; most probably 

they w i l l have hypidiomorphic, granular textures. However, the enclaves 

generally show cumulate textures. 

Although their geochemical characteristics are similar to restites (e.g. linear 

trends in Harker variation diagrams), on the basis of their grain size (e.g. medium-

grained) and textures (e.g. cumulate), the restite model can be excluded for the Type-

n enclaves. 

Barbarin (1988) defined the terms "mixing" and "mingling" as follows: the 

former is restricted to interactions that produce "hybrid rocks" in which the identities 

of the original magmas are obscured; the latter indicates interactions in which the 

original magmas retain their identities in the mixture. 

Field and petrographic studies (Pitcher and Berger, 1972; Eichelberger, 1975, 

1980; Furman and Spera, 1985; Reid and Hamilton, 1987; Hydnman and Foster, 

1988) together with f lu id dynamic modelling (Sparks et al., 1977, 1984) have 
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provided evidence that enclaves may result f rom injection of mafic magma (e.g. as 

dykes) into more silicic magma. 

The general characteristics of magma mixing/mingling are compared to the 

enclaves of the BCC plutonic rocks in Table 6.5. 

Magma mixing/mingling Type-I enclaves Type-II enclaves 

fine-grained margins occasionally fine-grained 
margins 

no fine-grained margins 

fine-grained to porphyritic 

hypidiomorphic, granular 
textures 
mineral phases similar to host 
rocks 
the presence of acicular 
mmerals, such as apatite, 
indicating rapid cooling of 
mafic magma 
show linear correlations for 
major and trace elements, they 
should lie on extrapolation of 

; granite compositions to lower, 
silica values 

fine-grained medium-grained to porphyritic fine-grained to porphyritic 

hypidiomorphic, granular 
textures 
mineral phases similar to host 
rocks 
the presence of acicular 
mmerals, such as apatite, 
indicating rapid cooling of 
mafic magma 
show linear correlations for 
major and trace elements, they 
should lie on extrapolation of 

; granite compositions to lower, 
silica values 

hypidiomorphic, granular 
textures 

cumulate to hypidiomorphic, 
granular textures 

fine-grained to porphyritic 

hypidiomorphic, granular 
textures 
mineral phases similar to host 
rocks 
the presence of acicular 
mmerals, such as apatite, 
indicating rapid cooling of 
mafic magma 
show linear correlations for 
major and trace elements, they 
should lie on extrapolation of 

; granite compositions to lower, 
silica values 

mineral phases similar to 
the BCC plutonic rocks 

mineral phases similar to the BCC 
plutonic rocks 

fine-grained to porphyritic 

hypidiomorphic, granular 
textures 
mineral phases similar to host 
rocks 
the presence of acicular 
mmerals, such as apatite, 
indicating rapid cooling of 
mafic magma 
show linear correlations for 
major and trace elements, they 
should lie on extrapolation of 

; granite compositions to lower, 
silica values 

acicular apatite no acicular apatite 

fine-grained to porphyritic 

hypidiomorphic, granular 
textures 
mineral phases similar to host 
rocks 
the presence of acicular 
mmerals, such as apatite, 
indicating rapid cooling of 
mafic magma 
show linear correlations for 
major and trace elements, they 
should lie on extrapolation of 

; granite compositions to lower, 
silica values 

have major and trace 
element contents similar to 
the BCC plutonic rocks 

generally show linear trends in the 
major and trace element diagrams, 
most of the samples lie on the 
extensions of the BCC plutonic 
rock trends 

Table 6.5. The general characteristics of magma mixing/mingling comparison with the 
enclaves from the Massif (e.g. Vemon, 1983). 

The fol lowing features of tMjlOiRS:LSMfMJ?S the BCC plutonic rocks are 

consistent with magma mixing/mingling: 

(i) They occasionally have fine-grained margins, indicating rapid cooling of mafic 

magma against granitic host magma (e.g. Didier, 1973; Vemon, 1983). 

(i i) They are fine-grained, reflecting rapid crystallisation and quenching of hot 

mafic magma as it mingled with relatively cooler felsic magma (e.g. Femandez 

and Barbarin, 1991). 

( i i i ) They have a hypidiomorphic, granular texture. 

(iv) They have mineral phases similar to the BCC plutonic rocks. For example, 

these enclaves and host rocks are made up of plagioclase, alkali feldspar, 

clinopyroxene, amphibole, biotite and quartz. However, the enclaves are more 

enriched in mafic minerals (e.g. amphibole, biotite, clinopyroxene) than the 

host rocks (Appendix C-I). 
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(v) They have acicular apatites, indicating rapid cooling of mafic magma (Didier, 
1973, 1987; Reid etal., 1983). 

(vi) Most of the samples have major and trace element contents similar to the BCC 

plutonic rocks (e.g. Figures 6.5c, e, g, h; Figures 6.6a, b, d, e, g, h). Li addition, 

the Type-I enclaves have high silica value similar to the host rocks. Zorpi et al. 

(1991) argued that high silica contents of enclaves result from a migration of 

silica f rom host rocks. They further argued that migration of silica from the 

host rocks would be related to silica contents of host rocks. 

(vi i) Most of the samples are enriched in some elements, such as K, Rb and Pb, 

compared to the host rocks (Figures 6.5i; 6.6i, r). These enrichments were also 

observed by Zorpi et al. (1989, 1991) for the calc-alkaline plutons of Sardinia 

and Corsica. They argued that volatile migration between the magmas, from 

the acid to the mafic component, could result in enrichments in certain 

elements, such as K, P, Rb, Cs and Zr in enclaves. Furthermore, most of the 

Type-I enclaves (including Type-II enclaves) are enriched in MnO and Cu 

(Figures 6.5d; 6.6f) compared to the host rocks. These enrichments may 

indicate hydrothermal alteration of the enclaves, although this has not been 

observed macroscopically or microscopically. 

(vi i i ) The REE and multi-element patterns of the Type-I enclaves are generally 

similar to those of the BCC plutonic rocks (Figures 6.7a; 6.8a). Some authors 

argued that this could be due to re-equilibration of REE, L I L E and HFSE 

between enclaves and their host rocks (e.g. Holden et al., 1987; Allen, 1991; 

Barbarin, 1991). 

The fol lowing feature of the Type-I enclaves is inconsistent with magma 

mixing/mingling: 

Their mineral compositions are similar to the BCC plutonic rocks. For 

example, plagioclase crystals f rom both the Type-I enclaves and host rocks are 

mainly andesine in composition (Figure 6.2). In addition, amphiboles from 

these enclaves and host rocks are edenite (Figure 6.3). Furthermore, 

clinopyroxenes f rom both the enclaves and host rocks are salite in composition 

(Figure 6.4). This compositional similarity has been also observed by Reid et 
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al. (1983), Vernon (1983, 1991), Didier (1987). Vemon (1991) argued that 

during the cooling stage of enclaves, diffusion in the melt could cause the 

exchange of elements between enclaves and host rocks. This would induce 

reaction between crystals and melt in enclaves, which may account for the 

compositional similarity of minerals in enclaves and host rocks. On the other 

hand, Van der Laan and Wyll ie (1993) argued that partly crystallised enclaves 

can approach chemical equilibrium with silicic host magma although still 

retaining higher modal amounts of mafic minerals. They further argued that i f 

the mafic minerals are in equilibrium with the melt in the mafic domain, and i f 

the melts in both mafic and silicic domains are almost mutually equilibrated, 

then the minerals in enclaves should be also close to equilibrium with the melt 

in the silicic domain. Therefore, they should be similar to the mafic minerals 

that precipitated f rom the silicic host magma. 

On the basis of these arguments, it can be concluded that the Type-I enclaves 

originated by magma mixing/mingling. 

The following features of Ae.Type-II^enclaves in the BCC plutonic rocks are 

consistent with magma mixing/mingling: 

(i) They have mineral phases similar to the BCC plutonic rocks. For example, 

these enclaves and host rocks are made up of amphibole, plagioclase, 

clinopyroxene, biotite, alkali feldspar and quartz. However, the enclaves are 

more enriched in mafic minerals (e.g. amphibole, biotite) and depleted in 

silicic minerals (e.g. alkali feldspar, quartz) than the host rocks (Appendix C-

I) . 

( i i) They show linear trends in most of the major and trace element diagrams (e.g. 

Figures 6.5c, d, f, i ; Figures 6.6a, b, d, g, h). Most of the samples lie on the 

extensions of the BCC plutonic rock trends in Figures 6.5, 6.6. 

The fol lowing features of the Type-II enclaves are inconsistent with magma 

mixing/mingling: 

(i) They do not have fine-grained margins, reflecting rapid cooling of mafic 

magma against host acidic magma. 

(ii) They are medium-grained to porphyritic. 

147 



CHAPTER 6- The Enclaves 

( i i i ) They show cumulate to hypidiomorphic, granular textures. 

(iv) Their mineral compositions are similar to the BCC plutonic rocks. For 

example, plagioclase crystals f rom both the Type-II enclaves and host rocks 

are generally andesine in composition (see Section 6.3). 

(v) They do not have acicular minerals to indicate rapid cooling of a mafic 

magma. 

On the basis of these arguments, it can be concluded that the Type-II enclaves 

did not originate f rom magma mixing/mingling. 

6.6. Summary 

Two types of igneous enclave have been recognised in the BCC (Behrekdag, 

Cefalikdag, Celebi) plutonic rocks: (i) fine-grained (Type-I); and (i i) medium-

grained to porphyritic with feldspar megacrysts (Type-II). 

Illlf...jyR?'L.MpJffy.S?. have been interpreted as magma mixing/mingling 

products resulted f rom injection of mafic magma into a more acidic magma. This is 

evident f rom their fine-grained margins which indicates rapid cooling of mafic 

magma against more acidic magma. In addition, they are fine-grained which reflects 

rapid crystallisation and quenching of hot mafic magma against relafively cooler 

acidic magma. Moreover, they have acicular apatites, indicating rapid cooling of 

mafic magma. The Type-I enclaves are generally enriched in K, Rb and Pb, 

compared to the host rocks. These enrichments have been explained by volatile 

migration between the magmas, from the acid to the mafic component. The Type-I 

enclaves and host rocks show similar REE and multi-element patterns. This has been 

explained by re-equilibration of REE, L I L E and HFSE between the enclaves and 

their host rocks. 

Tb.fi J^S-U.J?f!i?My.?.?. have been interpreted as cumulates of early-crystallised 

minerals f rom the granitoid magmas. This is well supported by their grain size 

(medium-grained and porphyritic) and textures (cumulate to hypidiomorphic, 

granular). The close similarity in mineral phases and mineral compositions between 

the enclaves and the BCC plutonic rocks also indicates that the enclaves are 

accumulates of early precipitating phases from the granitoid magmas. In the major 

and trace element variation diagrams, they lie on the extensions of the BCC plutonic 
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rock trends, supporting the cumulate origin for the Type-II enclaves. Some major 

elements (Fe203, MgO, AI2O3 and CaO) on Harker diagrams show that they formed 

as early crystal cumulates of minerals (clinopyroxene, plagioclase, amphibole and 

biotite) f rom the granitoid magmas. 

The general features of the Type-I and Type-II enclaves have been 

summarised in Table 6.6. 

Enclave Type-I (fine-grained 
varieties) 

Type-II (medium to 
potphyritic varieties) 

Rock unit quartz diorite, 
quartz monzodiorite 

gabbro (1), 
quartz diorite (2) 

Shape rounded to ellipsoidal rounded to ellipsoidal 

Contact sharp sharp 

Grain size fine-grained medium-grained (1) 
and porphyritic (2) 

Texture hypidiomorphic, granular cumulate (1); 
hypidiomorphic, granular 
(2) 

Mafic phase cpx, amp, bi amp, cpx, bi (1); 
cpx, amp, bi (2) 

Origin . magma mixing/ mifigling cumulate 

Host monzodiorite to granite 

Table 6.6. The macroscopic and microscopic characteristics of the enclaves 
from Central Anatolian Massif. Abbreviations: cpx-clinopyroxene, amp-
amphibole and bi-biotite. 
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Chapter 7 
PETROGENESIS 

Introduction 
The objective of this Chapter is to produce a petrogenetic model that will 

explain the observed compositional variations within and between the Central 

Anatolian plutonic rocks. This Chapter also presents new Sr and Nd isotopic data 

for the plutonic rocks. 

7.1. Sr and Nd isotope geochemistry 
Sr and Nd isotope ratios, both initial measured, and Rb, Sr, Sm and Nd 

concentrations of the Central Anatolian plutonic rocks are listed in Table 7.1. As 

can be seen from this Table, the plutonic rocks have high initial ^̂ Sr/̂ ^Sr and low 

initial •'^^Nd/'^Nd ratios. 

Initial '"^^Nd/'̂ ^Nd ratios are plotted against initial ^''Sr/^Sr ratios for the 

plutonic rocks in Figure 7.1, together with published data for mantle reservoirs 

(DePaolo, 1988). Unfortunately, there are insufficient isotope data to define crustal 

end-member compositions of the Central Anatolian Massif, so the metasedimentary 

rock data (Palaeozoic-270 Ma) from Central Europe (Voshage et al., 1990) have 

been used as the crustal contaminants. 

As can be seen from Figure 7.1, the Central Anatolian plutonic rocks fall 

within a narrow range for both initial ^̂ Sr/̂ Ŝr (0.70804 to 0.70964) and 

'^^Nd/'^Nd (0.512206 to 0.512303) ratios. They plot in the high ^̂ Sr/̂ ^Sr and low 

''*^Nd/''*^Nd quadrant, in the range characteristic of continental crustal sources or 

mantle sources with large continental crustal components. 

Initial '̂Sr/̂ ^Sr ratios range between 0.70896 and 0.70964 for the BCC 

(Behrekdag, Cefalikdag, Celebi) rock samples and 0.70822 and 0.70838 for the H 

(Hamit) rock samples. The sample from the B (Baranadag) pluton has the lowest 

value (0.70804) of analysed samples for the Central Anatolian plutonic rocks. 

150 



hi. 

s 

z 
3 

Z 

z 

S 
a 
g 
I a 
E 

a. 

O 

C S C S < N r 4 < N C N ( N ( S C v | 

d d d d o d d d 

Tt in lo <n +1 +1 +1 +( m \o <n o ^ W-) <yv o rs cN <N m 
(N CN (N CS 
v~i in yn in 
d d d d 

•fi 'fi 'fi ' f i ' f l 
OO OS OO ' 
0\ (N Tj- T t _ 
cs <n cn m 
<N (N (N CS (N 
»n in in vi in 
d d d d d 

t n O c s m c n c n i n T f 
0 0 0 \ 0 0 — ' O — Tj - t S OOCS—'—hO O ^ — 'OOl 0\ — O 0 \ O 0 n O 0 n 0 0 
o — - o — o - o -
d d d d d d d d d 

O N o a \ o u - i ( N o o o o — 
» n r j ; - - i n ( ^ ^ — i ^ t " 
i n o d o i v d v o d o s c n r n 

- ^ O - ^ O T t o i n ^ o o e s — . i n p o v c n m 
in t^r -^cS'OONcnd 

i n O T f O t ^ ^ ^ o o m 
00 — OO T f 
\o i> r--

tS '^eSvOOsOcSCNr-i 

d d d d d d d d d 

+1 +1 +1 +1 +1 +i +i +i +t 
•rj-cN(Ni:--ooco>nvo>n 
OONOOOOOOOOOCN 
_ o — ̂  — o o o — 
d d d d d d d d d 

Tj--*^Tr<nv£>*nTj-\D 

d d d — ^ — ^ d d d - ^ ' 

VO—'OO^OCNCSC^OO T t o v O i n v o o o i n O ' ^ i n o o i n r ^ - ^ o o c N m t s 

^ m c n o t ^ e s m — in 

i n v O v O ^ O O T T O O O 

S ̂  • 

2 

OS 

o o o a \ i n \ D e n o o ( j \ 2 § 2 i 

B5 U 
•3 13 
U 03 

-J " « 
II 00 II T 

OS S iz> E 



CHAPTER 7- Petrogenesis 

Initial ''^^Nd/'^^Nd ratios range from 0.512206 to 0.512252 for the BCC 

rock samples, and from 0.512216 to 0.512303 for the H rock samples. The sample 

from the B intrusion has a value of 0.512227. 

0.5135 

0.5130 H 

0.5125 H 

0.5120 

0.5115 

0.S123S 1 

0.51225 H 

0.51215 
0.707 0.708 0.709 0.710 

• Bdntkdag 
• Ce&likdag 
• Cdebi 

A Hamit 

metasediments 

0.700 0.705 0.710 

•"Sr/^Sr, 

0.715 0.720 

Figure 7.1. Initial '"^Nd/'^Nd ratios versus initial ^Sr/^Sr ratios diagram 
for the Central Anatolian plutonic rocks. The mantle array is after DePaolo 
(J988). The metasedimentary rock data are taken from Voshage et al. (1990). 
The inset graph shows the Central Anatolian plutonic rock data in detail. 

7.1.1. Interpretation of the Sr and Nd data 

The isotopic ratios shown in Figure 7.1 provide a good framework for 

addressing several petrogenetic aspects for the Central Anatolian plutonic rocks. As 

can be seen from Figure 7.1, the main problem to be solved is whether the 

distinctive trace element and isotopic characteristics can be related to mantle source 

enrichment by recycling of crustal material (e.g. Gill, 1981; Sun and McDonough, 

1989), or to fractional crystallisation combined with crustal assimilation (AFC) 

(e.g. Hildreth and Moorbath, 1988). 

Mantle source enrichment as used here describes the process of 

contamination of mantle source by recycling of crustal material during subduction. 

Subduction of sediment and/or altered oceanic crust releases aqueous fluids and/or 

siliceous melts into the overlying mantle wedge via a series of dehydration 

reactions of the hydrous phases. This process results in enrichment in large ion 

lithophile elements (LILE) in the mantle wedge. The introduction of aqueous fluids 
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and/or siliceous melts lowers the solidus of the peridotites, initiating melting. The 

mixture of fluids and melts and mantle undergoes partial melting to produce 

magmas enriched in LILEs. 

Mantle source enrichment is well documented in many subduction-related 

settings (e.g. Gill, 1981; White and Dupre, 1986; McDermott et al., 1993). It is also 

supported by "̂ Be anomalies (e.g. Brown et al., 1982; Tera et al., 1986) and high 

207p|^/204pj^ ratios in modem volcanic arc basalts (e.g. Kay et al., 1978; White and 

Dupre, 1986). However, it is rarely discussed in connection with plutonic rocks 

(e.g. Hil l et al., 1986; Von Blanckburg et al., 1992; Tommasini et al., 1995). 

Mantle source enrichment is difficult to identify by major and trace element 

geochemistry in plutonic rocks because all intrusive members, and thus their 

elemental concentrations, are usually modified by fractional crystallisation. 

Nevertheless, a combination of sensitive isotopic indicators, such as Sr and Nd, 

which have high contaminant/mantle concentration ratios, with an abundant 

element such as O (oxygen) which has approximately equal concentrations in 

mantle and contaminant, often enables a distinction to be made between source 

contamination and other processes (e.g. James, 1981). 

Mantle source enrichment can be modelled by mixing of two components. 

A general mixing model first presented by Langmuir et al. (1978) was subsequently 

adapted by DePaolo and Wasserburg (1979) for use with the epsilon notation of Nd 

and Sr. The two-component mixing equation based on the work of Langmuir et al. 

(1978) is as follows: 

£1 = 
£:X^F + £lX,(l-F) 

X^F + X,(l-F) 
(Eq. 7.1) 

where; 

£ ^ : isotopic parameter of element X in crust 

£l: isotopic parameter of element X in mantle 

Xa : concentration of element X in crust 

Xb : concentration of element X in mantle 

F : mass fraction of crust in mixture 

153 



CHAPTER 7- Petrogenesis 

AFC process was first considered by Bowen (1928). He emphasised that 
assimilation is not a simple mixing process but has a minimum of three end-
members, namely the magma, the country rocks and the cumulates. 

It is defined as the contamination by assimilation of wall-rock coupled to 

concurrent fractional crystallisation. It was modelled by DePaolo (1981). He 

derived the equations for both trace element and isotopic variations (Equations 7.2-

7.7). He proved that the tenet of the simple mixing model, that the concentration in 

the magma would change in the direction of that in the wall-rock, was not 

necessarily true if fractional crystallisation was also operating. 

(a) .Q.QMrM eq.uMQns appHca^^^ 

CICt = F-' + ̂  r \ C. 
r-\ zc: 

^ ( l - F~') (not applicable for r^l) (Eq. 7.2) 

m m 
^ r ^C 

(b) F o r Aeisptopjc ratio 

— ^ I n F ' (special case r+D^l and z=0) (Eq. 7.3) 

nO 

e _^o = l - ( C / C J F - (Eq .7 .4 ) 

where; 

m 
Me 
M, 

Ca 

m 
D 
DC„ 

'-'m 

£a 

mass of magma 

mass of original magma 
crystallisation rate (mass/unit time) 
assimilation rate (mass/unit time) 
elemental concentration in wall-rock 
elemental concentration in the contaminated magma 

elemental concentration in the original magma 
bulk solid/liquid partition coefficient for the element between the fractionating crystalline 
phases and the magma 

elemental concentration in crystallising phases 

isotopic ratio in the contaminated magma 

isotopic ratio in the original magma 

isotopic ratio in wall-rock 

r = —— (the ratio of magma mass to original magma mass) (Eq. 7.5) 
m 
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r = (the ratio of the rate of assimilation to fractional crystallisation) (Eq. 7.6) 

z = -
r + D-\ 

r-l 
(Eq. 7.7) 

7.1.1.1. Mantle source enrichment or fractional crystallisation combined with 

crustal assimilation 

In order to assess the relative importance of source enrichment processes in 

the origin of the Central Anatolian plutonic rocks, the plot of initial ''*^Nd/"'^Nd 

ratios against initial '̂Sr/̂ ^Sr ratios for the plutonic rocks is re-examined (Figure 

7.2). 

In Figure 7.2, the mantle source enrichment process has been modelled 

using the mixing equation of Langmuir et al. (1978) (Equation 7.1). In the 

modelling, depleted mantle (from Zindler and Hart, 1986) and melt from depleted 

mantle (from Hawkesworth et al., 1991) are used as a "mantle" end-member, and, 

an average of metasedimentary rocks (from Voshage et al., 1990) is used as a 

"crustal" end-member (Table 7.2). The mixing curve in Figure 7.2 has been marked 

off in increments of the weight fraction (F) of the crustal component. 

A mixing curve representing contamination of depleted mantle with crust is 

shown in Figure 7.2a. A mixing curve between melt from depleted mantle and crust 

is demonstrated in Figure 7.2b. 

Depleted mantle" Melt from depleted 
mantle 

Contaminant (Cf 

average 

0.7027 0.7028 
0.71514-
0.71924 0.71553 

•"^Nd/^'^Ndi 0.5131 0.5130 
0.51192-
0.51213 

0.51202 

S r ppm 13.3 54 137-296 229 

Nd ppm 0.8 4.4 31-59 39 

Table 7.2. Composition of end-members used to assess source enrichment processes in the origin 
of the Central Anatolian plutonic rocks. Data sources are: (a) Zindler and Hart (1986); (b) 
Hawkesworth et al. (1991); and (c) Voshage et al. (1990). 
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Figure 7.2. Mantle source mixing model to explain Sr and Nd isotope 
variations in the Central Anatolian plutonic rocks. Mixing curves are 
calculated for (a) mantle + crust, and (b) melt from depleted mantle + 
crust. Depleted mantle is from Zindler and Hart (1986), melt from 
depleted mantle is taken from Hawkesworth et al. (1991) and average 
composition of metasedimentary rocks is taken from Central Europe 
(Voshage et al, 1990). Tick marks on the mixing curves show the 
percentage of crust added. The inset graph shows depleted mantle, melt 
from depleted mantle and metasedimentary rocks in relation to the 
plutonic rocks. 
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In Figure 7.2, the mixing curves pass close to the Central Anatolian plutonic 

rocks. As shown in Figure 7.2a, the sediment contribution to depleted mantle is 

between 4% and 6%. However, the addition of sediment component to melt from 

depleted mantle is much greater (-15-20%) (Figure 7.2b). These large amounts are 

inconsistent with the amount of sediment commonly believed to be added to a 

subduction zone mantle source (e.g. Whitford et al., 1981; Vroon et al., 1993). 

Therefore, the actual sediment contribution to depleted mantle produce source(s) 

for the Central Anatolian plutonic rocks is likely to be closer to 4-6% than to 15-

20%. 

Initial ^''Sr/^Sr and "*^Nd/"^Nd ratios of the Central Anatolian plutonic 

rocks are plotted against Si02 (Figure 7.3) to further assess AFC or source 

enrichment processes in the origin of these rock types. 

In Figure 7.3, estimation of the compositions of possible parental magma(s) 

and also crustal component(s) for the Central Anatolian plutonic rocks is a very 

difficult problem, as there are no rock samples that can be taken as representative of 

parental magmas. Al l Anatolian plutonic rock types have high initial ^̂ Sr/̂ ^Sr and 

low initial ''*''Nd/'''^Nd ratios. The chosen values for parental magmas are similar to 

those of the least acidic samples for the BCC, B and H intrusive rocks though. 

In Figure 7.3, the least acidic sample (N78- from the Cefalikdag pluton) in 

the BCC plutonic rocks is a cumulate (see section 7.2.1 for more explanation). It 

appears only as a siibordinate border facies. Therefore, it is not regarded as parental 

magma for the BCC intrusive rocks. On the other hand, parental magma chosen for 

the BCC intrusive rocks (source I-Si) has initial ^''Sr/^Sr and ''̂ ^Nd/'̂ ^^Nd ratios of 

0.70940 and 0.51220 (Table 7.3). The least acidic sample (N31- from the Hamit 

pluton) chosen as parental magma for the B and H intrusive rocks (source Il-Sn) has 

initial '̂Sr/̂ ^Sr and ^^^Nd/'^Nd ratios of 0.70826 and 0.51230. 
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Figure 7.3. (a) Initial ^Sr^Sr ratios versus silica; and (b) 
initial '''^Nd/^Nd ratios versus silica diagrams for the 
Central Anatolian plutonic rocks. The metasedimentary 
rock data are taken from Voshage et al. (1990). 
Abbreviations: S- source, FC- fractional crystallisation, 
AFC- coupled fractional crystallisation and crustal 
assimilation and C- crust. 
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Source I (Si) far the 
BCC (Behrekdag, 

Cefalikdag, Celebi) 
plutonic rocks 

Source 11 (S„) for 
the B (Baranadag) and H 

(Hamit) plutonic rocks 

(mi- from the H pluton) 

Contaminant 
(Cf 

Si02 wt.% 56 52 73-78* 

*'Sr/**Sri 0.70940 0.70826 0.71514-0.71924 

"^Nd/""Ndi 0.51220 0.51230 0.51192-0.51213 

Table 7.3. Table showing possible parental magmas and contaminant for the Central 
Anatolian plutonic rocks (see text for more explanation). *- Metasedimentary rock data are 
taken from Central Europe (Voshage et al, 1990), and *- estimated values from published 
data. 

In Figure 7.3, radiogenic isotope ratios do not show well-defined 

correlations against silica. I f parent(s) and contaminant(s) are different, combined 

assimilation and fractional crystallisation (AFC) causes enrichment in initial 

^̂ Sr/̂ ^Sr ratios with increasing silica. I f not, AFC causes no change in initial 

^^Sr/^Sr ratios with increasing silica. 

Two contrasting groups can be seen in Figures 7.3a and b: (i) the BCC rock 

samples; and (ii) the H rock samples (including the B rock sample). Figure 7.3a 

shows that the BCC rock samples (derived from source I-Si) have slightiy higher 

initial ^'Sr/^Sr ratios than the H rock samples, including the B sample (derived 

from source Il-Sn). However, the BCC and H rock samples (including the B 

sample) generally show no correlation with silica, indicating that the contaminant 

and parental magmas of the BCC, B and H rock samples have similar initial 

^̂ Sr/̂ ^Sr ratios. 

In Figure 7.3, the metasedimentary rocks from Central Europe have higher 

initial '̂Sr/̂ ^Sr and lower initial '^^Nd/'^Nd ratios than the BCC, B and H rock 

samples. This may indicate that the crustal rock compositions in the Central 

Anatolian Massif are less radiogenic in terms of Sr, and more radiogenic in terms of 

Nd, compared to the metasedimentary rocks from Central Europe (Voshage et al., 

1990). 

Figure 7.3b demonstrates that the BCC rock samples (derived from source I -

Si) have relatively low initial ''^^Nd/^'^Nd ratios that increase with increasing silica, 

indicating the importance of a combined assimilation and fractional crystallisation 

process in the origin of these rock types. 
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On the other hand, the H rock samples together with the B rock sample 
(derived from source n-Sii) mostly have high initial '^^Nd/"^Nd ratios, which 
remain almost constant until -56 wt.% Si02 and then decrease with increasing 
silica (on limited data). This may indicate that combined assimilation and fractional 
crystallisation was an important process in the origin of these rock types. The rock 
samples from the BCC and H plutons converge at about -66 wt.% SiOa- This may 
indicate that the parental magmas (sources I and H-Si.n) of these rock types 
assimilated the same contaminant. 

As can be seen from Figures 7.3a and b, source I (Si) has higher initial 

'̂'Sr/̂ ^Sr and lower initial "*^Nd/"^Nd ratios than source H (Sn). This may be 

explained by either a greater subduction component in source I or more crustal 

contamination during uprise through continental crust compared to source 11, or that 

source 11 is more mantle-enriched and less crustal contaminated than source I . 

7.1.1.1.1. Trace element evidence for source enrichment or fractional 

crystallisation combined with crustal assimilation processes 

The main variations shown by the initial isotope ratio data (Sr, Nd) (Figures 

7.1-7.3) for the Central Anatolian plutonic rocks can also be seen in a plot of Th/Yb 

against TdJYh (Figure 7.5). However, first, the Th/Yb and TdJYh ratios of the 

plutonic rocks from the Central Anatolian Massif are plotted against silica in Figure 

7.4 to assess the sensitivity of these ratios to AFC. 

Yb is used as the normalising factor to minimise variations created by 

partial melting and fractional crystallisation provided that olivine, pyroxenes and 

feldspars are the dominant crystallising or residual phases (Pearce, 1982). Pearce 

(1982) demonstrated that the greater mobility of Th in subduction components 

results in an increase in Th relative to Ta which results in a shift to higher ThIYh 

ratios in the mantle wedge above the subduction zone. Assimilation of crust has a 

similar effect, although assimilation of granulitic crust, which has low Th contents, 

can cause a shift in the opposite direction (Pearce et al., 1990). Garnet residues 

from partial melting will lower TaA^ and Th/Yb ratios by similar amounts, and 

amphibole residues will lower Ta/Yb slightly more than Th/Yb; crystallisation of 

these phases will have the reverse effect (Pearce et al., 1990), because the partition 

coefficient of Ta for amphibole in basic compositions (0.25) is five times higher 
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than that of Th (0.05) and the partition coefficients of both Ta and Th are lower 

than Yb (0.80). 

Figure 7.4a shows that the Th/Yh ratio increases with silica for the BCC 

(Behrekdag, Cefalikdag, Celebi) intrusive rocks. However, it is rather ambiguous 

for the B (Baranadag) and H (Hamit) plutonic rocks. 

In Figure 7.4b, the Ta/Yb ratio increases slightly with silica for the BCC 

intrusive rocks, whereas it remains almost constant for the B plutonic rocks. In 

contrast, this ratio increases until -57 wt.% Si02 and then is rather ambiguous for 

the H intrusive rocks. 
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Figure 7.4. Th/Yb (a) and Ta/Yb (b) versus silica 
diagrams for the Central Anatolian plutonic rocks. 
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The Th/Yb ratio of the Central Anatolian plutonic rocks is plotted against 
their Ta/Yb ratio (Figure 7.5). The plutonic rocks up to 63 wt.% SiOa are plotted, 
because trends for these ratios in the plutonic rocks are generally constant up to this 
value (see Figures 7.4a, b). In Figure 7.5, a greywacke sample (quartz-rich; sample 
no: N490; Appendix C) (crust I - Ci) collected near the H pluton and a pelite sample 
(sample no: C2; Appendix C) (crust H- Cn) of the Central Anatolian Massif have 
been also plotted as the crustal contaminants. 
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Figure 7.5. Th/Yb versus Ta/Yb diagram (after Pearce, 1983) for the 
Central Anatolian plutonic rocks (up to 63 wt.% Si02). N-type MORB 
values from Sun and McDonough (1989). Crust I (C/) : a greywacke 
sample (quartz-rich; sample no: N490) collected near the H pluton; and 
crust II (C/i): a pelite sample (sample no: C2) of the Central Anatolian 
Massif. Abbreviations: sz-subduction zone enrichment, w-within plate 
enrichment and C-crust. 

Figure 7.5 shows that all intrusive rocks from the Central Anatolian Massif 

form trends that run parallel to the mantle metasomatism array but are displaced 

towards higher Th/Yb ratios, suggesting either derivation from an enriched mantle 

source to which a subduction component had been added, or coupled crustal 

contamination with fractional crystallisation or both. In addition, both ratios increase 

from the Behrekdag and Cefalikdag through the B to the H intrusive rocks. The high 

Ta/Yb ratio of the H intrusive rocks could be explained by derivation from a more 

enriched-mantle source than that of the Behrekdag and Cefalikdag plutonic rocks. 
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As can be seen from Figure 7.5, the Central Anatolian plutonic rocks do not 

form trends from the mantle array to crust I (CO or n (Cu), so AFC is not likely the 

only process for the generation of the plutonic rocks. As in the isotope plot (Figure 

7.3), the parental magmas for the plutonic rocks must be enriched in Th as well as Sr 

and Nd isotope ratios. Figure 7.5 also shows that the Hamit plutonic rocks are more 

enriched in a within-plate component than the Behrekdag, Cefalikdag and Baranadag 

plutonic rocks. 

The variations shown by the Behrekdag and Cefalikdag plutonic rocks might 

indicate that these rocks are derived from a mantle source containing large 

subduction components, and have experienced assimilation and fractional 

crystallisation during uprise through continental crust. In contrast, the B and H 

intrusive rocks might be derived from a more enriched-mantle source with less 

coupled crustal assimilation-fractionation compared to the Behrekdag and Cefalikdag 

plutonic rocks. 

7.2. Interpretation of L I L E fractionation trends for the Central 

Anatolian plutonic rocks 

The isotope and trace element geochemical variations between and within the 

Central Anatolian plutonic rocks have been explained by the mantle source 

enrichment and AFC processes (as discussed above). However, in this Section the 

discussion is expanded to determine which phases, i f removed from the melt, could 

cause the observed evolution from the least acidic to the most acidic compositions. 

