PETROLOGY AND GEOCHRONOLOGY OF THE IGNEOUS ROCKS
FROM THE CANGALDAG METAMORPHIC COMPLEX AND THE
CANGALDAG PLUTON (CENTRAL PONTIDES, TURKEY)

A THESIS SUBMITTED TO
THE GRADUATE SCHOOL OF NATURAL AND APPLIED SCIENCES
OF
MIDDLE EAST TECHNICAL UNIVERSITY

BY

OKAY CIMEN

IN PARTIAL FULFILLMENT OF THE REQUIREMENTS
FOR
THE DEGREE OF DOCTOR OF PHILOSOPHY
IN
GEOLOGICAL ENGINEERING

AUGUST 2016






Approval of the thesis:

PETROLOGY AND GEOCHRONOLOGY OF THE IGNEOUS ROCKS
FROM THE CANS}ALDAG METAMORPHIC COMPLEX AND THE
CANGALDAG PLUTON (CENTRAL PONTIDES, TURKEY)

submitted by OKAY CIMEN in partial fulfillment of the requirements for the
degree of Doctor of Philosophy in Geological Engineering Department, Middle
East Technical University by,

Prof. Dr. Giilbin Dural Unver

Dean, Graduate School of Natural and Applied Sciences

Prof. Dr. Erdin Bozkurt

Head of Department, Geological Engineering

Prof. Dr. M. Cemal Goénciioglu,

Supervisor, Geological Engineering Dept., METU

Assoc. Prof. Dr. Kaan Sayat,

Co-Supervisor, Geological Engineering Dept., METU
Examining Committee Members:

Prof. Dr. Mehmet Arslan

Geological Engineering Dept., KTU

Prof. Dr. M. Cemal Gonctioglu

Geological Engineering Dept., METU

Prof. Dr. Asuman G. Tiirkmenoglu

Geological Engineering Dept., METU

Assoc. Prof. Dr. Biltan Kiirk¢iioglu

Geological Engineering Dept., HU

Assist. Prof. Dr. Fatma Toksoy Koksal

Geological Engineering Dept., METU

Date: 10/08/2016



I hereby declare that all information in this document has been obtained and
presented in accordance with academic rules and ethical conduct. I also declare
that, as requested by these rules and conduct, I have fully cited and referenced
all material and results that are not original to this work.

Name, Last Name: Okay CIMEN

Signature:



ABSTRACT

PETROLOGY AND GEOCHRONOLOGY OF THE IGNEOUS ROCKS
FROM THE CANGALDAG METAMORPHIC COMPLEX AND THE
CANGALDAG PLUTON (CENTRAL PONTIDES, TURKEY)

Cimen, Okay
Ph.D., Department of Geological Engineering
Supervisor: Prof. M. Cemal Gonclioglu
Co-supervisor: Assoc.Prof. Kaan Sayit

August 2016, 254 pages

The Central Pontide Structural Complex (CPSC) in northern Turkey forms an
imbricated unit that consists of a number of variable metamorphic oceanic
assemblages between the Istanbul-Zonguldak and Sakarya Composite terranes. The
Cangaldag Complex comprising the Cangaldag Metamorphic Complex and the
Cangaldag Pluton is one of the members of this body and occurs as an E-W trending
30 km long and 15 km wide belt to the north of the Kastamonu-Boyabat Tertiary
basin. The Cangaldag Metamorphic Complex consists predominantly of variably
deformed and metamorphosed igneous rocks ranging from felsic to mafic in
composition. The main volcanic lithologies are basalt, tuff, diabase, andesite and
rhyodacite associated with sediments. The mafic and intermediate volcanic rocks
were mainly subjected to greenschist facies metamorphism as evidenced by the
assemblage of alb+act+chl+ep. The felsic phases exhibit blastoporphyritic textures
with musc+ alb+ chl as the metamorphic parageneses. Geochemically, all
metavolcanic rocks display the typical features of subduction-related magmas as
evidenced by variable enrichment in LREE over HFSE. LA-ICP-MS U-Pb
geochronological data from zircons of three different meta-rhyodacite samples yield
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Middle Jurassic ages between 156 + 3 Ma and 176 + 6 Ma. Additionally, in-situ
Y8H£/""HT initial ratios (between 0.28281 + 0.00003 and 0.28276 + 0.00003) on the
same zircons correspond to Tpy model ages between 538 and 678 Ma, which suggest
partial melting of a depleted mantle, affected by the Cadomian arc magmatism. This

Cadomian signature is common in Gondwana-derived terranes.

The Cangaldag Pluton to the northeast of the Cangaldag Complex is bounded by a
strike-slip fault towards the Cangaldag Metamorphic Complex. The pluton comprises
non-metamorphic diorite, dacite porphyry, and lesser amount of granitic rocks. The
dioritic rocks are surrounded by dacite porphyries, which indicate a zoned nature
(mafic core with felsic rim) of the complex. Geochemically, various rock types from
this pluton exhibit calc-alkaline features and are akin to volcanic arc magmatics
displaying LILE/HFSE enrichment coupled with Nb depletion. The available data
from the pluton suggest derivation primarily from partial melting of an amphibolitic
source. The diorites and dacite porphyries exhibit geochemical features of I-type
granites, whereas the granitic rocks show typical features of S-type granites. LA-
ICP-MS U-Pb dating of zircons from dacite porphyry and granite samples yielded
ages of 161 + 6 Ma and 170 + 2 Ma, respectively. Corresponding in-situ *"°Hf/*""Hf
initial ratios are 0.28276 + 0.00003 and 0.28213 £ 0.00002 for the dacite porphyry
and granite, respectively. These results support their generation in a marginal arc
system with the involvement of a subduction-modified mantle source. Tpy model
ages vary between 674 and 1512 Ma and suggest that the Cangaldag Pluton
magmatism has formed by partial melting of Neoproterozoic/Mesoproterozoic

crustal rocks, which are common in Gondwana-derived terranes.

Overall the geochemical and geochronological data confirm the presence of an
island-arc (Cangaldag Metamorphic Complex) and a continental-arc (Cangaldag
Pluton) system during the Middle Jurassic period formed by the partial closing
within the Intra-Pontide Ocean.

Keywords: Cangaldag Metamorphic Complex, Cangaldag Pluton, Central Pontides,
Geochemistry, Geochronology, Intra-Pontide
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CANGALDAG METAMORFiK KOMPLEKSi VE CANGALDAG PLUTONU
(ORTA PONTITLER, TURKIYE) ICERISINDEKI MAGMATIK
KAYACLARIN PETROLOJISI VE JEOKRONOLOJISI

Cimen, Okay
Doktora, Jeoloji Miihendisligi Bolimii
Danigman: Prof. Dr. M. Cemal Gonciioglu
Es Danigman: Dog¢.Dr. Kaan Sayit
Agustos 2016, 254 sayfa

Tiirkiye’nin kuzeyinde bulunan Orta Pontid Yapisal Kompleksi (OPYK); Istanbul-
Zonguldak ve Sakarya Tektonik Birlikleri arasinda yer alan birtakim metamorfik
okyanusal birimleri icermekte ve istiiste binmis bir yapisal kompleksi
olusturmaktadir. Cangaldag Metamorfik Kompleksi ve Cangaldag Plutonunu igeren
Cangaldag Kompleksi bu birimin bir iiyesi olup, Kastamonu-Boyabat Tersiyer
havzasi’nin kuzeyinde 30 km uzunlugunda ve 15 km genisligindeki D-B yo6nlii bir
magmatik kusagi olusturmaktadir. Cangaldag Metamorfik Kompleksi genellikle
felsikten mafik’e degisen komposizyona sahip, cesitli derecede deformasyona ve
metamorfizmaya ugramis magmatik kayaclardan olusmaktadir. Ana volkanik
litolojiler sedimanlar ile birlikte bulunan bazalt, tiif, diyabaz, andezit ve riyodasitten
olusmaktadir. Mafik ve ortag¢ metavolkanik kayaglar alb+akt+klr+ep mineral
birlikteliginin gosterdigi iizere genellikle yesilsist fasiyesi metamorfizmasina maruz
kalmislardir. Felsik fazlar ise ince taneli matriks tarafindan ¢evrelenmis kuvars ve
feldispat fenokristleri ile blastoporfiritik doku gostermektedir. Jeokimyasal olarak
tim volkanik kayaglar LREE’lerin HFSE’lere goére zenginlesmesi ile dalma-batma
iliskili magmalarin tipik o6zelliklerini sergilemektedir. Ug¢ farkli metariyodasit
orneginden elde edilen zirkonlar tizerindeki LA-ICP-MS U-Pb yaslandirma sonuglari

156 £ 3 My ve 176 £ 6 My arasinda degisen Orta-Jura yaslar1 vermektedir. Ek

vii



olarak, ayni zirkon minerallerindeki ‘in-situ’ ilksel Y®Hf/*""Hf oranlar1 (0.28281 +
0.00003 ve 0.28276 + 0.00003 arasinda) 538 ve 678 My’lar1 arasindaki Ty model
yaslarina karsilik gelmekte ve bu sonu¢ Kadomiyen yay magmatizmasindan
etkilenmis bir tiiketilmis mantonun kismi ergimesine isaret etmektedir. Bu tiir
Kadomiyen magmatizmasinin izleri genellikle Gondwana kokenli tektonik

birliklerde gozlenmektedir.

Cangaldag Kompleksi’nin kuzeydogusunda yeralan Cangaldag Plutonu dogrultu
atimhi bir fay ile Cangaldag Metamorfik Komplesine baglanmaktdir. Bu pluton
genellikle metamorfik olmayan diyorit, dasit porfiri ve az oranda granitik
kayaclardan olusmaktadir. Diyoritik kayaclar, dasit porfiriler tarafindan
cevrelenmekte ve kompleksin zonlu (felsik halkali mafik ¢ekirdek) yapisina isaret
etmektedir. Jeokimyasal olarak ise bu plutondaki gesitli kayag tiirleri kalk-alkalen
ozellik sergilemekte ve Nb tiiketilmesi ile birlikle LILE/HFSE zenginlesmesi
gostererek volkanik yay magmatiklerine benzemektedir. Elde edilen veriler 6ncelikle
amfibolitik bir kaynagin kismi ergimesi ile tiiremeyi isaret etmektedir. Diyoritler ve
dasit porfiriler I-tipi granitlerin jeokimyasal karakteristiklerini sunarken, granitik
kayaglar S-tipi granitlerinin tipik 6zelliklerini gostermektedir. Dasit porfiri ve granit
orneklerindeki zirkonlarin LA-ICP-MS U-Pb metotu ile yaslandirilmasi sirasiyla 161
+ 6 My ve 170 + 2 My yaslarmi vernektedir. Ek olarak, ‘in-situ” ilksel *"°Hf/*""Hf
oranlar1 dasit porfiri ve granit i¢in sirasiyla 0.28276 + 0.00003 ve 0.28213 + 0.00002
seklindedir. Bu sonuglar kayaglarm yitim ile modifiye edilmis manto kaynaginin
karisimi ile bir kitasal yay sistemi igerisinde tiiretildigini desteklemektedir. Tty
model yaslart 674 ve 1512 My arasinda olup, Cangaldag Plutonunu olusturan
magmatizmanin, Gondwana kokenli tektonik birliklerde yaygin olarak gozlenen
Neoproterozoyik/Mesoproterozoyik yasli kitasal kayaglarin kismi ergimesi ile

olusabilecegine isaret etmektedir.

Tim jeokimyasal ve jeokronolojik veriler Orta-Jura dénemi boyunca Pontid-igi
okyanusun igerisinde yeralan ve bu okyanus kapanmasi ile olusan bir ada yay1
(Cangaldag Metamorfik Kompleksi) ve kitasal yay (Cangaldag Plutonu) sisteminin

varligin1 dogrulamaktadir.
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CHAPTER 1

INTRODUCTION

1.1. General Overview: Contradictions and Problems

Turkey is a part of Alpine-Himalayan orogenic belt, and the commonly accepted
view regarding the northern part of Turkey is that a number of terranes or continental
micro-plates (Fig. 1-1a) were amalgamated during the closure of the Neotethyan
oceanic branches (Sengor and Yilmaz, 1981; Gonciioglu et al., 1997; Gonciioglu et

al., 2006; Aldanmaz et al., 2008; Gonciioglu, 2010; Robertson et al., 2014).

The northern terrane is the Istanbul-Zonduldak Terrane that has separated from the
Sakarya Composite Terrane (SCT) in the south by the Intra-Pontide Suture Belt
(IPSB; Fig. 1-1a; Gonciioglu et al., 1997, Gonciioglu, 2010). In the south, the third
microcontinent, that is Anatolid-Tauride Terrane (ATT), separated from the SCT by
the Izmir-Ankara-Erzincan-Sevan-Akera Suture Belt (IAESASB; Fig.1-1a; Sengor
and Yilmaz, 1981; Okay and Sahintiirk, 1997; Goénctioglu et al., 1997, Goénclioglu,
2010; Aldanmaz et al., 2008; Parlak et al., 2013; Robertson et al., 2014). The
continuation of this suture belt extends from Armenia (Galoyan, 2008; Galoyan et
al., 2009; Rolland et al., 2010; Héssig et al., 2013) to northern Iran.

To identify and clarify the current problems on the geodynamic evolution of
Northern Turkey, firstly, the Tethyan events must be discussed by detailed literature
survey. After that, the problematic units, which have critical importance, can be

determined to solve unclear points in relation to regional geology of Turkey.
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For this, we will start to discuss the problematic regions and hence the aim and scope
of this study by evaluating the geological models for the Cangaldag Metamorphic

Complex proposed in previous studies.

1.1.1. Central Pontides / Central Pontide Structural Complex (CPSC)

In Turkey, the Central Pontides includes the boundary between two important
Gondwana-derived tectonic terranes, which are Istanbul-Zonguldak Terrane (1ZT)
and SCT (Fig. 1-1b). The Central Pontides and its geodynamic evolution, particularly
in the Mesozoic, are hotly debated since long time. There is no consensus yet on the
origin of the Central Pontides, which is of crucial importance to understand the
geodynamic evolution of northern Turkey. The region has been studied by many
researchers over a long period (e.g. Yilmaz, 1980, 1981, 1983; Boztug, 1983, 1988,
1992; Boztug and Yilmaz, 1983; Yilmaz and Tiiysiiz, 1984, 1991; Tiysiiz, 1985,
1990, 1993, 1999; Yilmaz and Sengor, 1985; Aydin et al., 1986, 1995; Yilmaz and
Boztug; 1986, 1987; Sengiin et al., 1988; Tiysiiz et al.,1989; Ustadmer and
Robertson, 1993, 1994, 1999; Boztug et al., 1995; Yilmaz et al.,1997; Nzegge et al.,
2006; Uguz and Sevin, 2007; Gonciioglu et al., 2008, 2012, 2014; Nzegge, 2008;
Okay et al., 2006, 2013, 2014; Sayit et al., 2016; Aygiil et al., 2016; Giicer et al.,
2016; Cimen et al., 2016a, b).

Recently, the large area of the metamorphic rocks in the southern part of the Central
Pontides has been defined as the Central Pontide Supercomplex (CPS) or Central
Pontide Metamorphic Supercomplex (CPMS; Okay et al., 2013) also known as
CPSC (Tekin et al., 2012) which contains the Daday Massif in the west, the Elekdag-
Domuzdag and Kargi massifs in the east and the Cangaldag Complex (CMC) in the
north (Fig. 1-1b). On the other hand, the “Central Pontides” is a geographical term
comprising several units with geographical (e.g. Devrekani Massif, Kargi Massif,
Daday Massif, Ilgaz Massif) or tectonic (e.g. Kiire Complex, Geme Complex,
Devrekani Metamorphics, CMC, Elekdag Complex, Domuzdag-Saraycik Complex)
3



origin (Yilmaz and Tiiysiiz; 1984; Ustabmer and Robertson, 1999; Kozur et al.,
2000; Gonctioglu et al., 2012, 2014; Okay et al., 2006, 2013, 2014, 2015; Okay and
Nikishin, 2015; Aygiil et al., 2016; Sayit et al., 2016; Cimen et al., 2016a, b; Giicer et
al., 2016) units (Fig. 1-1b).

The detailed investigation of the previous studies reveals significant differences that
have been put forward about the Central Pontides. The first one is related to the
presence or absence of the Intra-Pontide Ocean (IPO) between the IZT and SCT
during the Mid to Late Mesozoic (Sengér and Yilmaz, 1981; Yilmaz et al., 1995;
Tiiysiiz, 1999; Elmas and Yigitbas, 2001; Robertson and Ustadmer, 2004; Okay et
al., 2006, 2008; Kaya, 1977, Kaya and Kozur, 1987; Gonciioglu et al., 2008, 2012,
2014; Akbayram et al., 2013; Marroni et al., 2014). The second problem is
concentrated on that the Central Pontides has formed as result of accretionary prisms
developing in the Paleotethyan, Neotethyan or Intra-Pontide (a northern branch of
Neotethyan) oceans (Ustadmer and Robertson, 1993, 1994, 1999; Okay et al., 2006,
2013, 2014, 2015; Gonctioglu et al., 2012, 2014; Marroni et al., 2014). The third
problem discusses the presence of the Cimmeria microcontinent in Turkey which is
considered to be reason of the Cimmeride Orogeny in the sourthern Laurasian
margin during Late Triassic - Early Jurassic (Sengor, 1984; Okay et al., 2014, 2015;
Celik et al., 2011; Topuz et al., 2013).

From the numerous tectonic units making up the CPSC the Cangaldag Complex
comprises two main units: the Cangaldag Metamorphic Complex (CMC) mainly
consisting of metavolcanics with meta-sedimentary and metavolcanoclastic rocks,
and the Cangaldag Pluton mainly made of non-metamorphic diorites, dacite
porphyries and granites. The CMC and Cangaldag Pluton (CP) play a critical role for
evaluating the major geological events which have occurred during the geodynamic

evolution of the Central Pontides.



1.1.2. Cangaldag Metamorphic Complex (CMC)

Although the CMC has been studied by many researchers over a long period of time
(Yilmaz, 1980, 1983; Tiiysiiz, 1985; Sengiin et al., 1988; Yilmaz, 1988; Tiiysiiz,
1990; Ustadmer and Robertson, 1993, 1994, 1999; Okay et al., 2006, 2013, 2014),
there is no consensus yet on the origin of the CMC.

There are important contradictions and problems in the literature about the origin of
the CMC. Three different models can be considered for this metamorphic complex
(Fig. 1-2 and Table 1). First of them suggests that the CMC is a meta-ophiolitic body
related to the southernly Elekdag meta-ophiolite (Fig. 1-2a; Yilmaz, 1980, 1983;
Sengiin et al., 1988; Yilmaz, 1988; Tiiysiiz, 1985, 1990; Uguz and Sevin, 2007). The
second opinion (Ustadmer and Robertson, 1993, 1994, 1999) indicates that the CMC
was formed as the result of arc volcanism developing in a pre-late Jurassic ocean
(Paleotethyan; Fig. 1-2b). However, these previous studies are based upon the whole
rock geochemical analyses of volcanic rocks by using XRF method. As results of
these studies, the volcanic rocks within the CMC have been determined as andesite,
basaltic andesite and rhyo-dacite and plotted into the island arc tholeiite and mid-
ocean ridge basalt fields on the geotectonic classification diagram (Ustadmer and
Robertson, 1999; Cimen et al., 2015). The last view is that the CMC is the conjugate
of the Niliifer Unit of the Karakaya Complex (Fig. 1-2c; Okay et al., 2006). In this
study without any geochemical data, the volcanic rocks of the CMC have been
accepted as an oceanic plateau and ocean island series rather than island arc
volcanics (Table 1). Later on, this opinion was revised by the author (Okay et al.,
2013, 2014) as “arc magmatism” considering the previous studies including

geochemical data of Ustadmer and Robertson (1999).

In brief, the main point is the absence of detailed field (relations, systematically
sampling etc.) and petrological studies (e.g. isotope geochemistry and
geochronology). The outstanding problems, contradictions and deficient information

have been summarized in the Figure 1-2 and Table 1.
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Regarding the age, the CMC is intruded by mid-Jurassic granitic rocks (CP) that
provides a relative pre-Mid-Jurassic age (Yilmaz, 1980; Yilmaz and Boztug, 1986;
Aydin et al., 1995). In relation to the radiometric dating methods, firstly, the Middle
Jurassic (153 Ma) and Early Cretaceous metamorphism (126-110 Ma) ages were
assigned for the metabasic rocks and phyllites, respectively (Yilmaz and Bonhomme,
1991) by using the K-Ar methods. These Early Cretaceous metamorphic ages have
been confirmed by Okay et al. (2013) for the metamorphic complex based upon the
Ar-Ar mica dating of phyllite samples (136 and 125 Ma). The contradictions in these

ages are;

1- How can a Middle Jurassic non-metamorphic intrusion (CP) cut the Metamorphic
Complex metamorphosed at Lower Cretaceous?

2- How can the CMC with a Lower Cretaceous metamorphism be disconformably
overlain by the non-metamorphic Upper Jurassic-Lower Cretaceous Limestone (the

Inalt1 Formation)?



