
DISCLAIMER:	  

This	  document	  does	  not	  meet	  the 
current	  format	  guidelines	  of 

the Graduate	  School	  at	  	  
The	  University	  of	  Texas	  at	  Austin.	  

It	  has	  been	  published	  for	  
informational	  use	  only.	  



 i 

 

 

 

 

 

 

 

 

 

Copyright 

by 

Kathryn Grace Huber 

2011 

 

 



 ii 

The Thesis Committee for Kathryn Grace Huber 
Certifies that this is the approved version of the following thesis: 

 
 

Geochemistry and geochronology of meta-igneous rocks from the 
Tokat Massif, north-central Turkey 

 
 
 
 
 
 

 

 

APPROVED BY 
SUPERVISING COMMITTEE: 

 

 

 
Elizabeth Catlos 

Mark Cloos 

Daniel Stockli 

 

Supervisor: 



 iii 

Geochemistry and Geochronology of Meta-igneous rocks from the 
Tokat Massif, north-central Turkey 

 

 

by 

Kathryn Grace Huber, B.S.Geo.Sci. 

 

 

Thesis 

Presented to the Faculty of the Graduate School of  

The University of Texas at Austin 

in Partial Fulfillment  

of the Requirements 

for the Degree of  

 

Master of Science in Geological Sciences 

 

 

The University of Texas at Austin 
December, 2011 



 iv 

Abstract 

 

Geochemistry and geochronology of meta-igneous rocks from the 

Tokat Massif, north-central Turkey 

 

Kathryn Huber, M.S.Geo.Sci 

The University of Texas at Austin, 2011 

 

Supervisor:  Elizabeth Catlos 
 

Located in the Sakarya Zone of the eastern Pontides, the Tokat Massif is a 

Permian-Triassic metamorphic, volcanic, and sedimentary group of rocks cut by strands 

of the active strike-slip North Anatolian Shear Zone (NASZ). The assembly of the 

Tokat Massif is debated and is likely due to the region’s complex tectonic history. 

According to one interpretation, the massif is comprised of various imbricated piles of 

Pre-Tethyside and Tethyside units fragmented by the NASZ. Others distinguish three 

specific units that make up the subduction-accretion complex: the Tokat, Yesilirmak, 

and Akdagmadeni Groups. The Tokat Group is a pre-Jurassic metamorphic unit made 

up of a heterogeneous mélange and associated metasedimentary rocks. It has also been 

proposed that the Tokat Group is the easternmost extension of the Karakaya Complex, 

an extensive Permian-Triassic metamorphic unit within the Sakarya zone. The history 

of the Karakaya Complex is disputed and either represents oceanic rift deposits which 

developed into a marginal ocean basin or accretion-subduction units of the Paleo-
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Tethys. Structurally incorporated into the Tokat Massif is a Cretaceous ophiolitic 

mélange that formed from the closing of the Neo-Tethyan ocean basin, and it is 

proposed that the closing of the Paleo- and Neo-Tethys are both documented by 

imbricated thrust faults in the region. Metagabbros, metabasites, and serpentinites 

(n=38, 9 sample locations) were collected from the Tokat Group and metabasalts (n=8) 

were collected from a Cretaceous ophiolitic mélange.  These rocks were studied to 

determine geologic source and age. All rocks from the Karakaya Complex are both 

oceanic rift-related and enriched from a deeper OIB plume source based on REE, trace 

element and clinopyroxene mineral chemistry. Metabasalts from the Cretaceous 

mélange have IAT affinites based on REE patterns and trace geochemical data. 

Karakaya gabbroic rocks were likely generated by mixing of plume-related and 

enriched magmas near the rifting Paleotethyan ocean crust. Metamorphism and 

deformation occurred during the northward subduction of the Paleotethyan ocean basin 

and accretion of the Karakaya units to the Laurasian continental margin. Small (<20 

µm) zircon and baddeleyite grains from four Karakaya samples were dated in thin 

section using a Cameca 1270 ion microprobe at UCLA. The rocks yield a maximum 

238U/206Pb crystallization age of 256±17 Ma (±1σ) and minimum metamorphic age of 

173±9 Ma.  
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Chapter 1: Introduction 

1.1 INTRODUCTION 

The onset of continental drift theory in the early 20th century allows us to 

reconstruct and provide explanations for the movements of continental and oceanic 

lithosphere which are crucial to understanding biological evolution, mass extinctions, 

deposition of mineral resources, atmospheric fluctuations, and earthquakes (Wicander 

and Monroe 2009). If one were to travel back in time to the late Permian, the time when 

one of the most widespread elimination of marine communities occurred (e.g., Bowring 

et al. 1998; Erwin et al. 2002), the configuration of continents and oceans would be 

drastically different (Figure 1.1). Constraining the timing of tectonic plate evolution 

during this time aids in predicting plate movement and potential life threatening 

changes on earth in the future. The founder of continental drift, Alfred Wegener, once 

said, “Scientists still do not appear to understand sufficiently that all earth sciences 

must contribute evidence toward unveiling the state of our planet in earlier times, and 

that the truth of the matter can only be reached by combing all this evidence...” 

(Wegener 1929).  It is the purpose of this thesis to contribute petrological, geochemical, 

and geochronological evidence of oceanic plate creation and subduction during the late 

Paleozoic and Mesozoic eras in a specific region in north central Turkey.  
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1.2 OVERVIEW OF THE GEOLOGY OF TURKEY 

At a crossroads between Arabia, Africa, and Eurasia, Turkey is an ideal location 

to better understand tectonic interactions between multiple plates. Turkey lies within 

the Alpine-Himalayan mountain belt and is composed of amalgamated lithospheric 

units from Gondwana and Laurasia. Due to northward movement of the Arabian plate 

towards the Anatolian Plate, these fragments joined into single continental mass to form 

Turkey in the Late Tertiary (Okay and Tuysuz 1999). The geology of the Turkey also 

records the development and subsequent destruction of two ancient ocean basins, 

known as the Paleotethys and Neotethys (Sengor and Atayman 2009) (Fig. 1.1). This is 

evidenced by subduction-accretion complexes that contain ophiolites and mélanges 

commonly located near sutures (Festa et al. 2010; Sayit et al. 2010). Sutures are 

commonly identified by sub-linear belts of stratigraphy, structures, metamorphism, and 

paleogeography (Okay and Tuysuz 1999; Goncuoglu 2010). One particular subduction-

accretion complex, the Karakaya Complex, likely formed due to the subduction of the 

Paleotethyan ocean basin (e.g., Sengor et al. 1980; Okay et al. 2000; Sayit et al. 2009; 

2010). This thesis primarily focuses on igneous rocks of the Karakaya Complex within 

the Tokat Massif, a pre-Jurassic metamorphic complex with a debated origin and 

tectonic assembly. The Tokat Massif is located in the eastern Pontides, north of the 

Izmir-Ankara-Erzincan Suture Zone (IAESZ) (Fig. 1.2).   

1.3 RESEARCH QUESTIONS 

Some key questions to answer in this study of the Tokat Massif: 
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1. What is the origin of the altered igneous assemblages collected in the Tokat 

Massif?  

2. What are the ages of crystallization and deformation?  

3. How does the geochemistry of these assemblages relate to others in the 

Karakaya across the Sakarya Zone? 

4. How do reported ages in this thesis compare to other geochronological data 

in the Karakaya Complex? 

A general goal of this thesis is to present data interprestations of the origin of 

the igneous rocks within the Tokat Massif of the eastern Pontides. This type of data is 

scarce in the eastern Pontides and will assist in reconstructing the paleogeography and 

dynamics of the Paleotethyan ocean.  

1.4 METHODS 

To answer the above research questions, petrography, whole rock major and 

trace element geochemistry, clinopyroxene chemistry, in situ ion microprobe zircon and 

baddeleyite dating, and scanning electron imaging (cathodoluminescence, back 

scattered electron, and secondary electron) have been used to analyze and understand 

the crystallization and deformation history of meta-igneous rocks from the Tokat 

Massif, near Amasya in north central Turkey. A comparison of geochemical and 

geochronological data obtained in this study to other available data for the region and 

across northern Turkey is used to provide evidence the geodynamic evolution of the 

Pontides and Paleotethyan processes.  



 4 

Fieldwork involved sample collection of the Karakaya and Neotethyan related 

ophiolitic assemblages that have been documented within the Tokat Massif. Outcrops 

were located using previously published geologic maps (Akat et al. 2002; Genc and 

Tuysuz 2010) and collected using a rock hammer. Petrographic thin sections were 

prepared and studied under an optical microscope to determine primary and secondary 

mineral assemblages, degree of alteration and metamorphism, and petrologic 

classification. Major, minor, and trace element data from 14 collected samples was used 

to determine their potential source and relationship to similar units across northern 

Turkey. Zircon and baddeleyite grains were found in four meta-igneous samples and 

these were dated in thin section (in situ) using an ion microprobe. Interpretation of ages 

with scanning electron microscopy imaging (SEM) provided estimates of the timing of 

crystallization and metamorphism. This is the first time zircons have been dated in situ 

for these rocks. Comparison of acquired data to previously reported data helps to better 

understand the relationship of related Karakaya units and to develop a conceptual 

model for the region. 

1.4 ORGANIZATION OF THESIS 

This thesis is compiled into 6 chapters. Chapter 2 provides an overview of the 

geodynamics of the Tethyan oceans (Paleotethys and Neotethys), brief geologic history 

of Turkey, and geologic background of the Tokat Massif. Chapter 3 includes 

description of analytical methods and Chapters 4 and 5 report the results of these 

methods. The last chapter answers the research questions stated at the beginning of this 
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chapter, presents a conceptual model for the region, and suggests directions for future 

research.  
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Figure 1.1: Schematic depiction of the main paleotectonic elements of the world during 

the late Permian after Sengor and Atayman (2009). The Karakaya 

Complex across northern Turkey is Permian-Triassic in age.
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Figure 1.2: Map of the eastern Mediterranean region showing major tectonic units after Okay and Tuysuz (1999), Okay and 

Goncuoglu (2004), and Moix et al. (2008). Box shows the location of Fig. 2.1, the eastern Pontides. The Karakaya Complex 

(dark grey) is a Permian-Triassic metamorphic complex that is the focus of this study. The Neotethyan units (light grey) are  
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Figure 1.2, caption cont.: 

Cretaceous ophiolitic mélange units formed during the closure of the Neotethys.  The Anatolides-Taurides platform (pink) was 

part of Gondwanaland. The Sakarya Zone was part of Laurasia and now contains the Karakaya Complex.
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Chapter 2:  Geologic History 

2.1 TETHYAN OCEANS 

The geology of Turkey records the closing of two Tethyan oceans (Fig. 1.1): the 

Paleotethys (e.g., Sengor et al. 1985; Stampfli 2000) and the Neotethys (e.g., Sengor and 

Yilmaz 1981). The Paleotethys was a remnant ocean that initiated after the complete 

assembly of Laurasia during the Carboniferous-late Permian and closed during the 

Triassic-Jurassic (Sengor and Atayman 2009). The Neotethys was a younger ocean that 

opened between Gondwana and the Cimmerian continent during Carboniferous-early 

Jurassic (Sengor and Yilmaz 1981; Sengor and Atayman 2009). The Cimmerian 

continent is a rifted continental strip or archipelago from northern Gondwana that varied 

greatly in width (~10-700km) (Sengor et al. 1980).  The Cimmerian continent continued 

to move northward toward Laurasia (Sengor and Kidd 1979; Sengor et al. 1985) (Fig. 

1.2). The termination of the Paleotethys and rifting of the Neotethys basin may have been 

prompted by the Cimmerian rift event during the Triassic-Jurassic (Sengor et al. 1985; 

Stampfli 2000). 

Paleogeographic reconstructions of the Tethyan oceans are debated due to: (1) the 

partial overlap in age of both oceans, (2) complex structural relationships between sutures 

and amalgamated continental fragments (Sengor et al. 1984; Okay and Tuysuz 1999; 

Sengor and Atayman 2009; Bozkurt and Mittwede 2010; Sayit et al. 2010), (3) unknown 

subduction polarity of oceanic plate (Ustaomer and Robertson 1997; Sayit et al. 2010), 

and (4) the existence or even locations of smaller marginal ocean basins (Sengor and 
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Yilmaz 1981; Stampfli 2000; Ustaomer and Robertson 2004). To better understand the 

paleogeography of Turkey, detailed geochronologic, geochemical and structural data near 

suture zones are necessary. 

The IAESZ is an extensive suture that extends over 2000-km across Turkey from 

north of the city of Izmir, through Ankara, and to Erzincan in the east (Fig. 1.1). It 

continues east as the Sevan-Akera suture (Khain 1975; Okay and Tuysuz 1999; Moix et 

al. 2008). The IAESZ exposes remnants of the Izmir-Ankara-Erzincan ocean basin, a 

northern branch of the Neotethys (Sengor and Yilmaz 1981; Moix et al. 2008) and 

structurally incorporates less coherent exposures of the older Paleotethyan domain 

(Norman 1993). While the IAESZ is regarded as the main Neotethyan suture (Okay 1989; 

Okay and Tuysuz 1999), the specific locations of Paleotethyan sutures in Turkey are 

unknown (Sayit et al. 2010).  This is because the collision of the Neotethyan ocean basin 

and Laurasia caused orogenic deformation and associated magmatism that has obscured  

the older Paleotethyan units (Sengor et al. 1980). 

The IAESZ separates northern Turkey into two primary tectonic divisions: the 

Anatolides-Taurides platform to the south and the Pontides to the north (Fig. 1.1) (Sengor 

and Yilmaz 1981; Okay et al. 1996; Moix et al. 2008). The Anatolides-Taurides platform 

contains stratigraphy similar to Gondwana (Sengor et al. 1981), but was separated from 

the supercontinent by a narrow oceanic trough documented by the Pamphylian suture 

(Fig. 1.1) (e.g., Akyuz and Okay 1996). The Anatolide-Tauride platform was strongly 

deformed during the late Cretaceous-Paleocene subduction and collision and can be 

separated into several smaller zones with similar metamorphic and tectonic features 



 11 

(Akyuz and Okay 1996). The entire platform contains crystalline basement rocks, a 

Cambrian-Devonian clastic sequence, a Permian-Carboniferous interbedded sequence of 

limestones, shales, and quartzites, and late-Triassic-late Cretaceous carbonates (Sengor 

and Yilmaz 1981; Akyuz and Okay 1996).  