Some authors (e.g. McCarthy and Groves, 1979; Tindle and Pearce, 1981) 

argued that granites cannot be treated as either pure 'melts' or pure 'cumulates', but 

should instead be thought of as "crystal mushes". As such, it is unlikely that perfect 

(Rayleigh) fractional crystallisation would apply to granite crystallisation. Instead, 

since cumulus- crystals trap interstitial melt, granite crystallisation lies somewhere 

between the extremes of equilibrium crystallisation and perfect fractional 

crystallisation. 

In spite of these arguments, most authors favour perfect (Rayleigh) fractional 

crystallisation (e.g. McCarthy and Groves, 1979; Tindle and Pearce, 1981) because 

crystals are commonly removed from the site of formation after crystallisation and 
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the distribution of trace elements is not an equilibrium process. At best, surface 

equilibrium may be attained. Thus, crystallisation is better described by the Rayleigh 

Law for the Central Anatolian plutonic rocks (Equation 7.8). 

In theory, two basic equations describe the extremes of behaviour of trace 

elements during crystallisation: 

Q / Q = F'^-'> (Eq.7.8) 

for perfect (Rayleigh) fractional crystallisation (where only the surface of the crystals 

is in equilibrium with the melt): 

Q / C o = l / [ F + D ( l - F ) ] (Eq.7.9) 

for equilibrium crystallisation (where the whole of each solid phase remains at all 

times in equilibrium with the melt). 

where; 

Co: the weight concentration of a trace element in the parental liquid 

Cy the weight concentration of a trace element in the residual liquid 

F: the weight fraction of melt remaining 

D: bulk distribution coefficient of the fractionation assemblage during crystallisation 

f \ 

where; 

K'j: partition coefficient of a trace element for phase i 

Xj: the weight fraction of phase i 

Several attempts at petrogenetic modelling of granite systems have been 

based on the LILEs (Ba, Rb and Sr) (e.g. McCarthy and Hasty, 1976; McCarthy and 

Groves, 1979; Tindle and Pearce, 1981). These elements are useful because they 

occur only in the major silicate minerals, thus avoiding problems in estimating 

accessory mineral abundances and behaviour. 

Changes in L I L element concentrations during fractionation can be examined 

and modelled more quantitatively by comparing observed and theoretical 

fractionation vectors on log-log bivariate plots. Therefore, the L I L E data of the 

Central Anatolian plutonic rocks are presented as logarithmic plots of Ba against Rb 

and Ba against Sr (Figure 7.6). 
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Figure 7.6. Ba-Rb and Ba-Sr co-variation diagrams 
for the plutonic rocks. Crust I (C,) is an average of 
greywacke samples (N490-N491) collected near the 
H pluton. Crust II (Cn) is an average of pelite 
samples (C1-C2) of the Massif Abbreviation: C-
crust. 

In Figure 7.6, two main trends are observed for the Central Anatolian 

plutonic rocks: trend 1 for the BCC (Behrekdag, Cefalikdag and Celebi) plutonic 

rocks and trend 2 for the B (Baranadag), H (Hamit) intrusive rocks. Therefore, in 

order to show differences in detail between the BCC (Behrekdag, Cefalikdag, Celebi) 

and the B (Baranadag), H (Hamit) plutonic rocks, the L I L E data for these plutonic 

rocks are plotted separately in Figures 7.7, 7.8. In the following paragraphs, the BCC 

and B, H plutonic rocks will be discussed separately. 

In Figure 7.6, an average of greywacke samples (quartz-rich; sample nos: 

N490-N491; Appendix C) (crust I- Q) collected near the H pluton and an average of 
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pelite samples (sample nos: C1-C2; Appendix C) (crust E- Cn) of the Central 
Anatolian Massif have been also plotted as the crustal contaminants. 

Figures 7.7b, 7.8b attemp to explain Figure 7.6 by explaining the theoretical 

effects on melt composition of crystallising mineral phases. In these Figures, 

theoretical vectors are modelled for 30% crystallisation (with 5% interval) of single 

phases involving clinopyroxene, plagioclase, hornblende, biotite and alkali feldspar. 

In Figures 7.7b, 7.8b, the vectors can be moved to any presumed parental 

compositions, so the starting composition is not crucial. 

For the vectors shown in Figures 7.7 and 7.8, mineral/melt partition 

coefficients have been gathered from published compilations of partition coefficients 

(Table 7.4). Figures 7.7c, 7.8c display how the observed LILE variations may be 

modelled graphically. 

Element Mineral 

cpx Pl hbl bi ksp 
Rb 0.032 0.048 0.014 4.200 0.487 
Sr 0.516 2.840 0.022 0.120 3.870 

Ba 0.131 0.360 0.044 6.360 6.120 

Table 7.4. Mineral/liquid partition coefficients derived from Arth 
(1976), Mahood and Hildreth (1983) and Nash and Crecraft 
(1985). Abbreviations: cpx- clinopyroxene, pl- plagioclase, hbl-
hornblende, bi- biotite and ksp- alkali feldspar. 

7.2.1. The B C C (Behrekdag, Cefalikdag and Celebi) plutonic rocks 

In detail, two sub-trends show up in Figures 7.6, 7.7 for the BCC plutonic 

rocks: trend la (followed by a majority of samples) in which Rb increases while Ba 

and Sr decrease; and trend lb (followed by the most acidic samples) in which Ba 

decreases rapidly, Sr decreases and Rb increases. 

In Figure 7.7, plagioclase, hornblende, alkali feldspar and biotite could 

control trend la for the BCC plutonic rocks. These minerals are chosen because they 

are observed in these rock types. As shown in Table 7.4, Ba is strongly partitioned 

into alkali feldspar and biotite, whereas Sr is strongly partitioned into plagioclase and 

alkali feldspar. Therefore, fractional crystallisation of these minerals results in 

decrease in Ba and Sr. On the other hand, Rb, Sr and Ba are weakly partitioned into 

hornblende. Thus, fractionation of this mineral causes enrichment in these elements. 

166 



o 

§1 

skills 
t l l l l l 
l i l l l l 

I 
a. 

(» 
•S I ^ ^ -Bb « 

1̂ i l l 

o o § o 
§ 

nidd eg 

I " — I r 

inddBg 

s 
8 & 

mil 11 I I 

o 
i i i i 111 I I 

§ 

o o 

= 5 a S 

l i l t §1 it 

8c^ 

P -a "I s <̂  

3 C J) ^ U <u 

§ S 5) •? <:> S .8 

8 a 5 5 4 l I I 
§ 3 

S -a ^ ^ 5 ni-Ts 

I l l f i s I 
59 
11161 
S-^ S S 
.S B § 9 B 

mdd eg mdd eg 



I — 1 H i l l I I I I r m 

§ 
o 

s 
o ^ 

o 
§ 
o -IIM t i t ' 

§ 
o 

E a a 
u 

o 
o o 

uidd eg uidd Bg 

la
da

g o f 

la
da

g 

« H
am

i 

C
ru

st
 

C
ru

st
 

-4 • • 
fTTT 

o 
T T T 

o o o 

§ 
o 

o o 

E a a. 

O 
O 

O 

o g 
§ 

o o 

So « S i ° 

1:1 

^ § p 

$1 i i ^ 
2 ^ I 
•S a 
? 5 2 •« •fc ? 5 s *« 

l l l f l 

I I I ! 

K f ^ ^ =̂  •3 o 

§ § S i a. 5i 

115 i l l 

lJU S ? C 

s 

^ -s ^ 4 i •= V 
.§3 ^ .5 •§ ;S 

00 

oiddeg indd eg 



N. Ilbeyli 

In Figure 7.7, alkali feldspar is a possible candidate in addition to plagioclase 

and biotite for the most silicic BCC plutonic rocks (trend lb). As shown in Table 7.4, 

Ba is strongly partitioned into biotite and alkali feldspar. Thus, fractional 

crystallisation of these minerals causes sharp decrease in Ba. On the other hand, Rb 

is strongly partitioned into biotite. Therefore, fractionation of biotite results in 

decrease in Rb, whereas Rb is weakly partitioned into plagioclase and alkali feldspar 

(Table 7.4). Thus, fractionation of these minerals causes enrichment in Rb. However, 

Sr is strongly partitioned into plagioclase and alkali feldspar. Therefore, fractional 

crystallisation of these minerals results in decrease in Ba and Sr. 

In Figure 7.7c, the mineral assemblages of the plutonic rocks were estimated 

from their modal analyses. The vectors were then drawn for these mineral 

assemblages (Table 7.5). In Figure 7.7c, the main problem is to locate the 

compositions of the parental magmas for the plutonic rocks. In theory, they must lie 

between the bulk compositions of the cumulate phases and the melts. It is assumed 

that the least acidic rock types (monzodiorite/quartz monzodiorite) in the Cefalikdag 

pluton appear only as a subordinate border facies and that these are cumulates (Co) 

(Figure 7.7c). It is assumed that magma such as ILo (initial liquid composition) for 

the BCC plutonic rocks evolved to composition I L i by loss of plagioclase, 

hornblende, alkali feldspar and biotite whose average bulk composition was ICo 

(initial cumulate composition). Mushes belonging to this trend (trend la) would fall 

within the parallelograms ILi-lLo-lCo-lCi. The second trend (lb) is restricted to the 

aplites of the BCC plutons. 

As Figure 7.7c shows, predicted trends produce a very close fit to observed 

trends. 

Pluton Observed trend 
and rock unit 

Mineral 

BCC (Behrekdag, 
Cefalikdag, Celebi) 

trend 1 

cpx pi 1 hbl hi ksp 

BCC (Behrekdag, 
Cefalikdag, Celebi) 

trend 1 
BCC (Behrekdag, 
Cefalikdag, Celebi) 

trend la (followed by 
majority of samples) 

45 34 2 19 BCC (Behrekdag, 
Cefalikdag, Celebi) 

trend lb (followed by 
the most acidic 
samples) 

35 5 60 

Table 7.5. Results of the LILE modelling for the BCC plutonic rocks (values in percent). 
Abbreviations: cpx-clinopyroxene, pl-plagioclase, hbl-hornblende, bi-biotite and ksp-alkali 
feldspar. 
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The trends observed in Figure 7.7 can be also controlled by the coupled 
crustal assimilation and fractional crystallisation (AFC) process. The inset graph in 
Figure 7.7 shows a diagram of Ba against Rb for the BCC plutonic rocks, upon 
which has been superimposed theoretical curves to illustrate the evaluation of the 
BCC parental magma composition by crustal assimilation and fractional 
crystallisation. The AFC equations of DePaolo (1981) presented in Section 7.1.1 

• have been used for the modelling of LILEs (Ba, Rb) from the BCC plutonic rocks. 
Theoretical AFC curves were calculated for different values of r (the ratio of 
assimilation rate to crystallisation rate). The ratio of remaining magma mass to 
original magma mass (F) is marked on each curve at 5% intervals. 

In the modelling, an average of pelite samples from the Massif (Crust Il-Cn) 

is used as the crustal contaminant. Parental magma chosen (Si) for the BCC plutonic 

rocks has initial Rb and Ba contents of 120 ppm and 1400 ppm. Bulk partition 

coefficients (D) were calculated using the values from Table 7.4. 

In the inset graph (Figure 7.7), the BCC plutonic rocks (cumulates and dykes 

are excluded) plot between ^0.01 and r=0.8. However, most of the samples plot 

between the curves for ^0.3 and r=O.S, indicating great crustal assimilation from the 

crust. It should be noted that the precise values of r are not meaningful, because of 

likely variations in end-member compositions and also variations in the bulk 

partition coefficients (D) of elements during fractional crystallisation. 

Unfortunately, as can be seen from Figure 7.7, the least acidic rock samples 

and the contaminants from the Massif have similar compositions of Sr and Ba. 

Therefore, the AFC modelling does not give useful information on the plutonic rocks 

on these projections. On the other hand, fractional crystallisation of mineral 

assemblages given in Table 7.5 coupled with crustal assimilation could result in 

decrease in Sr and Ba for the BCC plutonic rocks. 

7.2.2. The B (Baranadag) and H (Hamit) plutonic rocks 

Two sub-trends also show up for the B and H plutonic rocks (Figure 7.8): 

trend 2a (followed by the mainly least acidic samples) in which Rb increases, Ba 

increases and Sr decreases; and trend 2b, which is like trend lb (followed by the 

most acidic samples), in which Ba and Sr decrease while Rb increases. In Figure 7.8, 

there is a noticeable compositional gap between trends 2a and 2b. 
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Plagioclase, clinopyroxene and alkali feldspar could control trend 2a for the 

least acidic H and B rocks (Figure 7.8), although the trends for these rock types are 

not so clear. These minerals are chosen because they are observed in these rock 

types. As can be seen from Table 7.4, Rb, Sr and Ba are weakly partitioned into 

clinopyroxene. Therefore, fractional crystallisation of this mineral results in 

enrichment in these elements. The partition coefficients of plagioclase and alkali 

feldspar for Ba, Sr and Rb are as mentioned in Section 7.2.1. 

Alkali feldspar and plagioclase could control trend 2b for the most acidic B 

and H rocks, even though the trends for these rock types are not so clear. The 

partition coefficients of plagioclase and alkali feldspar for Ba, Sr and Rb are 

discussed in Section 7.2.1. 

In Figure 7.8c, the mineral assemblages of the plutonic rocks were estimated 

from their modal analyses. The vectors were then drawn for these mineral 

assemblages (Table 7.6). In Figure 7.8c, magma such as 2Lo (initial liquid 

composition) for the B and H plutonic rocks evolved to composition 2Li by loss of 

plagioclase, clinopyroxene and alkali feldspar whose average bulk composition was 

2Co (initial cumulate composition). Mushes belonging to this trend (trend 2a) would 

fall within the parallelograms 2Li-2Lo-2Co-2Ci. The second trend (2b) is restricted to 

the aplites of the B pluton and alkali feldspar syenite and quartz syenite for the H 

pluton. Alkali feldspar is a possible candidate in addition to plagioclase for the most 

silicic B and H plutonic rocks. 

Pluton Observed trend 
and rock unit 

Mineral 

B (Baranadag) and 
H(HamU) 

trend 2 
cpx 1 pl hbl bi ksp 

B (Baranadag) and 
H(HamU) 

trend 2 
B (Baranadag) and 
H(HamU) 

trend 2a (followed by 
the least acidic 
samples) 

30 50 20 B (Baranadag) and 
H(HamU) 

trend 2b (followed by 
the most acidic 
samples) 

30 70 

Table 7.6. Results of the LILE modelling for the B and H plutonic rocks (values in percent). 
Abbreviations: cpx-clinopyroxene, hbl-hornblende, pl-plagioclase, bi-biotite and ksp-alkali 
feldspar. 

The trends observed in Figure 7.8 could be also controlled by the coupled 

crustal assimilation and fractional crystallisation (AFC) processes. The least acidic 
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rock samples and the contaminants from the Massif have similar compositions of Rb 
and Ba, therefore the AFC modelling does not give useful information on the 
plutonic rocks on these projections. However, fractional crystallisation of mineral 
assemblages given in Table 7.6 coupled with crustal assimilation could result in 
increase in Rb and decrease in Ba for the B and H plutonic rocks. 

7.3. Evalution of Rb, Nb and Y for the Central Anatolian plutonic 

rocks as indicators of source and tectonic setting 
The discriminant diagram of Rb versus (Y-i-Nb) (Pearce et al., 1984) (Figure 

7.10) is used to assess the petrological evolution of the Central Anatolian plutonic 

rocks. In this diagram, two parameters are not known: (i) parental compositions, and 

(ii) AFC trends. Therefore, in order to find out these parameters, first the data are 

plotted on diagrams of Rb, Nb and Y versus silica (Figure 7.9). 

As mentioned in Section 7.2.1, the least acidic samples of the BCC plutonic 

rocks are cumulates. Therefore, considering the entire data set for Figures 7.9a-c, the 

parental magma chosen for the BCC intrusive rocks (source I-Si) has silica, Rb, Nb 

and Y contents of 56 wt.%, 120 ppm, 18 ppm and 30 ppm (see also Table 7.7). 

The least acidic sample (N31- from the Hamit pluton) chosen as parental 

magma for the B and H intrusive rocks (source II-Sn) has silica, Rb, Nb and Y 

contents of 52 wt.%, 210 ppm, 30 ppm and 40 ppm respectively. 

In Figures 7.9, 7.10, an average of greywacke samples (sample nos: N490-

N491) (crust I-Ci) collected near the H pluton and an average of pelite samples 

(sample nos: C1-C2) (crust II-Cn) of the Central Anatolian Massif are used as the 

contaminants. The greywacke samples have Nb and Y values similar to those for the 

pelite samples, although the former is more enriched in Rb. 
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Figure 7.9. Rb, Nb and Y versus silica diagrams showing the AFC effects 
on the genesis ofthe Central Anatolian plutonic rocks. Abbreviations: FC-
fractional crystallisation, AFC- combined fractionation-assimilation, S-
source and C-crust. 
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Source I (Si) for the 
BCC (Behrekdag, 

CefaUkdag, Celebi) 
plutonic rocks 

Source II (Sn) 
for the B (Baranadag) and 
H (Hamit) plutonic rocks 

(N31- from the H pluton) 

Contaminants 
(C) 

Ci Cii 

Si02 wt.% 56 52 75 77 
Rb ppm 120 210 261 126 
Nb ppm 18 30 14 13 
Y ppm 30 40 19 18 
(Y+Nb) ppm 48 70 33 31 

Table 7.7. Table showing possible parental magmas and contaminants for the Central 
Anatolian plutonic rocks (see text for more explanation). C/ - (crust I): an average of 
greywacke samples (N490-N491) and Cu - (crust II): an average of pelite samples of the 
Massif. 

As can be seen from Figure 7.9a, the BCC intrusive rocks (derived from 

source I-Si) have the lowest Rb contents. Rb increases with silica for these intrusive 

rocks. However, Rb remains almost constant with increasing silica for the B plutonic 

rocks. The H intrusive rocks from the Massif have the highest Rb contents. The Rb 

abundance increases until -58 wt.% Si02 in the foid-bearing rocks and then 

decreases in the alkali feldspar syenite and quartz syenite. 

The enrichment in Rb for the BCC plutonic rocks can be explained by 

fractional crystallisation of hornblende, plagioclase, clinopyroxene and/or alkali 

feldspar, because as can be seen from Table 7.4, Rb is weakly partitioned into these 

minerals. As shown in Figure 7.7, fractionation of these minerals coupled with 

crustal assimilation could result in enrichment. 

The constant Rb content with silica for the B intrusive rocks could be 

produced by fractional crystallisation of hornblende, plagioclase, clinopyroxene 

and/or alkali feldspar coupled with crustal assimilation (depending on the crustal 

composition), because the parental magma for the B plutonic rocks (source 11) and 

the crustal contaminants have similar Rb values (Figure 7.9a). 

The enrichment in Rb for the foid-bearing Hamit rocks could be explained by 

fractional crystallisation of fold minerals (e.g. nepheline), clinopyroxene, hornblende 

and/or alkali feldspar, because Rb is weakly partitioned into these minerals. The 

partition coefficient of Rb for nepheline is 0.44 for intermediate compositions 

(Larsen, 1979) and those for other minerals are given in Table 7.4. 

On the other hand, the depletion in Rb for the alkali feldspar syenite and 

quartz syenite could be produced by fractional crystallisation of biotite, because Rb 
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is strongly partitioned into this mineral. Biotite is in minor amounts in these rock 

types though. The partition coefficient of Rb in biotite is 4.2 for acidic conipositions 

(see Table 7.4). The depletion in Rb for these rock types could be also produced by 

fractional crystallisation of biotite coupled with crustal assimilation depending on the 

crustal composition, because the parental rocks (the most siliceous foid-bearing 

rocks) for the alkali feldspar syenite and quartz syenite have higher Rb contents than 

the crustal contaminants. 

In Figure 7.9b, Nb increases slightly with silica for the BCC plutonic rocks. 

However, it decreases slightly with silica for the B plutonic rocks. On the other hand, 

Nb increases to about 58 wt.% Si02 for the foid-bearing rocks and then decreases for 

the alkali-feldspar syenite and quartz syenite. 

The enrichment in Nb for the BCC intrusive rocks can be explained by 

fractional crystallisation of clinopyroxene and/or plagioclase, as the partition 

coefficients of Nb for clinopyroxene and plagioclase are 0.80 and 0.06 for acidic 

compositions (Arth, 1976). Fractional crystallisation of these minerals coupled with 

crustal assimilation could also cause enrichment in Nb (depending on the crustal 

composition). As can be seen from Figure 7.9b, the parental magma for the BCC 

plutonic rocks (source I) has slightly higher Nb content than the crustal 

contaminants, leading to enrichment in Nb for these rock types during combined 

crustal assimilation and fractional crystallisation. 

On the other hand, the depletion in Nb for the B plutonic rocks can be 

produced by fractional crystallisation of clinopyroxene and/or plagioclase and crustal 

assimilation, because as can be seen from Figure 7.9b, the parental magma for the B 

plutonic rocks (source II) has slightly higher Nb content than the crustal 

contaminants. Thus, AFC may cause depletion in Nb for the B intrusive rocks. 

The enrichment in Nb for the foid-bearing rocks could be explained by 

fractional crystallisation of fold minerals (e.g. leucite, nepheline), clinopyroxene 

and/or plagioclase, because Nb is weakly partitioned into these minerals. The 

partition coefficients of Nb for leucite and nepheline are 0.020 and 0.011 for 

intermediate compositions (Caroff et al., 1993; Larsen, 1979). On the other hand, the 

depletion in Nb for the alkali feldspar syenite and quartz syenite can be produced by 

fractionation of hornblende, biotite, magnetite and/or ilmenite, because Nb is 

strongly partitioned into these minerals. The partition coefficients of Nb for 
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hornblende, biotite, magnetite and ilmenite are 4.0, 6.4, 2.5 and 6.3 for intermediate 
and acidic compositions (Arth, 1976; Pearce and Norry, 1979; Nash and Crecraft, 
1985; Green and Pearson, 1986). Fractional crystallisation of these minerals coupled 
with crustal assimilation could also cause depletion in Nb depending on the crustal 
composition. As can be seen from Figure 7.9b, the parental rocks (the most acidic 
foid-bearing rocks) for the alkali feldspar syenite and quartz syenite plutonic rocks 
have higher Nb contents than the crustal contaminants. 

In Figure 7.9c, Y remains almost constant with increasing silica for the BCC 

plutonic rocks. However, it decreases with silica in the B intrusive rocks. Y 

behaviour is rather ambiguous for the H plutonic rocks. It decreases with silica for 

the foid-bearing rocks, whereas it is rather scattered for the alkali feldspar 

syenite/quartz syenite. 

The constant Y contents with silica for the BCC intrusive rocks could be 

produced by fractional crystallisation of hornblende, clinopyroxene, biotite, 

magnetite and/or apatite and coupled with crustal assimilation depending on the 

crustal composition. Y is strongly partitioned into these minerals for intermediate 

and acidic compositions. The partition coefficients of Y for hornblende, 

clinopyroxene, biotite, magnetite and apatite are 6.0, 4.0, 1.2, 2.0 and 40 (Arth, 1976; 

Nash and Crecraft, 1985). As can be seen from Figure 7.9c, the parental magma for 

the BCC plutonic rocks (source I) and the crustal contaminants have broadly similar 

Y values. 

On the other hand, the depletion in Y for the B plutonic rocks could be 

explained by fractional crystallisation of hornblende, clinopyroxene, biotite, 

magnetite and/or apatite. The partition coefficients of Y for these minerals are as 

listed above. The depletion in Y for these plutonic rocks could also be caused by 

fractional crystallisation of hornblende, clinopyroxene, biotite, magnetite and/or 

apatite and coupled with crustal assimilation (depending on the crustal composition). 

As shown in Figure 7.9c, the parental magma for the B plutonic rocks (source II) has 

slightly higher Y values the crustal contaminants. This could cause depletion in Y for 

the B intrusive rocks. 

The depletion in Y for the H plutonic rocks could be explained by fractional 

crystallisation of hornblende, clinopyroxene, biotite, magnetite, apatite and/or garnet. 

The partition coefficient of Y for garnet is 35 for acidic compositions (Arth, 1976). 
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The partition coefficients of Y for hornblende, clinopyroxene, biotite, magnetite and 

apatite are 6.0, 4.0, 1.2, 2.0 and 40 (Arth, 1976; Nash and Crecraft, 1985). The 

depletion in Y could be also produced by fractionation of these minerals and coupled 

with crustal assimilation, since the parental magma for the H intrusive rocks (source 

II-Sii) has slightly higher Y contents than the crustal contaminants (Figure 7.9c). 

The data are plotted on the Rb versus (Y+Nb) diagram (Pearce et al., 1984) 

(Figure 7.10) to show the petrogenetic pathways for the Central Anatolian plutonic 

rocks on the discriminant diagram. 
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Figure 7.10. Rb versus (Y+Nb) discriminant diagram showing the AFC 
effects on the genesis of the Central Anatolian plutonic rocks (>5% 
modal quartz) (after Pearce et al., 1984). Abbreviations: AFC-combined 
fractionation-assimilation, S-source and C-crust. Srsource for the BCC 
(Behrekdag, Cefalikdag, Celebi) and Sir source for the B (Baranadag) 
and H (Hamit) intrusive rocks. Crust I ( Q ) .• an average of greywacke 
samples (N490-N491) collected near the H pluton; and crust II (Cu): an 
average of pelite samples (C1-C2) of the Massif 

The Rb versus (Y+Nb) diagram has been used to discriminate tectonic setting 

(Pearce et al., 1984) for granites. This plot is also an indicator of protolith and 

process, which are partly functions of tectonic setting (Arculus, 1987; Twist and 

Harmer, 1987). 
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As can be seen from Figure 7.10, the parental magma for the B and H 
intrusive rocks (Sn) is more enriched in (Y-i-Nb) and Rb than the parental magma for 
the BCC plutonic rocks (Sj). The former plots in the WPG field, whereas the latter 
falls in the VAG field. This indicates that the parental magma for the BCC plutonic 
rocks may have formed in a volcanic-arc setting, while the parental magma for the B, 
H plutonic rocks may have formed in a within-plate setting. 

The BCC plutonic rocks follow a vertical evolution trend of increasing Rb 

with constant (Y-I-Nb). Rb remains constant and (Y+Nb) decreases for the B and H 

intrusive rocks. In Figure 7.10, the contaminant (crust I-Ci) has higher Rb and lower 

(Y-i-Nb) contents than the parental magma (source I-Si) for the BCC plutonic rocks, 

whereas it has slightly lower Rb and lower (Y+Nb) contents than the parental magma 

for the B, H plutonic rocks (source II-Sn). 

As Figures 7.9a-c show, the Rb, Nb and Y characteristics of the Central 

Anatolian plutonic rocks cannot solely be accounted for fractional crystallisation. 

However, fractional crystallisation coupled with crustal assimilation could result in 

the observed trends for the BCC, B and H plutonic rocks (Figure 7.10). As can be 

seen from Figure 7.10, the AFC process has been affected to take the B, H plutonic 

rocks from the WPG field to the VAG field and syn-COLG field. On the other hand, 

for the BCC plutonic rocks the AFC process has caused no change in (Y+Nb) but 

enrichment in Rb. Therefore, the BCC plutonic rocks have remained in the VAG 

field. 

7.4. The petrological model for the collision-related plutonic rocks of 

the Central Anatolian Massif 

The plutonic rocks from the Central Anatolian Massif have been shown to: (i) 

vary from calc-alkaline (BCC-Behrekdag, Cefalikdag, Celebi) through transitional 

(B-Baranadag) to alkaline (H-Hamit) (see Chapter 5: Section 5.1.1.1); (ii) range from 

monzodiorite through monzonite to granite/syenite (see Chapter 2: Section 2.1); (iii) 

have hydrous crystallising assemblages (see Chapter 3); (iv) have trace element and 

isotope ratios which indicate mantle sources (sources I and H: Si and Sn) with large 

crustal (subduction) components (see Section 7.1); and (v) have experienced 

significant crustal assimilation (see Section 7.1). 
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In the following Sections, the mechanism for these enriched geochemical 

characteristics for the Central Anatolian plutonic rocks will first be discussed; and a 

model for source and evolution for the plutonic rocks will then be presented. Lastly, 

a model for magma generation in the Massif will be given. 

7.4.1. Mechanism for the enriched isotopic and trace element characteristics of 

the Central Anatolian plutonic rocks 

LILE enrichment in subduction zone magmas can be explained by three main 

mechanisms: (i) contamination of mantle-derived magmas in the lower crust 

(melting, assimilation, storage, homogenisation - MASH) (e.g. Hildreth and 

Moorbath, 1988); (ii) addition of crustal lithospheric components to the mantle 

wedge (e.g. Saunders et al., 1980; Gill, 1981; Pearce, 1983); and (iii) crustal 

assimilation coupled with fractional crystallisation (e.g. DePaolo, 1981). 

(i) Hildreth and Moorbath (1988) proposed that there is a zone of extensive 

melting, assimUatiott, storage and homogenisation (MASH) beneath each large 

magmatic centre in the Andes. This zone is located, in general, in the lowermost 

crust or mantle-crust transition. Magmas reaching this zone induce local melting, 

assimilate the wall-rocks and mix with each other. It is also a zone where 

fractionation takes place before re-establishment of buoyant ascent of these magmas. 

This fractionation has a critical importance in the establishment of the magma 

system, without which the magma would not rise to or near the surface in a situation 

of perfect gravitational equilibrium (Fyfe, 1992). According to Hildreth and 

Moorbath (1988), magmas ascending from these zones may range from evolved 

basalts to dacites but all will have a base-level isotopic and trace element signatures 

characteristic of that particular MASH domain. They argued that the MASH process 

is not simple contamination of basalt but true magma generation in the lower crust or 

uppermost part of the mantle. 

The MASH process can be excluded for the generation of the Central 

Anatolian plutonic rocks. As shown in Figure 7.2b, if the MASH process is primarily 

responsible for the enriched isotope signature of the plutonic rocks, the sediment 

contribution to a melt from depleted mantle should not be quite large (-15-20%). 

Such high proportions of sediment contribution to mantle are inconsistent with the 

amount of sediment added to a subduction zone mantle source. 
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(ii) The alternative to a MASH model is the addition of a subduction 
component to a mantle source (source enrichment). The subduction component 
(sediment and altered oceanic crust) varies according to the composition and 
temperature of the subducted lithosphere (Pearce and Peate, 1995). 

The enriched trace element [Figure 5.12 (see Chapter 5)] and isotopic 

characteristics (Figures 7.1, 7.3) of the plutonic rocks in the Central Anatolian Massif 

can be explained by mantle source enrichment by recycling of crustal material during 

subduction. This has been supported by the two component mixing model (Figure 

7.2a). Figure 7.2a shows that small additions of sediment (4% to 6%) to depleted 

mantle could produce contaminated mantle source(s) for the Central Anatolian 

plutonic rocks. 

(iii) Crustal assimilation and fractional crystallisation (AFC) plays an 

important role in the evolution of continental margin magmas (e.g. Hildreth and 

Moorbath, 1988) and some continental tholeiites (e.g. Cox and Hawkesworth, 1985; 

Petrini et al.,-1987). 

The Central Anatolian plutonic rocks have been affected by crustal 

assimilation coupled with fractional crystallisation (AFC). Although this has been 

supported by Rb, Nb and Y versus Si02 and Rb versus (Y+Nb) diagrams, this 

process cannot be solely responsible for the enriched trace element and isotope 

signature of the plutonic rocks. A combination of both trace element and isotope data 

allows the identification of several components contributing to the genesis of the 

plutonic rocks. 

In a first stage, the mantle source was contaminated by a subduction 

component. This source contamination process may have predated the generation of 

partial mantle melts. Hydration of the mantle wedge by a slab-derived fluid 

component provides both a trigger to partial melting (by lowering the solidus of the 

mantle wedge peridotite) and the chemical modification of the mantle wedge to 

produce the characteristic subduction zone chemical signature of high LILE/HFSE 

ratios. 

In a second stage, which took place in a post-collisional setting, partial melts 

from the contaminated mantle have been affected by crustal assimilation and 

fractional crystallisation (AFC) during uprise through the crust. 
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A similar interference of source and crustal contamination processes was 

described by James and Murcia (1984) for the northern Andean volcanics and Von 

Blanckenburg et al. (1992) for the Bergell intrusives. 

7.4.2. Model for the source and evolution of the Central Anatolian plutonic 

rocks 

A possible model for the origin of the plutonic rocks should explain the 

coexistence of calc-alkaline and alkaline magmatism in the same tectonic setting. 

Recently, the genesis of this association has been the subject of debate (e.g. Bonin, 

1990; Pearce et al., 1990). 

Bonin (1990) carried out some work on the intrusive rocks in the Alps, where 

magmatism changed from calc-alkaline to alkaline around the end of Permian. He 

pointed out the role played by water in the genesis of these intrusive rocks. He 

argued that the source was roughly similar, and the change from calc-alkaline to 

alkaline magmatism was caused by decreasing water contents. He argued that, during 

the early Permian, subduction of oceanic crust and sediment released volatiles which 

transported LIL elements into the mantle wedge of the over-riding plate. The melting 

of LDLE-enriched mantle produced the calc-alkaline magmas in the Alps. Around the 

end of the Permian, the subduction process ceased and collision started. This implied 

that no new hydrous material was transported to depth. Therefore, there was not a 

continuous influx of water into the melting zones. He pointed out that such an 

evolution in water flux, possibly combined with changes in tectonic conditions (from 

orogenic to anorogenic), could cause the switch from calc-alkaline to alkaline 

magmatism. 

This argument can mainly be excluded for the origin of the Central Anatolian 

plutonic rocks, because the BCC (Behrekdag, Cefalikdag, Celebi) and B (Baranadag) 

and H (Hamit) plutonic rocks formed at roughly the same time (Chapter 2; Sections 

2.3, 2.4). In addition, these rock types were generated in a similar environment (post-

collisional). Moreover, both the BCC and B, H plutonic rocks have subduction 

components in their sources (Figures 7.1-7.3), even though the parental magma for 

the B, H plutonic rocks (source H- Sn) is more enriched in within-plate mantle 

components than the parental magma for the BCC plutonic rocks (source I - Si). 
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Pearce et al. (1990) worked on the collision-related volcanic rocks in Eastern 

Anatolia. They argued that derivation from mantle above an earlier subduction zone 

gives a calc-alkaline character and derivation from the lithosphere beneath the 

passive margin gives an alkaline character. 

In order to assess the argument proposed by Pearce et al. (1990) for the 

Central Anatolian plutonic rocks, the least acidic intrusive rock samples are 

normalised to primordial mantle (Figure 7.11a-c). The alkaline volcanic rocks from 

the Eastern Anatolian Volcanic Province are also plotted for comparison (Figure 

7 . l id) . As can be seen from Figure 7.11, this model can be also excluded for the 

plutonic rocks, because like the least acidic rocks of the BCC plutons, those of the H 

pluton have subduction components in their compositions (Figure 7.11). On the other 

hand, the alkaline volcanic rocks from Eastern Anatolia have no (sample no: 1912) 

or little (sample nos: 2114, 2111,3111) subduction components in their compositions 

(Figure 7.1 Id). According to the argument proposed by Pearce et al. (1990), i f the H 

plutonic rocks originated from the passive margin, they should not contain 

subduction components. 