Table 1: Differing interpretations about the Cangaldag Metamorphic Complex

Sengiin et al.,1988;
Tiiysiiz, 1985, Ustaomer and Okay et al., 2006,
1990; Uguz and Robertson, 1993, Okay et al.,
Sevin, 2007, 1994, 1999 2013,2014
Yilmaz,
: . 1980,1983;
Previous Studies Yilmaz, 1988
Paleotethyan
Paleotethyan oceanic plateau
Definition Meta-ophiolite Volcanic Arc (2006), volcanic
arc (2013, 2014)
Isotope Systems no no no
Protholith Age no no 169 Ma-Middle
Jurassic (2014)
Pre-Jurassic (cut by | Pre-Jurassic (cut by | Pre-Jurassic (cut
Middle Jurassic Middle Jurassic by Middle
Relative Age Granitoid and Granitoid and Jurassic Granitoid
overlain by Late overlain by Late and overlain by
Jurassic Jurassic Late Jurassic
Conglomerates) Conglomerates) Conglomerates-
2006)

As mentioned above, the interpretations on the origin and geodynamic evolution of
the CMC have various problems in regard to the petrogenesis, origin and
geochronology. Moreover, the different magmatic and geodynamic reconstructions

regarding the Paleotethys, and Neotethyan oceans must be re-evaluated.



Cangaldag Meta-Ophiolite
(Uguz and Sevin, 2007)

Paleotethyan Volcanic Arc
(Ustadmer and Robertson, 1999)

A part of Karakaya Complex
(Okay et al., 2006)

[ — — Conum

Figure 1-2: Controversial views on the Cangaldag Metamorphic Complex

1.1.3. Problems related to generation within the Paleotethyan Ocean / Karakaya
Complex

The paleogeographic position and geodynamic evolution of the Paleotethyan Ocean
and Karakaya Complex play an important role to understand the evolution of the
CMC and Central Pontides. In relation to the origin of the CMC, so far, two different
models were proposed. The first one is that CMC is the conjugate of Niliifer

Volcanics in SCT which corresponds to a Triassic oceanic plateau within the



Paleotethyan Ocean (Okay et al., 2006; Fig. 1-3). The second model by Ustadmer
and Robertson (1994, 1999), Robertson et al. (2012) and Okay et al. (2013) suggests
island arc magmatism within the Paleotethyan Ocean (Figs. 1-4, 1-5). If the CMC
had been the remnant of the Paleotethyan Ocean, its age must have been older than
the Middle Jurassic. These models are mainly based on the pre-Mid Jurassic relative
age (Yilmaz, 1980; Yilmaz and Boztug, 1986; Aydn et al., 1995). This relative age
has been given regarding the cross-cutting relation between the CMC and CP in the
study area. The Mid-Jurassic relative age is accepted (there is no radiometric age
data) for the formation of CP on the basis of the field relations, as CP intrudes the
Triassic Kiire Complex and is overlain by Upper Jurassic Inalt: Limestone. However,
the recently assigned Middle Jurassic age (1 dacite sample) for the CMC by Okay et
al. (2014) invalidates the Paleotethyan models. Therefore, it is significant to
determine more reliably the radiometric age (from several samples) for the CMC and
CP.

Cal unit
S " . Orhanlar Greywacke
Niltifer oceanic plateau ‘ Laurasian margin

ARSI .
N,
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(a) Mid Triassic

Clastic wedge fed from
the Hercynian basement
(Hodul unit)

--------------
-------------------

(b) Late Triassic
Nilfer unit

Figure 1-3: Subduction accretion model of Okay (2000) for the Karakaya Complex
(taken from Sayit and Gonctioglu, 2012)



The other important point related to the formation of CMC and CP is the subduction
polarity of the Paleotethyan Ocean, provided that they are products of the Cimmerian
events. As seen in the previous studies both northward (beneath Laurasia margin;
Robertson and Dixon, 1984; Dercourt et al., 1993; Ustadmer and Robertson, 1997;
Okay, 2000; Stampfli, 2000; Dercourt et al., 2000; Stampfli et al., 2001; Eren et al.,
2004) and southward (beneath the SCT, Ozcan et al., 1990; Génciioglu et al., 2000,
2007; Sayit and Gonciioglu, 2013) subduction is proposed. Considering the recent
geographic configuration and that CP indeed intrude the Kiire Complex of the SCT,
the subduction should be northward but beneath the SCT. This is another result that

refutes to the geodynamic models yet proposed.
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Figure 1-4: Island Arc Magmatic model of the Paleotethyan Ocean (taken from
Ustadmer and Robertson, 1999)
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Figure 1-5: Late Triassic paleogeography (taken from Robertson et al., 2012)

1.1.4. Problems related to generation within the Intra-Pontide Ocean (IPO)

The CMC is interpreted as one of the tectonic units formed in relation to the Intra-
Pontide Ocean Basin (IPOB) between the SCT and IZT (e.g. Gonciioglu et al. 1997).
However, the presence or absence of the IPO between these two terranes during the
Mid to Late Mesozoic is also hotly debated in the literature (Sengoér and Yilmaz,
1981; Yilmaz et al., 1995; Tiysiiz, 1999; Elmas and Yigitbas, 2001; Robertson and
Ustaémer, 2004; Okay et al., 2006, 2008; Kaya, 1977; Kaya and Kozur, 1987
Gonciioglu et al., 2008, 2012, 2014; Akbayram et al., 2013; Marroni et al., 2014;
Sayit et al., 2016; Cimen et al., 2016a, b).
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There are several models which have been proposed for the suture zone of this ocean.
The first model suggests a multiple branch model for the Neotethyan Ocean during
the Mesozoic time and advocates the presence of the IPO (Fig. 1-6; Sengoér and
Yilmaz, 1981; Yilmaz et al., 1995; Okay et al., 1996, 2006; Robertson and Ustaomer,
2004; Gonciioglu et al., 2008, 2012, 2014, Akbayram et al., 2013; Marroni et al.,
2014; Sayit et al., 2016; Cimen et al., 2016a, b) especially in NW Anatolia. In this
model, there are different ideas about the time of opening and closure of this ocean.
The second model suggests that the ophiolitic melanges belong to the Izmir-Ankara-
Erzincan branch of the Neotethyan Ocean (single-strand model) and strike slip
faulting during the Late Cretaceous time has caused the replacement of the Izmir-
Ankara-Erzincan oceanic units to their present locations (Elmas and Yigitbas, 2001).
The third model suggests that these ophiolitic rocks are related to the Permo-Triassic
rifting events and ignores any Neotethyan oceanic involvement (e.g. Kaya, 1977;
Kaya and Kozur, 1987; Kaya et al., 1986, 1988). The last model states that the IPSB
can be continuation of the Rheic Ocean in Turkey (Okay et al., 2008; Stamphli and
Borel, 2002) or remnants of the Paleotethyan Ocean (Bozkurt et al., 2012, 2013).

The geochemical data from the CMC indicate an ancient arc-back arc basin
environment (Ustadmer and Robertson, 1999; Cimen et al., 2015) that was formed
during the Mid-Jurassic time regarding the recent radiometric age data (Okay et al.,
2014; Cimen et al., 2016a). The IPOB was already open prior to the Early Jurassic
(Gonctioglu et al., 2014). In addition, the ophiolitic blocks and Ayli Dag ophiolite
support the presence of a supra subduction zone which has begun to form during the
Middle Jurassic (Gonciioglu et al., 2012, 2014). Hence, the CMC can correspond to
the island arc and back arc systems of this supra subduction zone (Fig. 1-6) that were
formed during the Mid-Jurassic (Cimen et al., 2015, 2016a). In addition, the presence
of Mid-Late Jurassic Island Arc, BABB and MORB-type basalts in the CPSC
melanges (Gonclioglu et al., 2008, 2012; Sayit et al., 2016) also support an intra-

oceanic subduction.
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The Ar-Ar single-grain ages of phyllites from the CMC (125 Ma and 136 Ma)
indicate an Early Cretaceous (Valanginian-Barremian) age for the regional
metamorphism (Okay et al., 2013). This age may correspond to the collision of an

island arc with a marginal arc represented by the CP.
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Figure 1-6: Middle Jurassic paleogeographical reconstruction of the Neotethys Ocean
Ib: Iberia; Ad: Adria; Tz: Tizia; Ms: Moesia (taken from Marroni et al., 2014)

1.1.5. Problems related to generation within the 1zmir-Ankara-Erzincan Branch
of Neotethys

The suture of the northern Neotethyan Ocean with ophiolites and melanges was
located between the Anatolide-Tauride Terrane (ATT) in the south and the SCT in
the north (Gonciioglu et al., 2000). They have been derived from a complex
subduction-accretion system during the closure of the Neotethyan ocean (Sengor and
Yilmaz, 1981; Okay and Sahintiirk, 1997; Aldanmaz et al., 2008). The ages of these
oceanic assemblages range from Late Triassic to Early Cretaceous (Tekin et al.,
2002; Gonciioglu et al., 2006; Dilek and Thy, 2006; Topuz et al., 2013), whereas the

formation of the mélange complexes were assigned to Late Cretaceous (Yilmaz et
13



al., 1997; Robertson and Ustadmer, 2006; Okay et al., 2006; Parlak et al., 2013;
Robertson et al., 2014, Gonciioglu et al., 2014). The geochemical characteristics of
the oceanic lithologies indicate the presence of various tectonic settings such as mid-
ocean ridge, oceanic island; island arc and back arc basin (Yaliniz et al., 2000; Floyd
et al., 2003; Gonciioglu et al., 2006a, b; Aldanmaz et al., 2008; Parlak et al., 2013;
Cimen et al., 2014). Lastly, their emplacements onto the Tauride-Anatolide margin
has started at the beginning of Maastrichtian and continued until Early Eocene
(Sengor and Yilmaz, 1981; Yilmaz et al., 1997; Floyd et al., 2000; Gonciioglu et al.,
2000).

This overall paleogeographic distribution and geodynamic models work well in the
western part of the IPS. However, in the Central Pontide area, the SCT pinches out
because of intensive strike-slip tectonics, so that a critical duplication occurs along a
N-S traverse from the Black Sea to Ankara. This configuration impedes the lateral
correlation of the main tectonic units of the CPSC. Therefore, the detailed evaluation
of the regional scale structures and the boundaries of the studied units may shed light
to the problem whether CMC and CP are products of the IPS or the Izmir-Ankara-
Erzincan Ocean. In recent studies (e.g. Okay et al., 2013) only the name “Northern

Neotethys” is used (Figure 1-7) without specifing which one.
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Figure 1-7: The paleographic positions of the Cangaldag Metamorphic Complex
during Late Jurassic-Early Cretaceous time (taken from Okay et al., 2013)

1.1.6. Purpose and Scope

The brief evaluation in the previous chapter demonstrates the presence of conflicting
views and problems on the Central Pontides and CMC. By this, the detailed study of
the CMC plays an important role to test the validity of the models (as mentioned in
this chapter) which have been proposed by the previous researchers (Yilmaz, 1980,
1983; Tiiysiiz, 1985; Sengiin et al., 1988; Yilmaz, 1988; Tiiysiiz, 1990; Ustadmer and
Robertson, 1993, 1994, 1999; Uguz and Sevin, 2007; Okay et al., 2006, 2013, 2014).

These problems can be summarized as:

1- Is the CMC a meta-ophiolitic body related to the southernly Elekdag meta-
ophiolite?

15



2- Was the CMC formed as the result of arc volcanism developing in a pre-late
Jurassic ocean (Paleotethyan)?

3- Is the CMC the conjugate of the Niliifer Unit of the Karakaya Complex?

However, the most important goal of this study is to solve the current contradictions
and problems by using detailed field (mapping, field relations, systematical
sampling) and laboratory (petrographical, geochemical and geochronological)
studies. After furthermore studies; the possible genesis and evolution of the
metavolcanic rocks from the CMC and surrounding important units (e.g. CP) will be
clearly understood which will definitely help to reconstruct a more accurate model
for the study area. In addition to the CMC, the CP plays an important role in order to

understand geodynamic evolution of the Central Pontides.

1.2. Geographic Location

The CMC and CP, which are the subjects of this study, are located between the
Devrekani and Taskoprii towns (Fig. 1-8; northeast of Kastamonu). The geographic
coordinates of CMC are approximately 41°39' N and 34°09' E. The size of CMC is
about 600 km? (40 km long and 15 km wide) and it is located in E31: c3-c4; E32: c1-
c2-d1-d2-d3-d4; E33: d1 (Kastamonu and Sinop) quadrangles of the 1:25.000 scaled
topographic maps of Turkey.

The CP is located at northeast part of the CMC and the geographic coordinates are
approximately 41°43' N and 34°12' E. The size of this pluton is about 240 km? (30
km long and 8 km wide). It is mostly located in E32: c1-c2 quadrangles of the

1:25.000 scaled topographic maps of Turkey.

The study area is mostly covered by intense forests. There are many high and rugged
hills in the study area. Therefore, it is really difficult to observe clearly the primary

field relations of the units. There are more than 20 villages on the CMC and the
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geological units can be observed through the roads of these villages. The distance

between Ankara (the capital city of Turkey) and Kastamonu is about 260 km and it

takes approximately 3 hours by driving.
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Figure 1-8: Location of the study area (modified from Saygili, 2015)

1.3. Methods of Study
This study was mainly completed in two stages: a) Field Work and b) Laboratory

Work

1.3.1. Field Work
To solve the current problems on the field relations of the CMC, the available

geological map (Konya et al., 1988) was modified, the distinct geological units were
17



identified, the relationships between lithostratigraphic units were determined and
finally systematical sampling was realized along the three selected traverses. These
traverses were selected from N to S due to distrubituons of the geological units and
structural chraraterictics of the tectonic units (Fig. 2-4).

Approximately 200 samples were collected from the CMC during field studies. In
addition to that, more than 50 samples were collected from the surrounding units
(from the CP and Devrekani orthogneiss) in order to figure out the possible relations
in the region. The Google Earth images and topographic maps were also used to

observe the field chraraterisrics of the CMC.

1.3.2. Laboratory Work

The laboratory work comprises petrographic, geochemical, radiogenic isotope and

radiometric dating studies;

a) Approximately 150 thin sections were prepared from the selected rocks
which had been collected along representative three traverses. These studies
were performed at the laboratories of the Department of Geological
Engineering in Middle East Technical University (METU, Turkey). The
petrographic thin sections were examined and grouped by using transmitted
light microscope at the same department. The images of thin section were
taken by using analyzer image program at the Department of Civil and
Environmental Engineering and Earth Sciences at the University of Notre
Dame (ND), South Bend, Indiana, United States.

b) 32 whole rock samples were selected for the geochemical analyses from the
representative groups which had been identified based on the petrographical
observations. Major and trace element concentrations were determined by

Inductively Coupled Plasma-Optical Emission Spectrometer (ICP-OES) and
18



d)

Inductively Coupled Plasma-Mass Spectrometer (ICP-MS), respectively, with
lithium metaborate/tetraborate fusion and dilute nitric acid digestion methods
at the Acme Analytical Laboratories (Canada). Also, some duplicated

samples were analyzed in order to confirm the accuracy of the analyses.

Mineral seperation processes were conducted at the Department of
Geological Engineering (Sample preparation and Mineral Separation
Laboratory) in METU. Firstly, the rocks were crushed in a jaw crusher and
sieved between 63 and 500 microns by using different sieves. After the
samples reduced to a small grain size, the wilfley table was used in order to
separate the more heavy fractions of the minerals. Subsequently, the heavy
liquid process was performed to obtain the heavy minerals by using
Bromoform. These heavy minerals were seperated as magnetic and non-
magnetic minerals using a Franz magnetic seperator. The zircon crystals were
hand-picked among the non-magnetic heavy minerals under the binocular
microscope for the isotopic and geochronogical analyses.

The U-Pb radiometric dating was conducted on the zircon minerals in order
to get geochronological data by using Multi Collector-Laser Ablation
Inductively Coupled Plasma-Mass Spectrometer (MC-LA-ICP-MS) at the
Midwest Isotope and Trace Element Research Analytical Center
(MITERAC), University of Notre Dame (USA); (the detailed procedure and
data are given in the Chapter 5 and Appendices E).

e) The Hf isotopes were analyzed from the same zircon minerals at the

MITERAC in the University of Notre Dame by using the MC-LA-ICP-MS;
(the detailed procedure and data are given in the Chapter 5 and Appendices
E).

19



20



CHAPTER 2

GEOLOGY

2.1. Regional Geology

The Central Pontides has a complex geology with signatures of the Variscan,
Cimmeride and Alpin events (Tiysiiz, 1985; Yilmaz and Sengor, 1985; Tiiysiiz,
1990; Boztug, 1992; Ustadbmer and Robertson, 1993, 1994; Aydin et al., 1995;
Ustadmer and Robertson, 1999; Nzegge et al., 2006; Nzegge, 2008; Uguz and Sevin,
2007; Okay et al., 2006, 2013, 2014, 2015; Gonciioglu et al., 2008, 2012, 2014). This
region comprises different terranes such as the Istanbul-Zonguldak Terrane (1ZT),
the Sakarya Composite Terrane (SCT (Fig. 1-1) and a subduction-accretion complex,
known as the CPSC, representing the remnants of the IPS. From these, the IZT is a
distinct unit with its typical non-metamorphic Palaeozoic successions overlying a
Cadomian basement. The I1ZT is mainly located to the west and southwest of Central
Pontides and overthrusts the SCT as well as the CPSC. The initial juxtaposition of
CPSC and the SCT is of pre Middle Jurassic age. The recent configuration, however,
is of post- Late Cretaceous/pre Eocene (Catanzariti et al., 2013).

In the Central Pontides area, on the other hand, the tectonic units Sivrikaya-Deliktas,
Geme, Devrekani and Kiire resemble the SCT with their Variscan Basement-
Karakaya mélange pair. The Middle Jurassic CP and its counterparts intrude different
parts of these tectonic units. Similar Variscan Terranes such as Kazdag, Uludag,
Sogiit, Pulur and Hasdere massifs are found in the SCT and they are characterized by
Late Carboniferous to Early Permian calc-alkaline magmatism (Gonciioglu, 2010).
The earliest common cover of these tectonic units and the Middle Jurassic intrusions
is the Late Jurassic Biirniik and/or Inalt1 formations (Okay et al., 2015). On the other
hand, the CMC should be considered as a part of the CPSC, as it is one of the
21



elements of the IPS. Other members of the CPSC and hence the IPS are Daday, Saka,
Emir, Domuzdag, Aylidag and Arkotdag units (Sayit et al., 2016; Frassi et al., 2016).

The tectonic units displaying different pre-Jurassic geological histories (Okay et al.,
2014) have similar stratigraphic features after the Late Jurassic indicates the

existence in the same depositional environment.

2.1.1. Istanbul-Zonguldak Terrane (1ZT)

This terrane displays a well-developed Paleozoic sequence (Fig. 2-1) from the Early
Ordovician to the Late Carboniferious (including coal measures; Goriir et al., 1997,
Okay et al., 2015) which unconformably overlies the Neoproterozoic crystalline
basement (Ustadmer et al., 2005; Gonciioglu et al., 1997; Gonciioglu, 2010). This
crystalline basement is composed of accreted intra-oceanic island arc, oceanic and
continental crust with signatures of Cadomian orogeny. The differences in Middle-
Late Paleozoic successions suggest that the Istanbul and Zonguldak units were
distinct terranes and attached at the end of the Permian. The Permian granitoids
locally cut these Paleozoic units (Sahin et al., 2009; Okay et al., 2013). They were
unconformably overlain by the Late Permian-Triassic red-beds and the Middle
Jurassic lacustrine limestones (Okay et al., 2015). This succession is intruded by the
Middle Jurassic granitoids (Yilmaz and Boztug, 1986). Lastly, the Upper Jurassic-
Lower Creataceous limestones and the Lower Cretaceous turbidites unconformably

overlie this succession (Uguz and Sevin, 2007).

The opening of the Black Sea has caused the deposition of the volcano-sedimentary
rift sediments from the Berriasian to the Campanian (Goriir, 1988; Derman, 1990).
The Early Tertiary carbonates and clastics with volcanic intercalations cover both

terranes (Gonctioglu, 2010).

22



2.1.2. Sakarya Composite Terrane (SCT)

Gonctioglu et al. (1997) describes this unit as “Composite Terrane” due to the
presence of several pre-Alpine terranes in its basement which have signatures of the
different geological events (Fig. 1-1). This microcontinent was rifted off from the
Gondwanian Tauride-Anatolide unit by southward subduction of the Paleotethyan
ocean during the Early Carboniferous (Ozcan et al., 1990; Gonciioglu et al., 2000,
2007). It is considered as an Armonica type block together with the Greater and
Lesser Caucasus and Strandja Massif which were accreted to the East Europian
Platform during the Carboniferous (Okay and Nikishin, 2015). The rifting age of
these Armorican terranes from the Gondwana is assumed as the Late Silurian
(Stampfli and Borel, 2002). Geologically, this terrane consists of the Pre-Jurassic
assemblages (Variscan Terranes and Cimmerian Terranes) and their Jurassic-Late
Cretaceous cover units (Gonciioglu, 2010). The Variscan Terranes are represented in
the Central Pontides by several metamorphic massifs such as the Devrekani and
Geme complexes (Okay et al., 2015) in the Central Pontides (Fig. 2-1).

