GEOCHEMISTRY AND PETROGENESIS OF THE OCEANIC ISLAND AND
SUBDUCTION-RELATED ASSEMBLAGES FROM THE
PALAEOTETYHAN KARAKAYA SUBDUCTION/ACCRETION COMPLEX,
CENTRAL AND NW TURKEY

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

BY

KAAN SAYIT

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

JUNE 2010



Approval of the thesis:

GEOCHEMISTRY AND PETROGENESIS OF THE OCEANIC ISLAND
AND SUBDUCTION-RELATED ASSEMBLAGES FROM THE
PALAEOTETYHAN KARAKAYA SUBDUCTION/ACCRETION
COMPLEX, CENTRAL AND NW TURKEY

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

Prof. Dr. Canan Ozgen
Dean, Graduate School of Natural and Applied Sciences

Prof. Dr. M. Zeki Camur
Head of Department, Geological Engineering

Prof. Dr. M. Cemal Go6nciioglu
Supervisor, Geological Engineering Dept., METU

Examining Committee Members:

Prof. Dr. Kadir Dirik
Geological Engineering Dept., HU

Prof. Dr. M. Cemal Go6nciioglu
Geological Engineering Dept., METU

Assoc. Prof. Dr. Giiltekin Topuz
Avrasya Institute of Geosciences, ITU

Assoc. Prof. Dr. Ercan Aldanmaz
Geological Engineering Dept., KU

Assist. Prof. Dr. Fatma Toksoy-Kdksal
Geological Engineering Dept., METU

Date: 23/06/2010



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 required 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 : Kaan SAYIT

Signature :

il



ABSTRACT

GEOCHEMISTRY AND PETROGENESIS OF THE OCEANIC
ISLAND AND SUBDUCTION-RELATED ASSEMBLAGES
FROM THE PALAEOTETHYHAN KARAKAYA
SUBDUCTION/ACCRETION COMPLEX, CENTRAL AND NW
TURKEY

Sayit, Kaan
Ph.D., Department of Geological Engineering
Supervisor: Prof. Dr. M. Cemal Gonciioglu

June 2010, 191 pages

The Niliifer Unit of the Karakaya Complex at the pre-Liassic basement of the
Sakarya Composite Terrane is composed mainly of metabasaltic lithologies with
limestones, and minor cherts and mudstones. These metabasic assemblages show
OIB- and E-MORB-type geochemical signatures with variable enrichment in the
most incompatible elements relative to N-MORB. The Eymir Unit consists of
variably deformed metaclastics, and constitutes the matrix in which the Niliifer-
type blocks are embedded. In the Ankara region, the Eymir Unit is intruded by
metadiabase dikes that display intra-oceanic SSZ-type signatures with a marked
negative Nb anomaly combined with a slightly depleted HFSE budget relative to
N-MORB.

The wide range in trace element ratios displayed by the Niliifer metabasic rocks
can be explained by melt-mixing processes that has taken place within the spinel-
garnet transition zone. Pb-Nd-Hf radiogenic isotope systematics reveal that the
Niliifer samples has been derived from enriched mantle sources, and a multi-

component source mixing is required to explain their genesis. The Eymir

v



metadiabases, however, require contribution from a sediment component that

mixes with a depleted mantle source.

The geochemical data when combined with the geological and petrographical
observations suggest that the Niliifer metabasic rocks represent ancient oceanic
islands that were created by a heterogeneous mantle plume rising beneath the
Palaeotethyan oceanic lithosphere. During the latest Triassic, these oceanic
islands were incorporated into a subduction/accretion prism, where they mixed
with the continental-derived assemblages of diverse origin, creating the Karakaya
Complex. The intrusion of the SSZ-type metadiabases postdates the formation

and deformation of the Complex.

Keywords: Karakaya Complex, Palaeotethys, metabasalt, mantle plume, melange
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PALEOTETISE AIT KARAKAYA DALMA-BATMA-EKLENME
PRIZMASI’INDAKI OKYANUS ADASI VE DALMA-BATMA-
ILISKILi TOPLULUKLARIN JEOKIMYASI VE PETROJENEZI,
ORTA VE KB TURKIYE

Sayit, Kaan

Doktora, Jeoloji Miihendisligi Bolimii
Tez Yoneticisi: Prof. Dr. M. Cemal Gonciioglu

Haziran 2010, 191 sayfa

Sakarya Kompozit Birligi’nin Jura-oncesi temelindeki Karakaya Kompleksinin
ana birlesenlerinden olan Niliifer Birimi, baslica metabazaltik litolojilerden ve
bunlarla ardalanmal1 kirectaslari, ve daha az oranda ¢ort ve camurtaslarindan
olusur. Niliifer Birimi igerisindeki metabazik birlikler baskin olarak OIB- ve daha
az oranda E-MORB-tipi jeokimyasal 6zellikler sergilemekte, ve N-MORB’a gore
degisken derecelerde zenginlesme gostermektedirler. Eymir Birimi ise degisken
yogunlukta deforme olmus metaklastiklerden olugmaktadir, ve Niliifer Birimi
bloklarinin i¢inde yer aldigi matriksi temsil etmektedir. Eymir Birimi, Ankara
civarinda, okyanus-ici SSZ-karakterindeki metadiyabaz dayklar1 tarafindan
kesilmektedir. Bu metabazik dayklar negatif Nb anomalileri ve N-MORB’a gore
biraz daha tiiketilmis HFSE karakterleri ile goze carparlar.

Niliifer metabazik kayaglarinin iz element oranlarinda goriilen genis aralik,
spinel-garnet gecis zonunda meydana gelen ergiyik karismasi islemleri ile
aciklanabilir. Pb-Nd-Hf radyojenik izotop sistematigi, Niliifer orneklerinin
zenginlesmis manto kaynaklarindan tliredigini gosterir, ve bu kayaclarin jenezi
coklu kaynak karistmini gerektirir. Ote yandan, Eymir diyabazlarmnin jenezi,

tiikenmis manto kaynagina katilan bir sediment 6gesiyle agiklanabilir. Jeolojik ve

vi



petrografik gdzlemlerle ve bu calismada saglanan jeokimyasal veriler, Niliifer
Birimi icerisindeki metabazik kayaclarin, Paleotetis okyanusal litosferinin
altindan ylikselen heterojen bir manto sorgucu etkisiyle olugsmus okyanus
adalarimi temsil ettigini gosterir. En ge¢ Triyas’ta bu okyanus adalar1 bir dalma-
batma-eklenme prizmasina katilmis, ve burada farkli kitasal kokenli birimlerle
karigarak Karakaya Kompleksi’ni meydana getirmistir. Yay ardi basen bazalti
karakterli diyabazlarin intriizyonu ise melanj olusumu ve deformasyonundan

daha sonra gerceklesmistir.

Anahtar Kelimeler: Karakaya Kompleksi, Paleotetis, metabazalt, manto sorgucu,

melanj
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CHAPTER 1

INTRODUCTION

1.1. Purpose and Scope

Understanding the geology of the northern margin of Turkey is of crucial
importance in revealing the Tethyan events, since it bears the traces of several
continental and oceanic pieces that assembled during the closure of Palacozoic
and Mesozoic oceanic realms (e.g. Sengor and Yilmaz, 1981; Okay et al., 1996;
Gonctioglu et al., 1997, 2000). From these, the Late Palacozoic-Early Mesozoic
“Tethys” had been defined differently by different authors. Sengor et al. (1984)’s
“‘Palaeo-Tethys’” was a wide ocean that closed prior to Early Jurassic time and is
sutured in N Turkey. It was consumed by southward subduction to give rise to a
marginal basin (Karakaya Rift Basin in the present study). For Stampfli et al.
(2001), “‘Paleo-Tethys’’ is also a wide ocean that was subducted by latest
Triassic time with its sutured remains now located in the Gondwanan Tauride-
Anatolide Platform (e.g. Robertson, 2002). A number of Permo-Triassic back-arc
type marginal basins (e.g. Meliata, Vardar and Karakaya basins) along the
Eurasian southern margin were considered as related to the Paleo-Tethys
(Stampfli, 2000). Ustadmer and Robertson (1994) used the name “Paleotethys”
for the same entity, regardless of its exact location. It was consumed by
northward subduction (Robertson et al., 2004), as it is proposed for the Permo-
Triassic basins in the Caucasus (Adamia et al., 1995) giving way to a pre-Jurassic
subduction complex (Karakaya Complex) with accreted seamounts, oceanic crust

and pieces of a continental crust (Pickett and Robertson, 2004).



The geodynamic reconstruction of Palaeotethys is highly debated, as there is no
consensus on the location of the oceanic suture zone and polarity of subduction,
nor critically on the type of magmatism (see Okay and Gonciioglu, 2004). It is
commonly accepted that the Early Mesozoic Cimmeride Orogeny was product of
the closure of this Palacozoic ocean, followed by the accretion of several oceanic

and continental crustal fragments (Tekeli, 1981; Sengor et al., 1984).

The relicts of this subduction/accretion complex cover a substantial portion of
northern Turkey as an east-west trending belt. This tectonic unit, known as the
Karakaya Complex, constitutes a part of the pre-Liassic basement of the Sakarya
Zone (Okay, 1989), or of the Sakarya Composite Terrane (Gonciioglu et al.,
1997) (Figure 1.1). The Karakaya Complex, however, has been greatly debated
over many years (e.g. Bingdl et al., 1973; Akylirek et al., 1984; Kogyigit, 1987;
Okay et al., 1991; Altiner and Kogyigit, 1993; Ustadmer and Robertson, 1994,
1999; Pickett and Robertson, 1996, 2004; Gonciioglu et al., 2000; Geng, 2004;
Sayit and Gonciioglu, 2009a). Central to this debate is the degree to which
similarities among disparate units have been recognized, and have consequently

been interpreted as portions of a single large accretionary complex.

The term “mélange” owes his origin to Greenly (1919) when he was first used
this term to characterize the chaotic rock bodies in Anglesey, Wales. Since then,
lots of studies have been carried out regarding the definition and origin of
mélanges, but the debate is still going on (for a detailed review and historical
evolution of this concept, see Raymond, 1984 and Sengor, 2003). Although, no
consensus has been reached on the exact definition of the term “mélange”, it has
become clear that there are two major processes responsible for formation of
mélanges; fragmentation and mixing (e.g. Hsii, 1968; Closs, 1984; Raymond
1984). These processes, triggered by tectonic and/or sedimentary events, form a
variety of mélange types. A common feature observed in these chaotic rock
bodies is the presence of block-in-matrix structure characterized by variable sized

blocks or fragments embedded in a finer-grained matrix (e.g. Raymond, 1984).



Figure 1.1. Distribution of the Karakaya Complex in northern Turkey (based on
the terrane map of Gonclioglu et al., 1997) and location of the study areas. (A)
Ankara region; (B) Central Sakarya Region; (C) Bursa region.

Subduction/accretion complexes are the tectonic environments where mélanges
are frequently observed to develop (e.g. Raymond, 1984; Cloos, 1984). A
common feature of these complexes is the ubiquitous presence of high
pressure/low temperature (HP/LT) mineral assemblages which develop owing to
cold burial of subducting oceanic slab with associated sediments (Coleman and
Lanphere, 1971; Saha et al., 2005). Geochemical signatures of the individual
magmatic suites found within ancient complexes can provide substantial insight
into the origin of subduction/accretion complex worldwide. Individual magmatic
suites thought to have formed in different tectonic settings could actually
represent the products of the same magmatic event regardless of their
metamorphic grade, if these suites have similar geochemical signatures and ages

of formation.

This study aims to reconstruct the ancient pieces making up the Karakaya
Complex in the light of new data from central and NW Anatolia. Taking also into
account the available geochemical and paleontological information on the

metabasic rocks thought to represent the relicts of Cimmeride Orogeny, this study



tries to provide an insight into the geodynamics of the Palaeotethyan region

during Permo-Triassic time.

1.2. Study Area

This study covers a number of areas which are mainly located in the central part
of Karakaya Complex and to a lesser extent in the western part (Table 1.1 and
Figure 1.2). The detailed information regarding the study areas can be found in

the Appendix A.

Table 1.1. Study areas that lie along the three main regions between Central and
NW Anatolia.

Central Anatolia Imrahor, Uregil, Zerd.a.lhtepe, Baylndlf, Ortakoy, Gokgeyurt,
(Ankara) Lalahan, Hacilar (G6lbast), Hasanoglan, Kavakli, Bozca,
Doganoluk, Eymir (Golbasi), Karatag and Hacilar (Cubuk)
Central Sakarya Karagobanpinari, Alpagut, Lagin, Karahisarkozlu and
Region Emremsultan
NW Anatolia N . <
(Bursa) Sipali, Bahgecik, Subasi and Doganci

1.3. Methods of Study
This study was performed in two stages: a) field studies, b) laboratory studies.

Most of the fieldwork was carried out during the summers of 2005, 2006 and
2007. Approximately 400 hand specimens were collected from these locations
and geological maps on 1:25000 scale topographic maps were prepared for some

localities lying in the central part.
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Figure 1.2. Location map of the study areas. (A) Ankara region; (B) Central
Sakarya Region; (C) Bursa region.

Laboratory work included two steps; a) thin-section preparation, b) geochemical
analyses. Regarding the first step of laboratory work, more than 250 thin-sections
were prepared for petrographical examination under polarizer microscope in
order to understand mineral assemblages and micro-textures, and to make
comparison between the studied samples to reveal possible relationships or

distinctions.

For petrographic examinations, Nikon, Olympus and Swift microscopes were
used and photomicrographs were acquired by Nikon camera in the Department of

Geosciences of the Pennsylvania State University (USA).

Geochemical analysis consisted of two parts, namely whole-rock geochemistry
and isotope analyses. For the whole-rock geochemistry, 35 relatively less altered
samples were analyzed for major and trace elements (including rare earth
elements (REE)) in the labs of Duke University (USA) by direct current plasma
spectroscopy (DCP) and inductively-coupled plasma mass spectroscopy (ICP-
MS), whereas 6 samples were analyzed in the ACME labs (Canada) by
inductively coupled plasma atomic-emission spectrometry (ICP-AES) and ICP-



MS. For the isotope chemistry, 16 samples were analyzed for Sr, Nd, Pb and Hf
isotopes by multi-collector (MS) ICP-MS in the labs of San Diego State
University (USA).

1.4. A Review of the Karakaya Complex and the NilUfer-type Metabasic
Assemblages in Central and NW Anatolia

1.4.1. The Karakaya Complex: Definition and Problems

The Karakaya Complex was originally defined by Bingdl et al. (1973) as the
“Karakaya Formation”. This term includes very low-grade metamorphosed rock
assemblages of pre-Liassic age outcropping in Northwestern Anatolia. They
interpret these assemblages to have formed in a continental rift setting, where
Permo-Carboniferous limestone blocks were incorporated into the basin from rift
shoulders owing to the extensional regime during Early Triassic. Later studies
identified similar pre-Liassic assemblages in some other parts, and extended the
limits of the Karakaya complex to the northeastern Turkey (Tekeli, 1981; Okay,
1989; Kogyigit, 1991a).

In contrast to the continental rift idea of Bingdl et al. (1973), Tekeli (1981)
regarded the Karakaya Complex as a Carboniferous-Triassic subduction/accretion
prism which he termed the “North Anatolian Belt”. He used the mélange
character of the various lithologies found in this belt, and the presence of high-
pressure metamorphism to infer an accretionary prism origin. There is today no
consensus as to whether the Karakaya Complex developed in a rift or a
subduction-accretion complex (e.g. Altimer and Kogyigit, 1993; Gen¢ and
Yilmaz, 1995; Pickett and Robertson, 1996; Gonciioglu et al., 2000; Okay, 2000;
Sayit and Gonciioglu, 2009a) (Figures 1.3 and 1.4).

Several studies regard the Karakaya Complex as an “ophiolitic mélange”
consisting of ophiolites, blueschist facies rocks as well as limestone blocks settled
in an intensely sheared matrix (Sengor et al., 1980; Sengoér and Yilmaz, 1981).

Tekeli (1981) also added the entire Neotethys pieces (a part of his “North



Anatolian Mélange”) into the definition of the Karakaya Complex, which were
later excluded (e.g. Gonciioglu et al, 1997, Okay and Tiiysiiz, 1999). Actually,
ophiolitic rock assemblages are rarely found within the Karakaya Complex. One
of these areas, the Kiire region, includes an ophiolitic suite assumed to have been
generated in a supra-subduction zone (SSZ) environment (Ustadmer and
Robertson, 1994; Kozur et al., 2000). Besides, there are assemblages similar to
the Kiire ophiolites in NW Anatolia and the Tokat region. It is not clear whether
they are a part of the Karakaya Complex, though they are generally assumed to
be of pre-Liassic age (Kogyigit and Tokay, 1985; Geng, 1987; Rojay and
Gonciioglu, 1997).

= KARAKAYA RIFT BASIN ~————

CARBONIFEROUS TRIASSIC
- SHALLOW-WATER —]
CARBONATE PLATFORM

~—— PRE-PERMIAN OROGEN ~ —

Sea level

Figure 1.3. Continental- (back-arc) rift model proposed by Altiner and Kocyigit
(1993) to explain the opening and development of Karakaya Rift Basin. 1. Pre-
Permian low-grade metamorphic rocks, 2. Uppermost Carboniferous granitoid, 3.
Carboniferous to Triassic shallow-water carbonates, and 4. Permian (?) to
Triassic rift basin successions of the Karakaya Group, which includes a) Kendirli
Formation, b) Bahcecik Formation, ¢) Olukman Formation).

Recently Sayit and Gonciioglu (2009b) emphasized that the pre-Liassic rock
assemblages represent huge mélange and/or tectonostratigraphic units which have

assembled during the demise of a Palaecotethyan oceanic realm. They interpret the



Karakaya Complex as composed of a number of mélange units produced both by
sedimentary and tectonic processes. These mélange units include blocks of both
native and exotic origin whose dimensions range from dm-scale fragments to
masses of several km scale. Some mélange units are megablocks within other

mélange units.

Cal unit

S Orhanlar Greywacke N
Nilufer oceanic plateau [ Laurasian margin
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(a) Mid Triassic
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IR -~

o : 3 NN
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Nilufer unit

Figure 1.4. Subduction/accretion model put forward by Okay (2000), which
explains the geodynamic evolution of the Karakaya Complex by a Middle
Triassic-aged oceanic plateau that later have been incorporated into the Laurasian
active continental margin.

This study mainly focuses on one particular mélange unit that is characterized by
oceanic island basalt (OIB)- and enriched mid-ocean ridge basalt (E-MORB)-
type metabasic rocks and discusses its tectonomagmatic origin on the basis of
both geological and petrological features. The tectonic setting regarding these
metamorphic rocks and how they have been incorporated into the Karakaya
complex is a subject of controversy. Some studies suggest that they have
developed in a continental-rift setting that failed to pass into ocean-floor

spreading stage (e.g. Bingdl et al., 1973, Akyiirek et al., 1984; Kogyigit, 1987;



Altiner and Kogyigit, 1993; Geng¢ and Yilmaz, 1995; Kozur et al., 2000) or
advanced into the mature oceanic stage (Sengor and Yilmaz, 1981; Sengér et al.,
1984; Stampfli and Borel, 2002; Moix et al., 2008), while others argue that they
are relicts of a seamount and/or oceanic island (Capan and Floyd, 1985; Pickett
and Robertson, 1996, 2004; Yalimiz and Gonciioglu, 2002), an oceanic plateau
(Okay, 2000), a large igneous province (Geng, 2004) or mantle plume-related
seamounts and/or oceanic islands associated with a spreading ridge (Figure 1.5;
Sayit and Gonciioglu, 2009a), based on trace element (except Okay, 2000) as
well as REE geochemistry (Sayit and Gonciioglu, 2009a). A third hypothesis is
that these rock assemblages represent an intra-oceanic (ensimatic) forearc/intraarc
sequence owing to their large distribution within the complex and the alkaline

character of mafic rocks (Okay et al., 1996).

P-MORB-type basalts SPREADING RIDGE

CHE-type basals

Figure 1.5. Petrological reconstruction by Sayit and Gonciioglu (2009a), which
relates the Late-Middle alkaline-dominated magmatism to seamounts/oceanic
islands fed by a mantle plume that is associated with the Palaeotethyan spreading
ridge.



As seen from these diverse interpretations, therefore, resolving this question is of
particular importance in order to reveal tectonomagmatic evolution of the
Karakaya Complex as well as Palaeotethyan events. In the light of the new
geochemical data as well as the geological and petrographical observations
performed in this study, the Niliifer Unit originally defined by Okay et al. (1991)
has been redefined and reevaluated. To avoid repetition, the concepts and
discussion related to the coverage and extent of the redefined Niliifer Unit are

presented in detail in Chapter 2.
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CHAPTER 2

REDEFINITION OF THE NILUFER UNIT AND REGIONAL AND
LOCAL GEOLOGICAL FEATURES

2.1. The Redefined Niliifer Unit: Its Coverage and Extent within the
Karakaya Complex on the Basis of Regional and Local Constraints

During the regional geological mapping in NW and N Anatolia, several authors
(for a review see Okay and Gonciioglu, 2004) have identified a number of
mappable tectono-stratigraphic units within the Karakaya Complex. Of these
units, the clastic-dominated units with metabasalt and limestones olistoliths (Cal,
Hodul and Orhanlar units of Okay et al., 1991) were considered as the Upper
Karakaya Complex (e.g. Okay and Gonctioglu, 2004). The Niliifer Unit, on the
other hand, was defined as a separate tectonic unit (the Lower Karakaya
Complex) characterized by a strongly deformed low-grade metamorphic
assemblage consisting mainly of metabasite, phyllite and marble. The detailed
fieldwork in NW Anatolia reported in this study, including the preliminary results
(Sayit and Gonciioglu 2009a,b; Sayit et al., 2008, 2009) are based on
geochemistry and paleontological ages. By this, it is shown that these basic
volcanic rocks and associated sediments are not restricted only to the Niliifer Unit
of Okay et al (1991), but may be found in all previously defined units (Cal Unit,
Hodul Unit, etc.) of the Karakaya Complex as blocks or tectonic slices (Sayit and
Gonctioglu, 2009a,b). Therefore, in this study, these rock assemblages were
assembled and redefined by considering their age, lithology and geochemical

characteristics rather than their structural setting and metamorphic grade.
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The redefined Niliifer Unit is characterized primarily by metabasaltic
massive/pillow lava flows and pillow breccias, interbedded with volcaniclastics,
mafic tuffs, variably recrystallized neritic and pelagic limestones, and minor
brick-red cherts and mudstones (e.g. Sayit and Gonciioglu, 2009a). The Niliifer-
type rock assemblages are prevalent throughout N, NW and Central Anatolia
(Akyiirek et al., 1984; Gonclioglu et al., 1987; Kogyigit et al., 1991; Okay et al.,
1991; Sayit and Gonciioglu, 2009a). The most characteristic feature of this unit is

the occurrence of alkaline basalts with associated carbonate and/or cherty rocks.

In the Biga Peninsula, the newly defined Niliifer Unit together with the pre-
Karakaya units (the Kalabak Formation, the Camlik metagranodiorite and the
Kazdag Group) constitute the pre-Liassic basement of Sakarya Composite
Terrane (Gonclioglu et al., 1997). The redefined Niliifer Unit characterizing a
Karakaya Unit in the region is found to be tectonically related to the pre-
Karakaya Unit mentioned above (Bingdl et al., 1973; Okay et al., 1991) (Figure
2.1). The Kalabak Formation includes low-grade metaclastics and intruded by
Devonian Camlik metagranodiorite. Late Triassic clastics of the Eymir Unit (the
Hodul Unit of Okay et al., 1991) lie unconformably over the Kalabak Formation
(Okay et al., 1991).

The Kazdag Group consisting mainly of gneiss, migmatite, amphibolite and
marble (Bingol et al., 1973) characterize the oldest rock assemblage in the Biga
Peninsula. A Moscovian age (30816 Ma) acquired from the gneisses from this
unit is interpreted to represent the age of high grade metamorphism and
migmatization in the Kazdag range (Okay et al.,, 1996). The Kazdag Group
tectonically underlies the two Karakaya-related assemblages in the east, namely

the newly defined Niliifer Unit and the Eymir Unit (Okay et al., 1991).

In the Biga Peninsula, two major tectonostratigraphic units represent the
Karakaya Complex; the redefined Niliifer Unit and the Eymir-type clastics (the
Orhanlar Greywacke and partly Hodul Unit). The Niliifer Unit is largely found as

variably deformed metabasic rocks interbedded with recrystallized limestone and
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Figure 2.1. Distribution of the tectono-stratigraphic units included in the
Karakaya Complex and the other units in NW Anatolia (after Okay et al., 1996).
Note that this map is based on the original definition of Niliifer Unit and given
here with no changes.

KARAKAYA COMPLEX
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phyllite (Okay et al., 1991). Although these metabasics appear to have been
metamorphosed under greenschist facies conditions, high pressure equivalents,
such as blueschists and eclogites, can also be encountered (Okay and Monie,
1997). In NW Anatolia, the redefined Niliifer Unit comprises the originally
defined Niliifer Unit of Okay et al. (1991) and Cal Unit (Okay et al., 1991), the
Bahgecik Formation (Kogyigit et al., 1991) and a part of the Ortaoba Unit
(Pickett and Robertson, 1996). The Karakaya Formation of Bingdl et al., (1973)
is partially included in the unit, since the arkosic sandstones and greywackes
which commonly crop out in NW and Central Anatolia are excluded from the
definition given by this study. The Cavdartepe Formation (Akyiirek and Soysal,
1983), the Iznik Metamorphics (Gonciioglu et al., 1987), and the Yenisehir
Metamorphics (Gen¢ and Yilmaz, 1995) are also partly included within the
definition of the newly defined Niliifer Unit.

The age of Niliifer Unit is regarded as Early Triassic on the basis of conodont
fauna found in the marbles alternating with metabasites in the south of Bursa
(Kozur et al., 2000), while an Early-Middle Triassic age has been ascribed on the
basis of conodont-bearing metabasalts by Geng (1987). Kaya and Mostler (1992)
have assigned a Middle Triassic age to the unit based on the conodonts in the
limestones interbedded with the metabasaltic rocks found in the north of
Bergama. In the Edremit region, a Middle-Late Triassic age has been reported by
Sayit and Gonciioglu (2009a) based on a conodont-bearing chert band associated
with metabasalts, which places an upper age limit on these metabasaltic
assemblages. Thus, in NW Anatolia, the redefined Niliifer Unit appears to span

an age-range from Early to Late Triassic.

In Central Sakarya, the Tepekdy Metamorphics of Gonciioglu et al. (2000) lying
within the lower slice of the Central Sakarya Basement are similar to the
redefined Niliifer Unit, although they include terrigenous material and metafelsic
tuffs that are conspicuously absent elsewhere (Okay et al., 1996; Pickett and
Robertson, 1996; Sayit and Gonciioglu, 2009a). However, this study reveals that

the metabasaltic portion of the Tepekdy Metamorphics has the same geochemical
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signatures with the newly defined Niliifer Unit and these basic rocks are found as

blocks within the clastic material.

In Ankara region (Central Anatolia) (Figure 2.2), the redefined Niliifer Unit
constitutes the oldest rock assemblages together with the Eymir Unit (defined by
this study; see following paragraphs for a detailed discussion regarding this unit),
and it is represented by variably-sized metabasic blocks associated with
limestones, set in a low-grade metaclastic matrix represented by the Eymir Unit
(Kogyigit, 1987; Sayit and Gonciioglu, 2009a). In this region, the redefined
Niliifer Unit includes the Ortakdy Formation (Akyiirek et al., 1984) and the
Bahgecik Formation (Altiner and Kogyigit, 1993; Sayit and Goncilioglu, 2009a).
The Eymir Complex (Kogyigit, 1992) or the Emir Formation (Akyiirek et al.,
1984) from the same region cannot be evaluated entirely within the context of the
Niliifer-type metamorphics, though some studies regard it as a part of the Niliifer
Unit (Okay, 2000, Geng, 2004). In contrast to the metabasalt-dominant sequences
seen in the Niliifer Unit, the Eymir Complex consists largely of metaclastics
(slates, phyllites, metasandstones, metaconglomerates) including minor
volcaniclastics, all of which are intruded by metadiabase dikes (Sayit and
Gonciioglu, 2009a). The Eymir Complex also includes rare variably-sized mafic
and ultramafic blocks, some of which appear to have experienced elevated
pressure conditions (Sayit and Gonclioglu, 2009a). These metaigneous blocks
with/without high pressure signatures bear enriched geochemical signatures akin
to OIB and E-MORB (Sayit et al., 2008), therefore a small portion of the Eymir

Complex is included in the new definition.

The age of the redefined Niliifer Unit is constrained by paleontological findings.
The paleontological ages are essentially consistent with the ones acquired from
NW Anatolia. A Middle Triassic age has been obtained from the neritic
limestones of the unit in the Ankara region (Akyiirek et al., 1984). A tighter
constraint has been provided from the Hasanoglan (Ankara) region by Altiner and
Kogyigit (1993) which suggest a Late Anisian (Middle Triassic) age for the

shallow-water limestones intercalated with pillow basalts. Another precise
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constraint from foraminiferal fauna found in the neritic limestones of the Imrahor
(Ankara) region (Sayit and Gonciioglu, 2009a) ascribes the age of unit to Middle
Anisian (Middle Triassic). Taken together, these paleontological data imply a
Middle-Late Triassic interval for the age of the redefined Niliifer Unit.

- Karakaya Complex
® i} - Anatolian Complex
HAYMANA
- Ankara Group
Cover rocks
[1] 15 km (younger than Campanian)
—

Figure 2.2. Distribution of the major tectonostratigraphic units in the Ankara
region (after Kogyigit, 1991b). Note that no change has been made on the map
regarding the redefined units.

The other unit, redefined in this study, is the clastic rock assemblages
outcropping all along the complex. These clastic lithologies have been previously
defined under various names in different areas (e.g. Okay and Gonciioglu et al.,
2004). They are found to be variably deformed and metamorphosed just like the

metabasic rocks characterizing the redefined Niliifer Unit (e.g. Sayit and
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Gonciioglu, 2009a). Some previous studies regard these clastics primarily
associated with the metabasaltic lithologies that have been defined here under the
context of the new Niliifer Unit (Bingdl et al., 1973; Akyiirek et al., 1984;
Kogyigit, 1987; Altiner and Kogyigit, 1993; Geng¢ and Yilmaz, 1995; Pickett and
Robertson, 1996), whereas some others have treated them separately (e.g. Okay,
2000; Sayit and Gonclioglu, 2009a). This study provides a good distinction
between the metabasaltic lithologies and clastics, suggesting they are not
primarily associated, but incorporated during the closure of the Palaeotethys. In

this study, the clastic lithologies are collectively defined as the “Eymir Unit”.

In the Ankara region, the Eymir Unit partially comprises the Eymir Complex
(Kogyigit, 1992) or the Emir Formation (Akylirek et al., 1984), the Elmadag
Formation (Akytirek et al., 1984), the Elmadag Blocky Series (Erol, 1956), the
Limestone Blocky M¢lange (Norman, 1973), and the Kulm Flysch Formation
(Erk, 1977). The Eymir Unit differs from these previously defined units in that it
does not include any metabasic rocks with E-MORB and OIB-type signatures
(the Niliifer Unit as defined here). It consists largely of metasandstones
alternating with slates and phyllites. In the areas where the degree of
metamorphism is very low or non-evident shales and coarser-grained clastics
with no observable deformation are encountered instead. Some parts of the Eymir
Unit reflect olistostromal character, containing blocks of different origins. These
assemblages correspond, in NW Turkey, to the Diskaya Formation (Kaya et al.,
1986; Kaya, 1991) and the Orhanlar Greywacke (Okay et al. 1991). Although
there are some other rock assemblages that also comprise arkosic sandtones, they
actually differ from the Digskaya Formation in the presence of metabasalt-chert
alternations (the Hodul Unit of Okay et al., 1991, the Ortaoba Unit of Pickett and
Robertson, 1996, the Kendirli Formation of Kogyigit et al., 1991, and the
Elmadag Formation of Akytirek et al., 1984). However, as stated before, in these
units the metabasalt-chert alternations are included in the redefined Niliifer Unit.
The arkosic parts as well as greywackes, on the other hand, comprise the

lithologies of Eymir Unit as defined in this study. In NW Anatolia, Sayit and
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Gonciioglu (2009a) also separated the arkosic sandstones from the Ortaoba Unit

and evaluated the metabasalt-chert sequences as oceanic-derived lithologies.

The age of the Eymir Unit comes from the relatively less metamorphosed parts of
the unit. The “Halobia shales” occurring as blocks within the olistromal parts of
the unit indicate a Norian (Late Triassic) age (Kaya et al., 1986). Similar Halobia
macrofauna that constrains the age of these clastics to Late Triassic has also been
reported by some other studies (Okay et al., 1991; Wiedmann et al., 1992; Leven
and Okay, 1996, Okay and Altiner, 2004). In constrast to these studies whose age
findings are based on the halobia macrofauna, Okay and Altiner (2004) have
suggested the same age (Late Triassic) on the basis of the neritic limestones that
they believe to be primarily associated with the clastics. In the Ankara region, a
similar age has also been obtained for the Eymir unit. Ozgiil (1993) assigned a
Carnian-Rhaetian age (Late Triassic) on the basis of the fossil fauna in the
limestones of the unit. However, Akyiirek et al. (1984) have suggested a wider
interval, assigning an Early-Late Triassic age. In this study, a Carnian-Norian age
(Late Triassic) is suggested based on the radiolarian fauna found in the red chert
band within clastics of the Eymir Unit (see the following section for the details).
This finding seems very consistent with the previous works stated above which
suggest a Late Triassic age for the Eymir Unit. Although it does reflect the age of
unit, the finding of Carboniferous radiolarian chert block emplaced within the
greywackes of the unit in NW Anatolia was also essential, since it is indicative of

occurrence of a deep basin during Palaeozoic time (Okay and Mostler, 1994).