The coexistence of calc-alkaline and alkaline magmatism in the Central 

Anatolian Massif can be attributed to mantle source heterogeneity before collision. 

As mentioned in previous Sections, the Central Anatolian plutonic rocks have high 

Sr and low Nd isotope ratios (Figures 7.1-7.3). However, the BCC plutonic rocks in 

the Massif show higher degrees of HFSE depletion (e.g. Ta and Nb) (Figure 7.1 la), 

higher initial '̂Sr/̂ ^Sr ratios and lower initial ''^^Nd/''^Nd ratios (Figure 7.3) than the 

B, H plutonic rocks. This may indicate that the source for the BCC plutonic rocks has 

a greater subduction component than the source for the B, H plutonic rocks. The 

geochemical differences between the calc-alkaline (BCC) and alkaline (H) plutonic 

rocks in the Massif may also reflect differences in their mantle source regions 

(Figure 7.12). The source region beneath the B, H plutonic rocks is more enriched in 

within-plate mantle components than the source region beneath the BCC plutonic 

rocks (Figure 7.5). 
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7.4.3. Model for magma generation 

The heat source generating post-collisional Central Anatolian plutonic rocks 

in the Massif could be provided by the lithospheric delamination of the thickened 

thermal boundary layer, or by the removal of a subducted plate (Figure 7.12). 

The original concept of delamination was developed by Bird (1978, 1979), 

Bird and Baumgardner (1981) and Houseman et al. (1981). Recent geophysical 

research undertaken on active and fossil collision zones strengthened the idea that the 

lithospheric delamination is both common and fundamentally important for collision 

settings (Nelson, 1992). 

It has been argued that the thickened thermal boundary layer (TBL), being 

colder and denser than its surroundings, could be convectively replaced by 

asthenosphere (Houseman et al., 1981; England and Houseman, 1988; Piatt and 

England, 1993; England, 1993), causing asthenosphere to rise close to the 

metasomatised lithosphere. This close contact leads to extensive partial melting of 

the metasomatised lithosphere. 

A lithospheric delamination model for magma genesis in the Eastern 

Anatolian Collision Zone was constructed by Pearce et al. (1990). They argued that 

because of the thermal constraints in melting the convecting upper mantle, and the 

weight of evidence against a mantle plume origin, volcanism across the Eastern 

Anatolian Collision Zone were derived from delamination of the thermal boundary 

layer, or localised extension, or both. 

The original concept of a removal of a subducted plate (slab breakoff) was 

proposed by Davies and Blackenburg (1995). Continental collisions are preceded by 

subduction of dense oceanic lithosphere, and followed by attempted subduction of 

buoyant continental lithosphere. The situation of opposing buoyancy forces leads to 

extensional deformation in the subducted slab. A narrow rifting mode of deformation 

will result if there is strain localisation. Slab breakoff results. As a result of the rifting 

during breakoff, the asthenosphere upwells into the narrow rift. The resulting 

conducted thermal perturbation leads to melting of the metasomatised overriding 

mantle lithosphere. 

Unfortunately, the mechanism to generate melt in the Central Anatolian 

Massif is not clear and there is not any structural evidence for the localised extension 

in the Massif. Therefore, either the delamination of the TBL or slab breakoff may 
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have generated the primary magmas for the Central Anatolian plutonic rocks. 

Delamination of the TBL or slab breakoff have increased the thermal gradient in the 

Massif, and thus weakened the lithosphere. This may have assisted or initiated 

orogenic collapse that followed collision and uplift. 

7.5. Summary 

The major and trace element and mainly isotope data have revealed a number 

of important features of the Central Anatolian plutonic rocks. 

The Central Anatolian plutonic rocks show isotopic and trace element 

evidence of containing a significant crustal component. That crustal component is 

comprised of two parts, one of which (source enrichment) is associated with a 

subduction zone, and the other of which (crustal contamination) took place via 

assimilation during magmatic ascent through the thickened Central Anatolian crust. 

In the Central Anatolian Massif, first, the mantle source is contaminated by a 

material containing radiogenic Sr and unradiogenic Nd. Subduction of sediment 

and/or altered oceanic crust released fluids into the mantle. A small amount of 

continental material (4% to 6%) has been contributed to the source contamination 

process. 

In a post-collisional setting, partial melts from this metasomatised mantle 

have been affected by crustal assimilation and fractional crystallisation (AFC) during 

uprise through the crust. 

Initial ^̂ Sr/̂ ^Sr and '^^Nd/'^Nd ratios versus silica diagrams show that the 

parental magma for the BCC plutonic rocks (source I-Si) has higher initial '̂'Sr/̂ ^Sr 

and lower initial ''̂ '̂ Nd/'̂ '̂ Nd ratios than the parental magma for the B, H plutonic 

rocks (source II-Sn). This has been explained by either a greater subduction 

component in source I or more crustal contamination during uprise through 

continental crust compared to source I I . These explanations have been supported by 

the Th/Yb versus Ta/Yb plot. 

On diagrams of Ba against Rb and Ba against Sr (Chapter 7), two main trends 

are distinguished for the BCC (trend la) and B, H plutonic rocks (trend 2a). In 

addition, two sub-trends are identified for the BCC (trend lb) and B, H plutonic 

rocks (trend 2b). The Ba against Rb and Ba against Sr diagrams show that trend la 

was controlled by plagioclase, hornblende, alkali feldspar and biotite crystallisation, 
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whereas trend lb was controlled by alkali feldspar, plagioclase and biotite 

crystallisation. On the other hand, trend 2a was controlled by plagioclase, 

clinopyroxene and alkali feldspar crystallisation, whereas trend 2b was controlled by 

alkali feldspar and plagioclase crystallisation. 

In the Rb versus (Y+Nb) diagram, the parental magma for the BCC plutonic 

rocks plots in the VAG field, whereas the parental magma for the B, H plutonic rocks 

falls in the WPG field. Coupled crustal assimilation and fractional crystallisation of 

the parental magma for the BCC plutonic rocks could cause enrichment in Rb and 

consistency in (Y+Nb) for these plutonic rocks. Therefore, all rock compositions 

from the BCC plutons remain in the VAG field. On the other hand, coupled crustal 

assimilation and fractional crystallisation of the parental magma for the B, H plutonic 

rocks could result in depletion in Rb and (Y+Nb). Crustal assimilation coupled with 

fractional crystallisation has been invoked to take the B, H plutonic rocks from the 

WPG field to the VAG field. 

Coexistence of calc-alkaline and alkaline magmatism in the Central Anatolian 

Massif has been explained by differences in their mantle source regions and mantle 

heterogeneity pre-collision. The source region beneath the BCC plutonic rocks is 

more enriched in Sr isotope ratios and more depleted in Nd isotope ratios than the 

source region for the B, H plutonic rocks. The Th/Yb versus Ta/Yb diagram shows 

that the H plutonic rocks are more enriched in a within-plate mantle component than 

the BCC and B plutonic rocks. 

Because of the lack of evidence for localised extension, initiation of post-

collisional magmatism in the Central Anatolian Massif has been explained by either 

a delamination of the thickened thermal boundary layer (TBL), or a removal of a 

subducted plate (slab breakoff). Either of these mechanisms can cause the hot 

asthenosphere to rise close to the metasomatised lithosphere, initiating melting. 
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Chapter 8 
CONCLUSIONS 

Introduction 

This chapter summarises the general characteristics of the Central Anatolian 

plutonic rocks, as presented in previous chapters. 

8.1. General characteristics of the Central Anatolian plutonic rocks 

The intrusive rocks of the Central Anatolian Massif can be divided into three 

main groups on the basis of their major-trace element and isotopic characteristics. 

These are: (i) calc-alkaline (Behrekdag, Cefalikdag, Celebi-BCC); (ii) transitional 

between calc-alkaline and alkaline (Baranadag-B); and (ii) alkaline (Hamit-H). 

8.1.1. The B C C (Behrekdag, CefaUkdag, Celebi) plutonic rocks 

These plutonic rocks cover a broad petrological range from monzodiorite to 

granite, mainly monzonite (Chapter 2). The Behrekdag and Celebi plutonic rocks are 

quartz monzonite and granite in composition. The Cefalikdag intrusive rocks range 

from monzodiorite (Savciliebeyit monzodiorite) through quartz monzonite 

(Kucukcurtepe quartz monzonite) to granite (Kaletepe granite). These rock types are 

generally coarse-grained to porphyritic with feldspar megacrysts. The BCC plutonic 

rocks are, in general, cut by aplitic and pegmatitic dykes. Enclaves are common 

throughout these plutons. 

The Behrekdag and Celebi plutonic rocks comprise plagioclase, alkali 

feldspar, quartz, amphibole, biotite, and clinopyroxene (Chapter 3). The 

Savciliebeyit monzodiorite and Kucukcurtepe quartz monzonite are made up of 

similar mineral compositions. However, the former is more enriched in mafic 

minerals such as amphibole, biotite and clinopyroxene compared to the latter. The 

Kaletepe granite comprises alkali feldspar, plagioclase, quartz and biotite. 

Plagioclases from the Behrekdag and Celebi plutons are mainly andesine, 

whereas plagioclases from the Cefalikdag plutons are labradorite to oligoclase in 

composition (Chapter 4). On the classification diagram of Leake et al. (1997), 
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amphiboles from the BCC plutons plot into the edenite and magnesio-homblende 

fields. On the Quad diagrams, clinopyroxenes from the BCC plutons plot in the salite 

field. The BCC plutonic rocks have pressures between 2.6 and 5.2 kbar (using the 

Schmidt's calibration, 1992). They have crystallisation temperatures ranging from 

716 to 858 °C (using the Blundy and Holland's calibration, 1990). 

These rock types are generally calc-alkaline, metaluminous and I-type 

(Chapter 5). The BCC plutonic rocks have LREE-enriched patterns with small to 

moderate negative Eu anomalies (Chapter 5). In the tectonic discrimination diagrams 

of Pearce et al. (1984), they plot in the volcanic arc granite (VAG) and syn-COLG 

granite fields. 

8.1.1.1. The enclaves 

Two types of igneous enclave have been recognised in the BCC plutonic 

rocks (Chapter 6); (i) fine-grained (Type-I); and (ii) medium-grained to porphyritic 

with feldspar megacrysts (Type-II). 

(i) Fine-grained varieties (Type-I) 

They are quartz diorite and quartz monzodiorite, which are made up of 

plagioclase, alkali feldspar, clinopyroxene, amphibole, biotite and quartz. They are 

finer-grained and darker than the host. Contacts with host rocks are generally sharp 

and, occasionally, have crenulated fine-grained margins. They show a 

hypidiomorphic, granular texture. 

Plagioclase from the Type-I enclaves is mainly andesine in composition. On 

the IMA classification scheme (Leake et al., 1997), amphiboles from the enclaves are 

classified as edenite. Clinopyroxenes in the Type-I enclaves are salite in 

composition. 

The rare earth element patterns of the Type-I enclaves are characterised by 

enrichment in the LREE relative to the MREE and HREE, with small to moderate Eu 

anomalies. The Type-I enclaves are generally characterised by enrichments in LDLEs 

relative to HFSEs. 
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(ii) Medium-grained to porphyritic varieties (Type-II) 

They are darker than the host rocks and contacts are sharp. They are quartz 

diorite and gabbro, comprising plagioclase, amphibole, biotite, clinopyroxene, alkali 

feldspar and quartz. They are medium-grained and show generally cumulate textures. 

Plagioclase from the Type-II enclaves is mainly andesine in composition. On 

the IMA classification scheme (Leake et al., 1997), amphiboles from the Type-II 

enclaves predominantly fall in the ferro-edenite field. Clinopyroxenes in the Type-II 

enclaves are salite in composition. 

The Type-II enclaves have LREE-enriched patterns with small to moderate 

Eu anomalies. They are slightly more enriched in HREE compared to the Type-I 

enclaves. The Type-II enclaves have smaller Eu anomalies than the Type-I enclaves. 

The Type-II enclaves show enrichment in LILEs relative to HFSEs. 

The Type-I enclaves have been interpreted as magma mixing/mingling 

products originated from injection of mafic magma into more silicic magma. This is 

evident from their textural features (fine-grained margins), grain size (fine-grained), 

petrographic characteristics (hypidiomorphic granular texture; acicular apatite), and 

geochemical characteristics (most of the samples show similar major and trace 

element contents to the host rocks). 

However, the Type-II enclaves have been interpreted as cumulates of early-

crystallised minerals (clinopyroxene, plagioclase, amphibole and biotite) from the 

granitoid magmas. This is evident from their grain size (medium-grained), 

petrographic characteristics (cumulate textures; similar mineral phases to the host 

rocks), mineralogical features (similar mineral compositions to the host rocks) and 

geochemical characteristics (e.g. most of the samples lie on the extensions of the 

BCC plutonic rock trends). 

Origin and evolution of enclaves are strongly linked to those of their host 

rocks. For example, mafic to intermediate Type-I enclaves (originated from magma 

mixing/mingling) in the BCC plutonic rocks indicate existence of some interaction 

between silicic magmas and mantle-derived melts. On the other hand, mafic Type-II 

enclaves (formed as cumulates of early crystallised minerals) give an information 

about the early crystallised minerals in the parental magma of the plutonic rocks. 
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8.1.2. The B (Baranadag) plutonic rocks 

They are monzonite and quartz monzonite, which comprise alkali feldspar, 

plagioclase, quartz, amphibole, clinopyroxene, and biotite. These rock types are 

generally coarse-grained to porphyritic with feldspar megacrysts. The B plutonic 

rocks are cut by aplitic, pegmatitic and microsyenitic dykes. Enclaves are common 

throughout this pluton. 

Plagioclase from the B pluton is mainly andesine and oligoclase (Chapter 4). 

On the classification diagram of Leake et al. (1997), amphiboles from the B pluton 

fall in both the edenite and magnesio-hastingsite fields. On the Quad diagrams, 

clinopyroxenes from the B pluton fall in the salite field. The B plutonic rocks have 

pressures between 4.1 and 5.3 kbar. They have crystallisation temperatures ranging 

from 750 to 783 °C. 

They are calc-alkaline, metaluminous and I-type (Chapter 5). The B plutonic 

rocks have steeper LREE-enriched patterns than the BCC plutonic rocks but they 

have similar small to moderate negative Eu anomalies (Chapter 5). In the tectonic 

discrimination diagrams of Pearce et al. (1984), they fall between the volcanic arc 

granite and syn-COLG granite and the within-plate granite (WPG) fields. 

8.1.3. The H (Hamit) plutonic rocks 

They range from nepheline monzosyenite/pseudoleucite monzosyenite 

through alkali feldspar syenite to quartz syenite (Chapter 2). The nepheline 

monzosyenite is medium-grained and occasionally porphyritic with alkali feldspar 

megacrysts. The pseudoleucite monzosyenite is porphyritic with alkali feldspar and 

pseudoleucite megacrysts. The alkali feldspar syenite and quartz syenite are 

generally medium-grained. The nepheline monzosyenite and pseudoleucite 

monzosyenite are cut by foid-bearing micro-syenitic rocks. However, the alkali 

feldspar syenite and quartz syenite are cut by aplitic and silicic dykes. 

The foid-bearing rocks are mainly composed of alkali feldspar, plagioclase, 

(±) pseudoleucite, clinopyroxene, nepheline, garnet, amphibole and biotite (Chapter 

3). The foid-bearing rocks have a higher proportion of mafic minerals (e.g. 

clinopyroxene, amphibole, biotite) than the alkali feldspar syenite and the quartz 

syenite. The alkali feldspar syenite and quartz syenite are mainly made up of alkali 

feldspar, plagioclase and (+) quartz. 
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Plagioclase from the nepheline monzosyenite plots in the labradorite, 
andesine and oligoclase fields (Chapter 4). Plagioclase from the pseudoleucite 
monzosyenite is mainly labradorite, whereas plagioclase from the alkali feldspar 
syenite is mainly albite. However, plagioclase in the quartz syenite is albite and 
oligoclase. On the classification diagram of Leake et al. (1997), amphiboles from the 
nepheline monzosyenite and pseudoleucite monzosyenite fall in the hastingsite field, 
however those from the alkali feldspar syenite and quartz syenite plot in the edenite 
field. On the Quad diagrams, clinopyroxenes from the H pluton fall in the salite field. 
The quartz syenite from the H pluton has pressures ranging from 3.4 to 3.9 kbar and 
its crystallisation temperatures ranging from 736 to 751 °C. 

They are alkaline-potassic. The nepheline monzosyenite and pseudoleucite 

monzosyenite are metaluminous but the alkali feldspar syenite and quartz syenite are 

generally peralkaline and A-type (Chapter 5). The H plutonic rocks have higher 

abundances of LREE and MREE than the BCC and B plutonic rocks (Chapter 5). In 

the tectonic discrimination diagrams of Pearce et al. (1984), the alkali feldspar 

syenite and quartz syenite plot in the WPG field. 

8.2. Magmatic evolution of the Central Anatolian plutonic rocks 

After consideration of all available data from this work, an evolution model 

of the Central Anatolian plutonic rocks has emerged as follows: 

(i) The parental magmas for the BCC and B, H plutonic rocks were generated 

from mantle sources which were modified by a subduction component before 

collision. The initial Sr versus Nd isotope ratios diagram shows that the 

addition of a subduction component into a mantle source was primarily 

responsible for the enriched isotope characteristics of the plutonic rocks. In 

addition, in the multi-element diagrams, the plutonic rocks have enrichments 

in LILE and LREE relative to HFSE (defined by negative Ta and Nb 

anomalies), indicating subduction components in their sources. Furthermore, 

in the Th/Yb versus Ta/Yb plot the plutonic rocks form trends that run 

parallel to the mantle metasomatism array but are displaced towards higher 

Th/Yb ratios, reflecting derivation from an enriched mantle source to which a 

subduction component had been added. This diagram also shows that the H 
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plutonic rocks are more enriched in a within-plate mantle component 

compared to the BCC and B plutonic rocks. In keeping with the behaviour of 

the trace elements, the isotopic characteristics for the H plutonic rocks also 

reveal a subduction modified, less radiogenic mantle source characterised by 

lower initial ^^Sr/̂ 'Sr but higher initial ''*^Nd/'''^Nd ratios compared to the 

BCC plutonic rocks. 

(ii) The magmas have experienced coupled crustal assimilation and fractional 

crystallisation during uprise through the Central Anatolian crust. Rb, Nb, Y 

versus silica diagrams and the tectonic discrimination diagram of Rb versus 

(Y+Nb) show that the BCC and B, H plutonic rocks have been affected by 

assimilation combined with fractional crystallisation processes. 

(iii) The magmas evolved by fractional crystallisation. The least acidic rocks of 

the BCC plutons were predominantly controlled by plagioclase, hornblende 

and alkali feldspar crystallisation. However, the more acidic rocks of the 

BCC plutons were controlled by alkali feldspar, plagioclase and biotite 

crystallisation. On the other hand, the least acidic rocks of the B, H plutons 

were controlled by plagioclase, clinopyroxene and alkali feldspar 

crystallisation, whereas the more acidic rocks of the B, H plutons were 

controlled by alkali feldspar and plagioclase crystallisation. 

(iv) Coexistence of calc-alkaline and alkaline magmatism in the Central Anatolian 

Massif has been attributed to compositional differences in their mantle 

sources and mantle source heterogeneity before collision. 

(v) Because of the lack of evidence for localised extension, initiation of 

magmatism in the Massif has been ascribed to have been caused by either a 

delamination of the thickened thermal boundary layer (TBL), or a removal of 

a subducted plate (slab breakoff). 
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APPENDIX A 

I . MODAL ANALYSIS 
The modal proportions of minerals in 162 samples (intrusive rocks and 

enclaves) are presented in Appendix C (I). The data were collected using a Swift 

Model F automatic point counter fitted with an automated stage. Samples were either 

normal thin sections or polished that had been prepared for microprobe analysis. A 

total of 1200 points were counted on each specimen in such a way that the whole 

surface of thin section was covered. 

Both major phases and the more common minor phases are presented in the 

tables. Where "tr" appears in the tables it implies that the mineral was observed, but 

not point counted. The data for a given rock type are arranged in order of increasing 

silica content. 

I I . X R F ANALYSIS 

I I . l . Sample preparation 

Wherever possible, the freshest available samples were collected. Samples 

first cut into slices by a diamond-saw. After this stage, samples were split into small 

pieces about 3 cm using a hydraulic splitter and then crush into pieces of less than 

0.5 cm cubed using a jaw crusher. To avoid contamination in these two stages, after 

each sample the hydraulic splitter and jaw crusher were cleaned by wire brush and 

alcohol. After being quartered, approximately 100 grams of the crushed rock were 

powdered to less than 200 mesh using an agate-ball grinding mill. After each sample, 

agate bowls and balls were cleaned by water, alcohol and also quartz sand. Samples 

are ready now to make pressed powder pellets and fused glass discs for X-ray 

fluorescence spectrometry (XRF). 

I I . l . l . Preparation of pressed powder pellets 

Previously dried about 8 grams of powdered samples were thoroughly mixed 

with a binder (Movoil) until the uniformity is succeeded. After that they were 

pressed in stainless steel mould between a pair of steel discs using a hydraulic pellet 

press. Pellets were then labelled and placed into an oven for dryness about 100 °C 

prior to analysis. After that, these pellets were analysed for major and trace elements 

using X-ray fluorescence spectrometry (XRF). 
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11.1.2. Determination of loss on ignition 

About 4-5 grams of each sample powder was placed into in a glass vial and 

labelled. These powder samples were then oven-dried at 110 °C for over 1 hour to 

remove surface water. They are then stored in a desiccator to avoid sample loss 

through spillage and surface water, which might be gained from the atmosphere. 

About 4 grams from each sample was weighted and put into the porcelain 

crucibles. Ignitions were performed at about 900 °C for two-three hours. After 

allowing samples to cool in a dessicator they were reweighted and eventually their 

loss on ignition was calculated from the difference in the weight. 

11.1.3. Preparation of fused glass discs 

Before making fusion discs, the flux (lithium tetraborate and lithium 

metaborate) was dried in the furnace overnight at 600 °C to remove any absorbed 

water or any other volatiles taken up from the atmosphere. Dried flux was stored in a 

desiccator during fused disc preparations. 

Previously ignited samples were dried at 110 °C for about 24 hours. They 

were taken out from furnace and put them in dessicator for cooling. After that 0.45 

grams of sample and 2.25 grams of flux was mixed using an agate-ball grinding mill 

and these mixtures then were transferred into platinum crucibles. After that they were 

placed into furnace at 1050 °C for 20 minutes. 

After taking them out, samples were poured into the graphite moulds to give 

a shape. After cooling on a cooling block, they were labelled and put into dessicator 

until they were analysed by X-ray fluorescence spectrometry (XRF). 

II.2. Analytical work 

Major and trace elements were analysed by X-ray fluorescence spectrometry 

(XRF) using an automated Philips PW 1400 spectrometer with a Rh anode tube and 

automatic loader at the University of Durham. X-ray fluorescence analyses were 

carried out on about 303 samples from the Central Anatolian Massif. Major elements 

(Si02, Ti02, AI2O3, Fe203, MnO, MgO, CaO, Na20, K2O and P2O5) were analysed 

by both on pressed powder elements and fused glass discs and trace elements on 

pressed powder pellets (Sc, V, Cr, Co, Ni, Cu, Zn, Ga, Rb, Sr, Y, Zr, Nb, Ba, La, Ce, 

Nd, Pb, Th and U). The XRF spectrometer was calibrated using a suite of analysed 
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Standards selected from approximately 30 international standards to cover the 

compositional range from basalt to granite. Some of these standards and samples 

were run repeatedly to monitor machine drift. Analytical accuracy and precision 

were then calculated using international standards and these samples (Appendix B). 

I I I . ICP-MS ANALYSIS 

I I I . l . Sample preparation for whole-rocks 

To ensure dissolution, fused discs were used rather than powdered samples. 

Fused discs were prepared as mentioned in Sections I I . 1.2 and 11.1.3. After that, these 

fused disc samples were powdered using a hand agate grinder. 

Small amount of powdered samples was put into the labelled glass vials in an 

oven at 105 °C overnight to dry. Previously dishwasher-cleaned teflon containers 

were filled with 2 ml of Analar Nitric acid and left on a hot plate at 130-150 °C for at 

least 24 hours. After that teflon containers were washed with de-ionised water and 

placed them in the oven at 105 °C until they were dried. Previously overnight-dried 

powder samples were then weighed about 0.1±0.001 gram using anti-static gun and 

transferred into labelled teflon containers. In addition to the samples, at least 6 

international standards and two blanks were prepared. 

After that, 1 ml of Aristar HNO3 and 4 ml of Aristar HF were added into 

these teflon containers and placed on the hot plate at about 130 °C for about 24 hours 

for complete digestion. At the end of this period, samples were evaporated on the hot 

plate to dryness in order to remove HF acid from the system and to allow the 

formation of nitrate salts. After completing evaporation, 1 ml of Aristar HNO3 was 

added to teflon containers and evaporated again. This procedure was repeated twice. 

Then 2.5 ml of Aristar HNO3 and 10-15 ml of de-ionised water were put into the 

teflons and replaced on the hot plate for 30 minutes to dissolve nitrate salts. The 

solutions were allowed to cool and spiked with 1.25 ml of internal standard. The 

internal standard was made up of 2 ppm Bi, Re and Rh. After this stage, they were 

transferred into the 50 ml volumetric flasks and made up accurately to 50 ml with de-

ionised water. 
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111.2. Sample preparation for minerals 

Representative rock samples collected from different plutons were studied 

microscopically to select minerals which are both fresh and have no mineral 

inclusions or zoning. These whole-rock samples were crushed into small pieces by a 

jaw crusher. To avoid contamination the jaw crusher was cleaned by wire brush and 

alcohol prior to each session of crushing. Minerals were then separated from these 

samples by hand-picking under binocular microscope. These separated minerals were 

cleaned in reagent grade acetone and de-ionised water. 

After that minerals were put into the labelled glass vials in an oven at 105 °C 

overnight to dry. These minerals were then powdered using a hand agate grinder. 

Small amount of powdered minerals was put into the labelled glass vials in an oven 

at 105 °C overnight to dry. Previously dishwasher-cleaned teflon containers were 

filled with 2 ml of Analar Nitric acid and left on a hot plate at 130-150 °C for at least 

24 hours. After that teflon containers were washed with de-ionised water and placed 

them in the oven at 105 °C until they were dried. Previously overnight-dried powder 

minerals were then weighed about 0.1 ±0.001 gram using anti-static gun and 

transferred into labelled teflon containers. In addition to minerals, at least 6 

international whole-rock and mineral standards and two blanks were prepared. 

After that, 1 ml of Aristar HNO3 and 4 ml of Aristar HF were added into 

these teflon containers and placed on the hot plate at about 130 °C for about 24 hours 

for complete digestion. At the end of this period, the samples were evaporated on the 

hot plate for dryness. After completing evaporation, 2 ml of Aristar HNO3 was added 

to the teflon containers and evaporated again. After completing evaporation, 2 ml of 

Aristar HCl was added to the teflon containers and evaporated again. This procedure 

repeated twice. 2.5 ml of Aristar HNO3 and 10-15 ml of de-ionised water were then 

put into the teflons and replaced on the hot plate for 30 minutes to dissolve nitrate 

salts. The solutions were allowed to cool and spiked with 1.25 ml of 2 ppm Bi, Re 

and Rh internal standard. After this stage, they were transferred into the 50 ml 

volumetric flasks and made up accurately to 50 ml with de-ionised water. 
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I I I . 3. Analytical work 

A subset of trace (Rb, Sr, Y, Zr, Nb, Cs, Ba) and rare earth elements (La, Ce, 

Pr, Nd, Sm, Eu, Gd, Tb, Dy, Ho, Er, Tm, Yb, Lu) were analysed by Inductively 

Coupled Plasma Mass Spectrometry (ICP-MS) at the University of Durham. 

IV. K-Ar DATING 

The three representative biotite and hornblende minerals were chosen for the 

dating. The preparation for the dating was the same as in Section i n . 2 . K values were 

determined at the University of Durham by Atomic Absorption Spectrophotometry 

(AAS). K-Ar age determinations of three samples were carried out by Dr. J.G. 

Mitchell at the Department of Physics, Newcastle University. 

V. E L E C T R O N MICROPROBE ANALYSIS 

Before the analysis, polished thin sections were coated in carbon to provide a 

conductive layer and to minimise charge build-up under the electron beam. 

Electron microprobe analysis was carried out using a Cameca CAMEBAX 

instrument at the University of Edinburgh. Run conditions were -20 KV accelerating 

voltage, ~2/nA beam current, 30s. pk count, 15s. background count, Imm^ spot size 

and 25 mm^ retard beam size. 

VI. ISOTOPE ANALYSIS 

Sr and Nd analyses were determined using the automated VG 354 

multicollector thermal ionisation mass spectrometer at the Department of Geology, 

Royal Halloway, University of London. Sr and Nd were extracted on the same 

solution from 200±20 mg of rock powder. Samples were dissolved using the 

dissolved using approximately 1 ml of HNO3 and 3-5 ml of HF. After the 

dissolution, the solution was evaporated to dryness. It was then converted to nitrate 

by the addition of 2 ml of HNO3, followed by evaporation and dryness. The residue 

was converted to chloride using 2.5M HCl. 

The separation of Rb and Sr and the preliminary separation of Sm-Nd were 

performed on a cation exchange resin column eluted with 2.5M HCl. Before 

separation of the samples, the column resin was cleaned by passing sequential 

217 



APPENDIX A 

volumes of 50% acid and water. A small volume of the sample solution was loaded 

into the column, washed into the resin bed carefully with eluent, and then washed 

through with more eluent until fraction was collected when the desired element was 

released from the resin. This was evaporated to dryness, ready to load onto a single 

Ta filament with silica gel. Following the chemical mineral acid separation, Sr and 

Nd were determined multidynamically with Nd, as NdO (Thirlwall, 1991a, b). 