This Devrekani unit is located between the Kiire and CMC. It comprises medium to
high grade metamorphic rocks such as gneiss, amphibolite and metacarbonates which
have been metamorphosed under amphibolite and granulite facies (Yilmaz and
Boztug, 1995; Boztug et al., 1995; Ustaomer and Robertson, 1999). The two
different mappable units were differentiated in this metamorphic body such as the
Girleyik Gneiss and Basakpinar metacarbonates (Yilmaz, 1980). Yilmaz and
Bonhomme (1991) suggested that the age of the Giirleyik Gneiss is approximately
between Early and Middle Jurassic based upon the K-Ar mica and amphibole ages
(149 Ma to 170 Ma). Later, the similar Jurassic metamorphism ages, 150 Ma and 156
Ma by using Ar-Ar method, have been confirmed by Okay et al. (2014) and Giicer et
al. (2016), respectively. Moreover, Gilicer and Arslan (2015) suggested that the
protoliths of the amphibolites, orthogneisses (Permo-Carbonifeorus) and
paragneisses are island-arc tholeiitic basalts, I-type calc-alkaline volcanic arc

granitoids and clastic sediments (shale-wackestone), respectively. Recently, the
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Devrekani metamorphic rocks have been interpreted as the products of Permo-
Carboniferous continental arc magmatism overprinted by the Jurassic metamorphism

in the northern Central Pontides (Giicer et al., 2016).

The significant geological and geochronological data about the Geme Complex has
been given by Okay et al. (2014). It consists mostly of gneiss and migmatite with
minor amphibolite, marble and cross-cutting granitic veins and stocks. This complex
is intruded by the Middle Jurassic (163 Ma) Dikmen Porphyry and unconformably
overlain by Lower Cretaceous sandstone and shale. This field relations indicate a
pre-Callovian metamorphic age for this complex. The Central Pontides is
characterized by a late Neoproterozoic and Hercynian basement and Geme Complex
represents the remobilized basement of the Central Pontides based upon the zircon
ages (Okay et al., 2014). Subsequently, the Cimmerian compound of the SCT is
represented by the Karakaya Complex. It represents the subduction accretionary
prism of the Paleotethyan Ocean and Triassic olistostroms with the Permo-
Carboniferous limestone blocks (Okay and Gonciioglu, 2004; Sayit, 2010; Sayit and
Gonciioglu, 2013).

In Central Pontides, the Karakaya Complex is represented by the Kiire Complex,
Geologically, Ustadbmer and Robertson (1999) has defined the Kiire Complex as
dismembered ophiolite bearing thrust-imbricated deep-sea sediments. The ophiolitic
rocks include serpentinized harzburgite, massive gabbro, sheeted dykes and basic
volcanics. According to the Kozur et al. (2000); this complex comprises three main
tectonostratigraphic units which are Kiire Ridge Unit (low grade metamorphics, a
Lower and Middle Triassic shallow water sequence, Kiire Ocean Unit (siliciclastic
turbidites and olistostromes, Middle Jurassic molasse type shallow-water sandstone,
siltstone and shale, thick oceanic basalt and ophiolite) and Calca Unit (Pelsonian to

upper Norian Hallstat Limestone and Lower Jurassic deep-water shale and marl).
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The Mesozoic cover of the SCT in the west comprises a Lower Jurassic basal
conglomerate followed first by middle Jurassic neritic carbonates, and then by Upper
Jurassic-Lower Cretaceous slope-type carbonates (Soguk¢am Limestone) and Late

Cretaceous turbidites and ophiolite-bearing units.

In the Central Pontides, the oldest cover units of the SCT are the Upper Jurassic
Biirniik clastics and Inalti Limestone (Okay et al., 2014, 2015; Fig 2-1). These
sedimentary units also cover the IZT and its primary contact with the SCT.
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Figure 2-1: The stratigaphic section of the Istanbul and Sakarya Zones in the Central
Pontides (taken from Okay et al., 2014).
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The last unit of the SCT in the Central Pontides is the Cangaldag Pluton, which is
one of the topics of the present thesis and will be evaluated in the following chapters.
A brief account based on previous data (Yilmaz and Boztug, 1986; Aydin et al.,
1995) suggests that CP intrudes all members of the SCT and is Middle Jurassic in
age, based on geological constraints. The oldest cover of the CP and its contact with
the SCT units is the Lower Cretaceous (Barremian) Caglayan Formation (Konya et

al., 1988; Uguz and Sevin, 2007).

2.1.3. Tectonic units of the Central Pontide Structural Complex

The CPSC consists of the several tectonic units (Figs. 2-2, 2-3). The nomenclature
used for these tectonic units differs in previous studies (e.g. Ustadbmer and Robertson,
1999; Okay et al., 2006, 2013, Gonciioglu et al. 2012, 2014; Marroni et al, 2014;
Sayit et al, 2016). In this thesis we will mainly follow the nomenclature of Sayit et al.

(2016) and Frassi et al. (2016).

N Inalt: Formation S

Cangaldag Metamorphic Complex

Elekdag Domuzdag
Kastamonu Ophiolite Saraycik
7 Boyabat Complex

Kiire Complex
Devrekani
Upper Cretaceous Cangaldag  pjetamorphics

i Pluton Pelagic Limestone VoV
Marginal Basin FREs e Vb Metavolcanics/clastics

- Limestone - Ophiolite

Granitoid Metamorphics
Diorite, Dacite, Granite Gneiss, Amphibolite, Marble

Figure 2-2: Simplified cross section of the Central Pontides (modified from
Ustadmer and Robertson, 1999).
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2.1.3.1. Cangaldag Metamorphic Complex (CMC)

The CMC is located between the Devrekani and Taskdprii towns (northeast of
Kastamonu, Central Pontides). Okay et al. (2006) regarded this complex as a pre-
Jurassic metabasite-phyllite-marble unit that forms several crustal-scale tectonic
slices in the north and south. Ustadmer and Robertson (1999) described the complex
as a structurally thickened pile of mainly volcanic rocks and subordinate
volcaniclastic sedimentary rocks that overlie a basement of sheeted dykes in the
north and basic extrusives in the south. The complex was also considered as a meta-
ophiolitic body by several authors (Yilmaz, 1980, 1983; Yilmaz and Tiiysiiz; 1984;
Sengiin et al., 1988; Tiiysiiz, 1985, 1990; Boztug and Yilmaz, 1995).

In the previous studies, the Middle Jurassic (153 Ma) and Early Cretaceous
metamorphic (126-110 Ma) ages were assigned for the metabasic rocks and phyllites,
respectively (Yilmaz and Bonhomme, 1991) by using mineral K-Ar methods. These
Early Cretaceous metamorphic ages have also been confirmed by Okay et al. (2013)
for the complex based upon the Ar-Ar mica dating of phyllite samples (136 and 125
Ma). Recently, a single radiometric age finding for the protolith of the CMC (U-Pb
zircon dating from a metadacite sample) indicating a Middle Jurassic age was
reported (Okay et al., 2014). Our preliminary radiometric data (in-situ U-Pb dating of
many zircon grains from several metadacites) confirm the Middle Jurassic magmatic

ages (Cimen et al., 2016a).

2.1.3.2. Domuz Dag Unit

Okay et al. (2006) describes the Domuzdag Complex as a north-west dipping crustal

slice that is extending in a north-east and south-west direction. Tectonically, the

Permo-Triassic metabasite - phyllite and slighty metamorphosed Cretaceous flysch

overly this complex in the north and west, respectively. A Late Cretaceous foreland

basin and the Kargi Complex are overlain by this complex in the south (Okay et al.,
27



2006). The Domuzdag-Saraycik Complex, metamorphosed under blueschist facies, is
mostly composed of metabasite, serpentinite and sedimentary rocks (Ustadmer and
Robertson, 1999). The metamorphism age of this unit has been determined as Early
Cretaceous (105 Ma) by using Ar-Ar dating method (Okay et al., 2006). Later, Sayit
et al. (2016) has used the name Domuzdag Unit with a broader sense according to the
distributions of marbles, micaschist and amphibolites in the study area. The
Domuzdag Unit displays polyphase deformation signatures that are similar to those
of the Saka Unit. The last three deformational phases exhibit characteristics of the
retrograde metamorphism ranging from greenschist to very low grade metamorphism
conditions (Sayit et al., 2016). The thickness of this unit is approximately 800-1200
m (Frassi et al., 2016). The geochemical data from amphibolites provide E-MORB,
OIB, BABB and IAT-type signatures (Sayit et al., 2016). Overall tectono-
metamorphic characteristics of the Domuzdag Unit indicate that it could have formed
as a subduction-related tectonic mélange (Okay et al., 2006, 2013; Sayit et al., 2016;
Frassi et al., 2016).

2.1.3.3. Emirkoy Unit

This unit is described by Sayit et al. (2016) as a monotonous succession of
metaturbidites represented by alternation of fine grained metasandstones,
metasiltstones and metapelites. The thickness of this unit is approximately 300-400
m (Frassi et al., 2016). It partially resembles the tubidite dominated Martin Complex
of Okay et al. (2013) but has a lower grade metamorphism (Sayit et al., 2016).
Therefore, this unit could be deformed and slightly metamorphosed part of the
Caglayan Formation. However, it does not include any magmatic rocks which are
common in the Caglayan Formation (Sayit et al., 2016). Additionally, the polyphase
(three different deformational phases) deformation history could be observed in the
Emirkdy Unit (Sayit et al., 2016).
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2.1.3.4. Ayh Dag Unit

Ayli Dag Unit corresponds to the Kirazbagi Complex of Aygiil et al. (2015). This
unit mostly consists of slices of serpentinized peridotites, dunites and pyroxenites
(Sayit et al., 2016). Also, Gonctioglu et al. (2012) has described a more extensive
ophiolite sequence in the south of Siragdmii village in the Ayli Dag area. The lower
part of this sequence is composed of peridotites (less than 3 km), layered gabbros
(approximately 500-600 m) alternating with spinel bearing dunites, melatroctolites,
troctolites, ol-gabbros and leucogabbros (Sayit et al., 2016). This thick gabbro
sequence is followed by a sheeted dyke complex that is overlain by massive basaltic
lava flows (100-200 m). Finally, the massive and pillow lavas and breccias
alternating with ophiolite-bearing arenites and cherts (600-800 m) overlies this
succession. From the Middle Bathonian to Callovian ages have been obtained from
the radiolarian cherts (Sayit et al., 2016). The oceanic assemblages of this unit
represent the fragments of back arc type oceanic lithosphere (Gonciioglu et al., 2012,

2014; Sayit et al., 2016, Frassi et al., 2016).

2.1.3.5. Arkot Dag Unit

The Arkot Dag Unit is composed of slide blocks within a sedimentary matrix that is
resperented by shales, coarse grained arenites, pebbly-mudstones and pebbly-
sandstones (Gonciioglu et al., 2014; Sayit et al., 2016). The amount of this matrix is
mostly less than that of the slide blocks and it is locally completely absent (Sayit et
al., 2016). The size of these slide blocks ranging from few meters to several hundred
square meters and they include sedimentary, metamorphic and ophiolite rocks (Sayit
et al., 2016). It consists Late Jurassic to Early Createcous neritic and pelagic
limestones, dolostones, Late Createcous marly-limestones and ophiolite-bearing
arenites, gneisses and micaschists (Sayit et al., 2016). These units are thrust over the
sedimentary cover of SCT whose top is represented by Late Cretaceous-Middle
Paleocene Tarakli Flysch (Catanzariti et al., 2013; Gonciioglu et al., 2014). The
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Arkot Dag Unit could have been derived as an imbricate stack of deformed and
metamorphosed oceanic and continental-derived slices (Gonciioglu et al., 2014). The
age of this unit could be accepted as the Late Santonian based on the nannofossil data

from some soft clasts of marls (Sayit et al., 2016).

2.1.3.6. Saka Unit

According to the Okay et al. (2013); the large amount (about 80%) of the Saka
Complex consists of micaschists and the rest includes marble, calc-schist, metabasite
and small serpentine slivers. It crops out mostly in the Daday Masssif.
Geochronologically, the Middle Jurassic cooling ages have been determined from the
micaschists by using single grain Ar-Ar dating method (Okay et al., 2013). Then, the
name Saka Unit has been used by Sayit et al. (2016). According to this study, it is
always sandwiched between Arkot Dag Melange and the Daday Unit. The thickness
of this unit is not higher than 300 m and it is characterized by garnet-bearing
amphibolites, coarse grained banded amphibolites, garnet bearing micaschist and
coarse grained impure marble (Sayit et al., 2016). Also, the Saka Unit has the
polyphase deformation history which developed under decreasing P and T conditions
(Sayit et al., 2016). The garnet bearing amphibolites provide the Late Jurassic age
(163 Ma, Ar-Ar dating; Marroni et al., 2014). Moreover, they display the signatures
of retrograde metamorphism ranging from greenschist to sub-greenschist facies
conditions (Marroni et al., 2014).

2.1.3.7. Daday Unit

This unit (Kargt Complex of Okay et al., 2006) includes the slices of fine grained
actinolite bearing schists, fine grained marbles, paragneiss, mica bearing schists and
black quartzites (Sayit et al., 2016). The age of this unit has been assigned as Early

Cretaceous (between 102 and 112 Ma; using Ar-Ar dating method) by Okay et al.
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(2013). Around the Tuzakli Dam, it partially corresponds to the Martin, Esenler and
Domuzdag Complexes of Okay et al. (2013) and Esenler unit of Aygiil et al. (2015),
characterized by a succession of sandstones, shales, limestones and lydites associated
with mafic rocks (Sayit et al., 2016). The thickness of this unit is approximately 400-
500 m (Frassi et al., 2016). Geochemically, the actinolite-bearing schist exhibit E-
MORB, OIB, BABB and IAT signatures (Sayit et al., 2016; Frassi et al., 2016).
Moreover, the Daday Unit displays a similar deformation history with the Saka and
Domuzdag Units which indicates the presence of retrograde P and T metamorphic

conditions ranging from blueschist to sub-greenschist (Sayit et al., 2016).
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Figure 2-3: Sketch of the stratigraphy of the tectonic units within the Central Pontide
Structural Complex (taken from Sayit et al., 2016)

2.2. Local Geology

The field observations on the local geological units (CMC, CP, Devrekani Units and

Younger Cover Units) will be explained in this part.
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2.2.1. Cangaldag Metamorphic Complex (CMC)

The CMC is tectonically located between the Devrekani Metamorphics and Domuz
Dag Unit (Fig. 2-2). It covers approximately area of 600 km? The sedimentary units
of the Taskoprii-Boyabat Basin unconformably overlie the southern boundary of this
metamorphic complex. It is overtrust by the Devrekani Metamorphics in the
northwest. The Caglayan Formation is the oldest cover unit (Fig. 2-4). Yilmaz and
Boztug (1986) and Aydin et al. (1995) report that CMC is intruded by the Cangaldag
Pluton. However, it is observed that the northern contact of the unit is a regional-

scale steep fault with strike-slip component.

Overall, the CMC comprises a number of NW-dipping thrust planes separating
different rock-packages of low-grade metamorphic rocks dominated by
metavolcanics and volcanoclastics in the west and metasediments and volcanoclastic

rocks in the east. The foliation plains dip in general to NW.

To figure out the possible field relations, three north-south cross sections have been
prepared (Fig. 2-5). In these cross sections, most of the primary contact relations
between the main tectonic units are thrusts or strike slip faults that display the
signatures of polyphase deformation including a compressional and a strike-slip

system (Fig. 2-5).

Considering the rock types, the CMC is mostly composed of metavolcanic,
metavolcaniclastics and metaclastic/carbonate rocks. The metavolcanic rocks
comprise mafic, intermediate and felsic phases. Metavolcanic rocks are characterized
by schistose textures and only locally ghost dyke or pillowed structures are
preserved. The volcanic protolith is mainly recognized by blastoporphyritic textures.
Differences in color and structures are the only features to map different lithological

units.
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(modified from Konya et al., 1988).

2.2.1.1. Metaclastics/carbonates and Metavolcaniclastics

The metaclastic rocks consist of pelitic schists in the study area. They are highly
deformed and have well-developed schistosity planes (Fig. 2-6). Some of them
display crenulation cleavages in macroscale which indicate the presence of the
different deformation processes (Fig. 2-7). The effect of deformation can be seen in

macro-scale.

Mineralogically, the quartz and mica minerals can be identified in handspecimens.
Particularly, the orientation of the phyllosilicate minerals can be clearly traced on the
surface of these rocks. These pelitic schists were mostly determined in the northeast

part of the study area (around of the Karaburun and Boyali villages; Fig. 2-4).
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They can be easily identified by their lighter colors (white and gray, dark shades) and
shiny surfaces in the field. In addition, most of them have well-developed foliation
planes and small folds (Figs. 2-6, 2-7) which support the effects of different
deformation processes. Also, some metacarbonates (calc-schist) were identified
within the metaclastic rocks at the south of Siile village (Fig. 2-4). They have
approximately 5 cm thicknesses and found within the pelitic schists (Fig. 2-8). No
fossils were found within the metacarbonates due to the effect of deformation and
metamorphism. The metavolcaniclastic rocks include mainly the tuffaceous materials
which are mostly products of the basic-intermediate volcanism. They are greenish in
color due to the presence of secondary mineral assemblages such as epidote,
actinolite and chlorite (Figs. 2-9, 2-10). Also, they mostly show well-developed
foliation and small-scale folding (Fig. 2-11).

A ST AT TR RN O RN
Figure 2-6: Field view of the foliated metaclastic rocks (pelitic schist) within the
Cangaldag Metamorphic Complex. Muscovite-rich parts are easily distinguished
with their lighter colors from the biotite-rich darker parts. Both types display very
nice foliation planes and microstructures.
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Figure 2-7: Field view of the small foldings on the metaclastic rocks (pelitic schist)
within the Cangaldag Metamorphic Complex. They display multi-deformation
signatures.

ARG PR )
Figure 2-8: Field view of the foliated metacarbonate rocks (calc-schist) within the

Cangaldag Metamorphic Complex. They have approximately 5 cm thicknesses and
found with the pelitic schists.
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Figure 2-9: Field view of the metavolcaniclastic rocks within the Cangaldag
Metamorphic Complex.

i\

Figure 2-10: Field view of the foliated metatuffs within the Cangaldag Metamorphic
Complex. They are mostly found with other metavolcaniclastic rocks and could be
distinguished with very fine grained matrix.
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Figure 2-11: a. Image of the small folding within an olistostromal black shale unit
rocks within the Cangaldag Complex. They show complex multi-deformational
structures in small scale. b. Image of the small foldings from the metavolcaniclastic
rocks within the Cangaldag Complex. They exhibit complex multi-deformation
structures in small scale.

2.2.1.2. Metavolcanic rocks

Three different metavolcanic phases were determined during the field studies. They
are metabasic, metaintermadiate and metafelsic rocks, the first two being the major
types. The basalts, basaltic andesites, andesites and rhyo-dacites are the volcanic and

subvolcanic products of these magmatic phases. In addition to these types, the meta-
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diabase dykes and pillow lavas were also locally found in the north-west of the CMC

(Fig. 2-4; around of the Karaoglan village).

The felsic metavolcanic rocks are mostly found near Musabozarmudu village
(approximately in the central region of the study area; Fig. 2-4). In the field, these
metavolcanic rocks are more resistant and have sharp outcrops. On the other side, the
metaclastics and metavolcaniclastic rocks display more smooth surfaces due to the
secondary alteration processes. In terms of the metavolcanic rocks, there are both
foliated and non-foliated types within the complex (Figs. 2-12, 2-13). The grade of
deformation is variable on these rocks. Also, some of these foliated metavolcanic
rocks can show small folds, as in the metaclastics and metavolcaniclastics, which
suggest the presence of different deformation processes during the evolution of this
metamorphic complex. In some cases, the carbonate-rich boudens are observed
within the metabasic rocks (Fig. 2-14). Also, some metabasic rocks include
significant pyrite and chalcopyrite minerals which are responsible from the Cu-
mineralization within the CMC (Fig. 2-15). The metaandesites and metarhyodacites
can be distinguished by their lighter colors in the field (Figs. 2-16, 2-17). In
particular, some metarhyodacites can contain mafic enclaves which might be

involved during the felsic magmatism within the CMC (Fig. 2-18).

The field relationship between the metavolcanic and metaclastic rocks is tectonic
(thrust) that could be seen in some locations (Figs. 2-19, 2-20, 2-21). However, all of
these units are cut by the felsic volcanic rocks (metarhyodacites) in different
localities (for instance, south of the Musabozarmudu village; Figs. 2-4, 2-22, 2-23, 2-
24). Some of these primary contact relations have been masked by tectonic activities
under the effect of the compressional regime after the magmatism (Fig. 2-24). The
significant cutting relation reveals that the metarhyodacite rocks are relatively
younger than the other units within the CMC. In particular, the age of these meta-
rhyodacites play an important role in order to determine the relative age of the other

metavolcanic rocks in the study area.
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The contact of different types of CMC to CP is tectonic as well. There is a regional-
scale strike slip fault between these units (Fig. 2-4, 2-25). Moreover, some younger
non-metamorphic dykes which cut the CMC at different localities were identified
during the field studies (Figs. 2-26, 2-27). They display completely different
petrographical characteristics than the volcanic rocks of the CMC and they should be

related to a later magmatic activity.