The paraautochthonous Ankara Group (Kogyigit, 1987) unconformably overlies
the pre-Liassic Niliifer and Eymir Units. It consists of a thick, discontinuous
sedimentary succession that is ascribed to late Hettengian-Campanian. The
Hasanoglan Formation (Akyiirek et al., 1982) forms the bottom of this sequence,
including poorly-sorted fluvial conglomerates that are followed by trangressive
marine sequence. The Hasanoglan Formation shows a lateral transition to the

volcanic rocks-limestone alternation of the Giinalan Formation (Akyiirek et al.,
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1996). The Hasanoglan Formation is gradually replaced by the pelagic limestones
of Akbayir Formation (Akytirek et al., 1982).

The Jura-Cretaceous Anatolian Complex (Kogyigit and Liinel, 1987) is
tectonically related with pre-Liassic Karakaya Units and the Ankara Group. The
Anatolian Complex is tectonically overlain by the Karakaya Units, whereas it lies
tectonically over the Ankara Group. The Anatolian Complex comprises three
sub-units (Akyiirek et al., 1996), namely Jurassic-Early Berrasian Eldivan
Ophiolitic Complex (Akyiirek et al., 1979b), the Early Cretaceous Derekody
Ophiolitic Mélange (Unalan et al., 1976; Batman, 1977) and the Derekdy

Ophiolitic Mélange associated with Late Cretaceous sedimentary units.

A thick flyschoidal sequence characterize Late Cretaceous-Early Tertiary interval
in the Ankara region, which conformably overlies the ophiolitic mélange lying at
the bottom. This sequence is unconformably overlain by younger volcano-

sedimentary units.

2.2. Local Geological Features

This study mainly includes three study areas; a) Ankara region (Central
Anatolia), b) Central Sakarya region, ¢) Bursa region (NW Anatolia). Among
these study areas, the fieldwork was performed only in the Ankara and Bursa
regions. It must be noted that since there are numerous localities studied in the
Ankara region, the areas sharing similar geological features will be evaluated
together in the following sections. Regarding the Central Sakarya region, the
studied samples were collected by Dr. M.C. Gonciioglu during the fieldwork he
carried out in 1987-1988, and a detailed geological description of this region was
given in the MTA report by Gonciioglu et al. (1996). Thus, the geological
features concerning this region were briefly summarized on the basis of this

report.
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2.2.1 Ankara Region (Central Anatolia)
2.2.1.1. Zerdalitepe, Bayindir, Ortakoy, Gok¢eyurt, and Hacilar (Golbas)

These study areas are represented by the Niliifer Unit and Eymir Unit (Figures
2.3 to 2.5), and the dominancy of one unit over the other appears to be variable
from one place to another. The Niliifer Unit outcropping in these areas is mainly
characterized by metabasaltic lava flows (both pillowed and massive) and
metavolcaniclastics (e.g. hyaloclastic breccias, hyaloclastites), which alternates
with limestone, mudstone, and minor cherts. It is important to note that the
relationship between these rocks appears to be primary, thus suggesting their
synchronous nature (Figures 2.6 and 2.7). This is especially well evidenced that
both basalt and limestone can be observed as clasts within each other, i.e.
limestone clasts can be sometimes observed within the basalts, or basalt may be
found as clasts within the limestone. These metabasaltic successions are observed
as variably-sized blocks embedded in a clastic matrix of terrigenous origin that is

variably deformed and metamorphosed (the Eymir Unit).

Apart from the metabasalts and associated metavolcaniclastics which comprise a
significant portion of the unit, there also occur minor metagabbroic rocks in the
studied region. These intrusive rocks are observed either as blocks (with sizes
generally not exceeding one meter) or primarily related bodies (with a cross-cut
relationship) within metabasaltic sequences. One such place is the Gokdere
Valley lying to the northwest of Imrahor village. In this locality, the
metagabbroic blocks are found within the Niliifer-type metavolcaniclastics. The
metagabbos here are hardly differentiated from the metavolcaniclastics owing to
intense shearing, and appear as highly broken and jointed bodies. Indeed, some
volcaniclastic parts are observed to have been foliated, indicating the intensity of

deformation.

Another locality, namely, the Ortakdy also comprises such metagabbroic
occurrences. To the west of the area, approximately 1 km away from the Ortakdy

village, the Niliifer-type assemblages including mainly volcaniclastics and
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silicified tuffs are observed to have been intruded by a metadiabase body.
Although the contact relationship between the metadiabase dike and the
surroundings is not so clear due to intense deformation within the unit, the
margins of the metadiabase are found to be observed finer-grained as compared

to its inner parts. Therefore, this clearly indicates the cross-cutting relationship of

HC-2

Fault 0 2km

|:| A Eymir Unit (with Triassic y ;
limestone blocks) A& Thrust fault
Cover rocks Eymir and Nilifer Unit - = = = Block contact
(post-Triassic) (undifferentiated)

—JL— Bedding

. . Permo-Carboniferous
- N - limestone biocks —A Foliation

Figure 2.3. Geological map of the Ankara region including an area between
Bayindir and Hacilar (modified from the 1/100000 scale MTA geological map
compiled by Akyiirek et al., 1997, and Sayit and Gonciioglu, 2009a). Locations
of the geochemically analyzed samples are shown on the figure.
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Figure 2.4. Geological map of the Zerdalitepe and Baymdir region (partially
based on the 1/100000 scale MTA geological map compiled by Akytirek et al.,
1997). Locations of the geochemically analyzed samples are shown on the figure.
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Figure 2.5. Geological map of the Ankara region including an area between
Bayindir and Hasanoglan (modified from the 1/100000 scale MTA geological
map compiled by Donmez et al., 2008). Locations of the geochemically analyzed
samples are shown on the figure.

22



the metadiabase body. This metadiabase itself also appear to be sheared, and such
parts can be differentiated by the presence of distinct foliation. This megascopic
observation is also confirmed by microscopic examination such that even the less
deformed parts that have relatively massive appearance display ductile
deformation as indicated by elongated clinopyroxene phenocrysts found in a
foliated matrix composed of mainly of actinolites. The metadiabase body is

observed to have sheared contacts with the Eymir metaclastics.

- limestone S8
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=

Figure 2.6. Synchronous nature of basaltic lava flow and limestone within the
Niliifer Unit (Hacilar, G6lbas1).

Another similar occurrence is found to the south of Imrahor along the Ankara
peripheral highway. Here, the Niliifer-type assemblages are observed as a
relatively small block which is cross-cut by a metadiabase body which is of OIB-
type geochemical character. It is noteworthy, however, that these metagabbroic
bodies (either blocks or intruding bodies) are the products of the same

magmatism that has generated the metabasalts (i.e. E-MORB- and OIB-type
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magmatism). The other type, namely, the Eymir metadiabases are considerably
different, both in terms of mineralogical assemblage and geochemistry and

should not be confused with each other.

Figure 2.7. The primary relationship between pelagic limestones and metabasalts
within the Niliifer Unit (Zerdalitepe).

The metabasalts studied in this area are represented by both pillowed and massive
lava flows, though an exact characterization is generally difficult in many cases,
owing to the deformation they have undergone. The pillowed basalts can be
especially well observed in the parts dominated by pillow breccias in Ortakdy
area. These pillowed lava fragments are seen as variably-sized ellipsoidal bodies
(sometimes exceeding 50 cm) which are set in a basaltic matrix. They generally
appear highly amygdaloidal, indicating formation in relatively shallow levels.
There also occur hyaloclastites composed of abundant glass fragments (glass
shards) now entirely turned into secondary minerals, such as chlorite and

smectite? The influence of low-grade metamorphism on the metabasalts studied
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in the area is evidenced by their greenish colors. Rarely, also observed are high-
MgO varieties of these metabasalts, and they can be differentiated in the field by
the presence of abundant large pseudomorphosed olivine phenocrysts (see
Chapter 3). The gabbroic rocks in the study area range from fine-grained diabasic
varieties to coarser medium-grained ones. The high-MgO metagabbros, like the
extrusive counterparts, are characterized by various olivine phenocrysts now
replaced entirely by secondary mineral phases. These rocks are also observed as

greenish colored, indicative of low grade alteration/metamorphism.

The volcanoclastic lithologies that represent the products of basaltic volcanic
activity, such as pillow breccias, hyaloclastites, are widespread in the study area.
In the places where the deformation has not been so effective, it is possible to
observe these clastic assemblages as regular layered bodies on top of each other.
The clast-size ranges in a wide spectrum, so resulting in varieties that range from
tuff to breccias. In the coarse-grained lithologies, the presence of numerous lava
fragments of variable size can be observed very well, which are embedded in a
weakly foliated matrix composed dominantly of chlorite and calcite. Carbonate
rock fragments (i.e. limestone, dolostone) also occur within these clastic
lithologies. In Ortakdy and Bayindir, the volcaniclastics are seen primarily with
limestones, where the latter can be found as lens-shaped bodies within basaltic
matrix of pillow breccias, or sometimes thick limestone bodies are observed
alternating with mafic tuffs (Figure 2.8). In these localities, namely Ortakdy and
Bayindir, these tuffaceous rocks are found to be silicified, probably indicating the
deposition of silica in the quiescence of magmatism. These silicified assemblages
can be seen as well-bedded bodies within the basaltic-volcaniclastic succession
(Figure 2.9). In Ortakdy and Gokgeyurt, these tufficeous rocks are found to have
been affected by high pressure metamorphism, and can be easily identified by
their bluish colors. These metatuffs bearing Na-amphibole are observed as

primary related with limestone (Figure 2.10).
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Figure 2.8. Primary relationship observed between mafic tuff and limestone
within the Niliifer Unit (Bayindir).

Figure 2.9. Silicified tuff layers interbedded with volcaniclastics within the
Niliifer Unit (Ortakoy).
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Figure 2.10. Synchronous relationship between bluish HP-metatuffs and pinkish
pelagic limestone within the Niliifer Unit (Ortakoy).

The limestones in the study area are characterized by grayish and pinkish colors,
and they are observed to have experienced varying degrees of recrystallization.
They are sometimes found as small lenses in mm scale, or sometimes observed as
large, bedded bodies that can be defined in meter scale. In the Hacilar area, the
primary relationship between limestone and metabasalt is observed very well,
where an almost 7 meter-thick lava flow is interbedded with thick limestone
layers (Figure 2.6). This succession is observed to pass into mudstone-limestone
alternation, which is followed upwards by volcaniclastic sequences interlayered
with limestone. In this area, several neritic and pelagic limestones interbedded
with metabasalts were found to include some foraminiferal fauna to yield the
following ages (unpublished data of N. Turhan): a) Ladinian-Carnian:
Glomospirella aff. densa (PANTIC), Glomospirella sp., Endothyranella sp.; b)
Anisian: Involutina sp., Meandrospira sp., Ammobaculites sp., Lagenidae; c)
Middle-Late Triassic: Tubiphytes sp., Endothyra sp., Trochammina sp.,

Meandospira sp., Lagenidae. In some parts, limestones include basaltic
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fragments, suggesting that the basaltic pieces should have been integrated into
limestone while it was still unconsolidated (Figure 2.11). Or, in a similar manner,

the basalt can include limestone fragments in it (Figure 2.12).

Figure 2.11. Basaltic fragments within limestone, indicating that they have been
incorporated into limestone while it was not entirely consolidated (Bayindir).

Mudstones are represented by reddish colors, and generally observed as thin-
bedded bodies within limestone or basaltic assemblages (Figure 2.13). In the
study area, there also occur, to a lesser extent, cherts found to alternate with
basaltic lithologies or the metaclastics that forms the matrix on which the basaltic
assemblages are embedded. In the Ortakdy area, within the Eymir Unit, a pinkish
chert band interbedded with mudstones and metaclastics has been found to be of
Carnian age (Late Triassic; det. by Dr. U.K. Tekin) on the basis of the following
radiolarians (Figure 2.14): Triassocrucella sp., Paronaella claviformis (KOZUR
& MOSTLER,1978), Paratriassoastrum sp., Canoptum cucurbita (SUGIYAMA,
1997), Canoptum inornatum TEKIN, 1999, Canoptum levis TEKIN, 1999, ?
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Corum sp., Annulotriassocampe sp. cf. A. baldii KOZUR, 1994,
Annulotriassocampe sp. cf. A. sulovensis (KOZUR & MOCK, 1981). The

importance of this finding is given in Chapter 5.

Figure 2.12. Limestone fragments observed inside altered basalt within the
Niliifer Unit (Hacilar, Golbast).

Apart from the metabasaltic assemblages (including also limestone, mudstone
and chert) which represent the Niliifer Unit, there also occur metaclastic
assemblages, namely the Eymir Unit, which forms the matrix material in which
the Niliifer Unit is embedded (Figures 2.15). Thus, the Niliifer Unit is found to be
as variable-sized blocks within the Eymir Unit. It is important to note that the
clastic lithologies within the Niliifer Unit (i.e. volcaniclastics, hyaloclastic
breccias) are all ocean-derived, however, the Eymir Unit comprises clastics of

terrigenous origin.
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Figure 2.13. Alternation of reddish thin-bedded mudstone with limestone,
observed within the Niliifer Unit (Bayindir).

The clastic lithologies of the Eymir Unit (Figure 2.16) are characterized largely
by brownish and grayish colors, and include slates, phyllites, metagreywackes
and metaconglomerates. The intensity of deformation and metamorphism on
these rocks is highly wvariable; sometimes these clastic rocks display no
observable foliation and deformation, but sometimes they are found to be
intensely deformed and have well-developed schistosity planes. The influence of
deformation can also be observed in macro-scale, where the primary bedding
planes are no longer observable, instead they are seen folded and sheared. A
weak foliation development can also be observed on metaconglomerates,
resulting in elongated clasts. Metasandstones in the study area are represented by
greywackes and arkosic varieties, and in some places mica-rich sandstones are
also identified with their shiny appearances. On the basis of the clasts making up
the Eymir metaclastics are considered, it can be suggested that the clasts have
been derived from a number of sources. This polygenetic nature is especially well

observed on the conglomeratic varieties.
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Figure 2.14. Scanning electron micrographs of early to middle Carnian (Late
Triassic) Spumellaria (Radiolaria) from the Karakaya Complex near city of
Ankara. Scale = number of microns for each figure. 1. Triassocrucella sp.,
sample no. 08-Orta-1, scale bar = 250um, 2-3. Paronaella claviformis (KOZUR
& MOSTLER,1978), both samples are from sample no. 08-Orta-1, scale bar for
both figures= 225um, 4. Paratriassoastrum sp., sample no. 08-Orta-1, scale bar =
170um, 5-8. Canoptum cucurbita (SUGIYAMA, 1997), all samples are from
sample no. 08-Orta-1, scale bar for all figures= 100um, 9. Canoptum inornatum
TEKIN, 1999, sample no. 08-Orta-1, scale bar = 100um, 10. Canoptum levis
TEKIN, 1999, sample no. 08-Orta-2, scale bar = 80um, 11. ? Corum sp., sample
no. 08-Orta-1, scale bar = 110um, 12-13. Annulotriassocampe sp. cf. A. baldii
KOZUR, 1994 Group, 12. Sample no. 08-Orta-1, 13. Sample no. 08-Orta-2, scale
bar for both figures = 130um, 14-16. Annulotriassocampe sp. cf. A. sulovensis
(KOZUR & MOCK, 1981), 14. Sample no. 08-Orta-1, 15-16. Sample no. 08-
Orta-2, scale bar for all figures = 120pum.
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Figure 2.15. Block-matrix relationship observed between the Niliifer Unit (here
observed as megablock) and the Eymir Unit (the matrix material) (Bayindir). The
boundary between these two units is highlighted with yellow.

Figure 2.16. The metaclastics of the Eymir Unit (Bayindir).
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2.2.1.2. imrahor

A part of this area was previously studied in general terms by Sayit (2005) and
Sayit and Gonciioglu (2009a). Here the metabasic rocks in the southern sector of

this area will be described detail.

The metabasic rocks are characterized by purplish, bluish and greenish colors,
and they are observed as variable-sized blocks within the metaclastics of the
Eymir Unit (Figure 2.17). The block-contact boundaries of these lithologies are
sometimes identified as sheared probably owing to a later tectonic event after
their mixing. The metabasaltic rocks display varying degrees of schistosity, and
on the basis of their original protoliths, they have been interpreted to represent

largely mafic tuffs and volcaniclastics (Figure 2.18).

i Na-amph-bearing
metabasic rocks
(Milufer Unit)

Figure 2.17. The HP/LT metabasic rocks of the Niliifer Unit (blue-purple) in
contact with the metaclastics of the Eymir Unit (brownish) (Imrahor).
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Figure 2.18. Coarse-grained mafic metavolcaniclastics within the Nilifer Unit
(Imrahor). Note the elongation of basalt fragments and foliation in the matrix,
which defines the schistosity. The matrix is largely composed of chlorite and
calcite.

The basalt clasts within the coarse-grained volcaniclastics are observed to have
gas vesicles some of which have been filled by secondary minerals, showing
amydaloidal appearance. The original layering between coarse-grained
volcaniclastics (e.g. hyaloclastic breccias) and fine-grained ones (e.g. metatuffs)
can be still recognized in spite of deformation and metamorphism (Figure 2.19).
Both varieties, however, appear to have been strongly overprinted by high
pressure metamorphism as indicated by the presence of numerous Na-amphibole

crystals.

In some cases, the intense carbonate influx that has probably developed at the
same time with these mafic volcanic products formed is reflected by the presence
of numerous calcite crystals. This process is sometimes so intense that some of
these metamorphic rocks appear to contain calcite constituting more than 50% of
the entire mineral assemblage. These carbonate-rich rocks are observed to have

been experienced intense ductile deformation; however, the presence of
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amygdaloidal basalt clasts can be still identified in spite of the deformation. The
greenish portions seen in these carbonate-rich metamorphic rocks probably
represent the basaltic matrix material in which the basaltic fragments are
embedded or the tuffaceous levels interlayered with the basalt flows. In some
parts of the area, it is also possible to observe greenish metabasalts without any
high pressure imprint. These metamorphic rocks, however, are found to have
been severely altered by carbonate minerals. They show amygdale-like structures,
probably indicating that their protoliths have formed in shallow levels in a
submarine environment. Sometimes, it is observed that the metabasaltic

assemblages are embedded in well-bedded silicified tuff layers.

Figure 2.19. Primary layering between coarse- (at the top) and fine-grained (at the
bottom) mafic metavolcaniclastics within the Niliifer Unit (Imrahor).

The metaclastics representing the Eymir Unit in the Imrahor area are found to be
very similar to those in the other study areas. The deformation in the area is

observed to have been very intense in some places so that crenulation cleavage

35



can also be identified in addition to the primary foliation planes (Figure 2.20).
These metaclastics are cross-cut by numerous metadiabase dikes. These dikes, in
most places, appear to have been intensely altered by surface weathering, and
they generally appear in reddish brown colors. Indeed, they can be easily

misinterpreted as metasandstones if a close-up examination is not performed.

Figure 2.20. Intensely deformed phyllitic metamorphics of the Eymir Unit. Note
the development of crenulation cleavage (Imrahor).

2.2.1.3. Hasanoglan, Kavakl, Doganoluk, Bozca, Hacilar (Cubuk)

Of these localities, some parts of Hasanoglan that were previously examined by
Sayit (2005) and Sayit and Gonciioglu (2009a) were restudied, and the studies
were extended towards the north in the extent of this study (Figure 2.21).

In the southeastern parts of Hasaoglan, the relationship reflected by metabasalts
(generally pillowed) and limestones is very similar to what is observed in the

Ortakdy, Hacilar, Bayindir, Zerdalitepe and Gokgeyurt areas. The basalts are
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characterized by reddish brown-black colors with amygdaloidal textures, and
their pillow structures are well identified (Figure 2.22). The presence of abundant
gas vesicles filled by secondary minerals can be attributed to formation in a

shallow submarine environment.

. . Permo-Carboniferous 0 2 km
Alluwium Eymir Unit limestone blocks B ——
Cover rocks Eymir and Nilofer Units — = — Block contact —L— Bedding
(post-Triassic) {undifferentiated)

—— Fault —A_ Foliation

Triassic limestone
Nilisfer Unit
] | e

Figure 2.21. Geological map of the Ankara region including the area between
Hasanoglan and Bozca (modified from Akyiirek et al., 1982). Locations of the
geochemically analyzed metabasic samples are shown on the figure.

While the matrix is represented by shaly material in some places, it is
characterized by sand- and gravel-size olistostromal clastics in the others. The
fine-grained clastics are sometimes found to have converted to slates and
phyllites in response to metamorphism. The synchronous nature of basalts and
limestones is well observed; sometimes limestone clasts are found embedded in a

basaltic matrix, or sometimes basalt clasts are observed within a carbonate matrix
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(Figures 2.23 and 2.24). In some cases, the metabasaltic assemblages display an
olistostromal appearance with variable-sized limestone and greenish metabasalt
fragments (mostly amgydaloidal) set in aphanitic metabasaltic matrix. In some
parts, limestones appear to alternate with thin cherty layers, probably related to
silica saturation caused by synchronous basaltic volcanism (Figure 2.25). In this
area, there also occur, to a lesser extent, volcaniclastics and silicified tuffs that

represent products of the same basaltic system.

Figure 2.22. Pillow basalts in the Niliifer Unit (Hasanoglan).

In the northern and northwestern sectors of the area, the intensity of deformation
and shearing are observed to increase as indicated by the development schistosity
planes and folding in variety of rock types. These parts actually appear very
similar to what is observed in Imrahor. The presence of metabasaltic rocks is very
apparent with their bluish and greenish colors. These metabasic lithologies

display well-developed schistosity and varying degrees of crenulation cleavage.
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Figure 2.23. The synchronous relationship observed between basalt and limestone
within the Niliifer Unit (Hasanoglan).

Figure 2.24. The same phenomena observed as in Fig 2.23. However, in this case,
basalt clasts are found within a carbonate matrix (Hasanoglan). Note that the
basalt fragments display vesicular and amygdaloidal textures.
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Sometimes, the tufficious members are found to have distinct banding with
alternation of bluish and white layers. The bluish layers include Na-amphibole
together with mostly chlorite, while the white layers are composed largely of
calcite. Thus, this type of metamorphics probably represents an alternation of tuff
and carbonate. In these sectors of the study area, silicified metatuffs are
characterized by light greenish-white colors, and found to be entirely
recrystallized. This can be understood by well-developed idiomorphic quartz
crystals within these rocks. The influence of metamorphism on the thin muddy
portions interbedded with these silicified layers, however, is revealed by the
development of white mica (phengitic?) and chlorite. Sometimes, the tuffaceous
rocks are found to have experienced intense ductile deformation as indicated by

formation of crenulation cleavages.

Figure 2.25. Limestone with chert laminations within the Niliifer Unit
(Hasanoglan).
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In these parts of the study area, it is also possible to observe the metabasalts,
though they are not so widespread. These metabasalts are light-greenish in color,
and in the places where the effect of regional metamorphism has been more
dominant, foliation planes are observed to have developed on these rocks,
resulting in typical “greenschist” appearance. In some parts, however, cataclastic
deformation appears to be more dominant, and no foliation is found to have
developed on the basaltic rocks in these areas, instead there occur brecciated

textures and fractured/crushed phenocrysts.

Apart from these rock types, there also occur also high-MgO metagabbros and
metabasalts which have undergone low-grade metamorphism. They are
characterized in the field by light/dark greenish colors, and their big phenocrysts
in can be easily recognized by naked eye. The metabasalts, picritic in
composition according to petrographic investigation, are sometimes found to
have been experienced some degree of deformation as revealed by elongated
pseudomorphed olivine phenocrysts and foliated matrix, which together defines
the schistosity. The metagabbros, on the other hand, are rather found to have been
affected by brittle deformation. In these parts of the study area, there also occur
carbonate rocks, however they are observed entirely recrystallized, thus no fossil

evidence could have been obtained.

Towards the northwestern parts, namely Doganoluk, Kavakli and Bozca, the
metaclastic rocks dominate, and metabasaltic rocks representing the Niliifer Unit
diminish. In these parts, metaclastics are largely represented by grayish and
greenish colors, and they appear to have been experienced multiple deformation.
The first two deformation phases are observed to be ductile, whereas the last
phase appears to have been brittle. In some parts, metavolcaniclastics can be
observed within the Eymir Unit as greenish, foliated rocks. Instead of the
metabasaltic assemblages of the Niliifer Unit, in these sectors of the study, there
appear metadiabase bodies which mostly cross-cut the metaclastic lithologies of

the Eymir Unit (Figure 2.26).
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These metadiabase dikes are characterized by dark-greenish colors, though their
surface colors are largely observed to be in tones of brown owing to weathering.
It is important to note that in contrast to the metaclastics which are foliated in
most cases, no foliation plane have developed on the metadiabase dikes.
However, brittle deformation is sometimes observed to have affected these dikes.
The cross-cutting relationship can be well observed in the east of Doganoluk,
where well-foliated metaclastics of the Eymir Unit are cut by a non-foliated

metadiabase body (Figure 2.27).

Figure 2.26. Metadiabase dikes intruding into metaclastics of the Eymir Unit
(west of Hasanoglan). The metadiabases can be differentiated easily by their dark
colors and steep morphologies.

2.2.1.4. Eymir and Karatas (Golbasi)

This area is very similar to the southern parts of Imrahor and northwestern parts
of Hasanoglan (namely Doganoluk and Kavakli). The metaclastics ranging from
slates to metaconglomerates dominate the region. They are generally

characterized by grayish colors with silvery (phyllitic) appearances. These
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variably metamorphosed and deformed metaclastic successions are intruded by
metadiabase dikes. The cross-cutting relationship is well observed in several
locations (Figure 2.28). The Hacilar (Cubuk) area shares very similar
characteristics to these study areas, so it will not be repeated here. The geological

map of this region, however, is given in Figure 2.29.

.—J

Figure 2.27. The cross-cutting relationship observed between metadiabase (dark
brownish) and metaclastics (light grayish) of the Eymir Unit. Note the well-
developed foliation shown by metaclastics, whereas no foliation is observed on
the metadiabase dike (Doganoluk). The contact is roughly indicated by yellow
dashed lines.

2.2.2. Central Sakarya Region

The low-grade metamorphic rocks that are observed as a tectonic slice between
the Sogiit Metamorphics and the Dagkiiplii Complex (Gonciioglu et al., 1996)
represent the newly defined Niliifer Unit in the Central Sakarya area (Figure
2.30). The geological characteristics of the Niliifer Unit in this region appear very
similar to what is observed in Ankara and Bursa; the metabasaltic assemblages
are found as blocks within metaclastics of terrigenous origin that form the matrix

material.
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Figure 2.28. The cross-cutting relationship between metadiabase (to the left) and
phyllite (to the right) (Lake Eymir). Note that no foliation is observed on the
metadiabase dike, while the phyllite is clearly foliated and displays folding in
response to ductile deformation.

I:I Alluvium
- Triassic limestone

Eymir and Niliifer Unit
(undifferentiated)

500 m

Figure 2.29. Geological map of the Hacilar (Cubuk) region (modified from
Akyiirek et al., 1979a). Location of the geochemically analyzed sample is shown
on the figure.
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Figure 2.30. Geological map of the Central Sakarya region (modified from
Gonctioglu et al., 1996). Locations of the geochemically analyzed samples are
shown on the figure.
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The metabasic rocks in the study area are represented by metabasalts,
metagabbros, and metatuffs. The metabasalts are observed primarily associated
with metavolcaniclastics, limestones and cherts. Compared to the other rock types
in the study area, the development of foliation on the metabasalts are found to be
more apparent. In some parts of the area, there also occur picritic varieties of
metabasalts. These highly magnesian metabasaltic rocks are observed as lenses
within the metabasalts or olistostromal parts. The metagabbros are characterized
by dark greenish colors, and distinguished by the presence of relatively large
hornblende and albite crystals. Sometimes, a weak foliation can be observed to

develop on these intrusive bodies.

2.2.3. inegél-Niliifer (Bursa)

In the Bursa region (Figures 2.31 and 2.32), similar to what is observed in
Ankara, the rock lithologies are found to be variably deformed and sheared.
Owing to this change in the intensity of deformation, in some areas there occur
mafic schists with well-developed schistosity planes, while in the others massive
and pillowed lava flows with no observable foliation planes. However, even in
such areas where no foliation has been developed, several shear zones within
these basaltic successions were observed. The metabasalts are again primarily

related with the limestones, suggesting their synchronous nature (Figure 2.33).

The limestones in the area are observed in the gray and pinkish colors, and
generally thin bedded. They are sometimes found as small lenses within basalts.
In some parts of the area, there also occur some ultramafic bodies, however, they
are entirely serpentinized. Locally, there are mafic schists that bear Na-

amphibole, thus indicating the influence of high pressure metamorphism.
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Figure 2.31. Geological map of the Bursa region including the area between
Inegdl and Yenisehir (modified from Geng, 1987). Location of the geochemically
analyzed sample is shown on the figure.

47



D Alluvium - Nilufer Unit —A_ Foliation

Cover rocks . . = = = Block contact
(post-Triassic) Emit-clal

Figure 2.32. Geological map of the Bursa region including the area around the
Niliifer River and the Doganci Dam (modified from the Istanbul sheet of
1/500000 scale MTA geological maps compiled by Tiirkecan and Yurtsever,
2002). The location of geochemically analyzed sample is shown on the figure.

Figure 2.33. The synchronous relationship between metabasaltic rocks and
limestone within the Niliiffer Unit (Niliifer Valley). Note that the whole
succession is deformed.
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CHAPTER 3

PETROGRAPHY

3.1. Introduction

This chapter concerns the petrographical features of samples collected from
various localities assumed to represent the Nilufer-type metabasic rocks and the
Eymir metadiabases. For this purpose, more than 250 thin-sections were prepared
and examined under the microscope. All rock samples have been metamorphosed
to some degree as indicated by various secondary assemblages. All samples have
also been variably sheared and deformed. For the sake of simplicity, the
metabasalts and metagabbros of the Niliifer Unit were treated separately from
mafic schists and metavolcaniclastics of the same unit and they were divided into
two groups on the basis of their dominant phenocryst phase as “augite-phyric”
and “olivine-phyric”. These sub-types may also show distinct textural
relationships in response to their degree of cooling rate and/or extent of

deformation.

Overall, augite-phyric samples consist of titaniferous augite; also include
kaersutitic amphibole in some cases. The Eymir metadiabase samples, on the
other hand, comprise diopsidic augite, thus contrast with the previous groups. The
compositional differences between sub-types are also reflected by their modal
mineralogy, especially olivine content (on the basis of pseudomorphs after

olivine).
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3.2. Metabasalts
3.2.1. Augite-phyric Metabasalts

Most of these metabasalts are generally aphanitic, though some of them are
medium- to coarse-grained, reflecting microphaneritic texture (Figure 3.1a).
Some of the aphanitic varieties are characterized by distinctly thin, elongated
crystals; somewhat like spinifex texture (Figure 3.1b). Some of the phenocrysts
are large, visible to naked eye, and they are embedded in a fine-grained

groundmass (Figures 3.2 and 3.3a). In some cases, groundmass plagioclase tends

to be relatively larger (Figure 3.3b).

Figure 3.1. a) Typical view of a coarse-grained (diabasic) augite-phyric
metabasalt. Ti-augite is apparent with its distinctive pinkish colors. Light-colored
parts are mostly represented by plagioclase laths. There is a pseudomorph after
olivine (green colored part, oriented from center to the lower left), now
represented by serpentine and chlorite. Epidote is distinguished by yellowish
colors (Sample OR-116, PPL); b) Spinifex-like texture displayed by augite-phyric
metabasalts. Pinkish-brown grains are Ti-augite. Note the considerably long,
acicular plagioclase crystal just above the center. Yellowish grains are epidote.
Pale green parts are mostly composed of chlorite and minor amont of serpentine
(Sample OR-33, PPL) (Ti-aug: Ti-augite).

Most of these metabasalts are characterized by porphyritic texture; although there
are samples with aphyric appearance as well. Some of the augite-phyric

metabasalts are composed of variably-sized phenocrysts and microcrysts,
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resulting in seriate textures. Some samples contain considerable amount of
degassing structures filled with various secondary minerals displaying
amygdaloidal texture (Figures 3.4a,b). However, in some cases the secondary
mineral-filled features are phenocrysts and/or crystal aggregates which have
undergone intense alteration and present definite crystallographic shapes with
subhedral appearance (Figure 3.4c). Rarely, some samples appear to have

experienced some degree of brittle and/or ductile deformation (Figure 3.5a).

Figure 3.2. a and b) Glomeroporphyritic aggregate of Ti-augite embedded in a
fine-grained groundmass. Note multiple twinning displayed by three of the
crystals (b) (Sample OR-28, XPL); c) Large Ti-augite grain associated with
several plagioclase crystals; together they display a sub-ophitic relationship. Note
the size difference between grains (Sample OR-29, XPL); d) Ti-augite grain
characterized by combined sector and concentric zoning (Sample OR-29, XPL)
(Ti-aug: Ti-augite, plag: plagioclase).
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Figure 3.3. a) Serpentine pseudomorphs after olivine. Note that the pseudomorph
at the left hand side has been largely resorbed by groundmass. Minerals with
higher interference colors in the groundmass are Ti-augite. (Sample GK-1, XPL);
b) Augite-phyric metabasalt with relatively larger groundmass plagioclase. The
interstices between plagioclase crystals are occupied by Ti-augite, which is
distinguished by higher interference colors (Sample OR-41, XPL) (serp-ol:
serpentinized olivine; Ti-aug: Ti-augite).