During the period of analysis, the NBS SRM 987 standard gave an '̂Sr/̂ ^Sr 

mean value of 0.71025±21 (2a) (n=58), and the internal Aldrich Nd standard gave a 

'^^Nd/'^Nd mean value of 0.71025±8 (2a) (n=28). Blanks were around 1 ng and 200 

pg for Sr and Nd respectively. Age corrections for ^̂ Sr/̂ ^Sr and ''̂ '̂ Nd/'̂ ^Nd were 

estimated from Sr, Sm and Nd values determined by ICP-MS. 
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analytical data 



APPENDIX B (I)- Error calculations of XRF major 
element data 



N. Ilbeyli 

S i O , 

T i O , 

AI2O3 

W-2 G-2 M R G - 1 D R - N S Y - 2 B H V O - 1 G-1 A G V - 1 

recommended 52.44 69.94 39.12 52.85 60.11 49.94 72.46 59.25 
1st run 52.42 69.05 39.83 54.17 61.12 49.87 72,86 60.09 
2nd 52.32 69.07 39.82 54.03 60.71 50.07 73.09 
3rd 52.25 68.94 39.87 53.83 60.30 49.82 
4th 52.21 69.46 39.80 53.89 60.24 49.94 
5th 52.67 69.17 39.88 53.76 
6th 52.42 69.14 39.90 53.85 
7th 52.46 
Sih 52.41 
9th 52.35 
lOth 52.21 

standard dev. 0.14 018 0.04 015 0.41 Oil 0.16 

recommended 1.06 0.49 3.77 1.09 0.15 2.71 0.25 1.06 
Lst run 1.05 0.48 3.83 1.08 0.15 2.73 0.26 1.08 
2nd 1.06 0.49 3.83 1.08 0.14 2.72 0.26 
3rd. 1.05 0.49 3.87 1.08 0.15 2.71 
4th 1.06 0.48 3.85 1.08 0.14 2.72 
5th 1.05 0.49 3.85 1.08 
6th 1.07 0.49 3.82 1.09 
7th 1.06 
Sth 1.07 
9th 1.07 

10th 1.06 

standard dev. 0.01 0.00 002 0.00 OOO 0.01 0.00 

recommended 15.35 15.14 8.47 17.52 12.04 13.8 14.23 17.15 
1st run 15.53 15.42 8.56 18.07 12.37 13.71 14.41 17.44 
2nd 15.36 15.35 8.44 18.17 12.10 13.66 14.46 
3rd 15.33 15.50 8.61 18.02 12.10 13.78 
4th 15.40 15.58 8.61 18.00 12.12 13.81 
5th 15.10 15.44 8.67 17.94 
6th 15.44 15.36 8.60 17.77 
7th 

Sth 

9th 

10th 

15.29 

15.40 

15.25 

15.37 

0.63 

0.02 

0.16 

Fe,0, 

M n O 

standard dev. 012 0.09 0.08 013 013 0.07 0.04 

recommended 10.74 2.67 17.98 9.70 6.31 12.23 1.94 
1st run 10.80 2.62 17.98 9.86 6.22 12.19 1.86 
2nd 10.80 2.65 17.98 9.70 6.22 12.18 1.84 
3rd 10.58 2.64 18.06 9.80 6.31 12.26 
4th 10.87 2.58 18.21 9.96 6.40 12.29 
Sth 10.73 2.59 18.24 9.90 
6th 10.71 2.69 18.09 9.74 
7th 10.70 

m 10.80 
9th 10.88 
10th 10.98 

standard dev. Oil 0.04 Oil 010 0.09 0.05 0.01 

recommended 0.16 0.03 0.17 0.22 0.32 0.17 0.03 
1st run 0.16 0.03 0.17 0.22 0.31 0.17 0.03 
2nd 0.17 0.03 0.17 0.22 0.31 0.17 0.03 
3rd 0.16 0.03 0.17 0.22 0.31 0.17 
4th 0.17 0.03 0.18 0.22 0.32 0.17 
5th 0.16 0.03 0.18 0.22 
6th 0.17 0.03 0.17 0.23 
7th 0.16 

Sih 0.16 
9th 0.17 
10th 0.17 

standard dev. 0.00 0.00 0.00 0.01 0.00 ft 00 0.00 

6.76 

6.93 

0.08 

0.10 
0.10 

0.00 
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M g O 

C a O 

N a j O 

W-2 G-2 M R G - 1 D R - N S Y - 2 B H V O - 1 G-1 A G V - 1 

recommended 6.37 0.76 13.55 4.40 2.69 7.23 0.39 1.53 
1st run 6.43 0.73 13.53 4.48 2.65 7.25 0.45 1.75 
2nd 6.43 0.72 14.13 4.48 2.73 7.20 0.44 
3rd 6.45 0.75 13.93 4.47 2.70 7.45 
4th 6.51 0.75 13.91 4.44 2.72 7.25 
5th 6.24 0.77 13.93 4.43 
6th 6.57 0.71 13.73 4.56 
7th 6.62 

8th 6.42 
9lh 6.39 
10th 6.44 

standard dev. 010 0.02 0.21 0.0J 0.04 0.11 0.01 

recommended 10.87 1.97 14.70 7.05 7.96 11.4 1.38 4.94 
I St run 10.93 1.93 15.18 7.18 8.02 11.42 1.28 5.11 
2nd 10.91 1.91 15.12 7.15 8.00 11.38 1.28 
3rd 10.89 1.92 14.98 7.17 8.00 11.38 
4th 10.90 1.92 15.04 7.11 7.94 11.40 
5lh 10.94 1.92 14.93 7.12 
6th 10.93 1.92 14.98 7.28 
7th 10.98 
Sth 11.03 
9th 10.93 
10th 10.93 

standard dev. 0.04 0.01 0.10 0.06 0.03 002 0.00 

recommended 2.14 4.07 0.74 2.99 4.31 2.26 3.33 4.2S 
1st run 2.22 4.04 0.73 2.96 4.16 2.29 3.44 4.18 
2nd 2.19 4.04 0.85 2.99 4.25 2.22 3.45 
3rd 2.24 4.13 0.82 3.10 4.25 2.36 
4th 2.30 3.98 0.78 3.09 4.37 2.25 
Sth 2.13 4.10 0.80 3.18 
6th 2.21 4.01 0.92 3.04 
7th 

Sth 

9lh 

10th 

2.16 

2.21 

2.20 

2.25 

0.09 

0.11 

0.06 

K,0 

standard dev. ttOJ 0.06 0.06 0.08 0.09 0.06 0.01 

recommended 0.63 4.49 0.18 1.70 4.45 0.52 5.48 
1st run 0.63 4.45 0.18 1.75 4.52 0.52 5.57 
2nd 0.63 4.44 0.18 1.74 4.51 0.52 5.56 
3rd 0.63 4.47 0.19 1.75 4.53 0.52 
4th 0.63 4.47 0.19 1.76 4.49 0.52 
Sth 0.62 4.48 0.19 1.76 
6th 0.63 4.50 0.19 1.74 
7th 0.63 
Sth 0.63 

9th 0.63 
10th 0.63 

standard dev. ftOO 002 0.00 0.01 0.02 0.00 0.01 

2.90 

2.95 

0.03 

P2O5 recommended 0.13 0.14 0.08 0.25 0.43 0.27 0.09 
1st run 0.14 0.12 0.09 0.25 0.43 0.27 0.07 
2nd 0.12 0.13 0.10 0.25 0.44 0.28 0.07 
3rd 0.14 0.14 0.11 0.24 0.43 0.28 
4th 0.12 0.14 0.08 0.23 0.44 0.27 
Sth 0.14 0.13 0.07 0.22 

6th 0.14 0.14 0.08 0.24 

7th 0.14 

Sth 0.14 

9th 0.12 

10th 0.13 

standard dev. 0.01 0.01 0.01 0.01 0.0/ 0.0/ 0.00 

0.48 
0.51 

0.01 
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N. llheyli 

G-2 MRG-1 DR-N W-2 DNC-1 BE-N GS-N BHVO-1 ± standard error 

Sc recommend, 3.5 55 28 35.39 31 22 7.3 31.8 1.29 recommend. 3.5 55 28 35.39 31 22 7.3 31.8 
1st run 3.8 49.7 25.7 36.2 32.6 22.7 8.0 31.0 
2nd 4.2 55.1 26.3 38.9 32.0 
3rd 4.3 54.0 26.3 34.5 
4th 37 53.4 
Sth 4.2 

0.27 

C r recommend, 9 430 42 99.5 285 360 55 289 6.11 

Co recommend, 4.6 87 35 45.47 54.7 61 65 45 6.67 

Ni recommend, 4.9 193 15 97.53 247 267 34 121 2.91 

recommend. 36 526 220 264.14 148 235 65 317 
l.\l run 37.5 522.0 "2184 262.2 1527 233.1 62.6 311.1 
2nd 36.1 528.6 224.3 263.6 148.2 
3rd 38.6 528.0 220.0 260.9 
4th 36.0 532.9 
Sth 37.4 

standard dev LOS 4.4S J. 05 1.3S 3.18 

recommend. 9 430 42 99.5 285 360 55 289 
1st run 5.1 431.5 41.5 94.8 292.9 363.7 65.8 283.0 
2nd 11.3 432.2 41.9 97.5 287.0 
3rd 4.9 430.1 42.9 88.3 
4lh 6.4 430.4 
Sth 8.6 

standard dev 2.70 0.97 0.72 4.73 4.17 

recommend. 4.6 87 35 45.47 54.7 61 65 45 
1st run 4.6 84.5 42.4 44.1 53.0 45.9 63.0 42.0 
2nd 4.4 92.0 43.2 46.9 53.3 
3rd 4.6 87.0 39.9 47.5 
4th 4.2 86.6 
Sth 4.5 

.standard dev 0.17 318 1.71 1.81 0.21 

recommend. 4.9 193 15 97.53 247 267 34 121 
Ist run 5.7 191.3 14.2 92.2 241.2 270.2 33.0 122.0 
2ml 5.6 195.4 16.0 96.3 242.4 
3rd 8.8 195.0 16.5 
4th 6.8 193.3 
Sth 2.5 

standard dev 2.29 1.87 1.21 2.90 0.S5 

recommend. 11 134 50 105.74 96 72 20 136 
1st run 12.3 133.5 49.6 107.2 90.9 73.0 214 135.0 
2nd 10.1 1327 50.8 1069 95.0 
3rd 11.7 133.5 50.7 103.8 
4th 10.7 135.2 
Sth 85 

standard dev 1.4S I.OS 0.67 1.88 2.90 

recommend. 85 191 145 77.27 66 120 48 105 
1st run 81.4 191.4 144.5 78.7 68.5 121.0 50.0 107.0 
2nd 85.6 193.5 144.4 80.8 67.6 
3rd 86.2 193.8 144.3 74.3 
4th 82.9 193.4 
Sth 81.4 

standard dev 2.2S 1.10 0.10 3.32 0.64 

recommend. 22 17 22 17.53 15 17 22 21 
1st run 22.1 15.4 21.7 20.1 13.7 3.3 21.2 7.5 
2nd 23.5 16.3 23.0 17.0 14.7 
3rd 23.5 17.9 23.2 18.9 
4th 20.7 17.8 
Sth 241 

standard dev 1.33 1.21 0.81 A 56 0.71 

3.03 

Cu recommend, 11 134 50 105.74 96 72 20 136 7.36 

1.48 

Ga recommend, 22 17 22 17.53 15 17 22 21 2.73 
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N. Uheyli 

G-2 MRG-1 DR-N W-2 DNC-1 BE-N GS-N BHVO-1 ± standard error 

recommendt 170 8.5 73 20.36 4.5 47 185 11 0.95 
1st run 167.8 9.1 73.0 20.8 5,2 46.0 181.6 9.2 
2ml 171.6 9.7 73.0 20.4 4,5 
3rd 168.4 7.6 72.7 20.1 
4th 166.7 9.0 
Sth 166.8 

standard dcv 2.00 0.89 0.17 0.3S 0.49 

recommendi 478 266 400 193.31 145 1370 570 403 3.74 
Lit run 479.3 267.8 397.4 196.5 1447 1389.4 593.2 402,0 
2nd 475.8 269.0 395.7 196.0 144,8 
3rd 479.7 269.3 395.8 193.0 
4th 472.9 269.8 

standard dcv 3.20 OSS 0.95 1.89 0.07 

recommendi 11.4 14 28 21.36 18 30 19 27.6 1.46 
1st run 12.1 147 268 21.7 167 317 21.0 25.6 
2nd 11.8 147 28.9 21.8 18,1 
3rd 8.3 14.5 26.9 23.6 
4th 9.5 14.6 
Sih 11.4 

standard dev I.6S a 10 1.18 1.07 0.99 

recommendi 300 108 125 92.87 41 265 235 179 4.04 
1st run 297.5 105.3 120.3 91.5 38,2 267.1 224.6 177.5 
2nd 292.7 106.0 121.3 91.9 
3rd 290.2 102.9 124.9 92.5 
4th 289.5 103.0 
Sth 294.5 

standard dev 3.26 I.S9 2.42 050 

recommendi 13 20 8 7.76 3 100 21 19 0.94 
1st run 13.0 20.7 8.8 7.7 3,0 96.5 20.8 17.8 
2nJ 14.3 20.7 87 7.6 1,8 
3rd 13.5 20.9 87 8.0 
4th 14.0 22.2 
Sth 14.3 

standard dev 0.56 0.72 006 0.21 as5 

recommendi 1880 61 385 167.08 114 1025 1400 139 2.43 
l.sl run 1867.5 58.3 388.7 167,3 .114.6 1021.0 1390.0 140.0 
2nd 1857.9 64.2 389.6 170.5 1161 
3rd 1869.9 54.2 381.8 169,8 
4th 1859.0 
Sth 1865.7 

standard dev 5.30 5.03 4.27 1.68 1.06 

recommendi 86 9.8 21 10.61 3.8 82 75 15.8 7.30 
Ist run 85.4 8.9 23.6 10,5 5.9 81.3 68.1 16.3 
2nd 87.5 9.8 21.2 12,4 5.1 
3rd 89.9 10.8 22.9 9,8 
4lli 89.5 9.4 
Sth 90.2 

standard dev 2.03 081 1.23 /,.f5 057 

recommendi 159 26 46 23.03 10.6 152 135 39 3.98 
1st run 163.8 23.5 58.4 28,3 8.6 151.0 133,1 40.4 
2nd 158.6 29.9 57.4 37,2 9.7 
3rd 160.7 28.9 49.0 24,9 
4lh 156.5 33.0 
Sth 162.9 

standard dev 3.01 3.96 SI6 6.35 0.78 

Rb 

Sr 

Nb 

Ba 

L a 

Ce 
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N. llheyli 

G-2 MRG-1 DR-N W-2 DNC-1 BE-N GS-N BHVO-1 ± standard error 

recommend. 53 19.2 23 13.22 4.9 70 SO 25.2 1.33 
1st run 57.3 21.7 24.7 157 5.7 68.4 49.7 26.4 
2nd 51.9 21.7 27.1 15.3 5.1 
3rd 52.7 19.3 26.2 
4th 56.7 22.0 
Sih 55.4 

standard dev 2.40 /.26 1.21 0.28 0.42 

recommend. 31 10 55 7.81 6.3 4 53 2.6 2.7; 
1.U run 28.5 8.9 53.7 5.7 7.4 7.6 45.4 
2nd 27.7 9.6 53.6 8.1 7.2 
3rd 32.2 10.6 52.8 8.2 
4th 30.9 8.3 
Sth 32.1 

standard dev 2.07 0.99 0.49 1.42 0.14 

recommend. 24.6 0.93 5 2.04 0.2 11 42 1.08 /.55 
Avr run 26.7 1.3 5.7 0.9 40.0 1.0 
2nd 27.7 1.3 5.7 0.8 0.3 
3rd 27.1 1.0 4.8 3.5 
4th .24.8 1.6 
Sth 30.9 

standard dev 2.22 0.24 052 1.S3 

recommend. 1.3 1.5 1.7 0.1 0.83 
1st run 1.3 1.9 0.6 0.2 
2nd 2 2.1 0.8 
3rd 1.4 0.5 

standard dev 0.34 0.31 055 0.07 

Nd 

Pb 

Th 
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APPENDMB (MI)- Error calculations of ICP-MS 
rare earth element data 



N. Ilbeyli 

AGV-I W-2 BHVO-1 X-108 AL-1 BCR-1 G-2 

Cs recommended 1.26 0.87 0.13 0.65 0.34 0.96 1.33 
1st run 1.23 0.86 0.10 0.70 0.35 0.96 1.33 
2nd 1.23 0.83 0.12 0.73 0.36 0.96 1.30 
3rd 1.26 0.86 0.11 0.70 0.35 0.95 
4th 1.25 0.82 0.09 0.67 
Sth 1.27 0.80 ' 0.09 

standard dev. 0.02 0.02 0.01 0.02 0.01 0.00 0.02 

La recommended 38 10.61 15.8 0.93 9.9 24.9 86 
Ist run 37.97 10.48 15.47 0.90 9.56 25.21 86.38 
2nd 38.80 10.01 14.62 1.49 9.45 25.64 86.66 
3rd 38.16 9.54 15.38 1.53 9.53 25.12 
4th 38.11 9.63 15.06 1.33 
Sth 38.19 9.67 15.39 

standard dev. 0.32 0.39 0.35 0.29 0.06 0.2« 0.20 

Ce recommended 66 23.03 39 1.73 21 53.7 159 
Ist run 67.80 22.77 37.59 1.68 21.24 52.63 157.12 
2nd 67.72 21.71 36.62 1.89 22.68 53.73 
3rd 67.20 22.13 36.95 2.04 22.48 52.69 
4th 67.49 20.59 36.44 1.88 
Sth 68.18 37.48 

standard dev. 0.36 0.91 O.Sl O.IS 0.78 0.62 

Pr recommended 6.5 2.94 5.7 0.25 2.73 6.8 19 
Ist run 8.45 2.99 5.49 0.28 2.51 6.95 17.22 
2nd 8.80 2.92 5.60 0.34 2.51 7.09 16.96 
3ril 8,86 3.12 5.70 0.34 2.50 6.99 
4th 8.82 2.82 .5.61 0.32 
Sth 8.57 2.82 5.48 

standard dev. 0.18 013 0.09 0.03 0.00 0.07 0.18 

N(l recommended 34 13.22 25.2 1.14 10 28.8 53 
1st run 33.55 13.16 25.53 !.31 10.15 30.01 55.83 
2nd 33.32 12.85 25.49 1.55 10.08 29.67 55.56 
3rd 33.63 13.77 26.0! 1.53 10.03 
4th 33.11 25.60 1.46 
Sth 

standard dev. 024 0.47 0.24 0.11 0.06 0.2-* 019 

Sm recommended 5.9 3.36 6.2 0.38 2.74 6.59 7.2 
1st run 5.76 3.30 6.21 0.37 2.76 6.74 7.43 
2nd 5.85 3.17 6.25 0.39 2.69 6.82 7.33 
3rd 5.85 3.35 6.25 0.40 2.68 6.66 
4th 6.16 3.19 6.37 0.41 
Sth 5.92 3.13 6.21 

standard dev. O.IS 0.09 0.07 0.02 0.04 O.OB 0.07 

Eu recommended 1.66 1.12 2.06 0.12 0.19 1.95 1.41 
1st run 1.69 1.07 2.02 0.12 0.20 1.99 1.51 
2nd 1.74 1.03 2.01 0.12 0.20 2.03 1.50 
3rd 1.74 1.09 1.99 0.13 0.20 1.98 
4th 1.75 1.00 2.00 0.12 
Sth 1.74 1.00 2.02 

standard dev. 0.02 0.04 0.0/ 0.01 0.00 0.02 0.01 

Gd recommended 5.2 3.63 6.4 0.44 J.9 6.68 4.1 
1st run 5.43 3.57 6.11 0.45 1.95 6.81 3.53 
2nd 4.92 3.64 6.52 0.54 1.99 6.99 3.56 
3rd 4.80 3.82 6.72 0.47 2.02 7.01 
4 th 4.85 3.53 6.47 0.48 
Sth 4.77 3.68 6.39 

standard dev. 0.27 Oil 022 0.04 0.03 0.11 0.02 

Tb recommended 0.71 0.62 0.96 0.08 0.6 1.05 0.48 
/.\7 run 0.66 0.62 0.96 0.08 0.30 1.08 0.49 
2ml 0.68 0.60 0.98 0.08 0.30 i . n 0.47 
3rd 0.71 0.62 0.96 0.09 0.30 1.08 
4th 0.67 0.57 0.98 0.09 
Sth 0.67 0.59 0.96 

standard dev. 0.02 0.02 0.01 0.01 0.00 0.0/ 0.02 

G-2 ± stantfard error 

0.03 

0.50 

1.63 

1.22 

0.94 

0.09 

0.07 

0.29 

0.11 
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N. llheyli 

AGV-1 W-2 BHVO-1 X-108 AL-1 BCR-1 G-2 

recommended 0.73 0.74 0.99 0.12 0.2 1.26 0J7 
1st run 0.67 0.77 0.99 0.14 0.20 1.28 0.36 
2nd 0.69 0.75 0.98 0.15 0.20 1.30 0.39 
3rd 0.70 0.79 1.01 0.17 0.21 1.29 
4lh 0.71 0.72 1.05 0.14 
5th 0.67 0.74 0.98 

standard dev. 0.02 0.03 0.03 0.01 0.00 0.01 0.02 

recommended 3.8 3.71 5.2 0.59 1.4 6.34 2.5 
1st run 3.48 3.78 5.33 0.60 1.31 6.38 2.06 
2nd 3.50 3.70 5.27 0.56 1.28 6.50 2.19 
3rd 3.74 3.91 5.25 0.66 1.31 6.39 
4th 3.61 3.63 5.34 0.63 
Sth 3..';7 3.63 5.31 

standard dev. 0.10 012 0.04 0.04 0.02 0.07 0.10 

recommended 1.61 2.23 2.4 0.48 0.59 3.63 1.2 
I St run 1.78 2.14 2.49 0.45 0.59 3.56 0.82 
2nd 1.82 2.10 2.37 0.43 0.61 3.60 0.85 
3rd 1.75 2.12 2.31 0.49 0.60 3.59 ' 
4lh 1.88 1.94 2.36 0.42 
Sth 1.81 1.98 2.46 

standard dev. 0.05 0.09 0.07 0.03 0.01 002 0.02 

recommended 0.32 0.34 0.33 0.09 0.56 0.17 
1st run 0.28 0.34 0.37 0.09 0.56 0.13 
2nd 0.28 0.34 0.37 0.09 0.58 0.13 
3rd 0.29 0.34 0.35 0.10 0.56 
4th 0.28 0.31 0.36 0.08 
Sth 0.28 0.32 0.36 

standard dev. 0.01 0.0/ 0.01 0.01 0.01 0.00 

recommended 1.67 2.03 2.02 0.68 0.78 3.38 0.78 
1st run 1.66 2.04 2.05 0.63 0.68 3.37 0.77 
2nd 1.71 2.00 1.97 0.59 0.70 3.42 0.76 
3rd 1.75 2.06 1.97 0.73 0.69 3.40 
4th 1.73 1.95 2.01 0.63 
Sth 1.67 1.93 2.03 

standard dev. 0.04 0.06 00^ 0.06 0.01 002 0.00 

recommended 0.28 0.33 0.291 0.11 0.11 0.51 0.113 
1st run 0.26 0.32 0.29 0.11 0.11 0.53 0.11 
2nd 0.28 0.31 0.30 0.12 0.11 0.54 0.11 
3rd 0.26 0.33 0.30 0.14 0.11 0.53 
4lh 0.28 0.31 0.32 0.11 
Sth 0.26 0.32 0.29 

standard dev. 0.01 0.01 0.01 0.01 0.00 , 0.00 0.00 

recommended 5.1 2.49 4.38 0.69 2.6 4.95 7.9 
1st run 5.10 2.39 4.45 0.60 2.37 4.95 7.79 
2nd 5.16 2.34 4.28 0.68 2.40 4.93 7.83 
3rd 5.12 2.54 4.37 0.69 2.38 4.93 
4th 5.08 2.27 4.31 0.65 
Sth 5.16 2.26 4.44 

standard dev. 0.04 Oil 0.07 0.04 0.0/ 0.01 0.03 

recommended 0.92 0.54 1.23 0.052 1.85 0.81 0.88 
1st run 0.90 0.49 1.26 0.04 1.92 0.82 0.75 
2nd 0.91 0.48 1.26 1.93 0.82 0.58 
3rd 1.05 0.48 1.14 1.93 0.83 
4th 1.08 0.10 0.92 
Sth 0.92 0.14 1.25 

standard dev. 0.08 020 0.75 000 0.01 0.13 

recommended 36 7.81 2.6 1.62 4.5 13.6 31 
1st run 35.88 7.76 2.08 2.02 2.36 ' 13.99 29.16 
2nd 36.10 7.79 2.28 171 2.35 13.97 '29.96 
3rd 36.09 7.45 1.51 1.53 2.36 13.88 
4th 36.51 6.37 1.61 1.84 
Sth 35.93 6.56 1.96 

standard dev. 0.25 0.67 0.J2 0.2/ 0.00 0.06 0.57 

± standard error 

Ho 

Dy 

Er 

Tm 

Yb 

Lu 

Hf 

Ta 

Pb 

0.03 

0.17 

0.19 

0.03 

0.04 

0.01 

0.09 

O.U 

0.99 
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N. llheyli 

AGV-1 W-2 BHVO-1 X-108 AL-1 BCR-1 G-2 

recommended 6.5 2.04 1.08 0.13 9.5 5.98 24.6 
1st run 6.38 2.17 1.28 0.13 11.13 6.04 25.94 
2nd 6.44 2.18 1.26 0.19 11.03 6.09 26.37 
3rd 6.48 2.16 1.27 0.21 10.98 5.98 
4th 6.56 2.08 1.32 0.19 
Sth 6.44 2.07 1.23 

standard dev. 0.07 005 0.03 0.03 0.08 0.05 0.30 

recommended 1.89 0.5 0.42 0.16 5.8 1.75 2.04 
/.vr run • 1.93 0.50 0.44 0.12 7.35 1.71 2.07 
2nd 1.91 0.50 0.39 0.14 7.25 1.71 2.06 
3rd 1.89 0.47 0.43 0.14 7.37 1.70 
4th 1.92 0.48 0.43 0.14 
•Sth 1.94 0.48 0.42 

standard dev. 002 0.01 0.02 0.01 0.06 0.0/ 0.01 

± standard error 
Th 0.46 

0.19 

226 



APPENDIM C- Analytical data 



ABBREVIATIONS 

enc: enclave 
grd: grained 
wr: whole-rock 

bear: bearing 

gb: gabbro 
mzgb: monzogabbro 

gb: diorite 
qdi: quartz diorite 
ton: tonalite 

mzdi: monzodiorite 
qmzdi: quartz monzodiorite 

qmz: quartz monzonite 
mz: monzonite 

grd: granodiorite 
gr: granite 
sy: syenite 

fgb: foid gabbro 
fmzsy: foid monzosyenite 

nemzsy: nepheline monzosyenite 
pdmzsy: pseudoleucite monzosyenite 

fsy: foid syenite 
kspsy: alkali feldspar syenite 

qsy: quartz syenite 
pho: phonolite 

amp: amphibole 
bi: biotite 
pi: plagioclase 

ksp: alkali feldspar 



APPENDM C (I)- Modal analyses data 
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APPENDIX C (HI) 

XRF analyses of the samples from the Central Anatolian Massif. Copyright © by Nurdane Ilbeyli 

Pluton Behrekdag Behrekdag Behrekdag Behrekdag Behrekdag Behrekdag Behrekdag Behrekdag Behrekdag 
Sample no N2 N99 N107 N l NlOO N102 NIOS N3 N104 
Rock type qmz qmz qmz qmz qmz qmz qmz qmz qmz 
Geochemical description mz mz mz mz mz mz mz mz mz 

Si02 60.11 60.15 60.20 60.27 60.57 60.70 60.73 61.10 61.25 

Ti02 0.61 0.63 0.61 0.59 0.61 0.60 0.54 0.58 0.58 
AI2O3 16.49 16.38 16.29 16.77 16.22 16.47 16.43 16.60 16.30 

FejOa 6.04 6.11 5.87 5.81 5.91 5.84 5.72 5.77 5.66 
MnO 0.12 0.12 0.12 0.12 0.13 0.12 0.12 0.12 0.12 
MgO 2.42 2.26 2.33 2.34 2.40 2.43 2.31 2.28 2.16 
CaO 6.38 6.21 6.50 6.43 6.58 6.68 6.45 6.49 6.18 
NajO 2.94 2.92 3.03 2.95 2.88 2.95 2.90 3.02 2.95 
K2O 3.89 4.22 4.04 3.87 4.03 3.87 3.89 3.66 4.00 

P2O5 0.18 0.18 0.15 0.17 0.17 0.17 0.17 0.16 0.16 
L . O . I 0.37 0.55 0.57 0.37 0.49 0.37 0.51 0.35 0.73 
T O T A L (L.O.I . free) 99.18 99.19 99.15 99.32 99.50 99.83 99.26 99.77 99.35 

So 15.4 14.9 16.2 13.6 9.1 9.2 12.1 15.3 13.4 
V 91.4 93.1 94.5 89.2 88.7 86.2 86.2 86.1 90.7 
C r 28.3 37.2 34.8 30.1 31.2 26.9 30.9 26.2 30.7 
Co 13.4 11.2 14.9 15.0 13.0 13.8 10.8 15.8 11.9 
Ni 11.7 1.7 10.0 12.1 11.1 8.6 11.2 14.3 10.4 
Cu 12.0 21.6 12.1 10.1 18.2 18.3 17.5 12.7 17.3 
Zn 77.5 91.9 91.5 76.9 77.5 75.2 78.4 76.2 84.5 
Ga 15.5 21.3 21.5 17.0 16.7 20.4 16.9 17.4 20.8 
Rb 131.5 153.2 142.1 128.9 136.1 133.7 133.0 122.0 143.0 
Sr 547.6 531.3 539.3 556.9 503.8 501.5 502.4 549.2 530.9 
Y 25.6 31.8 27.5 26.6 29.9 28.9 28.7 26.9 26.7 
Z r 177.0 189.7 179.8 178.0 158.0 154.4 151.7 152.0 172.4 
Nb 13.8 13.8 14.4 15.3 12.0 11.7 11.1 14.9 14.3 
Ba 1042.2 1068.5 1108.0 1032.7 1145.5 1034.8 1031.1 931.4 1056.9 
L a 51.4 42.2 41.9 50.1 45.5 46.7 48.5 45.9 40.8 
Ce 76.6 89.3 81.6 86.7 70.5 71.5 77.9 78.2 71.9 
Nd 31.1 33.8 31.7 30.3 32.3 25.4 27.6 33.2 29.8 
Pb 43.3 50.5 51.3 42.4 45.9 43.9 50.6 40.9 51.4 
Th 19.1 18.4 16.8 19.5 17.6 18.5 18.7 14.8 20.3 
U 4.4 3.0 4.6 4.4 3.8 2.7 
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APPENDIX C (in) 

XRF analyses of the samples from the Central Anatolian Massif. Copyright © by Nurdane Ilbeyli 

Pluton 
Sample no 
Rock type 
Geochemical description 

Behrekdag 
N184 

qmz 
qmz 

Behrekdag 
N5 

qmz 
qmz 

Behrekdag 
N6 

qmz 
qmz 

Behrekdag 
N180 

qmz 
qmz 

Behrekdag 
N160 

gr 
qmz 

Behrekdag 
N165 

gr 
qmz 

Behrekdag 
N171 

gr 
qmz 

Behrekdag 
N164 

gr 
qmz 

Behrekdag 
N182 

gr 
qmz 

SiOj 63.37 63.58 63.61 63.97 64.16 64.25 64.28 64.48 64.74 
Ti02 0.45 0.45 0.42 0.37 0.40 0.44 0.39 0.42 0.42 
AI2O3 15.87 16.19 16.29 16.09 16.07 15.65 15.61 15.97 16.48 
Fe^Oj 4.95 4.93 4.68 4.44 4.58 4.97 4.60 4.62 4.32 
MnO 0.11 0.10 0.10 0.10 0.10 0.10 0.11 0.10 0.12 
MgO 1.83 1.83 1.69 1.57 1.63 1.76 1.62 1.68 1.65 
C a O 4.81 4.72 4.79 4.48 4.48 4.61 4.47 4.65 4.62 
NajO 3.03 2.93 3.05 2.93 2.96 3.02 2.91 3.07 2.95 
K2O 4.39 4.89 4.51 4.79 4.83 4.46 4.61 4.47 4.77 
P2OS 0.13 0.14 0.13 0.12 0.14 0.14 0.12 0.12 O.I I 
L . O . I 0.63 0.51 0.54 0.43 0.32 1.12 0.45 0.76 0.85 
T O T A L (L.O.I . free) 98.94 99.77 99.27 98.87 99.35 99.40 98.71 99.58 100.18 

Sc 10.3 10.2 11.8 11.3 9.8 10.1 12.9 12.9 5.8 
V 83.5 81.2 79.4 81.7 79.0 94.7 83.4 81.9 73.5 
C r 17.0 15.2 11.3 22.0 21.3 16.3 24,1 13.3 8.8 
Co 12.1 10.1 10.8 7.8 10.0 12.8 8.5 10.3 9.7 
Ni 9.1 8.6 8.7 1.6 3.8 7.6 1.2 7.7 9.6 
Cu 12.4 12.2 16.9 19.1 20.1 19.9 17.5 20.5 15.6 
Zn 65.1 132.4 53.2 60.4 65.1 59.6 68.6 52.3 72.2 
Ga 19.4 20.1 15.4 17.7 16.3 18.8 14.9 17.9 14.6 
Rb 173.8 172.6 164.4 197.7 205.8 168.5 186.9 170.6 182.9 
Sr 424.7 486.7 492.1 442.7 439.6 432.5 421.0 413.1 407.3 
Y 32.2 27.5 26.9 20.9 22.1 23.4 22.4 25.2 35.0 
Z r 146.4 149.0 146.8 149.7 154.6 158.0 148.3 150.0 131.1 
Nb 14.2 14.6 14.8 11.8 12.5 15.4 12.7 15.6 15.2 
Ba 970.3 1223.0 1184.0 1067.5 939.9 931.6 865.4 870.7 1059.1 
L a 47.7 50.8 44.4 36.1 30.2 34.1 35.1 32.1 39.4 
Ce 83.2 74.6 77.3 66.0 59.4 63.4 58.4 69.3 69.5 
Nd 23.7 33.0 33.3 23.3 23.6 24.7 22.5 25.7 30.7 
Pb 45.2 40.9 54.7 36.1 37.4 43.4 40.4 42.8 47.9 
Th 21.0 19.1 11.0 18.9 27.2 24.7 21.9 20.2 23.4 
U 5.8 4.6 5.4 3.9 4.5 5.5 6.9 
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APPENDIX C (HI) 

XRF analyses of the samples from the Central Anatolian Massif Copyright © by Nurdane Ilbeyli 

Pluton Behrekdag Behrekdag Behrekdag Behrekdag Behrekdag Behrekdag Behrekdag Cefalikdag Cefalikdag 
Sample no N7 N161 N183 N163 N185 N9 N166 N225 N226 
Rock type qmz gr gr gr gr qmz gr mzdi mzdi 
Geochemical description qmz qmz qmz qmz qmz qmz qmz mzgb mzxli 

Si02 64.78 64.83 65.06 65.43 65.48 65.52 65.66 50.45 51.33 
T i O j 0.38 0.36 0.38 0.41 0.41 0.33 0.38 1.08 0.99 
AI2O3 16.08 16.02 15.71 15.54 15.75 15.76 15.82 18.04 18.10 
Fe203 4.40 4.25 4.27 4.26 4.63 4.20 3.96 9.71 9.22 
MnO 0.10 0.08 0.10 0.09 0.11 0.09 0.08 0.18 0.17 
MgO 1.50 1.41 1.55 1.46 1.76 1.42 1.37 5.09 4.40 
C a O 4.50 4.32 4.36 4.24 4.56 3.96 3.95 9.34 8.96 
Na20 3.10 3.04 2.97 2.95 2.95 2.90 2.85 2.90 3.07 
K2O 4.51 4.66 4.60 4.63 4.55 4.96 5.12 2.80 2.82 
P2O5 0.12 0.10 0.10 0.10 0.12 0.12 0.11 0.29 0.31 
L . O . I 0.50 0.98 0.59 0.77 0.75 0.37 0.95 0.49 0.85 
T O T A L (L.O.I . free) 99.47 99.08 99.10 99.11 100.31 99.27 99.30 99.88 99.36 

Sc 11.3 11.7 6.8 10.5 6.8 8.9 8.7 25.4 24.1 
V 64.0 74.8 70.3 81.6 76.9 66.5 72.8 177.1 152.7 
C r 10.6 14.3 9.1 12.8 10.3 11.0 12.1 64.7 57.7 
Co 8.1 9.7 5.8 7.5 12.5 9.2 7.0 25.5 21.9 
Ni 8.1 8.0 5.9 6.7 5.9 8.3 6.1 6.2 7.7 
Cu 9.9 9.8 9.8 11.9 10.6 15.2 7.7 36.0 36.8 
Zn 50.1 53.7 49.6 51.4 62.2 50.4 45.9 133.8 129.0 
Ga 12.8 15.9 16.2 16.1 18.0 18.0 15.6 22.3 25.7 
Rb 190.5 179.8 193.2 189.1 174.3 181.2 197.8 124.5 106.9 
Sr 451.1 445.5 381.3 415.5 388.3 444.4 435.2 845.2 886.7 
Y 18.6 18.2 30.3 18.4 34.1 18.7 16.5 32.5 30.0 
Zr 124.3 150.3 127.3 140.6 141.3 132.1 137.8 216.0 250.1 
Nb 7.2 12.7 13.9 14.2 14.9 8.7 12.5 13.4 12.9 
Ba 1014.9 1034.6 791.1 800.9 899.2 901.8 1164.0 1134.5 1098.0 
L a 23.2 27.1 36.2 29.5 38.2 29.2 26.5 36.9 41.1 
Ce 50.4 52.6 59.0 58.7 64.5 56.0 49.7 81.0 88.3 
Nd 14.3 18.4 21.0 21.8 25.3 18.4 16.4 41.0 47.6 
Pb 44.9 36.8 38.8 41.8 51.4 52.6 44.8 34.3 31.9 
Th 20.3 22.4 22.8 37.2 24.2 29.5 26.5 8.2 6.3 
U 4.1 4.9 5.4 6.1 2.9 3.0 

cinw 
%AN 39 39 39 38 39 38 39 57 52 
Q 16 16 17 18 17 17 17 
or 27 28 27 27 27 29 30 17 17 
ab 26 26 25 25 25 25 24 21 25 
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APPENDIX C (III) 

XRF analyses of the samples from the Central Anatolian Massif. Copyright © by Nurdane Ilbeyli 

Pluton Cefalikdag Cefalikdag Cefalikdag Cefalikdag Cefalikdag Cefalikdag Cefalikdag Cefalikdag Cefalikdag 
Sample no N233 N224 N80 N235 N232 N231 N81 N78 N237 
Rock type mzdi mzdi mzdi mzdi mzdi mzdi mzdi mzdi mzdi 
Geochemical description mzdi mzdi mzdi mzdi mzdi mzdi mzdi mzdi mzdi 