North of the IAESZ, the Pontides is a composite of tectonic blocks that formed 

from the late Paleozoic continental collision of Laurasia and Gondwana and the 

Cretaceous-Paleocene opening of the Black Sea (Moix et al. 2008). This region is 

described in the following section.  

2.2 PONTIDES 

The Pontide orogenic belt is a ~1500 km section of the Alpine-Himalayan 

mountain chain and has accumulated oceanic and continental units during the progressive 

closure of the Paleotethys during the Cimmeride Orogeny and the Neotethys during the 

Alpide Orogeny (e.g., Sengor 1984; Ustaomer and Robertson 1997). The Pontides is 

composed of many pre-late Jurassic tectono-stratigraphic units and is separated into three 

zones: the Strandja zone, the Istanbul zone, and the Sakarya zone (Fig. 1.2) (Okay 1989; 

Okay and Tuysuz 1999). The Strandja zone comprises the eastern segment of the 

Rhodope-Strandja Massif near Greece and consists of a deformed and metamorphosed 

orogenic belt (Okay and Tansel 2001; Bozkurt and Mittwede 2010). The Istanbul zone 

has a Precambrian basement with Ordovician to Eocene overlying sediments. The 

Sakarya zone contains a Permo-Triassic basement with variably metamorphosed rocks 

during the late Paleozoic-late Triassic, and covered by Jurassic to Tertiary clastics and 

carbonates (e.g., Sengor et al. 1980; Tekeli 1981; Kocyigit 1987). The progressively 
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accreted units that comprise the basement of the Sakarya Zone (Okay 1984) provide 

evidence of both Tethyan orogenies (Sengor et al. 1984). This thesis primarily focuses on 

Tethyan-related geology within the Sakarya zone of the eastern Pontides (Fig. 1.1).  

2.3 SAKARYA ZONE 

The Sakarya Zone extends east-west through northern Turkey, is bounded to the 

northwest by the Istanbul and Rhodope-Strandja zones and in the northeast by the Black 

Sea. It is bound to the south by the IAESZ (Fig. 1.2) (Okay and Tuysuz 1999; Moix et al. 

2008). The Sakarya basement is comprised of a Permian-Triassic highly deformed, 

metamorphic group of rocks currently regarded as the Karakaya Complex (Fig. 1.2). The 

origin, age, classification, and distribution of these rocks have been debated partly due to 

its extensiveness across northern Turkey (see Figure 1.2), heterogeneities (e.g., Bingol et 

al. 1975; Tekeli 1981; Sengor et al. 1984; Yilmaz et al. 1997; Goncuoglu et al. 2000), and 

lack of geochemical and geochronological data from Karakaya units in the eastern 

Pontides. The unit was first classified as the “Karakaya Formation” and extended from 

the Biga Peninsula in northwest Turkey to Ankara in central Turkey, and was interpreted 

as an intra-continental rift (Bingol 1975). A similar unit was described between the cities 

of Ankara and Tokat was named the “North Anatolian Belt” and classified as a 

subduction-accretion complex (Tekeli 1981). The term “Karakaya Complex” originated 

due to the International Stratigraphic Guide’s definition of the word ‘complex’ as 

“lithostratigraphic unit composed of diverse types of any class or classes or rocks 
and characterized by irregularly mixed lithology or by highly complicated 
structural relations to the extent that the original sequence of the component rocks 
may be obscured…and cannot be readily mapped” (Hedberg 1976; Sengor et al. 
1984).  
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Many interpret the geology of the Karakaya to represent various units and heterogeneities 

of the Paleotethyan basin (Sengor et al. 1985; Kocyigit 1991; Okay and Goncuoglu 2004; 

Sayit et al. 2009; Sayit et al. 2010). 

The Karakaya Complex is subdivided into lower and upper units (Tekeli 1981; 

Okay and Goncuoglu 2004). The Lower Karakaya Complex has since been located in 

regions across Turkey (Figure 6.1) and is differentiated into smaller mappable units of 

~90% deformed metabasites, phyllites, and marbles and ~10% of metachert, metagabbro, 

and serpentinite (Okay and Goncuoglu 2004). Greenschist facies mineral assemblages 

represent the majority of the Lower Karakaya, but high-pressure slivers of blueschist and 

eclogite have been found in the Biga Peninsula of western Turkey (Okay et al. 2002; 

Okay and Goncuoglu 2004).  

The Lower Karakaya is often referred to as the Nilufer Unit. Different 

interpretations of its origin are proposed, including a failed continental rift (Kocyigit 

1987; Genc and Yilmaz 1995), oceanic plateau (Okay 2000), seamounts and/or oceanic 

islands (Capan and Floyd 1985; Pickett and Robertson 1996; Yaliniz and Goncuoglu 

2002; Sayit et al. 2010), a large igneous province (Genc 2004), subduction-related 

magmatic arc (Eyuboglu et al. 2010; 2011) and intra-arc/fore-arc sequences (Okay et al. 

1996; Yilmaz and Yilmaz 2004). Field data, precise age relationships, and reliable 

geochemical studies with REE and isotopic data is limited in the eastern Pontides. 

Acquiring this type of data may assist in understanding the varied interpretations listed 

above. 
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The Upper Karakaya Complex is comprised of four separate tectono-stratigraphic 

units: an arkosic sandstone series, a greywacke/exotic limestone block series (primarily in 

Ankara-Tokat region), a debris flow/olistostrome unit, and a dark shale series (Okay and 

Goncuoglu 2004). Unconformably above the Karakaya are Liassic platform limestone 

and Lower Cretaceous pelagic limestone. This marine sequence is interpreted as a syn-rift 

to post-rift environment associated with the opening of the Neotethyan Izmir-Ankara-

Ocean (Moix et al. 2008).  

The Karakaya Complex in the eastern Pontides is present in three major areas: the 

Tokat Massif, the Agvanis Group, and Pulur Massif (Fig. 1.2) (Okay and Goncuoglu 

2004). The Tokat Massif in the eastern Pontides is the main interest of this study. 

2.4 EASTERN PONTIDES AND THE TOKAT MASSIF 

Within the Sakarya Zone, the eastern Pontide orogenic belt extends 500 km long 

and 200 km wide in the Black Sea region of Turkey (Fig. 1.2) (Eyuboglu et al. 2010). As 

mentioned earlier, it contains both Paleo- and Neo-tethyan units (Norman 1993; Okay 

and Goncuoglu 2004; Sayit et al. 2010) and subduction-related igneous activity (Sengor 

et al. 1988; Ustaomer and Robertson 1997; Moix et al. 2008; Eyuboglu et al. 2010). 

Subduction-related arc rocks have been documented in the Amasya region (Genc and 

Tuysuz 2010), the Tokat (Eyuboglu et al. 2011), the Agvanis, and Pulur massifs of the 

eastern Pontides (Fig. 1.1) (Okay 1984; Eyuboglu et al. 2010; 2011).  

 Due to the fragmentary nature of rocks, subsequent deformation/metamorphism, 

and geochemically varied subduction-associated magmatism, the details of the 

Paleotethyan closure and related eastern Pontide Orogeny are unclear (Pickett and 
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Robertson 1996; Eyuboglu et al. 2010). For example, if the eastern Pontide orogenic belt 

formed from a northward or southward oceanic subduction is unknown (Bektas et al. 

1999; Eyuboglu et al. 2010). Models that favor a northward subduction suggest the Black 

Sea is a related back-arc basin and that the ultramafic-mafic assemblages located south of 

the eastern Pontide Arc are remnants of the Paleotethys ocean basin (Sengor et al. 1981; 

Okay et al. 1996; Ustaomer and Robertson 1997). Alternatively, the Black Sea may 

represent a remnant of the Neotethys due to the formation of the Pontide orogenic belt 

during southward subduction (Eyuboglu et al. 2011). Yet another model suggests 

southward subduction of the Paleotethys north of the Pontides during the Paleozoic-Mid-

Jurassic, then Neotethyan northward subduction during the Upper Cretaceous-late Eocene 

(Sengor and Yilmaz 1981). 

Understanding the petrology, stratigraphy, and age of the Paleo- and Neo-tethyan 

units of the eastern Pontides is required to understand the evolution of the Tethys. The 

Tokat region (Fig. 2.1) exemplifies the problems in understanding the nature of the 

eastern Pontides as the massif’s nomenclature, stratigraphy and tectonic history are 

unclear (Table 2.1) (Rojay 1995; Bozkurt et al. 1997; Yilmaz et al. 1997; Yilmaz and 

Yilmaz 2004; Eyuboglu et al. 2011). The massif is interpreted to be part of the eastern 

extension of the Karakaya Complex (Sengor and Yilmaz 1981; Sengor et al. 1985; Okay 

and Goncuoglu 2004). According to one interpretation, the Tokat Massif is divided into 

three groups: Yesilirmak, Amasya, and Turhal meta-ophiolite groups (Table 2.1) (Yilmaz 

et al. 1997). The Yesilirmak Group, is a regionally metamorphosed heterogeneous group 

that ranges in age from Permian-late Triassic. Within the Yesilirmak, marble and 



 16 

quartzite are unconformably overlain by Triassic phylites, schists, and metabasites 

(Yilmaz et al. 1997). The entire Yesilirmak group and  Turhal meta-ophiolite is 

correlated to the Karakaya complex (Okay and Goncuoglu 2004). The Yesilirmak is 

interpreted to be the basement of the eastern Pontides, originally part of Gondwana 

(Sengor 1990), but according to another interpretation, a sequence similar to the 

Yesilirmak has not yet been identified from Gondwana (Yilmaz and Yilmaz 2004).  

The Amasya group is a Silurian meta-sedimentary group that can be correlated 

with the basement of the western Pontides and is sparsely exposed (Yilmaz et al. 1997). 

This high standing metamorphic nappe is similar to another unit in the central Pontides 

where it has been interpreted to be remnants of Laurasia based on the presence of 

Lauransian fauna (Tuysuz 1990). The Turhal Meta-ophiolite is interpreted to represent a 

small suture because it is “sandwiched” between Laurasian and Gondwanaland fragments 

(Yilmaz et al. 1997). Whether lithologies in the Tokat Massif were part of a marginal 

ocean basin or part of the larger Paleotethys is unclear (Yilmaz et al. 1997).  

Alternatively, the massif has been divided into three different units: Tokat, 

Yesilirmak, and Akdagmadeni (Turkish for ‘white mountain mine’) groups (Fig. 2.1) 

(Yilmaz and Yilmaz 2004). The Tokat Group consists of ophiolitic mélange and 

metamorphic units and forms the majority of the massif. In this case, the Akdagmadeni 

Group correlates to the Kirsehir Massif (Fig. 1.1) and Yesilirmak Group represents the 

‘North Anatolian Ophiolite Belt’ of various pre-Jurassic and Cretaceous ophiolitic units. 

The Tokat Group is further subdivived into the Turhal Metamorphics and the Devecidag 

Mélange. The Turhal Metamorphics has undergone greenschist metamorphism and is 
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made up of phyllites, schists, metabasites, and other meta-sedimentary rocks which 

correlate to the Nilufer Unit, or Lower Karakaya Complex. The Devecidag Mélange is 

composed of exotic blocks of Silurian to Triassic limestone and ophiolitic blocks within a 

sheared metaclastic and metavolcanic matrix. This unit is interpreted as remnants of a 

pre-Liassic ocean crust and correlate to the units of the Upper Karakaya Complex 

(Yilmaz and Yilmaz 2004). Instead of a paleo-suture within the Tokat Massif as 

suggested previously, the Tokat Group represents a pre-Liassic arc/fore-arc to subduction 

zone environment that was accreted to the Cretaceous ophiolite belt before the late 

Campanian (Yilmaz and Yilmaz 2004). 

2.5 PREVIOUS GEOCHEMISTRY AND GEOCHRONOLOGY 

In this study, mafic rocks in the Tokat region have been targeted for geochemical 

analyses to decipher their origin and geochemical evolution. In western and central 

Turkey, metabasalts and metagabbros of the Lower Karakaya Complex show both Ocean 

Island Basalt (OIB) and Enriched-Mid Ocean Ridge Basalt (E-MORB) affinities (Capan 

and Floyd 1985; Pickett and Robertson 1996; Genc 2004; Sayit et al. 2010). Alkaline 

basalts from the Karakaya unit west of Amasya display OIB and enriched trace elements, 

with garnet residual phases, while tholeiitic rocks show E-MORB characteristics (Sayit 

and Goncuoglu 2009). Jurassic magmatic rocks north of Amasya (Mudurnu Formation) 

are ~185 Ma based on ammonite fossils in lowest part of the formation (Genc and Tuysuz 

2010).  These rocks are subalkaline (tholeiitic and calc-alkaline) and display OIB-type 

bimodal magmatism and subduction signatures based on trace element and isotopic 

geochemistry (Genc and Tuysuz 2010). Ultramafic-mafic rocks within the Tokat Massif 
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have been interpreted to be Triassic magmatic intrusions that were emplaced by two 

magmatic events (Eyuboglu et al. 2011).  This interpretation is based on the presence of 

both gabbros and wehrlites as well as eight zircon grains analyzed by LA-ICPMS 

methods.  The first pulse intruded gabbro, and the second pulse emplaced wehrlites. For 

this interpretation to be valid, a south-dipping subduction model for the Paleotethys 

would be necessary (Eyuboglu et al. 2011).  But there is no evidence that these intrusions 

caused contact metamorphism to assemblages in the Tokat Massif. Also, no detailed 

SEM images of the dated zircons are presented to observe growth and/or recrystallization 

textures. 