Primary minerals in these basalts are Ti-augite and to a lesser extent plagioclase.
No olivine has survived; it is present mostly as serpentine pseudomorphs and to a
lesser extent epidote, chlorite and calcite (Figure 3.3a). Ti-augite appears to be
very fresh compared to plagioclase and olivine, and is characterized by brownish,
pinkish-brown crystals with generally subhedral outlines and showing poorly-
developed cleavage traces (Figures 3.2a-d). In fact, they appear to be rather
fractured (Figures 3.1a and 3.2). In the parts where these metabasalts have
experienced brittle deformation, variably-sized fragmented Ti-augite crystals are
set in a very-fine grained dark matrix (Figure 3.5a). The parts that reflect ductile
deformation, on the other hand, are characterized by Ti-augite associated with
dynamically recrystallized albite. Ti-augite can be found both as phenocrysts and
microcrysts. Ti-augite crystals sometimes form glomeroporphyritic clusters with
other Ti-augite and/or plagioclase and/or serpentinized olivine (Figures 3.2a,b).
Sub-ophitic texture is displayed by large Ti-augite grains together with several
plagioclase laths (Figure 3.2c). Poikilitic Ti-augite crystals, though very rare, are

also found. In addition, Ti-augite microcrysts occupy the interstices between
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Figure 3.4. a) Amygdule filled with epidote in the core, which is surrounded
mostly by pumpellyite. Note chlorite to the right part of amydule (Sample OR-67,
PPL); b) Amygdule filled with pumpellyite; note the anomalous 1% order
interference colors (Sample GK-1, XPL); c) A large olivine (?) phenocryst now
entirely replaced by a number of secondary phases. Note the two perfect crystal
faces of this grain. The mineral with extreme interference colors is calcite.
Chlorite displays anomalous 1% order bluish-grey colors. Epidote is also present
as mainly identified by high interference colors (Sample OR-28, XPL) (chl:
chlorite, ep: epidote, cc: calcite, pump: pumpellyite).

plagioclase laths, showing intergranular texture. Compositional zoning, generally
of sector type, can be identified in most of Ti-augite crystals. Some grains show
combined concentric- and sector-type zoning (Figure 3.2d). In addition, some are
twinned in either simple or multiple (polysynthetic) fashion (Figure 3.2b). In one
sample, Ti-augite appears to have corroded cores (Figure 3.5b). Rarely,

exsolution lamellae developing on Ti-augite can also be observed.
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Figure 3.5. a) Type-1 metabasalt that has experienced brittle and ductile
deformation. The dark colored part extending from NW to SE represents a brittle
fault (Sample HS-88, PPL); b) Pinkish, corroded Ti-augite crystals in the
groundmass. They are surrounded by amygdules on both sides, which are filled
by secondary minerals, including largely chlorite and pumpellyite (Sample GK-1,
PPL); c) Severe alteration of plagioclase laths by chlorite. Note multiple twinning
displayed by a plagioclase to the upper right (Sample OR-41, XPL) (Ti-aug: Ti-
augite, chl: chlorite).

Plagioclase is less abundant than Ti-augite and appears to be altered, though
some relatively fresh crystals are still observable. Multiple twinning can be
identified, where the primary nature is relatively preserved. Plagioclase
sometimes forms glomeroporphyritic aggregates, either by themselves or the
other type of phenocrysts. Sometimes, groundmass plagioclase display
intergranular texture in association with Ti-augite. It is often the case that they are
rather albitic (Na-rich) having lost their Ca-rich nature during low-grade
metamorphism. They are seen to be replaced by several secondary phases, such
as epidote, chlorite and sericite. In some cases, they are intensely replaced by
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chlorite such that only the outer parts have survived (Figure 3.5¢), and sometimes
total replacement of plagioclase by sericite can be observed. Calcite also replaces

plagioclase; however it is much less common than the others.

3.2.2. Olivine-phyric (High-Mg) Metabasalts

These metabasalts are mostly aphanitic and porphyritic, with large serpentinized
phenocrysts sometimes exceeding 1 cm. More rarely, microphaneritic samples
have also been found, and these coarse-grained basalts show equigranular texture.
The Mg-rich nature of these basalts is evident from abundant pseudomorphs after
olivine (Figure 3.6). They sometimes display elongated serpentinized olivine and

sheared Ti-augite phenocrysts owing to intense strain rate.

Figure 3.6. a) Serpentine pseudomorph after olivine showing mesh-texture,
surrounded by numerous Ti-augite and opaque phases (Sample HS-62B, XPL); b)
Large pseudomorph after olivine embedded in a fine-grained matrix. Note the
euhedral shape of pseudomorph. Calcite is identified by its extremely high
interference colors and it is associated with minor serpentine (1% order bluish
grey). Chlorite displays its typical 1% order anomalous brown color (Sample OR-
43, PPL) (chl: chlorite, cc: calcite).

The primary mineral phases recognized in these high magnesian metabasalts are
Ti-augite and kaersutite. Ti-augite is found in brown, pinkish-brown generally

subhedral crystals with fractured appearance and barely visible cleavage (Figure
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3.7). It is present as both phenocryst and microcryst phases. Ti-augite has been
totally destroyed by severe alteration in some cases. Sector zoning can
occasionally be observed. Rarely, kaersutite is found replacing large Ti-augite
phenocrysts (Fig. 3.7d).

Figure 3.7. a) Olivine-phyric metabasalt with relatively large groundmass Ti-
augite. Note that lots of Ti-augite grains dominate the sample both as phenocryst
and microcryst (Sample OR-48, PPL); b) Subhedral Ti-augite grain which has
been affected by alteration (Sample ZT-3, PPL); ¢) Another example depicting
effects of low-grade metamorphism on the olivine-phyric metabasalts. Note
needle-like actinolite crystals emerging from Ti-augite (Sample ZT-3, PPL); d)
Kaersutite developing on a Ti-augite phenocryst (Sample HS-62A, PPL) (Ti-aug:
Ti-augite, act: actinolite, chl: chlorite, kae: kaersutite).

No original plagioclase appears to have survived following low-grade
metamorphism. Olivine appears to have been an important constituent of the oli-
phyric metabasalts as indicated by numerous pseudomorphs some of which have
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euhedral outlines (Figure 3.6). Some olivine crystals are completely serpentinized
with well-developed mesh-texture; others appear to have been subsequently

altered by chlorite and actinolite as well as calcite (Figure 3.6).

Some of the oli-phyric metabasalts seem to have experienced some degree of
ductile deformation, as evidenced by a number of elongated pseudomorphs after
olivine, which are aligned in a sub-parallel manner. It is also possible to observe

microfaults transecting some of the Ti-augite phenocrysts.

3.3. Metagabbros
3.3.1. Augite-Phyric Metagabbros

The augite-phyric metagabbros are variably-sized, ranging from fine- to coarse-
grained, and they are characterized by porphyritic texture, where Ti-augite
crystals and pseudomorphs after olivine are set in a matrix mostly composed of
Ti-augite and plagioclase. The finer-grained varieties have somewhat larger
plagioclase crystals, but smaller Ti-augite. These metagabbros appear to have
variably influenced by ductile deformation. Sometimes, relict igneous textures
appear to be preserved and there is no signature of brittle or ductile deformation.

Primary mineral assemblage consists mainly of Ti-rich augite and to a lesser
extent plagioclase and kaersutite. Ti-augite appears to be most abundant primary
phase. In some of the samples, no relict plagioclase has survived. Ti-augite is
seen as brown to pinkish-brown crystals with generally subhedral outlines. Poor-
to well-developed cleavage is recognizable in some cases (Figures 3.8a). Both
simple and multiple twinning can be seen (Figures 3.8a,b). In addition, sector-
and concentric-type zoning are frequently observed on Ti-augite (Figure 3.8c). It
is possible to see the effects of shearing on Ti-augite in some samples, where they
display undulatory extinction, sub-grain development and boudin-like structures
(Figures 3.9a,b). Sub-parallel fracture development related to ductile deformation

is also recognized (Figure 3.9a). Furthermore, small-scale faulting appears to
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have affected some of Ti-augite crystals, as indicated by the displacement of their
twin-lamellae (Figures 3.8a,b). Ti-augite is sometimes associated with

plagioclase in a sub-ophitic manner (Figure 3.10a).

Figure 3.8. a) Ti-augite crystal displaced by a small-scale fault. The grain is
characterized by moderately-developed cleavages and simple twinning. Note also
that the fault does not affect the other Ti-augite grain (Sample HS-90, XPL); b)
Another example depicting the affect of shearing on the augite-phyric
metagabbros. Note also multiple twinning on the Ti-augite crystal (Sample HS-
90, XPL); ¢) Concentric zoning displayed by a euhedral Ti-augite. Note the
anomalous interference colors of the crystal (Sample HS-90, XPL) (Ti-aug: Ti-
augite).

Plagioclase is rarely identified as a primary phase in these metagabbros. Unlike
Ti-augite, it appears to have suffered pervasive alteration. Thus, it is not unusual
to see albitic plagioclase in these metagabbros. They generally appear to have

undergone dynamic recrystallization due to deformation, becoming recrystallized
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albite. Simple and multiple twinning are sometimes observable. Although vary
rare, pericline twinning is also recognized. However, in the samples that have
experienced relatively less deformation, plagioclase seems rather preserved. In

some cases, plagioclase is replaced by prehnite and sericite.

Figure 3.9. a) Augite-phyric metagabbro including abundant Ti-augite crystals as
a primary phase. Note the effect of shearing and sub-parallel fractures developed
on Ti-augite at the center. No plagioclase has survived in this sample (Sample
OR-98, PPL); b) Ti-augite crystal which has experienced some degree of strain,
which leads to undolatory extinction and sub-grain development. Note also the
presence of moderately developed cleavages (Sample OR-98, XPL); c¢) Acicular
kaersutite crystals growing after Ti-augite (Sample IM-23, PPL); d) Development
of late-stage primary kaersutite after Ti-augite, which is in turn replaced by
metamorphic Na-amphibole in response to elevated pressures (Sample IM-24,
PPL) (Ti-aug: Ti-augite, kae: kaersutite; Na-amp: Na-amphibole).

Kaersutite is the other primary mineral characterizing these metagabbros, though
it is absent in some of them. They are largely observed replacing Ti-augite and
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rarely as individual crystals (Figure 3.9d). Development of kaersutite is mostly

identified at the rims of Ti-augite.

3.3.2. Oli-phyric (High-Mg) Metagabbros

These coarse-grained metagabbros are characterized by porphyritic texture; large
Ti-rich augite crystals are observed to be embedded in intensely metamorphosed
matrix. Ductile deformation appears to have been predominant on these
metagabbros leading to schistosity on groundmass. All olivine have been totally
replaced by serpentine minerals, thus represented by pseudomorphs.

Primary mineral assemblage characterizing these metagabbros, very similar to the
previous types, mainly consists of Ti-rich augite and kaersutitic amphibole.
Plagioclase appears to have lost its original identity and now it is present as of
albitic composition. Ti-rich augite is found in brown crystals with mostly
subhedral appearance. Poor- to well-developed cleavage can generally be
observed (Figure 3.11a,b). Owing to deformation, Ti-augite grains are observed
to have been re-aligned and become sub-parallel relative to foliation. Microfaults
can also be recognizable as reflected by the displaced clinopyroxene phenocrysts
(Figure 3.11a).

Kaersutite is the other primary mineral characterizing these metagabbros. It is
largely observed as individual crystals in the matrix, otherwise seen replacing Ti-
augite (Figures 3.11b-c). Some of kaersutite grains display nearly euhedral crystal
faces with two-directional basal cleavages intersecting at an angle of 124°-56°
(Figure 3.12d).

3.3.3. Eymir Metadiabases

The Eymir metadiabases are considerably different relative to the rest, since they
do not include a Ti-rich clinopyroxene phase as well as having a more evolved

composition with the occurrence of hornblende. These metagabbros can generally
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be regarded as fine-grained gabbros with a few medium-grained members. They

display equigranular texture.

Figure 3.11. a) Large Ti-rich clinopyroxene displaced by a microfault. Note the
alignment of the clinopyroxene grain compared to foliated groundmass (Sample
HS-89, PPL); b) Kaersutite development on a fractured Ti-augite phenocryst
(Sample HS-87, PPL); ¢) Numerous prismatic kaersutite grains developed on the
groundmass of a olivine-phyric metagabbro (Sample HS-87, PPL); d) Kaersutite
crystal with well-developed basal cleavages. The grain is partly corroded by
groundmass which have replaced by actinolite (Sample HS-89, PPL) (Ti-aug: Ti-
augite, kae: kaersutite, act: actinolite).

Hornblende and plagioclase together with/without a Ti-poor clinopyroxene phase
make up the major primary assemblage of the SSZ-type metagabbros.
Interestingly, these microgabbros sometimes consist of minor amount of quartz,
which has probably crystallized at the last stages of their magmatic evolution. As

mentioned above, these metagabbros do not comprise any Ti-rich augite as
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clinopyroxene phase, instead they include diopsidic augite. It must be noted,
however, that some samples do not include any clinopyroxene at all. Thus, the
presence of clinopyroxene is not so common in the SSZ-type gabbros, being
restricted to more primitive samples. Where it is present, diopsidic augite is
represented by rather colorless to pale brown crystals. Since they have been
replaced by primary hornblende, no crystal face appears to have survived against
this magmatic replacement (Figures 3.12a,b), thus clinopyroxene is characterized
by anhedral crystals. Cleavage traces are hardly recognizable; only a poorly-

developed cleavage can be identified if present.

Hornblende, together with plagioclase, is the most common primary phase
observed in these microgabbros. Hornblende is found as greenish to more rarely
brownish crystals with generally subhedral outlines. It is also not unusual to see
euhedral crystals of hornblende. Two-directional cleavages are often recognizable
(Figure 3.12a). They are mostly found as individual crystals, otherwise associated
with diopsidic augite. It is sometimes the case that their strong body colors mask
the interference colors so that they somewhat look like chlorite.

Plagioclase constitutes the other important primary phase of the SSZ-type
metagabbros. It is generally unaltered when compared with those found in the
other types. Thus, it is generally possible to recognize multiple-twinned crystals,
though simple- and combined-twinned crystals are also found. They rarely

display a symplectic relationship with quartz, producing graphic-like structures.

3.4. Secondary Mineral Assemblages of the Metabasalts and Metagabbros

Based on secondary mineral assemblage, it can be inferred that the metabasalts
and metagabbros have been largely metamorphosed under greenschist facies
conditions, comprising typical greenschist paragenesis with actinolite+chlorite+

epidote+albite. Few of them, though, reflect sub-greenschist conditions.
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Figure 3.12. a) Replacement of diopsidic augite by hornblende. Note two-
directional cleavage displayed by hornblende. Quartz seems very fresh compared
to part just above it, where the cloudy appearance is due to alteration of
plagioclase (Sample BO-2, PPL); b) Another example illustrating the replacement
of diopsidic augite by hornblende. In this case, however, metamorphic amphibole
(actinolite) overgrows hornblende. The mineral characterized by high relief just
below the center is sphene (Sample DO-13, PPL) (cpx: diopsidic augite, hb:
hornblende, ep: epidote, qz: quartz, act: actinolite).

Actinolite is seen variably replacing Ti-augite grains; overgrowing as needle-like
crystals (Figures 3.7b,c, 3.12b, 3.13a). In some cases, actinolite is observed to
have developed in the matrix probably after plagioclase together with Ti-augite
Actinolite is sometimes associated with chlorite and these two secondary
minerals together form pseudomorphs after large olivine crystals (Figure 3.13b).
Actinolite also variably replaces hornblende. There are also some phenocrysts
that have been entirely replaced by actinolitic amphibole, which may have been

originally Ti-augite crystals.

Chlorite is generally seen next to serpentine and/or actinolite, and can be
observed, replacing Ti-augite to varying degrees. It is possible to observe chlorite
pseudomorphs after entire replacement of Ti-augite grains. Chlorite is also seen
as a secondary mineral replacing hornblende. Epidote generally contributes to
alteration of plagioclase grains, benefiting from their Ca content. It is largely
found as yellowish anhedral, and more rarely brownish crystals. In some cases, it

is observed as fan-shaped crystals, displaying radial extinction. It is quite
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common to see epidote together with abundant sericite when replacing

plagioclase.

Figure 3.13. a) Replacement of Ti-augite by needle-like actinolite crystals in
response to low-grade metamorphism; b) Large olivine phenocryst totally
replaced by actinolite and chlorite. Note the lower interference colors of actinolite
needles replacing the olivine compared to those in the groundmass; c) A thick
vein filled by epidote. Note undolatory extinction on epidote grains indicating
influence of deformation (OR-51, XPL). (Ti-aug: Ti-augite, act: actinolite, chl:
chlorite).

Green biotite, though very rare, can also be observed. This green mica is strongly
pleochroic, ranging in tones of brownish green. It appears to have grown locally
rather than pervasively. Some of these metabasalts appear to have been severely
altered as indicated by abundant veins of varying thicknesses and vesicles filled
by several minerals. Calcite is the most abundant vein/vesicle-filling mineral in
these basalts, however, quartz veins are also observed in association with calcite,
pumpellyite and epidote. Pumpellyite is also of considerable importance in terms
of vesicle-filling minerals in some of the samples (Figures 3.4a,b). It can also be
noticed in some parts associated with minor prehnite, probably using Ca that left
the structure of calcic plagioclase during albitization. In some places, pumpellyite
can be seen as green, fibrous, radiating crystals. Prehnite is sometimes present as
fibrous crystals like the former; otherwise it shows leaf-shaped appearance.

Calcite is not as common as in the previous type, and largely observed as vein-
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filling mineral. This mineral together with epidote constitutes additional
secondary minerals found in the amygdules. Calcite is also seen to have replaced

olivine.

Na-amphibole is rarely found, indicating elevated pressure conditions. Therefore
some samples appear to be relatively transitional to HP-greenschist facies field. It
is seen that Na-amphibole development usually takes place as result of
replacement of kaersutite (Figure 3.9d). It is mostly the case that the three
minerals, namely Ti-augite, kaersutite and Na-amphibole display a close

relationship with each other.

3.5. Mafic Schists
3.5.1. Type-1 Mafic Schists

This type of metamorphics represents mafic schists, which have been probably
derived from a basaltic protolith as indicated by substantial content of kaersutite
relicts. In some samples, however, no relict kaersutite is observed; they appear to
have been entirely replaced by secondary sphene and Fe-Ti oxides. The
schistosity is defined by lepidoblastic white mica in addition to relatively

elongated recrystallized albite and chlorite.

Kaersutite is observed as brown prismatic and/or tabular crystals which have
most likely developed after Ti-augite (Figures 3.14a,b). Poor- to moderately-
developed cleavage can be observed. Actinolitic amphibole together with chlorite
appears to have developed on kaersutite. Apart from kaersutite and actinolite,
there is also a third type of amphibole present in the sample, namely Na-
amphibole. This bluish metamorphic mineral seems to replace kaersutite (Figure
3.14b). Therefore, the Type-1 mafic schists bear the evidence of elevated pressure

during its metamorphic evolution.

White mica occurs next to recrystallized albite. In some parts, the replacement

relationship can be observed such that white mica is present as patches inside
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Figure 3.14. a) Relict kaersutite crystal replaced by secondary mineral phases.
Note that actinolite also exists in this view, however, not labeled due to its similar
body color with chlorite (Sample NIL-1, PPL); b) Development of sodic
amphibole after kaersutite (Sample NIL-1, PPL); c¢) Development of
stilpnomelane in the Type-1 mafic schists. Note euhedral apatite crystal to the
upper right of view (Sample NIL-2, PPL); d) Albite porphyroblast undergone
dynamic recrystallization, giving way to numerous smaller albite crystals. Note
also the development of stilpnomelane (Sample NIL-2, XPL) (Na-amp: sodic
amphibole, kae: kaersutite, chl: chlorite, sph; sphene ab: albite, stp:
stilpnomelane, ap: apatite, wmica: white mica).

albite. Otherwise, they occur in distinct clusters representing pressure shadows in
association with albite. The pale yellowish color can be noticed, suggesting its
phengitic composition. Albite is an important constituent of this rock, occurring
as recrystallized crystals probably after porphyroblastic albite. Multiple
(polysynthetic) twinning is remarkable in some of the crystals. The effect of
dynamic recrystallization is evidenced by sub-grain development, undolatory
extinction, and sutured boundaries between recrystallized crystals. Albite

porphyroblasts are frequently observed in association with smaller recrystallized
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counterparts (Figure 3.14d). Sometimes relatively large apatite crystals can be
observed in these schists, some of which display basal sections with typical
hexagonal outlines (Figure 3.14c). In some samples, stilpnomelane is also present
(Figure 3.14c,d).

3.5.2. Type-2 Mafic Schists

Compared to the Type-1, schistosity is more remarkable in Type-2 mafic schists.
Some parts of these metamorphics are characterized by continuous cleavage
(schistosity). The other portions, however, display disjunctive cleavage, where
cleavage domains are composed of nematoblastic actinolite together with
porphyroblastic  albite, while the microlithons consist largely of
zoisite/clinozoisite crystals with lesser actinolite. No relict mineral is found in

these mafic schists.

These metamorphics are characterized by a mineral assemblage of actinolite,
zoisite/clinozosite, albite, chlorite, white mica and calcite. It appears that the
dominant mineral is actinolitic amphibole. They are observed as light green
acicular minerals, and form sub-horizontal arrangements defining the schistosity
(Figure 3.15a-c). In some cases, bluish-green actinolite crystals also occur
(Figure 3.15a). The epidote group minerals are frequently observed, following
actinolite. They are differentiated by their higher relief and brownish
appearances. Epidote is recognized anhedral most of the time, though subhedral
crystals also occur. Anamolous blue (berlin-blue) colors suggest that it is

represented by zoisite/clinozoisite rather than pistacite (Figure 3.15c).

Albite is generally observed as porphyroblasts in close relationship with epidote
and actinolite (Figure 3.15b-c). Twinning planes of albite are observable in some
of the porphyroblasts and they sometimes display undolatory extinction and
distinct crystal domains, probably in response to deformation which gives way to

dislocations through the crystal and/or recrystallization. The albite porphyroblasts
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seems synkinematic due to deformation of internal foliation (D;) and external
foliation (D) at the same time (Figure 3.15b).

White mica is observed as colorless, flaky minerals with high interference colors
(Figure 3.15d). Their cleavage planes are visible and they are generally aligned
parallel, sub-parallel to each other forming lepidoblastic texture. Calcite is
observed in some portions of the samples. Sphene is also recognized frequently in

these mafic schists.

Figure 3.15. a) Development of bluish acicular actinolitic amphibole (Sample
BU-7, PPL); b) Synkinematic albite porphyroblast as suggested by the
simultaneous deformation of both S; and Se (Sample BU-8, XPL); c¢)
Zoisite/Clinozoisite group epidote in association with actinolite and
porphyroblastic albite. Note that albite displays imprints of recrystallization as
indicated by distinct domains (Sample BU-8, XPL); d) Lepidoblastic white mica
displaying high order interference colors (Sample BU-8, XPL) (act: actinolite,
chl: chlorite, ep: epidote group, zoi/clizoi: zoisite/clinozoisite, ab: albite).
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3.5.3. Type-3 Mafic Schists

In these metamorphics, foliation planes are well-developed, which are mainly
characterized by nematoblastic actinolite crystals. It must be noted that these
schists are variably deformed and crenulation cleavage is a typical feature for

these metamorphics.

Some of these schists contain relict Ti-augite with kaersutite. Ti-augite is
characterized by light brown crystals with poor- to well-developed cleavages.
However, fracture planes are also observed. Sometimes, bluish green actinolite
appears to develop fractures of Ti-augite (Figure 3.16a). It is also seen that Ti-
augite is rimmed by actinolite in some parts (Figure 3.16b). Kaersutite, the other
relict mineral in these metamorphics, is observed only where Ti-augite is present.
This Ti-rich amphibole appears to have overgrown after Ti-augite. Actinolite is

also seen to replace kaersutite.

Figure 3.16. a) Large relict Ti-augite grain in the Type-3 mafic schists. Note that
two fragments of Ti-augite were originally representing the same, single grain.
Actinolitic amphibole develops on fractures and/or fragmented parts. (Sample
HS-43A, PPL); b) Actinolitic rim overgrowing Ti-augite. Note the grain-size
difference between rimming actinolite and those defining foliation (Sample HS-
43A, PPL) (Ti-aug: Ti-augite, act: actinolite, kae: kaersutite, chl: chlorite, wmica:
white mica).
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Actinolite is the most abundant metamorphic mineral characterizing these mafic
schists. They sometimes appear bluish green (Figure 3.16), otherwise typical pale
green color is observed. Although it occurs mostly as tiny, needle like crystals,
relatively larger acicular and prismatic crystals also recognized. This
metamorphic amphibole reflects a close relationship with white mica; together
they define foliation planes. White mica seems to be rather phengitic owing to

their pale green colors.

3.5.4. Type-4 Mafic Schist

This type of mafic schists are distinct in terms of the development of lots of Na-
amphibole needles (Figure 3.17). The sub-parallel arrangement of the
metamorphic amphibole also defines schistosity. The protolith of these mafic
schists was probably basalt and they most likely represent basalt clasts within

metahyaloclastic breccias or the breccia itself.

Figure 3.17. Nematoblastic Na-amphibole (blue minerals) characterizing the
Type-4 mafic schists. Minerals with very high relief are sphene (Sample IM-9B,
PPL).
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Type-4 mafic schists comprise no relict minerals. As mentioned above, these
metamorphics contain lots of tiny Na-amphibole needles which are arranged
mostly in a sub-parallel manner (Figure 3.17). They are strongly pleochroic in
tones of deep blue and purple (lavender blue). Another abundant mineral is albite
which is observed as small recrystallized minerals. Calcite is found in substantial
amounts; it has probably replaced former relicts and/or filled gas vesicles in the

original rock owing to severe carbonatization.

3.6. Metavolcaniclastics

The clastic nature of these samples is apparent as evidenced by many crystal and
rock fragments. However, they are also metamorphic like the others. It must be
noted that metamorphism seems to have no effect on the texture of these rocks,
while the mineralogy has been affected.

The mineral fragments are represented by brownish Ti-augite, which can be seen
as well-preserved fresh crystals. The rock fragments, on the other hand, comprise
various basalt fragments most of which are intensely oxidized. The clasts are
binded by a carbonate-dominated matrix. Relatively less oxidized fragments
reveals the presence of several metabasalts with different relict igneous textures.
Development of sodic amphibole on Ti-augite can be observed (Figure 3.18),

suggesting elevated pressure conditions.

3.7. Metamorphism of the Mafic Schists and Volcaniclastics

Metamorphic mineral assemblages observed in mafic schists and volcaniclastics
indicate that these rocks have experienced HP-greenschist facies conditions as
indicated by the occurrence of Na-amphibole, actinolite, albite, chlorite and
epidote.
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Figure 3.18. a) Development of needle-like Na-amphibole crystals on Ti-augite.
The fragment on the lower left is oxidized basalt clast (Sample KD-16, PPL,
20X; Na-amp, Ti-aug: Ti-augite); b) Another picture depicting the replacement of
Ti-augite by Na-amphibole (Sample GK-6, PPL, 20X; Na-amp, Ti-aug: Ti-
augite).
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CHAPTER 4

GEOCHEMISTRY

4.1. Major and Trace Element Geochemistry

In order to examine major and trace element characteristics of the newly defined
Niliifer Unit and the Eymir metadiabases, 89 representative samples were
selected for analysis after detailed petrographic examination (see Appendix C).
The samples represent metabasalts (including metapicrites), metagabbros
(including metadiabases), mafic schists and metavolcaniclastics. All major oxide
values measured in the ACME labs were recalculated on a volatile-free basis for

the graphical purposes and elemental comparisons.

4.1.1. Method

The studied rock samples were initially cut into slabs, removing altered parts and
veins. Slabs were reduced to chips by a jaw crusher, and selected fresh chips were

powdered using a tungsten carbide disc mill.

Of the 89 analyses, 35 analyses were performed at Duke University (North
Carolina, USA), while the remaining 54 analyses were carried out at ACME
Analytical Labs. (Vancouver, Canada). In the Duke labs, major element and high
abundance trace element concentrations were determined by direct current
plasma spectroscopy (DCP) based on techniques modified after Klein et al.
(1991). The analyses of solutions were performed using a Fisons SpecterSpan 7
DCP equipped with a multi-element cassette. Si, Al, Ca, Fe, Mg, Na and Ti were
analyzed in a 1:4750 dilution, whereas 1:250 dilution were applied for Zn, Co,
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Cu, Ni, V, Sc, Cr, Zr, Y and P. Abundances of Ba, Sr, Mn and K were analyzed
in both solutions. The standards used in the procedure were NBS-688, Al192-29-
1 and K1919. Analysis for each sample was run twice. Low-abundance trace
element concentrations were determined by inductively-coupled plasma mass
spectroscopy (ICP-MS) using a VG-Elemental PlasmaQuad3 applying modified
techniques of Cheatham et al. (1993). The standards used were BHVO-1, BIR-1,

DNC, and W2-1. Each sample was analyzed twice within a run.

In the ACME labs, the major elements as well as Ba and Sc were determined by
inductively coupled plasma atomic-emission spectrometry (ICP-AES) with
LiBO, fusion. Trace elements (including REE) were determined by ICP-MS after
acid decomposition with 5% HNO:s.

4.1.2. Effect of Post-Magmatic Processes

The studied samples bear imprints of low-grade alteration/metamorphism as
indicated by loss on ignition (LOI) values between 1.3 and 13.7 weight (wt.) %.
The metadiabase dikes from the Eymir Unit display somewhat lower LOI values
(1.3-3.4 wt %). The negative correlation observed between SiO, and LOI
suggests that some SiO; has been mobilized during post-magmatic processes
(Figure 4.1). Large-ion lithophile elements (LILE) are assumed to be mobile
during post-magmatic alteration processes (e.g. Wood et al., 1976; Pearce, 1975),
whereas rare earth elements (REE) and high-field strength elements (HFSE) are
relatively immobile during such secondary events (e.g. Pearce and Cann, 1973;
Pearce and Norry, 1979). The plots of mobile incompatible elements (e.g. Rb, Ba
and Sr) against an immobile incompatible element (like Zr) yield scattered results
(not shown), reflecting mobilization of these elements, whereas HFSE and REE
reflect well-defined trends against Zr, indicating they have remained relatively
immobile. Parallel/sub-parallel patterns observed in REE and HFSE indicate that
the original immobile trace element systematics have not been significantly

modified. Therefore, petrogenetic interpretation will be mainly based on
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immobile elements which are not significantly modified by secondary processes

(e.g. Floyd and Winchester, 1978).

4.1.3. Major and Compatible Element Variations

Some samples have compositions characterized by Mg numbers (Mg#) between
65-84 (Mg# calculated as 100 x atomic Mg”"/(Mg®>" + Fe®"); assuming that
Fe’*/Fe*" = 0.15), suggesting primitive and/or primary compositions (e.g. Frey et
al., 1978; Hart and Davis, 1978), whereas the others are of lower Mg# (30-65),

characterizing more evolved magmas.
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Figure 4.1. Variation of SiO, against LOI, displaying loss of SiO; in the studied
samples

Samples with high Mg# are also coupled with high Ni (avg = 642 ppm) and Cr
(avg = 1266 ppm) concentrations. In contrast, more evolved compositions
represented by lower Mg# have lower Ni (avg = 96 ppm) and Cr (avg = 238 ppm)
values. MgO (wt %) contents of the studied samples range in a significantly wide

interval between 3.9 and 32.1, spanning both evolved and primitive compositions.
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This is also indicated by extensively varying Mg numbers. Similarly, SiO, also
appear to change in a highly varying interval (42.8-56.0 wt %). Fe,O; contents
are observed to vary between 8.4 and 18.3 wt. %. CaO compositions of the
samples are highly wvariable, changing between 2.0 and 19.7 wt %. This
remarkable range in CaO can be attributed to the post-magmatic processes to
some extent, which result in mobilization of this element. Na,O contents, like the
other ones, show a substantial variability between 0.02 and 6.47 wt %. Although
this may have partially resulted from mobilization of Na,O, this element is
known to be more stable than CaO during post-magmatic events (e.g. Pearce,
1975), thus the effect of some magmatic processes (e.g. fractional crystallization)
cannot be excluded (see the discussion part). TiO, contents also display a large
range between 0.6 and 4.6 wt %. The stable behavior of this element as also
reflected by Figure 4.2, however, reflects the work of magmatic processes rather
than post-magmatic events. Another immobile element, P,Os, spans a

compositional spectrum between 0.06-0.64 wt %.

4.1.4. Incompatible Trace Element Variations

When the samples are plotted on the multi-element variation diagrams, it appears
that they can be divided mainly into three distinct groups. The first of these
(Group 1) shows variable enrichment in most incompatible elements relative to
normal MORB (N-MORB), resulting in “humped” patterns (Fig 4.2)
characteristic of OIB-type magmas from intra-plate settings (e.g. Weaver, 1987,
Sun and McDonough, 1989; Furman et al., 2004). The second type of samples
(Group 2) is relatively depleted compared to Group 1, but still enriched relative to
N-MORB, thus they are more comparable to E-MORB rather than typical OIB
(e.g. Sun and McDonough, 1989) (Fig. 4.2).
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Figure 4.2. Multi-element and REE variation patterns of the studied samples.
Normalization values for N-MORB and C1-Chondrite from Pearce et al. (1983)
and Sun and McDonough (1989), respectively.