51.36 51.67 52.28 52.44 52.51 52.62 52.81 53.86 54.80 
Ti02 0.93 0.96 0.90 0.93 0.95 0.94 0.88 0.85 0.84 
AI2O3 18.08 18.39 18.41 18.15 17.60 18.18 17.91 17.70 18.13 
Fe203 9.08 8.84 8.84 8.74 8.99 8.76 8.87 8.22 7.70 
MnO 0.17 0.16 0.16 0.16 0.17 0.16 0.16 0.15 0.15 
MgO 4.15 4.18 3.98 4.23 4.17 4.15 4.00 3.74 3.59 
CaO 8.94 8.57 8.71 8.71 8.28 8.26 8.28 8.22 . 7.77 
NaiO 3.10 3.02 3.15 2.98 2.97 .3.05 2.99 2.99 3.02 
K2O 2.56 2.88 2.83 2.77 3.02 3.06 2.98 3.23 3.40 
P2O5 0.30 0.30 0.28 0.30 0.29 0.27 0.28 0.27 0.27 
L . O . I 0.66 0.76 0.84 0.86 0.82 0.75 0.80 0.78 1.05 
T O T A L ( L . O . L free) 98.67 98.97 99.54 99.41 98.94 99.44 99.16 99.24 99.66 

Sc 24.0 17.8 20.7 19.6 17.6 16.0 20.4 22.5 13.3 
V 148.4 150.6 153.5 148.0 156.9 148.2 151.8 143.7 126.6 
C r 62.5 48.3 36.9 49.3 48.4 49.4 42.1 35.2 43.6 
Co 20.4 24.7 24.4 28.8 26.8 24.4 23.9 24.1 19.1 
Ni 6.8 16.1 15.6 14.6 15.1 15.1 17.3 15.8 14.0 
C u 37.0 30.2 25.8 29.6 29.1 29.6 27.6 24.3 27.7 
Zn 119.2 102.8 101.4 104.3 110.6 105.7 103.5 95.1 95.2 
G a 25.4 24.2 25.2 24.2 20.5 22.3 22.8 22.6 22.6 
Rb 92.2 107.1 85.0 100.5 100.2 94.2 82.1 87.3 91.9 
Sr 895.8 845.3 953.0 817.6 770.1 787.6 850.2 902.7 756.8 
Y 31.8 27.6 23.7 27.6 29.7 27.7 26.7 25.7 28.6 
Z r 218.0 204.5 170.1 207.6 266.4 212.0 226.1 186.9 217.1 
Nb 14.3 14.6 17.7 13.6 15.7 14.9 19.6 18.2 16.4 
Ba 981.6 1276.8 1359.8 1171.0 1327.7 1276.3 1382.1 1434.6 1350.2 
L a 42.3 36.5 43.7 43.2 51.0 49.5 54.4 ' 40.5 48.8 
Ce 89.2 75.1 74.2 81.7 86.3 94.8 73.6 73.9 96.9 
Nd 41.3 29.9 35.7 36.4 37.0 32.6 37.2 28.5 39.0 
Pb 33.1 32.4 31.2 32.5 39.8 35.2 33.8 32.6 41.5 
Tb 5.7 4.9 1.3 6.6 6.6 6.8 8.5 4.0 10.4 
U 1.7 2.8 1.7 0.8 1.8 2.3 

cipw 
%AN 
0 

52 52 51 53 51 51 51 50 50 

or 15 17 17 16 18 18 18 19 20 
ab 26 26 27 25 25 26 25 25 26 
an 28 28 28 28 26 27 27 25 26 
ne 
C 
di 
hy 
wo 
ol 
mt 
il 
ap 

12 
3 

11 
1 
2 
1 

10 
4 

11 
1 
2 
1 

11 
3 

10 
I 
2 
1 

10 
6 
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10 
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Pluton Cefalikdag Cefalikdag Cefalikdag Cefalikdag Cefalikdag Cefalikdag Cefalikdag Cefalikdag Cefalikdag 
Sample no N236 N316 N85 N83 N319 N82 N84 N318 •N327 
Rock type mzdi qmzdi qmzdi qmzdi qmzdi qmz qmzd qmzd qmzd 
Geocbemical description mzdi mz mz mz mz mz mz mz mz 

Si02 55.16 57.98 58.17 59.10 59.50 59.53 59.71 59.76 60.46 
TiOa 0.84 0.80 0.67 0.61 0.60 0.61 0.61 0.60 0.60 
AI2O3 17.59 17.61 17.94 17.69 17.49 17.94 17.80 17.54 17.14 
Fe203 7.82 7.07 6.27 5.77 6.03 5.51 5.64 6.05 5.72 
MnO 0.15 0.14 0.13 0.12 0.13 0.11 0.11 0.14 0.12 
MgO 3.63 3.38 2.80 2.43 2.35 2.44 2.44 2.36 2.37 
C a O 7.29 6.82 6.30 5.68 4.73 5.96 6.04 4.92 5.72 
NajO 2.74 3.08 3.31 3.20 3.28 3.26 3.23 3.36 3.25 
K2O 4.25 3.25 3.62 4.22 4.57 4.06 4.09 4.36 3.61 
P2O5 0.26 0.22 0.20 0.20 0.22 0.18 0.20 0.22 0.19 
L . o . r 0.55 0.72 0.90 0.75 1.17 0.77 0.66 i.OO 0.73 
T O T A L (L.O.I . free) 99.73 100.35 99.41 99.02 98.89 99.60 99.87 99.31 99.18 

Sc 15.9 14.3 15.1 11.6 11.7 8.3 15.4 11.4 7.0 
V 131.7 119.3 102.7 93.7 101.5 88.0 84.4 99.1 88.8 
C r 54.3 40.1 24.7 22.1 4.5 24.0 34.7 9.5 23.1 
Co 14.2 17.0 15.0 16.0 10.2 12.8 10.9 11.2 10.6 
Ni 10.1 2.9 7.9 8.3 5.0 7.0 5.5 8.5 
Cu 29.1 2.5 4.9 5.1 17.1 8.9 16.7 18.8 7.5 
Zn 96.4 98.4 93.5 85.5 100.7 82.5 81.8 101.7 77.1 
Ga 23.9 26.5 18.8 21.4 19.5 19.4 20.6 21.6 15.3 
Rb 138.2 122.9 118.9 128.0 175.1 120.8 126.7 172.8 109.9 
Sr 890.5 596.5 632.1 657.4 493.3 604.3 635.2 490.5 547.0 
Y 29.2 32.0 29.0 25.7 32.2 29.0 28.4 32.2 34.1 
Zr 198.5 182.2 191.1 174.5 206.9 163.8 186.4 205.1 170.4 
Nb 12.8 16.3 16.7 14.4 15.8 12.7 10.9 16.2 14.9 
Ba 2013.0 916.7 1094.9 1460.5 939.3 1204.9 1199.3 848.6 891.6 
L a 42.1 53.4 66.3 42.3 57.1 40.3 41.7 54.3 48.5 
Ce 80.3 95.3 97.2 82.6 98.2 78.6 85.7 105.3 89.4 
Nd 43.4 31.4 41.8 35.3 39.1 33.4 38.8 37.7 30.9 
Pb 38.3 33.3 32.6 35.2 43.5 41.2 37.6 41.0 37.9 
Tb 13.1 14.6 15.5 9.0 21.7 12.7 12.2 18.8 14.1 
U 1.4 3.1 4.2 4.1 1.9 5.4 5.5 

cipw 
%AN 50 49 46 44 41 45 45 41 44 
Q 6 5 7 6 7 7 7 10 
or 25 19 21 25 27 24 24 26 21 
ab 23 26 28 27 28 28 27 28 28 
an 23 25 23 21 20 22 22 20 22 
ne 
C 
di 9 6 5 5 2 5 6 3 5 
hy 16 15 13 12 14 11 11 13 12 
wo 
ol 
mt 1 1 1 1 1 1 1 1 1 
il 2 2 1 1 1 1 1 1 1 
ap 1 1 1 1 
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Pluton 
Sample no 
Rock type 
Geochemical description 

Cefalikdag 
N317 

qmz 
mz 

Cefalikdag 
N324 

qmz 
mz 

Cefalikdag 
N322 

qmz 
mz 

Cefalikdag 
N20 
qmz 

mz 

Cefalikdag 
N325 

qmz 
mz 

Cefalikdag 
N323 

qmz 
mz 

Cefalikdag 
N310 

qmz 
qmz 

Cefalikdag 
N321 

qmz 
qmz 

Cefalikdag 
N394 

gr 
qmz 

Si02 61.02 61.64 61.75 61.82 61.96 62.20 63.27 63.27 66.39 
T i O j 0.51 0.57 0.56 0.61 0.54 0.52 0.52 0.50 0.36 
AI2O3 17.71 16.88 16.77 16.36 16.95 17.12 16.87 16.69 16.27 
Fe203 5.34 5.14 5.17 5.77 5.01 4.73 4.94 4.59 3.53 
MnO 0.13 0.10 0.10 0.12 0.11 0.10 0.12 0.09 0.08 
MgO 1.75 2.21 2.24 2.52 2.14 1.92 2.06 1.94 1.00 
CaO 4.46 5.24 5.07 5.14 5.23 4.88 4.42 4.58 2.96 
NaiO 3.40 3.15 3.04 2.99 3.15 3.24 3.61 3.01 3.40 
K2O 4.93 4.32 4.50 4.19 4.10 4.32 3.58 4.65 4.99 
P2O5 0.20 0.17 0.16 0.19 0.16 0.15 0.15 0.16 0.14 
L . O . I 0.89 0.62 0.67 0.51 0.63 0.74 1.06 0.68 0.99 
T O T A L (L.O.I . free) 99.44 99.42 99.36 99.71 99.34 99.18 99.54 99.48 99.12 

Sc 11.1 11.7 10.8 13.4 7.0 10.1 9.1 6.7 6.3 
V 79.7 81.9 82.1 93.2 84.7 • 80.1 88.0 71.7 24.0 
C r 4.6 24.0 20.3 22.0 18.8 21.1 20.8 17.2 
Co 8.0 9.6 11.6 14.2 11.5 10.2 10.4 7.7 3.8 
Ni 6.0 8.5 9.1 8.7 5.5 6.1 4.1 10.1 2.3 
Cu 11.8 20.7 21.8 1.5 5.1 10.5 4.5 12.6 7.8 
Zn 90.3 68.7 70.2 80.5 71.5 72.7 82.1 63.1 70.9 
G a 21.8 19.0 19.3 20.2 17.9 21.7 19.8 18.2 19.9 
Rb 185.4 138.5 142.6 141.7 136.9 145.0 144.1 148.4 166.4 
Sr 511.0 556.9 538.2 509.6 512.0 539.9 475.9 496.5 433.8 
Y 32.1 30.7 32.4 30.2 31.6 22.0 22.7 29.8 12.5 
Z r 211.4 157.2 149.7 176.1 151.4 158.1 161.2 149.8 238.9 
Nb 15.8 12.8 13.5 16.2 14.9 13.2 15.5 12.7 14.5 
Ba 985.7 1195.4 1297.3 961.4 868.0 1044.2 1091.3 1115.7 874.0 
L a 39.0 42.3 42.3 55.0 41.5 36.9 40.5 45.7 47.5 
Ce 69.5 88.0 82.9 91.9 81.1 75.4 82.2 85.4 85.1 
Nd 30.2 30.5 27.7 39.1 29.8 31.5 35.7 29.6 30.3 
Pb 44.4 43.1 40.2 43.9 46.5 46.4 30.9 48.7 33.9 
Th 17.7 17.1 13.9 19.8 20.9 20.7 23.1 23.1 23.8 
U 6.8 4.5 3.8 4.9 3.7 3.6 5.1 2.2 

cipw 
%AN 39 42 42 43 43 41 39 42 32 
Q 8 11 11 12 12 12 14 13 18 
or 29 26 27 25 24 26 21 27 29 
ab 29 27 26 25 27 27 31 25 29 
an 19 19 19 19 20 19 19 18 14 
ne 
C 
di 
hy 
wo 
ol 
mt 
il 
ap 

2 
11 

5 
10 

4 
11 

5 
12 

4 
10 
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10 

1 
12 

3 
10 
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ne 
C 
di 
hy 
wo 
ol 
mt 
il 
ap 

5 
12 

5 
12 

4 
11 

4 
11 

4 
10 

Pluton Cefalikdag Cefalikdag Celeb i Celebi Celebi Celebi Celebi Celebi Celebi 
Sample no N395 N404 N339 N116 N344 N23 N338 N115 N343 
Rock type gr gr qmz qmz qmz qinz qmz qmz qmz 
Geochemical description gr gr mz mz mz mz mz qmz qmz 

SiOj 71.53 71.95 61.45 62.14 62.44 62.70 62.74 63.08 63.19 
Ti02 0.20 0.18 0.60 0.47 0.54 0.51 0.53 0.47 0.46 
AI2O3 14.37 13.87 17.09 15.85 16.70 16.52 16.14 15.53 16.49 
FejOj 1.98 1.99 5.69 5.30 5.20 5.37 5.17 5.45 4.49 
MnO 0.05 0.08 0.12 0.12 0.11 0.11 0.10 0.12 0.09 
MgO 0.61 0.73 2.42 2.57 2.12 1.95 1.91 2.54 1.73 
C a O 1.97 1.79 5.72 5.14 5.05 4.92 4.81 5.04 4.21 
Na20 2.82 3.48 3.24 2.91 3.02 2.99 2.87 2.99 2.88 
K2O 5.37 4.82 3.62 4.09 4.20 4.33 4.27 3.93. 5.36 
P2O5 0.06 0.05 0.18 0.16 0.16 0.15 0.16 0.17 0.13 
L . O . I 0.79 0.80 0.87 0.88 1.42 0.33 0.60 0.70 0.49 
T O T A L (L.O.I . free) 98.96 98.94 100.12 98.75 99.53 99.55 98.70 99.31 99.03 

Sc 3.9 5.3 76 12.3 9.0 10.3 10.1 13.0 12.5 
V 12.1 22.5 58.4 110.7 75.4 78.3 73.7 111.9 59.5 
C r 21.0 50.0 24.5 • 19.3 33.7 48.8 30.9 
Co 1.9 3.7 10.3 12.7 12.3 13.0 12.9 12,6 8.0 
Ni 1.6 1.6 9.3 18.6 8.9 8.2 2.7 16.5 0.9 
Cu 5.8 4.0 14.5 5.6 11.2 12.9 12,6 13.8 
Zn 37.7 40.6 56.8 69.9 68.1 73.4 74.1 71,9 68.6 
Ga 15.2 17.1 16.1 18.7 20.4 17.6 16.7 17,4 11.1 
Rb 171.0 221.1 160.1 205.7 163.2 166.0 170.0 211.6 198.3 
Sr 331.0 213.0 563.0 315.8 540.6 473.6 579.7 287.6 594.1 
Y 1.9 15.3 29.4 23.8 32.4 27.3 28.4 26.8 29.2 
Zr 126.9 113.2 130.3 148.4 171.1 160.9 190.9 145.1 163.7 
Nb 9.5 18.8 15.2 13.5 17.2 15.1 16.3 15.9 14.3 
Ba 686.2 416.8 803.7 873.5 781.0 853.6 767.0 757.5 1552.9 
L a 23.7 18.9 40.6 36.3 41.9 37.8 54.4 32.3 43.8 
Ce 39.9 33.1 78.8 78.5 67.4 75.8 97.9 65.1 93.7 
Nd 13.6 13.6 28.6 31.1 27.2 30.4 42.4 25.8 34.7 
Pb 34.5 48.5 45.0 33.7 46.2 52.1 44.4 32.6 54.3 
Th 16.2 18.2 22.3 22.0 28.9 12.4 26.2 20.5 27.9 
U 3.1 2.7 2.6 2.7 7.8 4.8 3.5 5.9 

cipw 
%AN 28 21 44 42 43 43 43 41 40 
Q 28 27 11 13 13 13 15 14 13 
or 32 28 21 24 25 26 25 23 32 
ab 24 29 27 25 26 25 24 25 24 
an 9 8 21 18 20 19 19 17 16 

5 
12 
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Pluton Celeb i Celebi Celebi Celebi Celebi Celebi Celebi Celebi Celebi 
Sample no N25 N349 N345 N76 N66 N24 N71 N342 N112 
Rock type qmz qmz qmz qmz qmz qmz qmz qmz qmz 
Geochemical description qmz qmz qmz qmz qmz qmz qmz qmz qmz 

Si02 63.32 63.44 63.58 63.67 63.70 63.71 63.72 63.91 64.05 
Ti02 0.47 0.52 0.47 0.43 0.52 0.47 0.42 0.47 0.44 
AI2O3 16.03 15.60 16.77 16.15 15.73 16.32 16.04 14.99 15.33 
Fe203 4.98 5.12 4.60 4.77 5.15 4.79 4.65 4.93 4.87 
MnO 0.11 O.l l 0.09 0.10 0.10 0.10 0.10 0.11 0.10 
MgO 1.88 2.00 1.82 1.46 2.02 1.85 1.60 2.05 2.28 
CaO 4.77 4.62 4.93 4.51 4.81 5.01 4.51 4.28 4.60 
NaaO 2.96 2.89 3.08 3.08 2.92 3.01 3.31 2.60 2.91 
K2O 4.37 4.56 4.24 4.67 3.96 3.91 4.54 5.45 4.51 
P2OS 0.14 0.15 0.14 0.13 0.16 0.14 0.14 0.15 0.17 
L . O . I 0.29 0.56 0.63 1.05 0.69 0.39 0.49 0.44 0.82 
T O T A L (L.O.I . free) 99.03 99.00 99.71 98.96 99.07 99.31 99.02 98.94 99.26 

Sc 9.8 9.5 8.1 6.6 8.9 12.0 10.5 7.5 12.4 
V 73.1 74.4 69.8 78.2 70.9 79.0 73.5 71.5 96.1 
C r 19.4 33.9 36.4 82.7 25.5 16.5 16.3 39.9 42.3 
Co 11.6 8.5 6.9 9.0 14.4 12.5 10.1 7.7 11.0 
Ni 8.1 5.7 2.0 7.3 10.8 • 9.2 8.4 1.8 18.1 
Cu 8.4 17.3 9.0 4.4 7.8 15.7 10.3 22.2 
Zn 70.5 74.1 71.7 53.3 65.2 61.6 53.8 72.7 62.8 
Ga 17.6 16.6 8.9 17.4 17.2 19.9 14.0 19.4 19.0 
Rb 175.9 181.1 154.0 175.4 152.6 149.2 179.1 185.8 214.5 
Sr 433.4 521.5 566.1 440.3 545.7 470.5 433.1 572.3 280.1 
Y 31.7 31.3 28.7 35.4 26.9 27.3 27.0 30.2 21.7 
Z r 155.2 174.5 181.6 171.1 175.1 154.7 148.3 184.0 150.6 
Nb 16.9 17.6 15.9 17.0 15.4 13.5 13.6 14.1 15.8 
Ba 781.0 703.7 711.9 929.9 739.6 803.6 975.5 1958.8 724.5 
L a 43.8 30.5 42.0 50.5 48.0 38.0 43.3 43.1 32.0 
Ce 77.5 69.8 79.8 88.4 87.1 65.8 74.9 87.4 67.6 
Nd 31.6 30.7 37.8 32.5 35.9 29.6 30.0 33.3 25.6 
Pb 48.8 43.2 42.5 47.5 46.0 40.7 43.5 49.1 33.8 
Th 22.7 21,4 22.7 36.1 28.2 23.7 20.4 30.4 18.4 
U 6.1 3.8 5.8 4.9 3.7 

clvw 
%AN 
Q 
or 
ab 
an 
ne 
C 
di 
hy 
wo 
ol 
mt 
il 
ap 

41 
15 
26 
25 
18 
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10 

40 
15 
27 
24 
16 
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10 
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26 
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23 
25 
18 

4 
10 
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25 
19 
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10 
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16 
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14 
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15 
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10 
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Pluton Celebi Celebi Celebi Celebi Celebi Celebi Celebi Celebi Celebi 
Sample no N65 N340 N68 N341 N64 N77 N72 N201 N218 
Rock type qmz qmz qmz qmz qmz qmz qmz qmz qmz 
Geochemical description qmz qmz qmz qmz qmz qmz qmz qmz qmz 

SiOj 64.06 64.17 64.26 64.26 64.27 64.40 64:41 64.53 64.85 
Ti02 0.52 0.48 0.51 0.52 0.50 0.37 0.41 0.38 0.44 
AI2O3 15.90 15.81 15.63 15.41 16.17 16.39 16.17 16.11 15.91 
Fe203 5.12 4.62 4.94 5.19 4.93 4.13 4.59 4.13 4.16 
MnO 0.10 0.09 0.10 0.10 0.10 0.09 0.10 0.09 0.09 
MgO 2.10 1.89 2.13 1.96 1.90 1.37 1.52 1.27 1.66 
CaO 4.80 4.25 4.56 4.42 4.59 4.13 4.59 4.35 4.18 
NajO 2.91 2.65 2.99 2.61 2.95 3.14 3.13 3.23 3.07 
K2O 4.33 5.11 4.33 4.71 4.60 5.11 4.47 4.67 4.13 
P2O5 0.15 0.15 0.15 0.15 0.16 0.12 0.12 0.13 0.13 
L . O . I 0.82 0.55 1.11 0.56 0.53 0.63 0.52 0.43 0.61 
T O T A L ( L . O . L free) 99.99 99.22 99.60 99.34 100.17 99.25 99.56 98.89 98.62 

Sc 6.1 11.1 7.7 11.7 10.8 8.5 6.1 9.6 9.9 
V 71.0 64.3 69.1 67.6 68.2 63.3 70.2 64.9 77.8 
C r 22.4 35.0 26.7 32.0 20.1 9.4 14.8 16.3 30.5 
Co 14.3 8.3 11.2 10.2 13.3 9.6 9.9 7.3 9.6 
Ni 9.3 3.7 9.8 2.4 10.2 7.4 7.6 1.9 7.0 
C u 16.4 13.8 16.6 17.5 7.0 3.1 8.6 13.1 10.0 
Zn 64.2 66.3 67.7 68.2 64.5 54.3 49.9 68.6 63.7 
Ga 16.0 19.8 17.1 15.3 17.9 16.7 15.7 13.5 16.9 
Rb 163.7 180.2 177.8 184.1 183.4 192.6 189.8 189.0 213.0 
Sr 529.6 639.1 534.3 516.2 537.4 490.6 430.1 468.6 308.6 
Y 32.1 28.2 32.1 27.7 29.8 26.2 30.8 25.7 18.7 
Z r 169.8 171.7 167.1 189.9 166.3 133.8 142.5 138.9 168.8 
Nb 17.1 13.2 17.6 15.3 16.4 13.7 14.4 15,6 13.4 
Ba 839.2 1670.3 804.9 869.9 893.6 1042.0 930.3 830.3 976.7 
L a 50.8 57.7 43.9 56.2 48.9 46.3 41.4 48.9 29.4 
Ce 88.9 99.6 75.7 102.0 103.5 76.2 69.7 81.9 63.0 
Nd 30.8 40.9 28.5 39.5 36.0 28.3 22.8 31.4 21.3 
Pb 45.1 48.1 44.4 46.9 57.1 50.3 40.1 43.8 30.0 
Th 27.0 26.9 26.2 32.8 22.6 32.6 14.1 37.6 23.0 
U 4.2 4.7 6.7 5.7 4.1 4.0 4.4 

cipw 
%AN 42 42 39 43 41 37 39 36 40 
Q 15 16 16 17 15 14 15 15 18 
or 26 30 26 28 27 30 26 28 24 
ab 25 22 25 22 25 27 26 27 26 
an 18 16 16 16 17 16 17 16 17 
ne 
C 
di 
hy 
wo 
ol 
mt 
il 
ap 
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Pluton Celebi Celebi Celehi Celebi Celehi Celebi Celebi Celebi Celebi 
Sample no N2I5 N66a N l l l N7S N74 N202 N67 N203 N208 
Rock type qmz qmz gr gr gr gr gr gr gr 
Geochemical description qmz qmz grd qmz qmz qmz qmz qmz qmz 

SiOj 64.88 64.91 65.06 65.07 65.20 65.22 65.28 65.43 65.51 
Ti02 0.42 0.43 0.43 0.39 0.38 0.37 0.48 0.38 0.35 
AI2O3 15.88 15.97 15.22 15.81 16.20 16.58 14.87 16.00 16.39 
Fefi, 4.61 4.16 4.65 4.34 4.41 4.02 5.08 4.19 3.85 
MnO 0.10 0.08 0.09 0.09 O.IO 0.09 0.11 0.10 0.09 
MgO 1.61 1.60 2.19 1.46 1.53 1.26 2.04 1.29 1.19 
CaO 4.63 4.25 4.61 4.33 4.51 4.13 4.29 4.12 4.04 
Na20 3.03 2.91 2.55 3.13 3.02 3.18 2.58 3.15 3.29 
K2O 4.41 4.82 4.33 4.54 4.53 5.18 5.06 4.68 4.90 
P2O5 0.13 0.13 0.15 0.14 0.13 0.13 0.15 0.12 0.12 
L . O . I 0.41 0.97 1.20 0.54 0.74 0.76 0.47 0.52 0.60 
T O T A L (L.O.I . free) 99.70 99.26 99.28 99.30 100.01 100.16 99.93 99.46 99.72 

Sc 9.3 8.1 12.5 8.6 12.7 9.4 9.3 6.1 9.6 
V 71.1 60.0 94.1 63.4 63.8 61.2 69.9 68.9 60.1 
C r 25.2 19.8 45.8 7.2 II.O 24.7 15.4 13.4 
Co 6.2 8.9 11.0 10.3 10.6 10.9 11.4 7.4 7.1 
Ni 0.6 5.1 12.7 8.5 10.2 8.2 8.0 0.1 2.5 
Cu 14.3 3.7 4.1 1.3 2.2 5.6 7.8 12.8 13.7 
Zn 64.2 49.3 53.2 54.7 56.4 64.3 60.4 62.1 55.3 
Ga 13.4 17.5 14.4 18.7 16.0 17.8 17.0 16.9 13.9 
Rb 186.7 182.0 173.9 184.8 191.8 186.7 173.9 196.9 194.3 
Sr 445.5 569.6 280.9 456.4 454.8 461.0 506.8 426.5 453.7 
Y 24.1 20.2 28.7 28.4 23^5 31.8 27.7 25.2 22.7 
Z r 146.2 151.0 137.3 144.7 134.4 123.9 173.0 138.5 129.9 
Nb 13.6 14.7 13.5 14.0 13.1 13.4 16.1 15.4 15.0 
Ba 771.0 1228.5 703.8 787.6 930.1 • 1103.0 1281.5 699.5 825.9 
L a 34.7 35.7 33.6 44.3 34.8 40.1 56.2 54.7 47.3 
Ce 62.4 69.2 55.8 73.0 49.3 61.0 92.6 99.4 77.4 
Nd 24.2 26.9 25.1 27.0 19.3 23.0 37.7 37.2 24.4 
Pb 38.9 51.6 28.2 47.4 43.8 57.0 52.2 46.4 39.6 
Th 28.7 26.2 19.7 34.4 11.1 29.0 26.0 37.7 34.5 
U 4.3 3.0 6.6 2.2 1.0 5.0 

cipw 
%AN 39 40 44 37 40 37 39 37 36 
Q 17 17 19 17 17 15 17 17 16 
or 26 28 26 27 27 31 30 28 29 
ab 26 25 22 26 26 27 22 27 28 
an 17 16 17 16 17 16 14 16 15 
ne 
C 
di 
hy 
wo 
oi 
mt 
il 
ap 

4 
10 

5 
10 
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XRF analyses of the samples from the Central Anatolian Massif Copyright © by Nurdane Ilbeyli 

Pluton Celebi Celebi Celebi Celebi Celebi Celebi Celebi Celebi Celebi 
Sample no N512 N73 N109 N210 N204 N209 N70 N l l O N114 
Rock type gr gr gr gr gr gr gr gr gr 
Geochemical description grd qmz qmz qmz qmz qmz qmz grd qmz 

Si02 65.56 65.64 65.84 65.97 66.04 66.16 66.18 66.32 66.52 
Ti02 0.48 0.43 0.42 0.36 0.37 0.34 0.41 0.41 0.39 
AI2O3 15.42 15.59 15.02 15.90 15.80 16.05 16.16 15.18 15.01 
Fe203 4.59 4.49 4.20 4.00 3.88 3.68 4.31 4.21 4.14 
MnO 0.09 0.08 0.08 0.10 0.08 0.08 0.10 0.08 0.09 
MgO 1.81 1.45 2.26 1.22 1.21 1.13 1.52 2.08 1.88 
C a O 4.49 4.06 4.66 4.07 4.08 3.86 4.48 4.31 3.99 
Na20 2.81 2.99 2.67 3.20 3.13 3.14 3.08 2.64 2.59 
K2O 4.04 4.82 4.45 4.71 4.72 5.27 4.49 4.59 5.11 
P2O5 0.14 0.11 0.15 0.14 0.10 0.11 0.13 0.13 0.14 
L . O . I 0.67 0.62 1.34 0.65 0.72 0.36 0.27 0.92 0.96 
T O T A L (L.O.I . free) 99.43 99.67 99.75 99.67 99.41 99.82 100.85 99.96 99.86 

Sc 7.9 8.0 8.1 9.2 3.5 7.5 9.3 9.6 8.7 
V 67.7 80.1 89.4 63.2 60.4 54.7 68.5 90.7 78.1 
C r 28.2 11.6 45.0 16.4 3.2 17.3 11.5 39.7 36.6 
Co 10.0 10.9 8.8 7.2 9.0 6.0 9.3 7.6 10.3 
Ni 8.8 5.1 11.6 0.1 6.2 7.6 11.9 12.3 
C u 12.2 7.5 3.5 10.1 5.7 6.7 5.9 2.0 6.9 
Zn 60.9 45.1 48.4 55.3 50.9 42.6 52.2 46.7 58.1 
Ga 15.8 17.4 15.0 12.1 17.4 2.8 18.1 17.6 15.9 
Rb 155.9 179.5 170.5 195.9 186.8 209.9 190.2 191.4 212.5 
Sr 539.7 389.5 276.5 436.7 412.0 455.1 445.5 268.3 257.8 
Y 26.7 33.4 29.0 24.4 32.4 22.2 27.7 28.9 21.6 
Z r 169.0 145.1 133.8 135.2 121.7 129.6 138.8 141.9 158.3 
Nb 14.7 13.9 12.9 14.7 15.8 13.9 12.9 13.9 14.5 
Ba 754.1 995.4 729.6 818.7 762.6 1158.4 863.7 708.6 710.6 
L a 93.9 33.4 28.5 44.4 45.0 39.5 43.9 31.7 22.5 
Ce 135.3 64.2 54.5 69.5 81.6 69.0 72.2 60.4 53.6 
Nd 46.1 24.6 22.4 23.6 26.5 25.7 31.5 17.4 22.8 
Pb 45.5 37.5 25.3 41.4 47.2 46.0 44.1 30.7 36.5 
Th 32.7 46.8 17.0 36.8 33.9 34.6 27.5 19.0 20.1 
U 6.1 5.6 4.2 4.7 3.4 5.0 5.4 

CIPW 
%AN 
Q 
or 
ab 
an 
ne 
C 
di 
hy 
wo 
ol 
mt 
il 
ap 

42 
20 
24 
24 
18 

37 
17 
28 
25 
15 

41 
19 
26 
23 
16 

36 
17 
28 
27 
15 

36 
18 
28 
26 
15 

35 
17 
31 
27 
14 

39 
18 
27 
26 
17 

45 
10 
23 
25 
20 

10 
10 

39 
19 
30 
22 
14 
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Pluton Celebi Celebi Celebi Celebi Celebi Celebi Celebi Celebi Celebi 
Sample no N113 N205 N200 N211 N217 N206 N223 N213 N214 
Rock type gr gr gr gr gr gr gr gr gr 
Geochemical description qmz qmz qmz qmz grd qmz grd grd sr 

Si02 66.60 66.69 66.95 67.52 67.68 67.68 68.38 68.70 69.39 
Ti02 0.42 0.35 0.33 0.30 0.39 0.32 0.35 0.30 0.26 
AI2O3 14.99 15.43 15.28 15.84 15.38 15.53 15.00 15.07 14.70 
Fe203 4.14 3.90 3.62 3.21 3.13 3.23 3.20 3.17 2.74 
MnO 0.08 0.09 0.08 0.07 0.06 0.07 0.08 0.07 0.06 
MgO 1.83 1.18 1.05 0.93 1.40 • 1.05 1.24 1.03 0.86 
CaO 3.74 3.99 3.65 3.68 3.79 3.31 3.05 3.30 2.81 
NaiO 2.61 3.23 3.00 3.21 3.06 3.01 2.91 3.10 2.83 
K2O 4.73 4.43 4.90 4.83 4.50 5.33 4.62 4.81 5.36 
P2OS 0.11 0.11 0.10 0.11 0.11 0.10 0.10 0.09 0.07 
L . O . I 0.65 0.42 0.30 0.38 0.71 0.92 0.63 0.45 0.90 
T O T A L ( L . O . L free) 99.25 99.39 98.96 99.70 99.50 99.63 98.93 99.63 99.07 

Sc 6.9 10.3 9.4 5.1 3.1 2.7 8.1 3.2 2.6 
V 87.8 62.1 61.1 52.1 65.9 49.1 62.0 44.6 39.0 
C r 34.5 16.0 12.0 11.0 20.2 22.2 10.6 
Co 8.5 5.6 6.6 4.7 6.5 5.8 4.0 3.8 4.9 
Ni 12.2 3.1 5.7 9.0 3.0 0.6 4.5 
C u 12.0 11.5 10.0 12.4 4.3 4.6 10.2 8.8 5.2 
Zn 51.5 62.2 51.3 38.4 33.5 40.0 53.5 53.4 31.5 
G a 15.9 15.1 13.4 16.9 16.9 14.9 18.6 11.2 16.9 
Rb 204.6 196.3 210.9 195.4 201.3 202.0 218.3 228.3 215.1 
Sr 254.1 382.8 379.2 404.4 255.5 366.9 231.1 327.7 329.1 
Y 21.2 24.5 23.7 18.9 29.5 31.8 19.7 21.1 23.9 
Zr 151.9 139.3 141.6 115.4 151.0 131.4 144.5 132.8 89.7 
Nb 15.1 16.2 15.9 14.7 14.5 14.8 15.7 17.2 11.8 
Ba 702.7 480.8 680.5 594.7 825.0 977.6 789,4 576.1 807.6 
La 31.9 40.2 45.0 37.2 33.4 46.9 35.8 38.4 34.3 
Ce 67.7 77.0 80.8 62.2 57.4 77.7 63,0 66.9 59.0 
Nd 27.3 25.0 26.7 20.4 20.7 22.4 23.1 22.3 13.8 
Pb 34.5 37.6 41.8 42.2 24.7 42.8 33.1 42.7 42.3 
Th 22.0 38.6 36.2 38.1 25.5 33.1 30.1 33.6 33.6 
U 6.2 6.3-. 5.2 5.0 6.7 4.7 5.6 5.1 5.8 

cipw 
%AN 41 35 35 35 37 34 37 33 33 
Q 21 19 20 20 21 20 24 22 24 
or 28 26 29 29 27 31 27 28 32 
ab 22 • 27 25 27 26 25 25 26 24 
an 15 15 14 15 15 13 14 13 12 
ne 
C 
di 
hy 
wo 
ol 
mt 
il 
ap 
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XRF analyses of the samples from the Central Anatolian Massif Copyright © by Nurdane Ilbeyli 