The presence of the greenschist facies minerals indicates that the members of this
complex have undergone the same metamorphism event. Most of the meta-basic and
intermediate volcanic rocks exhibit the characteristics of the greenschist facies
including epidote, actinolite and chlorite as the metamorphic minerals. The color of
these metavolcanic rocks is greenish as well due to the development of this
secondary mineral paragenesis. The primary mineral assemblages cannot be
observed in handspecimen size because of the metamorphism and alteration.
Although there are foliated and non-foliated basic metavolcanic rocks, the mineral
paragenesis of the typical greenschist facies can be observed on the both meta-basic
and intermediate rock types. While the foliated rocks display the effects of ductile
deformation (Fig. 2-12), the non-foliated volcanic rocks could have preserved their
original massive textures. On the other hand, the felsic rocks (metarhyodacite)
exhibit white and slightly brownish colors in the field. They have highly altered
surfaces. Macroscopically, the presence of quartz grains helps to identify these rocks
in the field.
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Figure 2-12: Field view of the foliated metabasic rocks (metabasalts) within the
Cangaldag Metamorphic Complex.

Figure 2-13: Field view of the metavolcanic breccia (metabasalts). Note the relict
vesicular texture of the clasts.
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Figure 2-14: Field view of the foliated metabasic rocks (metabasalts) within the
Cangaldag Metamorphic Complex where white lensoidal parts are carbonates.

Figure 2-15: Image of the pyrite and chalcopyrite minerals within the metavolcanic
rocks.
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Figure 2-16: Field view of the metaintermadiate rocks (metaandesites) within the
Cangaldag Metamorphic Complex. They have lighter colors than metabasic rocks
and found as non-foliated or foliated types in the field.
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Figure 2-17: a. Field view of the altered metafelsic (metarhyodacite) rocks within the
Cangaldag Metamorphic Complex. They have whitish colors in the field. The mafic
products are cut by these felsic rocks. b. Another field view of altered
metarhyodacite.
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Figure 2-18: Field view of the metafelsic rocks (metarhyodacite) including metabasic
enclaves within the Cangaldag Metamorphic Complex.

Metaclastic rocks

Figure 2-19: Field view of the contact relation between metaclastic and metavolcanic
rocks within the Cangaldag Metamorphic Complex. Mostly, metavolcanic rocks are
thrust onto the metaclastic rocks. The primary relations are masked by secondary
intense tectonic activities.
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Metabasic rocks

T

Figure 2-20: Field view of the contact relation between metaclastic and metavolcanic
rocks within the Cangaldag Metamorphic Complex. The metavolcanic rocks are
mostly thrust onto the metaclastic rocks.
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Figure 2-21: Field view of the tectonic contact relation between metaclastic and
metavolcanic rocks within the Cangaldag Metamorphic Complex.
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Figure 2-22: Field view of the cross-cutting relation between a metarhyodacite and

metaclastic rock within the Cangaldag Metamorphic Complex. Dark colered part at

the contact is the hornfelsic contact zone. The other units including metavolcanics,
metavolcaniclastics and metaclastics are cut by these felsic rocks.

Figure 2-23: Field view of the cross-cutting relation between a metarhyodacite and
metabasic rock within the Cangaldag Metamorphic Complex.

48



Figure 2-24: Field view of the tectonic contact relation between a metarhyodacite
and metabasic rock within the Cangaldag Metamorphic Complex.

Figure 2-25: Field view of the slickensides (strike-slip: N80OE, 68SE) within a shear
zone between Cangaldag Metamorphic Complex and Cangaldag Pluton. There is a
regional strike-slip fault between these units.
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Figure 2-26: Field view of the cutting relation between a felsic intrusion and
metaclastic rocks within the Cangaldag Metamorphic Complex. The primary relation
is erased by overprinting mylonitic deformation.

Figure 2-27: Field view of the cutting relation between a felsic intrusion and
metabasic rocks within the Cangaldag Metamorphic Complex. They show different
petrographical characteristics than metavolcanic rocks of the CMC. They belong to a
later magmatic event.
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2.2.2. Cangaldag Pluton (CP)

Three different rock groups were determined within the CP such as granite, diorite
and dacite prophyry. According to the some previous studies, this intrusive body
intrudes the CMC (Yilmaz and Boztug, 1986; Aydin et al., 1995) in the south and
Triassic Kiire Complex in the east. The former interpretation is not confirmed by the
field observations. It is overlain by the Upper Jurassic Inalti Formation at several
locations. These field relations suggest that the age of CP must be between the

Triassic and Upper Jurassic.

The contact relation between the CP and CMC is important for further geological
evaluation. It is therefore studied the contact in detail in locations where the outcrop
conditions are preferable. Generally this contact is covered by intense vegetation in
the north of the CMC. According to the field observation along a number of road-
cuts, as mentioned above, there is a strike-slip fault between these units (Fig. 2-25).
The reported contact relations between this pluton, Kiire Complex and Inalt:

formation have been confirmed during the field studies (Figs. 2-28, 2-29).

The pluton is mostly composed of diorite in the west and east. The dacite porphyries
are mostly determined in the east and they can represent the marginal parts of this
large dioritic body (Fig. 2-30). The field relation between diorite and dacite-
porphyries are only observed in limited areas.

The rocks of the pluton are mostly whitish, greenish and pinkish based upon the
mineral constituents. The mineral paragenesis of the some dioritic rocks can be seen
on the hand specimens which mostly include plagioclase, mica and amphibole
minerals. On the other side, the feldspar phenocrysts can be identified in the dacite

porphyry samples by naked eye.

At the western part (in the north of the Siile village, Fig. 2-4) of the pluton, the felsic

phases (Figs. 2-31, 2-32) are dominated. Also, they can include some mafic enclaves
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(Fig. 2-31). Macroscopically, the granites include feldspar, quartz, mica minerals.
Except for mylonitic deformation zones, there is no indication for metamorphism on
the CP. The mylonitic zones are also characterized by intensive alteration and
mineralization. The effects of the surface alteration can be observed on these plutonic

rocks.

Inalti Formation
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Figure 2-28: View of the field relations between Cangaldag Pluton, Kiire Complex
and Inalti Formation. This pluton cuts the Triassic Kiire Complex and overlain by
Upper Jurassic Inalti Formation.
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Figure 2-29: Closer view of the cutting relation between Cangaldag Pluton and Kiire
Complex.

Figure 2-30: Field view of the dacite porphyry body within the Cangaldag Pluton
(the surface is highly altered)
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Figure 2-31: Field view of a granitic rock including a mafic enclave within the
Cangaldag Pluton.

Figure 2-32: Field view of the cutting relation between the granitic veins and diorite
body within the Cangaldag Pluton.
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2.2.3. Devrekani Units

The Devrekani Metamorphics comprise mostly a basement made of ortho- and para-
gneisses, amphibolites, and metacarbonates. They are intruded by orthogneisses in
the eastern part of this unit. (Figs. 2-33, 2-34, 2-35). These field relations could be
clearly observed along the roadcuts which were opened for a chromite pit in the
study area.

In addition to these lithologies, there are a few metaophiolite slices within the
Devrekani Metamorphics (Figs. 2-4, 2-36). Some of them (between Devrakani
Metamorphics and CMC) have been named as Dibekdere metaophiolite by Yilmaz
(1980). According to the field observations, some of the Devrekani Metamorphics
are found as tectonic klippe over the CMC. In other words, they can be probably
connected to the metavolcanic rocks of the CMC under this klippe. These
metaophiolites are restricted by a fault in the west (near of the Sipaci village; Fig. 2-
4).

The age of these metaophiolites are unknown. There is no radiometric age data yet in
the literature. However, two meta-diorite bodies were determined within a
metaophiolite which is shown in the Figure 2-4. It is cut by these intrusive
metadiorites (Figs. 2-36, 2-37) at different locations which will provide a relative age

for these metaophiolite bodies.
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Figure 2-33: Field view of the cutting relation between orthogneiss and the
Devrekani Metamorphics (paragneiss).

Figure 2-34: Field view of the cutting relation between orthogneiss and the
Devrekani Metamorphics (paragneiss).
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Figure 2-35: Field view of the cutting relation between orthogneiss/aplitic dyke and
the Devrekani Metamorphics (paragneiss).

Figure 2-36: Field view of the cutting relation between a metadiorite body and the
Devrekani Metaophiolite (found as tectonic slice within the Devrekani
Metamorphics).
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Figure 2-37: Field view of the cutting relation between a metadiorite body and the
Devrekani Metaophiolite.

2.2.4. Devrekani Granitoid

The Devrekani Granitoid is outcropping in the Devrekani town of Kastamonu. It
mainly composed of diorites and granites (Fig. 2-38). In addition to these
observations, Nzegge (2008) has identified the presence of the tonalite bodies within
the Devrekani Granitoid. They have medium grain sizes and whitish/greenish colors.
Most of them were affected by the intense alteration processes. Therefore, in some

cases, it is difficult to differentiate them in the field.

These intrusive bodies cut the Triassic Kiire Complex in the south and overlain by
younger Tertiary cover units in the north (Fig. 2-4). The field relation between this
granitoid and Devrekani Metamorphics could not be observed at the eastern part of

the study area since it is covered by younger sedimentary units and farm lands.

58



The age of this granitoid was assigned as the Middle Jurassic (from 170 to 165 Ma)
by using radiometric U-Pb dating method (Nzegge, 2008). It is consistent with the

field relationships which were mentioned in the previous paragraph.

-

Figure 2-38: Field view of the Devrekani Granitoid (Diorite).

2.2.5. Cover Units

The sedimentary cover units are grouped as the “first allochthonous cover”
comprising the Upper Jurassic Biirniik and Inalti formations, the “second
allochthonous cover” comprising the Early Crateceous Caglayan and Late
Cretaceous / Early Paleocene Gokgeagag formations and the Tertiary cover of the
Taskoprii-Boyabat Basin (Fig. 2-4).

2.2.5.1. Biirniik Formation

The oldest sedimentary cover of the Central Pontides is Biirniik formation and its age

is probably Midlle-Late Jurassic (Hippolyte et al., 2016). It is composed of
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alternation of conglomerate, sandstone and mudstone. Its name was given by Ketin
and Giimiis (1963) and type locality is the around of Biirniik village where is located
in the north of Boyabat country (Uguz and Sevin, 2007). The thickness of this unit is
approximately ranging between 300-400 m (Yilmaz and Tiiysiiz, 1984). The Upper
Jurassic-Lower Cretaceous Inalti formation overlies the Biirniik formation at the

several locations in the Central Pontides.

2.2.5.2. inalt1 Formation

The Inalt: formation is mostly outcropping in the north of study area. It overlies the
Kiire Complex and CP (Fig. 2-39). However, these relations can be questionable due
to the presence of the intense tectonic activities in the study area. For instance, along
the strike-slip fault zone between the CMC and the CP highly sheared knockers of
Inalt1 Formation are observed (Figs. 2-40, 2-41).

Inalti Formation

Figure 2-39: General view of the Inalti Formation (unconformably overlies the Kiire
Complex and the Cangaldag Pluton)
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Figure 2-40: View of the field relation (tectonic) between the Cangaldag Pluton and
the Inalti Formation

Cangaldag Pluton
e

e

Cangaldag Metamorphic Complex

Figure 2-41: View of the field relation (tectonic) between the Cangaldag Pluton and
the Cangaldag Metamorphic Complex. Also, there is a sheared limestone knocker
(black boundary) between these units.

61



The type locality where stratigraphic relations are observed, is the around of Inalt1
village (Ketin and Giimiis 1963). The thickness of the limestone unit was measured
as approximately 395 m. Kaya and Altiner (2014) suggested shallow water and
reefal/fore-reefal character and Upper Jurassic-Lower Cretaceous (Kimmeridgian-
Berriasian) age for the deposition of the carbonates. They are mostly white and

ligther gray recrystallized limestones.

2.2.5.3. Caglayan Formation

The Caglayan Formation mostly comprises alternation of the sandstone, siltstone and
shale beds (Fig. 2-42). The sandstone beds are gray to yellowish and their
thicknesses change from thin to thick based upon the depositional environments. The
shale beds are mostly thinner and gray color. It unconformably overlies the CMC,

mostly, in the south.

Sen (2013) has proposed that the maximum thickness of this unit is approximately
3000 m. The Caglayan formation shows typical turbidite characteristics which have
graded bedding, flute casts, grooves, slump structures etc. (Okay et al., 2013). It is
unconformably overlain by the Upper Cretaceous pelagic limestones (Okay et al.,
2006, 2013).
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Figure 2-42: Field view of the Caglayan Formation (thicker sandstone beds). It is
composed of sandstone and shale alternations.

2.2.5.4. Gokgeagac Formation

The Gokgeagag Formation mostly includes andesitic and basaltic clasts and blocks in
a volcanoclastic matrix (Fig. 2-43). The color of this unit is mostly green and
greenish black. Generally, it has massive structure and overlies unconformably the
CMC in the south of the study area (Fig. 2-4). This formation is also considered as a
volcanic fragments-bearing member of the Cankurtaran Formation that comprises the
sandstone, siltstone, claystone and sandy limestone alternations (Uguz and Sevin,
2007).
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Figure 2-43: Field view of volcanic fragments in the Gékgeagag Formation

2.2.5.5. Tertiary Units

The NE-SW trending Boyabat-Taskoprii Basin is filled by the Tertiary deposits (Fig.
2-4). This basin is restricted by the Ekinveren fault in the north. In this basin, three
different sedimentary units were determined which are Pervanekaya Formation, Ilica
Formation and Sakizdagi Formation (Uguz and Sevin, 2007). All of these units are
mostly composed of conglomerate, sandstone, sandy limestone, limestone. In the
southern part of the study area, the Tertiary units unconformably overly the CMC
and the other older units (Figs. 2-4, 2-44, 2-45). Towards west, the contact becomes

steeper, and is overturned, or the CMC thrusts onto the Tertiary units.
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Tertiary Units

Figure 2-44: The Tertiary sedimentary units unconformably overly the Cangaldag
Metamorphic Complex

Figure 2-45: General view of the Tertiary units in the Taskdprii-Boyabat Basin
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CHAPTER 3

PETROGRAPHY

Approximately 100 thin sections were prepared after grouping the hand-specimens
based upon their macroscopic features. As grouped through the field studies, here, 8
different rock types for the CMC and 3 different rock types for the CP were
identified according to their modal compositions. The thin sections were carefully
examined under the polarized microscope in order to identify the characteristics of
the rock types from the CMC and CP.

The CMC includes metabasalts, metadiabases, metatuffs, metaandesites,
metarhyodacites, metavolcaniclasticss, metaclastics and metacarbonates. In
particular, the low-grade metamorphic parageneses and micro-textures indicate the
presence of different deformational processes. On the other hand, the CP is
represented by diorites, dacite porphyries and granites which do not display any

metamorphic textures but only alteration signatures (e.g. sericitation of feldspars).

The mineralogical contents, textural characteristics and metamorphism/deformation

signatures of these different rock types have been described in detail in this chapter.

3.1. Cangaldag Metamorphic Complex (CMC)

3.1.1. Metabasalts

Firstly, it should be noted that the primary mineral paragenesis of the metabasalts are

hardly observed due to the presence of low grade metamorphism. Both foliated and

67



non-foliated types are found among the collected samples. The metabasalts have
generally aphanitic and porphyritic texture (Figs. 3-1, 3-2). The porphyritic texture
could be explained by slow cooling in the deeper parts and then rapid cooling can
cause the forming of fine-grained groundmass. Rarely preserved primary phenocrysts

are clinopyroxenes, plagioclases and a few serpentinized olivines (Fig. 3-1).

The clinopyroxene phenocrysts display glomeroporphyritic texture. They are
subhedral to euhedral and marginally replaced by actinolite and chlorite. The
preserved clinopyroxene crystals exhibit moderate birefringences (Fig. 3-1). The
extinction angle of clinopyroxene minerals are ranging from 30 to 45°. Some

clinopyroxene minerals show glomeroporphyritic texture by forming clusters.

In some samples, the plagioclase phenocrysts exhibit seriate texture by the presence
of randomly oriented interlocking laths. The plagioclase minerals show simple and
multiple twinning. They have mostly subhedral outlines. Olivine has been
completely replaced by serpentine and chlorite. Lastly, the cubic opaque minerals in

these rocks may represent pyrite and magnetite.

As metamorphic minerals, the chlorite minerals can be identified by their
pleochroism and pale greenish colors. They display low-angle oblique extinction.
Also, they are characterized by anomalous interference colors (Figs. 3-1, 3-2).
Chlorites are developed parallel to the foliation planes. The second common
metamorphic mineral is epidote, and it displays high relief and yellowish/greenish
colors. In addition to that, the patchy birefringence is characteristic for the epidote
minerals (Fig. 3-2). The last common metamorphic mineral is actinolite which can
be distinguished by acicular (needle) / bladed forms. Some sericite minerals are seen
as an alteration product of the plagioclase minerals which could be defined by their
high birefringences under XPL (crossed polars). The epidote, chlorite and actinolite
minerals may have been formed by metamorphic transformation of primary mafic

minerals (e.g. clinopyroxene minerals) and/or groundmass glass.
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Figure 3-1: Development of epidote and chlorite minerals in a fine grained
groundmass of a foliated metabasalt (Sample 13, a. PPL b. XPL)

Figure 3-2: Development of epidote and actinolite minerals in a fine grained
groundmass of non-foliated metabasalt (Sample BLV-11, a. PPL b. XPL)
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3.1.2. Metadiabase

The metadiabases essentially comprise clinopyroxene, amphibole and plagioclase as
primary igneous minerals (Figs. 3-3, 3-4). They are characterized by porphyritic
texture and include fine and coarse grains of the minerals. Almost all of olivine
minerals have been altered to the serpentine minerals. The clinopyroxene crystals
exhibit oblique extinction and the angles change between 35° and 45°. Subofitic
texture can be seen by gathering large clinopyroxene crystals and plagioclase laths.
The amphibole crystals can be distinguished by their plechroism and greenish colors.
Also, they display high order interference colors. They are mostly anhedral and
subhedral crystals. In some cases, the cleavages can be seen of the amphibole
crystals. The plagioclase crystals have mostly subhedral shapes and exhibit simple
and multiple twinnings (Figs. 3-3, 3-4). The presence of some fractures on these
crystals indicates the effect of ductile deformation. However, most of the mafic
minerals have been altered to chlorite and epidote (Figs. 3-4).

Similar to the metabasalts, as metamorphic minerals, the chlorite, actinolite and
epidote minerals have been determined for the metadiabase samples which can be
identified by their diagnostic optical characteristics (as explained above in the
metabasalt part). In brief, the chlorite minerals can be distinguished by their
pleochroism and anomalous interference colors. The presence of epidote minerals
can be confirmed by higher relief and slightly greenish colors. Lastly, the actinolites
display less pleochroism than amphiboles and acicular / bladed forms. All of these
secondary minerals suggest the effect of low-grade metamorphism conditions

(greenschist).
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Figure 3-3: Relict clinopyroxene and plagioclase crystals in a non-foliated
metadiabase. Development of chlorite minerals on the pyroxene and amphibole
crystals (Sample 47, a. PPL b. XPL)

Figure 3-4: Relict amphibole and plagioclase crystals in a non-foliated metadiabase.
Development of chlorite and epidote minerals (greenschist facies) on the pyroxene
and amphibole crystals (Sample DVK-10, a. PPL b. XPL)
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3.1.3. Metaandesites

Metaandesites represent the other common metavolcanic rock type among the
samples. They have aphanitic and porphyritic texture. The foliated and non-foliated
types are found for the metaandesite samples. As in the metabasalt samples, the
primary igneous minerals of the metaandesites are mostly plagioclase and minor
clinopyroxene. The plagioclase minerals obviously display flow texture (Fig. 3-5).
They have subhedral and anhedral shapes. The presence of relict plagioclase as
porphyroclasts within the fine-grained groundmass may indicate the effect of ductile

deformation process.

Most of the mafic minerals have been altered to secondary metamorphic minerals
such as epidote, chlorite and actinolite (Figs. 3-5, 3-6, 3-7). The epidote minerals
could be identified by their high relief and yellowish/greenish colors. Also, the
charecteristic patchy birefringence is obviously observed for the epidote minerals
(Fig. 3-6).

The chlorite crystals have oblique extinction and show low-angle extinction angles.
Additionally, the characteristic anomalous interference colors of the chlorite crystals
can be seen for identifying them under the microscope (Figs. 3-5, 3-6, 3-7). The
other metamorphic mineral is actinolite which exhibits acicular (needle-like) / bladed
forms. These metamorphic minerals may mainly have been formed by transformation
of plagioclase and clinopyroxene minerals. In some samples, the sericite crystals are
found on the plagioclase crystals which may indicate the presence of hydrothermal

alteration.
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Figure 3-5: Development of chlorite crystals in a fine grained groundmass of foliated
metaandesite (Sample 48, a. PPL b. XPL)

Figure 3-6: Development of chlorite and epidote crystals (greenschist facies) in a fine
grained groundmass of non-foliated metaandesite (Sample 21, a. PPL b. XPL)
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Figure 3-7: Development of chlorite, epidote and actinolite crystals (greenschist
facies) in a fine grained groundmass of slightly foliated metaandesite (Sample DRN-
10, a. PPL b. XPL)

3.1.4. Metarhyodacites

The felsic volcanic rocks of the CMC, such as the metarhyodacites, exhibit mostly
porphyritic and microcrystalline textures. The phenocryst phases are characterized by
quartz, feldspar and minor biotite in a fine grained groundmass. The quartz and

feldspar crystals are mostly anhedral to subhedral (Figs. 3-8, 3-9, 3-10, 3-11).