Regionally, the Karakaya Complex has shown Devonian-Jurassic ages within 

carbonates and metamorphic rocks (Table 2.2). Chert bands within metabasalts from the 

Karakaya Complex in western Turkey are interpreted as late Triassic based on dating of 

conodonts (Sayit and Goncuoglu 2009). Radiolarians within chert in the Karakaya, 

northwest Turkey are Late Permian in age (Goncuoglu et al. 2004). Phengite and 

amphibole 40Ar-39Ar ages from metabasites and eclogites in the Nilufer Unit, northwest 

Turkey, indicate metamorphism in the Karakaya occurred between 215-203 Ma (Okay 

and Monie 1997; Okay et al. 2002). Metamorphism in the eastern Pontides in the Pulur 

Massif has been determined at ~260 Ma from Rb-Sr and 40Ar-39Ar dating of phengite and 

hornblende (Topuz et al. 2004). The undeformed and unmetamorphosed upper Mesozoic 

sedimentary cover also suggests metamorphism was pre-Liassic (Okay 1989; Bozkurt et 

al. 1997).  
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 Ages of rocks from the Tokat Massif are mainly constrained biostratigraphically 

(ages listed in Table 2.2). No direct age dating of the Turhal Metamorphics exists 

(Yilmaz and Yilmaz 2004). Limestone blocks within the Devecidag Mélange contain 

fossils yield Silurian to Triassic ages (Alp 1972; Rojay 1995; Capkinoglu and Bektas 

1999; Yilmaz and Yilmaz 2004). Radiolarian chert tectonically contained within the 

Tokat Metamorphics is Late Jurassic (Bozkurt et al. 1997). Eight zircons grains separated 

from one gabbro sample within subduction-related arc rocks near the city of Amasya 

yields a 206Pb/238U age of 203.3±4.9 Ma (Eyuboglu et al. 2011).  

It is clear from the information shown above the Tokat Massif is still poorly 

understood in terms of petrology, stratigraphy, age, geologic environment and evolution.  

The relationship of the region to the more regionally extensive Karakaya Complex is still 

unknown. Geochemical and geochronologic data can be used to assist in understanding 

the geology of the area and its link to the rest of the eastern Pontides. 

2.6 SUMMARY 

Even though there have been previous studies of the Paleotethys, the variations in 

tectonic environment, age, and history of the ocean basin in Turkey are still unknown. 

The eastern Pontides within the Sakarya Zone and the IAESZ contains geology that 

documents the opening and closing of the Paleotethys and the younger Neotethys. The 

geological framework of the Tokat Massif in the eastern Pontides is debated, and limited 

geochemical and geochronological evidence from the region has yet to clarify its original 

geologic environment and relationship with the Tethyan oceans. With the exception of 

one gabbroic intrusion, no ages from mafic assemblages in the Tokat Massif have been 
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reported. This study reports zircon ages from mafic assemblages in 4 locations (Figure 

3.1) to help constrain the relationship between the Tokat Massif and the Karakaya 

Paleotethyan units. This ultimately contributes to a better paleogeographic understanding 

of Paleotethyan and Neotethyan evolution within northern Turkey.  
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Figure 2.1. Schematic map of the Eastern Pontides.  See location in Fig. 1.2. Modified after Yilmaz and Yilmaz (2004) and  
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Figure 2.1, cont. 

Eyuboglu et al (2010) to show both magmatic arc rocks and  lithologies of the Tokat Massif: Tokat Group, Yesilrmak Group, 

and Akdagmadeni Group. Box shows the location of Fig. 3.1.
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Table 2.1: Two different stratigraphic interpretations of the Tokat Massif  
Group Unit Description 

Yilmaz et al. (1997) interpretation 

Yesilirmak Group Devecidag 

Melange 

serpentinized mafic igneous rocks and epi-

ophiolitic sedimentary rocks 

Topcam Fm. metamorphosed green and massive lavas, tuffs 

and agglomerates 

Kuytul Fm. ophiolitic rocks within a matrix of metapelite, 

metabasite, and marble  

Eskikoy Fm. metaflysch sequence of phyllites and 

metasiltstone 

Lacin Fm. Cat Marble blocks within metapelitic and 

meta volcanic matrix 

Cat Marble recrystallized limestone and marbles 

Geyraz Fm. metapelites 

Amasya Group Metaconglomerates, sandstones, limestone, shale, siltstones, 

phyllites 

Yilmaz and Yilmaz (2004) interpretation 

Tokat Group Turhal 

Metamorphics 

phyllite, schist, metasiltstone, metasandstone, 

metatuff, metabasite, gneiss and marble 
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Table 2.1, cont. 

  

Tokat Group 

Yesilirmak Group 

Devecidag 

Mélange 

exotic limestones and ophiolite blocks in a 

metaclastic and metvolcanic matrix. 

Olistostromal and mylonitised 

Ophiolitic 

mélange and 

ophiolites 

 

Akdagmadeni Group Gneiss, amphibolite, schist, quartzite, and marble 
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Table 2.1, cont. 
Tokat Group 

Yesilirmak Group 

Devecidag 

Mélange 

exotic limestones and ophiolite blocks in a 

metaclastic and metvolcanic matrix.  

Olistostromal and mylonitised 

Ophiolitic 

mélange and 

ophiolites 

 

Akdagmadeni Group Gneiss, amphibolite, schist, quartzite, and marble 
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Table 2.2 Geochronologic data from the Karakaya Complex and Tokat Massif 

Age Method Unit/Location Source 

Tokat Massif 

Late Permian Paleontology/ fusulinids Cat Marble Yilmaz et al. 1997 

Middle-Late 

Triassic 

Paleontology/foraminifers Lacin Fm Yilmaz et al. 1997 

Devonian Paleontology/conodonts Devecidag 

Mélange 

Capkinoglu and 

Bektas 1999 

Jurassic Paleontology/ radiolaria Chert Bozkurt et al. 1997 

203.3±4.9 Ma 206Pb/238U age Mafic intrusion Eyuboglu et al. 

2011 

Central Pontides 

165-154 Ma Rb-Sr Intrusions into 

the Upper 

Karakaya 

Aydin et al. 1995 

Middle Triassic Paleontology foraminifers Karakaya Sayit and 

Goncuoglu 2009 

NW Turkey 

Middle-Upper 

Triassic 

Paleontology/ conodonts Karakaya Sayit and 

Goncuoglu 2009 

Late Permian Paleontology/ radiolaria Karakaya Goncuoglu et al. 

2004 
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Table 2.2, cont.   

215-205 Ma 40Ar-39Ar Nilufer Unit Okay et al. 2002 
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Chapter 3: Methods 

3.1 OVERVIEW 

This thesis includes data obtained from (1) geologic fieldwork (2) petrography (3) 

whole rock major and trace element geochemical information and mineral chemistry and 

(4) U-Pb ion microprobe zircon (ZrSiO4) and baddeleyite (ZrO2) geochronology from 

meta-igneous rocks in the Tokat Massif in north central Turkey. Petrographic studies of 

rocks focused on mineral identification, rock classification, and determining the degree of 

metamorphism and deformation (e.g., Winter 2001). Geochemistry is a useful tool in 

discerning tectono-magmatic setting and obtaining information on geologic processes of 

igneous rocks (e.g., Winchester and Floyd 1977; Rollinson 1993). U-Pb geochronology is 

among the most precise and accurate methods of geologic dating (e.g., Schmittz et al. 

2003). Although zircon and baddeleyite are highly resistant to alteration during 

metamorphism and partial melting, metamorphic overgrowths may occur and U-Pb 

dating of zircons can reveal both magmatic and metamorphic ages of the host rock (e.g., 

Hartmann and Santos 2004). Petrological, geochemical, and age data from the Tokat 

Massif and regional Karakaya Complex is limited (Yilmaz and Yilmaz 2004; Sayit and 

Goncuoglu 2009) and needed to study its geologic history and relationship with the 

Paleotethys (Sayit and Goncuoglu 2009).  
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3.2 FIELDWORK 

Rock sampling was conducted over three days in 2010 near the city of Amasya 

(Fig. 1.2). Rock samples were obtained in 11 different locations (Fig. 3.1, Table 3.1). 

During the first day, rocks were sampled from the Permo-Triassic Tokat Group northwest 

of the town center (Fig. 3.1). The second and third days were focused southeast of the 

town center where the Tokat Group and ophiolitic units are more exposed and extensive 

(Fig. 3.1). All samples collected in 2010 have the abbreviation of AT##. Previous 

samples from the Tokat Massif were collected during 2009 by Dr. Elizabeth Catlos and 

have the abbreviation ‘TA##’. Additional samples from the same location were given 

supplementary abbreviations of ‘A’, ‘B’, or ‘C’. The rocks were collected using rock 

hammers. GPS coordinates were recorded and Table 3.1 displays sample numbers and 

locations. 

3.3 PETROGRAPHY 

Thin sections were prepared and studied under an optical microscope to determine 

primary and secondary mineral assemblages, degree of alteration and metamorphism, and 

petrologic classification. Four mafic rock types were identified and are the focus of this 

study: metabasites, metagabbro/diabase, metabasalts, and serpentinites. Table 3.2 lists 

mineral assemblages. Pictures of representative samples and associated mineralogy and 

textures are located in Chapter 4.  
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3.4 MAJOR AND TRACE ELEMENT GEOCHEMISTRY 

Despite the presence of low-grade metamorphism, geochemical studies of altered 

igneous rocks can provide meaningful data to interpret geologic and tectonic 

environments (e.g., Pearce and Cann 1973; Winchester and Floyd 1976; 1977; Sun and 

McDonough 1989). Major and trace element concentrations (Tables 4.1-4.5) were 

determined at Activation Laboratories in Ontario, Canada. Whole rock fusion inductively 

coupled plasma (ICP) methods were used to obtain Sc, Be, V, Ba, Sr, Y, and Zr 

concentrations. Whole rock fusion ICP/mass spectrometry (MS) was used for all other 

elements.  

Chemical composition of clinopyroxene grains provides insight into tectonic 

setting (e.g., Leterrier et al. 1982; Rollinson 1993). Clinopyroxene grains in 4 samples 

(AT 23A, AT23B, AT25B, and TA29) were located and chemically analyzed at the 

University of Texas at Austin. Clinopyroxenes were first located using a petrographic 

microscope and chemically confirmed with a back-scattered electron (BSE) detector and 

energy dispersive spectrometer (EDS) using the JEOL 6490 scanning electron 

microscope (SEM). Operating conditions used for the SEM were: an accelerating voltage 

of 15kV, a spot size of 50-60, and a working distance of 8-12mm. For quantitative 

mineral chemistry, the JEOL 8200 electron-probe micro-analyzer (EMPA) was set at a 

probe diameter of 5µm and accelerating voltage of 15kV. A total of 72 spot analyses in 

24 grains within the four samples were measured for Al, Na, Ca, Cr, Fe, Si, Mg, Ti, and 

Mn. Results are listed in Table 4.5.   
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3.5 GEOCHRONOLOGY 

3.5.1 Scanning Electron Microscope Analysis 

SEM was essential for finding and documenting the exact locations of zircon 

grains and baddeleyite grains in this study due to their small size. Operating conditions 

used for the SEM were: an accelerating voltage of 15kV, a spot size of 30-60, and a 

working distance of 8-13mm. All thin sections (n=39) were examined for the presence of 

radioactive minerals such as zircon, baddeleyite, or monazite. Zircons were found in four 

samples (AT23, AT25, AT38 and TA29; Fig. 5.6 – 5.16) and chemically confirmed with 

the BSE detector and EDS methods on the SEM. Baddeleyite was found in TA29. Due to 

the high atomic number of zirconium (Zr) and uranium (U), the BSE detector displays 

zircon grains very bright in comparison to surrounding minerals. Baddeleyite grains are 

brighter than zircon in BSE. Photographs were taken of each grain and surrounding 

minerals at various magnifications to help re-locate using an optical microscope.  

After minerals were located using an optical microscope, thin sections were cut 

into small pieces that contained the grains. These small pieces were mounted together in 

epoxy with a polished block of AS3 standard zircons that have a U-Pb age of 1099.1 ± 

0.7-3.0 Ma (Paces and Miller 1993; Schmittz et al. 2003). Epoxy mounts were made by 

mixing Buehler Epoxicure Resin (20-8130-032) and Hardener (20-8132-008) and this 

was poured over the zircons and standards in a teflon ring to a depth of ~1cm. The epoxy 

hardened overnight and the mounts were removed from the rings. Using an optical 

microscope mounted with a camera, a reflected light photo mosaic was made to assist the 
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dating procedures on the ion microprobe. All mounts were cleaned thoroughly and coated 

with gold before use in the ion microprobe. 

3.5.2 Ion Microprobe Analysis 

Three mounts with zircon and baddeleyite from four rock samples were analyzed 

for U-Pb age data using the UCLA Cameca IMS 1270 Ion Microprobe. Because of the 

small number of zircons found, all were selected for ion probe analyses. The method 

employed here is non-destructive and allows the mineral grain to remain within the thin 

section (in-situ).  In-situ dating is more practical for the samples dated here for several 

reasons: (1) it allows for the dating of small grains (~10 µm) since separation of each 

grain would be difficult, (2) compositional variations within the zircon grain itself are 

preserved, and (3) textural relationships with the surrounding minerals remain intact. 

These features are useful to interpret the acquired U-Pb ages, particularly if the samples 

do not have a simple tectonic history (Hoskin et al. 2000, Catlos et al. 2002).  

Mounts were placed within the ion microprobe and the standard AS3 zircons were 

analyzed first. Oxygen flooding of the sample chamber was performed to increase Pb 

isotope intensity of zircon. Then, energy offsets of all measured ion species (Pb+, U+, and 

UO+) were determined to obtain offset voltages for the analyses. The secondary ion 

image was centered within the center of the field aperture.  

Due to the small size of the zircons and baddeleyites, the ion beam was 

significantly larger than grains. To address this issue, a field aperture window was used to 

decrease non-radiogenic Pb from surrounding minerals and matrix. After the secondary 
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ion image stabilized, intensities of all ion species were measured for 15 cycles before 

isotopic ratios were calculated. Isotopic ratios and fractionation between U, Th, and Pb 

within the standard zircon grains produce a calibration line (Fig. 5.1). Age uncertainties 

are contingent on how well this fractionation can be measured. In between unknown 

analyses, spots were measured on standard grains to better define the calibration line. A 

total of 19 unknown spots were analyzed and calibrated with the AS3 standards. All ion 

microprobe results can be seen in Chapter 5. (For additional information on the UCLA 

ion microprobe see: http://sims.ess.ucla.edu/.) 

After dating, the zircons were re-imaged using the SEM at UT Austin to 

document the location of the ion microprobe beam using the secondary electron (SE) 

detector, which detects the topography of the sample.  These images are shown in 

Chapter 5.  