The last group (Group 3) is characterized by variable enrichment in Th associated
with negative Ta-Nb anomalies, followed by slightly depleted HFSE patterns
relative to N-MORB (Figure 4.2). Among these groups, Group 1 and Group 2

suites characterize the Niliifer Unit, whereas Group 3 samples are representative
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of the Eymir Unit. OIB-like Group 1 samples are quite enriched in LREE
([Ce/Sm]x = 1.06-3.34) and display fractionated HREE patterns ([Ce/Yb]x = 3.4-
19.4), while E-MORB-like Group 2 samples show moderate enrichment in LREE
([Ce/Sm]n = 1.06-2.11) together with a slight depletion in HREE ([Ce/Yb]x =
1.6-3.3) (Figure 4.2). The SSZ-like Group 3 samples show relatively
unfractionated REE patterns ([Ce/Yb]x = 0.96-1.33) which contrast with variably

fractionated nature of Groups 1 and 2.

A detailed examination reveals that the Group 1 suite can be further subdivided
into two subgroups on the basis of Zr-Nb systematics; one subgroup having
noticeably higher Nb at a given Zr. Thus, this relationship reveals two different
subgroups with different Zr/Nb ratios, probably reflecting some processes
inherited from source region and/or during partial melting events (Figure 4.4). In
the remainder of this work, I refer to the one with lower Zr/Nb as “subgroup-1”,
and the other as “subgroup-2” (see the discussion section and Figure 4.12 for the

details).

When plotted on a classification diagram based on immobile elements
(Winchester and Floyd, 1977), the studied samples range from variably tholeiitic
to alkaline (Figure 4.3); the latter being dominant over the former compositional
series. Group 2 and Group 3 samples are mainly characterized by sub-alkaline
(tholeiitic) composition, whereas Group 1 appears to have dominantly alkaline
signatures. It must be noted that although both Group 2 and 3 are of tholeiitic
composition, the latter have distinctly lower Nb/Y values relative to the former.
In addition, some Group 3 samples reflect more evolved compositions, plotting

on the andesitic-basalt field.

Group 1 suite shows the highest Nb concentrations (avg = 35.0) between the
studied groups, together with largely varying Zr abundances (37.4-287.7) (Figure
4.4), while Group 2 samples are observed to have lower Nb concentrations (avg =
7.2). Group 3 samples show the lowest Nb concentrations (avg = 1.7). However,

both Group 2 and Group 3 suites show somewhat similar and limited variation in
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Zr (Zrssz = 49.7-78.3; Zrg-mors = 38.0-85.3). Group 1 samples are characterized
by high TiO, values (wt.%) varying in a large interval (0.63-4.59) (Fig. 4.4).
Group 2 and Group 3 suites display much lower and overlapping TiO, contents

(Group 2 TiO, = 1.05-1.56; Group 3 TiO, = 0.68-1.67).
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Figure 4.3. Chemical classification of the studied samples based on relatively
immobile elements under conditions of low-grade alteration/metamorphism (after
Winchester and Floyd, 1977).

In terms of Y/Nb ratios, Group 1 samples display the lowest values (0.4-2.1),
while this ratio tends to be a bit higher for Group 2 (1.5-4.4). Group 3 suite has
Y/Nb ratios (13.4-17.6) significantly higher than these two groups. It must be
noted that Group 1 suite and to a lesser extent Group 2 display a large range in
Ce/Sm ratio at a given MgO ([Ce/Sm]os = 4.2-13.4, [Ce/Sm]gmors = 4.2-8.4),
while this ratio tends to change in a limited interval in the case of Group 3

samples ([Ce/Sm]ssz = 1.2-1.6).
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Figure 4.4. Variations of Nb and TiO, against Zr for the studied sample groups.
Note the highly variable concentrations observed in Group 1 relative to the other
suites.

4.2. Isotope Geochemistry

For the assessment of Sr, Nd, Pb and Hf radiogenic isotope characteristics of the
newly defined Niliifer Unit and the Eymir metadiabases, 16 samples were
selected on the basis of trace element geochemistry. Among these, 9 samples are
representative of Group 1 (OIB-type), 4 samples characterize Group 2 (E-
MORB-type), and the remaining 3 samples represent Group 3 (SSZ-type group)
suite. Isotopic compositions of all the studied samples suites were calculated back

to 240 Ma that represents Middle Anisian time.

As indicated by numerous isotopic studies performed on oceanic basalts as well
as mantle xenoliths, it has long been recognized that the mantle is heterogeneous
both on small scales and very large scales (e.g. Dupre and Allegre, 1983; Hart,
1984; Zindler and Hart, 1986). The differences in isotopic characteristics of
oceanic basalts define several distinct arrays or trends which extend towards the
“end-member” mantle components. The isotopic space as inferred from oceanic
basalts can be defined by at least four end-member components (Zindler and
Hart, 1986); DMM (depleted MORB mantle), HIMU (high p) and two enriched
mantle reservoirs (EMI and EMII). Of these, DMM is represented by MORB
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derived from the depleted mantle or the MORB mantle itself and characterized by
unradiogenic ¥'Sr/**Sr and '¥Nd/'**Nd ratios. HIMU represents high time-
integrated U/Pb and reflects extremely radiogenic Pb isotopic compositions
coupled with unradiogenic ¥'Sr/*°Sr and intermediate '**Nd/"**Nd. The enriched
end-members EMI and EMII reflect isotopic evolutions indicative of high time-
integrated Rb/Sr but low Sm/Nd. EMI is characterized by low *°Pb/***Pb and
highly unradiogenic '*Nd/'**Nd, whereas EMII shows very high *’Sr/*®Sr ratios
along with relatively low '*Nd/'"**Nd and intermediate **°Pb/***Pb. A fifth end-
member may be regarded as FOZO (Focus Zone; Hart et al., 1992) that may
represent a common mantle component. Aside from the DMM component which
is commonly believed to have derived from depleted upper mantle, the origin of
isotopic signatures of the other components has been largely attributed to
recycled oceanic crust with/without terrigenous/pelagic sediments, ancient
metasomatised oceanic lithosphere and recycled subcontinental lithosphere (e.g.
Weaver et al., 1986; Salters and Hart, 1991; Chauvel et al., 1992; Hart et al.,
1992; Workman et al., 2004).

4.2.1. Method

Bulk rock isotopic analyses were carried out at San Diego State University
(USA). Nd-Pb-Hf isotopic data were measured using multi-collector inductively
coupled plasma mass spectrometry (MC-ICP-MS) on a Nu Plasma system
following the methods of Schilling et al. (1994), Hanan and Schilling (1989) and
Blichert-Toft et al. (1997), while Sr isotopic data were collected using a VG
Sector 54 thermal ionization mass spectrometer (TIMS) using the methods of
Schilling et al. (1994). Pb values were corrected using the Tl-doping technique
(White et al., 2000; Thirlwall, 2000; Albarede et al., 2004). Fractionation was
checked by using standard-sample-standard bracketing using a solution of NBS
981 (30 ppb) and NBS 997 Tl (3 ppb). Data were corrected using a delta

correction and values of Todt et al. (1996).
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4.2.2. Sr-Nd-Pb-Hf Isotope Variations

All the studied groups display an extensive range in *’St/*°Sr ratios, probably
related to post-magmatic processes, such as hydrothermal alteration/
metamorphism (Figure 4.5). Since seawater is characterized by a particularly high
7S1/*°Sr ratio (0.70916; e.g. Faure, 2001) compared to oceanic mantle, basalts
that have experienced hydrothermal alteration may display elevated Sr isotopic
compositions. Some of the OIB-type samples and especially SSZ-type samples
are also markedly higher than age-corrected Bulk Silicate Earth (BSE). The OIB-
type samples reflect the widest *’Sr/**Sr range among the sample groups, varying
from 0.703832 to 0.705852. The E-MORB-type suite, however, appears to have
more consistent *’Sr/**Sr ratios between 0.703954 and 0.704930. The SSZ-type
samples reflect particularly high values compared with the OIB- and E-MORB-
type suite, ranging from 0.705639 to 0.707177.

Owing to the highly variable values that may be indicative of significant seawater
alteration and metamorphism, Sr isotope ratios will not be considered further for
the evaluation of isotopic characterization and source features of the investigated
samples. However, although post-magmatic processes appear to have largely
influenced the Sr isotopic compositions of the studied samples, there is also a
possibility that the radiogenic Sr isotope signatures, to some extent, may have
been inherited from an EM-II component, since it is known to have highly
radiogenic *’Sr/*®Sr ratios coupled with relatively unradiogenic '*Nd/'*Nd (e.g.

Hart et al., 1988).

In contrast to the wide range of *’Sr/**Sr ratios, '**Nd/'**Nd values seem much
more coherent, indicating the stable behaviour of Nd during post-magmatic
processes (Figure 4.5). The relative immobility of Nd during post-magmatic
processes makes it a reliable indicator to trace ancient mantle source
characteristics (e.g. Staudigel et al., 1995; Pearce et al., 1999). All the studied

samples are characterized by Nd isotopic compositions higher than that of BSE.
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Figure 4.5. Age-corrected ®'Sr/*°Sr vs '“Nd/'**Nd variation diagram of the
studied samples. Blue lines indicates the composition of BSE. BSE was
corrected, assuming 'Sm/'"**Nd = 0.1967; ¥Rb/**Sr = 0.031 and a present day
isotopic composition of 0.7047 for Sr, and 0.512638 for Nd (Jacobsen and
Wasserburg, 1984).

The OIB-type samples display the largest variation among the studied groups,
with time-corrected Nd isotopic compositions between 0.512378 and 0.512570
(Figure 4.5). When examined in detail, it appears that the OIB-type samples
actually comprise two groups on the basis of Nd isotope compositions. The first
of these groups (“less radiogenic OIB-type™) is characterized by lower Nd
isotopic ratios between 0.512378 and 0.512398. The other group (“more
radiogenic OIB-type”) has higher '“*Nd/"**Nd ratios that range from 0.512523 to
0.512570. Therefore, although the OIB-type suite spans a large in terms of Nd
isotopic ratios in overall, the subgroups are observed to change within a limited
interval. The E-MORB-type suite has limited Nd compositions compared with
the OIB-type, ranging between 0.512563 and 0.512658. The SSZ-type samples
show the smallest variation in '*Nd/'"**Nd ratios with values between 0.512568-

0.512608.

83



The OIB-type suite has the most heterogeneous Pb isotopic compositions
(%°Pb/2*Pb = 18.58-21.14; 2""Pb/*"Pb = 15.59-15.72; 2**Pb/***Pb = 38.40-40.98)
(Figure 4.6). Two samples from this group have highly radiogenic Pb isotopic
values (**°Pb/2**Pb = 20.68-21.14), reflecting strong HIMU characteristics. The
E-MORB-type suite, on the other hand, reflect relatively more homogeneous
compositions (*°°Pb/***Pb = 18.55-19.09; *’Pb/***Pb = 15.54-15.61; ***Pb/***Pb =
38.53-39.16). The Pb isotope compositions of the SSZ-type samples vary within a
very narrow interval, similar to what is observed in Nd ratios (*"°Pb/**'Pb =

18.33-18.42; "Pb/***Pb = 15.59-15.60; **Pb/**'Pb = 38.29-39.34).

Hf isotope systematics shows behavior similar to that of Nd, so the combination
of these two systems is powerful for tracking mantle sources and processes (e.g.
Patchett and Tatsumoto, 1980; Patchett, 1983; Salters and White, 1998). A
particular advantage of the Lu-Hf and Sm-Nd isotope systems is the relatively
immobile behavior of parent and daughter elements during post-magmatic
processes (e.g. low-grade metamorphism) therefore making Hf-Nd isotope

system a reliable indicator in most cases (e.g. Pearce et al., 2007).

The OIB-type samples have initial '"°Hf/'”’Hf ratios reflecting a marked
heterogeneity, between 0.282698 and 0.282836 (Figure 4.7). The E-MORB-type
suite shows '"°Hf/'""Hf ratios between 0.282820-0.282891. The SSZ-type suite
once again appears to be very homogeneous, with Hf compositions between
0.282943-0.282958. All the studied samples are plotted above the BSE,

indicating their time-integrated depletion.

4.3. Discussion of the Results Inferred from Major and Trace Element
Geochemistry

4.3.1. Fractional Crystallization

Compared with Group 1 and Group 2 suites that have relatively high Mg# (avg =
65), Group 3 samples are characterized by lower Mg# (avg = 48). This is also
confirmed by the very low Ni values of the latter, varying between 2.1 to 49.4
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ppm. Such evolved compositions suggest extensive olivine + clinopyroxene +
spinel fractionation before ponding in high-level magma reservoirs. On the other
hand, the presence of numerous pseudomorphs after olivine phenocrysts suggests
that significantly high Mg numbers observed in some samples may have resulted

from olivine accumulation, and therefore they may not represent primary magma

compositions.
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Figure 4.6. Variation of the studied samples in age-corrected Pb isotopic space.
Data sources and correction procedure are the same as in Figure 4.4.
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Figure 4.7. Age-corrected '“Nd/'*Nd vs '"“Hf/'""Hf variation diagram of the
studied samples. Blue lines indicates the composition of BSE. BSE was
corrected, assuming Sm/"Nd = 0.1967; 76 w/"THE = 0.0332, and a present
day isotopic composition of 0.512638 for Nd, and 0.282772 for Hf (Jacobsen and
Wasserburg, 1984; Blichert-Toft and Albarede, 1997).

Most of the major elements as well as some trace elements show well-defined
trends against MgO, suggesting that fractional crystallization and/or crystal
accumulation have played an important role during differentiation (Figures 4.8 to
4.11). The Group 2 suite, however, has MgO contents that vary over only a very
narrow interval (8.1-9.1 wt.%, excluding the sample BU-8), thus making very
difficult to infer about their fractionation histories. Thus, they were excluded

from the discussion regarding fractional crystallization.

When an incompatible element is plotted against a compatible element at log-
scale, the differences in compositions resulting from fractional crystallization or
accumulation can be identified (e.g. Rhodes, 1995; Norman and Garcia, 1999). A
log-log plots of MgO-Al,03 and MgO-Na,O for the Group 1 samples show that
the compositions with approximately <15% MgO tend to follow a different trend
than their more magnesian (picritic) counterparts (Figure 4.8). MgO contents of

the more magnesian samples may be attributed to olivine accumulation, whereas
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the lower MgO compositions may reflect control by fractionation process. The
inflection point between fractionation and olivine accumulation processes may
roughly imply a parental magma composition, namely ~15 % MgO, ~11 %
AL O3, ~2% Na,0O, and ~450 ppm Ni.
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Figure 4.8. Variation of selected major elements (wt.%) against MgO (wt.%)
within Group 1 suite.

The decrease in Ni concentration with decreasing MgO indicates that olivine
fractionation was important in creating the observed trends for Group 1 and
Group 3 suites (Figures 4.9 and 4.11). Note that some Group 1 samples tend to
have higher Ni abundances at a given MgO, which may suggest influence of

olivine accumulation on these samples. Similarly, for the Group 3 suite, Ni
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Figure 4.9. Variation of selected trace elements (ppm) against MgO (wt.%)
within Group 1 suite.

appears to stop its sharp decrease and get down to very low concentration

levels at about 4.5-5% MgO (wt.%), suggesting that olivine has been removed
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and/or a new mineral phase(s) has been added to the fractionating assemblage at

that interval (Figure 4.9).

In both suites, Cr abundances decrease with decreasing MgO, supporting olivine
fractionation in addition to clinopyroxene and/or Cr-spinel (Figures 4.9 and 4.11).
Co also shows a linear correlation with decreasing MgO, consistent with the
overall crystallization of these mineral phases. Among Group 1 samples, Sc
contents decrease with decreasing MgO after falling down to about 8.5 wt.%, as
expected for removal of clinopyroxene, while in some cases high Sc contents
(over ~35 ppm) are likely indicative of clinopyroxene accumulation. For Group
3, Sc/Y ratios also decrease until MgO gets down to ~4.5 wt.%, hence consistent

with extensive clinopyroxene fractionation up to a certain level (Figure 4.11).

CaO variations against MgO appear scattered in the Group 1 suite, perhaps owing
to intensive alteration and metamorphism (not shown). This relationship,
however, seems more coherent in Group 3 samples, and the decline in CaO
contents with decreasing MgO (until it reaches ~4.5%) may suggest fractionation
of plagioclase in addition to clinopyroxene (Figure 4.10). Therefore, covariations
of CaO and Sc with MgO observed within Group 3 samples show that both
plagioclase and clinopyroxene have been significant fractionating phases for this
suite. In contrast, Al,O; reflects an inverse relationship with MgO for Group 1

suite (Figure 4.8), suggesting that plagioclase fractionation was negligible for this

group.

TiO, increases with decreasing MgO in Group 1 samples, consistent with
fractionation of olivine and clinopyroxene (Figure 4.8). The higher TiO,
concentrations of some samples at a given MgO, however, may reflect
accumulation of amphibole and/or Fe-Ti oxides, or alternatively can be partly
attributed to the partial melting. Increasing TiO, contents may also imply that
fractionation of Fe-Ti oxide phases (e.g. ilmenite, magnetite and titanomagnetite)
were insignificant for Group 1 suite. Within Group 3 suite, TiO; tends to increase

until ~4.5 wt.% MgO, but then it declines rapidly at lower MgO contents (Figure
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Figure 4.10. Variation of selected major elements (wt.%) against MgO (wt.%) for
Group 3 suite.

4.10). This noticeable decrease can be attributed to amphibole and/or Fe-oxide
phase fractionation. Similarly, V and Nb concentrations correlate inversely with
MgO >~4.5 for this group, below which there appears a well-defined decreasing

trend. Fractionation of Fe-Ti oxides, especially ilmenite, can be very effective in
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decreasing both V and Nb (e.g. Bedard, 1994). Amphibole can also partition V
very effectively as ilmenite, but not Nb. Therefore, the marked decreases in TiO,
and V may have been controlled by fractionation of both Fe-oxides (possibly
ilmenite) and amphibole, whereas Nb has been greatly fractionated by ilmenite.
The sharp decreases in Nd, Gd, Sm (not shown) and to a lesser extent Sc,
however, should have probably resulted from amphibole rather than Fe-Ti oxides.
Therefore, the resulting picture is that both Fe-Ti oxides and amphibole have

played an important role during the late-stage fractionation of Group 3 suite.

For Group 3 samples, P,Os starts to decrease below 4.5% MgO (wt.%), indicating
fractionation of apatite (Figure 4.10), whereas no sign regarding fractionation of
this phase has been found in Group 1 suite (Figure 4.5). High P,Os concentrations
seen in Group 1 suite can be attributed to apatite accumulation and/or generation
under small degrees of partial melting. However, since the former idea is not
supported by petrographical observations, formation by small degrees of partial

melting seems a more plausible reason, which results in high P,Os contents.

If the geochemical implications stated above are taken into account with
petrographical observations, it can be suggested that Group 1 samples with
greater than ~15% MgO (wt.%) represent olivine cumulates and not primary
compositions. Fractionation process appears to have been effective for MgO
concentrations lower than ~15% MgO (wt.%). In the Group 1 suite, ~15% MgO
and 450 ppm Ni may characterize primary magma compositions. Olivine +
clinopyroxene + spinel are the major mineral phases dominating the fractionation
history of Group 1 samples. Some of the samples within the suite have been also
influenced by clinopyroxene accumulation, consistent with their clinopyroxene-
rich petrography. Within Group 3 suite, none of the samples appear to have
compositions representative of primary magmas. Early stages of fractionation are
controlled by olivine + plagioclase + clinopyroxene, however in later stages Fe-
Ti oxides together with hb dominates the fractionation trends. Crystallization of

hornblende as a late-stage crystallizing phase in the fractionation sequence of the
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metadiabases

is supported by clinopyroxene crystals rimmed/overgrown by

hornblende.
60 T T T T
+
a0+
3
+
20
+
+
T
o ++ 1 1
3 4 5 6 7
MgO
50 T T T T
+
- e
y B
& a0 i
+F
B
30 1 1 | 1
3 4 5 6 7
MgO
3 1 1 I T
2| by &
+
a Lo
=z +
*
1+
) 1 1 l L
3 4 5 6 7
MgO
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type suite.
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4.3.2. Nature of the Source Region

Group 1 and Group 2 samples are characterized by low Zr/Nb ratios (2.1-11.1
and 4.1-15.5, respectively), reflecting significant enrichment of Nb in these
samples. The low ratios observed in these suites may imply involvement of
enriched source(s) and/or relatively small degrees of partial melting during their
genesis. Zr/Nb ratios appear to be extremely high in Group 3 suite (32.2-48.2; ave
= 40.07); a result of their Nb-depleted compositions, suggesting derivation from
depleted source such as N-MORB (Zr/Nb = 31.8; Sun and McDonough, 1989).
This interpretation is further supported by the Y/Nb ratios (13.4-17.6) of Group 3,
which are significantly higher than those of Groups 1 and 2, therefore consistent
with origin from a depleted source. The observed variability and high
concentrations in Nb and TiO, values reflected by Group 1 suite clearly imply
involvement of different type of sources and/or source heterogeneity coupled
with varying degrees of melting. In contrast, the limited variation of Nb and TiO,
in Group 2 and Group 3 samples suggests that they have been probably derived

from relatively homogeneous source regions.

Fractional crystallization cannot account for the large Zr/Nb variations observed
within Group 1 and Group 2 suites. High Ce/Y ratios may have resulted from
crustal contamination, however this would lead high Zr/Nb at the same time.
Such a relationship is not observed (Figure 4.12). Indeed, within Group 1 suite,
there appears no meaningful relationship between Zr/Nb and MgO, which can be
interpreted as the result of fractional crystallization, and more importantly the
same significant Zr/Nb range is observed throughout the entire MgO spectrum.
Therefore, the observed variations in Group 1 and Group 2 suites should have
largely originated from source-related processes (e.g. partial melting, source
heterogeneity). As Group 2 samples display very limited variation in MgO, their
widely varying Zr/Nb ratios have not resulted from fractional crystallization.
Similarly, the large Zr/Nb spectrum varying in a limited Ce/Y interval in Group 3
suite appears to be largely result of source-related processes (e.g. source

depletion). Since this group is mainly composed of relatively evolved samples,
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the effect of fractional crystallization on Zr/Nb ratio cannot be entirely excluded.
The remarkably high values of Ce/Y observed in Group 1 suite compared to
Groups 2 and 3 may indicate generation under smaller degrees of partial melting

and/or derivation from relatively a more enriched source region (Figure 4.12).
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Figure 4.12. a) Zr-Nb variations observed within Group 1 suite, revealing two
distinct subgroups with different Zr/Nb signatures. b) MgO-Zr/Nb plot, indicating
the distinct Zr/NDb signatures shown by the subgroups are largely related to source
processes. ¢) Zr/Nb-Ce/Y plot, indicating that the Zr/Nb and Ce/Y variations
have been originated from source-related features rather than fractional
crystallization or crustal contamination. N-MORB, E-MORB and OIB values
from Sun and McDonough (1989).
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It must be noted that Group 1 suite and to a lesser extent Group 2 display a large
range in Ce/Sm ratio at a given MgO ([Ce/Sm]os = 4.2-13.4, [Ce/Sm]emors =
4.2-8.4), while this ratio tends to change in a limited interval in the case of Group
3 samples ([Ce/Sm]ssz = 1.2-1.6) (Figure 4.13). This wide range especially
shown by Group 1 suite cannot be explained solely by fractional crystallization.
Instead, differences in degree of partial melting and/or source-related features
should account for such large variations. Ce/Sm ratio is not sensitive to
fractionation of olivine and plagioclase as well as Fe-Ti oxides, whereas
clinopyroxene can be effective in fractionating this ratio relative to the other
phases (Dsm/Dra = 4.19; Johnson 1998). However, even substantial crystallization
of clinopyroxene (i.e. 90%) cannot account for the variations observed in Group 1
suite; even within subgroups. It appears, therefore, that the variations in Ce/Sm
ratios should have been largely inherited from varying degrees of partial melting

and/or the mantle source heterogeneities.

Niltifer Unit
M Subgroup 1  [OSubgroup2 @& Group 2 | - Group 3 (Eymir Unit)

15 T T T 80 T T T
I.’. =]
ﬁ'sq = 60 - =} .
0 mg '-.l mO a - :
E o b 2 Bg
g | S, P |
S 0% T o g g =
51 3 o - B O gy © 2
o 9 o -E m
kv 20+ -] g
oPon o of
4
0 1 1 1 0 -"—q‘“l 1 1
0 10 20 30 40 0 10 20 30 40
MgO MgO

Figure 4.13. Ce/Yb and Ce/Sm variations against MgO (wt.%), highlighting the
influence of source-related processes on creating the wide range shown by Group
1 suite.
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Supporting this argument is the Ce/Yb ratios that span an extensive range in
Group 1 suite (Figure 4.13). During fractional crystallization, the residual melt
would become gradually more enriched in terms of both Ce and Yb with the
increasing degree of crystallization owing to their tendency to go to the liquid
phase. Thus, such a process should create relatively unfractionated Ce/Yb
distributions with respect to the primary melt. Therefore, the significant increase
in Ce/Yb with increasing Ce observed in Group 1 samples is consistent with the
influence of different degrees of melting and/or source processes rather than

fractional crystallization.

High Ce/YD ratios of the OIB-type group may indicate the presence of residual
garnet in their mantle source(s). The lower Ce/Yb ratios observed in E-MORB-
type samples, however, likely reflect generation under somewhat large degrees of
partial melting that eventually lead to total exhaustion of garnet in the mantle
source. Another alternative explanation is that melting occurs across the garnet-

spinel transition, thus obscuring the effect of garnet alone.

The presence of marked Nb anomalies coupled with depletion in HFSE relative to
N-MORB observed in Group 3 suite are typical features of SSZ-type basalts and
suggests that the mantle wedge may have suffered melt extraction before magma
generation (e.g. Woodhead et al., 1993; Pearce et al., 1995; Sinton et al., 2003). It
has been argued that LILE (like Rb, Sr, Ba, U) and LREE are transported into
mantle wedge from the slab by aqueous fluids, whereas Th is transferred by
silicate melts (e.g. Brenan et al., 1995; Elliott et al., 1997). Therefore, significant
enrichment in LILE (except Th) with respect to N-MORB observed within Group
3 suite can be attributed to the role of slab fluids in addition to low-grade
alteration/metamorphism, while the depletions in these elements have probably
resulted from the latter processes that have led to remobilization of these

elements.

As noted above, SSZ-type Group 3 samples display typical LILE enrichment with
negative Nb-Ta signatures, leading to high Th/Ta (3.0-5.3) and Th/Nb (0.3-0.4)
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values. In contrast, Group 1 and Group 2 suites show no negative Nb-Ta
anomalies, hence resulting in low Th/Ta (0.6-2.3 and 0.8-1.3, respectively) and
Th/Nb (0.05-0.13 and 0.05-0.09, respectively) ratios. Negative Nb-Ta anomalies
can be seen in some continental within-plate settings if the partial melting takes
place in the subcontinental lithospheric mantle that has been previously modified
by subduction components and/or they have been contaminated by continental
crust on their way to the surface (e.g. Hawkesworth et al., 1992; Ellam and Cox,
1989; Peate et al., 1992). Oceanic within-plate magmas, however, seem to be
devoid of such Nb-Ta anomalies caused by subduction- and continental crust-
related processes (e.g. Chaffey et al., 1989; Floyd, 1989; Sun and McDonough,
1989).

Negative Nb-Ta anomalies are also commonly associated with subduction zones
where metasomatic modification of mantle wedge occurs, leading to enrichment
of large ion lithophile elements (LILE) and light rare earth elements (LREE) via
fluids and melts generated by dehydration of the subducting oceanic slab (e.g.
Gill, 1981; Hawkesworth et al., 1993; Woodhead et al., 1993). However, Nb and
Ta are retained in the slab and/or in depleted mantle; which is assumed to be
linked to the presence of a residual phase(s), such as rutile and amphibole (e.g.
Green, 1995; Ionov and Hofmann, 1995) and this leads to negative Nb-Ta

anomalies in the magmas forming in subduction zones.

Group 1 and Group 2 suites have high Zr/Y and Nb/Y ratios, suggesting that
garnet may have been a residual phase (in varying amounts) in the source of these
samples (especially for Group 1 suite that displays higher fractionation of
LREE/HREE). Group 3 samples, however, have markedly lower Nb/Y ratios
coupled with low Zr/Y. As seen from Figure 4.14, all Group 1 and Group 2
samples plot above (or on) the ANb line of Fitton et al. (1997), suggesting their
derivation from enriched source(s), whereas all Group 3 samples are plotted
below the line, indicating that they have been derived from depleted source (N-
MORB-type source). It is significant that both Group 1 and Group 2 suites appear
to derive from similar type of sources, suggesting that the OIB-type Group 1
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samples have been generated in response to low degrees of partial melting, while
the E-MORB-type Group 2 samples reflect higher degrees of partial melting.
Note also that the subgroups of the OIB-type suite clearly plot in distinct areas

that reflect the decoupling of Zr-Nb systematics related to melt-mixing processes.
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Figure 4.14. Zr/Y-Nb/Y plot of the studied samples, indicating generation of
Group 1 and Group 2 suites from enriched sources. The low ratios observed in
Group 3 suite, however, imply derivation from depleted sources. The dividing
AND line (indicated as thick black line) is from Fitton et al. (1997).

Nb/Yb-Th/YDb plot is also particularly useful in differentiating between mantle
and subduction components (Figure 4.15). Within-plate processes leads to
simultaneous enrichment of Nb (Ta) and Th, while subduction events have a
significant effect on Th but not on Nb (e.g. Pearce, 1983; Pearce and Peate,
1995). Thus, basalts derived from mid-oceanic ridges (MORB) and within-plate
settings (OIB-like) will define a linear array (MORB array) where Th/Yb
increases with increasing Nb/Yb, whereas basalts generated in subduction zones
show increasing Th/Yb trends at nearly constant Nb/Yb. It is observed that OIB-
and E-MORB-type samples (Groups 1 and 2) plot along the MORB array. Note
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that OIB-type samples are displaced towards higher Th/Yb and Nb/Yb values
compared to E-MORB-type, indicating the influence of degree of partial melting
and source-related features. SSZ-type samples, on the other hand, are
characterized by low Nb/YDb ratios because of their Nb-depleted nature. It must be
noted that Nb/Yb ratio is a good indicator of partial melting and it is not
influenced by contributions from subducting slab during subduction magmatism
(e.g. Pearce and Parkinson, 1993; Fretzdorff et al., 2002). Low Nb/Yb ratios
similar to that of N-MORB shown by SSZ-type samples are indicative of
relatively high degrees of partial melting of a depleted source, whereas the high
Nb/Yb values of E-MORB and OIB-type samples are consistent with their
derivation by lower degrees of partial melting of enriched source(s) as indicated

by Zr/Y-Nb/Y plot (Figure 4.14).
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Figure 4.15. Th/Yb vs Nb/Yb plot (based on Pearce, 1983; Pearce and Peate,
1995), showing the influence of within-plate enrichment on Group 1 and Group
2, whereas Group 3 suite appears to have experienced subduction-related
processes that make them shift upwards relative to the MORB array. N-MORB,
E-MORB and OIB values from Sun and McDonough (1989).

99



4.3.3. Crustal Contamination

Low Ce/Nb and Th/Nb ratios mainly characterize the magmas unaffected by
crustal contamination (e.g. Pearce, 1983; Hart et al., 1989). Group 1 and Group 2
samples have low Ce/Nb (0.9-2.3 and 1.6-2.6, respectively) and Th/Nb ratios
(0.05-0.13 and 0.05-0.09, respectively), providing no evidence for crustal
contamination (Figure 4.16). In contrast, the Group 3 suite displays notably
higher ratios, which may be indicative of crustal involvement (Ce/Nb = 5.7-6.7;

Th/Nb = 0.25-0.37).

Niltfer Unit
’ @ Subgroup 1  OSubgroup2 @ Groupzl ~+ Group 3 (Eymir Unit) O Eymir metaclastics
7 T T T T T 0.9 ; — r
% (a) ° % (b)

6 -

o o
5k 9 -

02 40 06 & .
4+ -

Ce/Nb
Th/Nb

0.0

0 1 2 3 % 5 6 0 1 2 3 4 5 6
CelY CelY
0.020 —5—T 1 -
¥ (c)
0015} 5 .
E i B 4
8 0.010 o o 0
0.005 ~! -
& o o+
0.000 1 1 1 1
W] 10 20 30 40 50
Zr/Nb

Figure 4.16. The sample suites studied here show no evidence of crustal
contamination. (a) Variation of Ce/Nb and Th/Nb against Ce/Y; (b) Ce/Ti against
Zr/Nb, Data for the Eymir metaclastics are taken from the unpublished data of
Dr. M.C. Gonciioglu.
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HFSE-depleted patterns (relative to N-MORB) with negative Nb anomalies and
high Zr/Nb values shown by the Group 3 suite are suggestive of intra-oceanic
trace element signatures, indicating the influence of subduction zone processes
rather than crustal events (e.g. Pearce et al. 1995; De Astis et al., 1997; Elliott et
al., 1997; Peate and Pearce, 1998; Gribble et al., 1998; Woodhead et al., 1998;
Stern et al., 2006).