Pluton Celebi Celebi Celehi Baranadag Baranadag Baranadag Baranadag Baranadag Baranadag 
Sample no N216 N219 N212 N13 N300 N27 N26 N304 N307 
Rock type gr gr gr mz mz mz mz mz mz 
Geochemical description sr gr gr mz mz mz mz mz mz 

Si02 69.74 70.91 72.95 55.78 58.20 58.33 58.44 58.52 58.62 
Ti02 0.31 0.28 0.22 0.77 0.68 0.56 0.59 0.56 0.58 
AI2O3 14.57 14.18 13.87 17.45 16.94 17.63 17.62 17.47 17.78 
Fe203 2.76 2.71 2.24 6.52 6.34 5.17 5.42 5.16 5.33 
MnO 0.06 0.06 0.05 0.15 0.16 0.12 0.13 0.12 0.13 
MgO 1.07 0.99 0.60 2.30 2.19 1.77 1.85 1.78 1.88 
C a O 2.79 2.57 2.22 • 6.46 6.80 5.56 5.95 5.56 5.82 
Na20 2.11 2.77 2.74 3.59 4.50 3.71 3.73 3.78 3.76 
K2O 4.90 5.12 5.20 5.69 3.32 5.58 5.52 5.81 5.68 
P2OS 0.08 0.06 0.05 0.41 0.32 0.25 0.24 0.25 0.26 
L . O . I 0.73 0.78 0.62 0.27 0.42 0.58 0.58 0.78 0.46 
T O T A L (L.O.I . free) 99.05 99.65 100.14 99.11 99.45 98.69 99.48 99.00 99.84 

Sc 6.2 6.3 1.0 12.8 8.2 11.2 11.8 10.4 6.1 
V 54.4 40.2 25.6 122.8 117.1 91.5 102.0 103.6 93.7 
C r 7.4 15.6 3.9 4.6 12.1 8.5 5.1 11.3 6.5 
Co 6.4 5.0 4.4 17.3 11.2 12.1 11.8 13.9 8.9 
Ni 9.3 6.0 7.1 13.8 8.7 8.7 14.1 7.3 6.6 
Cu 12.0 6.5 1.4 30.2 7.0 0.8 10.0 7.2 
Zn 39.0 41.8 27.1 88.9 100.7 79.4 90.6 81.6 85.7 
Ga 14.4 16.8 16.4 18.5 21.6 17.9 21.6 20.3 22.0 
Rb 231.4 231.0 210.7 173.3 120.5 199.5 193.4 221.7 204.7 
Sr 206.3 184.2 199.4 1088.5 522.0 930.2 911.0 919.5 817.1 
Y 30.6 21.8 29.9 37.3 42.2 33.2 35.9 32.7 41.3 
Z r 148.3 154.9 111.3 297.8 352.6 244.7 276.8 291.3 253.3 
Nb 15.6 16.9 13.9 29.0 29.8 23.6 25.8 23.6 23.3 
Ba 652.0 592.1 398.5 854.4 337.0 966.5 933.0 958.9 1033.7 
L a 38.5 39.6 34.9 78.4 90.4 68.5 79.1 53.9 74.7 
Ce 67.1 75.3 63.9 153.4 154.1 101.1 139.0 126.4 126.1 
Nd 23.5 25.9 20.7 60.8 54.7 . 42.3 54.2 45.1 34.0 
Pb 41.5 43.4 47.8 38,8 39.8 38.9 39.7 45.8 42.2 
Th 39.5 43.5 37.0 22.5 34.1 22.1 27.7 33.0 26.7 
U 8.5 8.0 5.6 8.2 6.4 6.0 

cipw 
%AN 35 32 31 36 30 32 32 30 32 
Q 26 27 30 2 1 
or 29 30 31 34 20 33 33 34 34 
ab 23 23 23 26 38 31 32 32 32 
an 13 11 10 15 16 15 15 14 15 
ne 
C 

2 

di 1 12 13 9 11 10 10 
hy 6 6 5 8 7 7 6 6 
wo 
ol 
mt 
il 
ap 
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XRF analyses of the samples from the Central Anatolian Massif Copyright © by Nurdane Ilbeyli 

Pluton Baranadag Baranadag Baranadag Baranadag Baranadag Baranadag Baranadag Baranadag Baranadag 
Sample no N297 N28 N305 N29 N30 N140 N309 N306 N299 
Rock type mz mz mz mz mz mz mz mz mz 
Geochemical description mz mz mz mz mz mz mz mz mz 

Si02 58.64 59.11 59.27 59.28 59.29 59.29 59.32 59.44 59.76 
TiOj 0.55 0.53 0.49 0.53 0.51 0.57 0.51 0.56 0.49 
A l j O , 17.63 17.73 17.98 17.68 17.63 17.53 17.42 17.69 17.85 
Fe203 5.15 5.09 4.74 5.08 4.88 5.37 4.81 5.34 4.59 
MnO 0.12 0.11 0.11 0.12 0.11 0.14 0.11 0.13 0.10 
MgO 1.77 1.64 1.58 1.71 1.65 1.95 1.71 1.84 1.63 
C a O 5.58 5.40 5.13 5.46 5.36 4.30 5.11 5.75 4.81 
NajO 3.76 3.73 3.73 •3.67 3.70 3.62 3.41 3.77 3.73 
K j O 5.79 5.76 6.13 5.84 5.87 6.54 6.79 5.70 6.02 
P2OS 0.24 0.24 0.22 0.23 0.22 0.35 0.23 0.25 0.22 
L . O . I 0.52 0.40 0.41 0.76 0.46 0.71 0.42 0.52 0.33 
T O T A L (L.O.I . free) 99.23 99.35 99.38 99.61 99.23 99.66 99.42 100.46 99.20 

Sc 7.6 10.0 7.2 7.0 4.0 8.9 6.3 8.3 7.1 
V 88.5 86.1 77.5 90.9 82.8 92.8 77.4 88.6 73.4 
C r 9.2 5.3 0.4 8.2 4.0 9.6 2.7 9.3 7.9 
Co 13.2 9.4 8.1 8.0 12.1 14.1 8.5 8.7 8.2 
Ni 6.4 10.7 10.1 10.8 5.6 10.6 10.3 9.4 9.9 
C u 10.0 7.1 21.2 7.9 58.3 20.2 15.3 14.9 
Zn 80.8 82.0 79.3 83.3 78.0 95.7 81.9 85.3 73.7 
G a 19.2 20.0 23.4 22.2 17.7 21.1 19.8 19.2 21.7 
Rb 209.5 204.8 219.1 213.8 215.7 265.8 246.9 206.1 229.8 
Sr 827.4 949.6 861.0 824.0 817.7 516.4 830.2 808.7 811.1 
Y 38.6 32.4 34.6 37.1 37.5 32.7 38.4 39.2 34.9 
Zr 237.7 226.0 237.2 260.4 235.1 296.8 228.4 227.8 213.9 
Nb 22.4 22.3 19.8 23.0 21.3 22.4 21.0 21.6 19.8 
Ba 1034.2 1044.4 1120.3 989.1 969.6 590.7 1142.5 • 991.3 989.1 
L a 67.2 64.0 51.9 64.1 59.1 70.5 54.3 63.8 54.8 
Ce 129.1 108.4 86.1 126.4 110.7 133.5 106.3 108.3 99.8 
Nd 36.0 44.2 32.8 46.3 34,5 47.2 36.1 36.7 32.6 
Pb .42.9 42.8 43.9 44.1 43,7 60.5 43.7 41.3 43.1 
Th 29.6 25.8 23.3 29.5 27,5 27.1 34.8 26.4 21.6 
U 5.7 6.4 6.6 4,9 7.1 5.3 4.0 6.5 

cipw 
%AN 31 32 31 32 31 29 30 31 31 
Q 1 1 1 1 2 
or 34 34 36 35 35 39 40 34 36 
ab 32 32 32 31 31 31 29 32 32 
an 14 15 14 15 14 12 12 15 14 
ne 
C 
di 
hy 
wo 
ol 
mt 
il 
ap 
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XRF analyses of the samples from the Central Anatolian Massif Copyright © by Nurdane Ilbeyli 

Pluton 
Sample no 
Rock type 
Geochemical description 

Baranadag 
N301 

mz 
mz 

Baranadag 
N298 

mz 
. v y 

Baranadag 
N19 

mz 
.VV 

Baranadag 
N18 
qmz 

sy 

Baranadag 
N303 

qmz 
sy 

Baranadag 
N155 

qmz 
.V) ' 

Baranadag 
N I S 
qmz 

sy 

Baranadag 
N16 
qmz 

sy 

Baranadag 
N152 

qmz 
sy 

Si02 59.98 60.51 60.93 61.33 61.85 61.93 62.07 62.62 62.67 
Ti02 0.53 0.49 0.51 0.51 0.39 0.46 0.42 0.44 0.42 
AI2O3 17.25 17.60 17.39 17.35 18.26 17.35 17.43 17.77 17.63 
F e j O , 4.85 4.65 4.81 4.59 3.49 4.38 3.97 4.25 3.73 
MnO 0.11 0.11 0.12 0.11 0.09 0.10 0.10 0.10 0.09 
MgO 1.78 1.47 1.74 1.67 1.13 1.57 1.20 1.34 1.33 
C a O 5.17 4.50 4.16 4.24 3.58 3.94 3.90 3.94 3.93 
NazO 3.66 3.61 3.81 3.88 3.93 3.85 3.83 3.79 3.63 
K2O 5.77 5.85 5.37 5.33 6.68 5.33 5.66 5.39 5.48 
P2O5 0.23 0.22 0.22 0.21 0.14 0.19 0.17 0.19 0.16 
L . O . I 0.64 0.43 0.38 0.65 0.60 0.62 0.77 0.41 0.56 
T O T A L (L.O.I . free) 99.32 99.01 99.06 99.22 99.54 99.10 98.75 99.83 99.07 

Sc 4.8 5.0 9.0 9.6 6.3 8.2 7.1 8.6 5.2 
V 83.2 75.7 73.8 63.9 43.9 69.0 60.1 57.8 49.2 
C r 5.3 5.4 9.8 11.2 7.0 11.6 4.0 7.7 7.1 
Co 8.1 8.3 11.4 9.2 4.6 11.0 8.0 7.2 6.6 
Ni 9.7 7.9 4.9 8.9 11.7 6.3 9.3 7.5 10.2 
Cu 10.7 8.3 5.9 2.0 4.7 6.9 2.7 2.3 4.9 
Zn 77.8 75.2 89.0 82.8 65.1 80.5 71.6 71.9 64.2 
Ga 18.5 18.7 23.5 22.9 23.3 21.6 20.9 21.4 24.7 
Rb 216.1 239.5 213.7 215.4 234.6 225.2 204.3 203.6 205.5 
Sr 740.6 790.4 582.7 575.5 565.8 598.5 578.5 579.2 539.6 
Y ' 39.5 35.7 34.4 32.9 36.5 12.0 33.1 30.8 26.9 
Zr 231.9 216.6 256.5 249.1 232.8 228.6 218.9 226.2 200.4 
Nb 22.6 21.5 20.4 20.2 20.1 15.8 18.1 19.5 15.7 
Ba 963.8 963.7 964.5 939.5 1096.9 1013.6 899.3 903.9 884.2 
L a 55.6 55.2 72.1 74.1 53.9 55.7 50.7 56.8 48.0 
Ce 96.7 98.2 117.9 103.9 94.6 99.0 88.9 91.4 78.4 
Nd 31.7 34.3 44.8 48.4 31.5 29.3 40.2 32.4 22.5 
Pb 51.6 44.6 53.6 52.2 52.3 52.1 52.5 50.5 49.6 
Th 28.2 31.3 39.0 36.2 34.7 29.2 24.6 21.4 23.1 
U 8.1 7.0 11.7 3.8 5.5 

cipw 
%AN 31 32 31 30 27 31 30 33 34 
Q 3 4 5 6 3 7 7 8 9 
or 34 35 32 31 39 31 33 32 32 
ab 31 31 32 33 33 33 32 32 31 
an 14 15 14 14 12 14 14 16 16 
ne 
C 
di 
hy 
wo 
ol 
mt 
il 
ap 
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Pluton Baranadag Baranadag Baranadag Baranadag Baranadag Baranadag Baranadag Baranadag Baranadag 
Sample no N153 N159 N133 N154 N132 N134 N151 N138 N145 
Rock type qmz qmz qmz qmz qmz qmz qmz qmz qmz 
Geochemical description .v.v .\y .iy sy •")' qmz qmz qmz 

Si02 62.85 62.99 63,15 63.19 63.25 63.51 63.51 63.62 63.67 
Ti02 0.45 0.42 0,41 0.40 0.39 0.41 0.44 0.41 0.40 
AI2O3 17.35 17.20 17,47 17.18 17.65 17.42 16.91 17.35 17.21 
FejO, 4.02 3.83 3.65 3.67 3.58 3.61 4.10 3.53 3.60 
MnO 0.10 0.10 0.09 0.09 0.09 0.09 0.10 0.09 0.08 
MgO 1.43 1.40 1.24 1.28 1.21 1.22 1.29 1.17 1.21 
CaO 4.13 4.03 3.72 3.78 3.49 3.55 3.81 3.57 3.52 
Na20 3.85 3.79 3.64 3.57 3.63 3.61 3.59 3.94 3.62 
K2O 5.18 5.44 5.85" 5.78 6.06 5.84 5.26 5.33 5.61 
P2OS 0.16 0.16 0.16 0.14 0.19 0.17 0.17 0.14 0.15 
L . O . I 0.58 0.64 0.67 0.79 0.51 0.63 0.67 0.43 0.73 
T O T A L (L.O.I . free) 99.51 99.36 99.38 99.08 99.54 99.43 99.17 99.15 99.07 

Sc 6.6 4.0 4.3 4.6 2.8 4.5 5.9 7.2 4.3 
V 53.6 50.7 46.5 47.6 43.6 43.3 60.9 47.7 44.5 
C r 25.9 5.9 9.3 6.1 0.4 3.3 0.7 19.5 5.6 
Co 6.3 5.6 7.5 5.2 3.6 5.3 5.3 7.8 5.9 
Ni 1.8 8.9 8.4 11.2 11.5 10.0 6.8 2.5 11.3 
C u 9.9 6.4 7.8 8.3 9.1 2.7 5.1 10.4 6.0 
Zn 78.5 68.6 69.7 65.6 71.5 64.6 73.3 71.5 66.6 
Ga 24.0 18.3 19.6 21.6 23.5 22.0 24.9 20.5 24.3 
Rb 200.8 210.8 208.9 205.8 219.8 213.6 208.8 213.1 195.9 
Sr 574.0 540.0 550.1 541.2 556.7 536.0 497.6 553.6 523.2 
Y 21.9 31.0 30.9 32.7 27.8 32.3 32.2 24.3 36.3 
Z r 226.3 216.9 207.8 204.0 201.0 209.2 202.9 219.1 209.7 
Nb 15.4 17.5 17.6 18.3 16.4 18.1 17.4 19.1 18.8 
Ba 801.1 881.6 1026.0 898.9 1061.1 855.0 844.4 707.1 916.1 
L a 57.6 45.3 46.8 49.0 40.4 43.1 62.7 49.1 55.1 
Ce 108.2 77.9 91.7 82.6 70.3 72.0 100.8 92.9 97.2 
Nd 33.4 27.5 35.8 24.3 23.7 28.2 36.1 31.6 31.1 
Pb 44.3 52.9 56.8 55.8 58.6 57.6 50.9 47.9 57.7 
Th 26.3 31.0 22.1 28.6 25.6 27.5 34.0 29.1 26.8 
U 5.1 5.7 7.3 7.9 7.7 8.4 8.0 6.6 5.3 

cipw 
%AN 31 30 31 31 31 32 32 29 32 
Q 8 8 9 9 8 9 11 10 10 
or 31 32 35 34 36 35 31 31 33 
ab 33 32 31 30 31 31 30 33 31 
an 15 14 14 14 14 14 14 14 14 
ne 
C 
di 
hy 
wo 
ol 
mt 
il 
ap 
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APPENDIX C (HI) 

XRF analyses of the samples from the Central Anatolian Massif. Copyright © by Nurdane Ilbeyli 

Pluton Baranadag Baranadag Baranadag Baranadag Baranadag Baranadag Baranadag Baranadag Baranadag 
Sample no N136 N158 N137 N143 N147 N144 N146 N139 N135 
Rock type qmz qmz qmz qmz qmz qmz qmz qmz qmz 
Geochemical description qmz qmz qmz qmz qmz qmz qmz qmz qmz 

SiOj 63.80 63.88 63.95 64.10 64.32 64.58 64.60 65.01 65.24 
Ti02 0.41 0.48 0.38 0.43 0.39 0.40 0.37 0.40 0.42 
AI2O3 16.83 16.75 17.35 16.82 16.86 16.57 16.85 16.95 16.90 
Fe^Oj 3.75 4.06 3.54 3.97 3.53 3.80 3.29 3.64 3.58 
MnO 0.09 0.10 0.09 0.09 0.09 0.08 0.08 0.09 0.09 
MgO 1.18 1.56 1.16 1.34 1.14 1.22 1.05 1.22 1.12 
CaO 3.54 4.31 3.59 3.55 3.42 3.38 3.21 3.35 3.27 
Na^O 3.63 3.75 3.76 3.68 3.73 3.54 3.74 3.69 3.52 
K2O 5.83 • 5.14 5.71 5.24 5.47 5.18 5.77 5.77 5.51 
P2O5 0.15 0.17 0.15 0.16 0.14 0.17 0.14 0.14 0.14 
L . O . I 1.05 0.73 0.45 0.98 0.85 0.79 0.66 0.87 1.36 
T O T A L (L.O.I , free) 99.21 100.20 99.68 99.38 99.09 98.93 99.10 100.26 99.79 

Sc 6.9 6.5 5.0' 7.0 5.7 7.5 7.4 5.9 3.7 
V 54.8 58.8 42.5 61,5 53.9 63.8 46.3 51.2 44.6 
C r 10.1 5.2 7.7 14.1 11.4 14.7 9.7 11.9 11.7 
Co 7.5 7.6 5.5 7.5 6.3 9.1 6.8 7.3 7.6 
Ni 6.3 6.1 9.4 7.2 5.2 5.5 5.4 6.5 10.5 
Cu 5.3 7.9 7.4 4.6 1.5 3.6 7.4 5.0 22.1 
Zn 73.8 72.8 65.6 70.3 63.6 68.1 62.9 68.4 84.9 
Ga 23.4 20.2 21.6 20.5 20.5 20.2 17.4 19.1 21.4 
Rb 231.1 193.7 210.5 203.0 213.1 203.7 220.1 221.6 242.2 
Sr 528.5 538.9 539.3 500.1 513.9 501.8 532.5 534.2 1260.7 
Y 23.9 35.4 32.4 23.6 23.4 22.3 19.8 21.1 36.4 
Zr 230.0 213.9 218.4 229.2 220.0 255.3 201.3 236.1 325.0 
Nb 20.5 20.0 18.4 18.7 19.8 18.6 18.3 18.8 36.6 
Ba 877.6 926.5 915.0 758.8 781.1 773.3 881.6 849.9 1849.4 
L a 50.2 59.9 51.4 59.3 57.0 59.0 51.6 54.4 95.9 
Ce 103.1 102.0 80.4 113.4 107.7 109.2 84.3 105.6 187.7 
Nd 37.1 36.8 29.6 40.8 41.0 39.3 31.3 33.6 51.7 
Pb 56.6 49.1 57.1 52.7 49.1 51.3 51.2 . 53.4 65.1 
Th 25.6 32.7 26.9 35.8 31.2 41.4 29.6 35.3 55.4 
U 7.0 6.7 4.6 6.5 4.1 5.4 3.8 6.1 14.1 

cipw 
%AN 29 30 30 31 29 32 28 29 32 
Q 10 10 10 11 11 13 11 11 13 
or 34 30 34 31 32 31 34 34 33 
ab 31 32 32 31 32 30 32 31 30 
an 12 14 14 14 13 14 12 13 14 
ne 
C 
di 
by 
wo 
ol 
mt 
il 
ap 
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APPENDIX C (III) 

XRF analyses of the samples from the Central Anatolian Massif. Copyright © by Nurdane llbeyli 

Pluton Baranadag Hamit Hamit Hamit Hamit Hamit Hamit Hamit Hamit 
Sample no N142 N46 N45 N31 N25S N296 N33 N32 N252 
Rock type pdmzsy pdmzsy nemzsy nemzsy pdmzsy nemzsy nemzsy nemzsy 
Geochemical description finzsy fmzsy fmzsy fmzsy finzsy ftnzsy finzsi' fmzsy 

SiOj 65.25 52.52 52.83 53.19 53.25 53.25 53.32 53.37 53.58 
TiOj 0.36 0.65 0.62 0.72 0.72 0.62 0.72 0.72 0.74 
AI2O3 16.71 18.79 19.15 17.99 18.25 19.17 18.09 18.15 18.36 

3.25 5.74 5.39 6.41 6.33 5.32 6.49 6.45 6.49 
MnO 0.08 0.15 0.14 0.14 0.14 0.14 0.15 0.14 0.14 
MgO 1.09 1.58 1.47 2.99 2.93 1.44 2.97 2.80 3.02 
CaO 3.31 7.11 6.72 7.15 7.04 6.70 7.01 6.90 6.98 

3.68 3.93 4.29 3.29 3.62 4.07 3.37 3.42 3.35 
K2O 5.60 7.82 7.87 6.59 6.61 8.06 6.71 6.36 6.67 
P2OS 0.14 0.33 0.31 0.42 0.39 0.32 0.42 0.41 0.41 
L . O . I 0.91 1.83 1.43 1.23 1.15 1.79 1.05 0.95 1.49 
T O T A L (L.O.I . free) 99.47 98.61 98.78 98.90 99.28 99.09 99.25 98.72 99.73 

Sc 5.3 11.5 10.2 6.4 6.5 5.6 7.6 11.0 7.3 
V 51.4 109.1 97.2 114.2 110.4 83.3 123.2 125.5 120.8 
C r 7.7 1.2 1.3 18.8 18.5 17.0 40.4 19.0 23.8 
Co 6:0 11.5 9.8 16.9 14.3 9.4 13.1 14.7 13.2 
Ni 4.3 12.6 12.9 18.9 21.1 13.5 15.0 20.3 31.8 
Cu 4.5 9.9 6.3 31.0 30.0 27.4 33.8 18.9 28.4 
Zn 60.7 93.9 93.4 92.7 83.1 87.2 108.2 84.3 88.6 
Ga 19.9 18.7 16.8 17.7 22.1 21.1 25.5 22.3 • 23.1 
Rb 215.6 266.9 264.4 215.3 225.9 296.2 225.6 214.0 215.7 
Sr 555.3 1180.6 1259.5 1066.7 1110.4 1085.1 1293.9 1332.3 1073.2 
Y 18.9 47.3 44.6 41.4 41.5 52.6 40.1 33.9 42.1 
Zr 202.2 442.3 436.1 340.9 332.1 422.4 368.9 341.5 350.8 
Nb 17.6 45.3 45.1 30.9 30.3 42.6 27.9 32.0 31.3 
Ba 905.2 716.1 948.6 1444.5 1439.1 1134.1 1247.9 1469.6 1492.8 
L a 42.1 134.7 133.1 105.4 94.8 118.9 103.9 111.1 115.6 
Ce 85.2 212.6 207.2 182.6 174.6 195.7 187.3 177.4 187.3 
Nd 32.7 90.1 85.2 68.9 60.1 73.0 85.2 74.2 72.8 
Pb 52.2 63.4 63.8 50.0 54.2 65.3 45.8 51.8 52.3 
Th 28.7 64.7 59.3 46.2 ' 46.1 61.2 49.1 46.5 46.8 
U 5.5 9.1 13.3 18.2 8.1 9.9 

cipw 
%AN 29 99 93 57 58 90 58 53 58 
Q 13 
or 33 46 47 39 39 48 40 38 39 
ab 31 1 11 10 1 11 14 11 
an 13 11 10 15 14 10 14 15 15 
ne 
p 

18 19 9 11 18 10 8 9 
V. 
di 3 19 18 15 15 18 15 13 14 
hy 
wo 
ol 
mt 
il 
ap 
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APPENDIX C (III) 

XRF analyses of the samples from the Central Anatolian Massif Copyright © by Nurdane Ilbeyli 

Pluton Hamit Hamit Hamit Hamit Hamit Hamit Hamit Hamit Hamit 
Sample no N293 N256 N253 N295 H A M I D - n N294 N254 N287 N450 
Rock type pdmzsy nemzsy nemzsy pdmzsy pdmzsy pdmzsy nemzsy pho pho 
Geochemical description finzsy finzsy fmzsy fmzsy finzsy finzsy finzsy fiy fsy 

SiOj 53.60 53.70 53.77 54.06 54.11 54.23 54.24 54.98 55.46 
TiOz 0.65 0.72 0.72 0.62 0.59 0.62 0.70 0.22 0.30 
AI2O3 18.90 18.15 18.23 19.15 19.62 18.98 18.13 23.43 21.07 
FejO, 5.52 6.25 6.36 5.30 5.03 5.19 6.10 2.35 3.06 
MnO 0.14 0.15 0.15 0.13 0.14 0.13 0.14 0.15 0.14 
MgO 1.56 2.90 2.98 1.55 1.00 1.40 2.77 0.25 0.44 
C a O 7.17 6.99 6.79 6.98 5.75 6.93 6.59 2.18 3.19 
NajO 3.92 3.57 3.05 3.81 4.41 3.76 3.45 8.13 6.27 
K2O 7.71 6.65 6.81 8.12 8.10 7.83 6.75 7.99 8.91 
P2O5 0.33 0.40 0.44 0.33 0.20 0.31 0.40 0.03 0.03 
L . O . I 1.86 1.12 1.50 1.79 2.23 2.12 1.18 3.22 2.08 
T O T A L ( L . O . L free) 99.51 99.47 99.29 100.05 98.95 99.38 99.27 99.70 98.87 

Sc 3.5 7.7 7.9 4.9 10.8 7.0 7.8 3.6 3.5 
V 86.7 116.1 112.8 84.7 93.3 74.7 106.7 15.2 36.5 
C r 17.4 23.6 20.2 2.5 0.7 3.4 20.6 6.4 
Co 7.6 12.5 15.4 9.2 8.4 9.1 15.8 4.0 
Ni 13.9 25.5 26.7 13.3 8.6 14.3 22.5 4.8 6.1 
Cu 26.4 34.6 36.8 25.2 7.7 31.8 30.1 7.5 4.4 
Zn 93.2 97.7 87.9 82.6 109.2 85.8 88.2 132.4 136.1 
Ga 21.4 21.1 24.2 18.1 22.2 17.5 20.8 23.6 30.7 
Rb 271.8 229.5 213.0 299.7 283.6 272.5 226.0 346.6 440.4 
Sr 1129.1 1095.5 1097.5 1123.1 1277.6 1368.6 1098.7 168.9 536.0 
Y 52.2 42.3 40.5 50.8 46.3 49.1 40.7 22.8 30.1 
Zr 436.9 340.4 343.5 399.9 599.7 402.7 332.2 817,5 687.6 
Nb 42.6 31.0 30.4 39.4 51.2 37.9 31.0 71,9 60.2 
Ba 1264.5 1423.7 1461.2 1212.9 1291.0 2082.1 1395.0 89,5 309.7 
L a 124.6 101.6 103.1 115.3 165.6 113,5 93.7 172.8 154.8 
Ce 209.0 192.7 189.9 198.6 250.0 203.5 182.9 271.3 272.4 
Nd 73.9 69.5 69.8 75.3 103.8 68,7 56.2 66.7 78.0 
Pb 67.3 69.8 55.6 58.2 98.2 60.9 54.2 105.4 119.5 
Th 64.1 48.2 50.1 55.8 72.5 56.9 49.9 135.5 96.8 
U 17.8 10.8 9.4 15.5 16.4 11.1 44.7 29.7 

cipw 
%AN 
0 

77 55 56 84 66 68 50 32 36 

or 46 39 40 48 48 46 40 47 53 
ab 3 11 13 2 5 5 14 8 5 
an 11 14 16 11 10 12 14 4 3 
ne 16 10 7 16 18 14 8 33 26 

di 19 15 12 18 15 17 13 6 11 
by 
wo 
ol 2 6 8 2 2 1 7 1 
mt 
il 
ap 
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APPENDIX C (HI) 

XRF analyses of the samples from the Central Anatolian Massif Copyright © by Nurdane llbeyli 

Pluton Hamit Hamit Hamit Hamit Hamit Hamit Hamit Hamit Hamit 
Sample no N288 N283 N281 N286 N43 N284 N42 N285 NSO 
Rock type pho nemzsy nemzsy pho nemzsy nemzsy nemzsy nemzsy nemzsy 
Geochemical description fiy fiy fiy fsy fiy fiy fiy fsy fiy 

SiOa 55.48 55.89 55.93 55.94 56.00 56.06 56.08 56.09 56.45 
TiOj 0.21 0.52 0.52 0.20 0.51 0.51 0.50 0.51 0.43 
AI2O3 23.21 21.11 20.47 22.83 20.61 20.57 20.62 20.42 20.07 
FejO, 2.21 4.43 4.34 2.20 4.38 4.43 4.36 4.44 3.72 
MnO 0.14 0.12 0.12 0.14 0.12 0.12 0.12 0.12 0.12 
MgO 0.06 1.07 1.07 0.06 0.99 1.04 1.06 1.08 0.53 
C a O 2.05 3.69 3.59 2.03 3.61 3.62 3.54 3.59 4.93 
Na20 8.32 4.63 4.74 7.92 4.61 5.11 4.54 4.93 4.87 
K2O 8.00 8.01 8.04 8.08 8.08 7.79 7.98 7.99 8.47 
P2O5 0.01 0.24 0.24 0.02 0.23 0.24 0.23 0.25 0.11 
L . O . I 3.55 1.22 1.08 3.12 0.90 0.81 0.96 0.77 1.81 
T O T A L (L.O.I . free) 99.70 99.71 99.06 99.42 99.14 99.49 99.03 99.42 99.70 

Sc 2.2 3.2 0.7 4.6 7.0 5.5 2.5 6.0 
V 35.1 48.6 44.1 32.4 46.1 53.8 66.2 52.1 49.4 
C r 20.5 10.1 11.2 20.6 8.6 24.2 20.6 2.4 
Co 5.4 8.0 1.6 7.9 8.9 5.9 7.2 3.9 
Ni 12.3 12.4 10.2 12.8 10.2 5.3 5.6 4.8 8.9 
Cu 3.1 20.8 22.1 1.0 23.3 29.1 2.7 25.2 
Zn 103.2 82.9 81.7 103.5 80.3 98.3 80.3 96.2 91.1 
Ga 27.6 24.7 19.6 27.4 24.0 18.3 19.1 20.3 16.7 
Rb 341.2 243.9 246.7 349.6 250.9 258.8 254.1 256.1 290.1 
Sr 136.0 1254.7 1209.7 152.6 1211.9 1414.0 1366.5 1391.4 1452.5 
Y 42.8 37.6 36.5 42.5 37.7 34.5 27.8 33.4 30.1 
Zr 814.1 327.1 328.8 809.2 332.0 397.4 348.6 374.9 423.5 
Nb 73.4 37.2 38.3 73.2 37.1 35.9 38.7 35.3 38.2 
Ba 77.9 1848.6 1613.8 71.3 1646.2 1353.7 1557.3 1344.7 1469.7 
L a 168.2 92.2 90.6 168.9 91.3 108.0 102.8 101.8 129.8 
Ce 242.8 184.7 172.0 241.4 172.1 204.0 178.4 190.6 193.6 
Nd 53.5 53.8 49.4 54.8 54.6 75.4 65.5 67.4 66.0 
Pb 110.7 64.9 66.6 110.6 65.9 59.2 70.3 61.4 85.6 
Th 131.8 54.3 56.0 130.7 54.9 60.8 55.5 57.6 53.3 
U 39.1 11.1 15.2 38.3 13.9 16.7 14.1 

cipw 
%AN 
0 

20 46 40 20 42 38 41 38 44 

V 
or 47 47 48 48 48 46 47 47 50 
ab 10 16 16 12 16 17 17 16 10 
an 2 13 11 3 12 10 12 10 8 
ne 
p 

33 13 13 30 12 14 11 14 17 
V -
di 7 3 5 6 4 5 3 5 13 
hy 
wo 
ol 6 5 5 5 5 5 
mt 1 1 1 1 1 1 1 
il 1 1 1 1 1 1 1 
ap 
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APPENDIX C (III) 

XRF analyses of the samples from the Central Anatolian Massif I Copyright © by Nurdane Ilbeyli 

Pluton Hamit Hamit Hamit Hamit Hamit Hamit Hamit Hamit Hamit 
Sample no N282 N280 N258 N259 N260 N257 N278 N276 N279 
Rock type nemzsy nemzsy kspsy kspsy kspsy kspsy kspsy kspsy kspsy 
Geochemical description fiy fiy fiy fiy .17 sy sy sy 

SiOj 56.48 57,30 57.52 57.78 59,41 60.12 60,96 61.26 61.35 
TiOj 0.52 0,49 0.21 0.21 0.18 0.18 0,41 0.37 0.40 
AI2O3 20.48 20,66 25.86 25.76 25.20 25.10 18,73 18.80 19.07 
Fe^Oj 4.40 4,17 2.10 1.94 1.90 1.70 2,91 2.81 2.65 
MnO 0.12 0,12 0.01 0.01 0.02 0.04 0,13 0.13 0.12 
MgO 1.10 1,03 0.31 0.32 0.22 0.18 0,29 0,20 0.18 
CaO 3.69 3.37 0.15 0.17 0.58 0.59 2,55 2,66 2.28 
NajO 4.56 4.40 2.04 1.78 4.24 5.78 3,92 4,00 4.04 
K2O 1.12 8.10 10.88 11.30 7.90 5.86 9,01 9,19 9.26 
P2O5 0.24 0.22 0.01 0.03 0.02 0.02 0,03 0,03 0.04 
L . O . I 1.45 1.18 3.52 3.32 2.70 2.60 0,66 0,83 0.84 
T O T A L ( L . O . L free) 99.30 99.86 99.10 99.30 99.67 99.57 98,93 99,45 99.38 