The quartz crystals display undulatory extinction and can be seen quite fresh due to
their high resistance (Figs. 3-10, 3-11). They are mostly found as anhedral crystals.
On the other hand, the feldspar minerals (K-feldspar and plagioclase) mostly have
been altered to sericite (Fig. 3-11). These feldspar crystals show simple and
polysynthetic twinnings. They have subhedral and anhedral shapes. Additionally, the
biotite crystals can be identified by brownish colors and mottled extinction under
crossed polars (Fig. 3-9). In some samples, the plagioclase crystals are envolped by
biotite minerals which may indicate the presence of mylonitic texture after ductile

deformation process.
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The stable minerals may transform to unstable minerals by increasing of temperature
and pressure during the magmatic evolution. The presence of corroded quartz
crystals (Fig. 3-11) may indicate the interaction between these crystals and melt
during the magmatism (magmatic corrosion). In some samples, the plagioclase
crystals have been replaced by calcite crystals which can be defined by their high
order interference colors. As an indicator the presence of low-grade metamorphism
conditions, the epidote crystals may have formed from the mafic minerals and
plagioclases which can be easily distinguished by high relief, yellowish / greenish
colors and patchy birefringence (Figs. 3-8, 3-9, 3-11). The mafic phases in the
metarhyodacites have been replaced by epidote and chlorite minerals. In some
samples, the epidote minerals are surrounded by finer-grained quartz minerals that

indicate the mortar texture (Fig. 3-9).

Figure 3-8: Development of small epidote crystals in a fine grained groundmass of
non-foliated metarhyodacite (Sample 19, a. PPL b. XPL)
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Figure 3-9: Development of an epidote crystal in a fine grained groundmass of
foliated metarhyodacite (Sample AK-10, a. PPL b. XPL)

Figure 3-10: Quartz phenocryst in a fine grained groundmass of non-foliated
metarhyodacite (Sample AK-14, a. PPL b. XPL)
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Figure 3-11: Development of small epidote and sericite crystals (on the feldspars) in
a fine grained groundmass of non-foliated metarhyodacite. Also, the corroded quartz
mineral can be observed (Sample AK-22, a. PPL b. XPL)

3.1.5. Metavolcaniclastics

The metavolcaniclastic rocks contain many mineral fragments. They are mostly
composed of quartz / feldspar grains and metamorphic chlorite / epidote / actinolite
minerals (Figs. 3-12, 3-13). The quartz crystals have mostly anhedral shapes and are
seen fresh due to the high resistance. The foliated and non-foliated types are found

for these samples at the different locatities.

In detail, the relict mineral fragments (e.g. quartz) have been surrounded by
metamorphic minerals (e.g. chlorite, epidote) during the metamorphism which
indicate the presence of low-grade metamorphism conditions for these rocks as well.
(Figs. 3-12, 3-13). For instance, the chlorite crystals are identified by their
pleochroism / greenish colors and anomalous interference colors. Also, the other
metamorphic mineral is epidote, and it shows typical patchy birefringence and high

relief.
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Figure 3-12: The quartz grains and development of chlorite minerals within a non-
foliated metavolcaniclastic rock (Sample DRN-15, a. PPL b. XPL)

Figure 3-13: The quartz fragments and development of chlorite/epidote crystals
(greenschist facies) within a slightly foliated metavolcaniclastic rock (Sample DRN-
3,a. PPL b. XPL)
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3.1.6. Metatuff

The metatuff samples are characterized by fine grained groundmass (Figs. 3-14, 3-
15). Therefore, it is really hard to observe primary mineral paragenesis. However, the
quartz crystals can be defined in some thin sections (Fig. 3-9). These metatuff
samples include well-oriented metamorphic minerals such as chlorite, epidote and
actinolite (Figs. 3-14, 3-15).

The epidotes are characterized by higher relief, slightly greenish colors and patchy
birefringence. The chlorites show greenish colors and anomalous interference colors.
The actinolites can be easily observed by needle-like shapes. Once again, the
presence of this metamorphic mineral paragenesis indicates the low-grade

metamorphism conditions for metatuff samples as well.

Figure 3-14: Development of epidote, chlorite and actinolite crystals (greenschist
facies) in a fine grained groundmass of metatuff (Sample AK-5, a. PPL b. XPL)
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Figure 3-15: Development of chlorite and actinolite crystals (greenschist facies) in a
fine grained groundmass of metatuff (Sample DRN-8, a. PPL b. XPL)

3.1.7. Metapelites

The pelitic schists have very distinctive mineral paragenesis of the low-grade
metamorphism. They consist mostly of muscovite, biotite, feldspar and quartz (Figs.
3-16, 3-17, 3-18). The schistosity can be defined by lepidoblastic mica minerals and

elongated recrystallized feldspar and quartz.

The presence of sub-grain development, undolatory extinction and sutured
boundaries between recrystallized grains may indicate the effect of dynamic
recrystallization. These assemblages represent relatively aluminious compositions
and the absence of garnet indicates that the metamorphism has not proceeded to the

medium-grade conditions. They have typically gray and black colors.

The muscovite minerals can be distinguished by high interference colors and flaky
shapes (Figs. 3-16, 3-17). The quartz crystals represent the relict or recrystallized

crystals and display sutured boundaries (beginning of recrystallization) due to the
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strong ductile deformation (Fig. 3-16). The biotite crystals have brownish color,

mottled extinction and moderate interference colors (Figs. 3-17, 3-18).

Lastly, once again, the effect of strong deformation processes can be traced by

presence of S1 and S2 cleavage planes. Here, S1 planes are intersected by S2 planes
(Fig. 3-18).

Figure 3-16: The quartz fragments and development of muscovite / biotite crystals
within a foliated metapelitic rock (Sample DRN-7, a. PPL b. XPL)
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Figure 3-17: The quartz fragments and development of muscovite / biotite crystals
within a foliated metapelitic rock (Sampe SCH-1, a. PPL b. XPL)

Figure 3-18: Development of muscovite / biotite / graphite crystals and S1 / S2
cleavage planes within a foliated metapelitic rock (Sample 9, a. PPL b. XPL)
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3.2. Cangaldag Pluton (CP)

As mentioned above, the Candaldag Pluton comprises diorites, dacite porphyries and
granites which do not display any metamorphism signatures without only

hydrothermal alteration products (e.g. sericitation in feldspars).

3.2.1. Diorites

The primary igneous mineral paragenesis of the dioritic rocks is made up
clinopyroxene, plagioclase, biotite, amphibole and quartz (Figs. 3-19, 3-20, 3-21).
They display holocrystalline / porphyritic texture. Hornblende crystals are one of the
common phases in these rocks and they exhibit greenish to brownish colors with
subhedral to euhedral shapes. (Figs. 3-19, 3-20).

The other essential phase is plagioclase crystals which have mostly anhedral and
subhedral shapes (Figs. 3-20, 3-21). Some sericite crystals have been observed on
these plagioclase crystals which reflect the effect of hydrothermal alteration or
weathering. In some cases, the diorite samples can include coarse quartz phenocrysts
which may be classified as quartz-diorite rather than typical diorite (Fig. 3-21).
These quartz crystals are mainly anhedral and can be distinguished by fresher
surface. Also, some opaque minerals are found in these samples. Overall
petrographical characteristics of the diorites do not show any metamorphism effect

without secondary alteration signatures.
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Figure 3-19: Clinopyroxene, Amphibole and plagioclase crystals in a diorite (Sample
CN-1, a. PPL b. XPL)

Figure 3-20: Amphibole, plagioclase and small quartz crystals in diorite (Sample
CN-9, a. PPL b. XPL)
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Figure 3-21: Amphibole, plagioclase, clinopyroxene and quartz crystals in a gtz-
diorite (Sample CN11, a. PPL b. XPL)

3.2.2. Dacite Porphyries

The dacite porphyry represents the second common rock types within the CP. The
phenocryst phases are composed of quartz, feldspar and biotite minerals and
embedded in a fine-grained groundmass (Figs. 3-22, 3-23, 3-24). The quartz crystals
have anhedral and subhedral shapes. They display typical wavy extinction and have
quite fresh appearance. In some samples, the corroded quartz crystals (Figs. 3-23, 3-
24) suggest the presence of interaction between these minerals and melt during the

crystalization (magmatic corrosion).

The second common mineral is feldspar, and it is mostly altered to the sericite (Figs.
3-22, 3-24). In some samples, it has been also replaced by calcite. The calcite
crystals can be identified by their high order interference colors under XPL. This
process can be explained by effect of CO, -bearing late stage hydrothermal solutions.
In addition to that, some biotite crystals have been slightly altered to the chlorite

minerals (Fig. 3-24). These secondary chlorite crystals show pleochroism and
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anomalous interference colors. All of these evidences confirm the presence of

hydrothermal alteration process on these samples.

Figure 3-22: Development of chlorite and sericite crystals (on the plagioclase
crystals) in a fine grained groundmass of dacite porphyry (Sample CN-3, a. PPL b.
XPL)

Figure 3-23: Quartz and biotite phenocryts in a fine grained groundmass of dacite
porphyry (Sample CN-5, a. PPL b. XPL)
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Figure 3-24: Quartz phenocrysts and development of chlorite and sericite crystals (on
the feldspars) in a fine grained groundmass of dacite porphyry (Sample CN-8, a. PPL
b. XPL)

3.2.3. Granites

The third rock type is granite within the CP. The granite samples are mainly
composed of K-feldspar, plagioclase, quartz, hornblende and biotite. They display
holocrystalline and porphyritic texture (Figs. 3-25, 3-26, 3-27). The K-feldspar
crystals have slightly fresh surface and display parallel extinction. They are mainly
anhedral and subhedral crystals. The plagioclase minerals display polysynthetic
twinning and have mostly subhedral shapes. In some cases, the sericite minerals can
be observed on the K- feldspar and plagioclase minerals. The quartz crystals display
fresher apperances than K-feldpsars and they show typical wavy extinction. Also,
some quartz veins are found within these samples. Hornblende crystals show
greenish to brownish colors with subhedral to euhedral shapes. Lastly, the biotite
crystals can be distinguished by brownish color, mottled extinction and moderate

interference colors.
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Except for mylonitic deformation zones, there is no indication for the metamorphism

on these rocks. The mylonitic zones are also characterized by intensive alteration.

Figure 3-25: Quartz and amphibole crystals in a granite (Sample SL-2, a. PPL b.
XPL)

Figure 3-26: Secondary quartz vein, plagioclase and hornblende crystals in a granite
(Sample SL-3, a. PPL b. XPL)
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Figure 3-27: Biotite, muscovite and secondary sericite crystals (on the feldspars) in a
granite (Sample SL-5, a. PPL b. XPL)
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CHAPTER 4

GEOCHEMISTRY

4.1. Introduction

The major and trace element data of the metavolcanic rocks within the Cangaldag
Metamorphic Complex (CMC) and the rocks of Cangaldag Pluton (CP) will be
evaluated in this chapter. The possible relationships of all of these magmatic rocks

will be evaluated by regarding their whole rock geochemical characteristics.

The freshest samples were selected, and grouped for the geochemical analyses
subsequent the petrographical observations on the collected samples along the three
selected traverses in the study area (Fig. 2-4). Twenty four metavolcanic rocks for
the CMC and eight samples for the CP were geochemically analyzed at the Acme
Laboratories (Vancouver-Canada). For the results of analyses, please see Appendices
A

4.2. Major and Trace Element Geochemistry of the Metavolcanic/subvolcanic
Rocks within the Cangaldag Metamorphic Complex

4.2.1. Effects of the Post Magmatic Processes

Highly variable loss on ignition (LOI) values were observed in the metavolcanic
rocks (1.4-6.0 wt.%; Appendices A). These values may indicate the effects of both
low-grade metamorphism and hydrothermal alteration as also recognized by the

petrographic observations. The mobility of large ion lithophile elements (LILE) due
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to post-magmatic processes is evidenced when they are plotted against Zr as
displayed by the scattering of data points (Fig. 4-1a). High Field Strength Elements
(HFSE) and rare earth elements (REE), however, exhibit good correlations,
indicating their immobile behavior under the secondary processes (Fig. 4-1b).
Therefore, LILE will not be considered hereafter due to their mobile nature (Wood et
al., 1976; Pearce, 1975; Floyd et al.; 2000). Instead, the trace elements (Ti, Zr, rare
earth elements etc.) that are immobile under low-grade alteration / metamorphism
conditions (e.g. Pearce and Cann, 1973; Floyd and Winchester, 1978) will be used

for the geochemical evaluation of the studied rocks.
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Figure 4-1: Plots of selected major and trace elements vs Zr. Group 1-2-3: Basalts
and diabases; Group 4: Metaandesites; Group 5: Metarhyodacites
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4.2.2. Geochemical Classification

All metavolcanic rocks within the CMC show sub-alkaline affinity (Nb/Y= 0.01-
0.16). Based upon the classification diagram (Pearce, 1996), the samples plot into the
basalt, basaltic andesite, andesite and rhyo-dacite fields (Fig. 4-2). Additionally,
these rocks were subdivided into several chemical groups based on their trace
element systematics. Within these groups, both primitive and evolved members are
present. While the groups 1, 2 and 3 include the primitive samples (basalts/diabases),

the groups 4 (andesites) and 5 comprise evolved ones (rhyodacites).

Group 1 displays geochemical characteristics similar to boninitic rocks with high
SiO; (54.33-56.35 wt%) and MgO (10.35-10.68 wt%) concentrations (Fig. 4-2).
Also, the members of this group have higher Zr/Ti (0.01-0.017) and Nb/Y (0.16-
0.09) values than the other mafic samples. Group 2 and 3 mostly plot in the basalt
field except for two samples (basaltic andesite), and largely overlap due to their
similar Zr/Ti and Nb/Y ratios. Group 4 exhibits andesitic-basaltic andesitic
composition (Fig. 4-2), whereas the samples plotting in the rhyolite/dacite field

create the Group 5 with higher Zr/Ti ratios than the other groups.
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Figure 4-2: Zr—Tiv. Nb-Y (after Pearce 1996) diagram for the metavolcanic rocks
of the Cangaldag Metamorphic Complex. Group 1-2-3: Basalts and diabases; Group
4. Metaandesites; Group 5: Metarhyodacites

In the spider diagrams, Group 1 exhibits highly depleted HFSE contents relative to
N-MORB (Nb=0.1-0.6 ppm; Zr=2.4-32 ppm; N-MORB Nb=2.33 ppm; Zr=74 ppm;
Sun and McDonough, 1989). Furthermore, this group shows slightly concave REE
patterns (except for DR-11) by enrichments ([La/Sm]y =1.48-3.32, where “N”
denotes chondrite normalized (values from Sun and McDonough, 1989) of light rare
earth elements (LREE) and heavy rare earth elements (HREE) relative to middle rare
earth elements (MREE). Group 2 displays highly depleted Nb concentrations similar
to Group 1, however it appears to be more enriched in terms of the other HFSE and
HREE (Nb=0.2-0.7 ppm; Zr=27.1- 47.7 ppm). Group 1 is also characterized by
relatively flat to LREE-depleted chondrite-normalized patterns ([La/Sm]n = 0.68-
1.26; Figs. 4-3; 4-4). Group 3 displays HFSE (apart from Nb) and HREE
concentrations similar to N-MORB (Nb=0.6-1.3 ppm; Zr=56.6-82 ppm) and it
exhibits LREE-depleted patterns ([La/Sm]n = 0.64-0.80) (Figs. 4-3, 4-4). Among the
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evolved groups, Group 4 is characterized by slight depletion in Ti and Eu and display
more enriched patterns in terms of the other HFSEs (Nb=2-4 ppm; Zr=100.9-176.2
ppm) and REEs ([La/Sm]y = 0.80-1.15). However, the second evolved group (Group
5) displays significant anomalies in Ti and Eu and small enrichments (Figs. 4-3, 4-4)
in the rest of the HFSEs (Nb= 1.2-3.5 ppm; Zr=98.3-135) and REEs ([La/Sm]y =
1.11-2.69).
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Figure 4-3: N-MORB normalized multi element spider diagrams (Sun and
McDonough, 1989); the data of Mariana and Lau arc-back arc basin samples taken
from Pearce et al. (1995, 2005). a. Group 1: Boninites; b-c. Group 2: Island arcs; d-e.

Group 3: Back-arc basin basalts; f. Group 4: Metaandesites; g. Group 5:
Metarhyodacites
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4.2.3. Petrogenesis

4.2.3.1. Fractional Crystallization

To define the possible effects of fractional crystallization, binary diagrams were used
some trace elements including Ce, Y, La and Zr. When Ce, Y and La are plotted
against Zr (Fig. 4-1b) an increasing trend can be traced from the basic groups
towards the evolved ones. It must be noted, however, that Group 4 has overlapping
or higher Zr, Ce, Y and La concentrations than Group 5 (Fig. 4-1b). The increasing
concentrations of the incompatible elements in the evolved members may indicate
the role of fractional crystallization during the evolution of the rocks. The decreasing
concentrations of Cr,0O3 (Group 1-2-3= 0.06 wt %; Group 4= less than 0.002 wt %;
Group 5= less than 0.002 wt %) and Ni (Group 1-2-3= 79.90 ppm; Group 4= 4.26
ppm; Group 5= 1.40 ppm) from the basic groups towards the evolved ones also back
up the idea of fractionation during evolution (Appendices A). The effect of fractional
crystallization is best observed on Group 5 that displays significant depletions in Ti
and Eu, which may suggest fractionation of Ti-oxides and plagioclase. However, it
must be noted that Group 5 does not seem to have been evolved from Group 4 due to

the lower element enrichments levels (Figs. 4-3, 4-4).

4.2.3.2. Mantle Source Characteristics

The basic groups were taken into account to minimize the effects of fractional
crystallization in order to characterize the mantle source(s) of the metavolcanic rocks
within the CMC. The plots of Zr/Y vs Nb/Y and La/Yb vs Zr/Nb ratios can reveal
important information related to the possible mantle sources (Fig. 4-5a; Sayit et al.,
2016; Fig. 4-5b; Aldanmaz et al., 2000). The lower Zr/Y (0.52-6.04) and Nb/Y (0.02-
0.16) values of the Cangaldag samples may indicate derivation from a depleted
mantle source (N-MORB Zr/Y= 2.64; Nb/Y= 0.08; Sun and McDonough, 1989).

This idea is supported by the lower La/Yb (0.17-3.63) and higher Zr/Nb (37.14-228)
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ratios, indicating involvement of a depleted mantle source in the petrogenesis of
Cangaldag metavolcanic rocks (N-MORB La/Yb= 0.81; Zr/Nb= 31.75). Such low
ratios of Zr/Nb, Zr/Y and Nb/Y are also found in the basalts of the Mariana arc-back-
arc system and Lau Basin in which depleted mantle sources are involved (Fig. 4-5),

therefore further reinforcing the idea above.

As mentioned before, Group 1 shows boninite-like characteristics with highly
depleted HFSE signatures. The boninitic nature is also confirmed by the similarity of
the trace element patterns of Group 1 with the Mariana Arc boninite (Pearce et al.,
1992). While such arc-like characteristics of Group 1 suggest the involvement of
subduction component in their mantle source (e.g. Pearce and Peate, 1995), the
depletions in HFSE may indicate different conditions in the mantle source such as
stability of minor residual phases (e.g. zircon and titanite; Dixon and Batiza, 1979),
re-melting of previously depleted mantle source (Green, 1973; Duncan and Green,
1987; Crawford et al., 1989) or high degree of partial melting (Pearce and Norry,
1979).

Like Group 1, Group 2 also shows subduction-related characteristics with
enrichments in LREE over HFSE. This idea is supported by the fact that the Group 2
samples exhibit similar trace element systematics of the basalts from the Mariana
Arc and Lau Basin (Pearce et al., 1995, 2005). This indicates that Group 2 has also
derived from a subduction-modified mantle source. Group 3 also shares similar
geochemical characteristics with the other primitive groups in that it reflects a
subduction-related component in their mantle source. The difference, however, is
that the overall characteristics of Group 3 samples are rather akin to those generated
in back- arcs rather than island arcs. This group too reflects geochemical signatures
indicating contribution of slab-derived components (Pearce et al., 1995, 2005; Figs.
4-4, 4-5),
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Figure 4-5: a. Nb/Y vs Zr/Y (Sayit et al., 2016) and b. La/Yb vs Zr/Nb (Aldanmaz et
al., 2008) diagrams for the metavolcanic rocks of the CMC; the data of Mariana and
Lau arc-back arc basin samples taken from Pearce et al. (1995, 2005). Group 1:
Boninites; Group 2: Island arcs; Group 3: Back arc basalts

4.2.3.3. Partial Melting

The TiO,-Yb (Gribble et al., 1998) and Sm vs Sm/Yb (Sayit et al., 2016) diagrams
(Fig. 4-6) were used in order to understand the melting systematics of the basic

metavolcanic rocks from the CMC. In this regard, the samples with MgO
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concentrations higher than 8 wt% were used in both diagrams to avoid the effects of
fractional crystallization as much as possible. For the first diagram, the curve of
“spinel lherzolite” is for non-modal batch melting and is labeled with degrees of F
(estimeate of degree of melting) for ‘primitive mantle’ (PM) source concentrations of
0.217% TiO, and 0.493 ppm Yb (Sun and McDonough, 1989), Do= 0.117 and 0.127
(modal bulk coefficient) for a lherzolite composition ol: opx: cpx of 54:30:16, and P
= 0.325 and 0.397 (non-modal bulk partition coefficient) for ol: opx: cpx melting
proportions of 0:30:70. The curve of “garnet lherzolite” is for non-modal batch
melting of a garnet lherzolite ‘primitive mantle’ source with ol: opx: cpx: gar
composition and melt proportion of 52:29:16:3 and 0:45:45:10, respectively. Do and
P are 0-127 and 0-247 for TiO,, and 0.288 and 0.684 for Yb. Both curves are labeled
for from 5 to 40% melting (calculations taken from Gribble et al., 1998).