Since continental crust is enriched in LREE and Th, but depleted in Nb and Y
(e.g. Taylor and McLennan, 1995), crustally contaminated magmas are
characterized by high and positively correlated La/Nb, Th/Nb and Ce/Y
signatures. As seen from Figure 4.16, the studied suites do not show such a
relationship, indicating that continental crust has not been involved during their
genesis. Instead, the low Ce/Y, high Ce/Nb and Th/Nb ratios of Group 3, suggest
that these signatures should have been acquired from subduction-zone processes
(subduction enrichment) rather than crustal contamination. The absence of any
crustal input is also supported by the fact that none of the investigated suites have
tendency towards the composition of the Eymir metaclastics which are the
potential contaminants in the studied region (Figure 4.16). These clastics, as
mentioned before, represent the matrix material for Group 1 and Group 2 suites,
whereas Group 3 samples intrude into these metaclastics. Therefore, this result
clearly suggests that the samples have not experienced any influence from

continental crust.

4.3.4. Petrogenesis of the Niltfer and Eymir Metabasic Rock Suites

In this section, the role of partial melting in generating the diversity of studied
rocks will be evaluated through geochemical modeling. Such a numerical
approach may provide a better understanding of the mantle source region and the
related processes (e.g. partial melting), thus they are of particular importance to
put some constraints on the petrogenesis of a magmatic suite. Through
geochemical modeling, one can explore the profound influence of residual garnet

on melt compositions, if the considered rock types are of enriched trace element
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compositions, such as OIB- and E-MORB-type. The depleted-type samples (e.g.
SSZ- or N-MORB-type), on the other hand, would not reflect an elemental
impact that has been inherited from residual garnet. Instead, such compositions,
bear the traces of a spinel-dominated mantle, and in some cases, they may reflect
previous melt extraction events. Therefore, in order to track the influence of the
residual mantle minerals better, I treated the OIB- and E-MORB-type samples
(Groups 1 and 2) separately from the SSZ-type suite (Group 3). Furthermore,
specific elements or elemental pairs were chosen to perform the partial melting
models, which may give the best picture about their mantle sources and melting
systematics. All chemical groups were modeled by non-modal batch melting,
using the equations of Shaw (1970). The distribution coefficients used in the
calculations are compiled from McKenzie and O’Nions (1991), Kelemen (1993),
and Bedard (1994).

4.3.4.1. OIB- and E-MORB-type (Groups 1 and 2) samples

Geochemical modeling of the OIB- and E-MORB-type samples was carried out
with the goal of evaluating the role of garnet in the source region. Garnet can
fractionate LREE/HREE and MREE/HREE ratios as long as it remains as a
residual phase in the mantle source because the HREE are highly compatible in
this mineral (e.g. McKenzie and O’Nions, 1991; Johnson, 1998). If garnet is
totally consumed during partial melting or the source does not bear any garnet
(like spinel-lherzolite), then the change in LREE/HREE and MREE/HREE ratios
will be very small. Thus, the element pairs used for the modeling are Zr/Nb-
Ce/Yb, Ce/Yb-Lu/Hf, and Ce/Sm-Sm/Yb (Figure 4.17). Note that only garnet-
lherzolite partial melting curves are plotted because the melting curve of a spinel
lherzolite varies over a very limited interval compared to that of garnet-lherzolite.
Thus, for the partial melts derived from spinel-facies mantle, a representative
melt composition obtained by 7.5% melting of spinel-lherzolite source was used
in the plots instead. My aim in performing this modeling is to reproduce the

observed trace element concentrations in the sample groups by aggregating the
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Figure 4.17. Geochemical modeling of the OIB- and E-MORB-type Niliifer
metabasic rocks using non-modal batch melting. Both mantle sources were
assumed to have primitive mantle (PM) composition given by McKenzie and
O’Nions (1991), except for Zr and Nb which are from Hofmann (1988). Numbers
on the garnet-lherzolite curve indicate the percentage of degree of partial melting.
7.5% spinel-facies melt is indicated by a light-orange colored diamond. Aqua-
colored solid lines represent melt-mixing lines and the corresponding numbers
indicate the percentage of melt fraction contributed by garnet-facies mantle (e.g.
0.2 corresponds to 20%). The dashed lines represent melting curves which joins
the melt compositions of equal melt-mixing mode.
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Figure 4.17 (continued).

partial melts generated at different depths. Therefore, in all three plots, I
constructed some mixing lines that were calculated on the basis of the end-
members represented by garnet-facies melts varying between 1% and 5% at the
one end, while 7.5% spinel-facies melt at the other. Both garnet-lherzolite and
spinel-lherzolite sources were assumed to be of PM compositions compiled from
McKenzie and O’Nions (1991) and Hofmann (1988). Regarding the garnet-
lherzolite melting curves, the source mode is taken from McKenzie and O’Nions
(1991), while the melt mode is from Haase et al. (1997). For the calculation of
spinel-lherzolite melt, both source and melt modes are taken from Haase et al.

(1997).

Neither pure spinel lherzolite nor pure garnet lherzolite is capable of creating the
partial melt compositions representative of most of the studied samples (Figure
4.17). The scattered distribution of the samples, however, can be explained by
melt-mixing involving variable contributions from both garnet- and spinel-facies
melts. The OIB-type group melts require the largest contribution from garnet-

lherzolite, with greater than 50% garnet-facies melt in most cases. In contrast, E-
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MORB-type melts appear to be dominated by contributions from spinel-facies

melts, with involvement of garnet-facies melt smaller than 50%.

Another important result is that although the OIB-type subgroups require
approximately the same mixing proportions for their genesis, Subgroup 1 largely
represents smaller melt fractions. The subgroup 2 melts are characterized by
garnet-facies melts formed by 2-5% partial melting. The geochemical modeling
presented here also may shed light onto the different Zr-Nb behaviors shown by
OIB-type subgroups. It is apparent that increasing Ce/Yb at nearly constant Zr/Nb
can be explained by melt-mixing involving small degree melt fractions (1-3%) of
garnet-lherzolite (where the contribution of garnet-facies melt is between 40-
90%) with spinel-facies melts (Fig. 4.17). This result supports earlier inferences
that the distinct Zr/Nb behaviors observed in OIB-type group resulted from
source-related processes, rather than from fractional crystallization or crustal

contamination.

The ratio-based geochemical modeling presented above provides a good
approximation on the degree of partial melting and melt-mixing phenomena for
the E-MORB- and OIB-type metabasic samples. However, although the
elemental ratios are good indicators to monitor the degree of partial melting, REE
variations based on absolute abundances (i.e. REE variation patterns) may
provide better constraints on this process. Since absolute abundances of trace
elements (including REE) will be affected by fractionation/accumulation
processes after partial melting, using primary or near primary melts is the best

way to quantify the degree of melting and related mixing events.

Samples with MgO (wt.%) contents between 11% and 17% were selected to
represent primary or near primary melts. Although these primary melt candidates
may not reflect the entire primary REE variation spectrum observed in the
dataset, they are representative of the majority of samples. Not all the variation
patterns of the assumed primary melts are parallel (not shown); they clearly

appear to be variably fractionated, suggesting different degrees of melt generation
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and amount of mixing between garnet and spinel stability fields. To model the
primary melts, non-modal batch melting equation of Shaw (1970) was used and
the same procedure as in the previous section was applied. The calculation was
performed on the 6 representative samples which best reflect the variability

among the REE patterns.

As seen from Fig 4.18, the calculated melts appear to match very well with the
observed melts (the compositions represented by samples), therefore they can
provide a valuable insight for the melting systematics of the OIB-type suite. The
results indicate that the OIB-type primary melts can be modeled by 1-4% melting
of a garnet-lherzolite source with PM composition, which mixes at a ratio
between 60-100% garnet-facies melt, and they are in good agreement with those
obtained from the trace element modeling. Sample NIL-12 has a remarkable
HREE depletion compared to the other primary samples, thus reflecting strong
contribution from garnet-facies mantle. Indeed, the modeled melt suggests a
100% contribution from the garnet-bearing source which has undergone 3%

partial melting.

To perform REE-based melt modeling of the Group 2 E-MORB-type melts, two
samples were chosen with MgO contents greater than 8.5 wt.%. The E-MORB-
type samples are not typical of primary melts like their OIB-type counterparts, as
reflected by their somewhat low MgO contents varying between 8.7 and 9.0.
Thus, in order to get more realistic results, the REE contents of the samples to be
used in the modeling need to be corrected for fractionation. For this purpose,
olivine with 88% Fo content (Fogs) was added to the samples until their MgO
reached 13.5 wt.%. This MgO composition was chosen to be consistent with the

values used for the OIB-type samples.

The low REE concentrations of the E-MORB-type samples compared to OIB-
type group requires either generation under relatively high degrees of melting,
especially for sample GK-3 (~14%), or melting of a source that has experienced a

previous melt extraction. The latter alternative is preferred as it requires lower
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Figure 4.18. REE modeling (chondrite-normalized) of the selected primary OIB-
type samples. “Fg” corresponds to the percentage of melt contributed by garnet-
facies mantle as in Figure 4.17. Normalization values from Sun and McDonough
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Figure 4.18 (cont’d).
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degrees of melting that are more consistent with results obtained for OIB-type
melts, and more importantly yields a better match between the calculated melts

and the observed melts.

To model this physical scenario, I first removed 6.5% melt from garnet-lherzolite
with PM composition (Source 1). Then, the residue was remelted at a fraction of
8%, and subsequently mixed with the varying degrees melts deriving from
another garnet lherzolite source with again PM composition (Source 2). For
both calculated melts, the contribution of the melts from Source 1 (previously
melt-extracted source) was 80% (Figure 4.19). It must be noted a different modal
mineralogy was used for the Source 1 relative to the Source 2 that includes the
same modal assemblage used for the OIB-type melt modelling (see Figure 4.19
for the details). The calculated melts appears to fit quite well with the observed
abundances for both samples. As seen from Figure 4.19, a smaller melt fraction
(1.5%) is required from Source 2 to reproduce the sample OR-104, while GK-3
requires 3% garnet-facies melt from the second source, consistent with its less

fractionated nature (i.e. low La/YDb).

4.3.4.2. SSZ-type (Group 3) samples

Assessment of influence of partial melting on the SSZ-type Eymir diabases was
performed by two methods. The first method used is based on elemental ratios,
very similar to that applied to the E-MORB- and OIB-type samples. The second
method, on the other hand, uses absolute abundances of Nb and Yb that were
corrected for fractionation to 9% MgO (wt.%). The reason for applying this MgO
value is that the modeling curves were directly taken from Pearce and Parkinson
(1993). These authors, in their work, constructed the partial melting curves on the
basis of the values that had been corrected for 9% MgO to minimize the effects of
fractional crystallization, thus providing a better estimation on melting conditions

in SSZ-type systems.
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Figure 4.19. Modelling of the E-MORB-type samples. “FC” means the samples
were corrected for fractionation before performing melt modeling. The subscripts
“1” and “2” refer to the different garnet-lherzolite sources, namely Source 1 and
Source 2. Regarding Source 1, the source and melt modes were presumed to have
not changed after melt-extraction, and the source mode was assumed to be 0.595
ol + 0.195 opx + 0.150 cpx + 0.06 grt, which melts in the proportions given by
Johnson et al. (1990). The source and melt modes of the Source 2 was assumed to
be the same as that of garnet-lherzolite source in Figure 4.17.

For the elemental ratio modeling, Lu/Hf and Nb/YDb pairs were selected owing to
their relatively immobile nature in hydrous conditions of the subduction zone
systems as well as in post-magmatic processes (e.g. alteration, metamorphism)
(e.g. Pearce and Peate, 1995). Furthermore, these elements do not partition into

sediment melt as Th does (e.g. Elliot et al., 1997; Pearce and Stern, 2006), thus
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they can provide good constraints on the degree of partial melting of the mantle
source. The modeling was performed using non-modal batch melting equation of
Shaw (1970). The mantle source were assumed to be of DMM composition and

compiled from Hofmann (1988).

The ratio-ratio modeling indicates that the Eymir melts cannot be obtained by
melting of a fertile DMM source (Fig. 4.20). However, ~5-7.5% melting of a
fertile DMM source that has previously experienced a 2.5% degree of melt
extraction can reproduce the observed composition of the Group 3 samples. Thus,
this may further explain the reason of depletion in HFSE relative to N-MORB

within this suite.
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Fig 4.20. Ratio-ratio modeling of the Eymir diabases. DMM composition was
taken as 1/10 of the MORB composition proposed by Hofmann (1988). The
source mode for fertile DMM and the melt mode are from Kostopoulos (1991).
After 2.5% melt extraction, the source mode was assumed to be 0.5813 ol +
0.2585 opx + 0.1376 cpx + 0.0226 spi on the basis of melting residues given by
Kostopoulos (1991). The same melt mode was applied to the depleted DMM.
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The second method, in constrast, uses absolute abundances of Nb and Yb, instead
of using elemental ratios (Figure 4.21). To perform this modeling, first the
samples with MgO greater than 5% were selected to obtain relatively primitive
compositions as much as possible. Second, to further remove the effects of
fractional crystallization on the studied samples, all the samples were corrected
using least-squares best-fit lines to give a final MgO content of 9% (wt.%). It
must be noted that in order to increase the sample resolution, two Eymir-type
samples from the dataset of Sayit and Gonciioglu (2009) were also added and

used for the fractionation correction and the modeling.
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Figure 4.21. Nb-Yb modeling of the SSZ-type samples. The subscript “9” denotes
the fractionation corrected abundance of that element. Modelling curves are from
Pearce and Parkinson (1993). The solid black lines indicate the melting curves
produced by melting of FMM and 5% depleted FMM sources. The dashed blue
lines represent melting lines which joins the melt fractions that has experienced
an equal amount of melting. For further details about the melting scheme used in
the modeling, see Pearce and Parkinson (1993).

The modeling curves were adopted from Pearce and Parkinson (1993), which is

based on non-modal melting of fertile and depleted FMM sources. This

112



modeling, however, differ markedly from the previous one in the sense that
Pearce and Parkinson (1993) used different melting systematics, different
distribution coefficients as well as different mantle source compositions.
Although these clear differences, the resulting picture is consistent with the
previous result that requires a previous melt extraction (smaller than 5%).
However, the melting range appears to be different between these two models
(~5.-7.5% vs. ~25-30%). Considering that the Eymir metadiabases reflect BABB-
like character (see Chapter 5 for the details) on the basis their transitional
character between N-MORB and IAT, the melting range recorded by the first
model seems more realistic, since 25-30% degree of melting is rather high for the
melting regimes observed in the oceanic back-arc systems. Gribble et al. (1998)
suggest a total range of 6-24% for their “Spread BABB” from the Northern
Mariana Trough. Stolper and Newman (1994) also report a similar range between
5-19% for the basaltic glasses from the same region. Similarly, Kelley et al.
(2006) suggest a range of 5-15% for the melting of BABB. Pearce and Stern
(2006) also propose a maximum of 25% melting for the generation of the BABB
magmas. Therefore, of the two geochemical models presented here, the first one
(ratio-modeling) with a total melting range of ~5-7.5% appears to be more

appropriate for the genesis of the Eymir metadiabase dikes.

4.4. Discussion of the Geochemical Data Inferred from Nd-Pb-Hf
Systematics.

The relatively large isotopic range of the OIB-type group as inferred from Nd-Pb-
Hf isotope systematics may suggest derivation from a heterogeneous mantle
source region. The limited Nd compositions of the E-MORB-type suite compared
to the OIB-type imply a more homogeneous source region for their petrogenesis.
The highly restricted isotopic variations displayed by the SSZ-type samples
strongly implicate generation from a relatively homogeneous source. There
appears to be no clear distinction between subgroups of the OIB-type group in
terms of Pb isotope ratios. All the sample suites display Nd and Hf isotopic

compositions higher than that of BSE, suggesting time-averaged incompatible
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element depletion. Three OIB-type samples, however, have '*Nd/'**Nd and
°Hf/'"Hf values close to that of the BSE, thus indicating derivation from a less
depleted mantle source relative to the others. Sample IM-28 of the E-MORB
group, however, appears to have the lowest '*Nd/'**Nd and ""°Hf/'’"Hf ratios
compared to the other E-MORB and OIB-type samples, suggesting its more
depleted character. This indicates DMM reservoir may have provided an
important contribution during the genesis of this sample. It must be noted that all
E-MORB-type samples except for IM-28 exhibit similar Nd isotopic
characteristics with that of the more radiogenic group of the OIB-type suite. This

may suggest that the mantle sources of these two suites were very similar.

It is observed that some of the E-MORB and OIB-type samples with similar
"“Nd/'"**Nd have distinct Ce/Sm ratios, indicating recent fractionation of
incompatible elements during partial melting (Figure 4.22). Two of the OIB-type
samples (IM-24, OR-98), however, appear to trend towards slightly lower
"IN/ Nd with high Ce/Sm values; suggesting that this slight negative trend
can be linked to time-integrated evolution of Sm/Nd in the mantle source. It is
noteworthy that sample IM-28, with relatively radiogenic '**Nd/'*'Nd, also shows
low Ce/Sm values that may indicate the involvement of a depleted component
with high time-integrated Sm/Nd (i.e. DMM), thus in agreement with the
previous interpretation. The less radiogenic OIB-type subgroup shows slightly
lower Ce/Sm values, but markedly lower Nd isotope ratios than samples IM-24
and OR-98, indicating that the differences between the subgroups of the OIB-type
suite has been inherited from their mantle sources with distinct isotopic

compositions.

The Nd isotopic composition of the SSZ-type suite is somewhat close to some
samples from the OIB- and E-MORB-type suites, and distinctly lower than
sample IM-28. They also have distinctly higher '"*Hf/'’"Hf than the E-MORB
and OIB-type samples. These features may suggest involvement of a distinct

component(s) (other than DMM) to explain the source characteristics of the SSZ-
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type suite. A potential candidate would be a sediment component (e.g. sediment-

derived melt) that has transported into the source region from the subducting slab.
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Fig 4.22. Ce/Sm vs '*Nd/'**Nd plot, illustrating the close relationship between
most of the E-MORB-type samples and OIB-type samples. The variation in
Ce/Sm ratio at a given N/ NG value, however, implies recent fractionation
of the incompatible elements in response to partial melting.

As seen from Figure 4.6, the OIB- and E-MORB-type samples are dispersed in a
way that they extend to higher Pb isotopic compositions. This trend may suggest
the presence of HIMU as a potential end-member in the source region of OIB-
and E-MORB-type suites. However, the particularly high Pb isotopic values of
the two OIB-type samples appear to have resulted from post-magmatic processes.
The Nb/U, Ce/Pb and Nb/Pb ratios of these samples were evaluated to gain
insight into this question. These two samples have Nb/U ratios (47.0-59.8) which
lie within scatter of oceanic basalts worldwide (47 = 10; Hofmann et al., 1986)
and uniform Nb/Th values (11.5-12.2). In contrast, Ce/Pb and Nb/Pb ratios are
significantly higher (Ce/Pb = 50.4-52.1; Nb/Pb = 26.0-44.0) than average oceanic
basalt values (Ce/Pb = 25 = 5; Nb/Pb ~ 15; Hofmann et al., 1986; Sun and
McDonough, 1989). This observation may indicate that the extremely radiogenic

Pb isotopic characteristics of these samples have resulted from Pb loss during
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post-magmatic processes, which seems to have extensively affected the Pb
isotope systematics. Since the HIMU nature of these samples does not appear to
be real (i.e. not a source feature), the Pb isotope ratios for these samples will not

be considered any further.

4.4.1. Characterization of Mantle source(s) of the OIB- and E-MORB-type
Suites

As noted in the previous section, the OIB- and E-MORB-type magmatic suites
show striking similarity except for sample IM-28 from the former and the “less
radiogenic subgroup” of the latter group. Although both groups display
enrichment in the more incompatible trace elements relative to N-MORB, the
OIB-type suite is clearly more enriched than E-MORB-type suite, and
dominantly of alkaline character. The geochemical modeling results suggest that
both suites require some melt-mixing processes to reproduce their observed
compositions; however their mixing systematics appear to be quite different from
each other. While the OIB-type group calls for a mixing scheme where end-
members are represented by garnet-facies and spinel-facies melts, the E-MORB-
type suite shows necessity for a mixing process where both end-members are of
garnet-facies-derived. Furthermore, the latter group requires a previous melt

extraction to recreate its relatively depleted composition.

The isotopic subgroups of the OIB-type suite are observed not to be consistent
with the Zr/Nb systematics. Apart from one sample (OR-48), all the isotopically
analyzed samples belong to “OIB-type 1” subgroup. Therefore, there are some
samples that reflect the same Zr/Nb behaviour, but different isotopic
characteristics (the first case). And, there is a sample that display distinct Zr/Nb
behavior, but the same isotopic signatures with some samples (the second case).
Such a result apparently suggests that the distinct Zr/Nb ratios of the OIB-type
subgroups is not a source feature, but due to a recent process (i.e. melt mixing).
The first case can be explained if the there are source regions (we can consider a

mantle plume as the source due to the oceanic character of volcanism as reflected
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by no crustal contamination and geological constraints) with distinct isotopic
domains (a heterogeneous plume) that have experienced similar melt-mixing
scheme. In the second case, however, similar isotopic domains will undergo

melting with distinct mixing schemes.

Now, I will characterize the source region of the OIB- and E-MORB-type suites
and discuss the potential mantle end-members involved in the genesis of these

suites, leading to the observed heterogeneities.

To evaluate the possible mantle source domains involved in genesis of the OIB-
and E-MORB-type samples, mixing curves were constructed using '*Nd/'**Nd,
76H¢) 177Hf, 2pb/ 2P and *"Pb/**Pb ratios. FOZO was assumed as the
common end-member (Hart et al. 1992), and the HIMU end-member was 2 Ga
recycled oceanic crust based on the compositions given by Chauvel et al. (1992).
EM 11 was assumed to represent recycled ancient oceanic lithosphere as

suggested by Workman et al. (2004).

The calculated mixing arrays clearly indicate that the OIB- and E-MORB suites
require multi-component mixing involving the FOZO, EM II and HIMU end-
member in varying amounts (Figure 4.23). This observation suggests that the
mantle source regions of these magmatic suites were heterogeneous. The
contribution of FOZO is greatest in the case of the E-MORB-type samples,
generally >50% overall, whereas OIB-type samples requires rather strong
contributions from HIMU and EM II components. Based on the robust Nd-Hf
isotopic space, it is observed that E-MORB-type sample OR-104 may reflect
mixing only between FOZO and HIMU without needing a third component. In
order to explain the compositions of the other samples, however, a third
component (EM-II) is needed. To illustrate the effect of EM-II on for the origin
of the other samples, a fourth mixing array was drawn, which emerges from
FOZO towards the mixture between EM-II and HIMU. The composition of this
mixture was selected as to comprise 90% EM-II and 10% HIMU. As seen from

the Hf-Nd plot, those samples lie on or very close to the fourth mixing line,
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Figure 4.23. Mixing modeling on the basis of Pb-Nd, Hf-Nd and Pb-Pb
systematics, explaining the possible origin of mantle source components of the E-
MORB- and OIB-type suites. All the end-members were calculated back to 240
Ma based on the following compositions and assumptions. The present day
isotopic composition of DMM is from Su and Langmuir (2003), while its trace
element composition taken from Workman and Hart (2005). The present day
isotopic composition of FOZO were assumed based on values given by Gibson et
al. (2005) and Stracke et al. (2005). For the trace element composition, the least-
enriched Walvis Ridge basalt (flow unit 3 of DSDP 527) analyzed by Gibson et
al. (2005) was used; similar to their approach, but here the composition of that
sample was used for the source not for the melt. The HIMU source were assumed
as a 2Ga recycled oceanic crust, and its present day isotopic composition along
with trace element composition and parent/daughter ratios required for its
evolution are from Chauvel et al. (1992). The present day isotopic compositions
of EM-II compiled from Workman et al. (2004) and Salters and Hart (1991). Its
trace element composition from Workman et al. (2004).
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Figure 4.23 (continued).

contributed by 50% FOZO and 50% the mixture of HIMU-EM-II. Therefore, this
indicates the necessity of multi-component mixing and that EM-II component has

been also involved in the mantle source of the E-MORB-type suite.

In contrast to the E-MORB-type samples that can be explained by the
involvement of FOZO, HIMU and EM-II, sample IM-28 with relatively
radiogenic isotopic Nd probably requires a different mixing systematics. The
radiogenic nature of this sample as compared with the others may suggest DMM
as a potential source component. Indeed, as seen from Fig 4.23, it is obvious that
this sample cannot be obtained by simply mixing FOZO with DMM. The
relatively radiogenic '*Nd/'**Nd nature coupled with somewhat radiogenic Pb
isotopic compositions lead this sample to appear in a place that is bounded by
DMM, FOZO and HIMU. The mixing calculations suggest that this sample
reflects a mixture only between DMM and HIMU, and there is no requirement for
FOZO to be involved in the mixing. It must be noted the contribution of DMM

for the origin of IM-28 is really strong, being about 97%.

The origin of the OIB-type samples can also be explained in a similar manner,

with multi-component mixing, though the contribution of the end-members is
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quite different in some cases. Two samples from the OIB-type suite can be
explained in terms of mixing largely between FOZO with HIMU, and possibly a
small contribution from EM-II. In this case, the contribution of FOZO is rather
dominant being more than 50%. Another two samples from this suite also
requires mixing where again FOZO is involved, but EM-II being involved at this
time. The influence of FOZO for these samples seems a bit weak, being smaller
than ~35%. Another two samples from the suite are observed to require different
mixing systematics relative to the formers. These samples appear to reflect
mixing mainly between HIMU and EM-II, with probable small contribution from

FOZO.

Therefore, the mixing arrays constructed on the basis of age-corrected end-
member components indicate that both OIB- and E-MORB-type samples (Group
1 and Group 2) require multi-component mixing to explain their isotope
systematics of their mantle sources. It must be noted, however, that the mixing
models presented are strictly based on both trace element and isotopic
composition of the end-members, which, in turn based on the published values.

So, they are highly sensitive to the values applied.

4.4.2. Characterization of Mantle source(s) of the SSZ-type Suite

For the generation of subduction-zone magmas, there are mainly two components
that originate from the slab and contribute to the overlying mantle wedge: slab-
derived fluids, and sediments or sediment melts (e.g., Gill, 1981; Hawkesworth et
al., 1993; Plank and Langmuir, 1993; Elliott et al., 1997). The efficiency of these
components on modifying the mantle wedge is variable; however, one of these
components is generally seen to dominate over the other (e.g. Woodhead et al.,
2001). Therefore, at this stage, it is important to decide what type of slab-
component could have been more effective for the genesis of SSZ-type suite. To
figure out this, several elemental ratios including Ba/Yb, Nb/Yb, Ba/Nb and
Th/Nb were first used before proceeding with isotope ratios (Figure 4.24).
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Fig 4.24. Ba/Yb-Nb/Yb and Ba/Nb-Th/Nb plots (based on Pearce et al. 2005),
indicating the influence of subduction zone components on the SSZ-type Group 3
samples. It is also apparent from the diagram that DMM is a potential mantle end
member for the origin of SSZ-type suite. Average N-MORB, E-MORB and OIB
are from Sun and McDonough (1989).

The altered nature of the SSZ samples makes conventional assessments of trace
element distributions in slab-derived fluids difficult. The LIL elements (except
Th) are known to be fluid mobile, thus they can be transported to the mantle
wedge region by aqueous fluids released at low temperatures (e.g. Pearce and
Peate, 1995; Pearce and Stern, 2006). In contrast, subduction-mobile elements
(e.g. LILE, LREE, Th, U, Pb) characterizes the behavior of sediment melt (or
bulk sediment) generated at high temperatures (e.g. Elliot et al., 1997; Woodhead
et al., 2001; Pearce and Stern, 2006). As a result, Ba/Th values can be considered
a proxy for shallow subduction component related to low temperature aqueous
fluids, whereas Th/Nb characterizes a deep subduction component related to high
temperature sediment melts. Thus, Ba/Nb is an appropriate proxy for the total
subduction component. In contrast, Nb/Yb is a stable indicator of mantle fertility
and melting degree, since these elements cannot be modified by subduction

processes (e.g. Pearce, 1983; Pearce and Parkinson, 1993; Gribble et al., 1998).

The SSZ-type samples have higher Ba/Yb ratios than average N-MORB (Fig.
4.24), thus this may reflect variable influence of subduction component related to

mobility of Ba. However, since the samples have undergone low-grade
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metamorphism, there is also a strong possibility that Ba has been remobilized.
Indeed, when the samples with greater than 50 ppm Ba (sample DO-11 excluded)
are plotted against LOI, there appears a positive trend, suggesting that the Ba
contents of these samples have been partly controlled by post-magmatic
processes, whereas there i1s no meaningful relationship obtained for the rest of
samples (not shown). It is likely that sample DO-11B has been similarly affected
given its very high Ba content (631 ppm). Although some samples appear to have
been influenced by post-magmatic processes, the rest still have high Ba/Yb ratios

(relative to N-MORB) indicative of a subduction component related to aqueous

fluids.

A plot of Ba/Nb against Th/Nb (Fig 4.24) indicates that SSZ samples are
displaced towards markedly higher Th/Nb and Ba/Nb than N-MORB. This
observation clearly indicates that a deep subduction component has been involved
during the genesis of these samples. This plot further supports the influence of

slab-derived fluids as characterized by shallow subduction component.

Another important question is whether or not the Palaeotethyan plume mantle (as
possibly represented by the OIB- and E-MORB-type Niliifer samples based on
this study) has influenced the compositions of the SSZ-type samples. Such a
problem can be best revealed by trace element ratios, since isotope ratios can
mislead owing to variable involvement of sediments into the mantle region. In the
previously given Th/Yb-Nb/Yb plot (Figure 4.15), none of the SSZ-type samples
(Group 3) appear to be directed towards the OIB compositions represented by
Group 1 suite. Instead, they are displaced towards higher Th/Yb contents due to
the presence of a sediment component, and follow a sub-parallel path with
respect to MORB array in response to variations in degree melting. Another
evidence comes from the Th/Nb-Nb/Sm variation (Figure 4.25), where the Group
3 samples clearly trend towards the sediment compositions represented by global
subducting sediment (GLOSS; Plank and Langmuir, 1998) and the sediment melt
(Hochstaedter et al., 2001).
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Figure 4.25. Nb/Sm vs Th/Nb plot, indicating that the SSZ-type samples have not
been affected by enriched-type (plume) component displayed by OIB-type
samples. Instead, they appear to have involved a strong sediment component as
indicated by relatively high Th/Nb ratios. GLOSS from Plank and Langmuir
(1998). Sediment melt from Hochstaedter et al. (2001). N-MORB from Sun and
McDonough (1989).

For the isotopic characterization of possible source components involved in the
genesis of the Group 3 suite, three end-members were used to construct the
mixing arrays (Figure 4.26). The isotopic composition of the mantle wedge was
assumed to have DMM composition, while the sediment melt and sediment fluid
are assumed to have isotopic ratios 18.45 for “*°Pb/*'Pb, and 0.5122 for
"Nd/"**Nd. This assumption was made, since the isotopic compositions of the
sediments are known to be highly variable within subduction zones (e.g. Plank
and Langmuir, 1998; Woodhead et al., 2001), thus the exact characterization of

this component is very difficult to constraint.

To perform the mixing modeling, first an isotopic mixing array between DMM

and sediment melt was constructed. Then, two specific compositions on this
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DMM-sediment melt mixture were chosen, and subsequently were mixed with a
sediment fluid component with the same isotopic composition as the sediment
melt was used to create two additional mixing arrays. As seen from Figure 4.26,
the calculated arrays fit very well with the compositions of the samples.
Therefore, the observed compositions can be reproduced by mixing of a MORB-
source mantle (DMM) with the 0.3-0.5% sediment melt, which, in turn, mixes
with a ~0.1-1% sediment fluid. It must be noted that the effect of sediment (either
as melt or fluid) on the mixing arrays is quite strong; only an amount of sediment

melt/fluid smaller than 1% can considerably change the composition of DMM.
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Figure 4.26. Isotopic mixing modeling of the SSZ-type samples on the basis of
Pb-Nd systematics, highlighting strong influence of sediment components on the
isotopic composition of the studied samples. Isotopic composition of DMM was
taken from Su and Langmuir (2003), while trace element composition from
Workman and Hart (2005). Isotopic compositions of sediment melt and sediment
fluid were assumed as 0.5122 for "“Nd/'*Nd, 18.45 for *°°Pb/***Pb. Trace
element composition of the sediment melt from Hochstaedter et al. (2001),
whereas the sediment fluid from Class et al. (2000). Numbers on the curves
indicate the contribution of the end-member on the mixture.
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4.5. Overall Geochemical Evaluation

The geochemical examination of the studied metabasic suites reveals 3 distinct
tectonomagmatic groups on the basis of immobile trace element chemistry. Two
of these groups are of enriched trace element chemistry relative to N-MORB,
namely OIB- and E-MORB-types, the latter of which being more depleted with
respect to the former. The third group has a depleted chemistry as reflected by
negative Nb anomaly coupled with HFSE abundances slightly lower than N-
MORB. The OIB-type group is further divided into 2 groups according to
differences in the Zr/Nb ratio.