Sc 6.7 2.2 2.7 4.3 0.7 1.0 4,3 1,3 2.5 
V 52.8 41.6 16.8 24.4 29,4 32.8 46,4 51.8 39.5 
C r 7.9 8.4 52.8 3,3 , 8,3 7.2 2,0 6.0 
Co 8.6 7.6 1.6 2.6 0,1 1.5 1,5 3.3 1.4 
Ni 4.5 10.8 7.3 4.6 5,0 23.6 8.5 
Cu 15.9 19.5 5.1 2.0 2,1 2.1 11,9 4.6 12.3 
Zn 86.7 79.8 128.6 156,5 76,8 59.5 61,8 35.2 56.6 
Ga 19.5 24.4 , 38.4 41,0 24,8 25.7 12,2 13.7 20.5 
Rb 248,4 264.0 '557.3 559,3 391,3 303.2 283,8 295.5 289.3 
Sr 1233,0 1154.3 71.8 58,9 84,9 80.7 190,1 165.7 198.6 
Y 37,1 36.5 17.1 19,5 21,1 23,8 79,2 104.3 62,8 
Z r 332,1 315.9 950.5 996,7 921,7 926,8 269,8 277.1 227,7 
Nb 38,0 36.8 96.5 101,0 95,8 87,9 44,5 37.5 41,5 
Ba 1671,1 1633.1 138.2 168,8 93,1 71,6 32,0 56.2 23,9 
L a 96,0 94.6 125.5 182,6 181,8 160,9 94,9 95.1 96,9 
Ce 192,7 178.7 232.2 290,3 242.7 232,7 168,6 145.3 171,1 
Nd 52,3 49.6 49.1 64,8 46.1 29,2 62,1 52.9 60,6 
Pb 64,6 68.3 48.4 59,1 43.7 146,3 53,0 59.6 56,0 
Th 59,9 57.9 132.5 139,5 122.4 120,1 67.0 44.1 82,4 
U 12,3 12.3 22.3 30,2 13.8 16,5 11.3 8.3 8,7 

cipw 
%AN 39 38 4 4 7 5 20 19 19 
Q 2 2 2 1 
or 46 48 64 67 47 35 53 54 55 
ab 20 20 17 15 36 49 28 27 28 
an 13 13 1 1 3 3 7 6 7 
ne 10 9 3 4 3 
C 10 10 9 8 
di 4 2 5 6 4 
by 4 4 3 3 
wo 
ol 5 6 2 1 2 
mt 
il 
ap 
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APPENDIX C (in) 

XRF analyses of the samples from the Central Anatolian Massif Copyright © hy Nurdane llbeyli 

Pluton Hamit Hamit Hamit Hamit Hamit Hamit Hamit Hamit Hamit 
Sample no N277 N37 N261 N273 N270 N36 N262 N271 N269 
Rock type kspsy kspsy kspsy kspsy kspsy kspsy kspsy kspsy kspsy 
Geochemical description sy sy sy sy sy sy sy sy sy 

SiOj 61.72 62.23 63.35 63.34 63.36 63.46 63.51 63.58 63.65 
Ti02 0.42 0.35 0.44 . 0.28 0.27 0.28 0.30 0.25 0.25 
AI2O3 19.23 19.01 18.23 18.87 18.08 18.80 19.08 18.17 19.05 
FejOj 2.55 2.43 2.39 1.84 2.06 1.91 1.85 1.77 1.78 
MnO 0.11 0.08 0.06 0.06 0.11 0.06 0.06 0.08 0.05 
MgO 0.25 0.15 0.10 0.14 0.13 0.14 0.03 0.08 0.10 
CaO 2.07 1.93 0.98 1.22 1.43 0.95 0.92 1.18 0.80 
NazO 4.26 4.51 4.45 4.38 3.88 4.30 4.99 4.15 4.66 
K2O 8.91 8.32 9.23 9.29 10.04 9.18 8.51 9.76 8.89 
P2OS 0.03 0.04 0.06 0.02 0.03 0.04 0.01 0.02 0.02 
L . O . I 0.76 0.38 0.87 0.77 0.79 0.47 0.90 0.61 1.00 
T O T A L ( L . O . L free) 99.55 99.04 99.29 99.44 99.39 99.12 99.26 99.04 99.26 

Sc 1.5 2.5 0.8 3.5 0.1 2.2 3.3 1.5 2.7 
V 35.5 38.0 31.1 23.9 35.5 23.0 26.5 27.3 24.7 
C r 0.2 0.8 0.6 2.6 31.8 1.0 
Co 1.7 4.1 0.7 1.3 3.0 2.1 1.0 2.6 
Ni 7.4 6.4 4.7 5.1 3.9 5.4 6.4 5.6 
C u 3.2 8.8 7.7 2.7 4.4 3.7 6.2 5.0 
Zn 56.8 44.1 49.9 29.9 35.1 30.5 29.5 30.0 37.0 
G a 13.4 18.0 19.1 12.9 17.5 14.5 14.3 16.1 16.0 
Rb 275.9 260.4 350.4 281.7 365.1 288.9 270.1 311.3 277.2 
Sr 169.5 196.1 184.4 152.1 106.5 158.3 160.5 145.6 146.6 
Y 50.9 38.0 28.2 22.0 70.8 26.3 20.7 44.7 19.9 
Zr 192.9 116.7 111.8 84.3 280.3 75.0 111.2 134.9 88.8 
Nb 45.4 38.2 54.0 32.6 38.6 25.6 36.7 33.0 31.3 
Ba 69.6 40.7 101.3 68.7 53.4 65.5 95.2 80.9 88.9 
L a 103.1 103.4 140.4 95.6 126.4 93.0 123.1 87.9 87.4 
Ce 185.1 169.6 222.4 161.8 210.8 188.7 152.9 156.9 161.0 
Nd 67.8 53.0 64.7 48.8 58.4 45.6 64.6 39.9 41.2 
Pb 63.3 41.9 61.7 50.5 52.1 51.7 46.5 52.3 51.4 
Th 93.0 73.7 119.4 93.6 140.5 93.9 75.9 91.3 95.9 
U 8.8 5.2 6.5 4.5 8.6 3.4 5.5 5.0 

cipw 
%AN 18 16 6 11 7 11 10 6 9 

*^ 
or 53 49 55 55 59 54 50 58 53 
ab 31 37 37 35 31 36 41 34 39 
an 7 7 3 4 2 4 4 2 4 
ne 
C 

3 1 1 1 I 1 

di 3 2 2 1 4 3 
hy 
wo 
ol 
mt 
il 
ap 
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APPENDIX C (III) 

XRF analyses of the samples from the Central Anatolian Massif I Copyright © by Nurdane Ilbeyli \ 

Pluton Hamit Hamit Hamit Hamit Hamit Hamit Hamit Hamit Hamit 
Sample no N44 N267 N263 N34 N40 N272 N268 N264 N246 
Rock type kspsy kspsy kspsy kspsy kspsy kspsy kspsy kspsy kspsy 
Geochemicai description sy sy sy sy sy sy sy sy sy 

Si02 63,76 63.89 64.19 64,37 64,72 65,06 65,11 65.52 65.56 
Ti02 0,31 0.23 0.19 0,25 0,32 0,28 0.22 0.07 0.05 
AI2O3 18,45 19.83 18.79 • 18,33 18,16 18,96 18.83 19.31 19.11 
Fe203 1.86 1.61 1.68 1,53 1,72 0,79 1.21 0,92 0.67 
MnO 0.09 0.03 0.04 0,09 0,02 0,04 0.05 0,01 0.02 
MgO 0.14 0.03 0.04 0,09 0,04 0,08 0.03 0,04 0.05 
CaO 1.14 0.97 0.37 1,03 0,91 0,65 0.35 0,50 0.56 
NaiO 4.17 6.62 4.67 3,93 4,95 4,30 4.87 5,94 4.65 
K2O 9.61 5.99 9.40 10.06 8,29 9,86 8.90 7,63 9.14 
P2O5 0.03 0.02 0.02 0.04 0,05 0,02 0.02 0,01 0.00 
L . O . I 0.58 1.12 0.93 • 0.48 0,62 0,66 0,91 0,81 1.23 
T O T A L ( L . O . L free) 99.57 99.22 99.40 99.71 99,18 100,04 99,60 99,96 • 99.81 

Sc 1.7 3.5 1.9 0,3 1.2 1,8 1.8 
V 30.6 26.7 21.4 22.4 32,6 11,0 18.7 6,3 5.0 
C r 6.2 3.3 10.7 29,2 0,2 
Co 1.5 1.5 2.3 0.3 0.7 0,5 0.2 
Ni 9.9 1.5 4.7 4.8 5,6 9,2 2.8 2,9 
C u 5.2 1.2 2.1 0.5 0,7 3,1 3.6 1,1 1.9 
Zn 48.9 39.6 42.3 31.9 58,0 26,9 28.0 10,8 44.4 
Ga 18.9 20.1 20.4 19.8 19,8 13,6 16.6 15,5 18.6 
Rb 418.7 184.4 384.1 398.2 480,0 369,5 269.3 208,7 173.8 
Sr 121.6 165.9 131.8 140.4 104,4 161.5 136.6 79,0 69.5 
Y 36.8 12.2 10.1 45.0 44,9 28.0 18.5 6,3 4.4 
Z r 288.4 99.1 345.4 204.4 278.6 91.8 205.2 324,3 148.3 
Nb 46.1 29.6 31.5 26.8 37.7 41.7 31.9 15,1 14.3 
Ba 106.6 61.4 89.4 74.3 22.3 148.8 119.3 58,1 123,0 
L a 84.6 84.1 75.3 112.5 166.5 66.4 75.5 15.3 30,0 
Ce 156.9 126.4 142.8 149.6 215.8 118.8 125.9 12,7 41,8 
Nd 34.4 32.6 32.0 47,6 58.8 30.1 36.6 5.8 6,3 
Pb 68.1 50.8 43.6 53,2 63.1 61.9 49.1 40.8 59,8 
Th 93.6 67.9 98.4 84,4 160.2 52.9 65.4 22.7 62,8 
U 9.9 5.0 7.5 5,8 4.1 5.8 23.8 

cipw 
%AN 8 8 4 7 6 8 4 5 7 
Q 2 1 2 
or 57 35 56 59 • 49 58 53 45 54 
ab 35 56 39 33 42 36 41 50 39 
an 3 5 2 3 3 3 2 2 3 
ne 
C 1 1 1 
di 2 2 1 
hy 1 2 1 2 1 1 
wo 
ol 
mt 
il 
ap 
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XRF analyses of the samples from the Central Anatolian Massif. Copyright © hy Nurdane llbeyli 

Pluton Hamit Hamit Hamit Hamit Hamit Hamit Hamit Hamit Hamit 
Sample no N48 N247 N47 N251 N49 N266 N291 N290 N289 
Rock type qsy kspsy qsy kspsy gsy kspsy qsy qsy qsy 
Geochemical description sy sy sy sy sy sy sy sy sy 

Si02 65.64 65.84 65.88 65.94 66.00 66.16 66.53 66.78 67.02 
Ti02 0.30 0.07 0.30 0.04 0.30 0.04 0.29 0.28 0.31 
AI2O3 17.11 18.92 17.29 19.12 17.44 19.30 17.16 17.32 17.21 
Fe203 2.04 0.74 2.16 0.45 2.10 0.42 1.92 1.79 2.07 
MnO 0.07 0.02 0.07 0.00 0.07 0.01 0.06 0.05 0.07 
MgO 0.37 0.03 0.42 0.02 0.39 0.03 0.35 0.29 0.39 
CaO 1.80 0.50 1.84 0.37 1.88 0.42 1.73 1.59 1.91 
NajO 4.38 5.07 4.29 5.82 4.44 6.06 4.24 4.29 4.28 
K2O 7.02 8.67 6.98 7.96 6.97 7.49 7.18 7.30 6.81 
P2O5 0.06 0.00 0.05 0.01 0.06 0.00 0.04 0.04 0.06 
L . O . I 0.27 0.98 0.31 1.14 0.28 0.90 0.39 0.64 0.43 
T O T A L ( L . O . L free) 98.80 99.85 99.27 99.73 99.64 99.93 99.50 99.72 100.13 

Sc 3.8 1.4 3.6 4.7 1.6 0.3 1.8 1.6 
V 23.2 9.5 24.8 0.6 22.3 6.7 28.5 24.5 28.9 
C r 3.9 11.9 3.6 0.8 3.0 5.6 
Co 3.2 0.8 0.1 0.8 3.5 0.3 5.6 1.4 5.2 
Ni 2.2 2.3 5.8 2.2 0.8 7.9 10.5 10.1 
Cu 9.0 3.2 1.1 2.1 6.3 0.4 4.6 2.7 1.5 
Zn 48.9 16.4 40.6 17.6 46.8 8.4 33.4 26.7 40.3 
Ga 15.3 17.5 21.1 .17.4 21.1 16.6 19.6 19.7 19.9 
Rb 355.0 351.4 349.5 362.4 348.4 208.8 364.5 368.8 340.2 
Sr 267.0 140.3 270.2 128.1 284.0 66.8 224.9 240.4 255.8 
Y 21.4 4.3 36.7 9.7 19.7 2.0 41.5 40.4 43.4 
Zr 345.4 106.7 316.9 54.8 367.8 20.2 346.0 316.1 368.4 
Nb 37.8 14.8 19.8 12.6 37.5 8.2 35.6 35.2 37.4 
Ba 246.8 133.7 295.0 132.5 286.3 38.6 221.7 308.8 294.6 
L a 87.0 . 36.7 119.4 38.2 124.7 16.9 96.2 88.6 117.9 
Ce 140.7 55.8 159.1 60.4 176.3 6.3 140.5 131.7 154.6 
Nd 39.6 13.2 38.1 9.5 43.0 4.1 30.2 23.9 35.2 
Pb 57.2 46.8 59.4 55.8 58.5 44.4 60.9 61.3. 60.4 
Th 108.3 45.9 126.2 54.1 144.2 2.3 111.4 100.7. 127.2 
U 14.8 2.3 3.3 18.2 1.5 11.5 8.6 11.5 

cipw 
%AN 15 5 17 3 16 4 16 15 17 
Q 8 2 9 1 8 1 9 9 11 
or 41 51 41 47 41 44 42 43 40 
ab 37 43 36 49 38 51 36 36 36 
an 6 2 7 2 7 2 7 6 8 
ne 
C 
di 2 1 2 1 1 1 
hy 3 1 3 1 3 1 3 3 3 
wo 
ol 
mt 
il 
ap 
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I Copyright © by Nurdane Ilbeyli 
XRF analyses of the samples from the Central Anatolian Massif. 

Pluton Hamit Hamit 
Sample no N292 N265 
Rock type qsy gr 
Geochemical description qmz gr 

Si02 67,06 72.24 

Ti02 0,29 0,15 
AI2O3 17,40 14,50 
Fe203 1,96 1,49 
MnO 0,06 0,02 
MgO 0,34 0,23 • 
CaO 1,80 1,39 
NajO 4,25 3,02 
K2O 6,88 6,21 

P2O5 0,04 0,02 
L . O . I 0,41 0,97 
T O T A L ( L . O . L free) 100,07 99,27 

Sc 1,7 1,9 
V 28,2 1,6 
C r 3,0 , 2,3 
Co 3,1 0,2 
Ni 8,3 2,2 
Cu 2,4 1,8 
Zn 35,4 13,7 
Ga 19,7 18,1 
Rb 317,3 245.8 
Sr 236,3 57.7 
Y 39,4 2.5 
Z r 347.1 67.7 
Nb 34.0 9.8 
Ba 266.1 39.9 
L a 108.7 14.6 
Ce 152.4 10.4 
Nd 30.7 3.6 
Pb 62.3 48.7 
Th 133.5 10.9 
U 13.4 1.1 

clow 
%AN 18 21 
Q 11 27 
or 41 37 
ab 36 26 
an 8 7 
ne 
C 
di 1 
by 3 3 

wo 
ol 
mt 
il 
ap 
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APPENDIX C ( in) 

XRF analyses of the samples from the Central Anatolian Massif. Copyright © hy Nurdane llbeyli 

Pluton Cefalikdag Cefalikdag Cefalikdag Cefalikdag Cefalikdag Celebi Celehi Celehi Behrekdag 
Sample no N378 N419 N377 N418 N412 N221 N220 N222 N169 
Characteristic mafic dyke mafic dyke mafic dyke mafic dyke phonolitic dyke mafic dyke mafic dyke mafic dyke aplitic dyke 
Rock type 

aplitic dyke 

Geochemical description mzdi mzdi mzdi mzdi fsy mz mz mz qmz 

SiOj 52.29 53.40 53.47 54.98 56.54 56.86 57.21 58.01 69.67 
Ti02 0.56 0.71 0.55 0.70 0.44 0.54 0.55 0.56 0.16 
AI2O3 19.22 18.77 19.32 19.18 21.12 13.84 14.24 14.32 15.66 
Fe203 8.35 4.35 7.82 4.21 3.00 7.02 6.19 5.78 1.25 
MnO 0.21 0.13 0.20 0.10 0.12 0.17 0.13 0.12 0.03 
MgO 2.41 2.95 2.42 2.90 0.65 5.87 5.83 5.64 0.38 
CaO 9.70 12.37 9.64 11.27 2.41 8.44 8.59 8.68 1.89 
Na20 3.23 2.46 3.13 2.66 4.93 2.82 2.69 2.91 2.56 
K2O 2.73 4.03 3.07 3.99 9.49 3.77 3.89 3.56 7.35 
P2O5 0.30 0.09 0.30 0.10 0.06 0.16 0.15 0.16 0.03 
L . O . I 1.77 2.52 1.48 1.96 1.93 0.91 0.99 1.07 0.83 
T O T A L ( L . O . L free) 99.00 99.25 99.91 100.09 98.76 99.49 99.47 99.73 98.97 

Sc 12.9 19.7 15.7 23.4 3.8 18.4 16.9 25.3 3.0 
V 98.4 143.5 95.5 147.0 51.0 151.9 147.7 163.1 18.3 
C r 6.0 141.5 6.7 138.3 288.3 274.5 276.9 
Co 23.9 8.3 22.1 13.2 3.1 16.7 15.9 13.1 2.9 
Ni 8.7 54.8 9.5 64.6 3.5 47.5 51.1 49.6 
C u 10.2 4.8 10.4 38.3 8.1 6.6 5.8 3.5 18.1 
Zn 125.5 96.8 115.6 71.1 92.9 66.3 58.9 52.8 22.8 
Ga 23.9 21.0 23.5 23.7 23.7 13.9 14.7 17.2 9.9 
Rb 62.4 157.3 65.5 155.6 305.3 197.6 205.0 192.1 222.1 
Sr 822.8 423.3 828.1 415.9 730.2 266.9 309.6 334.4 450.8 
Y 31.8 41.9 29.2 35.7 35.6 36.9 33.1 25.1 9.4 
Z r 264.8 154.1 161.4 154.2 490.0 126.2 123.5 139.1 59.9 
Nb 14.3 15.4 9.6 15.0 63.5 12.6 10.1 11.4 9.1 
Ba 1409.9 699.3 1588.3 595.1 323.4 658.2 702.8 655.7 1950.6 
L a 51.6 33.7 44.9 34.8 129.3 40.6 37.7 30.6 28.8 
Ce 147.7 53.0 106.9 63.1 231.4 64.8 55.3 61.1 35.6 
Nd 54.5 22.4 47.9 25.5 77.3 32.4 21.6 23.5 12.7 
Pb 53.2 49.4 43.7 41.9 82.2 28.8 28.9 36.6 62.1 
Th 31.3 13.7 17.0 14.7 88.1 15.2 13.5 13.2 26.2 
U 5.7 3.9 3.7 2.7 19.2 3.2 3.2 2.8 3.4 

cipw 
%AN 53 65 52 56 42 37 40 39 30 
Q 1 2 3 21 
or 18 24 16 24 56 22 23 21 43 
ab 26 15 27 22 10 24 23 25 22 
an 
Ic 

30 28 30 29 7 14 15 15 9 

ne 3 17 
C 22 21 22 
di 14 27 14 22 3 14 13 12 
hy 4 1 3 
wo 
ol 
mt 
il 
ap 
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XRF analyses of the samples from the Central Anatolian Massif Copyright © by Nurdane Ilbeyli 

Pluton Behrekdag Behrekdag Behrekdag Cefalikdag Behrekdag Celebi Celebi Celebi 
Sample no NI68 N178 N170 N310b N8 N119 N117 N118 
Characteristic aplitic dyke pegmatitic dyke apUtic dyke aplitic dyke aplitic dyke aplitic dyke aplitic dyke aplitic dyke 
Rock type 
Geochemical description qmz gr gr qmz qmz qmz gr gr 

Si02 69.91 76.58 77.05 68.53 69.06 69.58 70,78 71.00 
Ti02 0.15 0.02 0.06 0.27 0.26 0.19 0,18 0.18 
AI2O3 15.59 12.07 12.38 15.42 14.90 14.84 14,90 14.84 
FejOj 1.07 0.22 0.48 2.68 3.22 2.20 2,00 1.76 
MnO 0.03 0.01 0.02 0.06 0.07 0.06 0,05 0.05 
MgO 0.31 0.24 0.07 0.93 1.09 0.34 0,23 0.31 
C a O 1.51 0.16 0.66 2.24 3.08 2.07 1,86 2.01 
Na20 2.37 1.41 2.11 2.80 2.51 2.95 2,90 3.00 
K2O 7.97 8.66 6.89 6.16 5.81 6.25 6,41 6.06 
P2O5 0.02 0.01 0.10 0.08 0.05 0,04 0.04 
L . O . I 0.83 0.30 1.03 0.93 0.60 0.65 0,66 0.60 
T O T A L ( L . O . L free) 98.93 99.36 99.72 99.19 100.08 98.53 99,35 99.24 

Sc 2.7 0.3 3.3 3.5 2.5 4.7 3,3 5.0 
V 14.5 0.8 5.9 30.7 43.8 31.2 22,8 25.2 
C r 0.7 18.2 1.2 12.2 1.7 4,1 1.4 
Co 3.5 0.2 3.9 3.4 7.4 3.3 3,1 0.2 
Ni 0.4 3.9 1.7 4.2 8.3 1.1 2,4 
Cu 16.9 1.5 3.5 4.8 10.5 3.3 2,0 2.3 
Zn 22.2 7.1 13.8 45.3 39.8 34.6 42.4 30.0 
Ga 10.8 9.2 6.5 18.9 11.0 18.1 14,5 15.4 
Rb 239.1 232.1 306,3 202.9 217.4 214,1 218.2 194.2 
Sr 462.4 270.5 152,4 343.8 366.1 203,3 198.4 199.8 
Y 7.4 3.4 1,7 11.7 19.1 14,4 18.7 15.1 
Zr 47.6 5.2 38,5 89.7 92.7 121,5 130.3 104.6 
Nb 7.8 3.5 8,4 12.3 8.8 11,5 15.6 12.7 
Ba 2277.8 581.2 193,2 798.4 850.6 1135,6 1172.3 1065.1 
L a 19.8 0.5 7,4 69.0 21.3 25,1 69.0 30.4 
Ce 32.1 1.3 8,6 123.1 34.1 37,2 91.7 47,3 
Nd 7.4 1.5 1,3 45.6 12.7 8,1 20.1 14,2 
Pb 57.8 38.9 43,4 35.1 45.3 51,9 50.3 42,4 
Th 26.3 1.4 20,2 41.9 23.2 24,8 34.7 26,2 
U 2.7 0.5 5,3 3.3 3.8 5,1 5.0 3,3 

cipw 
%AN 27 6 15 31 37 26 26 26 
Q 21 34 37 21 23 22 24 25 
or 47 51 41 36 34 37 38 36 
ab 20 12 18 24 21 25 25 25 
an 7 1 3 10 12 9 9 9 
Ic 
ne 
C 1 
di 2 4 3 3 
hy 2 1 1 6 6 
wo 
ol 
mt 
il 
ap 
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XRF analyses of the samples from the Central Anatolian Massif. Copyright © by Nurdane Ilheyli 

Pluton Cefalikdag Cefalikdag Cefalikdag Cefalikdag Cefalikdag Cefalikdag Cefalikdag Cefalikdag 
Sample no N315 N311 N241 N242 N243 N312 N314 N22 
Characteristic aplitic dyke aplitic dyke aplitic dyke aplitic dyke aplitic dyke aplitic dyke aplitic dyke aplitic dyke 
Rock type 

aplitic dyke 

Geochemical description gr sr gr gr gr gr gr gr 

Si02 71.96 71.99 72.35 72.38 72.44 73.06 73.77 75.92 
Ti02 0.24 0.15 0.14 0.14 0.12 0.14 0.19 0.10 
AI2O3 14.70 14.61 15.13 15.28 15.30 13.83 13.90 12.99 
Fe203 1.81 1.98 1.04 1.09 0.99 1.59 1.46 1.08 
MnO 0.04 0.03 0.01 0.01 0.02 0.02 0.03 0.01 
MgO 0.52 0.27 0.15 0.19 0.11 0.25 0.35 0.11 
C a O 2.33 1.94 1.42 1.01 1.04 1.22 1.56 1.01 
Na20 2.94 3.00 3.30 3.47 3.42 2.34 2.65 2.35 
K2O 4.65 5.34 5.75 5.67 5.86 6.75 5.42 6.08 
P2OS 0.07 0.04 0.03 0.03 0.02 0.07 0.05 0.01 
L . O . I 0.59 1.40 1.17 0.95 1.40 0.93 0.54 0.34 
T O T A L ( L . O . L free) 99.26 99.35 99.32 99.27 99.31 99.27 99.37 99.67 

Sc 5.2 5.0 4.2 1.8 3.2 4.2 2.4 2.6 
V 16.9 16.5 7.7 16.3 17.8 11.1 10.4 6.4 
C r 4.5 3.0 1.7 0.7 2.1 3.1 0.5 2.3 
Co 1.4 0.9 2.2 0.4 3.1 2.8 1.2 
Ni 1.4 2.5 2.2 2.4 1.6 1.9 4.0 
Cu 0.5 26.1 22.0 28.3 1.2 1.7 1.2 
Zn 37.1 23.9 14.6 9.3 8.8 23.4 35.2 6.9 
G a 17.8 14.0 12.1 14.5 14.3 13.9 15.6 16.2 
Rb 156.6 165.0 194.9 180.5 185.3 191.6 188.0 227.6 
Sr 333.4 318.9 328.7 349.7 336.2 253.2 276.9 131.0 
Y 5.3 2.6 6.4 4.3 9.2 7.2 3.0 15.9 
Zr 112.2 105.1 127.6 125.1 109.3 126.7 112.1 59.5 
Nb 11.5 7.7 12.8 11.3 12.7 9.1 9.9 2.6 
Ba 819.8 754.5 665.7 691.8 643.2 845.0 811.8 193.2 
L a 19.2 36.5 19.7 25.1 19.5 43.1 15.8 17.6 
Ce 40.4 60.0 35.0 42.0 51.2 72.3 23.5 49.0 
Nd 13.4 19.9 11.3 14.6 11.5 28.1 10.3 13.1 
Pb 35.1 40.9 38.5 26.1 31.0 46.3 37.6 69.2 
Th 14.5 16.3 18.2 17.6 17.3 16.6 11.4 24.1 
U 2.2 2.2 2.0 3.0 2.7 1.8 2.1 

ctpw 
%AN 31 27 20 14 15 22 25 20 
Q 30 28 27 27 27 30 33 36 
or 27 32 34 34 35 40 32 . 36 
ab 25 25 28 29 29 20 22 20 
an 11 9 7 5 5 6 7 5 
Ic 
ne 
C 1 1 2 1 1 1 1 
di 
hy 4 4 2 2 2 3 3 2 
wo 
ol 
mt 
il 
ap 
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XRF analyses of the samples from the Central Anatolian Massif. Copyright © by Nurdane Ilbeyli 

Pluton Cefalikdag Cefalikdag Celebi Celebi Cefalikdag Celebi Baranadag 
Sample no N326 N320 N120 N121 N234 N207 N302 
Characteristic aplitic dyke • aplitic dyke aplitic dyke aplitic dyke aplitic dyke aplitic dyke microsyenilic dyke 
Rock type 
Geochemical description gr gr gr gr gr gr sy 

SiOj 76.09 76,26 76,81 77.04 77.26 74,07 65,46 
TiOj 0.06 0,06 0,08 0.08 0.13 0,15 0,11 
AI2O3 12.88 12,79 12,68 12.47 13.12 13.29 19,14 
FejOj 0.94 0,83 0,69 0.75 0.60 1.37 1,63 
MnO 0.01 0,01 0,01 0.02 0.01 0,03 0,02 
MgO 0.08 0,05 0,04 0.01 0.22 0,36 0,15 
C a O 0.89 0,80 0.70 0.74 0,99 1,73 1,94 
Na20 2.25 2,93 3.38 3.49 2,36 2,61 4,11 
K2O 6.53 5,60 5.03 4.70 5,34 5,74 7,94 
P2O5 0.01 0.01 0.01 0,01 . 0,03 0,01 
L . O . I 0.55 0.51 0.55 0.48 0,85 0,47 0,29 
T O T A L (L.O.I . free) 99.74 99.34 99.43 99.31 100,04 99,38 100,50 

Sc 1.4 3.9 3.3 2.4 2,4 4,8 0,6 
V 6.1 15.6 2.1 7.0 17,5 24,2 4,7 
C r 0.4 0,4 0.5 0.6 0,6 8,5 
Co 1,4 0,7 1.5 2.0 1,3 2,4 0,8 
Ni 2,3 1.8 1.6 1,4 0,5 9,9 
Cu 6,2 2,8 4.4 4.9 0,9 6,6 8,7 
Zn 14,7 22,6 14.1 8.5 10,4 21,7 18,4 
G a 10,7 14,3 13.3 6.0 6,9 10,2 21,0 
Rb 235,7 217,3 524.7 499.8 161,1 263,8 287,4 
Sr 87,5 264,2 0.3 693,9 222,4 541,0 
Y 3,6 17,4 14.5 12.0 2,7 1,9 17,2 
Zr 83,0 159,1 121.3 136.6 18,4 63,1 178,6 
Nb 9,3 17,5 30.9 25.6 2,9 11,2 9,2 
Ba 118,2 563,7 20.4 21.4 2566,2 222,1 642,8 
L a 21,0 39,0 21.3 20.6 22,6 11,1 
Ce 37,4 70,0 34.6 40.1 8,7 40,9 12,7 
Nd 11,2 23,3 11.1 12.3 2,4 5,8 2,4 
Pb 66,3 52,9 61.9 57.7 33,7 38,0 58,9 
Th 31,8 38,2 40.8 44.9 26,6 33,0 7.1 
U 6,4 6,9 .8.0 7.4 2,3 6,1 3,4 

cipw 
%AN 19 14 11 11 20 26 22 
Q 35 35 36 37 40 32 6 
or 39 33 30 28 32 34 47 
ab 19 25 29 30 20 22 35 
an 4 4 3 4 5 8 10 
Ic 
ne 
C 1 2 
di 1 
hy 2 1 1 1 1 3 3 
wo 
ol 
mt 
il 
ap 
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XRF analyses of the samples from the Central Anatolian Massif Copyright © by Nurdane Ilheyli 

Pluton Baranadag Baranadag Baranadag Baranadag Behrekdag Behrekdag Behrekdag 
Sample no N148 N149 N150 N1S3 N173 N103 N172 
Characteristic aplitic dyke aplilic dyke aplitic dyke aplitic dyke fme-grd enc. fme-grd enc. fine-grd enc. 
Rock type qmzdi (*} qmzdi qdi 
Geochemical description mz mz mz 

SiOj 75,79 76,21 76,35 11.n 55.22 56.07 57.97 
TiOj 0,08 0,07 0,06 0,06 0.42 0.76 0.43 
AI2O3 13,76 12,93 12,68 12,57 16.93 16.11 17.83 
Fe203 0.66 0,81 0,73 0,34 6.53 7.34 6.66 
MnO 0.02 0,01 0,01 0,01 0.18 0.18 0.17 
MgO 0.05 0.05 0,04 0,02 2.29 4.04 2.45 
CaO 0.25 0,68 0,89 0,91 6.32 8.33 6.57 
NazO 4.82 2,77 2,75 2,44 3.24 2.48 3.28 
K2O 4.15 5,98 5,72 6,07 4.99 4.77 4.64 
P2O5 0.01 0,01 0,00 0,00 0.27 0.25 0.28 
L . O . I 0.49 0,72 0,49 0,91 0.78 0.95 
T O T A L (L.O.I . free) 99.59 99,52 99,23 99,54 96.40 100.33 100.28 

Sc 2.5 0,9 1,7 3,0 14.7 14.4 18.1 
V 7.0 7,7 1,9 1,1 140.3 156.5 147.9 
C r 2.3 0,7 1,2 0,6 11.0 50.9 13.8 
Co 0.4 1,3 1,1 1,9 20.7 19.7 16.2 
M 3.2 1,7 1,4 1,7 9.4 29.3 8.2 
C u 2.7 3,5 1,1 4,4 101.1 57.4 98,0 
Zn 18.0 11,5 15,9 15,8 74.0 93.3 72,9 
G a 14.0 14,1 11,5 8,9 18.7 18.0 19,3 
Rb 299.6 336,2 259,2 293,3 237.3 193.9 215,4 
Sr 146.1 128,6 167,0 24,1 444.4 415.0 441,5 
Y 2.6 2,8 1,7 5,1 22.5 40.6 21.6 
Z r 65.8 96,6 53,5 92,3 136.8 90.5 143.3 
Nb 11,8 11,9 7,2 19,6 10.9 10.2 9.2 
Ba 142,4 162,4 93,9 59,9 926.4 1398.6 915.0 
L a 19,0 16,3 5,1 20,9 31.1 43.2 29.8 
Ce 14,6 19,5 1,5 28,2 67.5 83.0 64.3 
Nd 2,3 2,8 1,3 6,8 27.9 38.2 28.9 
Pb 44,7 46,8 46,1 40,9 58.4 46.6 51.9 
Th 31,5 32,7 25,5 36,0 16.0 8.4 14.2 
U 7,1 8,1 5,8 7,1 4.4 2.4 3.0 

cipw 
%AN 3 12 16 18 38 47 42 
Q 31 35 36 38 2 
or 25 35 34 36 29 28 27 
ab 41 23 23 21 27 21 28 
an 1 3 4 5 17 19 20 
Ic 
ne 
C 
di 
hy 
wo 
ol 
mt 
il 
ap 

11 
7 

2 
1 
1 
1 

17 
12 

9 
12 
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Pluton Behrekdag Behrekdag Celehi Celebi Celebi Behrekdag Behrekdag 
Sample no N174 N169 N66 N478 N201 N139 N140 
Characteristic fine-grd enc. fine-grd enc. fme-grd enc. fine-grd enc. fine-grd enc. fine-grd enc. fine-grd enc. 
Rock type qmzdi qdi qdi qdi qdi 
Geochemical description mz qmz mzd mz mz mi mz 

Si02 58.44 64.25 53.85 54.32 56.23 58.91 59.29 
Ti02 0.51 0.44 0.89 0.66 0.64 0.58 0.57 
AI2O3 16.76 15.65 17.81 16.83 16.28 17.50 17.53 
FejO, 6.67 4.97 9.69 7.76 7.22 5.54 5.37 
MnO 0.18 0.10 0.20 0.21 0.16 0.14 0.14 
MgO 2.54 1.76 3.86 3.11 3.24 1.99 1.95 
C a O 5.79 4.61 6.35 7.44 7.19 4.40 4.30 
Na20 3.16 3.02 4.47 3.14 2.51 3.55 3.62 
K2O 5.43 4.46 2.22 5.23 5.86 6.31 6.54 
P2O5 0.16 0.14 0.23 0.29 0.15 0.35 0.35 
L . O . I 1.05 1.12 2.42 1.56 0.46 0.82 0.71 
T O T A L (L.O.I . free) 99.64 99.40 99.56 98.99 99.48 99.27 99.66 

Sc 15.1 10.1 15.8 12.5 12.7 10.5 8.9 
V 122.8 94.7 120.9 127.8 143.1 91.1 92.8 
C r 16.7 16.3 68.1 9.3 28.8 14.4 9.6 
Co 17.3 12.8 29.2 20.3 14.3 12.2 14.1 
Ni 12.3 7.6 19.5 9.9 17.6 9.8 10.6 
Cu 12.7 19.9 8.0 14.1 34.8 69.6 58.3 
Zn 96.8 59.6 131.1 95.1 91.4 104.3 95.7 
Ga 14.0 18.8 26.9 20.5 18.9 26.9 21.1 
Rb 259.3 168.5 155.2 333.5 231.7 279.5 265.8 
Sr 417.6 432.5 520.3 436.5 437.0 515.2 516.4 
Y 19.0 23.4 28.4 29.2 29.4 27.4 32.7 
Z r 132.0 158.0 210.3 164.6 129.4 302.7 296.8 
Nb 13.1 15.4 25.0 16.4 6.9 21.8 22.4 
Ba 1200.8 931.6 367.4 780.1 1530.7 603.7 590.7 
L a 29.5 34.1 35.6 26.3 28.2 77.6 70.5 
Ce 59.9 63.4 99.8 64.6 47.5 159.5 133.5 
Nd 26.7 24.7 45.0 29.4 21.8 55.9 47.2 
Pb 58.5 43.4 24.6 51.1 66.5 61.2 60.5 
Th 8.9 24.7 13.0 16.5 0.6 22.9 27.1 
U 5.5 3.9 5.3 4.3 3.2 5.4 7.1 

cipw 
%AN 37 38 37 42 43 30 29 
Q 2 15 35 
or 32 26 13 31 21 37 39 
ab 27 26 38 22 16 30 31 
an 16 16 22 16 13 12 
Ic 
ne 2 
C 
di 10 5 7 16 16 . 5 6 
hy 11 9 5 6 10 10 
wo 
ol 
mt 
il 
ap 

12 
1 
2 
1 

265 



APPENDIX C (III) 

XRF analyses of the samples from the Central Anatolian Massif Copyright © by Nurdane Ilbeyli 

Pluton Behrekdag Behrekdag Cefalikdag Cefalikdag Cefalikdag Cefalikdag 
Sample no N142 N158 N508 NS09 N379 N381 
Characteristic fme-grd enc. fme-grd enc. medium-grd enc. medium-grd enc. medium-grd enc. medium-grd enc. 
Rock type ton gb gb 

medium-grd enc. 