3.5.3 Cathodoluminescence of Zircon Grains 

Following dating, mounts were analyzed using a Phillips XL30 SEM with an 

attached cathodoluminescence (CL) detector at the Bureau of Economic Geology at the 

University of Texas at Austin. In this method, an electron beam bombards the sample, 

which glows in visible light (e.g., Hanchar and Miller 1993). CL imagery displays 

textural, compositional, and deformation features not apparent in other types of 

microscopy. This assists in interpreting the geochronological data more accurately. While 

not all grains were large enough to produce significant visible light, some exhibited CL 
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imagery that assists in determining the significance of the ion microprobe ages.  CL 

images are shown in Chapter 5.
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Figure 3.1: Field area of geology near the city of Amasya with sample locations. Modified after Akat et al. (2002), Yilmaz and 

Yilmaz (2004), and Genc and Tuysuz (2010). 
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Figure 3.1, cont. 
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Table 3.1: Sample locations and GPS coordinates of the sample collected in this study.  

 
Sample locations Location 

*AT23  40º 39’ 39.30” N 35º 47’ 55.00” E 

AT24  40º 39’ 38.90” N 35º 47’ 39.80” E 

*AT25  40º 39’ 39.30” N 35º 47’ 41.80” E 

AT26  40º 39’ 43.70” N 35º 47’ 40.00” E 

AT33  40° 31’ 08.50” N 36° 08’ 33.40” E 

AT36  40° 37’ 05.50” N 35° 55’ 12.90” E 

AT37  40° 37’ 08.20” N 35° 55’ 53.50” E 

*AT38  40° 37’ 25.10” N 35° 54’ 32.00” E 

*TA29 40° 33' 14.60" N  36° 11' 14.40" E 

TA31 40° 30' 04.90" N  36° 12' 46.60" E 

TA32 40° 30' 58.00" N  36° 08' 36.30" E 

*locations with dated samples  
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Table 3.2: Mineral Assemblages (abbreviations from Whitney and Evans 2010) *dated 
samples; c Clinopyroxene compositions acquired 

Sample Rock type Primary Phases Secondary Phases 

AT23Ac Metagabbro  

Opx+Cpx+Ol+Hbl+Pl 

Ser+Chl+Act+Fe-Ti 

oxides+Tt+Qtz+Cal+Tlc 

AT23B*c metagabbro Pl+Cpx Ep+Chl+Fe-Ti oxides+Ttn+Qtz+Cal 

AT24 act. schist Pl+Cpx Act+Ep+Chl+Ttn+Qtz+Fe-Ti oxides 

AT25*c metagabbro Cpx+Pl+Opx Ep+Chl+Ap+Ttn+Bt+Fe-Ti 

oxides+Zrn 

AT26 metabasite Pl+Cpx Act+Ep+Chl+Ttn+Fe-Ti 

oxides+Qtz+Rt 

AT33A metabasalt Pl+Cpx Am+Chl+Ep+Fe-Ti oxides+Ttn+Cal 

AT33B serpentinite Opx Ser+Qtz+Cal+Fe-Ti oxides 

AT33C serpentinite Opx Ser+Qtz+Cal+Fe-Ti oxides 

AT36 serpentinite Opx Ser+Qtz+Cal+Fe-Ti oxides 

AT37 serpentinite  Ser+Qtz+Cal+Fe-Ti oxides 

AT38* act. schist Pl Ep+Chl+Bt+Ttn+Fe-Ti 

oxides+Rt+Qtz 

AT39 metabasite Pl+Cpx Chl+Ep+Fe-Ti oxides+Cal 

TA29*c metadiabase Pl+Cpx Chl+Fe-Ti oxides+Ttn+Rt+Cal 

TA32 metabasalt Pl+Cpx Chl+Ep+Ser+Cal+Fe-Ti oxides+Ttn 
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Chapter 4: Petrology and Geochemical Results 

4.1 OVERVIEW 

Petrologic and geochemical investigations of igneous rocks from Turkey have 

been useful in determining tectonic and geologic environments (e.g., Floyd et al. 1993; 

Ustaomer and Robertson 1994; Pickett and Robertson 2004). Petrographic studies using 

an optical microscope, SEM, and XRD were performed on all thin sections (n=39) to 

determine primary and secondary mineral assemblages, textures, and degree of alteration. 

Pictures of field relationships and contacts between lithologies are shown in (Fig. 4.1-

4.3). Petrographic images of representative samples are shown in Fig. 4.4-4.9. Major and 

trace geochemical analyses and clinopyroxene compositions are listed in Table 4.1-4.5. 

Data was plotted in a series of tectonic discrimination plots (Fig. 4.10-4.17) to determine 

their potential source environment and to compare similar assemblages across the 

Sakarya Zone of northern Turkey (Fig. 6.1; see Chapter 6).  

A potential issue with major element interpretations of altered rocks is their 

mobility during metamorphism. Trace element and minor elements, specifically Ti, P, Zr, 

Y, Nb in basaltic rocks have low solubilities in water and have shown to be relatively 

immobile during hydrothermal alteration (Winchester and Floyd 1976). Using this 

assumption, greenstones, spilites, and amphibolites can be analyzed in the same manner 

as fresh basalts (Winchester and Floyd 1976). Thus, geochemical interpretations in this 

study are primarily based upon trace and minor element compositions rather than major 
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element compositions due to the lack of fresh samples. All analyzed samples are variably 

altered mafic igneous rocks ranging from picritic basalt (only AT23A) to basaltic 

compositions (SiO2 range from 43.9-49.7 wt. %). Samples that have retained primary 

igneous textures and minerals are classified as metabasalt (n=3), metagabbros (n=3), 

metadiabase (n=1), and serpentinites (n=4) based on mineralogy, grain-size and texture. 

Those that have lost the majority of their primary mineral assemblages and textures are 

termed metabasites (n=4). Serpentinites have >90% serpentine minerals and iron oxides.  

Two metabasites are further classified as ‘actinolite schists’ (AT24 and AT38) due to the 

abundance of foliated actinolite minerals.  

All samples collected from this study come from the older Karakaya Complex 

(Rojay 1995; Yilmaz and Yilmaz 2004; Okay and Goncuoglu 2004), except sample 

locations AT33 and TA32 (Fig. 3.1), which are considered to be part of the Cretaceous 

Neotethyan accretionary prism (named the “Izmir-Ankara complex” (Okay and 

Goncuoglu 2004)). Because of the close structural juxtaposition of both units in the Tokat 

Massif and in other areas across the IAESZ, it is useful to contrast their geochemical 

variations.  

4.2 FIELD RELATIONSHIPS 

The Tokat Group is unconformably overlain by massive Jurassic-Cretaceous 

carbonates (Fig. 4.1 and 4.2).  In the northwest region of the field area (Fig. 3.1) the 

Tokat Group consists of mélange and highly foliated pelitic schists and phylites.  The 

mélange is a chaotic unit incorporating 1 m- 15 m thick blocks of limestone, red chert, 
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mudstone, and random thin (1-4 m slivers) of mafic igneous rocks within a sheared meta-

sedimentary matrix (Figure 4.3).  In the field, the Tokat group melange can easily be 

identified by colorful maroon and dark green recessive outcrops. The chert, limestone, 

and mafic blocks form small resistant ledges within the sheared, fine-grained meta-

sedimentary matrix (Figure 4.2). The lower limit of the Tokat Group is not exposed in the 

field area. In the south east part of the field area, the Neotethyan mélange units occur as 

thin thrust sheets (5-15km thick) within the Tokat Group (Fig 3.1 and 4.3) (Yilmaz and 

Yilmaz 2004; Yilmaz et al. 1997).  These thrusts dip primarily to the northwest and trend 

E-W. 

4.3 PETROLOGIC FEATURES 

4.3.1 Basaltic/Gabbroic samples  

Basalts (AT33A, TA32, and TA32A) and gabbros (AT 23A, AT23B, AT25B, and 

TA29) are dark green to dark black in hand sample. Plagioclase and pyroxene 

phenocrysts are visible to the naked eye in the gabbros. The dark green appearance is due 

to low-grade hydrothermal alteration evidenced by the presence of chlorite and green 

amphibole. While primary minerals and relict igneous textures remain, all samples 

include several secondary mineral phases associated with greenschist metamorphism. The 

primary mineral assemblage is plagioclase + clinopyroxene + Fe-Ti oxides ± 

orthopyroxene + ol (Table 3.1). Secondary minerals include: Fe-Ti oxides + chlorite + 

sericite ± titanite ± epidote ± actinolite ± serpentine ± rutile ± quartz ± calcite ± talc ± 

zircon ± baddeleyite (Table 3.1). Clinopyroxene and plagioclase feldspar are the 
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dominant primary phases. Replacement textures are represented by albitization (Ca-

plagioclase replaced with Na-plagioclase), uralitization (replacement of pyroxene with 

amphibole), saussuritization (replacement of plagioclase by epidote), chloritization (any 

mineral replaced with chlorite), and seritization (plagioclase replaced with fine white 

micas). All phases were identified petrographically then confirmed with the EDS using a 

SEM.  

Clinopyroxene was identified using cleavage, extinction angle, and 2nd-order 

interference colors, and remains as the most resilient of all phases in the samples. 

According to the electron microprobe analyses, compositions are diopsidic-augitic (Fig. 

4.16). Clinopyroxene grains show varying degrees of uralitization and chloritization by 

the replacement with green amphibole along rims and fractures and blue chlorite in 

patches. These replacements are typical for greenschist metamorphism (Frey and 

Robinson 1999). Plagioclase is subhedral-anhedral and sericitization tends to obscure 

original twinning planes where white micas have accumulated (Fig. 4.3). Polysynthetic 

and Carlsbad twinning can be observed visible depending on degree of alteration. The 

majority of plagioclase has altered to Na-rich albitic compositions (CaAl2Si2O8 + 4SiO2 

+ NaClà 2NaAlSi3O8). Primary igneous textures remain observable as evidenced by the 

sub-ophitic (Fig. 4.3) and intergranular textures (Fig. 4.7) between plagioclase lath-

shaped crystals and pyroxenes. In some samples, epidote, white micas, and chlorite have 

completely recrystallized regions surrounding pyroxene phenocrysts. 

All samples display abundant Fe-Ti mineralization as both euhedral grains and 

within fractures of pyroxenes. Sphene is present in all samples. Chlorite is abundant and 



 42 

exhibits anomalous blue colors in XPL (Fig 4.5) suggesting it is iron rich. Less 

commonly, brownish chlorite (magnesium rich) is also present (Fig 4.5). Serpentine, 

chlorite, and calcite occurs within veins and can be seen to partially or completely replace 

entire phenocrysts. Epidote often forms aggregates of small subhedral grains where 

plagioclase has been altered.  

AT23A was the only sample that contained olivine.  It also has more 

orthopyroxene than any other samples.  The olivine is almost completely replaced by 

serpentine. Serpentine pseudomorphs of olivine are found as inclusions within 

orthopyroxne. AT23A has different major and trace element geochemisty than AT23B 

which was found in contact with AT23A or any other sample. Primary differences 

include: lower Si02 wt. % (43.92), very high MgO wt. % (13.88) and high Ni (820ppm) 

and Cr (420ppm).  

4.3.2 Metabasites  

Metabasites (AT24, AT36, AT38, TA31B) display greenschist facies and albite-

epidote amphibolite facies metamorphism evidenced their mineral assemblages.  These 

rocks show near-complete replacement of primary igneous minerals and textures (Fig. 

4.8). Schistose textures of parallel amphibole and chlorite are common. All contain green 

and/or brown amphibole, epidote, chlorite, and albite as the main mineral assemblage 

with minimal primary clinopyroxene still present. Minor minerals include titanite, apatite, 

quartz, calcite, rutile, biotite, and Fe-Ti-oxides. Pyroxene is pseudomorphed by actinolite, 
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creating coarse grained actinolite porphyroblasts (Fig. 4.8) within a finer-grained matrix 

of epidote, chlorite, actinolite, albite, quartz, and Fe-Ti oxides.   

4.3.3 Serpentinites 

Serpenitinites (AT33, AT36, AT37) were collected in three sample locations and 

studied petrographically, with XRD, and geochemically (AT 33 and AT36). Serpentine 

was identified by texture and low-order birefringence colors. In hand sample, 

serpentinites are bright green to dark green with black phenocrysts of Fe-Ti oxide 

minerals. In thin section (Fig. 4.9) some exhibit psuedomorphic textures and can be 

associated with relict orthopyroxene or clinopyroxene. Calcite veins and opaque 

mineralization is abundant. Psuedomorphic mesh and hourglass textures of lizardite and 

interlocking textures are common. XRD analyses identify lizardite as the primary 

serpentine phase. 

4.4 GEOCHEMISTRY 

4.4.1 Major Element Geochemistry 

The majority of plagioclase feldspar has been albitized and was evident by EDS 

studies. Because of this, major element compositions are likely skewed, particularly Si 

and Na content. The only major element plot included in this study is the total alkali 

(Na2O + K2O wt.%) versus silica (SiO2) plot (TAS plot) (Fig. 4.10). This plot is likely not 

accurate but still useful to see the relative chemical variation of the samples. With the 

exception of one picro-basalt (AT23A), all igneous samples plot in the basaltic 
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compositional field on the TAS classification diagram. Mineralogical variations 

concerning AT23A are mentioned in section 4.3 of this chapter. Because of the petrologic 

and geochemical differences, AT23A is labeled in all geochemical diagrams (blue square, 

Figures 4.11-4.18). Major element compositions are presented in (Tables 4.1 and 4.2).  

4.4.2 Trace element Geochemistry 

Trace element geochemistry studies are more reliable than major elements for 

altered basaltic magmas and have been used to discriminate against various tectonic 

environments they were generated (mid-ocean ridge basalt (MORB), island-arc tholeitte 

(IAT), ocean island seamount (OIB), calc-alkaline basalt (CAB), and back-arc basin 

basalt (BABB) (e.g., Pearce and Cann 1973; Winchester and Floyd 1977; Shervais 1982).  

Trace element compositions from the Tokat Massif were plotted in chondrite-normalized 

rare earth element (REE) patterns and various tectonic discrimination diagrams.  