The geochemical modeling highlights that the trace element compositions OIB-
and E-MORB-type magmas have been controlled principally by melt-mixing
processes involving spinel- and/or garnet-facies melt components. Unlike OIB-
type suite, the E-MORB melts require a previous melt extraction event for their
petrogenesis. The chemistry of depleted SSZ-type samples shows that garnet has
not been a residual mantle phase during their genesis, and they have been formed
by melting of a spinel-lherzolite source that has experienced a previous melt-
extraction event. The isotope chemistry suggests that the OIB- and E-MORB-
type samples have been derived from enriched mantle sources, and their isotope
systematics reflect multi-component mixing for their origin. The SSZ-type suite,
however, requires a different source mixing systematics, including a sediment

component.
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CHAPTER 5

DISCUSSION

5.1. General Evaluation

This study examines a huge metabasaltic mélange unit, named the Niliifer Unit,
within the Karakaya Complex, and its relation with variably metamorphosed and
deformed clastics called the Eymir Unit, and the metadiabase dikes which intrude
into the latter unit. In the extent of this study, these rock assemblages were
studied in a wide region including the Ankara region (Central Anatolia), the
Central Sakarya region and Bursa region (NW Anatolia). In the following, I
combine the geochemical data with field data and petrography, and discuss the
geological implications of these findings to shed light into the origin of the
metabasic rocks, and also to highlight the geodynamical evolution of the

Karakaya Complex and the Palaeotethys.

In brief, the Karakaya Complex has been a highly debated issue in spite of lots of
works performed in this regard (e.g. Bingol et al., 1973; Geng and Yilmaz, 1995;
Okay et al., 1996; Gonciioglu et al., 2000; Okay et al., 2000; Pickett and
Robertson, 1996; Sayit and Gonciioglu, 2009a). Geochemistry-based studies,
however, is not much; and most of them does not include a detailed examination
and comparison on the geochemical nature of the metabasic rocks in question. In
this respect, excluding the preliminary work of Sayit and Gonciioglu (2009a), this
thesis presents a detailed geochemical and petrological interpretation based on a
wide spectrum of trace elements including also REE. Furthermore, the new
paleontological age findings introduced by this study provide better constraints

on the time-space relationship to understand the geodynamic evolution of the
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Karakaya Complex. This study is of particular importance in terms of
geochemical grounds owing to the presence of isotopic data acquired from
metabasic samples. Apart from these detailed geochemical examination and
paleontological age findings, the large extent of the studied region in this study
allows making a wide correlation between the rock assemblages. Below, all the
findings acquired from this study will be discussed in detail in an order starting
from geology, which is followed by petrography and geochemistry. And then,
combining all of these data, a final geodynamic discussion concerning the
tectonomagmatic evolution of the Karakaya Complex will be presented, and the
significance of this huge subduction/accretion complex in terms of the

Palaeotethyan realm will be discussed.

5.2. Reevaluation, Redefinition and Correlation of the Karakaya Units

The important point emphasized in this study is that the Karakaya Complex can
largely be considered as a tectonic mélange that comprises several
tectonostratigraphic units. In some places, these units reflect a clear block-matrix
relationship, where the block size ranges from m- to km- scale. In this study, the
key criterion for differentiating units is their tectonic setting, not the degree of
metamorphism. Since in a subduction/accretion prism, a rock package that have
derived from the same tectonic setting may experience different degrees of
metamorphism depending on how deep the burial is, it is inevitable to encounter
the rock assemblages with different type of metamorphism, but bearing the same
geochemical signatures. Therefore, the type of metamorphism should not be

taken as a constraint to differentiate between or correlate the mélange units.

One of these mélange units, which this study is mainly centered around, is the
Niliifer Unit of Okay et al. (1991). In this study, this unit was redefined mainly in
the light of geochemical and geological constraints. The redefined Niliifer Unit is
mainly composed of metabasaltic rocks that are primarily associated with
limestones, muds, and minor cherts (Figures 2.6 to 2.12). The metabasaltic

lithologies are largely characterized by metabasaltic flows and their direct
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derivatives, such as metavolcaniclastics and metavolcanic breccias. The
important point about these metabasaltic rocks is that they reflect E-MORB and
OIB-type geochemical signatures as also supported by many other works (Capan
and Floyd, 1985; Pickett and Robertson, 1996, 2004; Geng, 2004; Sayit and
Gonciioglu, 2009a). Thus, these enriched-type geochemical features (relative to
N-MORB) hold the major constraint in defining the new Niliifer Unit. With this
study, the widespread occurrence of the metabasic rocks with E-MORB- and
OIB-type geochemical signatures has been clearly shown in a region extending

from central to western part of the Karakaya Complex.

By the redefinition proposed by this study, any geochemical signature other than
E-MORB and OIB is excluded from the context of the Niliifer Unit. The other
important point to note that the terrigenous metaclastic assemblages defined as
the Eymir Unit here forms the matrix material in which the Niliifer Unit is
embedded. Therefore, the relationship between these two mélange units is not
primary, but may have been incorporated during some later events following their
formation. A similar view is also suggested by Sayit and Gonciioglu (2009a)
which regards the Bahgecik metabasaltic assemblages (now included in the
Niliifer Unit) as megablocks within the Olukman-type metaclastics (now included
in the Eymir Unit). According to Akyltirek et al. (1984), however, these units
(their Ortakdy and Elmadag Formations) are primarily related, and represent the
lithologies of the same tectonic environment, namely a continental rift. They
further mention that their Ortakdy and Elmadag Formations are transitional with
each other. Kogyigit (1987), on the other hand, accepts the mélange character of
these units, but he suggests that these units were originally found together in a
continental rift setting. This idea is also shared by Kogyigit et al., (1991) which
suggest that their Karakaya Group composed of the Kendirli Formation (arkosic
sandstones), the Bahcecik Formation (volcanosedimentary succession) and the
Olukman Formation (sedimentary mélange) display a transitional relationship. In
this study, the primary relationship between the metabasaltic assemblages and

metaclastics is not supported by this study owing to two reasons. First, there is no
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continent- derived detritus found within the Niliifer Unit as also supported by a
number of studies (Pickett and Robertson, 1996, 2004; Okay et al. 1996; Sayit
and Gonclioglu, 2009a). Second, the Niliifer metabasaltic rocks reflect no
continental contamination in terms of geochemical character. Third, the presence
of some HP/LT varieties (HP-greenschists bearing Na-amphibole) within the
Niliifer metabasic rocks (e.g. Okay et al., 1991) suggests their cold burial into
deep levels in a subduction zone. Such conditions can only be achieved by the
subduction of an oceanic slab (e.g. Thompson and Ridley 1987; Bucher and Frey,
1994). Therefore, this may also indicate that the metabasic rocks of the Niliifer
Unit have been generated in an oceanic setting. The presence of high pressure
metamorphism is not restricted only to the parts including schistose metabasics,
but also found in the areas consisting of the non-deformed varieties. It is
important to note that both schistose and non-schistose Niliifer-type metabasic
rocks display the same geochemical signatures, i.e. E-MORB and OIB, and thus

they are of the same tectonic origin.

Concerning the Ankara region, the redefined Niliifer Units covers the Bahgecik
and Ortakoy Formations (Akyiirek et al., 1984; Altiner and Kogyigit, 1993; Sayit
and Gonciioglu, 2009a). In this study, the geochemical characteristics of the pre-
Liassic metabasic rocks were examined in a large region. The results show that,
the metabasaltic blocks are invariably of enriched trace element signatures (with
respect to N-MORB) and these metabasic assemblages of oceanic origin here
redefined as the Niliifer Unit can be traced towards the Biga Peninsula.
Furthermore, the metabasic rocks which are evaluated within the context of the
Emir Formation (Akyiirek et al., 1984), the Upper Karakaya Nappe (Kogyigit,
1987), or the Eymir Complex (Kogyigit, 1992) are actually the blocks of Niliifer
Unit, Thus, the Emir Formation (Akyiirek et al., 1984) or the Eymir Complex
(Kogyigit, 1992) can only be partially included in the definition of the new
Niliifer Unit, since this unit is made up largely of metaclastic lithologies. The
most powerful evidence regarding this issue comes from the isotopic data

acquired. The isotopic evaluation has shown that all the samples studied
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(including previously named Ortakdy, Bahgecik, Eymir, Emir, Lower and Upper
Karakaya Nappes) bear isotopic signatures inherited from involvement of
enriched reservoirs (see Chapter 4 and the later discussion for details). Thus, the
similarities of trace element characteristics and especially the isotopic signatures
strengthen the idea that the metabasaltic blocks found inside the Eymir Complex

also belong to the Niliifer Unit.

In the Central Sakarya region, the Niliifer Unit consists of the Tepekdy
Metamorphics of Gonclioglu et al. (1996), and a part of the Sogukkuyu
Metamorphics. The new geochemical data from the metabasic rocks in this region
is very similar to Ankara region; the metabasaltic assemblages again display
enriched trace element signatures (OIB- and E-MORB-type). Moreover the
Tepekdy Metamorphics (now included in the redefined Niliifer Unit) which is
believed to be of pre-Permian age (Gonciioglu et al., 2000) may actually be
Triassic in age. Although no fossil data has been found regarding the age of the
Tepekdy Metamorphics, the similarities in terms of petrography and
geochemistry between these metabasic assemblages and those from the Ankara
region, and their similar association with limestones, mudstones and cherts may
indicate that the Tepekdy Metamorphics constitute a continuum of the metabasic
succession in the Ankara region. Another point worthy to mention is the presence
and striking similarities between metapicritic rocks cropping out in the Ankara
region (especially in the north of Hasanoglan) and those found in the Central
Sakarya region. These highly magnesian metabasaltic and metagabbroic rocks are
found to be of OIB-type- and E-MORB-type signatures, and indicate a
seamount/oceanic island setting as will be discussed in the subsequent
paragraphs. This result is of particular importance, since these metamorphics
were previously interpreted by Gonciioglu et al. (2000) to have been formed in an

intra-oceanic forearc setting.

Towards NW Anatolia, the newly Niliifer Unit includes the Bahgecik Formation
(Kogyigit et al., 1991) and the Abadiye Formation (Geng and Yilmaz, 1995). In
the Biga Peninsula, it covers the originally defined Niliifer Unit of Okay et al.
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(1991), the Cal Unit (Okay et al., 1991) and a part of Ortaoba Unit (Pickett and
Robertson 1996). The main difference between the redefined and originally
defined Niliifer Units comes from the fact that the newly defined one covers
some additional units that do not belong to the originally defined one. The
similarity of Cal Unit with the Niliifer Unit is inferred on the basis of the
geochemical data reported by Pickett and Robertson (1996). Their data indicate
that the Cal extrusives are of OIB-type signatures, thus consistent with the other
metabasic rocks defined under the name of the redefined Niliifer Unit. The
Ortaoba Unit of Pickett and Robertson (1996) in Kazdag area is also partially
included within the context of the Niliifer Unit as the geochemical nature of the
metabasalts within this unit is also E-MORB and not N-MORB as originally
suggested by these authors.

Towards the eastern parts of the Karakaya Complex, the metabasic rocks with N-
NORB-like geochemical signatures from the Pulur Complex (Topuz et al., 2004)
cannot be regarded as a part of the redefined Niliifer Unit. However, a more
detailed work is needed to discover the geochemical nature of the metabasic
rocks in this area. The Tokat Massif is another place, where the geochemical
identification of the metabasic rocks is unknown, but the geological relationships
are studied in detail. Yilmaz et al. (1997) suggest that the Yesilirmak Group
comprises two main units that are related to each other with an unconformity;
namely the Triassic upper unit and the Permo-Carboniferous lower unit. Based on
the lithological observations reported by Yilmaz et al. (1997), it appears that only
some part of Triassic portion of the Yesilirmak Group can be regarded within the
context of the redefined Niliifer Unit. These authors, however, regard the entire
Triassic Yesilirmak units as a part of a single tectonic setting, i.e. continental rift.
The age of the upper unit, however, seems a bit controversial. On the basis of
their age findings within the Lacin Formation, which is the lowermost unit of the
Triassic assemblage, they ascribe this unit to the Middle to Late Triassic interval.
However, the authors place this unit to the Early Triassic period in their columnar

section. At this point, it is probable that the lithologies from which they have
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obtained the age (limestones alternating with clastics) are no older than Middle
Triassic, similar to what is seen in the Ankara region. Furthermore, the clastic
lithologies that they believe to be primarily related with metavolcanics may
actually represent the matrix material in which the metabasic rocks are

embedded.

There is no distinction between the metaclastics of the Olukman Formation
(Kogyigit et al., 1991; Sayit and Gonciioglu, 2009a) and the Eymir Complex.
Thus, this study regards both units as parts of the Eymir Unit as previously
mentioned. This interpretation is actually somewhat different then that of
Akyiirek et al. (1984), who suggests that these two units (corresponding to their
Elmadag and Emir Formations) are transitional. Kogyigit (1987) and Sayit and
Gonclioglu (2009a), however, propose that these units are related to each other by
a tectonic contact. In this study, however, no distinct tectonic contact has been
found between these metaclastic units. Furthermore, the degree of metamorphism
and deformation of these metaclastic assemblages appear to be highly variable,
thus it is not possible to make a distinction like the less- or non-metamorphosed
Olukman (or Elmadag) Formation and the more metamorphosed Eymir Complex
(or Emir Formation). In this study, it was clearly observed that the intensity of
metamorphism and deformation can change in a short interval. It is therefore
suggested that these two metaclastic-dominated units, previously mapped under
different names and regarded as separate units were actually the same, and named
here as “the Eymir Unit”. There is no thrust contact that can be traced for long
distances found within the study area, which may show a clear evidence for their

separation.

It is not true to separate the mélange units outcropping in the Ankara region as
“less metamorphic” or “more metamorphic”. This study clearly indicates that the
part of the mélange previously interpreted as “less-metamorphic” (Kogyigit,
1987) or “limestone blocky mélange” (Norman, 1973) bear imprints of elevated
pressures as indicated by the presence of Na-amphibole within the Niliifer-type

metabasic blocks, very similar to what is observed in the other part named
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“metamorphic blocky mélange” (Norman, 1973) that is interpreted as more
metamorphic (Kogyigit, 1987). It is very evident that both parts have been
variably influenced by HP/LT metamorphism, and therefore it is not appropriate
to make a distinction in terms of differences in the degree of metamorphism in
the Ankara region and in the other parts of the Karakaya Complex. The main
reason that has led to this problem seems to lie in the fact the mélange character
of the Karakaya assemblages were obscured in many places. Consequently, this
has resulted in the misinterpretation that the Karakaya assemblages are
represented by individual allochthonous bodies (i.e. nappes) which display
distinct metamorphic features compared to one another. However, as noted
above, this study shows that there is no such distinction between the Karakaya

assemblages, neither in the matrix lithologies, nor in the blocks.

5.3. Age Constraints

This study presents the first age finding acquired from the cherts primarily
associated with metaclastics of the Eymir Unit in the Ankara region. This
paleontological age finding is of considerable importance due to two main
reasons: First, there is no age data ever found regarding the clastics of the rock
assemblages previously known as “the Eymir Complex” or “the Emir
Formation”. Second, for the first time a radiolaria-based age has been reported
from the metaclastics in the Ankara region. Third, this is the first age finding
acquired from a chert layer primarily associated with metaclastics in the Ankara
region. The Late Triassic age finding obtained from this study is consistent with
the previous works (Akyiirek et al., 1984; Ozgiil, 1993) that suggest a similar
interval regarding the age of clastics in the Ankara region. Based on the
foraminiferal fauna acquired from limestones, Akytirek et al. (1984) suggested a
relatively wide interval, namely Early-Middle-Late Triassic, for the age of the
Eymir Unit (their Elmadag Formation). It must be noted, however, that the
former age findings acquired thus far (from syn-sedimentary layers, not from the

olistoliths) are all based on foraminiferal fauna found in neritic limestones apart
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from that of Gonciioglu et al. (2004). The in-situ Carnian (Late Triassic)
radiolaria finding obtained in this study, therefore, is of crucial importance in the
respect that it reflects installation of a relatively deep basin during Late Triassic.
Although, the age finding of Gonclioglu and his coworkers are also based on syn-
sedimentary chert layer within metaclastics, they reported a Chanxingian (Late
Permian) age. This large difference may imply some important insights regarding
the geodynamic framework of the Karakaya Complex. If the Late Permian
arkosic sandstone succession is indeed overlain unconformably by Triassic units
as suggested by Gonclioglu et al. (2004), then there appears a clear distinction

between these clastics and those from the Ankara region.

The presence of the Gondwanan-type shallow water Permian limestones in both
areas is more consistent with the previous idea which suggests that the Late
Permian metaclastics have developed in a rift basin. The Late Triassic
metaclastics, on the other hand, should have developed in a different tectonic
environment. Such an idea is consistent with the Rhaetian-Norian neritic
limestone (the Kasal Limestone) within the Hodul Unit (now defined as the
Eymir Unit) that is interpreted to represent in situ carbonate deposition with the
clastics (Okay and Altiner, 2004). The Late Triassic conodont finding of Onder
and Gonciioglu (1989) from the recrystallized limestone found within the Iznik
Metamorphics further supports this result. At this point, it is also important to
mention that this recrystallized limestone interbedded with chert and mud is
bounded at its top and bottom by the terrigenous clastics which comprise
metabasic lithologies (Gonciioglu et al., 1986). These clastics, in fact, may be
associated with these metabasic rocks with a block-matrix relationship, analogous
to the situation seen in the Ankara region. Therefore, the clastic assemblages
evaluated under the term “Iznik Metamorphics” can be regarded as the equivalent
of the Eymir Unit redefined in this study. The metaclastic assemblages alternating
with carbonates found to the NW of Domani¢ may also be considered within the
context of Eymir Unit. The carbonates interbedded with these clastics have

yielded a Late Norian age (Kaya et al., 2001), in agreement with the other age
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findings noted above. Therefore, there are several lines of evidence that
constraint the age of the Eymir-type clastics to a Late Triassic age. For example,
the Kasal limestone of Okay and Altiner (2004) characterize a shallow-marine
deposition as compared to the deep-sea sediments (e.g. radiolarian cherts) of the
same age from the Ankara region (this study) as well as the micritic limestones in
the Armutlu Peninsula (Onder and Gonciioglu, 1989). It can be inferred that both
shallow and deep-marine environments have been developed probably in small
basins during Late Triassic time. Another alternative may be to consider the Late
Triassic limestone as a part of a Palaeotethyan oceanic island. However, if the
relationship between the limestone and continental clastics is primary as
suggested, then it seems not probable that the Kasal limestone has been
developed on the top of a seamount owing to continental nature of the associated
clastics. Taking into account the fact that the formation of the Karakaya
subduction/accretion complex took place in the latest Triassic, it may be possible
that the Late Triassic deep-sea record found in the Ortakdy area characterizes
small-scale piggy-back-type basins that were formed on the accretionary prism

during the closure of the Palacotethys.

Another age finding acquired from pelagic sediments comes from the work of
Okay and Mostler (1994). However, in their study, they report ages acquired
from pelagic limestone-chert blocks embedded in the redefined Niliifer Unit (Cal
Unit of Okay et al., 1991). On the basis of conodont and radiolaria fauna found in
these blocks, they suggest Middle Carboniferous and Early Permian ages. The
latter age, however, has been reevaluated as Late Permian by Kozur (1997).
Although their age data do not come from a syn-sedimentary carbonate layer
which would give a direct age of the unit, these pelagic “block” or “olistolith”
ages are still of crucial importance, since they are indicators of a deep sea
environment as old as Carboniferous. The Late Permian age is actually consistent
with the Chanxingian age reported by Gonciioglu et al. (2004), and both studies
may indicate a similar deepened rift basin during Late Permian. The Middle

Carboniferous chert block of Okay and Mostler (1994), however, should
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definitely indicate a distinct pre-Karakaya environment, at least compared to the

rift succession in the Geyve area.

5.4. Origin of the Post-Accretionary Metadiabase Dikes

Although the presence of diabase dikes cutting across the Eymir metaclastics was
previously reported by Akyiirek et al. (1982), petrological features of these dikes
in Imrahor (Ankara) has been presented by Sayit and Génciioglu (2009a). In this
study, these metadiabases were sampled in a much wider region. Their
geochemical characteristics indicate an intra-oceanic SSZ-signature and show
striking similarities with those discussed in Sayit and Gonciioglu (2009a),
Therefore, the Eymir metadiabase dikes probably represent the products of the
same volcanic activity, and their subduction-related characteristics make them
entirely different compared to the Niliifer metabasics that reflect E-MORB- and
OIB-type signatures. This result is especially important, because Akyiirek et al.
(1984) regard these dikes as the feeders of the Niliifer-type volcanics (their
Ortakdy Formation). This study together with the work of Sayit and Gonciioglu
(2009a), however, draws a clear distinction between the geochemical nature of
the Eymir metadibases and the Niliifer metabasics, indicating that the Eymir

metadiabase dikes cannot be feeders of the Niliufer metavolcanics.

A detailed discussion and comparison regarding the geochemical characteristics
of the studied metabasic rocks can be found in the later paragraphs. The age of
these dikes is a matter of debate. There is no relative or absolute age that has been
reported so far. Sayit and Gonciioglu (2009a) interpreted these metadiabase
bodies as syn- or post-accretionary, and regard that they are pre-Liassic in age,
thus suggesting they are the last magmatic products related to the Karakaya

Complex.
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5.5. Metamorphism

Petrographically, both Niliifer- and Eymir-type samples appear to have been
variably metamorphosed mostly under greenschist conditions. This is evidenced
by the development of albite+actinolite+epidote+chlorite paragenesis. The lower
temperature (sub-greenschist facies) conditions are also encountered with the
presence of Ca-Al silicates, such as, prehnite and pumpellyite. Locally, the OIB-
type Niliifer metabasic rocks also bear sodic amphibole as indicative of elevated
pressure conditions. However, no lawsonite has been observed. Therefore, in
terms of the uppermost pressure limits, the Niliifer samples have remained within
the boundaries of HP-greenschist facies conditions. The Eymir metadiabases, on

the other hand, has been found to bear no sodic amphibole.

5.6. Petrographical Evaluation

For both the Niliifer and Eymir metabasic samples, the most stable primary phase
that has survived the metamorphism appears to be clinopyroxene. Kaersutite,
observed as a late-stage primary phase in the Niliifer metabasic rocks, is also
observed to have preserved its original identity. The brownish and to a lesser
extent pinkish colors of the clinopyroxene crystals found in the Niliifer samples
show their Ti-rich character (Ti-augite). In the Eymir metadiabases, on the other
hand, the clinopyroxene phase is found to be rather diopsidic as indicated by their
colorless nature. The presence of kaersutite in the alkaline Niliifer-type rocks,
confirms the high Ti-contents of these samples. In constrast to this Ti-rich
amphibole found in the Niliifer-type samples, the Eymir metadiabases include
green hornblende as a primary amphibole phase. This hornblende is observed to
replace diopsidic augite in most cases. This magmatic replacement is reflected by
the clinopyroxene crystals rimmed by the hornblende. Regarding both Niliifer
and Eymir samples, plagioclase is mostly found to have lost its original
composition, and observed as replaced by albite. In the Niliifer metabasic rocks,
olivine has been totally replaced by secondary minerals, including serpentine,

chlorite and actinolite. The higher Mg contents of the Niliifer-type samples,
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compared to the Eymir samples, in general are indicated by the presence of

abundant pseudomorphs after olivine.

5.7. Geochemical Evaluation

The geochemical investigation reveals that both evolved and primitive members
are present within studied metabasic samples. The effect of post-magmatic
processes is evident by the highly variable abundances of the fluid-mobile
elements as well as LOI values. However, HFSE and REE have mostly remained
undisturbed as reflected by their consistency in the multi-element patterns and
well-defined trends against Zr. The studied samples are divided into 3 groups;
OIB-type, E-MORB and SSZ-type. The OIB-type is characterized by the
enrichment in the most incompatible elements with respect to N-MORB, and
display highly fractionated REE patterns. The E-MORB-type group show
enriched patterns relative to N-MORB, similar to the first group, but it appears to
be more depleted. The last group, namely SSZ-type, is quite different than the
other groups in that it displays a marked Nb anomaly coupled with Th
enrichment, and has HFSE abundances similar, but slightly lower than N-MORB.

Apart from the E-MORB-type group which shows a very limited MgO variation,
all the studied suites show the effect of fractional crystallization as indicated by
the observed differentiation trends when plotted against MgO. Regarding the
OIB-type suite, fractionation of olivine + clinopyroxene + spinel has played an
important role; however some samples reflect the effects of accumulation, mostly
olivine. In the SSZ-type suite, oli + plag + clinopyroxene represent the early
fractionation history; however in later stages Fe-Ti oxides together with
hornblende join the fractionating assemblage. In the OIB-type group, ~15% MgO
may represent the composition of the primary melts, whereas no sample

representative of a primary magma found within the E-MORB- or SSZ-type suite.

The OIB- and E-MORB-type display lower Zr/Nb and Y/Nb ratios when

compared with the SSZ-type, suggesting derivation from more enriched sources
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and/or lower degrees of partial melting. The considerably high Zr/Nb of the latter
group coupled with HFSE abundances lower than N-MORB, however, strongly
imply that the mantle source of these samples was of a depleted composition
(DMM or N-NORB source), and may have experienced higher degrees of
melting. The plot of Zr/Y-Nb/Y, where all the OIB- and E-MORB-type samples
plot on/above the AND line, also confirms the previous interpretation, indicating a
more enriched source region for this two groups with respect to the SSZ-type
group which stays below the line. More importantly, this plot suggests a similar
source region (enriched type) for the genesis of the OIB- and E-MORB-type
groups. This result is supported by the isotope systematics of the studied samples,
indicating that the OIB- and E-MORB-type groups have been derived from
enriched sources (i.e. FOZO, HIMU, EMII), while the SSZ-group requires a
depleted component (DMM) therefore, consistent with the interpretation inferred

from trace element ratios.

The investigated samples all are away from any continent-derived effects. The
absence of such an input in the OIB- and E-MORB-type samples is evidenced by
their distribution along the MORB array in a Th/Yb-Nb/YDb plot as well as their
low ratios of Th/Nb and Ce/Nb. Although the latter ratios appear to be high for
the SSZ-type samples, the low HFSE abundances combined with very high Zr/Nb
is indicative of an intra-oceanic origin, thus ruling out the effect of crustal
contamination for this group. That all the studied samples do not bear any
contamination signatures introduced by continental crust is clearly reflected by
the fact that none of the studied suites displays a tendency towards the

metaclastics of the Eymir unit.

The geochemical modeling shows that partial melting of neither pure garnet-
lherzolite nor spinel-lherzolite can account for most of the variations observed
within the OIB-type and E-MORB-type suites. Instead, their melting systematics
can be explained in terms of melt-mixing requiring variable contribution from
garnet- and spinel-facies melts. The OIB-type melts appear to have been

generated by mixing of ~1-5% garnet-facies melt with 7.5% spinel-facies melt,
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where the contribution of the former is generally greater than 50%. Although the
petrogenesis of the OIB-type samples are attributed to mixing of melts derived
from garnet- and spinel facies lherzolite, the origin of the E-MORB-type melts
cannot be explained in the same way. Their REE modeling reveals that these
samples requires melt-mixing, where a garnet-lherzolite source have undergone a
6.5% previous melt-extraction event, subsequently re-melted at a ratio of 8%,
then mixed with ~1.5-3% garnet-facies partial melts derived from a fertile garnet-

lherzolite source.

The genesis of the SSZ-type samples can be attributed to ~5-7.5% partial melting
of a DMM source which has experienced a 2.5% previous melt extraction event.
This result may further explain the reason of the depletion in HFSE in this

magmatic suite.

The isotopic chemistry shows that the OIB-type suite reflects the greatest
heterogeneity among the studied suites, while the SSZ-type group appears to be
the most homogeneous. The more radiogenic subgroup of OIB-type suite display
similar isotopic characteristics with the E-MORB-type suite, suggesting that they
have been derived from similar source regions. The less radiogenic group,
however, is of very dissimilar isotopic ratios, indicating a distinct source region
for its genesis. The similar Nd-Hf isotopic compositions, but different Ce/Sm
ratios shown by some OIB- and E-MORB-type samples imply a recent
fractionation event (e.g. partial melting). The isotopic ratios clearly indicate that
the distinct Zr/Nb ratios observed in the OIB-type group have been caused by a

recent process.

The isotopic modeling using age-corrected end-members suggests that a multi-
component mixing of FOZO, HIMU and EMII can explain the isotope
systematics of the OIB- and E-MORB-type basalts. One sample (IM-28),
however, requires somewhat a different mixing systematics relative to rest;
including some DMM component for its origin. Therefore, on the basis of the

mixing arrays, it is very evident that the source region of the OIB- and E-MORB-
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type suites has comprised enriched isotopic domains. If the robust Nd-Hf isotopic
space is considered, there are 3 such distinct domains within these suites. First of
these groups is largely dominated by EMII component with minor FOZO and
HIMU. The second group mostly requires FOZO and to a lesser extent EMII and
HIMU. The last group is represented by sample IM-28, and calls largely for
DMM and HIMU components.

The somewhat similar '**Nd/"**Nd but markedly different '"°Hf/'"Hf ratios of the
SSZ-type samples strongly indicate that a distinct component is needed to explain
the petrogenesis of this suite. The geochemical nature of the SSZ-type group
requires a depleted mantle wedge source (DMM) which has been modified by of
slab-derived fluids and sediment melts. The involvement of these shallow- and
deep-subduction zone components is well monitored by the trace element ratios,
such as Ba/Yb, Nb/Yb, Th/Nb and Ba/Nb. The isotopic mixing modeling is also
in good aggrement with this interpretation, indicating that both sediment melt and
sediment fluid have been involved component. The that the SSZ-type suite can
be attributed to a DMM component which first mixes with a 0.3-0.5% sediment
melt, and then subsequently mixed by ~0.1-1% sediment fluid.

The presence of enriched isotopic domains with variable composition within the
OIB- and E-MORB-type suites suggests a heterogeneous mantle plume source for
the origin of the Niliifer-type magmatism. The enriched nature of the samples
excludes depleted asthenospheric source (DMM) as a source for this magmatism.
Even if the asthenosphere may comprise some small-scale heterogeneities to give
slightly radiogenic isotopic compositions (e.g. Haase and Devey, 1993), it is not
enough to match with the degree of isotopic enrichment and heterogeneity
observed within the OIB- and E-MORB-type suites. Furthermore, the
asthenosphere-related magmatism would create a tholeiite-dominated
magmatism, which contrasts with the alkaline-dominated nature the Niliifer Unit.
The presence of picritic metabasalts and metagabbros found throughout the study
area constitutes another evidence supporting the plume origin for the genesis of

the Niliifer Unit comes from. The picritic or high-Mg magmas require mantle
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potential temperatures higher than ambient upper mantle for their generation (e.g.
Campbell and Griffiths, 1989; McKenzie and Bickle, 1988). Such anomalously
hot conditions can be achieved only by involvement of a mantle plume.
Therefore, the existence of the picritic samples further supports the plume origin
of the Niliifer Unit samples. Another constraint arguing for the plume-related
genesis of these samples is the occurrence of Niliifer magmatism over a relatively
large time period. If the well-constrained Anisian-Carnian paleontological age
(Middle-Upper Triassic) is taken into account, then this would correspond to a
time interval of some 20 My for the occurrence of magmatism. Such a long-term
magmatic event appears to be very consistent with the plume hypothesis to

explain the Niliifer magmatism.

The intermediate character of the SSZ-type Eymir diabases between N-MORB
and TAB suggests that this group may represent a back-arc system rather than an
arc environment. Magmas erupted on intra-oceanic back-arc settings are of highly
variable compositions, displaying geochemical signatures between IAB and N-
MORB (e.g. Gribble et al., 1998; Sinton et al., 2003). Although sometimes it is
impossible to distinguish BAB basalts from IAT or MORB, BAB basalts are
generally found to have influenced by a subduction component, reflecting the
effect of subducting slab for their petrogenesis (e.g. Pearce et al., 1994; Gribble et
al., 1996; Fretzdorff et al., 2002). A transitional nature intermediate between N-
MORB and IAB can be observed on the Eymir metadiabase dikes, and this is
evidenced by the HFSE patterns of these samples similar to N-MORB, but
slightly more depleted and associated with a pronounced negative Nb anomaly.
Although island arc display highly variable REE patterns, it is quite common to
see relatively flat patterns in back-arc systems (e.g. Gribble et al., 1996).
Therefore, the relatively flat REE patterns shown by the Eymir metadiabases are
consistent with a back-arc origin. The absence of true N-NORB signatures
coupled with the involvement of subduction components as reflected by trace
element and isotope chemistry indicates that the Eymir back-arc system has not

reached the mature stage where the seafloor spreading mainly operates the
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extensional process. Instead, it rather appears to have remained in the initial

rifting stage.

In the next section, I compare the geochemical findings as inferred by this thesis
with the published geochemical data, and combine them with the geological and
petrographical evidences to shed light into the geodynamic evolution of the
Palaeotethyan Karakaya units, and their final incorporation in an accretionary

prism during Late Triassic time.

5.8. Geodynamic Evolution of the Karakaya Complex and Its Significance
for the Palaeotethyan Events

It is indisputably accepted that there have been a number of seaways (whether of
small or gigantic size) that separate the continental fragments from each other
during the geodynamic evolution of the earth. Of these oceanic seaways,
collectively named the “Tethys”, the one that is believed to have existed between
Middle Palacozoic and Early Mesozoic is known as the “Palacotethys” (e.g.
Sengér and Yilmaz, 1981; Sengor et al., 1984). The Karakaya Complex is of
critical importance to understand the fate of this oceanic realm, since it holds
records of the closure that occurred as a result of the collision between Laurasian

and Gondwanan-derived plates.