The modelling plots suggest that the members of Group 1 have been formed at the
highest degree of partial melting (higher than 40%) from a spinel or garnet lherzolitic
source. Group 2 follows Group 1 by lower degrees of partial melting with 20-30 %.
Group 3, on the other hand, appears to have been formed at the lowest degrees of
partial melting among three with 10-25 %. The extreme values observed in Group 1,
however, are rather unrealistic. Instead, re-melting from a pre-depleted mantle source
seems more plausible for the petrogenesis of this group (Green, 1973; Duncan and
Green, 1987; Crawford et al., 1989). In order to confirm this idea, another diagram
was used, which uses Sm-Yb systematics (Sayit et al., 2016) (Fig. 4-6b). Here, the
mode of spinel peridotite source is 0.565 Ol + 0.220 Opx + 0.180 Cpx + 0.035 Spi.
In constructing second curve, however, first 25% batch melt is extracted from the
spinel peridotite source and the residue is modified by 1% garnet-facies melt. This
metasomatized source is assumed to have a mode of 0.700 Ol + 0.220 Opx + 0.065
Cpx + 0.015 Spi, which melts in a fractional fashion with the proportions of 0.20 Ol
+ 0.15 Opx + 0.55 Cpx + 0.10 Spi (calculations taken from Sayit et al., 2016). This
model shows that the Group 1 samples may indeed have been formed by re-melting

of a pre-depleted source. In conclusion, while the trace element systematics of Group
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2 and 3 metavolcanic rocks can be explained by different degrees of partial melting
from a depleted spinel Ilherzolitic source (Fig. 4-6a), the highly depleted
characteristics of Group 1 requires melting from a pre-depleted mantle source (Fig.
4-6b).

Based on the results above, the increasing degree of enrichments in HFSE and REE
from Group 1 to Group 3, are more likely to be related to partial melting and
previous melt extraction rather than fractional crystallization. In addition, H,O-rich
fluids were reported to have an important role on the degree of melting of the mantle
(Davies and Bickle, 1991; Stolper and Newman, 1994; Taylor and Martinez, 2003,
Langmuir et al., 2006). Thus, the different degrees of partial melting observed in
Group 2 and 3 may have been caused by the effect of water derived from the

subduction processes (Keller et al., 1992).
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Figure 4-6: a. TiO, — Yb (Gribble et al., 1998) and b. Sm vs Sm/YD (Sayit et al.,
2016) partial melting diagrams for the primitive metavolcanic rocks of the Cangaldag
Metamorphic Complex.

4.2.3.4. Tectonomagmatic Discussion

When the samples from CMC with relatively high MgO (i.e. the basic groups 1, 2

and 3) are considered, they all exhibit the contributions from slab-derived

component, which is typical in magmas generated in subduction-related settings
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(Pearce and Peate, 1995). This idea is also supported by the diagrams constructed by
Shervais (1982) and Meshede (1986), where the Cangaldag samples plot in the arc-
related regions (Fig. 4-7). Furthermore, all the primitive samples display depleted
HFSE and HREE characteristics (N-MORB-like or even lower). When combined
with the presence of subduction-related signatures, this may suggest that the
Cangaldag samples may have formed in an intra-oceanic subduction system (Peate et
al., 1997; Pearce et al., 1995). Among three groups, however, Group 1 and 2 possess
HFSE and HREE contents apparently lower than N-MORB, suggesting that they
may have formed in the arc region of an oceanic arc-basin system. The boninitic
Group 1 samples are especially indicative for generation at fore-arc region (Pearce et
al., 1992). N-MORB-like features of Group 3, on the other hand, are more consistent
with its generation in the back-arc region.

The idea that the Cangaldag metavolcanic rocks represent the remnants of an intra-
oceanic arc-basin system as proposed by this study is in general agreement with that
of Ustabmer and Roberston (1999) who interpreted the same assemblage to have
been generated in an oceanic arc. However, the idea that the CMC (similar with
Niliifer Unit from the Karakaya Complex) represents an oceanic plateau or oceanic
islands as suggested by Okay et al. (2006) is not supported by the present findings.
Here, it must be noted that this idea was revised as the presence of arc-related
magmatism for the origin of the CMC in Okay et al. (2013, 2014) regarding the
geochemical data that had been already reported in the study of Ustadmer and
Robertson (1999). Therefore, overall geochemical data indicate that the metavolcanic
rocks of the CMC were generated in an intra-oceanic fore-arc-arc-back arc basin

environment.
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Figure 4-7: Geotectonic discrimination diagrams a) after Shervais (1982), b) after
Meschede (1986)

4.3. Major and Trace Element Geochemistry of the Cangaldag Pluton

4.3.1. Geochemical Classification

The rocks of the CP plot into the gabbroic diorite, diorite, granodiorite (extrusive
equivalent: dacite porphyry) and granite fields based upon the geochemical
classification diagram (Fig. 4-8; Middlemost, 1985). The SiO, concentrations of the
rock groups are as follows: diorites (between 52-55 wt%), dacite porphyry samples
(between 66-68 wt%) and granite sample (73 wt%). All of these rocks have similar
Na,O + K,O concentrations which change in a narrow range (4—6 wt%).

According to the several geochemical discrimination diagrams (Peccerillo and

Taylor, 1976; Frost et al., 2001; Chappell and White, 2001), they plot into the

subalkaline, calc-alkaline, magnesian and I-type fields, respectively (Fig. 4-9a, b, c,

d). Of note, the granite sample is plotting near the S-type field (Fig. 4-9d). While all
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of the types of these rocks display lower Na,O and K,O values compared to the
alkaline rocks, they have higher concentrations compared to the tholeiitic and S-type

granitoids.
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Figure 4-8: Geochemical classification of the Cangaldag Pluton (Middlemost, 1985)
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Figure 4-9: Geochemical discrimination diagram for the Cangaldag Pluton a. Total
alkali silica diagram b. K;0 vs SiO, diagram (Peccerillo and Taylor, 1976) c. FeO; /
(FeO+MgO) vs SiO, diagram (Frost et al., 2001) d. Na,O vs K,O diagram
(Chappell and White, 2001).

The N-MORB and chondrite normalized multi element and rare earth element
diagrams (Sun and McDonugh, 1989) provide significant information in order to
evaluate the characteristics of the magmatic rocks (Fig. 4-10a, b). All patterns show
LILE / HFSE ([Th/Nb]ny = 18.53 - 31.96; N:NMORB-normalized) and LREE / HREE
([La/Yb]n = 3.60 - 11.78; N: Chondrite-normalized) enrichments coupled with Nb
(2.2-6.7 ppm) and Ti (0.09-0.63 wt%) anomalies in different levels, respectively (N-
MORB Nb=2.33 ppm; Ti=0.76 wt%; Sun and McDonough, 1989). Only, the granite
sample displays obviously different geochemical pattern, in particular, coupled with
positive Eu anomaly (Fig 4-10a, b). All of these magmatic rocks show similar

geochemical patterns with the volcanic arc granites (Pearce et al., 1984).
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Figure 4-10: a. N-MORB normalized multi-element diagram b. Chondrite
normalized rare earth element diagram. N-MORB and Chondrite normalization
values are from Sun and McDonough (1989). Volcanic arc granites data from Pearce
et al. (1984).

4.3.2. Petrogenesis

The variation diagrams were used by regarding the major (MgO, CaO, K0, TiOy)
and trace (Rb, La) elements vs SiO, (Fig. 4-11) in order to identify the effects of
fractional crystallization on the CP samples. All of these variation diagrams show the
presence of the distinct fractional crystallization effect between diorite and dacite
porphyry samples. While the incompatible elements (Rb, La, K;O) show positive
trends with SiO,, MgO, TiO, and CaO display negative trends by increasing of SiO;
concentrations (Fig. 4-11). The MgO concentrations obviously decrease from diorite
samples to the dacite porphyry samples (diorites = 4.35-8.22 wt%; dacite porphyries
= 1.11 and 1.29 wt%) which indicate the presence of fractional crystallization
(Appendices A). Moreover, the decreasing in Cr,0; (diorites = 0.015 — 0.072 wt %j;
Dacite porphyries = 0.004 and 0.006 wt%) and Ni (diorites = 22 - 150 ppm; dacite

porphyries = 20 ppm) concentrations from the diorites to the dacite porphyry samples
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also back up the idea of fractionation during evolution (Appendices A). In particular,
these negative trends can be explained by crystallization of the more felsic minerals
(i.e. feldspar). In other words, they indicate the fractionation of more mafic minerals
such as clinopyronexe and Ca-rich plagioclase during the evolution of the rocks.

Among the magmatic rocks of the CP, the granite sample exhibits different behavior
compared to the other samples (MgO = 0.50 wt%; Cr,O3 = 0.010 wt%; Ni = 20 ppm;
Fig. 4-11). This unlike behaviour may indicate the presence of different mantle
source for the granite sample. In addition to that, this result is supported by different
REE element pattern (positive Eu anomaly) for granite sample (Fig. 4-10a, b). On the
other hand, the depletions in Ti and Eu (fractionation of clinopyroxene, Ti-oxide and
plagioclase minerals) confirm the presence of effective fractional crystallization
process for diorite and dacite porphyry samples (Fig. 4-10a, b). The fractionation of
Ti-oxide and clinopyroxene minerals (Dixon and Batiza, 1979) can cause depletion

in Ti concentrations.
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Figure 4-11: Harker variation diagrams for selected major (wt %) and trace (ppm)
elements

The parental melts of the granitoids can be derived by the partial melting of mafic to
felsic crustal rocks (Tepper et al., 1993; Roberts and Clemens, 1993). The major
oxide ratios play an important role in order to determine possible source rocks for the
granitoids (Patino Douce, 1999).

For instance, the partial melting mafic source such as amphibolites may cause the
lower Al,O3; / (Fe,03 + MgO + TiOy) and Na,O + KO / (Fe,O3 + MgO + TiO,)
ratios compared to the more felsic sources (greywake, pelite). On the other hand, the
lower values of Al,O; + Fe,03 + MgO + TiO; and Na,O + K;O + Fe,0O3 + MgO +
TiO, can indicate the deriving from more felsic sources (Patino Douce, 1999; Fig. 4-
12).
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The rocks of CP (except for granite sample) plot into the amphibolitic source field
(Fig. 4-12). The geochemical characteristic of this sample, once again, indicates the
presence of different mantle source compared to the diorite and dacite porphyry
samples. While the diorites and dacite porphyries could be derived from an
amphibolitic source, the granite can be product of the partial melting of a more felsic
source such as greywake (Fig. 4-12). Sedimentary source for the granite sample is

also confirmed by these results.
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Figure 4-12: Plots showing compositional fields of experimental melts derived from
partial melting of pelite, grewake and amphibolite. Data from Patino Douce (1999)
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4.3.3. Tectonomagmatic Characteristics

The rocks of the CP display similar characteristics with volcanic arc granites (Fig. 4-
13a; Pearce et al., 1984). The diorite samples have lower Rb values (14.6-57.1 ppm)
compared to the granite (61.4 ppm) and dacite porphyries (109.2-151.1 ppm),
respectively. Ta values are in 0.2-0.4 ppm for diorites, 0.6-0.7 ppm for dacite
porphyries and 0.2 ppm for granite. Also, Y+Nb values change between 9-29.6 ppm.
For instance, the lower Ta and Nb values suggest the effect of dehydrated slab
component in the mantle source (Pearce et al., 2005). All of these values indicate arc
magmatism for the CP. Additionally, the LILE and LREE enrichments (coupled with
Nb anomalies) relative to HFSE and HREE represent subduction modified mantle
source characteristics (Fig. 4-10a, b; Pearce et al., 1992; Pearce and Peate, 1995). In
other words, they all exhibit the contribution of slab-derived component, which is

typical in magmas generated in subduction-related settings (Pearce and Peate, 1995).

Th/Hf vs Ta/Hf and Th/Ta vs Yb discrimination diagrams were used in order to
understand the type of arc magmatism (Schandl and Gorton, 2002; Fig. 4-13b).
Particularly, Th is an useful element that gives important information about the
source characteristics (Pearce and Peate, 1995). Both of these diagrams suggest a
continental arc magmatism for the CP by higher Th/Hf (0.84-2.74) and lower Ta/Hf
(0.05-0.17) ratios compared to the within plate volcanic zones and lower Th/Ta

(9.75-16.5) compared to the oceanic arcs, respectively (Fig. 4-13b).
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Pearce et al., 1984 b. Schandl and Gorton (2002)

Additionally, this result is confirmed by Nb/Y vs Zr/Y and Th/Yb vs Nb/Yb ratio
diagrams (Fig. 4-14) which also confirm the presence of continental arc magmatism.
They display higher Nb/Y (0.13-0.54), Zr/Y (23.13-44.05), Th/Yb (1.26-7.27),
Nb/Yb (1.30-4.96) ratios compared to oceanic arc magmatism (Condie and Kroner,
2013). All of these element ratios (Fig. 4-14) mostly display higher values than N-
MORB and E-MORB (Sun and McDonough, 1989) sources which support the

developing of continental arc magmatism.
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In addition to the CP, 3 orthogneiss samples (Pre-Permian) from Devrekani
Metamorphics were analyzed in order to understand the geochemical characteristics
of their protoliths. As stated by Giicer and Arslan (2015), they show typical features

of I-type calc-alkaline volcanic arc granitoids.
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CHAPTER 5

U-Pb GEOCHRONOLOGY and Hf ISOTOPE SYSTEMATICS

5.1. U-Pb Geochronology

The U-Pb geochronometers are amongst the most reliable radiometric methods for
determining the age of igneous rocks. They are based on the decay of U to Pb
isotopes (**U-?°Pb and #°U-?*’Pb). These chronometers have been successfully
applied to date magmatic rocks, which formed from a few million years ago to more
than billion years of years in the past (e.g., Schmidberger et al., 2005; Simonetti and
Neal, 2010; Isozaki et al., 2015; Koksal et al., 2013).

Zircon is a very useful mineral for U-Pb radiometric dating because it is a robust
mineral and resistant to various secondary processes such as metamorphism,
hydrothermal and surface alterations. Zircon can easily accommodate U but not Pb
into its crystal structure at the time of crystallization. Thus, any Pb which
accumulates within zircon is deemed radiogenic in origin, and hence forms the basis
for the geochronometer since the decay constants for both ***U and #*®U are well
characterized. Additionally, zircon has a very high closure temperature (>900°C),
which provides reliable results for dating (Flowers et al., 2005). Also, several other
important U-bearing accessory minerals (apatite, nicolite, titanite, perovskite,
baddeleyite) have been employed for in-situ U-Pb dating purposes (e.g., Bizzarro et
al., 2002; Chen and Simonetti, 2014; Chen at al., 2013; Gumsley et al., 2015;
Rasmussen et al., 2013; Koksal et al., 2004).

Recently, in-situ U-Pb dating of accessory minerals has become a more widely
practiced technique instead of conventional single grain evaporation method, which
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yields much more reliable data (e.g. Simonetti et al., 2005; Bianca et al., 2015; Zhu
et al., 2015; Hu et al., 2014). One reason is that distinct magmatic events can be
dated from core vs. rims of single mineral grains by using small laser spot sizes (e.g.,
<20 microns). Moreover, it is cheaper and is characterized by rapid analysis duration
with a simple sample preparation process compared to Isotope Dilution Thermal
lonization Mass Spectrometry (ID-TIMS), and Secondary lon Mass Spectrometry
(SIMS) techniques. In contrast, bulk zircon analysis will result in the masking of
different magmatic and possibly metamorphic information present at the micron-

scale.

In total, 8 samples (3 from Cangaldag Metamorphic Complex (CMC), 2 from
Cangaldag Pluton (CP), 1 from orthogneiss (it cuts the Devrekani Metamorphics), 1
from Devrekani metadiorite (it cuts the Devrekani Metaophiolite), and 1 from diorite
(Devrekani Granitoid) were investigated for geochronological purposes. Following
the sample preparation process that included heavy mineral separation and careful
hand-picking of crystals by using a stereo microscope, ~120 zircon grains were
available for in-situ U-Pb analysis. However, 104 zircon grains could be analyzed

due to the losing of some zircons during mounting process.
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Table 2: Number of Zircon Grains

Unit Rock Type Sample Number of Number of
Number Zircon Spots
Grains
CMC Metarhyodacite AK-7 4 4
CMC Metarhyodacite AK-14 8 9
CMC Metarhyodacite AK-22 6 6
CP Dacite Porphryy CN-3 11 15
CP Granite SL-3 37 48
Devrekani Orthogneiss DVK-4A 18 18
Metamorphics
Devrekani Metadiorite DV-11 11 11
Metaophiolite
Devrekani Diorite DVK-13 9 9
Granitoid

Additionally, three well established and recognized zircon standards, Plesovice,
91500, and GJ-1 were analyzed throughout the analytical sessions in order to validate
and ensure the accuracy of the in-situ U-Pb results reported here. Subsequent to the
analyses and data reduction, which included the using of lolite software (v.3.1) and
the excel-based macro IsoPlot (v.4.1), concordant, lower intercept, and/or weighted

average ages were calculated and reported here.

5.1.1. Instrumentation and Data Acquisition

The Laser Ablation-Multicollector Inductively Coupled Plasma Mass Spectrometer
(LA-MC-ICP-MS) instrument configuration which includes a NuPlasma Il MC-ICP-
MS instrument (Nu Instruments, UK) coupled to a NWR193 nm excimer laser
ablation system (ESI-NWR). The samples and standards (Plesovice, 91500, GJ-1)
were placed together simultaneously in the large volume ablation cell equipped with
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a low-volume sampling ring. The laser ablation conditions and standards are given in

Appendices E.

5.1.2. Cangaldag Metamorphic Complex (CMC)

The morphology of the analysed zircons ranges from rounded to euhedral in shape,
and internal structures may be diffused, oscillatory, laminated and unzoned
(Appendices D). Zircon grains from three meta-rhyodacite samples (AK-7, AK-14
and AK-22) within the CMC were analyzed and the results are shown on Concordia
(*°*°Pb/28U vs ?’Pb/*°U) diagrams (Figs. 5-1, 5-2, 5-3). Three similar Middle
Jurassic ages of 176.4 £ 5.9 Ma for AK-7 (concordia age), 156.2 + 2.9 Ma for AK-14
(lower intercept age), and 161 + 12 Ma for AK-22 (weighted mean *®*Pb/°U age)
were determined (Fig. 5-4).

It must be noted that the effects of low-grade metamorphism (greenschist facies) and
hydrothermal alteration may cause Pb-loss within zircon, and leads to discordant
results, i.e., data points plotting below the concordia curve (Figs. 5-1, 5-2). However,
the reliable age data for samples investigated here were obtained on concordant data
(e.g., Fig. 5-1), lower intercept and weighted mean ages, respectively. The combined
geochronological results indicate the occurrence of Middle Jurassic magmatism for
the CMC. The detailed U-Pb data and position of the laser ablation spots are given in
Appendices B and D.
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Figure 5-2: 2°Pb / 28U vs 2'Pb / U diagram and lower intercept age for AK-14
(metarhyodacite)
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Figure 5-4: “°Pb/?8U (weighted mean age) data for AK-22 (metarhyodacite)
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5.1.3. Cangaldag Pluton (CP)

The morphology of the analysed zircons ranges from rounded to euhedral in shape,
and internal structures may be diffused, oscillatory, laminated and unzoned
(Appendices D). Zircon grains obtained from dacite porphyry (CN-3) and granite
(SL-3) samples within the CP were analyzed and the results are shown on concordia
(*°°Pb / 28U vs ?’Pb / *°U) diagrams (Figs. 5-5, 5-6, 5-7, 5-8). For both samples,
Middle Jurassic ages of 161.4 + 5.3 Ma for CN-3 (concordia age), 168.3 + 2.1Ma

(lower intercept age), and 169.9 + 1.7 Ma (concordia age) for SL-3 were determined.
The age results for the samples from the CP suggest the occurrence of Middle

Jurassic granitic magmatism, as is the case for the CMC. The detailed U-Pb data and

laser ablation spots are given in Appendices B and D.
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Figure 5-5: “°Pb / 38U vs 2Pb / U diagram and concordia age for CN-3
(daciteporphyry)
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Figure 5-7: 2°Pb / 33U vs ?’Pb / #**U diagram and lower intercept age for SL-3 (S-
type granite)
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granite)

5.1.4. Devrekani Orthogneiss

Based on field relations, several orthogneiss bodies intruding the Devrekani
Metamorphics (mostly composed of amphibolites, gneiss, and metacarbonates) are
affected by mylonitic deformation. Dating these orthogneisses can provide a relative
age for the Devrekani Metamorphics. The morphology of the analysed zircons ranges
from rounded to euhedral in shape, and internal structures may be diffused,
oscillatory and unzoned (Appendices D). The zircon grains obtained from mylonitic
granite (DVK-4A) were analyzed and the results are shown on concordia (*°°Pb/*®*U
vs 2"Pb/?°U) diagrams (Figs. 5-9, 5-10). A Permian age of 264 + 90 Ma (lower
intercept age) associated with a higher uncertainty was determined.