REE Patterns 

REE patterns of igneous rocks depend on composition of its source magma and 

the equilibrium between crystals and melt during cooling (Rollinson 1993). Samples from 

the Tokat Massif were compared to reference REE patterns from OIB, N-MORB, and E-

MORB environments (Sun and McDonough 1989) (Fig. 4.11). Samples display light 

REEs (LREEs) with ~15-100 times chondritic values and display negative slopes. Heavy 

REEs (HREEs) are ~10-40 times chondritic values and have slightly negative to flat 

slopes.  
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Karakaya-related samples (black squares, Figure 4.11) show varying enrichments of 

LREEs and plot between OIB and E-MORB reference patterns. None of the samples 

show enrichments as high as OIB. Neotethyan samples (TA32, TA32A and AT33A) plot 

similar to IAT and EMORB. Sample AT33A has a negative Eu anomaly suggesting 

fractionation of plagioclase has occurred (Rollinson 1993).  Samples TA32 and TA32A 

have positive Eu anomalies.  This could indicate plagioclase accumulation (Winter 2001). 

Tectonic Discrimination Diagrams 

Tables 4.6 and 4.7 summarize the potential tectonic setting of the rocks analyzed 

in this study based on trace elements. The Ti vs. V diagram (Fig. 4.12) is used to 

distinguish between IAT, MORB, and OIB tectonic settings based upon partial melting 

and fractional crystallization trends (Shervais 1982). Ti and V are stable over a wide 

range of water to rock ratios and temperatures and during both seafloor and regional 

metamorphism (Nicollet and Andrianbololona 1980; Weaver and Tarney 1981). The 

Tokat Massif samples have Ti/V ratios ranging from 17-45 with all Karakaya samples 

plotting within the MORB field and Neotethyan samples plotting along the IAT-MORB 

boundary. 

The La/Nb vs. Y diagram differentiates against MORB, IAT, and BABB (Fig. 

4.13) (Floyd et al. 1991). BABB has been shown to be transitional between IAT (high 

La/Nb) and MORB (low La/Nb) (Shervais 1982; Floyd et al. 1991). La/Nb ratios for arc 

tholeiites are greater than 5, more commonly greater than 10. N-MORB, transitional and 

enriched MORBs (T/E-MORB), and ocean flood basalts (OFB) typically have La/Nb 
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raitos of 0.2-1.5 and BABB are 1.0-5.3 (Floyd et al. 1991). The La/Nb ratios for 

Karakaya samples range from ~0.5-1.5, with the majority of samples less than or close to 

1 suggesting generation was at a diverging oceanic crust. Neotethyan samples have ratios 

of 1.85-4.8, suggesting they were formed in an arc setting. 

The Hf-Ta-Th ternary diagram is useful for tectonic discrimination between N-

MORB, E-MORB, WPB, and volcanic arc environments (IAT/CAB) (Fig. 4.14) (Wood 

1980). Th can concentrate more in arc lavas than in mid-ocean ridge lavas due to 

subducted sediments (Pearce 2003). Karakaya samples plot primarily within the WPB 

and E-MORB field.  

The Ti-Zr-Y ternary diagram discriminates against MORB, IAT, CAB, WPB 

(Fig. 4.15) (Pearce and Cann 1973). The majority of samples plot within MORB, with the 

exception of one in the CAB field and two that did not plot within in a designated field. 

4.4.3 Clinopyroxene Electron Microprobe Analyses 

Clinopyroxene is the only mineral that remained reliable for geochemical analyses 

despite metamorphism. Electron microprobe analyses were conducted on four Karakaya 

samples (AT23A, AT23B, AT25B, TA29) and were analyzed for SiO2, Al2O3, Cr2O3, 

FeO, MnO, MgO, CaO, Na2O, and TiO2. The least altered grains were chosen for 

analyses. Three spots were analyzed on each grain away from any fractures or alteration. 

Representative clinopyroxene compositions are given in Table 4.5. 

All analyzed grains are plotted in the pyroxene classification diagram (Fig 4.16).  

Clinopyroxene grains in AT23B are augitic in composition, while all other samples have 
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both diopsidic and augitic clinopyroxene. Mg# ranges from 70-91 in AT23A, 64-71 in 

AT23B, 73-77 in AT25B, and 72-84 in TA29. 

The ratio of TiO2 wt.% and Alz (% of aluminum in tetrahedral coordination) in 

clinopyroxene can be used to speculate if a rock was generated in an arc or rift 

environment (Fig. 4.17) (LeBas 1962; Loucks 1980; Eyuboglu et al. 2011). In this 

scheme, arc related rocks show sloping trends ~2 times higher than rift related rocks. All 

four Tokat Massif samples display low slopes suggesting a rift source.  Samples plotted 

on the Ti-Na-Si clinopyroxene discrimination diagram (Fig. 4.18) (Beccaluva et al. 

1989), also indicate a rift-related environment with most analyses plotting within MORB, 

EMORB, and WPB. 

4.5 Summary of Results 

Petrographic studies indicate that the rocks of the Karakaya complex and of the 

Neotethyan complex have experienced metamorphism and alteration. Mineral 

assemblages suggest all samples did not exceed the albite-epidote-amphibolite facies, 

with the majority of Karakaya and all Neotethyan rocks remaining at greenschist facies. 

However, key differences were identified in geochemistry between the rocks from the 

Karakaya complex and Neotethyan complex. As indicated in the geochemical diagrams, 

the Karakaya samples we collected likely formed near an oceanic spreading ridge rather 

than a subduction-related arc environment. They are not typical N-MORBs due to their 

varied enrichments of LREE and were likely affected by a deeper enriched mantle source.  

Rocks from the Neotethyan complex in the Tokat Massif may have been generated in an 
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island-arc environment. Table 4.6 and 4.7 summarizes the results. Geochronology and 

comparison of all results with available data across the Pontides is discussed in Chapter 5 

and 6. 
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Table 4.1. Major element concentrations for meta-igneous rocks from the Tokat Massif 

 

Metagabbroic   Metabasalt Metabasites  

 Sample AT23A AT23B AT25B TA29 AT33A TA32A TA32 AT26 AT24 AT38 TA31B 

SiO2 43.92 47.41 46.25 47.27 49.66 47.58 47.75 48.28 45.85 46.86 46.47 

Al2O3 11.42 16.27 13.88 15.98 14.27 14.08 16.47 15.22 16.02 12.83 16.83 

Fe2O3 13.81 13.6 17.54 12.34 8.12 11.27 8.22 13.02 12.7 11.63 10.95 

MnO 0.179 0.17 0.212 0.164 0.091 0.116 0.114 0.226 0.379 0.167 0.244 

MgO 13.88 5.59 3.86 7.41 8.78 7.88 8.72 7.04 7.79 9.47 9.99 

CaO 8.12 7.95 8.21 6.66 10.99 10.11 10.94 7.12 8.25 11.63 1.74 

Na2O 1.65 3.9 4.05 4.21 2.23 2.77 2.89 4.02 2.73 2.03 1.74 

K2O 0.73 0.32 0.84 0.03 0.37 0.15 0.15 0.06 0.54 0.53 1.9 

TiO2 1.155 1.253 2.44 1.291 0.699 0.916 0.632 1.541 1.165 1.839 1.982 

P2O5 0.16 0.24 0.36 0.16 0.06 0.1 0.06 0.19 0.1 0.23 0.23 

LOI 5.64 3.97 3.11 4.51 3.54 3.98 4.69 3.58 5.45 2.32 6.51 

Total 100.7 100.7 100.8 100 98.8 98.96 100.6 100.3 101 99.53 98.59 
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Table 4.1, cont. 
aElements reported as weight percent oxide.  Fe2O3 is measured total. LOI=Loss of Ignition. See Figure 3-1 and Table 3-1 for 

sample locations. 
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Table 4.2. Major element concentrations for serpentinites from the Tokat Massifa. 

 

AT33B AT33C AT36 

SiO2 39.59 40.23 38.25 

Al2O3 1.65 1.29 0.36 

Fe2O3 7.35 5.26 9.18 

MnO 0.104 0.087 0.059 

MgO 34.65 37.07 32.27 

CaO 0.39 0.06 0.1 

Na2O 0.01 < 0.01 < 0.01 

K2O 0.01 < 0.01 < 0.01 

TiO2 0.032 0.012 0.003 

P2O5 < 0.01 < 0.01 < 0.01 

LOI 14.48 13.91 17.82 

Total 98.28 97.93 98.07 

    
aElements reported as weight percent oxide.  Fe2O3 is measured total. LOI=Loss of 

Ignition. See Figure 3-1 and Table 3-1 for sample locations. 
 

  



 52 

 Table 4.3. Trace element concentrations for meta-igneous rocks from the Tokat Massifa. 

 

Metagabbroic rocks  Metabasalts 

 

Meta-basites  

  Sample AT23A AT23B AT25B TA29 AT33A TA32 TA32A AT26 AT24 AT38 TA31B 

Sc 23 23 23 26 33 33 36 38 35 38 31 

Be nd nd 2 1 nd nd nd nd nd 1 nd 

V 196 227 533 220 241 211 287 323 296 269 266 

Ba 161 74 236 24 42 39 14 27 122 128 151 

Sr 43 302 293 106 187 300 183 169 63 360 78 

Y 13 23 26 14 20 15 22 22 17 18 19 

Zr 72 106 145 62 44 36 55 101 65 134 162 

Cr 820 120 nd 220 340 380 70 100 240 920 30 

Co 72 43 48 51 42 40 48 40 41 51 41 

Ni 420 70 50 120 140 150 90 60 90 280 70 

Cu 330 80 140 130 nd 30 10 70 80 40 50 
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Table 4.3, cont. 

Zn 90 100 150 90 nd 40 40 90 90 80 110 

Ga 13 18 22 16 11 11 13 16 16 17 19 

Ge 2 2 2 2 1 1 2 1 2 2 1 

As nd nd nd 14 nd nd nd nd nd nd 10 

Rb 17 8 24 nd 3 nd nd nd 11 9 26 

Nb 12 14 34 11 1 2 3 11 4 25 26 

Ag nd nd nd nd nd nd nd nd nd nd 0.7 

Sn nd nd 2 nd nd nd nd 1 nd 1 1 

Sb 0.9 1 0.7 1.1 0.7 nd nd 1 1.3 1.2 nd 

Cs 0.9 nd 4.3 nd nd nd nd nd nd nd 0.6 

La 8.7 13.3 24.3 8.7 4.8 3.7 6.9 10.5 6 22.6 20.5 

Ce 18.8 28.4 48.6 18.9 10.7 7.1 12.8 23.8 13.7 45.1 43.2 

Pr 2.23 3.38 5.56 2.23 1.46 0.99 1.87 3.06 1.84 5.08 5.36 

Nd 9.6 14.5 21.9 10 7.1 4.2 7.6 13.6 8.3 20.9 19.6 
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Table 4.3, cont. 

Sm 2.5 3.8 5.3 2.7 2.3 1.4 2.3 3.7 2.5 4.6 4.4 

Eu 0.91 1.29 1.69 1.01 0.7 0.6 1.29 1.26 0.89 1.56 1.49 

Gd 2.9 4.6 5.8 3 3.1 1.9 3.2 4.4 3.2 4.9 4.5 

Tb 0.5 0.8 1 0.5 0.6 0.4 0.6 0.7 0.6 0.8 0.8 

Dy 2.9 4.7 5.3 3 3.7 2.6 4.1 4.5 3.7 4.2 4.4 

Ho 0.5 0.9 1 0.6 0.7 0.5 0.8 0.9 0.7 0.8 0.8 

Er 1.5 2.5 2.8 1.6 2.2 1.6 2.5 2.4 2.1 2.1 2.4 

Tm 0.21 0.35 0.39 0.22 0.34 0.25 0.39 0.35 0.3 0.29 0.35 

Yb 1.4 2.3 2.4 1.4 2.2 1.7 2.6 2.3 2 1.8 2.3 

Lu 0.21 0.35 0.38 0.21 0.36 0.27 0.41 0.36 0.31 0.27 0.36 

Hf 1.8 2.5 3.2 1.5 1.3 0.9 1.6 2.3 1.7 3.2 3.9 

Ta 0.6 0.8 1.7 0.6 nd nd 0.2 0.6 0.2 1.3 1.7 

Th 0.9 1.3 2.6 0.9 0.5 0.2 0.3 1.1 0.5 2.2 2.2 

U 0.3 0.3 0.6 0.2 nd nd 0.2 0.3 0.2 0.5 2.7 
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Table 4.3, cont. 
aAll elements in parts per million (ppm).  Detection limits: Cr=20ppm; Cu=10ppm; Zn=30ppm; Ta, Tl, U=0.1ppm; Be, Sn, 

W=1ppm; As, Pb=5ppm; Bi=0.4ppm; In=0.2ppm; Sb, Cs, Ag=0.5ppm; Rb=2ppm. Mo, In, W, Tl, Pb, Bi measured but not 

detected.  bnd=not detected 
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Table 4.4. Trace element concentrations for serpentinites from the Tokat Massif a
 

  AT33B AT33C AT36 

Sc 14 11 10 

V 67 46 37 

Ba 5 4 5 

Sr 11 nd 2 

Zr nd nd 5 

Cr 2680 3360 2160 

Co 104 90 118 

Ni 1900 1940 2230 

Cu 30 nd nd 

Zn nd 40 50 

Ga 1 1 nd 

Ge 2 nd 1 

Sb 1 1 1.2 

La nd 0.1 0.5 

Ce 0.2 0.2 0.8 

Pr nd nd 0.08 

Nd 0.2 0.2 0.3 

Gd 0.1 nd nd 

Dy 0.2 0.1 nd 
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a All elements in ppm.  Elements measured but not detected: Be, Y, As, Rb, Nb, Mo,Ag, 

In, Sn, Cs, Sm, Eu, Tb, Tm, Hf, Ta, W, Tl, Pb, Bi, Th, U.  Detection limits: Sr=2ppm; 

Zr=4ppm; Cu=10ppm; Zn=30ppm; Ga, Ge=1ppm; La, Gd, Dy, Ho, Er, Yb=0.1ppm; 

Pr=0.05ppm; Lu=0.04ppm. nd=not detected. 

 
 

 

 

Table 4.4, cont. 

Ho nd nd nd 

Er 0.2 nd nd 

Yb 0.2 0.1 nd 

Lu 0.04 nd nd 
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Table 4.5. Representative electron microprobe analyses for clinopyroxene in metagabbroic rocks  from the Tokat Massifa. 