Even though a number of models have been put forward regarding the
geodynamic evolution of the Karakaya Complex, these arguments actually
revolves around two main ideas, namely the rift model and subduction/accretion
model (see also Okay and Gonciioglu, 2004). The rift model, which was
originally proposed by Bingdl et al. (1973), argues that the Karakaya Units have
been generated upon a basement (or basin) in response to extensional regime
installed in Early Triassic. This idea, though modified in terms of several aspects,
has been followed by a number of researchers (Kogyigit, 1987; Altiner and
Kogyigit, 1993; Gen¢ and Yilmaz, 1995; Gonciioglu et al., 2000) and they
generally tried to explain the opening of the basin via back-arc spreading (Sengdér

and Yilmaz, 1981). The geochemical character of the mafic rocks within the
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Karakaya Complex, however, reveal that they are dominantly of OIB-like
magmas derived from an enriched mantle source (Capan and Floyd, 1985; Pickett
and Robertson, 2004; Sayit and Gonciioglu, 2009a). There are various studies that
favor the presence of oceanic-related structures, such as, a seamount (s), an
oceanic island (s), an oceanic plateau, or a large igneous province (Capan and
Floyd, 1985; Pickett and Robertson, 1996, 2004; Okay, 2000; Geng, 2004; Sayit
and Gonciioglu, 2009a). Compared with the widespread presence of OIB-type
magmas, the mafic rocks characterized by BABB signatures, though not so
extensive, are found in the Kiire and Ankara regions (Ustadmer and Robertson,

1994; Sayit and Gonciioglu, 2009a).

Even though the subduction-accretion models appear to be more suitable for the
genesis of Karakaya basaltic magmas compared to the rift model, they also reflect
contradictory interpretations within themselves. Tekeli (1981), the forerunner of
the subduction-accretion hypothesis, proposes that the magmatic rocks represent
the products of arc-related setting and stated that these rocks together with the
other rock lithologies have been incorporated into an accretionary prism, forming
a tectonic mélange. Okay et al. (1996) also suggests a similar idea, arguing that
the Lower Karakaya Complex (their Niliifer Unit) was formed in an ensimatic
forearc-intraarc basin. Below, in the light of the results obtained by this thesis
presented above in detail, the geodynamic evolution of the Karakaya Complex
and the related Palaeotethyan events will be discussed on a tectonomagmatic

framework.

There is no doubt that the age of the Karakaya Complex in NW Anatolia is
clearly of pre-Liassic. The mélange units of the Karakaya Complex are
unconformably overlain by Early Jurassic clastics thus limiting the uppermost age
of the complex to latest Triassic (Kogyigit, 1987; Altiner et al., 1991; Okay et al.,
1991; Kogyigit et al.,, 1991). This age is apparently younger than the Early
Triassic age proposed initially by Bingdl et al. (1973). This is probably due to
that they did not regard the overlying sequence as the part of the Karakaya
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Complex, although they were aware of the fact that the cover sequence was of the

Middle-Late Triassic.

The latest Triassic age also marks the age of the common deformation phase that
has resulted from the so-called “Cimmeride Orogeny”. The trace of this orogenic
event is evidenced by the presence of Niliifer-type metabasic rocks bearing high
pressure overprints. The most widespread of those rocks is observed as HP-
greenschists (Okay et al., 1991; Sayit and Gonciioglu, 2009a) as also indicated by
this study. The Ar-Ar phengite ages of the eclogites and blueschist metabasites
from the Niliifer Unit are found to be Latest Triassic (Okay and Monie, 1997,
Okay et al., 2002), thus consistent with the geological results. Furthermore, the
Late Triassic age as indicated by a number of studies (e.g. Leven and Okay,
1996; Okay and Altiner, 2004) also confirms that the regional deformation
observed in the Karakaya Complex (consequently, the Sakarya Composite

Terrane) is restricted to the latest Triassic interval.

The lowermost limits that define the age of an oceanic realm on which the
Karakaya related units have been associated; however, is a matter of debate. This
problem mainly results from the reason how the Karakaya-related entities have
been interpreted in the Palaeotethyan framework. The continental-rift model (e.g.
Bingdl et al.,, 1973, Sengér and Yilmaz, 1981, Kogyigit, 1987, Altiner and
Kogyigit, 1993, Gen¢ and Yilmaz, 1995) interprets the lithologies of the
Karakaya Complex as the result of opening of an E-W trending basin on the
northern margin of the Tauride-Anatolide Platform via back-arc spreading. This
tectonic model was developed primarily to explain the presence of exotic
limestone blocks as well as volcano-sedimentary assemblages composed mainly
of mafic lavas interbedded with limestone and chert, greywackes and arkosic
sandstones (Bingol et al., 1973). However, in this case, the product is a small
basin which does not reflect the main ocean, namely the Palaeotethys. Thus, this
thought has led those workers to think a separate Karakaya ocean or basin that
was isolated from the Palaeotethys. Consequently, the defenders of this idea

suggest a Late Permian-Late Triassic period for the lifetime of this basin.
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However, the presence of pelagic sediments of Late Carboniferous age (Okay and
Mostler, 1994) requires the existence of a deep basin as old as Carboniferous.
This is also supported by the Late Permian metamorphism age of the Niliifer Unit
reported by Topuz et al. (2004). Their work suggests that the subduction process
was still ongoing in Late Permian, therefore indicating existence of a deep basin

before that time.

The other line of thought, which relates the generation of the Karakaya Complex
to a subduction/accretion prism, appears to be more appropriate solution. In this
alternative, some of the Karakaya-related assemblages are regarded to be purely
oceanic, such as seamount or oceanic plateau, and they, at the final stage, are
incorporated to an accretionary prism during latest Triassic together with the
other assemblages that derive from continental sources. Therefore, in the
subduction/accretion model, initially put forward by Tekeli (1981), some of the
tectonostratigraphic units should, at least, have developed on, or characterize the
Palaeotethys itself. Such a model can explain the presence of pelagic lithologies

which are of Late Carboniferous age, and the Late Permian metamorphic ages.

Initially put forward by Tekeli (1981), the subduction/accretion model itself,
however, is a highly debated subject. The scenarios include seamount(s), oceanic
island(s), and/or an oceanic plateau (Capan and Floyd, 1985; Pickett and
Robertson, 1996, 2004; Okay, 2000; Geng, 2004; Sayit and Gonciioglu, 2009a) to
be accreted during the closure of Palacotethys. However, Okay et al. (1996),
similar to Tekeli (1981), argued that the basaltic rocks were generated in an arc-
related setting, and they were formed in an ensimatic forearc-intraarc basin. The
paucity of SSZ-type mafic rocks relative to abundant E-MORB and OIB-type
magmas within the Niliifer Unit, however, suggest that this tectonic setting is not
suitable for the genesis of these mafic lavas. The Eymir metadiabases and the
Kiire metabasalts, which bear SSZ-type signatures, on the other hand, are
products of different magmatic event, and they will be discussed in later

paragraphs.
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An oceanic plateau origin, which is initally proposed by Okay (2000) and
followed by Geng (2004) in his own terms, is not supported by the geochemical
data obtained by this study. Oceanic plateaus are largely made up of basaltic
rocks of tholeiitic character (e.g. Mahoney et al., 1993; Frey et al., 2000) as
opposed to the alkaline character dominating the Niliifer Unit (Capan and Floyd,
1985; Pickett and Robertson, 1996, 2004; Sayit and Gonciioglu, 2009a). The
Kerguelen Plateau, for example, is composed of tholeiitic basalts covering more
than 85% of the unit (e.g. Condie, 2001). In addition, oceanic plateaus are
characterized by largely flat REE patterns (e.g. Floyd, 1989; Mahoney et al.,
1993), which contrast with the OIB and E-MORB assemblages defining the
redefined Niliifer Unit that displays variable enrichment in LREE relative to
HREE (Figure 4.2), and nearly flat N-MORB normalized incompatible trace

element patterns.

In terms of the rift model, there is no compelling geological or geochemical
evidence to support the suggestion that the Niliifer basalts were emplaced in a
continental rift setting (Pickett and Robertson, 1996, 2004; Okay et al., 1996;
Sayit and Gonciioglu, 2009a). Within the Niliifer Unit, there is no field evidence
of continental crustal material in primary contact with these OIB- and E-MORB-
type basalts. It is also significant in this context that the investigated basaltic
samples characterizing the Niliifer Unit display little or no crustal contamination
as displayed by their geochemistry. Furthermore, a back-arc basin opened on a
continental basement does not also seem to be a plausible model for the
geodynamic evolution of the Niliifer Unit, as the basaltic rocks lack any
geochemical signature which can be attributed to a subduction-modified mantle
(e.g. Ferrar Magmatic Province, Hergt et al., 1991). Hence, rift models with the
involvement of continental crust do not appear to be suitable for the genesis of

Niliifer-type basalts considered in this study.

The Middle-Late Triassic (Anisian-Carnian) E-MORB- and OIB-like magmatism
(without crustal involvement) suggests that oceanic islands and/or seamounts

have formed on oceanic crust during this time interval (Sayit and Gonciioglu,
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2009a). Although a seamount origin was previously proposed by Pickett and
Robertson (1996, 2004) for the Niliifer Unit, their interpretation was restricted
only to the Niliifer-type assemblages suggested by Okay et al. (1991) in NW
Anatolia. Therefore, this study differs considerably from those of Pickett and
Robertson in terms of both extent and terminology. Capan and Floyd (1985) also
proposed a seamount origin; however their study also remained very local

compared to what has been suggested by this study.

The petrological model proposed by Sayit and Gonciioglu (2009a) suggests that
the seamounts were formed nearby the Palacotethyan spreading ridge in
association with a mantle plume. According to their model, the OIB-like
magmatism results from the partial melts directly derived from the mantle plume.
The E-MORB-type melts, on the other hand, are the products of the melt-mixing
that has occurred as a result of mixing of enriched plume derived melts coming
from garnet-stability field with the depleted spinel-facies melts. According to this
model, the depleted spinel-facies melts were derived from an N-MORB source,
i.e. depleted asthenospheric mantle upwelling through the mid-ocean ridge. The
enriched character of the OIB-type melts is confirmed,here as indicated clearly by
isotope geochemistry (Figure 4.23). The presence of a depleted source for the
generation of E-MORB-type melts as previously suggested by Sayit and
Gonctioglu (2009a), however, is not confirmed by the current study (see Chapter
4), since the geochemistry of the E-MORB-type metabasic rocks reflects enriched
isotopic signatures (Figure 4.23), suggesting that the source of the E-MORB-type
melts should also have been an enriched source. This indicates that the
magmatism creating these seamounts should have occurred away from a
spreading center (if any). Therefore, the main mechanism that generates both type

of melts (E-MORB and OIB) was probably the plume itself.

5.9. The Geodynamic Model Proposed by This Study

As displayed by the geochemical and geological evidences presented by this

study as well as the previous studies, the redefined Niliifer Unit characterizes
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seamounts and ocean islands that were formed on the Palacotethyan oceanic crust
in association of a mantle plume. After explaining the possible tectonic setting of
the Niliifer Unit, the important questions are: what was the relation of these
oceanic islands with the other oceanic assemblages, and how were they
incorporated into a sedimentary mélange with continent-derived rocks (i.e.

Paleozoic platform carbonates, arkosic sandstones and greywackes?

Among the ocean-derived lithologies in close relation to the Palaeotethyan
oceanic lithosphere, the ones characterizing oceanic islands is now well-
constrained on the basis of this study as well as many published works (e.g.
Pickett and Robertson, 2004; Sayit and Gonciioglu, 2009a). These assemblages
mainly include metabasalts bearing dominantly alkaline OIB signatures and their
derivatives (e.g. pillow breccias, hyaloclastites) primarily associated with pelagic
and neritic limestones as well as chert and mudstones. Although these oceanic-
island-type assemblages are ubiquitously found, the metabasic rocks with N-
MORB signatures, reflecting the Palacotethyan oceanic crust itself, have not been

revealed so far from the central and western sectors of the Karakaya Complex.

In contrast to the Niliifer-type assemblages which include no terrigenous
sediments, the Eymir Unit is composed largely of metaclastics that indicate an
origin of a continental basement. These lithologies actually have misled the
workers in interpreting the Karakaya Complex. This is mainly due to the fact that
the mélange character of the Karakaya assemblages has been obscured. In most of
the places, these clastic lithologies form the matrix that envelops the metabasaltic
(the Niliifer Unit) and limestone blocks. These clastics commonly appear as of
Late Triassic age, while in a few places significantly older ages has also been

reported.

Occurrence of the Na-amphibole-bearing metabasic rocks in the Niliifer Unit
suggest that these lithologies should have buried deep inside the subduction zone
in relatively cold conditions. This evidence, together with the oceanic-island

character of these metabasic rocks, is indicative of a subduction/accretion prism,
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where the fragments of oceanic islands have been incorporated and chaotically

mixed with the continental-derived lithologies.

In order to understand the geodynamic evolution of the study area between Late
Palacozoic and the latest Triassic, the well-constrained findings requires the

following criteria to be taken into account:

1. The Karakaya Complex represents a subduction/accretion complex formed as a

result of the subduction of the Palaeotethyan oceanic lithosphere.

2. The formation age of the complex is the Late Triassic, while its metamorphism

age is the latest Triassic.

3. The oceanic lithologies incorporated into the accretionary prism represent

oceanic islands and their platforms, and they are of Middle-Late Triassic age.

4. Within the accretionary material, there exist lithologies derived from
continental and/or arc crust, and from a carbonate platform of Devonian-Permian

age.

5. The Karakaya Complex rests upon a Late Palaecozoic continental crust
fragment that belongs to the Sakarya Composite Terrane. The contact between
them appears to be mostly tectonic, though primary stratigraphic relationships

with some clastic units have also been reported.

6. At the end of Permian (Chanxingian), it appears that an OIB-type volcanic
activity started at the northern margin of the Sakarya continental crust or on an
oceanic basin (the Palaeotethys) to the north of that margin. This age constitutes

the oldest age that has been proven to reflect the age of volcanism.

7. For the Palacozoic reconstruction, it is more appropriate to start with the end of

Permian, since there is no much data regarding that time interval.

Though highly speculative, it can be suggested that during Early Carboniferous,

the southward subduction of the Palacotethyan oceanic slab resulted in arc-type
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magmatism producing the Sogiit-type assemblages and associated granitoid
bodies (e.g. Yilmaz, 1981; Gonciioglu et al., 2000) on the northern margin of the
Tauride-Anatolide Platform (Figure 5.1). At the same time interval, a back-arc rift
also developed to the south of the Sogiit arc (Gonciioglu et al., 2007). This
continental back-arc rift, however, could not pass into advance stages, and
remained as a failed (aborted) rift as indicated by the absence of pelagic
assemblages. In this chain of events, it must be noted that the Palaeotethys,
representing the main ocean, is located to the north of the Sakarya Terrane. It can
be further argued that the southerly-dipping subduction may also have resulted in

the formation of the Kiire-type oceanic crust on the Palaeotethys.

If the rift model (the first alternative) is integrated into the subduction/accretion
model (the second alternative), a geodynamic model as the following can be
proposed. During Late Permian, the continued subduction of the Palaeotethyan
oceanic slab resulted in rifting of the northern margin of the Tauride-Anatolide
Platform. This rift basin (will be called the Karakaya Rift Basin on the basis of
this study), was opened on the assemblages represented by a Sogiit-type arc
basement and an overlying carbonate platform of Tauride-Anatolide character.
Alternatively, this rift basin may have been opened in response to a mantle plume
rising beneath the Palaeotethyan lithosphere. However, in this case, one would
expect a highly voluminous magmatism, such as the Oligocene flood volcanism
in Yemen (Baker et al., 1996) or Parana-Etendeka flood volcanism (Peate, 1997).
Thus, the first option, namely a back-arc rift-type opening, seems more
applicable. The Karakaya rift basin became gradually deepened to the end of
Permian, as reflected by the Changxingian cherts alternating with arkosic
sandstones. While deeping during Early-Middle Triassic, the Permian and
Carboniferous limestone blocks of varying sizes were incorporated within the

sediments as a result of the gravity slides.
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Figure 5.1. Geodynamic model for the evolution of the Karakaya Complex

proposed by this study, integrating both rift- and subduction/accretion-related
processes.
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During Early?-Middle Triassic, the oceanic spreading brought the Palacotethyan
oceanic lithosphere over the mantle plume, resulting in mainly alkaline OIB-like
magmatism with enriched geochemical signatures. These seamounts created in
response to this mantle-plume related magmatism probably grew up to the sea-
level or exceeded, and become oceanic islands that sit on the oceanic crust, as
indicated by the Anisian neritic limestones interbedded with the metabasalts. In
the deeper parts, the deep sea sediments (pelagic limestones, mudstones, cherts)
have also been deposited synchronously with metabasalts along the flanks of the
oceanic islands. The seamount/ocean island generation continued until early-Late
Triassic as indicated by the Ladinian?-Carnian cherts interbedded with
metabasalts in NW Anatolia (Sayit and Gonciioglu, 2009a). During the Late
Triassic, with the ongoing subduction, the oceanic islands started to have been
incorporated to the accretionary prism in front of the northern margin of the
Tauride-Anatolide platform. The area of subduction/accretion was probably away
from the forearc region where the active margin volcanism took place, and
represented by a thin accreted mélange (Closs, 1984). The evidence for this
comes from the intra-oceanic character of the metadiabase dikes cutting across
the subduction/accretion prism. Here, the oceanic islands were sliced and mixed
with material that derived from the Gondwanan carbonate platform and the
Karakaya rift basin. Some of the slices with ocean island material in the
subduction-accretion prism should have been deeply buried through the
subducting slab as displayed by the development of Na-amphibole found in the
Niliifer metabasaltic rocks. In the deeper subducted slices, some of these
metabasic rocks also experienced amphibolite and eclogite facies metamorphism
(Topuz et al., 2004; Okay and Monie, 1997; Okay et al., 2002). During accretion,
some small piggy-back-type basins were formed on top of the prism, and both
shallow and deep sedimentation took place in these places. These small basins
were the places where the Late Triassic clastics were deposited along with the
Late Triassic cherts and limestones. Some of these clastics were later also
incorporated with the metabasaltic rocks and buried to the deeper levels within

the prism. At the end, with the closure of the Palaeotethys, the resulting picture is
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a tectonic mélange characterized by pieces of dissimilar origin. This tectonic
mélange includes in some parts fragments of oceanic islands chaotically mixed
with the continental-derived clastics, while in some places comprises pieces of

continental rift and its carbonate platform and associated sediments.

The fate of the Kiire basin is behind the scope of this study but is worth to
speculate. Most of the studies regard the Kiire Basin as a small continental back-
arc basin that has advanced into the mature oceanic stage (e.g. Ustadbmer and
Robertson 1994; Kozur et al., 2000; Stampfli and Borel, 2002; Moix et al., 2008),
and they treat the Karakaya and Kiire assemblages as representive of different
basins. Okay et al. (2006), on the other hand, argue that there is no continental
sliver observed which separates the Karakaya and Kiire lithologies in the field;
thus they assume that both were parts of the same ocean, namely the Palacotethys.
As indicated by their SSZ-type affinities (Ustadmer and Robertson, 1994), the
Kiire ophiolites are markedly different than the Niliifer-type metabasic rocks
which are dominantly of OIB-type trace element signatures (Figure 4.2). This
striking difference shows that the Kiire metabasalts should have represented a
different type of tectonic setting. The intra-oceanic geochemical nature of the
Kiire extrusives away from any continent-derived effects suggests that it was
probably characterizing an oceanic back-arc basin (e.g. today’s the Mariana
Trough, the Manus Basin, or the East-Scotia Ridge; Gribble et al., 1998; Sinton et
al., 2003; Livermore, 2003) that had opened on the Palaeotethyan oceanic crust.
Thus, in this study the Kiire basin is treated as a remnant of the Palaeotethyan
oceanic crust. In this respect, this interpretation is consistent with that of Okay et

al. (2006).

The SSZ-type Eymir metadiabase dikes geochemically evaluated in detail are
another matter of debate. In this study, the Eymir diabases are interpreted as the
post-accretionary dikes intruding the Karakaya complex during closure of the
Palaeotethys in latest Triassic. In the absence of any age constraints, these
metadiabases are regarded as pre-Liassic because of the following reasons. First,

based on the geological studies performed by Akyiirek et al. (1984, 1996),
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nowhere these metadiabase dikes appear to have intruded into rock assemblages
which are younger than Triassic. Second, if they were the products of a younger
closure event, i.e. Neotethys, they should have cross-cut a thick pile of the SCT
including the basement, the Karakaya Complex and the overlying Mesozoic
cover. In this case, it would be expected that the dikes should display continental
contamination to some extent. However, no studied metadiabase samples show
such a signature, therefore suggesting that these dikes should be probably of pre-
Liassic and represent the magmatism related to the termination of the

Palacotethys.
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CHAPTER 6

CONCLUSIONS

The Karakaya Complex is represented by a tectonic mélange that is composed of
several rock assemblages of diverse origin which were chaotically mixed with
each other during the latest Triassic as a result of the demise of the Palaeotethys.
Among these mélange units, the Niliifer Unit of Okay et al. (1991), which
constitutes a part of pre-Liassic basement of the Sakarya Composite Terrane, is
redefined and reevaluated in this study. The redefined Niliifer Unit is represented
by metabasic assemblages bearing OIB- and E-MORB-type signatures, which are
interbedded with shallow- and deep-sea lithologies including neritic and pelagic
limestones as well as mudstones and cherts. The Niliifer-type assemblages can be
traced along a wide region within the Karakaya Complex, extending from Central
to NW Anatolia. To what extent the metabasic rocks cropping out in the eastern
part of the complex can be evaluated within the definition of the redefined

Niliifer Unit; however, is a matter of debate.

The Niliifer Unit is characterized entirely by ocean-derived assemblages; no
continental detritus is included. The presence of HP-greenschist facies metabasic
rocks (as reflected by the presence of Na-amphibole) suggests that the Niliifer-
type assemblages has been transported to deep levels through a subduction zone
in relatively cold conditions. The presence of Na-amphibole is not only restricted
to the foliated (schistose) varieties, but also found in the non-foliated lithologies.
However, whether schistose or not, all metabasic lithologies within the Niliifer

Unit show the same geochemical signature, namely E-MORB- and OIB-type.
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On the basis of the detailed trace element chemistry performed in this study, the
Tepekdy Metamorphics, which were previously interpreted as an intra-oceanic
arc by Gonclioglu et al. (2000), are found to be of OIB- and E-MORB-type

geochemical signatures, thus making them as a part of the Niliifer Unit.

The Middle-Late Triassic age acquired from the neritic and pelagic limestones
interbedded with the metabasalts in the Hacilar area is consistent with the

previously suggested time interval for the generation of the Niliifer Unit.

Regarding the Ankara region, it is not appropriate to separate the Karakaya units
as “less” or “more” metamorphic. It is clearly shown by this study that the
assemblages previously regarded as “less metamorphic” in the Ankara region do
actually bear the traces of high pressure metamorphism. The intensity of
deformation and degree of metamorphism is observed to change within short

distances.

The Eymir Unit, which is the other redefined unit in this study, comprises
variably deformed and metamorphosed clastic lithologies. The Eymir Unit
constitutes the matrix material in which the variable-sized blocks of the
metabasic rocks (the Niliifer Unit) and limestones are embedded. The Eymir
metaclastics are intruded by metadiabase dikes that display intra-oceanic SSZ-
type characteristics. The Carnian age finding obtained from the radiolarians in a
chert layer alternating with the metaclastics of the Eymir Unit indicates the
presence of piggy-back-type basins formed on top of the accretionary prism

during the closure of the Palaeotethys.

No paleontological or absolute age has been acquired regarding the age of the
Eymir metadiabases. However, in the light of regional geological observations
and non-contaminated geochemical nature of these dikes suggest that they are
probably of pre-Liassic and represent the post-accretionary magmatism during

the latest Triassic.
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The Niliifer metabasic assemblages have OIB- and E-MORB-type trace element
signatures, whereas the Eymir metadibases are markedly different, displaying
intra-oceanic SSZ-type signatures. As demonstrated by trace and isotope
geochemistry, both Niliifer and Eymir metabasic rocks show no evidence of
contamination by continental crust. The absence of crustal contamination, but
cross-cutting the metaclastic lithologies indicate that these dikes have probably

intruded into a thin accreted mélange in front of the main accretionary prism.

The Niliifer-type metabasic rocks, including both OIB- and E-MORB-type, are
found to have been derived from a heterogeneous mantle source carrying
enriched isotopic signatures (FOZO, HIMU, and EMII). The SSZ-type Eymir
metadiabases, on the other hand, requires a depleted mantle source which has

been modified by of slab-derived fluids and sediment melts.

This study proposes a geodynamic model integrating both rift and
subduction/accretion models. As a working hypothesis, I suggest here that during
latest Permian, the southward subduction of the Palaeotethys led to rifting on the
northern margin of the Gondwana, forming a basin as represented by the rift
succession observed in the Geyve region (Gonciioglu et al., 2000, 2004). The
Niliifer Unit, representing the seamount(s) and oceanic island(s), was generated
during Early(?)-Middle Triassic, while the plume affected the Palaeotethyan
oceanic lithosphere, giving way to the E-MORB/OIB-type plume-related
magmatism. During the latest Triassic, closure of the Palaeotethys resulted in
incorporation of seamounts/oceanic islands and rift-related assemblages that
became further associated with clastic material derived from peripheral forearc
region of the accretionary prism. At the end, this chaotic amalgamation created

what is known as the Karakaya Complex.

In order to provide further constraints on the geodynamic evolution of the
Karakaya Complex, more studies are needed on the northern and eastern parts of

the complex, especially regarding the geochemical characteristics of the
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metabasic rocks cropping out in these regions. These geochemical findings, of

course, should be supported by any paleontological or absolute age dating.
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APPENDIX A

INFORMATION REGARDING THE STUDY AREAS

In Central Anatolia, the first part of the study area is located in Imrahor village; 5
km southeast of Ankara. This area covers an area of approximately 4 km” and it is
included in the Ankara 129-b2 and 129-b3 quadrangles of 1:25000 topographic map
of Turkey lying between the coordinates of 39°52°00°" - 39°53°30°” N latitudes and
32°52°30°° - 32°55°00°" E longitudes. The main hills in the study area are Canakc1
Hill in the north and Kocakaya Hill in the south.

The second part comprises Uregil, Zerdalitepe and Kusunlar, which are located
about 9 km and 11 km southeast of Ankara, respectively. This part covers an area
of approximately 14 km? and it is included in the Ankara 129-b2 quadrangles of
1:25000 topographic map of Turkey lying between the coordinates of 39°52°30"" -
39°55°30°” N latitudes and 32°55°30°” - 33°00°00”* E longitudes. The main hills in
the study area are Yumru Hill to the west, Tarla Hill in the south and Hanyeri Hill

in the west.

The third part of the study area consists of Bayindir, Ortakdy, Gokceyurt and
Lalahan; located about 10 km and 13 km east of, and 16 and 19 km east of Ankara,
respectively. This study area covers approximately 25 km”* and it is included in the
Ankara 129-b2 and Kirsehir 130-al quadrangles of 1:25000 topographic maps of
Turkey lying between the coordinates of 39°54°30°* - 39°58°30°” N latitudes and
33°00°00°" - 33°07°30”" E longitudes. The highest peaks in the study area are the
Mihli and Yaylabasi Hills in the west, the Yayla Hill to the north and the Deliomer
Hill in the east.
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The fourth part of the study area includes Hasanoglan, Kavakli, Doganoluk,
(Cardakbagi, and Bozca, which are located about 10 km, 16 km, 19 km, 21 km and
30 km northeast of Ankara, respectively. This study area covers approximately 30
km? and it is included in the Ankara H30-d3 and H30-d4 quadrangles of 1:25000
topographic map of Turkey lying between the coordinates of 40°00°00° -
40°05°30’ N latitudes and 33°05°00*” - 33°14°00°” E longitudes. The main hills in
the study area are Yenibag Hill in the southwest, G6lbasi and Kegikiran Hills to the
east and Dedekaya Hill in the southeast.

The fifth part comprises Hacilar (Cubuk) which is located 24 km southwest of
Ankara. This study area covers about 2 km® and included in the Ankara 129-a3
quadrangles of 1:25000 topographic map of Turkey lying between the coordinates
of 39°45°55”” - 39°46°13’ N latitudes and 32°42°30*" - 32°43°00° E longitudes.
The highest peak in the area is the Hacilar Hill in the west.

The sixth part of the study area comprises Eymir and Karatas, located 13 km and
15 km southwest of Ankara. It covers an area of approximately 25 km® and it is
included in the Ankara 129-b4 quadrangles of 1:25000 topographic map of Turkey
lying between the coordinates of 39°47°00°° - 39°51°00° N latitudes and
32°48°30°° - 32°52°30” E longitudes. The highest peaks are Taslik Hill in the

southwest and Tandiroglu Hill in the north.

The final part of the study area in Central Anatolia includes Hacilar (Cubuk) which
is located 55 km northeast of Ankara. It occupies an area of approximately 3 km®
and it is included in the Ankara H30-al quadrangles of 1:25000 topographic map
of Turkey lying between the coordinates of 40°25°00°° - 40°26°00°” N latitudes and
33°02°00°” - 33°03°30°’ E longitudes. The main hills in the study area are Beytas1
Hill in the north, Taslikiran Hill in the west, and Alanbas1 Hill in the south.

In the Central Sakarya region, the studied region includes Karagobanpinari,
Alpagut, Lagin and Emremsultan. It covers an area of approximately 700 km* and
it is included in the Ankara H25-c3,c4, H25-d3,d4, H26-c3,c4, H26-d3,d4
quadrangles of 1:25000 topographic map of Turkey lying between the coordinates
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of 40°00°30”” - 40°10°30”” N latitudes and 30°23°30"" - 31°24°30’ E longitudes.
The highest peaks are the Dededorugu Hill to the west, Top Hill in the near-central
part and Calkaya Hill to the east.