As seen in Figure 5-9, the zircon grains are characterized by excessive Pb loss. The

latter may be attributed to the mylonitisation of these granitic bodies. Therefore, a
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pre-Permian age can be estimated for the Devrekani Metamorphics based upon the
combination of radiometric age data and field relations. The detailed U-Pb data and

laser ablation spots are given in Appendices B and D.
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Figure 5-9: 2°Pb / %®U vs ?’Pb / **U diagram and Pb-loss for DVK-4A
(orthogneiss)
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Figure 5-10: °Pb / ?®U vs 2’Pb / 2°U diagram and lower intercept age for DVK-4A
(orthogneiss)

5.1.5. Metadiorite intruding Devrekani Metaophiolite

On the basis of field relations, two metadiorite bodies cut the Devrekani
Metaophiolite, and hence provide a relative age for the Devrekani Metaophiolite. The
morphology of the analysed zircons ranges from rounded to euhedral and internal in
shape, structures may be diffused, oscillatory, laminated or unzoned (Appendices D).
The zircon grains which were obtained from metadiorite (DV-11) were analyzed and
the results are shown on the concordia (***Pb/*®U vs 2’Pb/?°U) diagram (Fig. 5-11).

A Middle Jurassic age of 163.3 + 8.8 Ma (lower intercept age) was determined.

This age of metadiorite also provides a pre-Middle Jurassic relative age for the
Devrekani Metaophiolite. The other important result is the presence of post-Middle
Jurassic age of metamorphism since both units are metamorphosed. The detailed U-

Pb data and laser ablation spots are given in Appendices B and D.
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Figure 5-11: °°Pb / 2U vs ’Pb / ?*°U diagram and lower intercept age for DV-11
(metadiorite)

5.1.6. Devrekani Granitoid

This granitoid is different than Cangaldag Pluton and located in the Devrekani town.
It is mostly composed of diorites and granites. The morphology of the analysed
zircons ranges from rounded to euhedral and internal structures may be diffuse,
oscillatory, laminated or unzoned (Appendices D). The zircon grains extracted from
granite (DVK-13) sample within the Devrakani Granitoid were analyzed and the
results are shown on concordia diagrams (*>*Pb/?®U vs ?’Pb/?°U) (Figs. 5-12, 5-
13). A Middle Jurassic age of 164.9 + 2.9 Ma (weighted mean 2°°Ph/***U age) was

determined.

These results also suggest the occurrence of Middle Jurassic magmatism for the
Devrekani Granitoid. The detailed U-Pb data and laser ablation spots in Appendices
B and D.
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Figure 5-13: *%°Pb/?8U (weighted mean age) data for DVK-13 (granite)
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5.2. Lu-Hf isotope Systematics

Lu-Hf isotope method on zircon is one of the useful systems in order to evaluate
mantle source(s) and determine depleted mantle (Tpwm) model age(s). This method is
based on the B-decay of *"®Lu to Y®Hf isotope over time. The decay constant and
half-life of 1®Lu are 1.983x10™ yr and 35.0 Ga (Bizarro et al., 2003), respectively.
Recently, Hf isotope investigations of igneous samples have been successfully
employed in many studies (e.g., Schmidberger et al., 2005; Zhao et al., 2015; Renjith
etal., 2016).

Zircon is a very pertinent mineral for the Lu-Hf isotope method due to its resistant /
robust nature under different secondary processes such as metamorphism,
hydrothermal, and surface alteration. It has a very high closure temperature
(>900°C), which provides reliable results for isotopic studies (e.g., Flowers et al.,
2005).

Recently, in-situ Hf isotope investigations of zircon have become more widely
adopted and performed instead of the conventional whole rock method, which yields
much more reliable data (e.g., Simonetti and Neal, 2010). Moreover, distinct
magmatic events can be determined from core-to-edge investigations on minerals by
using small laser spot sizes (e.g., <50 microns). In addition, it is cheaper and is
characterized by a rapid analysis time compared to the whole rock method,;
moreover, the latter can mask different magmatic and metamorphic information

present at the micron-scale.

Here, a total of 7 samples (3 from CMC, 2 from CP, 1 from Devrekani Metadiorite,
and 1 from Devrekani Granitoid) were analyzed for in situ Hf isotope analyses; in
particular the same zircon grains that were used investigated for the U-Pb ages.
Lastly, three well established and recognized zircon standards, Plesovice, 91500, and
BR266 were analyzed before the analytical sessions in order to validate and ensure

the accuracy of the in-situ Hf results reported here.
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5.2.1. Instrumentation and Data Acquisition

A Laser Ablation-Multicollector Inductively Coupled Plasma Mass Spectrometer
(LA-MC-ICP-MS) combined instrument configuration (NuPlasma Il from Nu
Instruments, UK) was operated for the in-situ Hf analyses. Ablations were performed
using a NWR193 nm laser ablation system (ESI-NWR). The samples and standards
(Plesovice, 91500, BR266) were placed together in the large volume ablation cell
equipped with a low-volume sampling ring. For the laser ablation conditions and

standards please see Appendices E.

5.2.2. Cangaldag Metamorphic Complex

Zircon grains from three meta-rhyodacite samples (AK-7, AK-14, and AK-22)
within the CMC were analyzed and the results are shown on *"®Hf/*""Hf vs time and
¢Hf diagrams (Figs. 5-15, 5-16, 5-17, 5-18, 5-19). In-situ ®Hf/*""Hf initial ratios
range between 0.28276 £+ 0.00003 and 0.28281 £ 0.00003 on the same zircons, and
correspond to Tpym model ages between 538 and 678 Ma.

The calculated eHf values for the Middle Jurassic magmatism are between 2.7 and -
0.1 for the meta-rhyodacite samples (AK-7-concordant age, AK-14,-lower intercept
age and AK-22-weighted mean age). Lastly, the effect of low-grade metamorphism
(greenschist facies) and hydrothermal alteration may cause Pb-loss within zircon, and
leads to plotting out of the DM and CHUR evolution lines (Figs. 5-14, 5-15). The
detailed *"°Hf/*""Hf initial ratios, Tom model ages, eHf values and laser ablation spots
are given in Appendices C and D.
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5.2.3. Cangaldag Pluton

Zircon grains obtained from dacite porphyry (CN-3) and granite (SL-3) samples
within the CP were analyzed, and the results are shown on *"°Hf/*’"Hf vs Time and
eHf diagrams (Figs. 5-20, 5-21, 5-22, 5-23). In-situ Y"°Hf/*’’Hf initial ratios are
0.28276 + 0.00003 and 0.28213 £ 0.00002 for the dacite porphyry (concordant age)
and granite samples, respectively. These results correspond to the Tpm model ages
which are 674 and 1512 Ma ages. Hf values are -0.7 and -23.1, respectively. The
detailed *"°Hf/*""Hf initial ratios, Tom model ages, eHf values and laser ablation spots

are given in Appendices C and D.
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5.2.4. Metadiorite intruding Devrekani Metaophiolite

The zircon grains which were obtained from this metadiorite (DV-11) were analyzed
and the results are shown on ®Hf/*"’"Hf vs Time and eHf diagrams (Figs. 5-24, 5-
25). In-situ Y°Hf/*""Hf initial ratio is 0.28289 + 0.00003 for the metadiorite sample
that corresponds to 517 Ma Tpm model age. eHf value is about +4 for this zircon
grain (lower intercept age). The detailed *"°Hf/*""Hf initial ratios, Toym model ages,

eHf values and laser ablation spots are given in Appendices C and D.
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5.2.5. Devrekani Granitoid

The zircon grains extracted from granite (DVK-13) sample within the Devrekani
Granitoid were analyzed and the results are shown on Y®Hf/*""Hf vs Time and eHf
diagrams (Figs. 5-26, 5-27). In-situ ®Hf/*""Hf initial ratio is 0.28289 + 0.00006 for
the granite sample, which corresponds to 513 Ma Tpv model age. Lastly, the
calculated eHf value is +4 for this zircon grain (weighted mean age). The detailed
YeHf/A""Hf initial ratios, Tom model ages, ¢Hf values and laser ablation spots are

given in Appendices C and D.
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CHAPTER 6

DISCUSSION

6.1. New Insights into the Geological Evolution of the Cangaldag Metamorphic
Complex (CMC)

6.1.1. Geochemical Characteristics

As mentioned in the geochemistry chapter (4), several representative samples were
analyzed from the different metavolcanic rocks (metabasalts, metaandesites,

metarhyodacites and metadiabases) within the CMC.

In the previous studies (Yilmaz, 1980, 1983; Yilmaz and Tiiysiiz, 1984; Sengiin et
al., 1988; Tiiysiiz, 1985, 1990; Boztug and Yilmaz, 1995; Uguz and Sevin, 2007)
The Cangaldag unit was considered together with the Elekdag and Domuzdag units
of the CPSC as part of the Paleotethyan ophiolite. Ustabmer and Robertson (1999)
proposed that the metavolcanic rocks of the CMC represent the remnants of an island
arc system. They actually used the term “oceanic arc above forearc basement” or
“near continental margin oceanic arc” or “supra-subduction setting”, which is in very
general terms confirmed by our findings. In addition to this, overall “arc-setting”, the

characteristics of the back-arc magmatism have been determined here for the CMC.

On the other hand, the initial suggestion that the CMC (similar with Niliifer Unit
from the Karakaya Complex) represents an oceanic plateau or oceanic islands as
suggested by Okay et al. (2006) is not consistent with our results in this study. It

must be noted that this suggestion was revised by new age findings (Okay et al.,
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2013, 2014) as “arc-related magmatism” considering the geochemical data from

Ustadmer and Robertson (1999).

Overall our geochemical evaluation of these metavolcanic rocks indicates the
presence of three different basic groups. The defined boninitic rocks (first group) are
represented by highly depletions in HFSE and REE compared to N-MORB and
Chondrite values, respectively (Figs. 4-3, 4-4). The second basic group (island arcs)
displays lower depletions in HFSE and higher enrichments in REE patterns
compared to the boninitic samples. The last primitive group (back arc basin) has
higher enrichments in HFSE and REE values than the other two groups. In addition
to that, the evolved volcanic rocks display the characteristics of the typical arc-back
arc basin environments (Figs. 4-3, 4-4).

All of the basic metavolcanic rocks could have been derived from the spinel
Iherzolite by different degree of partial meltings. The fractional crystallization
process has caused the derivation of andesitic rocks from the basic volcanic rocks.
The geochemical characteristics of the most evolved rhyodacitic rocks reveals the
presence of different mantle source compared to the other volcanic rocks within the
CMC. To sum up, this complex proves, geochemically, the presence of a fore-arc-
arc-back arc magmatism, shortly arc-basin system in the Central Pontides during the

Middle Jurassic.

When correlated with other Middle Jurassic magmatism in the Central Pontides,
these general geochemical characteristics of the CMC display intra-ocenic arc-
backarc charateristics. However, the plutons and granitoids (e.g. Devrakani and
Cangaldag) show typical characteristics of the continental magmatism (will be

explained in the next part; Nzegge, 2008; Cimen et al., 2016b).
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6.1.2. U-Pb Geochronology

Regarding the in-situ U-Pb radiometric studies, metarhyodacite samples taken from
the different locations within the CMC were dated using 18 zircons. The zircon
grains from three meta-rhyodacite samples (AK-7, AK-14, and AK-22) provide
similar Middle Jurassic ages of 176 + 6 Ma for AK-7 (concordia age), 156 = 3 Ma
for AK-14 (lower intercept age), and 161 £ 12 Ma for AK-22 (weighted mean
208pp/23y age). However, some of the zircons display loss of radiogenic Pb as the
result of element diffusion (Schmidberger et al., 2005) due to the metamorphic

overprint.

Recently, a Middle Jurassic age was also assigned to the metafelsic rocks by Okay et
al. (2014) based upon the U-Pb dating from a single zircon grain within the CMC. As
mentioned above, this result is supported by our preliminary U-Pb data from a
number of measured zircon grains. In other words, there is yet little doubth about the
intrusion age of the felsic volcanic protoliths of CMC which suggests the presence of

an arc-basin during the Middle Jurassic in the Central Pontides.

6.1.3. Hf Isotope Systematics

The first data, based on the Hf isotopes from zircon grains, is given in this thesis. The
Lu-Hf isotope systematic can provide significant data in relation to mantle source(s)
and depleted mantle (Tpm) model age(s). In-situ °Hf/*”’Hf initial ratios range
between 0.28281 =+ 0.00003 and 0.28276 + 0.00003 on the same zircons,
corresponding to Tpw model ages between 538 and 678 Ma. Moreover, the
calculated eHf values for the Middle Jurassic magmatism are between 2.7 and -1
from the metarhyodacite samples (AK-7, AK-14 and AK-22) which could be
explained by mixing of depleted mantle and ocenic crustal sources for the magma
generation (Vervoort et al., 1999; Kroner et al., 2014).
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These results suggest that the magmatism associated with the CMC may have
involved partial melting of a depleted mantle, affected by the Cadomian arc
magmatism (Giirsu and Gonciioglu, 2005). This Cadomian signature is common in
Gondwana-derived terranes (Gonciioglu, 2010; Nutman et al., 2013; Rapela et al.,
2016). These zircon grains exhibit relatively homogenous initial "®Hf/*"’Hf ratios
close to CHUR values (0.282785; Bouvier et al., 2008).

6.2. New Insights into the Geological Evolution of the Cangaldag Pluton (CP)

6.2.1. Geochemical Characteristics

There is not any published geochemical data for the CP in the literature. The
geochemical evaluation of the CP supports the presence of the extensive arc related
magmatism in the study area. This pluton has subalkaline, calc-alkaline, magnesian
and I-type characteristics. It displays similar geochemical features with volcanic arc
granites including LILE/HFSE enrichments coupled with Nb depletions. The various
geochemical discrimination diagrams show the signatures of continental arc
magmatism rather than oceanic arc. The significant fractional crystallization effects
have played an important role during evolution of the dacite porphyries from the
dioritic rocks. Moreover, they have been mostly derived by partial melting of a mafic
amphibolitic source. Only, the granite displays different geochemical properties than
the other magmatic rocks within the CP. To sum up, this pluton proves,
geochemically, the presence of the continental arc magmatism in the Central
Pontides.

6.2.2. U-Pb Geochronology

In the literature, there is no published radiometric age data for the CP. In this study,

first-time, the zircon grains obtained from dacite porphyry (CN-3) and granite (SL-3)
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samples indicate the presence of Middle Jurassic ages of 161 £ 6 Ma for CN-3
(concordia age), 168 + 2 Ma (lower intercept age) and 170 + 2 Ma (concordia age)
for SL-3. The age results for the samples from this pluton suggest the occurrence of
Middle Jurassic magmatism. Here, some zircon minerals display loss of radiogenic
Pb as the result of element diffusion (Schmidberger et al., 2005) for the granite
sample which can be reason of plotting out of the concordia line. Also, these
radiometric age results can be also confirmed by the field relations. The CP cuts the
Triassic units and overlain by the Upper Jurassic limestone.

Additionally, the wide range of the U-Pb age data (between 3165 and 170 Ma) which
were analyzed from the zircons of granite sample support the deriving from a
sedimentary source. In other words, the non-uniform distrubitions of the zircon ages
indicate that all zircons do not have a common origin and formational process. In
detail, this rock contains 1 (including individual and growth parts; Fig. 6-1) Archean
zircon (2%), 7 Paleoproterozoic zircon (15%), 3 Mesoproterozoic zircons (6%), 7
Neoproterozoic zircons (15%), 3 Cambrian zircons (6%), 2 Ordovican zircons, 1
Silurian zircon (2%), 10 Devonian zircons (21%), 7 Carboniferous zircons (15%), 4
Permian zircons (8%), 1 Triassic zircon (2%) and 2 Jurassic zircons (4%). As
obviously seen from these distributions, the magmatism associated with this granite
sample has involved the different zircon populations from Archean to Triassic which
may be found in a sedimentary source. These results show multiple periods of zircon
growth (Schmidberger et al., 2005). For this magmatism, the known oldest source is
the Devrekani Metamorphics in the study area which contains mostly paragneiss
(including zircon minerals from 293 to 668 Ma), amphibolite, orthogneiss (age is
between 316-252 Ma) and metacarbonate (Giicer and Arslan, 2015; Giicer et al.,
2016).
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Figure 6-1: Distrubitions of the different ages from SL-3 (granite sample)

On the other hand, the zircons from dacite porphyry sample exhibit more consistent
age data distribution (between 142 and 304 Ma) compared to the granite sample

which should be related to the derivation from an igneous source.

6.2.3. Hf Isotope Systematics

Hf isotopes in zircons (known U-Pb ages) may provide significant information about
source of the magma. Since zircon crystals are very refractory and major reservoir of
Hf in most rocks, they can be easily used in order to understand evolution of the crust
(Batumike et al., 2007). Here, the same zircon grains obtained from dacite porphyry
(CN-3) and granite (SL-3) samples within the CP were analyzed during these studies.
In-situ "°Hf/*""Hf initial ratios of two concordant Mid-Jurassic zircon grains are
0.28276 + 0.00003 and 0.28213 £ 0.00002 for the dacite porphyry (concordant age)
and granite (concordant age) samples, respectively. In the diagram which shows the
relation between the age and initial Hf-isotope composition, the zircons are plotting

mostly between Depleted Mantle (DM) and Chondritic Uniform Reservoir (CHUR)
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lines. These results may indicate deriving from relatively juvenile magmas, whereas
those that plot below the CHUR line suggest recycling of pre-existing crustal
material (Batumike et al., 2007). The zircon grain from the dacite porphyry sample
exhibits relatively homogenous initial °Hf/*""Hf ratio close to CHUR values
(0.282785; Bouvier et al., 2008). The other concordant zircon grain displays lower
values than CHUR which could be related to contribution of crustal rocks for the

magma generation.

These results correspond to the Tpy model ages which are 674 and 1512 Ma ages for
Middle Jurassic magmatism from the dacite porphyry (161 + 6 Ma) and granite (170
+ 2 Ma) samples, respectively. The model ages for these rocks suggest that the
magmatism associated with the CP may have involved partial melting of the
Neoproterozoic/Mesoproterozoic crustal rocks (such as Devrekani Metamorphics in
the study area), which are common in Gondwana-derived terranes (Gonciioglu, 2010;
Nutman et al., 2013; Rapela et al., 2016). For the Middle Jurassic magmatism, the
eHf values of these zircon grains are -0.7 and -23.1 for the dacite porphyry and
granite samples, respectively, which could be explained by mixing of depleted
mantle and crustal sources for the magma generation (Vervoort et al., 1999; Kroner

etal., 2014).

Also, once again, the wide range of the gHf values from the granite sample (0 to -
77.7) confirm the deriving from sedimentary source whereas the narrow range of eHf
data (3.1 to -2.5) from the dacite porphyry sample may be related to the derivation
from an igneous source. In detail, according to the time, the eHf values of the granite
sample are as follows; Archean zircon (-60.6; Tpm = 2969 Ma), Paleoproterozoic
zircons (-41 to -61.2; tpm = 2170-2940 Ma), Mesoproterozoic (-22.7 to -77.7,
Tom=1478-3464 Ma), Neoproterozoic (0 to -51.4; Tpu=639-2546 Ma), Cambrian (-
5.1 and-26.5; Tpm=845 and 1645 Ma), Ordovician (-5.1; Tpm=843 Ma), Devonian (-
2.5 t0 -40.4; Tpm= 733-2179 Ma), Carboniferous (-2.8 to -6.5; Tpm= 762-865 Ma),
Permian (-7.3 to 14.5; Tpm= 908-1176 Ma), Triassic (-11.2; Tpm=1080 Ma), Jurassic
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(-1.7 and -23.1; Tpm= 709 and 1512 Ma). They display mostly negative values and
plot below the CHUR line that could be related to involving of crustal rocks for
generation of these zircon minerals. Some of these older zircon minerals lie on the
near of CHUR line which may indicate a little production of juvenile magma for
their formation (Batumike et al., 2007). The Tpm ages (from Neoproterozoic to
Archean) obtained from the zircon minerals also exhibit the presence of recycled
crustal materials during the main geological events. As in the U-Pb studies, the non-
uniform distrubitions of the Hf data for the zircon minerals from the granite sample
support that they do not share a common origin and formational process. This sample
could have been derived a sedimentary source. However, the uniform distribution of
the eHf values (3.1 to -2.5; TDM=556-749 Ma) from dacite-porphry sample (CN-3)

indicate a common igneous origin and formation process.