Sample AT 23B 

  

    AT 25B 

  

   AT 23A     TA29     

 Spot  22 G  23 G  24 G  25 G  37 G  38 G 42 G 48G  64 G  65 G  66 G  67 G  91 G  92 G  93 G  94 G 

SiO2 50.99 50.88 51.02 50.74 48.67 48.49 48.27 50.33 49.66 49.44 50.83 51.39 50.36 50.31 51.60 51.63 

TiO2 0.69 0.76 0.74 1.04 1.52 1.52 1.59 1.06 1.07 1.13 1.16 0.98 0.80 0.91 0.60 0.58 

Al2O3 1.97 1.97 1.88 2.87 4.84 5.01 5.14 3.40 4.92 5.31 2.50 2.18 3.51 2.65 2.70 2.63 

Cr2O3               0.04 0.29 0.02 0.28 0.28 

FeO 13.33 13.37 14.01 11.33 10.70 10.68 10.05 9.36 6.34 6.76 7.46 7.66 7.23 9.24 7.47 7.25 

MnO 0.39 0.38 0.47 0.29 0.21 0.23 0.21 0.22 0.17 0.16 0.18 0.24 0.12 0.18 0.16 0.16 

MgO 12.21 11.99 11.89 13.27 12.46 12.68 12.52 13.31 14.76 14.66 15.17 15.38 14.94 14.05 15.62 15.70 

CaO 20.52 20.46 20.15 20.72 20.73 20.83 21.46 21.50 21.66 21.48 21.53 21.27 21.51 20.97 20.93 21.11 

Na2O 0.34 0.33 0.35 0.40 0.58 0.40 0.40 0.36 0.31 0.32 0.33 0.38 0.36 0.37 0.32 0.27 

Total 100.44 100.14 100.51 100.66 99.70 99.84 99.65 99.54 98.88 99.26 99.15 99.52 99.10 98.71 99.68 99.61 

 Structural formula based on 6 Oxygens                 

Si 1.92 1.93 1.93 1.89 1.83 1.82 1.81 1.89 1.84 1.82 1.89 1.91 1.87 1.90 1.91 1.91 

Al (IV) 0.08 0.07 0.07 0.11 0.17 0.18 0.19 0.11 0.16 0.18 0.11 0.09 0.13 0.10 0.09 0.09 

Al (VI) 0.01 0.01 0.01 0.02 0.04 0.04 0.04 0.04 0.05 0.06 0.00 0.00 0.03 0.01 0.03 0.02 
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Table 4.5, cont. 

Ti 0.02 0.02 0.02 0.03 0.04 0.04 0.04 0.03 0.03 0.03 0.03 0.03 0.02 0.03 0.02 0.02 

Fe 3+ 0.06 0.04 0.05 0.06 0.09 0.08 0.09 0.04 0.05 0.06 0.06 0.06 0.07 0.07 0.05 0.04 

Fe 2+ 0.36 0.38 0.40 0.29 0.25 0.25 0.23 0.25 0.15 0.15 0.17 0.18 0.16 0.23 0.18 0.18 

Mn 0.01 0.01 0.02 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.00 0.01 0.01 0.00 

Mg 0.69 0.68 0.67 0.74 0.70 0.71 0.70 0.74 0.81 0.81 0.84 0.85 0.83 0.79 0.86 0.87 

Cr           0.02 0.02  0.00 0.01 0.00 0.01 0.01 

Ca 0.83 0.83 0.82 0.83 0.83 0.84 0.86 0.86 0.86 0.85 0.86 0.85 0.86 0.85 0.83 0.84 

Na 0.03 0.02 0.03 0.03 0.04 0.03 0.03 0.03 0.02 0.02 0.02 0.03 0.03 0.03 0.02 0.02 

Wo 42.83 43.00 42.31 43.14 44.66 44.50 45.92 45.42 45.95 45.54 44.42 43.72 44.87 43.93 43.16 43.43 

En 35.45 35.06 34.73 38.44 37.36 37.69 37.28 39.14 43.56 43.26 43.57 43.98 43.36 40.96 44.81 44.93 

Fs 21.71 21.94 22.96 18.42 17.99 17.81 16.80 15.44 10.49 11.20 12.01 12.29 11.78 15.11 12.02 11.64 

Mg# 65.32 63.96 62.76 71.84 73.77 73.84 75.40 74.80 84.86 84.44 75.26 82.87 84.22 77.77 82.49 82.81 

a All elements in wt%. 
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Table 4.6: Summary of Tectonic Discrimination Diagrams for Karakaya Complex rocks 

 

Discrimination Diagram Suggested Tectonic Environment 

Ti vs. V MORB 

La/Nb vs. Y T/E-MORB 

Hf-Ta-Th WPB and E-MORB 

Ti-Zr-Y  MORB 

Ti02 vs. Alz Rift related environment 

Ti-Na-Si Rift related 

 

Table 4.7: Summary of Tectonic Discrimination Diagrams for Neotethyan basalts 

 
Discrimination Diagram Suggested Tectonic Environment 

Ti vs. V IAT 

La/Nb vs. Y BABB and IAT 

Hf-Ta-Th N-MORB and IAT 

Ti-Zr-Y  MORB and IAT 
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Figure 4.1.  Field photograph taken north-west of the Amasya city center.  There is an 

angular unconformity between the massive Jurassic-Cretaceous carbonates and mélange 

of the Tokat Group.  The mélange is a chaotic unit incorporating limestone, red chert, 

mudstone, and random thin (1-4 m slivers) of mafic igneous rocks within a sheared meta-

sedimentary matrix.  These geologic relationships were common in the northwest field 

area. The lower limit of the Tokat Group is not exposed.   
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Figure 4.2.  Field photograph taken nearby sample location of AT24 (see Figure 3.1).  

There is an angular unconformity between the massive Jurassic-Cretaceous carbonates 

and mélange of the Tokat Group. Resistant ~1-5m limestone blocks and metabasites 

outcropped within a larger chaotic meta-sedimentary matrix.     
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Figure 4.3. Schematic cross section showing tectonic relationship between the Tokat Group (Karakaya) and the Neotethyan 

Cretaceous mélange in the region southeast of Amasya and northwest of Tokat (Figure 3.1).  The thrust faults dip to the 

northwest. Modified after Yilmaz and Yilmaz (2004) for the Amasya region.



 64 

 
 

 

 
 
Figure 4.4.  Outcrop showing sample locations of AT23A and AT23B.  AT23A is a serpentinized gabbro that has primary 

orthopyroxene and clinopyroxene. Relict magmatic olivine is recorded by psuedomorphic serpentine.  AT23A was found as a 

small (~1m thick) pod within the less serpentinized AT23B metagabbro (no orthopyroxne or relict olivine). These mafic rocks 

are contained within a chaotic meta-sedimentary unit composed of schists and phyllites. Dashed white line indicates contact 

between units.
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Figure 4.5. Metadiabase from sample location TA 29. Sub-ophitic texture of 

clinopyroxene (Cpx) and Plagioclase (Pl) laths is preserved despite extensive albitization 

and seritization. U-Pb ionprobe analyses were conducted on this sample. 
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Figure 4.6. Metabasalt from sample location AT25. Primary clinopyroxene (Cpx) is 

shown with extensive chloritization (Chl) of phenocrysts as well as intercumulus regions. 

U-Pb ionprobe and clinopyroxene mineral data was obtained from this sample. 
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Figure 4.7. Altered basalt from Neotethyan Complex.  Sample location TA32.  
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Figure 4.8. Ppl (top) and xp (bottom) of an altered basalt from sample location TA32. 

Primary igneous intergranular texture is preserved. 
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Fig 4.9. Ppl and xp photo of an amphibolite from sample location AT38.  Larger grained 

actinolite (lower left) most likely replacing original clinopyroxene. Albite, 

chlorite, epidote, and Fe-Ti oxides comprise the majority of finer grained 

matrix. 
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Figure 4.10. Ppl (top) and xp (bottom) photos of serpentinite from sample location AT36.  

Entire field of view is lizardite depicting psuedomorphic hourglass textures 

with minor Fe-Ti oxides (black in ppl).  
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Figure 4.11. Total alkali-silica (TAS) plot for igneous assemblages from the Tokat Massif 

after LeBas et al. (1986).  Squares are samples from the Karakaya Complex, 

circles are from the Neotethyan Complex. Figure 4.4 shows field 

photograph of AT23A .
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Figure 4.12.  Rare earth element diagram (REE) showing plots normalized by chondritic 

values. Square symbols are Karakaya samples; circle symbols are 

Neotethyan samples.  Reference OIB, E-MORB, N-MORB (dashed lines) 

and chronditic compositions from Sun and McDonough (1989). AT23A is a 

highly altered picrobasalt. 
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Figure 4.13: Ti vs. V discrimination diagram for igneous rocks from the Tokat Massif. 

After Shervais (1982). Squares: Karakaya; Cirlces: Neotethyan 
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Figure 4.14. La/Nb versus Y discrimination plot for igneous assemblages from the Tokat 

Massif from Floyd et al. (1991). Squares: Karakaya; Cirlces: Neotethyan; 

FAPB: forearc platform basalt; BABB: backarc basin basalt; OFB: ocean 

flood basalt. This figures discriminates between horizontal MORB trends 

and more vertical, subduction-related tholeiitic basalt trends (FAPB, IAT, 

BABB).  
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Figure 4.15. Th-Hf-Ta discrimination diagram after Wood (1980).  Squares: Karakaya; 

Cirlces: Neotethyan; N-MORB: Normal mid-ocean ridge basalt; E-MORB: 

Enriched MORB; WPB: Within-plate basalt; IAT: Island-arc tholeitte; 

CAB: Calc-alkaline basalt. Grey regions denote area of overlap between 

fields. 
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Figure 4.16: Y-Ti-Zr discrimination diagram after Pearce and Cann (1973). All values 

plotted as ppm. 
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Figure 4.17. Clinopyroxene classification quadrilateral showing compositions for samples 

AT25B, AT23B, AT23A, and TA29 from the Tokat Massif.  
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Figure 4.18. Plot of %Alz content (percentage of total Al in tetrahedral coordination vs. 

Ti02) for clinopyroxene grains (LeBas 1962; Loucks 1990). All four 

samples follow the rift cumulate trends. Arc-cumulate trends have a 

significantly higher slope as indicated by the arrows.   
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Figure 4.19. Clinopyroxene discrimination diagram from Beccaluva et al. (1989). N-

MORB=normal mid-ocean ridge basalt; E-MORB=enriched MORB; 

WOPB=within oceanic plate basalts; ICB=Iceland basalts; IAT=Island arc 

tholeiite; BON=boninites; BA-A=intraoceanic forearc basalts and basaltic 

andesites. Most samples plot within N-MORB and ICB regions. 
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Chapter 5: Geochronological Results 

5.1 INTRODUCTION  

The U-Pb dating of zircon (ZrSiO4) and baddeleyite (ZrO2) has proven to be one 

of the most reliable and accurate methods for timing the crystallization of igneous 

assemblages (e.g., Amelin et al. 1999; Bordokos et al. 2000; Chamberlain et al. 2010; 

Schmitt et al. 2010; Cui et al. 2011). Zircon has been one of the most widely used 

minerals for dating and is common in a variety of rocks (e.g., Williams 1992; Hoskin and 

Schaltegger 2003). Both zircon and baddeleyite are durable minerals because they have 

low solubilities, slow Pb diffusion rates, and can survive metamorphism and transport 

during tectonic plate movement (e.g., Hanchar and Miller 1993; Cui et al. 2011). Due to 

the rare occurrence of baddeleyite in crustal rocks, crustal contamination of host rock 

with baddeleyite xenocrysts is highly unusual (Cui et al. 2011). Metamorphic baddeleyite 

is rare, as baddeleyite tends to recrystallize to zircon during metamorphism (Heaman and 

LeCheminant 1993; Rubatto and Scambelluri 2003). The abundant uranium content in 

both zircon and baddeleyite (up to 3000 ppm) and negligible initial common Pb makes 

them ideal minerals for U-Pb geochronology (Chamberlain et al. 2010).   

In thin section (in situ) Secondary Ion Mass Spectrometry (SIMS) is the method 

used in this thesis to date zircon and baddeleyite grains.  The SIMS method has detection 

sensitivity an order of magnitude higher than electron probe microanalysis (EMPA) or 

laser ablation inductively coupled mass spectrometry (LA-ICP-MS) (Schmitt et al. 2010).  

Instrument conditions on the SIMS for zircon analysis are very similar to those for 
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baddeleyite (Grove et al. 2003; Schmitt et al. 2010). SIMS dating of zircon and 

baddeleyite from volcanic or sub-volcanic rocks has proven to be successful despite small 

grain size (Schmitt et al. 2010; Chamberlain et al. 2010). With insertion of a field 

aperture window, baddeleyite grains as small as 3 µm in width and 10 µm in length have 

been dated with high precision using the Cameca 1270 ion microprobe at UCLA (Schmitt 

et al. 2010). The ion probe consumes <1 µm thickness within the ion pit during a typical 

15 minute analysis (Chamberlain et al. 2010).  

Interpretation of reported U-Pb ages are made in the context of igneous and/or 

metamorphic growth textures with detailed cathodoluminescence (CL) and high-

resolution back-scattered electron (BSE) imaging (e.g., Hanchar and Rudnick 1995; 

Rubatto et al. 1998). Baddeleyite with overgrowth of zircon can occur during post-

crystallization or chemistry changes during cooling (Hoskin and Schaltegger 2003). The 

width of the metamorphic zircon rims has shown to increase with higher temperatures 

(Heaman 1993). Magmatic zircon typically exhibits oscillatory zoning and can be 

imaged; yet observation of this ideal in larger sized grains. This type of growth zoning is 

due to heterogeneous distribution of trace elements within the zircon (Hoskin and 

Schaltegger 2003). In situ dating allows the dated grain and surrounding minerals to 

remain intact to preserve the textural context and/or to obtain repeated analyses. 

In this study, in-situ analyses were obtained using a Cameca 1270 ion microprobe 

at UCLA on four meta-igneous samples (TA29, AT23A, AT25B, and AT38). Twelve 

small (<20µm) zircon grains (14 spot analyses) and three baddeleyite grains (all in TA29) 

were analyzed using standard procedures. Results are listed in Table 5.1. Detailed 
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description of analytical procedures using the Cameca 1270 ion microprobe can be found 

in Chapter 3 of this thesis. 