In NW Anatolia, the first part of the study area consists of Sipali, Bahg¢ecik, and
Subasi, which are located 43 km, 57 km and 50 km northeast-southeast of Bursa. It
occupies an area of approximately 20 km?, and it is included in the Bursa H23-d2
quadrangles of 1:25000 topographic map of Turkey lying between the coordinates
of 40°05°30”” - 40°13°40>’ N latitudes and 29°34°30*” - 29°45°00° E longitudes.
Main hills in the study area are Asarlik Hill to the southeast, Kocadiiz Hill in the
south and Kaplikaya Hill to the north. The second part the study area is around
Niliifer Valley (the Doganc1 Dam) which is located 12 km southwest of Bursa. It
occupies an area of approximately 15 km?” and it is included in the Bursa H21-
c2,c3 quadrangles of 1:25000 topographic map of Turkey lying between the
coordinates of 40°03°30”* - 40°09°30° N latitudes and 28°56°00°" - 28°59°30*” E
longitudes. Main hills in the study area are Akbaba Hill to the north, Babasultan
Hill in the west, and Pirnallikaya Hill to the south.
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APPENDIX B

GEOCHEMICAL DATA

Eymir metadiabase dikes

BO-2 DO-11B DO-12 DO-13 DO-18A DO-23 DO-24 DO-9B EY-4 EY-5 EY-9 HS-78 BU-8

SiO, 53.65  52.68 53.39 5491 53.83 52.05 5478 5507 5243 5456 5478 5148 44.02

Al,O; 1587  14.83 1470  14.86 14.64 1572 1515 1477 16.11 1529 1513 1640 15.68
Fe,O; 1135  14.12 13.01  13.00 13.41 9.88 12.84 13.01 11.20 1342 1347 842 945
MgO  5.90 4.80 4.20 4.20 4.40 7.30 4.10 4.10 710 400 390 830 526
CaO 8.95 7.42 7.75 7.42 8.34 10.35 7.38 7.30 768 761 731 9.83 15.36

Na,0O 3.17 3.09 3.14 3.34 3.13 2.89 3.34 3.42 323 327 341 306 244
KO  0.99 1.27 0.50 0.64 0.22 0.70 0.45 0.39 083 015 054 145 0.18

TiO, 123 1.67 1.36 1.38 1.06 0.93 1.35 1.39 1.04 131 135 068 147
P,Os 0.13 0.10 011 0.13 0.11 0.08 0.12 0.12 0.09 011 010 006 013

MnO  0.19 0.24 0.21 0.21 0.22 0.17 0.21 0.22 020 023 022 016 013

Cr04 0.047
Lol 19 2.3 2.4 1.8 2.1 2.7 1.9 3.0 34 28 13 26 5.6
Ba 111 631 105 122 35 277 88 145 311 78 217 184 39
Hf 2.2 1.9 2.2 2.2 2.1 17 2.3 2.2 18 22 19 13 23
Nb 2.1 1.6 1.9 2.1 18 1.3 2.0 2.1 14 16 16 1.0 55
Rb  19.3 17.5 9.0 125 2.3 127 104 78 131 20 70 261 23
Sr 361 389 378 377 275 413 434 504 570 207 337 421 213

Ta 0.15 0.12 0.14 0.16 0.14 0.11 0.14 0.15 011 012 013 0.08 0.4
Th 0.71 0.56 0.70 0.70 0.54 0.33 0.74 0.70 036 052 043 0.32 0.50
U 0.18 0.18 0.21 0.19 0.16 0.12 0.25 0.21 012 033 0.18 0.10 0.20

\% 314 503 426 415 453 252 400 411 285 387 391 215 299
Zr 78 62 72 69 70 62 7 67 63 70 62 50 85
Y 27.5 25.3 29.8 311 28.3 22.9 31.4 29.6 239 284 279 16.5 24.4
Pb 1.6 1.8 3.1 2.1 13 1.3 2.1 1.7 1.4 2.1 2.2 0.9 0.2
Sc 39.4 40.8 35.4 35.9 43.8 41.5 34.9 34.5 420 350 355 41.0 39.0
Co 51 50 49 56 53 51 52 47 48 45 51 50 33
Ni 25 6 5 4 3 45 4 8 15 2 4 49 48
Cr 68 12 10 10 9 137 10 16 28 8 10 141

La 4.74 3.60 4.07 4.73 4.06 2.88 4.59 4.27 311 344 344 2.29 5.10
Ce 12.83 9.72 1134 1242 11.01 8.69 1243 1179 910 981 979 6.50 14.30
Pr 2.01 1.44 1.75 1.90 1.68 1.34 1.93 1.82 142 154 157 0.96 2.13
Nd 9.80 7.46 8.82 9.38 8.29 7.05 9.63 9.23 735 802 8.04 518 10.80
Sm 3.04 2.48 2.98 3.13 2.73 2.37 3.16 3.01 250 274 274 1.73 3.37
Eu 1.08 1.09 1.10 114 0.99 0.91 1.15 1.10 099 104 1.06 0.71 1.27
Gd 3.95 3.38 4.01 4.20 3.69 3.23 4.22 4.10 334 380 378 2.29 3.95
Tb 0.69 0.63 0.73 0.77 0.68 0.57 0.77 0.75 062 0.69 0.69 0.41 0.74
Dy 4.72 4.28 4.94 5.13 4.59 3.84 5.21 5.07 401 476 481 2.88 4.36
Ho 0.98 0.89 1.03 1.07 0.97 0.82 1.10 1.04 0.87 099 1.00 0.60 0.94
Er 2.72 2.54 3.04 2.98 2.63 2.20 3.17 2.96 239 285 293 1.66 2.52
Tm 0.37
Yb 2.68 2.47 2.95 2.99 2.66 2.19 3.09 2.92 232 280 282 1.66 2.45
Lu 0.42 0.40 0.46 0.47 0.43 0.35 0.49 0.46 038 045 043 0.26 0.36
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Nilufer metabasic rocks
CHC-2 GK-1 GK-3 GK-6 HC-2 HS-03 HS-43B HS-44 HS-46 HS-61 HS-62A HS-62B HS-62C
SiO; 4823 49.16 4478 43.15 4953 47.55 41.77 46.68 5193 44.15 50.18 44.55 44.00
Al,O; 1156 1334 12.83 9.80 1153 12.98 17.85 1401 1220 10.71 421 4.96 5.84
Fe,O; 12.04 1050 13.01 859 9.39 8.41 13.27 13.73 11.11 10.06 9.42 14.47 12.59
MgO  10.73 753 881 420 7.23 7.33 4.04 8.13 7.25 751 22.31 29.08 19.19
CaO 5.97 1198 16.20 1590 1574 7.72 8.55 3.76 6.30  13.90 10.63 5.25 9.94
Na,O 3.22 270 227 472 362 472 2.02 2.46 391 3.43 0.43 0.16 0.26
K,0 0.47 272 112 139 038 0.15 2.48 217 1.76 0.51 0.29 0.09
TiO, 221 180 113 143 199 2.62 3.87 3.09 214 2.00 0.74 0.97 1.25
P,0s 0.31 031 010 025 0.30 0.35 0.49 0.45 0.24 0.30 0.13 0.11 0.20
MnO 0.18 0.15 017 016 0.15 0.08 0.12 0.31 0.17 0.14 0.14 0.21 0.14

Cr,0; 0.084 0.043 0.014 b.d. 0.016 0.047 0.112 0.331
LOI 4.6 420 720 101 1150 7.8 51 4.8 25 6.8 3.10 8.3 5.6
Ba 46 201 192 100 59 48 769 280 173 142 22 162 18
Hf 4.7 3.8 15 3.3 34 51 6.5 6.0 3.8 43 1.4 1.4 2.7
Nb 26.3 39.1 4.8 321 175 25.9 60.6 53.6 24.3 41.7 16.6 17.0 25.6
Rb 9.3 279 186 204 11 2.1 48.4 51.2 39.2 12.0 11 5.7 13
Sr 70 379 400 160 284 266 1439 178 596 396 52 51 98
Ta 15 228 031 2 1.09 17 3.7 3.2 1.4 25 0.96 131 15

Th 2.50 344 041 360 167 2.00 4.90 5.10 2.40 3.80 1.02 1.60 2.50
U 0.70 061 012 130 230 0.60 1.40 1.20 0.70 1.00 0.14 0.45 0.50

\Y 226 266 206 175 238 284 261 289 210 266 95 124 167
Zr 152 142 49 119 134 166 259 226 139 145 49 37 89

Y 20.9 249 161 196 237 17.3 27.9 22.6 19.5 20.4 7.3 13.0 12.8
Pb 2.5 13.9 11 2.2 1.2 1.0 1.2 11 1.0 0.7 1.9 0.5 1.2
Sc 27.0 243 230 220 253 29.0 14.0 26.0 28.0 43.0 20.2 23.0 29.0
Co 52 44 75 42 55 38 47 42 48 46 68 104 81

Ni 232 97 428 75 124 73 40 59 79 86 800 1387 623
Cr 171 582 192 1262 1269

La 2110 27.62 4.04 23.70 1458 16.90 42.90 39.00 1840 34.30 4.44 11.60 11.50
Ce 4270 53.08 10.17 4830 32.64 39.90 90.00 86.90 43.00 69.80 14.26 25.95 30.20
Pr 6.05 6.49 142 548 451 5.24 10.94 10.28 545 7.92 2.20 3.19 4.00
Nd 2510 2404 6.89 2180 18.80 23.30 43.90 39.90 23.90 30.80 9.14 12.59 16.20
Sm 5.59 502 216 4.08 448 5.20 8.05 7.69 5.09 5.40 1.98 2.79 3.37
Eu 1.80 158 082 130 144 1.59 2.63 2.38 1.60 1.67 0.57 0.58 0.99
Gd 5.12 501 279 392 478 451 7.00 6.57 4.73 477 1.85 2.75 2.92
Tb 0.82 080 049 065 0.79 0.76 1.08 0.99 0.76 0.77 0.28 0.44 0.47
Dy 4.07 477 3.08 353 4.60 3.81 5.40 4.86 3.94 3.82 1.56 2.57 2.49
Ho 0.81 091 059 067 0.85 0.71 0.99 0.84 0.75 0.74 0.27 0.46 0.49
Er 1.91 246 152 179 211 1.84 2.63 2.08 1.94 1.83 0.63 1.20 1.23
Tm 0.26 0.27 0.25 0.37 0.28 0.26 0.28 0.17
Yb 1.66 217 134 166 177 1.50 2.21 1.63 1.59 1.69 0.57 1.00 0.98
Lu 0.23 033 020 025 0.26 0.21 031 0.23 0.23 0.24 0.08 0.14 0.15
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SiO;
A|203
Fe,O3
MgO
CaO
Na,O
K;0
TiO,
P20s
MnO
Cr,03
LOI

La
Ce
Pr
Nd
Sm
Eu
Gd
Tb
Dy
Ho
Er
™m
Yb
Lu

HS-63
45.22
17.30
12.19
4.32
8.91
421
0.76
2.99
0.62
0.18
0.003
2.9

291
5.6
72.0
16.5
802
43
7.00
1.40
216
212
28.5
1.0
12.0
27
16

51.10
103.60
11.73
43.20
8.09
2.45
7.12
111
5.52
1.02
2.80
0.37
2.30
0.32

HS-64
44.33
11.48
9.85
8.37
13.94
3.08
0.56
1.80
0.26
0.14
0.072
5.7

215
3.2
29.9
11.0
408
1.7
2.90
0.80
242
114
17.3
0.8
30.0
46
175

23.90
48.80
5.73
21.90
4.40
1.37
3.99
0.66
3.39
0.63
1.73
0.23
1.57
0.21

HS-76A HS-76B HS-87

47.17
12.29
11.92
9.25
8.51
3.19
0.57
2.16
0.29
0.25
0.048
3.9

62
44
26.9
12.9
1159
1.7
2.60
0.60
236
150
21.8
2.0
28.0
48
124

21.50
47.70
6.06
25.30
5.64
1.74
5.03
0.85
424
0.76
2.12
0.28
1.76
0.25

48.96
10.46
8.86
4.47
11.89
4.69
0.34
1.69
0.22
0.28
0.018
7.9

36
3.7
21.8
7.5
420
13
2.70
1.10
165
128
17.3
1.6
20.0
36
59

17.70
42.40
4.95
20.10
4.29
1.36
3.99
0.66
3.41
0.62
171
0.24
1.49
0.20

Nilufer metabasic rocks

43.89
5.20
11.51
20.31
10.19
0.28
0.09
1.20
0.19
0.14
0.248
6.2

20
25
22.7
0.4
90
1.4
1.90
0.50
143
85
115
0.3
29.0
66
548

12.00
31.40
3.98
15.70
3.29
0.90
2.68
0.45
2.46
0.41
119
0.16
1.02
0.13

HS-88
46.52
11.47
10.39
7.91
17.28
3.24
0.67
2.13
0.33
0.17

5.40

260
3.7
43.2
6.3
484
2.63
3.82
2.65
263
120
21.6
2.7
349
62
269
668

31.41
62.60
7.72
28.07
5.58
1.75
5.26
0.81
4.48
0.79
1.96

1.47
0.21

HS-89 HS-90
4553 47.18
6.15 883
11.78  9.95
21.27  9.79
1171 19.73
0.22 1.98
017 047
1.25 1.75
017 018
015 015
430 440
29 97
1.8 1.9
233 254
0.8 2.9
48 270
1.43 1.56
202 216
039 077
172 272
60 53
125 16.7
0.5 2.6
459 530
91 61
734 253
1918 766
10.37 18.86
27.60 38.89
3.80  4.90
15.04 18.69
3.18  4.06
1.00 1.28
291  4.03
046  0.63
254 340
0.46  0.62
1.18 1.56
0.92 112
012 014
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HS-91
40.36
12.37
10.11
5.42
13.87
4.04
0.25
2.10
0.46
0.15
0.061
105

58
4.7
51.8
5.6
152

5.50
2.10
216
186
21.8
11
21.0
44
136

41.90
82.20
8.95
33.40
6.15
1.72
5.05
0.81
4.14
0.78
2.02
0.29
1.86
0.25

IM-8A
40.43
8.52
12.01
9.84
12.31
0.54
0.07
1.93
0.35
0.10
0.076
13.7

102
4.1
38.2
1.9
314
2.4
4.30
0.90
148
141
17.1
2.4
22.0
50
196

35.50
70.90
7.28
29.60
6.20
1.82
5.39
0.78
3.36
0.66
1.59
0.19
1.19
0.18

IM-8B
51.57
10.35

9.69
7.09
6.93
3.64
0.34
2.10
0.33
0.05
0.017
7.8

130
4.2
41.2
7.6
144
2.4
4.80
1.00
239
130
15.7
1.4
22.0
43
66

28.30
57.80
6.04
24.00
4.60
1.78
3.90
0.71
3.55
0.64
1.67
0.18
1.20
0.21

IM-9A
43.62
13.52
12.46

9.34
5.92
3.04
0.09
3.46
0.16
0.07
0.085

8.1

22
7.0
68.7
2.3
112
44
6.90
1.40
276
260
18.3
0.5
44.0
53
204

44.90
101.10
10.42
39.30
7.80
2.45
5.95
0.95
4.76
0.80
1.84
0.23
1.45
0.16

IM-9B
47.83
10.82

7.85
4.04
11.10
5.85
0.07
2.30
0.43
0.09
0.02
9.5

20
4.4
42.8
1.4
407
2.8
4.00
1.00
251
159
18.5
1.4
23.0
28
50

22.50

57.10
6.76
29.90
5.80
222
5.33
0.85
3.91
0.74
1.88
0.22
1.38
0.20



SiO,
A|203
Fe, O3
MgO
CaO
Na,O
K0
TiO,
P20s
MnO
Cr,03
LOI

La
Ce
Pr
Nd
Sm
Eu
Gd
Tb
Dy
Ho
Er
Tm
Yb
Lu

IM-24
46.91
14.35
13.39
12.37
7.23
3.08
0.24
177
0.25
0.21

4.50

99
2.9
35.3
2.2
197
2.09
3.11
0.70
244
08
23.4
17
27.5
65
295
363

21.97
45.59
5.70
21.65
4.65
1.50
4.84
0.78
4.63
0.88
2.24

1.94
0.29

1M-28
46.60
15.43
12.49
9.06
11.94
2.75
0.33
1.42
0.09
0.17

4.40

55
2.0
6.0
3.2
170

0.37
0.30
0.08
269

64
18.5
0.7

37.9

56
118
254

4.27
11.40
1.68
8.53
2.65
1.03
3.27
0.55
3.50
0.67
1.79

1.62
0.23

KD-16
47.63
9.61
9.25
4.37
13.90
441
1.99
1.34
0.36
0.12
0.049
6.7

225
2.6
29.9
15.6
160
1.7
3.60
1.20
196
114
18.6
17
23.0
33
33

23.20
46.00
5.14
20.60
4.03
1.23
3.89
0.63
3.43
0.68
1.80
0.25
1.59
0.23

Nilufer metabasic rocks

KD-19 LL-4
4531 41.65
11.53 10.06
1056 13.91

498 10.15
15.18 12.00
327 205
139 035
162 250
022 037
0.13 0.16
0.016 0.155
5.4 6.2
434 85
3.3 4.6
141  36.8
7.4 7.7
774 610
1 2.3
1.20 3.50
0.40  1.00
300 255
107 165
198 193
0.8 0.6
29.0 340
37 82
27 306
10.70 25.10
2550 56.20
343 6.98
14.30 28.60
3.77  6.06
125 179
3.99 549
0.67  0.86
349  4.02
0.73 0.75
208 1.82
028 024
168 134
026 0.8

NIL-3 NIL-4
44.67 46.75
1155 12.97
1147 11.65
1283 7.74
6.40  9.68
282 352
015  0.49
164 179
020 0.18
015 0.16
0.101  0.049
7.6 4.7
23 78
3.3 3.3
20.0 138
2.5 7.6
165 353
1.2 0.9
140 130
050  0.40
210 251
113 119
170 215
0.5 0.3
26.0 280
62 46
235 102
1520 12.70
32.90 30.10
431  4.06
17.90 17.30
381  4.40
1.32 1.44
3.89  4.60
0.64 0.75
321 3.88
0.64 0.79
174 217
024 0.29
1.38 1.76
021 0.26
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NIL-7
45.93
14.43
12.64
7.66
.77
3.61
0.50
2.35
0.28
0.17
0.043
43

84
48
22.9
8.0
492
13
2.20
0.60
249
166
25.3
0.4
26.0
50
121

19.20
42.50
5.65
24.90
6.13
2.01
6.24
0.99
5.23
0.96
2.46
0.33
2.00
0.27

NIL-12
47.25
10.76
13.75
14.81

7.58
2.25
0.30
1.90
0.25
0.19

3.70

24
1.6
17.4
1.0
45
1.15
1.43
0.37
184
45
15.1
0.7
22.2
85
764
1110

14.22
33.76
4.72
19.56
4.47
1.30
4.35
0.67
3.62
0.61
1.34

0.99
0.09

OR-28
46.43
13.28
12.85

8.39
9.72
3.16
0.60
2.24
0.25
0.17
0.05
25

107
43
20.5
9.6
246
1.3
2.00
0.50
289
152
24.1
0.4
35.0
54
171

15.00
36.70
4.93
21.80
5.00
1.53
5.13
0.87
4.88
0.91
2.44
0.35
2.12
0.30

OR-29
49.58
13.38
12.50

5.67
11.75
4.57
0.42
212
0.24
0.13

4.20

57
3.4
20.5
5.0
221
1.28
1.60
0.29
278
92
225
15
30.8
66
184
283

15.21
35.35
4.97
20.79
5.10
1.62
5.18
0.83
4.77
0.85
2.14

1.73
0.24

OR-33
49.51
14.21
12.74

8.88
8.57
2.96
1.01
1.43
0.15
0.17

120
2.0
7.8
21.8
118
0.52
0.65
0.25
234
59
18.6
0.5
26.6
75
449
559

5.94
14.76
2.14
9.92
2.92
0.94
3.38
0.58
3.71
0.72
1.80

1.54
0.21

OR-43
43.76
11.25
11.98
15.89

6.91
1.32
0.39
1.63
0.16
0.16
0.148
59

32
2.8
13.2
9.6
99
0.9
1.30
0.40
222
104
17.3
0.3
29.0
70
462

10.60
25.50
3.32
15.10
3.66
1.19
3.86
0.63
3.54
0.67
181
0.25
1.54
0.22



Nilufer metabasic rocks
OR-44 OR-47 OR-48 OR-49 OR-58 OR-75 OR-79 OR-89 OR-98 OR-104 OR-116

SiO, 4654 4816 4871 4543 5142 5054 49.60 4952 4697  49.03 49.66
AlLO; 10.82 1148 1300 9.01 14.05 13.86 1257 1130 1244 16.69 13.96
Fe,O; 11.05 1223 1192 1111 1133 1046 11.02 11.06 1285 10.95 11.84
MgO 1433 1065 1167 1658  6.55 6.18 6.81 9.09 1354 8.89 8.71
CaO 748 1229 856 9.67 860 1172 872 1453 954 9.64 9.59
Na,0 212 3.33 2.52 0.81 4.59 5.02 4.23 3.11 2.09 3.51 4.28
K,0O 0.26 0.21 1.50 0.17 1.67 0.47 0.51 0.14 0.07 0.57 0.39
TiO, 1.63 1.59 1.89 1.76 1.84 217 2.16 0.97 1.56 1.15 1.45
P,Os 0.17 0.17 0.23 0.18 0.25 0.42 0.34 0.11 0.23 0.13 0.14
MnO  0.14 0.17 0.17 0.15 0.15 0.16 0.13 0.16 0.22 0.16 0.18
Cr,0; 0.134 0.154 0.037

LOI 4.9 6.30 3.20 4.9 2.70 6.10 3.6 7.60 4.70 4.20 4.60

Ba 42 63 821 34 220 97 120 32 34 333 32
Hf 3.1 2.6 3.3 3.3 2.7 44 4.6 1.4 2.6 11 1.8
Nb 13.1 13.2 17.7 14.2 235 53.3 25.7 12.4 31.3 9.3 8.4
Rb 4.0 2.6 20.4 2.5 23.3 43 5.0 1.2 15 55 2.8

Sr 58 205 168 30 131 162 175 353 135 535 150
Ta 0.9 0.82 1.08 0.9 1.39 3.07 1.7 0.71 1.86 0.58 0.55
Th 1.10 1.08 1.37 1.80 2.01 5.08 2.50 1.02 2.68 0.62 0.61
U 0.30 0.33 0.33 0.30 0.48 0.91 0.60 0.22 0.58 0.14 0.28
\% 227 219 270 242 271 239 227 192 230 190 219

Zr 105 92 111 115 84 181 164 48 93 38 51
Y 18.4 18.1 24.0 18.5 20.5 28.8 22.0 14.2 20.3 15.6 16.7
Pb 0.2 0.6 0.9 2.2 13 2.1 0.6 2.3 1.4 0.6 0.7
Sc 29.0 27.1 33.6 31.0 30.2 21.1 30.0 21.7 26.0 22.7 24.3
Co 61 74 73 66 86 45 41 95 64 54 84
Ni 379 590 336 416 74 78 80 840 371 206 436
Cr 1025 639 114 93 987 502 507 508

La 9.80 1051 1320 1040 1782 3362 19.10 9.08 19.22 6.62 5.50
Ce 2490 2421 3177 2490 36.75 66.64 4290 1833 38.12 1532 14.37
Pr 3.20 3.33 4.47 3.44 4.63 8.05 5.38 2.28 4.63 2.09 2.13
Nd 1420 14.02 1862 1620 1761 29.11 2400 929 1731 9.08 9.59
Sm 3.65 3.66 458 3.70 4.16 5.81 531 2.28 3.74 241 2.78
Eu 1.06 1.23 1.49 1.16 1.38 1.64 1.70 0.80 1.33 0.91 0.92
Gd 3.75 3.85 5.01 3.89 4.47 5.66 5.23 2.60 4.04 2.87 3.32
Tb 0.65 0.61 0.81 0.66 0.71 0.92 0.83 0.43 0.66 0.49 0.56
Dy 3.72 3.72 473 3.76 4.22 5.32 457 2.79 3.93 2.96 3.38
Ho 0.68 0.70 0.88 0.70 0.77 1.01 0.85 0.55 0.74 0.58 0.63
Er 1.82 1.73 2.17 1.88 1.95 2.67 2.19 1.40 1.91 1.49 1.59
™ 0.25 0.25 0.31

Yb 1.67 1.48 1.85 1.55 1.60 2.45 1.89 1.18 1.59 1.31 1.40
Lu 0.23 0.22 0.28 0.22 0.23 0.37 0.26 0.18 0.23 0.19 0.19
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SiO,
A|203
Fe,O3
MgO
CaO
Na,O
K;0
TiO,
P20s
MnO
Cr,03
LOI

Ba
Hf
Nb
Rb
Sr
Ta
Th

La
Ce
Pr
Nd
Sm
Eu
Gd
Tb
Dy
Ho
Er
™™
Yb
Lu

46.84
13.04
11.82
7.57
7.31
2.54
3.08
2.90
0.35
0.11
0.031
3.9

880
53
315
57.5
670
2
2.80
0.70
299
199
23.5
2.1
27.0
48
100

23.70
56.90
7.34
32.70
6.61
2.33
6.09
0.97
5.35
0.85
2.32
0.31
1.70
0.25

38.13
5.76
11.03
20.16
11.70
0.10
0.03
0.76
0.09
0.14
0.191
11.3

13
6.5
0.6
355
0.5
0.30
0.20
123
51
7.8
0.7
14.0
92
831

2.90
7.70
1.30
7.20
1.82
0.61
1.82
0.30
1.54
0.30
0.79
0.11
0.63
0.09

39.52
4.07
13.17
27.55
3.34
0.07
0.05
0.78
0.08
0.15
0.317
10.1

14
1.4
4.4
26
16
0.4
0.40
0.30
113
49
9.0
0.9
14.0
109
1330

4.10
10.20
1.39
5.70
1.71
0.52
1.90
0.32
1.97
0.34
0.97
0.13
0.71
0.09

46.60
1351
14.87
6.32
8.68
3.81
0.49
2.83
0.24
0.12
0.01
2.2

117
54
33.3
8.3
256
2
2.80
0.70
323
207
29.5
0.7
32.0
55
19

25.60
57.40
7.23
30.50
6.78
2.23
6.87
1.09
5.88
1.09
2.84
0.39
2.42
0.33

Nilufer metabasic rocks
SK-7-013 SC-7-45 SC-7-50 SC-7-84 SC-7-91 SC-7-92 SK-7-116G SK-7-117D SC-8-142

45.45
5.00
11.36
21.84
8.01
0.14
0.03
1.14
0.17
0.18
0.253
5.9

1.9
9.0
0.5
14
0.7
0.80
0.20
116
75
9.0
0.6
21.0
71
715

8.30
18.70
2.23
8.30
1.92
0.38
2.13
0.34
1.89
0.32
0.89
0.12
0.73
0.11
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38.26
5.22
13.90
26.99
3.14
0.06
0.03
0.93
0.07
0.13
0.35
10.1

113
1.7
6.1
0.8
28
0.5
0.80
0.30
138
61
12.7
0.6
17.0
128
1516

5.20
14.00
2.01
9.10
2.63
0.81
2.83
0.50
2.63
0.49
1.35
0.17
0.94
0.13

45.19
10.26
12.14
14.33
5.53
1.18
0.10
1.92
0.21
0.14
0.221
8.3

26
3.3
18.4
1.9
113
11
1.40
0.50
228
117
14.4
1.6
28.0
76
468

14.20
33.20
4.33
19.20
4.05
117
3.65
0.63
3.15
0.56
1.59
0.21
1.24
0.18

45.53
11.86
12.18
12.87
7.70
2.10
0.36
1.53
0.16
0.16
0.139
5

96
24
12.5
6.4
232
0.7
1.30
0.40
221
93
16.6
0.7
32.0
64
284

10.50
23.50
3.16
14.70
3.20
1.13
3.48
0.61
3.42
0.62
1.58
0.24
1.44
0.22

43.82
15.61
11.59
5.69
12.08
2.50
1.38
1.90
0.23
0.13
0.045
4.7

138
3.6
25.7
25.3
309
1.6
2.30
0.30
267
147
25.8
0.6
31.0
47
72

19.80
42.50
5.40
22.60
4.85
1.58
4.92
0.82
473
0.90
2.51
0.39
2.21
0.33

SC-8-143
44.33
15.07
10.20

6.42
10.39
3.92
0.86
171
0.19
0.13
0.028
6.5

95
3.6
23.3
15.8
266
15
1.80
0.30
263
124
24.4
11
32.0
40
40

17.00
37.20
4.72
20.40
4.36
1.49
4.72
0.78
4.47
0.88
2.39
0.37
2.15
0.33



Nilufer metabasic rocks
SC-8-144 SC-8-146 SC-8-163 SC-8-166 SC-8-203 SC-8-205 SC-8-209 SC-8-211 SC-8-212
SiO, 43.68 47.91 49.53 49.44 41.81 42.30 38.88 45.01 46.59

Al,O3 16.89 13.12 10.93 14.09 3.37 11.65 4.54 4.15 4.13
Fe,O3 11.85 12.20 11.34 11.32 15.38 9.05 12.47 13.86 12.52
MgO 4.39 6.35 11.11 7.90 21.68 11.38 27.67 24.89 25.87
CaO 14.21 9.79 6.56 9.00 7.03 13.03 3.71 2.01 1.88
Na,O 2.42 4.05 3.98 3.84 0.09 1.58 0.09 0.02 0.02
K,0O 0.64 0.34 0.73 0.40 0.05 0.95 0.22 0.02 0.02
TiO, 2.16 3.16 1.80 1.02 1.09 1.28 0.66 0.88 0.84
P,0s 0.17 0.39 0.24 0.08 0.10 0.11 0.08 0.10 0.08
MnO 0.11 0.14 0.15 0.15 0.11 0.11 0.15 0.08 0.12
Cr,03 0.05 0.023 0.103 0.01 0.359 0.12 0.305 0.373 0.348
LOI 31 2.2 31 25 8.2 8 10.5 7.9 6.9
Ba 61 159 75 116 22 299 27 11 8
Hf 4.0 6.2 3.3 15 2.0 3.0 1.0 1.2 1.0
Nb 25.9 47.6 21.7 111 9.7 134 5.2 7.2 6.2
Rb 9.5 6.8 234 5.2 5.6 313 6.6 0.9 0.9
Sr 314 283 172 207 25 375 95 14 10
Ta 1.8 3.1 14 0.7 0.6 0.8 0.3 0.5 0.4
Th 2.20 4.80 1.90 0.90 0.60 1.70 0.40 0.50 0.50
U 0.40 0.90 0.50 0.20 0.10 0.50 b.d. 0.20 0.10
\Y% 282 299 252 419 113 192 97 109 95
Zr 161 223 131 45 66 95 39 51 46
Y 30.3 26.3 19.2 16.2 7.7 15.8 7.7 8.9 7.0
Pb 0.6 0.5 0.6 0.3 0.4 0.7 0.6 0.8 0.5
Sc 36.0 31.0 28.0 40.0 25.0 26.0 14.0 14.0 12.0
Co 39 45 55 45 148 54 113 128 114
Ni 25 30 203 38 1739 139 1438 906 751
Cr
La 22.30 33.50 17.50 8.40 5.40 11.50 4.00 5.30 4.50
Ce 49.20 74.60 38.90 18.20 15.40 25.30 9.60 13.80 11.10
Pr 6.24 9.02 4.93 2.28 2.24 3.25 1.29 2.03 1.60
Nd 26.20 38.00 20.40 9.10 10.00 14.30 5.60 9.30 7.70
Sm 5.62 7.70 4.49 2.16 2.50 3.13 1.39 2.05 1.75
Eu 1.90 2.39 1.52 0.83 0.82 1.29 0.48 0.74 0.60
Gd 5.93 6.86 4.23 247 221 3.26 1.44 2.13 1.69
Tb 0.99 1.03 0.68 0.46 0.37 0.54 0.26 0.35 0.28
Dy 5.52 5.45 3.95 2.80 1.98 3.00 1.62 1.80 1.65
Ho 1.08 0.96 0.74 0.56 0.32 0.57 0.28 0.34 0.29
Er 2.98 2.48 201 1.70 0.79 1.53 0.74 0.83 0.74
™m 0.44 0.34 0.28 0.27 0.11 0.22 0.12 0.11 0.08
Yb 2.70 1.92 1.60 1.62 0.67 1.44 0.67 0.63 0.50
Lu 0.40 0.25 0.23 0.24 0.11 0.19 0.09 0.08 0.07
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Nilufer metabasic rocks
SK-7-119G SN-7-62 SN-7-209 SN-7-210 SS-7-180 SS-7-295 ZT-3
SiO, 38.60 46.85 47.47 45.68 45.09 38.07 47.63

Al,O3 4.43 8.79 15.02 13.10 9.52 4.25 13.46
Fe,O3 13.09 11.17 15.07 17.40 12.72 1449  11.09
MgO 28.53 12.42 3.38 4.08 9.37 28.56 9.61
CaO 3.01 13.15 7.58 6.83 11.57 2.24 9.31
Na,O 0.11 1.47 3.10 3.26 2.72 0.04 2.92
KO 0.13 0.15 0.32 0.08 0.58 0.03 1.50
TiO, 0.56 2.04 3.37 434 4.44 0.77 231
P,0s 0.06 0.21 0.32 0.38 0.43 0.10 0.34
MnO 0.13 0.15 0.15 0.17 0.17 0.16 0.19
Cr,03 0.332 0.181 0.007 0.008 0.067 0.296
LOI 10.3 3 3.9 44 2.9 10.2 5.20
Ba 15 38 111 43 130 12 146
Hf 1.2 3.8 43 5.7 8.5 1.4 2.3
Nb 3.9 19.4 26.6 35.9 43.2 6.1 19.6
Rb 3.7 3.2 55 1.9 9.7 1.2 26.5
Sr 37 565 577 233 167 18 173
Ta 0.3 1.4 1.8 2.4 2.8 0.3 1.27
Th 0.30 1.70 1.80 3.00 3.40 0.70 1.18
U 0.10 0.40 0.70 0.90 0.80 0.20 0.46
\% 96 256 315 403 352 94 250
Zr 40 132 172 226 288 49 65
Y 6.5 16.8 21.0 26.3 31.6 9.0 22.1
Pb 0.5 1.0 0.8 0.7 0.4 0.2 1.4
Sc 14.0 39.0 24.0 30.0 53.0 16.0 23.6
Co 123 60 49 59 67 116 87
Ni 1539 146 91 67 143 1595 253
Cr 557
La 3.30 14.30 18.40 23.50 30.20 4.70 13.12
Ce 8.30 37.70 47.30 58.50 74.40 1210 32.74
Pr 1.09 4.54 5.94 7.27 9.84 1.67 4.64
Nd 5.90 19.70 26.00 33.30 44.10 7.00 19.83
Sm 1.25 4.50 5.95 7.09 9.28 1.80 4.89
Eu 0.43 1.56 2.10 2.42 2.63 0.56 1.62
Gd 1.29 4.29 5.56 6.63 8.57 1.95 5.15
Tbh 0.22 0.72 0.88 1.09 134 0.35 0.80
Dy 1.28 3.86 4.69 5.85 6.96 1.93 4.70
Ho 0.23 0.63 0.78 1.01 1.29 0.38 0.84
Er 0.70 1.56 1.99 2.64 3.17 0.98 2.07
™™ 0.10 0.22 0.31 0.37 0.47 0.15
Yb 0.61 1.29 1.54 2.15 2.77 0.78 1.58
Lu 0.08 0.17 0.24 0.30 0.41 0.13 0.22
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Sample 87Sr/86Sr 143Nd/144Nd 206Pb/204Pb 207Pb/204Pb 208Pb/204Pb 176Hf/177Hf

HS-90  0.704954 0.512602 19.69571 15.65350 39.64464 0.282757
HS-89  0.704005 0.512599 22.86195 15.80866 43.87959 0.282742
OR-48  0.706616 0.512799 20.03410 15.68426 40.32440 0.282872
NIL-12  0.704325 0.512787 21.96910 15.72339 42.13540 0.282866
IM-24  0.705960 0.512730 19.51829 15.67110 39.76361 0.282890
OR-33  0.706450 0.512844 20.23954 15.67043 40.13334 0.282917
OR-58  0.706123 0.512602 19.54273 15.66982 40.31832 0.282781
OR-98  0.705791 0.512728 19.65318 15.67723 39.96658 0.282889
BO-2  0.706177 0.512863 18.61207 15.60882 38.62269 0.283067
DO-23  0.707487 0.512927 18.54118 15.60675 38.53567 0.283092
HS-78  0.707010 0.512914 18.66847 15.59940 38.58774 0.283088
IM-28  0.704138 0.512953 19.26480 15.55535 38.89504 0.282969
OR-29  0.704936 0.512775 19.46882 15.65043 39.94491 0.282865
OR-104 0.705031 0.512819 19.07333 15.59752 39.28391 0.282937
OR-116 0.705108 0.512838 19.89312 15.65190 39.52045 0.282910
ZT-3  0.705941 0.512794 19.51036 15.63199 39.36183 0.282900
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