Geochemical description mz qmz fgh fgb gb gb 

SiOa 59.66 65.64 42,19 42,86 45.70 46.48 
Ti02 0.62 0.43 1,13 1,06 1.26 1.15 
AI2O, 17.01 15.59 16,72 17,61 17.77 15.56 
Fe203 5.71 4.49 14.99 14,16 12.94 11.39 
MnO 0.15 0.08 0,27 0,26 0.25 0.21 
MgO 2.12 1.45 5.46 5.16 5.92 8.77 
CaO 4.84 4.06 14.56 14.64 10.34 11.21 
Na20 3.83 2.99 2.12 1.94 2.80 1.94 
K2O 5.02 4.82 1.52 1.44 1.75 2.18 
P2OS 0.27 0.11 0.84 0.66 0.38 0.40 
L . O . I 1.15 0.73 1.27 1.28 0.78 1.22 
T O T A L ( L . O . L free) 99.22 99.67 99.80 99.79 99.11 99.29 

Sc 10.1 14.2 38.0 32.6 32.3 34.3 
V 83.2 138.2 259.3 241.2 266.9 238.1 
C r 18.2 17.5 9.0 12.6 14.6 270.4 
Co 12,2 23.7 51.2 43.8 49.4 43.3 
Ni 11,3 13.3 26.6 28,2 22.0 61.4 
Cu 23,2 71.7 66.1 74,0 50.7 44.6 
Zn 104,9 165.1 149.8 140.0 146.0 129.8 
Ga 23,1 31.5 26,9 24.4 27.1 22.3 
Rb 205,6 186.4 31,9 30.7 56.1 73.3 
Sr 507.7 465.3 869,4 940.7 770.5 760.4 
Y 29.7 22.6 36,6 33.0 36.6 33.7 
Zr 257.7 286.7 152,3 136.5 163.5 184.9 
Nb 25.2 20.0 12,1 9.7 17.6 16.0 
Ba 518.6 252,7 319,0 384.5 673.2 774.5 
L a 57.3 51,2 22,9 21.0 37.0 34.4 
Ce 133.4 92,2 104,1 99.2 136.8 108.0 
Nd 49.7 22,1 63,9 58.7 80.5 61.8 
Pb 52.1 35,6 21,6 15.7 18.7 17.3 
Th 27.0 9,8 2,9 0.9 1.2 0.2 
U 5.8 4,9 3,1 0.6 

cipw 
%AN 31 37 100 100 71 76 
Q 3 17 
or 30 28 4 10 13 
ab 32 25 13 9 
an 14 15 32 35 31 27 
Ic 7 3 
ne 10 9 6 4 
C 
di 7 4 30 28 15 21 
hy 10 8 
wo 
ol 16 15 19 20 
mt 1 1 2 2 2 2 
il 1 1 2 2 2 2 
ap 1 2 2 1 1 

266 



APPENDIX C (III) 

XRF analyses of the samples from the Central Anatolian Massif Copyright © by Nurdane Ilbeyli 

Pluton Cefalikdag Cefalikdag Cefalikdag Cefalikdag Cefalikdag Cefalikdag 
Sample no N 3 8 0 N 2 4 1 a N 2 2 8 N 3 8 4 N 8 0 N 2 2 7 
C h a r a c t e r i s t i c medium-grd enc. medium-grd enc. medium-grd enc. medium-grd enc. medium-grd enc. medium-grd enc. 
R o c k type qdi 
Geochemica l description gh mzgb mzgb mzgb mzgh mzgh 

Si02 4 7 . 3 6 4 7 . 8 9 4 7 . 9 3 4 8 . 2 3 4 8 . 4 7 4 8 . 7 5 

T i O j 1 . 1 4 1 . 1 8 1 . 1 8 1 . 2 4 1 . 1 7 1 . 1 0 

A I 2 O 3 1 5 . 4 0 1 8 . 2 9 1 6 . 8 8 1 8 . 0 4 1 8 . 3 8 1 8 . 3 8 

F e j O j 1 1 . 3 7 1 2 . 3 2 1 1 . 6 5 1 1 . 0 7 1 1 . 0 5 1 0 . 6 6 

M n O 0 . 2 1 0 . 2 2 0 . 2 1 0 . 2 5 0 . 1 9 0 . 1 9 
M g O 8 . 7 1 5 . 0 3 5 . 4 9 5 . 4 5 4 . 7 8 4 . 9 9 
C a O 1 1 . 0 5 9 . 5 1 9 . 1 2 9 . 3 8 9 . 6 5 9 . 3 4 

N a i O 1 . 9 4 3 . 1 7 2 . 5 1 3 . 2 0 3 . 1 9 2 . 9 6 

K2O 2 . 2 2 1 . 9 2 2 . 5 5 2 . 1 9 2 . 0 8 2 . 4 5 

P 2 O 5 0 . 3 6 0 . 3 1 0 . 3 6 0 . 3 2 0 . 3 3 0 . 3 2 

L . O . I 0 . 9 8 0 . 6 7 2 . 0 1 1 .01 1 .21 0 . 6 5 

T O T A L ( L . O . I , free) 9 9 . 7 6 9 9 . 8 4 9 7 . 8 8 9 9 . 3 7 9 9 . 2 8 9 9 . 1 4 

S c 3 3 . 3 2 5 . 3 2 3 . 7 3 0 . 2 2 4 . 3 3 0 . 6 

V 2 4 9 . 7 2 0 1 . 7 2 1 8 . 5 1 7 4 . 8 2 0 8 . 3 2 2 9 . 5 

C r 2 7 5 . 5 1 3 . 3 3 2 . 3 5 3 . 9 3 0 . 1 2 7 . 7 

C o 3 8 . 1 4 3 . 9 3 6 . 2 3 2 . 9 3 8 . 8 3 3 . 6 

Ni 6 0 . 6 4 . 6 1 2 . 9 2 1 . 3 2 4 . 5 7 . 5 

C u 4 2 . 8 4 1 . 3 6 1 . 1 3 6 . 7 5 7 . 0 6 4 . 0 

Z n 1 3 1 . 9 1 4 2 . 2 1 3 2 . 0 1 6 4 . 5 1 3 7 . 1 1 2 3 . 1 

G a 2 7 . 3 2 3 . 7 2 7 . 2 2 9 . 3 1 9 . 1 1 9 . 6 

R b 7 2 . 8 7 3 . 3 1 3 1 . 8 1 0 2 . 3 1 2 4 . 7 1 1 5 . 8 
S r 7 0 8 . 6 5 8 7 . 0 7 6 0 . 9 6 4 2 . 0 8 8 0 . 6 7 8 7 . 9 

Y 3 3 . 9 3 3 . 3 2 7 . 7 4 4 . 2 2 3 . 4 2 8 . 5 

Z r 1 8 8 . 3 1 4 7 . 2 2 0 8 . 3 2 2 0 . 3 1 9 3 . 5 1 4 5 . 9 

Nb 1 6 . 0 1 8 . 7 1 8 . 7 2 4 . 0 1 8 . 8 1 8 . 2 

B a 6 8 7 . 7 4 7 3 . 2 1 0 0 3 . 4 4 5 5 . 4 6 8 8 . 9 9 8 7 . 2 

L a 3 0 . 1 5 1 . 0 3 2 . 0 4 3 . 0 3 0 . 7 3 5 . 3 

C e 8 1 . 4 1 2 8 . 5 8 4 . 9 1 3 6 . 8 7 5 . 2 7 2 . 8 

N d . 5 3 . 7 4 7 . 1 3 4 . 1 7 0 . 9 4 6 . 2 3 2 . 1 

P b 1 3 . 9 1 7 . 0 2 9 . 3 2 3 . 0 2 7 . 5 3 1 . 0 

T h 0 . 1 4 . 1 1.8 

U 1.6 0 . 4 0 . 9 0 . 3 5 . 1 

cipw 
% A N 7 1 6 1 5 9 6 0 6 0 5 9 

Q 1 5 1 2 1 2 

or 1 3 1 1 1 9 1 3 2 0 2 0 

ab 1 1 1 9 2 7 1 9 3 0 2 9 

an 2 7 3 0 1 2 8 4 3 

Ic 

ne 3 4 5 

C 
di 2 1 1 3 1 3 1 3 1 3 1 8 

hy 

wo 

ol 2 0 1 8 1 8 1 7 1 6 1 5 

mt 2 2 2 2 2 1 

il 2 2 2 2 2 2 

ap 1 1 1 1 1 1 
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Pluton Cefalikdag Cefalikdag Cefalikdag Cefalikdag Cefalikdag Cefalikdag Cefalikdag 
Sample no N 3 6 4 N 4 0 3 N 3 5 6 N 3 5 5 N 2 2 6 a N 3 8 8 N 3 8 7 
Charac ter i s t i c medium-grd enc. medium-grd enc. medium-grd enc. porphyritic enc. porphyritic enc. porphyrilic enc. porphyritic enc. 
R o c k type qdi 
Geochemica l description mzgh mzd mzgb mzgb mzgb gb mzgb 

S i O j 4 9 . 0 5 4 9 . 2 7 4 9 . 3 4 4 9 . 5 1 4 9 . 5 3 5 0 . 0 7 5 0 . 4 2 

T i O z 1 .09 1 . 2 2 1.03 0 . 9 9 0 . 9 9 0 . 7 0 0 . 7 6 

A I 2 O 3 1 7 . 8 8 1 8 . 8 0 1 6 . 7 9 1 8 . 2 7 1 7 . 5 9 1 8 . 7 9 1 7 . 5 9 

1 0 . 8 5 1 0 . 5 6 1 0 . 4 2 1 0 . 3 5 1 0 . 1 6 9 . 9 3 1 0 . 5 0 

M n O 0 . 2 1 0 . 2 3 0 . 2 4 0 . 1 9 0 . 2 1 0 . 2 1 0 . 2 2 

M g O 5 . 2 6 4 . 1 6 5 . 8 2 4 . 4 5 5 . 6 4 4 . 0 7 4 . 5 1 

C a O 9 . 5 7 7 . 9 7 9 . 8 0 9 . 7 5 1 0 . 5 4 9 . 9 8 9 . 6 9 

Na^O 3 . 0 7 3 . 6 8 2 . 8 0 3 . 2 4 2 . 9 6 4 . 0 0 3 . 5 0 

K2O 2 . 3 2 2 . 8 9 2 . 5 2 2 . 0 3 2 . 0 2 0 . 9 0 1 .59 

P 2 O 5 0 . 2 9 0 . 4 2 0 . 2 8 0 . 2 6 0 . 3 7 0 . 3 3 0 . 2 7 

L . O . I 0 . 7 4 1 .58 1.63 1.65 0 . 6 5 0 . 8 4 0 . 6 7 

T O T A L ( L . O . I , free) 9 9 . 6 0 9 9 . 2 0 9 9 . 0 4 9 9 . 0 4 1 0 0 . 0 0 9 8 . 9 8 9 9 . 0 5 

S c 2 7 . 4 2 2 . 7 2 8 . 2 2 6 . 8 2 5 . 1 2 3 . 3 2 3 . 4 

V 2 1 2 . 4 1 6 8 . 8 2 0 9 . 0 2 5 0 . 1 1 8 7 . 1 1 3 1 . 9 1 6 6 . 2 

C r 2 6 . 9 1 6 . 5 6 5 . 7 2 4 . 4 6 8 . 2 1 0 . 3 2 6 . 3 

C o 3 8 . 4 2 8 . 6 3 5 . 7 3 3 . 0 2 6 . 6 2 5 . 4 2 9 . 7 

Ni 1 5 . 8 1 6 . 3 1 7 . 9 1 8 . 0 31:2 1 4 . 5 2 1 . 1 

C u 3 1 . 2 1 2 5 . 6 5 3 . 0 2 5 . 0 9 6 . 1 6 8 . 9 9 7 . 8 

Z n 1 4 2 . 0 1 6 4 . 6 1 3 4 . 4 1 2 4 . 6 1 2 8 . 2 1 2 8 . 9 1 3 6 . 8 

G a 2 3 . 1 2 8 . 8 2 1 . 5 2 4 . 5 2 3 . 1 2 5 . 1 2 6 . 3 

R b 1 1 8 . 4 1 6 5 . 1 1 1 3 . 2 8 5 . 3 1 2 2 . 5 2 9 . 7 4 9 . 5 

S r 7 1 7 . 8 5 2 9 . 1 6 3 4 . 6 8 1 0 . 6 8 1 7 . 9 6 7 6 . 9 5 8 9 . 4 

Y 2 8 . 0 4 6 . 2 3 2 . 1 3 0 . 0 3 4 . 2 4 6 . 8 4 1 . 3 

Z r 1 6 6 . 4 2 9 9 . 7 2 3 9 . 8 2 1 8 . 4 1 2 4 . 0 1 4 4 . 6 1 5 9 . 7 

Nb 1 7 . 9 2 8 . 4 1 9 . 9 1 3 . 9 1 3 . 1 2 0 . 1 1 9 . 4 

B a 8 6 5 . 1 3 4 1 . 2 8 6 7 . 1 8 8 3 . 0 6 8 7 . 0 9 4 . 0 2 5 2 . 3 

L a 2 6 . 6 6 5 . 0 2 5 . 2 2 9 . 8 3 8 . 3 3 9 . 5 3 2 . 7 

C e 7 7 . 9 1 6 4 . 3 5 9 . 9 8 3 . 6 7 2 . 3 1 2 8 . 2 1 1 0 . 4 

N d 4 2 . 8 8 8 . 1 3 8 . 3 4 5 . 3 4 7 . 8 7 0 . 4 6 2 . 3 

P b 3 3 . 2 3 5 . 1 2 6 . 7 2 7 . 5 2 5 . 4 3 5 . 6 3 2 . 6 

T h 2 . 7 1 2 . 8 0 . 8 2 . 8 1.1 2 . 5 

U 2 . 2 1.3 0 . 6 1.3 1.2 1.2 3 . 6 

cipw 
% A N 5 9 5 5 5 8 5 6 5 9 5 0 5 0 

Q 1 2 

or 1 4 1 7 1 5 1 2 2 0 1 9 9 

ab 1 9 2 1 1 9 2 3 2 9 2 3 2 8 

a n 
Ic 

2 8 2 6 2 6 2 9 3 2 4 2 8 

ne 4 5 3 2 1 1 

C 
di 1 5 9 1 7 1 5 1 8 1 5 1 6 

hy 
wo 

ol 1 6 1 6 1 5 1 4 1 5 1 4 1 4 

mt 2 2 2 2 1 1 2 

il 2 2 2 2 2 2 1 

ap 1 I 1 1 1 1 1 
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Pluton Cefalikdag Cefalikdag Cefalikdag Cefalikdag Cefalikdag Cefalikdag Cefalikdag 
Sample no N375 N389 N401 N402b N385 N402 N398 
Charac ter i s t i c porphyritic enc. porphyrilic enc. porphyritic enc. porphyritic enc. porphyritic enc. porphyritic enc. porphyritic enc. 
R o c k type qdi 
Geochemica l description mzgb mzd mzd . mz di mz mz 

Si02 5 0 . 7 2 5 1 . 4 4 5 2 . 5 3 5 4 . 4 8 5 5 . 4 4 5 6 . 9 1 5 8 . 5 5 

T i O z 0 . 8 2 0 . 8 3 0 . 8 7 0 . 8 5 0 . 8 6 0 . 6 3 0 . 5 8 

AI2O3 1 8 . 3 6 1 7 . 0 0 1 6 . 0 0 1 5 . 5 3 1 6 . 5 5 1 5 . 8 7 1 5 . 5 7 

FC2O3 9 . 9 5 9 . 6 8 1 0 . 2 4 9 . 6 3 8 . 0 9 8 . 0 0 6 . 9 7 

M n O 0 . 2 0 0 . 2 3 0 . 2 6 0 . 2 4 0 . 1 7 0 . 2 0 0 . 1 8 

M g O 4 . 5 7 4 . 7 3 4 . 4 8 4 . 2 6 4 . 2 7 3 . 3 4 3 . 2 7 

C a O 9 . 0 3 8 . 7 3 7 . 4 4 7 . 0 3 7 . 9 5 6 . 1 7 5 . 7 4 

Na20 3 . 1 4 3 . 0 2 2 . 8 8 2 . 8 5 2 . 8 4 2 . 8 2 2 . 7 8 

K 2 O 1 .87 3 . 1 4 4 . 0 2 3 . 8 1 2 . 5 8 5 . 0 4 5 . 0 8 

0 . 2 5 0 . 2 3 0 . 2 4 0 . 2 4 0 . 2 2 0 . 2 5 0 . 2 4 

L . O . I 1 . 2 6 0 . 7 7 0 . 9 6 1 . 1 4 1 . 1 0 0 . 8 6 0 . 9 2 

T O T A L ( L . O . I . free) 9 8 . 9 1 9 9 . 0 3 9 8 . 9 6 9 8 . 9 2 9 8 . 9 7 9 9 . 2 3 9 8 . 9 6 

S c 2 2 . 5 2 0 . 9 2 4 . 6 1 8 . 8 2 4 . 5 1 8 . 5 1 5 . 2 

V 1 1 7 . 7 1 8 8 . 6 1 5 3 . 7 1 5 1 . 8 1 3 3 . 6 1 2 0 . 9 1 0 0 . 1 

C r 9 . 6 2 9 . 4 3 5 . 9 3 4 . 5 5 9 . 8 3 0 . 6 4 3 . 9 

C o 3 0 . 0 3 1 . 2 2 9 . 9 3 0 . 5 2 3 . 7 2 1 . 2 1 7 . 7 

Ni 1 8 . 1 2 4 . 1 1 8 . 0 1 4 . 8 1 7 . 0 1 5 . 1 1 9 . 1 

C u 4 1 . 4 8 4 . 6 4 1 4 . 9 4 6 0 . 4 1 2 . 7 2 3 3 . 2 2 2 4 . 0 

Z n 1 2 0 . 7 1 2 7 . 9 1 4 2 . 1 1 3 1 . 9 1 0 7 . 2 1 0 6 . 3 9 3 . 6 

G a 2 2 . 9 2 5 . 1 2 0 . 9 2 4 . 9 1 9 . 9 1 9 . 7 2 0 . 4 

R b 8 8 . 5 8 7 . 4 1 3 8 . 8 1 3 9 . 0 1 0 4 . 2 1 5 6 . 3 1 6 3 . 8 

S r 4 3 0 . 0 6 0 5 . 5 4 6 2 . 2 4 6 0 . 1 6 3 3 . 4 5 0 6 . 9 5 1 5 . 1 

Y 4 1 . 5 3 6 . 2 4 7 . 9 4 1 . 9 2 8 . 9 4 3 . 6 4 1 . 8 

Z r 1 9 0 . 1 1 5 9 . 2 1 6 0 . 2 1 5 3 . 6 1 9 3 . 6 1 9 3 . 5 1 9 3 . 3 

Nb 1 7 . 3 1 9 . 0 2 7 . 5 2 5 . 4 1 6 . 7 2 1 . 2 1 8 . 4 

B a 4 6 2 . 6 7 3 2 . 3 5 7 1 . 1 5 7 5 . 7 8 1 4 . 7 6 8 5 . 2 9 1 5 . 3 

L a 2 5 . 7 3 7 . 6 3 3 . 7 2 8 . 8 3 4 . 5 3 5 . 8 3 3 . 8 

C e 8 6 . 5 1 1 0 . 4 9 8 . 6 8 8 . 5 8 4 . 4 9 3 . 9 8 2 . 7 

N d 4 9 . 2 5 6 . 3 7 1 . 9 5 8 . 7 3 7 . 8 5 6 . 1 4 9 . 9 

P b 1 8 . 6 3 7 . 8 4 6 . 5 4 3 . 2 3 4 . 7 6 3 . 6 5 2 . 2 

T h 1.6 3 . 1 3 . 6 5 .3 6 . 2 2 8 . 5 4 0 . 3 

U 2 . 6 0 . 6 1.7 4 . 1 2 . 6 2 . 3 3 . 9 

cipw 
% A N 5 3 5 0 4 4 4 3 5 1 4 0 3 9 

Q 4 1 4 

or 1 1 1 9 2 4 2 3 1 5 3 0 3 0 

ab 2 7 2 3 2 4 2 4 2 4 2 4 2 4 

a n 3 0 2 4 1 9 1 8 2 5 1 6 1 5 

Ic 
ne 
C 
di 

hy 
wo 

ol 

mt 

i l 

ap 

1 1 

5 

1 2 

1 

2 

1 

1 5 

1 4 

1 

2 

1 

1 4 

1 4 

1 

2 

1 

1 3 

1 6 

2 

1 

2 

1 

1 1 

1 7 

1 1 

1 5 

1 0 

1 3 
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A r e a Kaman Kaman Kaman Kaman Kamim Kaman Kaman 
Sample no N365 N370 N362 N491 N490 C-1 C - 2 
R o c k type marble meta-greywacke meta-greywacke meta-greywacke meta-greywacke semi-pelite semi-pelite 

S i O i 5 6 . 8 8 6 9 . 6 6 7 2 . 9 4 7 4 . 2 9 7 4 . 9 6 7 7 . 2 6 7 7 . 5 2 

T i O a 0 . 0 1 0 . 4 2 0 . 6 7 0 . 0 3 0 . 1 7 0 . 3 8 0 . 3 9 

AI2O3 1 4 . 4 8 1 2 . 7 1 1 3 . 1 7 1 2 . 5 2 1 1 . 3 0 1 1 . 2 1 

F e j O a 0 . 2 5 3 . 4 7 4 . 6 1 1.45 1 .61 3 . 8 8 3 . 8 7 

M n O 0 . 0 0 0 . 0 6 0 . 0 9 0 . 0 3 0 . 0 2 0 . 0 6 0 . 0 6 

M g O 1 5 . 3 1 1 . 6 2 1 .85 0 . 7 1 0 . 7 1 2 . 1 6 2 . 1 0 

C a O 2 7 . 7 8 4 . 0 4 2 . 3 9 1.65 1 .57 0 . 4 4 0 . 4 5 

N a a O 0 . 2 4 3 . 1 9 2 . 2 1 2 . 5 4 2 . 1 4 0 . 7 4 0 . 7 4 

K2O 0 . 0 1 1 .99 1 .46 5 . 1 3 5 . 5 8 2 . 7 6 2 . 8 4 

P 2 O 5 0 . 0 7 0 . 0 5 0 . 0 4 0 . 0 3 0 . 0 6 0 . 0 7 

L . O . I - 2 . 7 9 0 . 9 2 1 . 8 0 1.33 1 . 1 2 2 . 5 2 2 . 5 7 

T O T A L ( L . O . L free) 1 0 0 . 4 8 9 8 . 9 9 9 8 . 9 7 9 9 . 0 3 9 9 . 3 2 9 9 . 0 3 9 9 . 2 5 

S c 4 1 . 1 1 0 . 0 8 . 8 4 . 1 4 . 7 4 . 9 6 . 8 

V 1.5 5 3 . 3 1 0 5 . 6 1 6 . 7 1 8 . 7 6 9 . 4 7 5 . 8 

C r 2 . 8 3 0 . 3 8 5 . 3 4 . 0 4 . 6 1 2 3 6 . 4 4 8 9 . 8 

C o 1.7 5 . 1 8 . 7 0 . 5 0 . 9 6 . 4 6 . 2 

Ni 7 . 2 1 0 . 1 3 1 . 2 2 . 3 2 . 0 1 0 2 . 0 9 5 . 8 

C u 3 . 8 7 . 0 2 0 . 6 3 . 8 1 9 . 9 2 8 . 4 2 6 . 2 

Z n 1 3 . 5 4 9 . 8 4 7 . 3 1 6 . 0 1 1 . 9 5 4 . 5 5 3 . 9 

G a 3 . 7 1 8 . 1 1 6 . 5 1 4 . 2 1 1 . 9 1 9 . 8 1 8 . 8 

R b 1.1 8 9 . 6 5 9 . 0 2 6 1 . 2 2 6 1 . 6 1 2 8 . 4 1 2 4 . 5 

S r 3 8 . 1 2 3 7 . 7 1 7 9 . 4 7 6 . 7 8 4 . 5 5 1 . 4 5 1 . 0 

Y 1.5 5 . 7 4 1 , 6 1 7 . 4 2 0 . 7 1 8 . 5 1 7 . 3 

Z r 9 . 8 1 3 0 . 4 2 4 1 . 8 1 3 6 . 6 1 2 4 . 2 1 3 7 . 9 1 3 0 . 8 

N b 1.7 9 . 8 1 5 . 1 1 5 . 3 1 3 . 5 1 3 . 5 1 2 . 8 

B a 7 . 5 3 9 4 . 1 3 6 1 . 4 5 0 0 . 9 6 6 2 . 1 4 6 6 . 2 4 8 5 . 9 

L a 1.1 1 5 . 4 4 0 . 8 2 5 . 2 2 1 . 5 1 5 . 5 2 3 . 6 

C e 5 . 5 2 6 . 9 7 8 . 6 4 5 . 7 3 4 . 4 3 7 . 4 5 8 . 1 

N d 2 . 3 1 2 . 5 3 7 . 6 1 8 . 2 1 2 . 8 1 3 . 0 2 3 . 3 

P b 5 0 . 6 2 1 . 8 1 8 . 9 3 9 . 8 3 2 . 8 1 5 . 5 1 7 . 6 

T h 1.2 2 1 . 7 2 1 . 0 2 6 . 5 2 2 . 5 7 . 8 6 . 2 

U 2 . 1 4 . 4 1.9 2 . 6 1.9 1.7 1.0 

civw 
% A N 4 2 3 8 2 7 3 0 2 2 2 2 

Q 4 3 0 4 4 3 4 3 6 5 6 5 6 

or 1 2 9 3 0 3 3 1 6 1 7 

ab 2 7 1 9 2 1 1 8 6 6 

an 1 9 1 2 8 8 2 2 

Ic 
ne 
C 3 1 6 6 

di 8 3 

hy 9 1 1 4 4 1 1 1 1 

wo 1 3 

ol 

mt 1 1 1 1 

il 1 1 1 1 

ap 
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A r e a Kaman Kaman Kaman Kaman 

Sample no N353 N464 N364 N463 
R o c k type meta-greywacke meta-greywacke meta-greywacke meta-greywacke 

S i 0 2 8 1 . 0 2 8 3 . 6 5 8 3 . 7 8 8 7 . 1 3 

T i 0 2 0 . 7 6 0 . 3 7 0 . 6 9 0 . 3 1 

A I 2 O 3 7 . 1 1 6 . 7 9 6 . 4 4 4 . 8 7 

F e j O j 4 . 8 1 3 . 7 5 3 . 9 7 3 . 3 3 

M n O 0 . 0 7 0 . 1 4 0 . 0 6 0 . 0 9 

M g O 1 . 7 5 1 . 7 7 1 .51 1 .09 

C a O 0 . 8 9 0 . 1 9 0 . 9 5 0 . 3 3 

N a j O 1 .35 0 . 6 2 0 . 8 2 0 . 7 4 

K 2 O 1 . 4 1 1 .79 0 . 7 9 1 . 1 9 

P 2 O 5 0 . 0 2 0 . 0 2 0 . 0 3 0 . 0 7 

L . O . I 1 . 3 0 2 . 1 6 1 .91 1 .47 

T O T A L ( L . O . I . free) 9 9 . 1 9 9 9 . 0 9 9 9 . 0 4 9 9 . 1 5 

S c 7 . 7 5 . 4 6 . 3 5 . 6 

V 1 1 1 . 5 1 6 9 . 3 1 2 2 . 2 3 3 . 7 

C r 6 4 . 6 4 9 . 7 6 3 . 2 2 7 . 9 

C o 1 0 . 1 1 3 . 3 6 . 9 6 . 8 

Ni 3 0 . 7 3 7 . 1 2 3 . 7 2 6 . 3 

C u 2 5 . 3 8 .7 1 9 . 3 4 . 4 

Z n 4 8 . 3 5 1 . 9 4 0 . 7 3 5 . 4 

G a 1 3 . 8 1 7 . 5 1 1 . 6 1 3 . 7 

R b 6 3 . 7 6 5 . 2 3 1 . 9 3 9 . 0 

S r 8 9 . 7 3 4 . 8 4 8 . 1 3 6 . 9 

Y 2 8 . 5 1 8 . 6 2 9 . 3 1 7 . 9 

Z r 4 3 1 . 3 6 9 . 2 4 6 1 . 0 5 8 . 1 

Nb 1 5 . 4 8 .3 1 5 . 7 5 . 6 

B a 4 3 8 . 6 1 8 2 . 1 1 5 5 . 3 1 4 1 . 7 

L a 4 1 . 5 2 8 . 6 3 7 . 4 2 0 . 5 

C e 8 1 . 9 7 8 . 2 6 5 . 5 3 8 . 2 

N d 3 5 . 9 2 3 . 6 3 2 . 4 1 6 . 9 

P b 1 0 . 5 6 . 4 3 . 9 5 . 0 

T h 1 8 . 5 8 . 4 1 1 . 4 7 . 3 

U 1.5 2 . 7 1.7 1.8 

cipw 
% A N 2 7 1 3 3 9 1 6 

Q 6 0 6 8 6 9 7 4 

or 8 1 1 5 7 

ab 1 1 5 7 6 

a n 4 1 5 1 

Ic 
ne 

C 2 4 3 2 

di 
hy 1 1 1 0 9 8 

wo 

ol 

mt 

il 

ap 

(*)=pellet result 
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APPENDIX C (IV-S)- Partition coefficient 
(mineral/whole-rock) data 
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d d CN CO d d CO CO CO CO •â  C S N O ' * - * ' * - ^ ^ - * CN CO d cs <o 

u z £ 

o o 1/1 )^ cs T j - cn CO CO CO CO cs oo t ^ - ^ t ^ O c o r - i n c o NO <7N O 0 0 ON 
'—1 m T l - cs oo CO v~, O ON N O - ^ o o N O - ^ o q - ^ O N CO V) m 

I Z \ d en d o i d d — cs CS — CO CO CO ro CO CO cs d CN d d —,' 
S 
a 

o 

0 0 00 >n cs oo - H ON NO v , CN t ~ ON • ^ c o c s o r o i n c o i / ^ r - -a- i n <n cn 
m CO CO CO OO CM NO NO oo • ^ C S C S O N O O O N O O N O CO o in 

1 z d d d — d d ^cscs — — — — — d — d 
S 

e
fa

 

a 

O 

0 0 fS 1... cn NO NO cs o ON —• (N • ^ t ^ i n o t ^ o o o — NO — 

z cs NO ^ NO 0 0 cs cspONr-;Nqpr-;>ri NO CO v-i v-i oo 
d d CS d --^ d d cs — CO cs' o i cs CO cs' cs d — d d d 

£ 
0 ! 

u 
o 
u 

J ) 
"3 
JS 

n
o

 

1 
a ki 

o s> 41 

i i B 
B 3'0,iS >> O hpQ 3 ia ,a 

>- N Z U w a, z S H B. H 

cs 



@ 

,1 

I 

> 

Q 

ON 

CN 

I 

00 

1 ̂  
05 

3g 

Z g. 

I z > 
s * 
i n 

44 

£ 

o 

£ 2 

SM ^ 

e 
o 

in v o in in CO ^ - . 
v o — O O O v o VD 
- J d d d d d 

in 

CN CN o in ^ CO 
^ CO ^ O O ON VO 
" d d d d d oi 

O O ON ĉ i i n 
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