5.2 ANALYTICAL TECHNIQUES 

Ion microprobe analysis is a calibration-based technique (e.g., Faure 1986; 

Schmitt et al. 2010). A calibration line (Figure 5.1) is produced by measuring the U-Pb 

sensitivity as a function of UO+/U+ of a zircon with a known age. In this case, AS3 was 

used, which has a U-Pb age of 1099±1 Ma (± 1σ) (Schneider et al. 1999). The calibration 

line defines a range of values and the unknown zircon should ideally lie within this range. 

The calibration line defined by the standard analyses and used in this study to determine 

the ages is UO+/U+=0.404 (206Pb+/U+ RSF) + 5.905±0.154.  

Isotopic ratios and uncertainties were determined using the UCLA in-house ZIPS 

software. This software enables ratios to be corrected for common Pb and plots the 

corrected ages on concordia. Common Pb corrections, 206Pb/208Pb, 204Pb, or 207Pb, assume 

average crustal Pb has ratios of 206Pb/204Pb=18.86, 208Pb/204Pb=38.34, and 207Pb/204Pb= 

15.62 (Stacey and Kramers 1975). Concordia diagrams compare ages from the two 

geochronometers, 207Pb/235U and 206Pb/238U. If both the 207Pb/235U age and 206Pb/238U age 

are equivalent, then the dated mineral is concordant and plots on the line. If the ages do 

not plot on the concordia line, then they are discordant (Faure 1986). Discordance may 

occur for several reasons:  (1) radiogenic Pb loss or gain by metamorphism, diffusion, or 

hydrothermal fluids (2) analytical problems during or after data acquisition, and (3) 
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recrystallization of zircon (Faure 1986; Aleinikoff et al. 1993; Mezger and Krogstad 

1997).  

After dating, the samples were imaged for secondary electrons (SE), BSE, and CL 

in the SEM (Figures 5.6-5.17) to determine ion probe spot location (dashed oval in 

figures) and any textures and recrystallization to interpret the ages. Associated minerals 

near the dated grains are labeled in the BSE images (Figures 5.6-5.17). 

5.3 U-PB AGE RESULTS 

All U-Pb ages obtained from ion microprobe analyses are reported as 206Pb/238U 

ages in the following sections. 

5.31 TA29 

TA29 is a metadiabase located in the southeast corner of the field area (Figure 

3.1). Three zircon (four spot analyses) and 3 baddeleyite grains were analyzed (Figures 

5.6-5.10) with a total of 7 spot analyses acquired. For all spots in TA29, the Mean 

Squared Weighted Deviation (MSWD) of 4.4. MSWD should be close to a value of 1 if 

the dated samples are within analytical error from a single population (Wendt and Carl 

1991). Thus, age analyses from TA29 are not consistent with a single population.  

Radiogenic Pb ranges from 96.3-100% (samples with no Pb correction assume 100%). 

The percentage of radiogenic Pb is measured by the ion microprobe.  Analyses of very 

small grains will likely have more common Pb and less radiogenic Pb.  This is due to the 

signal from surrounding minerals. The percentage of radiogenic Pb also contributes to the 

calculated uncertainty of the ages. The baddeleyite grains range in age from 202±5 Ma to 
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253±15 Ma (Figures 5.6, 5.7, and 5.9). The zircon analyses range from 190±7 Ma to 

227±32 Ma (Figures 5.6 and 5.8). Two spots on zircon #2 (z2) yield an average age of 

213±28 Ma (Figure 5.8). 

On Concordia (Figure 5.3), 4 spots are concordant while spots b1, b3, and z2_s2 

are discordant. This is reasonable considering b1 (Figure 5.9) and b3 (Figure 5.7) have 

baddeleyite cores and zircon rims (labeled red on concordia). Due to the smaller size of 

the zircon, common Pb from surrounding material or Pb loss may be the reason for the 

large error in both spots and discordance in the first spot. 

The largest grain (b3) displays pink CL (Figure 5.7). Parts of the core of the 

baddeleyite produce the brightest CL, but the region where the probe was placed is dark. 

Either trace element concentrations are different in this part of the baddeleyite core or the 

beam has affected the CL by sputtering the surface. CL from the zircon rim is 

significantly dimmer than the core. One baddeleyite grain (b5) does not show any zircon 

recrystallization (Figure 5.8). This grain yielded an age of 253±15 Ma, which is the 

second oldest age reported from all four samples.   

5.32 AT25B 

AT25B is an altered gabbro located in the northwest region of the field area 

(Figure 3.1). Five zircon grains were dated (Figures 5.11 and 5.12) with one spot per 

zircon.  U-Pb ages range from 173±9 Ma to 234±18 Ma with a MSWD=5.18. Radiogenic 

Pb ranges from 95.6-99.1%. There are three concordant and two discordant spots (Figure 

5.5). CL from one grain, (z1) (Figure 5.9), is patchy and has several very small, dark 
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regions. These darker areas may represent magmatic zircon and the rest of the grain may 

be younger growth during metamorphism. This sample contained the youngest age 

analyses (173±9 Ma) among all of the samples. 

5.33 AT23A 

AT23A is a metaabbro located northwest of the Amasya city center (Figure 3.1). 

Three zircon grains were analyzed from AT23A (Figures 5.13-5.16) and a total of five 

spots were acquired. U-Pb ages range from 189±14 Ma to 256±17 Ma with a MSWD of 

3.5. Radiogenic Pb ranges from 61.6-91.8%. All spots are concordant (Figure 5.4). CL 

was obtained from one area (z2) where several small zircon grains were dated with two 

spots in the same location (Figure 5.16). The second spot on this zircon gave the oldest 

age obtained (256±17 Ma) out of all samples. The CL is brighter around the rims 

suggesting a type of growth zoning. 

5.34 AT38 

AT38 is an actinolite schist (metabasite) near the center of the field area, 

southeast from the Amasya city center (Figure 3.1). Two zircon grains were dated within 

one ion probe spot from AT38 (Figure 5.16). They yield an U-Pb age of 230±55 Ma with 

90.1% radiogenic Pb. These two zircon grains were the smallest analyzed and no CL or 

BSE zoning was detected. This analysis had the largest uncertainty and was the most 

discordant of all analyses (Figure 5.2). Smaller grains can lead to more Pb loss, which 

could be a reason for discordance (Faure 1986). 
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5.4 DISCUSSION AND CONCLUSION 

As described above, not all analyses in this study are concordant (Figure 5.2). 

Since baddeleyite grain b5 in TA29 shows no recrystallization (Figure 5.8) and 

metamorphic baddeleyite is rare, 253±15 Ma is interpreted to be a crystallization age.  

Discordant spots do not connect linearly to form one discordia, which can define post-

crystallization events (Faure 1986). Involvement of multiple metamorphic events or 

prolonged metamorphism may result in lack of one discordia (Rasskazov et al. 2010).  

Some grains did not produce CL.  The small size of the mineral, certain trace 

element contaminants, and/or lattice damage from accumulated radiation damage can 

interfere with CL (e.g., Nutman et al. 2004). Ideally, larger grains are better suited for CL 

imaging in order to see significant zonation and growth patterns. The pink color of the 

CL may be attributed to trace elements within the grains.  

Younger spots (TA29: b1 and b3; AT25B: z1) tend to show metamorphic textures 

and zircon recrystallization. The older U-Pb ages ~256-253 Ma ( TA29: b5 and AT23A: 

z2) may reflect timing of crystallization, while the younger (~173-230) may represent 

timing of metamorphic growth of zircon. Chapter 6 discusses the relationship of 

geochronological data reported here to previously reported ages for the Lower Karakaya 

complex and implications for the tectonic evolution of the central Pontides. 
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Table 5.1. Ion microprobe data from zircon and baddeleyite grains from the Tokat 
Massifa. 

Grain# 

_spot#b 

206Pb/238

U 

Age±1σc 

206Pb% 

±1σd 

206Pb/238U (x 

10-2) ±1σ(x 

10-3)e 

207Pb/235U 

±1σe UO+/U+ ±1σf 

Pb corrg 

AT23A (MSWD=3.5)  

z1 210±18 78.4±1.67 3.309±2.828 0.224±0.072 7.80±0.051 204Pb 

z1_s2 189±14 69.8±1.49 2.972±2.232 0.183 ±0.064 8.03±0.038 206/8Pb 

z2 256±17 91.8±0.69 4.053±2.665 0.299 ±0.050 8.31±0.051 206/8Pb 

z2_s2 240±13 86.7±0.85 3.792±2.096 0.304 ±0.044 8.79±0.048 206/8Pb 

z4 200±16 61.6±2.55 3.149±2.500 0.249 ±0.106 8.41±0.128 206/8Pb 

TA29 (MSWD=4.4)  

b1i 219±13 100h 3.453±2.120 0.325±0.237 8.63±0.087 Noneh 

z2_s1 208±23 100h 3.280±3.723 0.255 ±0.298 7.98±0.174 Noneh 

z2_s2 227±32 99.3±0.43 3.579±5.146 0.248 ±0.042 7.76±0.225 204Pb 

b3 202±5 100h 3.179±0.878 0.256 ±0.007 11.99±0.067 Noneh 

z4 190±7 96.3±0.74 2.985±1.060 0.181±0.031 13.27±0.329 206/8Pb 

b5 253±15 99.4±0.42 3.998±2.426 0.308 ±0.030 10.93±0.272 207Pb 

z6 194±12 97.1±1.08 3.060±1.954 0.234±0.045 11.77±0.364 206/8Pb 

AT25B (MSWD=5.18)  

z1    173±9 99.1 ±0.20 2.715±1.3.66 0.189±0.012 9.03±0.039 204Pb 
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Table 5.1, cont. 
z2  178±13 98.3±0.23 2.792±2.019 0.177±0.015 8.06±0.025 204Pb 

z3    217±18 97.9±0.31 3.421±2.852 0.215±0.022 7.77±0.025 206/8Pb 

z4  216±21 99.1±0.54 3.405±3.331 0.232±0.032 7.51±0.045 206/8Pb 

z5  234±18 95.6±0.40 3.694±2.912 0.258±0.027 7.92±0.043 206/8Pb 

AT38  

z1  230±55 90.7±1.69 3.631±8.86 0.380±0.138 7.50±0.364 207Pb 

 

aThe Mean Squared Weighted Deviation (MSWD) of all samples is 4.26. 

bZircon grains abbreviated “z”; baddeleyite grains, “b”; “s#” refers to the spot number if 

more than 1 analysis was obtained from the dated grain. 

cReported 206Pb/238U age in millions of years (Ma) with corresponding Pb correction 

listed in last column.  

dPercent radiogenically derived 206Pb. 

eMeasured isotopic ratio in sample. 

fIdeally the UO+/U+ lies within the range defined by the calibration curve (Figure 5.1).  

g Corrections were used assuming common 206Pb/204Pb=18.86 and 208Pb/204Pb=38.34. 

hNo Pb correction requires assumption of 100% radiogenic Pb. 

iImaging of grain displays zircon recrystallization.
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Figure 5.1.  Ion microprobe calibration of UO+/U vs. Pb/U relative sensitivity factor 

(RSF).  This curve was produced using zircon standards ‘AS3’ which have a 

Pb/U age of 1099 ± 1 (± 1 σ) (Schmitz et al. 2003). 
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Figure 5.2. Concordia diagram for all 19 spots analyzed.  Reference ages in 50Ma 

intervals are represented by black dots along the concordia (black line). 

Detailed age data from each spot can be found in Table 5.1. 
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Figure 5.3.  Concordia diagram for TA29. Zircon grains are abbreviated “z”; baddeleyite 

grains, “b”; “s#” refers to the spot number if more than 1 analysis was 

obtained from the dated grain. 
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Figure 5.4. Concordia diagram for AT23A. Zircon grains abbreviated “z”; “s#” refers to the 

spot number if more than 1 analysis was obtained from the dated grain. 
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Figure 5.5.  Concordia diagram for AT25B. Zircon grains abbreviated “z”; “s#” refers to the 

spot number if more than 1 analysis was obtained from the dated grain. 
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Figure 5.6. BSE image of 4 analyzed grains from TA29. Dashed lines represent ion 

microprobe spot locations determined from the secondary electron image.  

Mineral abbreviations after Whitney (2010).  
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Figure 5.7. (A) Secondary Electron, 

(B) BSE and (C) CL images of an 

analyzed grain (b3) in TA29. Grain 

has a baddeleyite core (white) with 

zircon rims (grey). 

 



 96 

 

Figure 5.8. BSE image of a baddeleyite grain from TA29. This was one of the oldest ages 

obtained. 
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Figure 5.9. BSE image of a zircon grain from TA29. The age is averaged from two spots 

(z2_s1 and z2_s2) (Table 5.1) at same location. 
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Figure 5.10 (A) BSE image of analyzed baddeleyite (b1) from TA29. (B) Detailed BSE 

dated region showing baddeleyite core with recrystallized zircon rim. 
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Figure 5.11 BSE image of 4 spot analyses on zircon grains from AT25B.  
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Figure 5.12.  (A and B) BSE and 

(C) CL images of a zircon from 

sample AT25B.  
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Figure 5.13.  (A) BSE image and (B) detailed BSE image of analyzed zircon grains from 

AT23A. 

 
 

Figure 5.14. BSE image of analyzed zircon grain from sample AT23A. The age is 

averaged from spots z1 and z1_s2. 
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Figure 5.15. BSE image of several small zircon grains analyzed in AT23A. The age is 

averaged from two spot analyses (z2 and z2_s2). 

 

 

 

 

 

 

 

 



 103 

 

Figure 5.16. (A) BSE and (B) CL images of dated zircon in AT23A (spots z2 and z2_s2).  
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Figure 5.17. BSE image of 2 zircon grains from AT38 analyzed with one ion microprobe 

spot. 
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Chapter 6: Discussion and Tectonic Conclusions 

6.1 OUTCOMES OF THE RESEARCH QUESTIONS 

To analyze and understand the crystallization and deformation history of meta-

igneous rocks from the Tokat Massif, near Amasya, north central Turkey, petrography, 

whole rock major and trace element geochemistry, clinopyroxene chemistry, in situ ion 

microprobe zircon and baddeleyite dating, and scanning electron imaging 

(cathodoluminescence, back scattered electron, and secondary electron) have been used. 

Comparison of this data to previously reported data for the Tokat Massif and the 

Karakaya Complex aids in constraining the geodynamic evolution of the central Pontides. 