6.3. Overall Geodynamic Evolution

The new petrological data (including whole rock geochemistry, U-Pb geochronology
and Lu-Hf systematics) reported in this thesis about the CMC and CP plays a critical
role to understand the geodynamic evolution of the Central Pontides. The CMC is
cropping out between the Alpine Sakarya Composite Terrane and Istanbul-
Zonguldak Terrane. The presence of two distinct oceanic domains, namely the
Paleotethys and the Intra-Pontide branch of Neotethys between these two terranes
during the Mid to Late Mesozoic is commonly accepted (Sengor and Yilmaz, 1981,
Yilmaz et al., 1995; Tiiysiiz, 1999; Elmas and Yigitbas, 2001, Robertson and
Ustaémer, 2004; Okay et al., 2006, 2008; Kaya, 1977, Kaya and Kozur, 1987
Gonciioglu et al., 2008, 2012, 2014; Akbayram et al., 2013; Marroni et al., 2014).
However, the paleogeographic and geodynamic settings of these oceans, as well as
the lifespans of their oceanic lithosphere, subduction complexes, arcs etc. are a

matter of debate.
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In the previous studies, there is consensus that the Kiire Complex represents the
remnants of Paleotethyan Kiire Basin (sensu Sengdér and Yilmaz, 1981). The
turbiditic sediments of the complex include Carnian-Norian fossils (Kozur et al.,
2000; Okay et al., 2015) indicating that this basin was still open. On the other hand,
recent data (Tekin et al., 2012; Gonciioglu et al., 2012) shows that contemporaneous
with the closure of the Kiire basin another oceanic branch, the Intra-Pontide Ocean
existed to the south of it. The remains of this ocean cover a vast area in Central
Pontides (Fig. 2-4) and are included in the CPSC (Tekin et al., 2012).

In general terms, CPSC is an imbricated stack (e.g. Marroni et al., 2014; Aygiil et al.,
2016) of accretionary mélanges, dominated by variably deformed and
metamorphosed volcanic rocks. Regarding the age; radiolarian data (Gonctlioglu et
al., 2010, 2014) from basalt-chert associations indicate that this ocean was partly
open until the early Late Cretaceous. Sayit et al. (2016) demonstrated recently that
the volcanic rocks within the structurally lower units (Arkot Dag, Domuz Dag, Ayl
Dag units) were mainly derived from an intra-oceanic subduction system. Our new
and detailed evaluation of geochemical data together with additional zircon ages
clearly suggests that the CMC is a part of this system, as the petrogenetic
characteristics of these rocks clearly indicate a fore arc-arc-back arc basin

environment.

The Intra Pontide Ocean basin was obviously larger and older than the intra-oceanic
subduction event producing the CMC volcanism during the Middle Jurassic time
(Okay et al., 2014; Cimen et al., 2016a). That it existed prior to Middle Jurassic is
proven by the Middle to Late Triassic oceanic volcanics found in the Arkot Dag
Melangé (Tekin et al., 2012). Moreover, it has not been completely eliminated by the
Cangaldag Mid-Jurassic subduction. This interpretation is supported by the presence
of the Late Jurassic MORB-type volcanism in eastern Bolu area (Gonciioglu et al.,
2008). Additional evidence gives the Late Jurassic to early Late Cretaceous

radiolarian ages from numerous outcrops within the [POB (Gonciioglu et al., 2012,
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2014; Tekin et al., 2012). Considering that this complex tectonically overlies the Late
Jurassic-Cretaceous mélanges with an emplacement direction from N to S we
speculate that the Elekdag, Domuz Dag, Arkot Dag and Ayli Dag mélanges were
originally located to the S of the Cangaldag subduction (Fig. 6-2).

Previously, in relation to the origin of the CMC, two different models, a part of
Karakaya Complex (conjugate of Niliifer oceanic plato) and island arc magmatism of
the Paleotethyan Ocean, have been proposed by Okay et al. (2006) and Ustabmer and
Robertson (1994, 1999), respectively. If this complex is a remnant of the
Paleotethyan Ocean, the construction age must be older than Middle Jurassic that has
been recently assigned by Okay et al. (2014). These models (magmatic products of
the Paleotethyan Ocean) have been suggested by Ustadmer and Robertson (1999)
and Okay et al. (2006) mainly based upon the pre-Mid Jurassic relative age (Yilmaz,
1980; Yilmaz and Boztug, 1986; Aydin et al., 1995). This relative age was given
regarding the cutting relation between the CMC and CP. The Mid-Jurassic relative
age was thought for the CP (there is no radiometric age data) based on the field
relations as well. It cuts the Triassic Kiire Complex and overlain by Upper Jurassic
Inalt1 limestone. However, the Middle Jurassic ages, reported in this study, obviously

eleminate these Paleotethyan models for the generation of the CMC.

The modern analogues of the CMC can be found in several places in the world, such
as intra-oceanic Mariana arc-basin system, where fore-arc, arc and back-arc

components can be found all together (Pearce et al., 2005).

Another product of Middle Jurassic subduction-related magmatism in Central North
Anatolia is represented by the CP. In contrast to the fore arc-arc-back arc character of
the CMC, the Cangaldag Pluton is a continental arc that intrudes the Kiire Complex
(Cimen et al., 2016b). To complete the geodynamic model proposed for CMC in the
previous chapter and check its reliability the geological evaluation of the northerly

located tectonic units such as the CP, the Devrekani Metamorphics were taken into
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consideration for the Middle Jurassic period. For this, it is mainly emphasized the
tectono-magmatic features and age of the CP. Therefore, we present the first whole
rock geochemistry, zircon U-Pb age and Hf isotope data about the CP to reassess the
geodynamic evolution of the Central Pontides. The region includes several granitoid
complexes, which are predominantly Permo-Carboniferous (Deliktas and Sivrikaya)
and Middle Jurassic (e.g. Devrekani) in age (Bohomne and Yilmaz, 1984; Boztug
and Yilmaz, 1995; Nzegge, 2008; Okay et al., 2014). These granitoid complexes
were firstly recognized as Kastamonu Granitoid Belt (KGB; Yilmaz and Boztug,
1986) and interpreted as the magmatic products of orogenic collisional tectonics and
crustal thickening during northward subduction of the Paleotethyan Ocean or
southward subduction of the Kiire marginal basin (e.g. Yilmaz and Boztug, 1986;
Boztug et al., 1995; Ustadmer and Robertson, 1997; Nzegge, 2006; 2008). The CP
(Cimen et al., 2016b), largest igneous body, is located in the northern part of the
Central Pontide Structural Complex (CPSC) by Tekin et al. (2012) or Central Pontide
Supercomplex by Okay et al. (2013).

In relation to the granitoid magmatism in the Central Pontides, Nzegge (2008)
suggested that Sivrikaya Granitoid formed as a result of lithospheric slab break-off
and/or lithospheric delamination/collapse processes during collision between Sakarya
continent and Laurasia. Then, the uprising of hot asthenosphere caused the
emplacement of purely crustal-derived peraluminous S-type Deliktas Granitoid until
Early Permian. The Jurassic magmatism (Devrakani and Asarcik Granitoids) was
thought as a product of the southward subduction of the Kiire Basin which was still

open during Carnian-Norian (Kozur et al., 2000).

In addition to this widespread intra-oceanic arc back arc magmatism (e.g. CMC,
Arkot Dag, Domuz Dag, Ayli Dag units); the Middle Jurassic (from the U-Pb zircon
ages) subduction-related continental arc magmatism is also represented by the
Devrekani Granitoid (Nzegge, 2008) and Cangaldag Pluton (in this study) in the

Central Pontides. It must be noted that, the Hf isotope systematics indicate the
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mixing of depleted mantle and Neoproterozoic/Mesoproterozoic crustal rocks for the
magma generation which may be existed in the Devrekani Metamorphics. Based
upon all these evidences; the CP may have been formed by northward subduction
(one of the multiple subductions) of the IPO during the Middle Jurassic (Fig. 6-2). In
the suggested model, the prism 1 may represent the Ayli Dag ophiolite and Arkot
Dag melange (including arc-back-arc volcanics; Gonciioglu et al., 2012); the prism 2
may represent the Domuzdag, Saka and Daday units (including again arc-back-arc
volcanics; Sayit et al., 2016); the last subduction zone may have caused the
generation of the Cangaldag Pluton which displays, as mentioned above, the
characteristics of continental arc magmatism (Cimen et al., 2016b; Fig. 6-2). The
ages of these plutons (Cangaldag and Devrekani) suggest the presence of different
tectonic environment compared to the Sivrikaya and Deliktas Granitoids (in the

north) which are accepted the products of the Paleotethyan Ocean (Nzegge, 2008).

Finally, the IPO has been presumably consumed during the Late Cretaceous-Early
Tertiary and its remnants have been tectonically moved to the south onto the Sakarya
Composite Terrane (e.g. Gonciioglu et al., 2000; Catanzariti et al., 2013, Ellero et al.,
2015). The imbrication of the volcanic assemblages from the fore-arc, the island arc
and the back-arc and their low grade metamorphism realized during the Early
Cretaceous (Valanginian-Barremian) as evidenced by Ar-Ar white mica ages (Okay
etal., 2013).
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Figure 6-2: Possible geodynamic model for the Cangaldag Metamorphic Complex
and Cangaldag Pluton (Prism 1: Ayl Dag Ophiolite and Arkot Dag Melange; Prism
2: Domuzdag, Daday and Saka Units; Variscan Basement: Devrekani Units, Geme
Complex, Sivrikaya and Deliktas Granitoids; LM: Lithospheric Mantle; IA: Island

Arcs; BAB: Back-arc Basalts; LC: Lower Crust)
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CHAPTER 7

CONCLUSIONS

7.1. Concluding remarks for the Cangaldag Metamorphic Complex

The CMC in Central Pontides is an imbricated and low-grade metamorphic unit
comprising metabasalts, metaandesites/basaltic andesites and metarhyodacites with
volcanoclastic and clastic/carbonate rocks. The complex rests with a steep reverse
fault on the Tertiary deposits of the Kastamonu-Boyabat Basin and is bounded by an

oblique reverse fault or an overthrust with strike slip component by the CP.

The metavolcanic rocks from CMC include both basic and evolved members. Trace
element systematics of the basic members suggests that these rocks were derived
from a depleted mantle source modified by a subduction-component. While the
presence of highly depleted signatures, such as the boninitic ones, indicates an intra-
oceanic arc origin, the N-MORB-like characteristics are rather consistent with a
back-arc origin. Thus, overall characteristics suggest that CMC represent remnants of
an intra-oceanic arc-basin system, including melt generation both in arc and back-arc
regions. The single zircon U-Pb data from the rhyodacites suggest a Middle Jurassic
(156 -176Ma; in this study) age for the volcanism. The overall Hf data for the
volcanic rocks from the CMC indicate that it could have been formed by mixing of

depleted mantle and crustal sources (oceanic) for the magma generation.

The geochemical data strongly suggest to an intra-oceanic arc system with elements
from the fore-arc, arc and back-arc components that were accreted during the closure

of a northern segment of the Neotethyan Intra-Pontide Ocean.
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7.2. Concluding remarks for the Cangaldag Pluton

On the other hand, the CP, located in the northest of the CMC, is composed of
diorites, dacite porphyries and granites. Regionally, this huge igneous body intrudes
Triassic Kiire Complex. It is also overlain by Upper Jurassic Inalt1 Limestone. These
field relation provide Early-Middle Jurassic age as supported by Middle Jurassic
radiometric ages (161-169 Ma; in this study).

This pluton exhibits calc-alkaline, magnesian and I-type characteristics. It has similar
geochemical features to volcanic arc granites and the geochemical discrimination
diagrams indicate the characterictics of continental arc magmatism. The dacite
porphyries have been generated by significant fractional crystallization of the dioritic
rocks. Moreover, they have been mostly derived from melts of a mafic amphibolitic
source. The non-uniform distributions of the U-Pb and Hf data for granite sample
indicate that this magmatism could have been derived from a sedimentary source.
The age of these crustal rocks could be Neoproterozoic / Mesoproterozoic, which are
common in Gondwana-derived terranes, based upon the calculated Hf Tpy model

ages.

To conclude, the evaluation of the petrogenetic features and ages of the variably
metamorphic oceanic volcanisms in the Central Pontide Structural Complex imply
that the Intra-Pontide Ocean was consumed by stepwise intra-oceanic subductions
giving way to a huge subduction-accretion prism to the N of the Cimmerian Sakarya
Composite Terrane. The CMC forms a backarc basin sytem above the subducting
Intra-Pontide oceanic crust close to a Sakarya-type continental crust, whereas the CP
represents the marginal (continental) arc above another subducting slab within the

Sakarya Composite terrane.
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APPENDICES D

BSE and CL images of the zircons from the AK-7 (Cangadal Metamorphic Complex,
Metarhyodacite)

Circle: U-Pb age (Ma, laser spot size 35 micron), dash circle Hf isotope (laser spot
size 35 micron)
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BSE and CL images of the zircons from the AK-14 (Cangadal Metamorphic
Complex, Metarhyodacite)

Circle: U-Pb age (Ma, laser spot size 35 micron), dash circle Hf isotope (laser spot
size 35 micron)
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BSE and CL images of the zircons from the AK-22 (Cangadal Metamorphic
Complex, Metarhyodacite)

Circle: U-Pb age (Ma, laser spot size 35 micron), dash circle Hf isotope (laser spot
size 35 micron)
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BSE and CL images of the zircons from the DV-11 (Metadiorite intruding Devrekani
Metaophiolite)

Circle: U-Pb age (Ma, laser spot size 25 micron), dash circle Hf isotope (laser spot
size 35 micron)
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BSE and CL images of the zircons from the DVK-4A (Devrekani Orthogneiss)

Circle: U-Pb age (Ma, laser spot size 35 micron)
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BSE and CL images of the zircons from the DVK-13 (Devrekani Granitoid, Granite)

Circle: U-Pb age (Ma, laser spot size 35 micron), dash circle Hf isotope (laser spot
size 35 micron)
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BSE and CL images of the zircons from the SL-3 (Cangaldag Pluton, S-type granite)

Circle: U-Pb age (Ma, laser spot size 25 micron), dash circle Hf isotope (laser spot
size 35 micron)
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BSE and CL images of the zircons from the CN-3 (Cangaldag Pluton, Dacite
Porphyry)

Circle: U-Pb age (Ma, laser spot size 25 micron), dash circle Hf isotope (laser spot
size 35 micron)

BSE CL

CN-3-2

234



CN-3-4

235



CN-3-5

CN-3-6

236



646 + 34

CN-3-7

237



CN-3-10

CN-3-

238



APPENDICES E

Laser Ablation Conditions for U-Pb Geochronology

These conditions are as follows: energy density of 4-6 J/lcm? spot sizes were either
25 or 35 microns depending on the Pb concentrations of targeted areas within the
zircons, and a repetition rate of 4 Hz. The ablation time was 60 seconds, which
followed a 45 seconds background intergration interval. The washout time was ~120

seconds in between sample analyses.

As employed in Chen and Simonetti (2014) and Simonetti and Neal (2010), all of the
ablations were conducted using a 1000 mL/min He flow rate. **Hg, %*(Pb+Hg),
200pp  27ppy 208pp  232TH 25y and 2**U jon signals were measured during the
analytical sessions. Additionally, *’Hg ion signal was measured in order to correct
for the ?**Hg interference on *Pb (**Hg/**?Hg=0.229883). Five ion counters (Pb
and Hg) and two Faraday cups (U and Th) were used to acquire all of the ion signals.
The collector configuration of the NuPlasmall MC-ICP-MS instrument provides
simultaneous acquisition of the ion signals ranging in mass from ***U to **“Hg, which
plays a critical role in obtaining highly precise and accurate U-Pb age results. Four
analyses of the Plesovice and 91500 zircon standards were performed both prior and
subsequent each 10 unkown analyses in order to monitor instrumental drift and laser

induced elemental fractionation (LIEF).

Hg, Pb, and U ion signals were acquired using the Time-resolved Analysis (TRA)
software (Nu Instruments) and these (excel compatible csv files) were imported into
lolite (v3.1) software (lolite Team, School of Earth Sciences, and University of
Melbourne). All of the processed data were subsequently imported into the excel-
based macro IsoPlot 4.11 (Ludwig, 2008) for plotting of data on Concordia diagrams
(Tera and Wasserburg, 1972), and calculation of either concordant, lower intercept,
and/or 2°Pb/?*8U weighted mean ages.
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Down-hole elemental fractionation can occur during laser ablation and it refers to the
change in the measured elemental ratios with time (Paton et al., 2010). Several
parameters such as laser wavelength, spot size, cell volume, gas flows, and choice of
ablation gas can affect the down-hole fractionation (Paton et al., 2010; Jackson et al.,
2004; Horn et al., 2000).

To improve the accuracy of analyses and reduce the associated uncertainty,
correction of down-hole U-Pb fractionation was performed by lolite (v3.1) software
for each ablation conducted during this study. For example, the following figures
display corrections for the down-hole fractionation of 2*Pb/?*U, °’Pb/***Pb and

208pp232TH ratios, respectively.

P m——
[ o 206_238 Down Hale
46 The equation for the fitis

y=a+bx+cExpe
44
"7 Save fit and continue

42 — b=0

Auto Manual

maskng of staend
start trn (seconds) = 12
end trm (seconds) = 0

qualiy of it

Redduals of the fit 1o the average (Diack) wave, expressed as %

Seconds since shutter open 7| Show deal Gaussian cunve

Example of the interactive window for modelling of down-hole fractionation
(?°®Pb/2*8U) within the lolite data reduction software.
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Example of the interactive window for modelling of down-hole fractionation

(**’Pb/**Pb) within the lolite data reduction software.
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Example of the interactive window for modelling of down-hole fractionation

(*°®pb/*Th) within the lolite data reduction software.
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Laser Ablation Conditions for Hf Isotope Analysis

The laser ablation conditions employed are as follows: energy density of 4-6 J/cm?,
spot sizes was 35 micron and a repetition rate of 7 Hz. The ablation time was 60
seconds which followed a 30 seconds background intergration interval. The washout

time was ~120 seconds in between sample analyses.

All of the ablations were conducted using a 1000 mL/min He flow rate. **Ta, #*w,
8Oe  178Hf eHf, 1Ly, Y°Hf, Yb and 'Yb ion signals were measured
simultaneously on nine Faraday collectors.The *"Lu ion signal was measured in
order to correct for the *"°Lu interference on *"°Hf (*”*Lu/*"°Lu=37.61). Moreover,
the ®Yb ion signal interference was determined by assuming the mass bias

fractionation factor of Yb was equal to that of Hf (e.g., Pearson et al., 2008).

lon signal intensity data were processed using the Time-Resolved Analysis (TRA)
software (Nu Instruments). Lastly, the eHf and Tpy age values were calculated using

the following formulas;
eHf = [(*CHFM "Hf)swmp / (PHE H) chur — 1] x 10

Hf Tom= 1A x Ln x [(*°HEA HOswe - (FPHIA®HAom /1 LU Hf)swe -
(176Lu/176Hf)DM +1]

For age correction: Y HfA " Hfi, = Y OHA Hfpeas -1 LU HF(e — 1)

A =1.867 x 10™ yr' (Scherer et al., 2001)

In order to calculate " Hfneas=1.88667 / ¥ *Hf eas
Here,

Y8 u/r"HE oy = 0.0384 (Griffin et al. 2002)
YO/ THE o = 0.28325 (Griffin et al. 2002)

YOH£/M T HE cur = 0.282785 (Bouvier et al., 2008)
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In the age correction calculations, the *"Lu / 1®Hf ratios and **Yb / *'"Hf ratios are
very low for all analyses. Due to the extremely low **Lu / *®Hf ratios in the zircons,
initial *"®Hf / Y"Hf ratios are almost identical to those at the time of magmatism and
the correction for radiogenic decay is smaller than the internal precision for

individual analyses.

Standards for U-Pb Geochronology

Several well established zircon standards (e.g., PleSovice, 91500, and GJ-1) were
analyzed during the analytical sessions in order to ensure the accuracy of the results
reported here. These yielded age results that are consistent and agree with those
reported in the literature for these zircons. Moreover, these corroborating results
confirm that instrumental drift and laser induced elemental fractionation have been
monitored and corrected to a satisfactory level. Please see Appendices 2 and 4 file
for the detailed U-Pb data for the standards.

91500

The 91500 is a well-established zircon standard and is derived from a single large
crystal within a syenite from Renfrew Country, Ontario (Jackson et al., 2004). The
age of this standard is reported as 1065.4 £ 0.6 Ma by Wiedenbeck et al. (1995). As

seen in the following figures; consistent ages were obtained here.
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PleSovice

The Plesovice zircon standard is extracted from a high-temperature potassic granulite
from the southern Bohemian Massif (PleSovice in the Czech Republic; Slama et al.,
2008). The age of this standard is reported as 337.16 + 0.08 Ma by Slama vd. (2008).
A consistent concordant age of 342.1 + 5.9 Ma (within the associated analytical

uncertainty) was obtained during the course of this study.

0.062

data-point error ellipses are 2o
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; T
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0.050 . 8 : . -
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207pp/235Y i

208ppy 1 2381y s 207ppy 1 2%y diagram and concordia age for Plesovice

GJ-1

GJ-1 is a multi-color gem-grade zircon (Macquarie University GEMOC laboratory
standard) from an East African pegmatite (Chen et al.,, 2011). The age of this
standard is reported as 608.53 + 0.37 Ma by Jackson et al. (2004). The concordant
age obtained here (601.1 + 1.5 Ma) is consistent with previous results.
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Standards for Hf Isotope Analysis

Three different well established zircon standards (PleSovice, 91500, and BR266)
were analyzed before analytical sessions in order to ensure the accuracy of the results
reported here. The obtained *"°Hf/*”’Hf initial ratios that are consistent and agree
with those reported in the literature for these zircons. These values are for PleSovice,
0.28248 (Slama et al., 2008); for 91500, 0.28230 (Goolaerts et al., 2004); for BR266,
0.28163 (Woodhead et al., 2004).

Moreover, these corroborating results confirm that instrumental drift and laser

induced elemental fractionation have been monitored and corrected to a satisfactory

level.
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