Answers to the research questions outlined in this thesis are: 

1. What is the origin of the altered igneous assemblages that outcrop in the Tokat 

Massif? Two major groups of altered igneous rocks were analyzed: the Paleotethyan 

Karakaya Complex (AT23A, AT23B, AT24, AT25B, AT26, AT36, AT37, AT38, AT39, 

TA29, TA31) and from the Neotethyan Izmir-Ankara complex (TA32 and AT33). 

Geochemical data shows igneous rocks from the Karakaya Complex formed in an 

oceanic spreading-center environment, rather than an arc environment. The Neotethyan-

related Cretaceous rocks we sampled (TA32 and AT33) may have been generated in an 

arc environment. Mineral assemblages (Table 3.2) indicate all samples did not exceed 

albite-epidote-amphibolite facies, with the majority of Karakaya-related rocks and all 

Neotethyan rocks not exceeding greenschist facies.  
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Rare earth element (REE) and trace element tectonic discrimination diagrams 

indicate possible tectonic settings for the rocks collected (see Chapter 4). The REE 

diagram (Figure 4.11) shows Karakaya samples with patterns similar to E-MORB and 

OIB, whereas Neotethyan samples have REE patterns that are less enriched. The Ti vs. V 

diagram (Figure 4.12) suggests a MORB origin for Karakaya rocks and IAT source for 

Neotethyan rocks. Both the Th-Hf-Ta (Figure 4.14) and La/Nb vs. Y (Figure 4.13) 

discrimination diagrams indicate E-MORB environments for Karakaya samples and IAT 

or BABB for Neotethayn rocks. The Y-Ti-Zr diagram (Figure 4.15) suggests primarily 

MORB for Karakaya, and Neotethyan rocks as MORB or IAT field boundary. 

Clinopyroxene mineral chemistry (Table 4.5) is in agreement with trace element 

geochemistry, indicating the rocks formed near a spreading oceanic environment.  

2. What are the ages of crystallization and deformation? Ion microprobe data 

from zircon and baddeleyite grains from Karakaya samples TA29, AT23A, AT25B, and 

AT38. CL and BSE imaging show some of the younger zircon and baddeleyite grains 

have patchy textures, brighter rims, and lack oscillatory zoning, indicating heterogeneous 

compositions (Figure 5.11). The zoning patterns could be due to younger zircon re-

crystallization and/or other related metamorphic overgrowths. The older ages, ~256-253 

Ma, are within a period of time when the rocks were crystallizing, whereas the younger 

ages, ~173-230 Ma, record the time of deformation or metamorphic recrystallization.  

3. How does the geochemistry of these assemblages relate to others in the 

Karakaya across the Sakarya Zone? Meta-igneous rock assemblages have been analyzed 

throughout the Sakarya Zone (Figure 2.2) (e.g., Okay et al. 2002; Genc 2004; Okay and 
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Goncuoglu 2004; Topuz et al. 2004; Yilmaz and Yilmaz 2004; Sayit et al. 2009; 2010). 

Previously reported studies with geochemical and geochronological data can be 

compared to determine if there is a related source and/or any temporal relationships. 

Specific locations of rocks included for geochemical comparisons are illustrated in Figure 

6.1, and include from west to east:  Ortoba, Edremit, Marmara Island, Uludag, Kadirler, 

Yenisehir, Bilecik, Sogut, Ankara, Hasanoglan, Imrahor, Kargi, Tokat Massif, Amasya, 

Pulur regions. A summary of all geochemical comparisons can be found in Table 6.1. 

REE and trace element tectonic discrimination diagrams (Figures 6.2-6.7) for data 

across the Sakarya Zone show E-MORB and OIB patterns, which are similar to patterns 

obtained in this study. On the Y vs. La/Nb discrimination diagram (Figure 6.3) (Floyd et 

al. 1991), samples plot primarily in the T-E-MORB field (transitional-enriched MORB). 

The only exception is the diabase dikes from Imrahor (Figure 6.1) which have BABB 

affinities.  

The Ti vs. V discrimination diagram (Figure 6.4) (Shervais 1982) has some 

disagreement between the Ti/V slopes.  Karakaya rocks from the Kargi Massif, Ankara 

mélange, Uludag, and Sogut regions show OIB plots, while all others including this study 

plot within MORB. With the exception of the Imrahor dikes, Karakaya samples plotted 

on the Hf-Th-Ta diagram (Figure 6.5) (Wood 1980) suggest E-MORB and WPB origins. 

The Imrahor dikes plot in the IAT field. 

Clinopyroxene electron microprobe data from this study and other Lower 

Karakaya rocks also suggests oceanic rift-related environments (Figure 6.6 and 6.7). 

Slopes within the Ti vs. Alz plot are comparable to rift-related trends. Except for 
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Yenisehir rocks (Genc 2004) on the Si-Na-Ti diagram, the majority of analyses plot 

within the overlapping fields of N-MORB, E-MORB, ICB, and WOPB (within oceanic 

plate basalts). 

4. How do reported ages in this thesis compare to other geochronological data in 

the Karakaya Complex? Table 2.2 summarizes age data from Karakaya Complex rocks. 

A lower limit of the age of metamorphism is 165-154 Ma (Rb-Sr), from mid-Jurassic 

granitoids which intrude the top of the Upper Karakaya Complex in the central Pontides. 

Rb-Sr and K-Ar data from phengite and hornblende in the Pulur Massif of the eastern 

Pontides suggests metamorphism occurred ~260 Ma (Topuz et al. 2004), which is what 

we consider an upper limit for metamorphism in the Lower Karakaya, In northwest 

Turkey, 40Ar-39Ar phengite in muscovite of low-grade metamorphic rocks give late 

Triassic ages of 215-203 Ma (Okay and Monie 1997; Okay et al. 2002).  

The use of biostatigraphic data to constrain timing relationships is difficult due to 

the imbricate nature of Neotethyan assemblages with the Karakaya assemblages. Near 

Amasya, undeformed Jurassic radiolarians have been dated from chert found within 

mélange outcrops that incorporate meta-igneous units of the Karakaya. These cherts were 

tectonically incorporated within the altered Karakaya rocks after they were 

metamorphosed (Bozkurt al. 1997). 

 Only one study provides U-Pb zircon analyses of igneous rocks in the Tokat 

Massif (Eyuboglu et al. 2011). These mafic rocks have been interpreted as “Alaskan-

type” intrusives (Himmelberg and Loney 1995). The average U-Pb zircon age of 203±4.9 

Ma (2σ) was reported as the crystallization age, but no accompanying CL or BSE 
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imaging confirms it was unaffected by metamorphic overgrowth like samples presented 

in this study. In addition, REE patterns, trace element geochemistry, clinopyroxene 

electron microprobe data, and U-Pb ages of these mafic rocks to those presented in this 

thesis show many similarities and are likely from the same enriched rift source (see 

maroon squares in Figures 6.1-6.7).  

6.2 CONCLUSIONS AND FUTURE RESEARCH 

 
The Karakaya complex meta-igneous rocks collected from the Tokat Massif 

display E-MORB and OIB geochemistry. They were likely generated by plume-related, 

enriched magmas near the spreading Paleotethyan ocean crust (Figure 6.8A). U-Pb dating 

of zircon and baddeleyite indicate these rocks crystallized at ~250 Ma, suggesting the 

Paleotethyan ocean basin was actively rifting during the earliest Triassic. Subduction and 

accretion of the Karakaya caused the deformation and metamorphism observed in the 

rocks from the Tokat Massif (Figure 6.8B) (Okay and Goncuoglu 2004; Yilmaz and 

Yilmaz 2004). Timing of deformation and metamorphism is estimated from 175-200 Ma 

from 238U/206Pb ages obtained from recrystallized zircon and baddeleyite grains. It is 

likely that this metamorphism was continued as subduction of the Karakaya portion of 

the Paleotethys also continued until the early Jurassic (Figure 6.8B).  

The geochemical evidence shows the Karakaya rocks do not have the same 

genesis, as both E-MORB and OIB signatures are present. Because of this, it is likely 

they were generated near a spreading axis as well as a plume-related source (Figure 

6.8A).  Such processes have been suggested by others and are formed by a zone of 
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magma mixing between the mantle plume and depleted MORB source (Hekinian et al. 

1999; Sayit et al. 2009).  

Based on the available data, deformation and metamorphism caused by the 

subduction of Karakaya rocks in the central Pontides occurred before subduction in the 

western and eastern Pontides. With the exception of the Imrahor dikes, Karakaya rocks in 

the Tokat Massif and others across the Sakarya Zone likely generated in a similar 

enriched rift environment, but the timing of generation and subduction vary.  

Subduction of oceanic lithosphere underneath continental lithosphere often 

produces granitic volcanic arcs (e.g., Winter 2001). Partial melting processes of the 

mantle-derived oceanic underplate transfer fluids and heat upward, forming granitoid 

magmatic arcs (Peace et al. 1984; Winter 2001). Volcanic arc rocks from the 

Paleotethyan subduction are scarce, but have been documented north of Amasya by the 

(Figure 3.1) and in granitoid belts of the central Pontides (Boztug 1986; Nzegge et al. 

2006). Jurassic magmatic rocks north of Amasya (Mudurnu Formation) are estimated to 

be 185 Ma based on ammonite fossils in lowest part of the formation (Genc and Tuysuz 

2010).  These rocks are subalkaline (tholeiitic and calc-alkaline) and display OIB-type 

bimodal magmatism and subduction signatures based on trace element and isotopic 

geochemistry (Genc and Tuysuz 2010). In the Kastamonu granitoid belt, some intrusions 

yield mid-Jurassic ages while others yield ages of 295-275 Ma. Based upon ages obtained 

in this study for the Karakaya, the mid-Jurassic ages fit well for volcanic arc production 

during Karakaya subduction (Figure 6.8C). The formation of volcanic arc granitoids in 
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the central Pontides confirms a northward subduction model of the Paleotethys (Figure 

6.8). 

In this study, U-Pb ion microprobe dating of very small (5-20 µm) zircon and 

baddeleyite grains in thin section are concordant. Dating of such small minerals has only 

recently been successful (Schmitt et al. 2009; Chamberlain et al. 2010). This is the first 

time data U/Pb ion probe dating methods have applied to rocks of the Tokat Massif or in 

any regional Karkaya Complex unit. This method should be applied to more samples to 

better understand Tethyan dynamics in northern Turkey.  

Future research should include: 

(1)  field sampling and geologic mapping of all units, tectonic structures and contacts 

from the Tokat Massif in order to clarify confusion concerning the stratigraphy 

(see Table 2.1), and  

(2)  more isotopic dating (U-Pb, Rb-Sr, K-Ar) of igneous and metamorphic mineral 

assemblages in the Karakaya Complex, especially in the eastern Tokat Massif, 

Agvanis Massif,  Pulur Massif,  and Neotethyan ophiolite outcrops throughout the 

Sakarya Zone (Figure 2.2). 
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Table 6.1: Summary of geochemical interpretations for Karakaya Complex rocks 
throughout the Sakarya Zone (Figure 6.1). 

Diagram Suggested Tectonic Environment 

REE E-MORB and OIB 

Ti vs. V MORB and OIB 

La/Nb vs. Y T/E-MORB and BABB (Imrahor dikes) 

Hf-Ta-Th WPB/ E-MORB and IAT (Imrahor dikes) 

Ti02 vs. Alz Rift related environment 

Ti-Na-Si Rift related 
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Figure 6.1. Map of the Sakarya Zone showing outcrops (grey) of the Karakaya complex 

(After Okay and Tuysuz (1999), Okay and Goncuoglu (2004) and (Moix et al. 2008). 

Colored squares are the locations of geochemical data used in this chapter.
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Figure 6.2. Chondrite normalized 
rare earth element (REE) plots for 
igneous assemblages across the 
Karakaya Complex. For locations, 
see Figure 6.1. 
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Figure 6.3. Y vs. La/Nb discrimination diagram (Floyd et al. 1991) for all available 

Karakaya samples across the Sakarya Zone.  See Figure 6.1 for locations. FAPB: forearc 

platform basalt; BABB: backarc basin basalt; OFB: ocean flood basalt. This figure 

discriminates between horizontal MORB trends and more vertical, subduction-related 

tholeiitic basalt trends (FAPB, IAT, BABB).  



 116 

 

Figure 6.4. Ti vs. V discrimination diagram (after Shervais 1982) for all available 

Karakaya samples across the Sakarya Zone.  See Figure 6.1 for locations. 
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Figure 6.5. Hf-Th-Ta discrimination diagram for all available Karakaya samples across 

the Sakarya Zone after Wood (1980). See Figure 6.1 for locations. 
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Figure 6.6. Si-Na-Ti clinopyroxene discrimination diagram (Beccaluva et al. 1989) for 

Karakaya samples across the Sakarya Zone. See Figure 6.1 for locations. N-MORB= 

normal mid-ocean ridge basalt; E-MORB=enriched MORB; WOPB=within oceanic plate 

basalts; ICB=Iceland basalts; IAT=Island arc tholeiite; BON=boninites; BA-

A=intraoceanic forearc basalts and basaltic andesites.  
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Figure 6.7. Plot of %Alz content (percentage of total Al in tetrahedral coordination vs. 

Ti02) for clinopyroxene grains within the Karakaya Complex (LeBas 1962; 

Loucks 1990). All samples follow the rift trends. Arc trends have a 

significantly higher slope as indicated by the blue arrows.  See Figure 6.1 

for locations. 
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Figure 6.8.  Description on pg. 121. 
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Figure 6.8, cont. 

 Schematic diagram depicting northward subduction of the Paleotethyan ocean and 

accretion of Karakaya units found in the Tokat Massif. (A) Formation of E-MORB and 

OIB of the Karakaya Complex. The OIB type rocks formed from an enriched deep 

mantle plume, while E-MORB rocks formed due to mixing of the plume source and 

nearby depleted MORB magma.  (B) At ~205Ma, northward movement of the 

Paleotethyan ocean floor causes subduction of the enriched Karakaya rocks of the Tokat 

Massif (C) From 200-175 Ma, continuation of subduction processes cause accretion and 

deformation of the Karakaya Complex to emplace on the Laurasian continental margin. 

Modified after Hekinian et al. (1999); Okay (2000), and Sayit et al. (2009).
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