POST-LATE CRETACEOUS ROTATIONAL EVOLUTION OF NEOTETHYAN
SUTURES AROUND ANKARA REGION

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

BY

MURAT OZKAPTAN

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

JANUARY 2016






Approval of the thesis:

POST-LATE CRETACEOUS ROTATIONAL EVOLUTION OF
NEOTETHYAN SUTURES AROUND ANKARA REGION

submitted by MURAT OZKAPTAN in partial fulfillment of the requirements for
the degree of Doctor of Philosophy in Geological Engineering Department,

Middle East Technical University by,

Prof. Dr. Giilbin Dural Unver

Dean, Graduate School of Natural and Applied Sciences

Prof. Dr. Erdin Bozkurt

Head of Department, Geological Engineering

Prof. Dr. Nuretdin Kaymakct
Supervisor, Geological Engineering Dept., METU

Assist. Prof. Dr. A. Arda Ozacar.
Co-Supervisor, Geological Engineering Dept., METU

Examining Committee Members:

Prof. Dr. Erdin Bozkurt
Geological Engineering Dept., METU

Prof. Dr. Nuretdin Kaymakc1
Supervisor, Geological Engineering Dept., METU

Prof. Dr. Kadir Dirik

Geological Engineering Dept., HU
Prof. Dr. Hasan Sozbilir

Geological Engineering Dept., DEU

Assist. Prof. Dr. Erman Ozsayin

Geological Engineering Dept., HU

Date: 27.01.2016



I hereby declare that all information in this document has been obtained and
presented in accordance with academic rules and ethical conduct. I also declare
that, as required by these rules and conduct, | have fully cited and referenced

all material and results that are not original to this work.

Name, Surname: Murat OZKAPTAN

Signature:



ABSTRACT

POST-LATE CRETACEOUS ROTATIONAL EVOLUTION OF
NEOTETHYAN SUTURES AROUND ANKARA REGION

Ozkaptan, Murat
Ph.D., Department of Geological Engineering
Supervisor: Prof. Dr. Nuretdin Kaymakc1
Co-Supervisor: Assist. Prof. Dr. A. Arda Ozacar
January 2016, 200 pages

The central Anatolia comprises various continental fragments belonging to Laurasia
at the north and Gondwana at the south. These amalgamated continental fragments
(micro continents) delineated by ophiolitic remnants of Tethyan oceanic lithosphere
which were consumed due to ~N to S convergence. Around Haymana Basin the
closure of the Neotethys Oceans lead to amalgamation of the Pontides (Laurasian
affinity) in the north, Tauride and Kirsehir blocks (Gondwana affinity) in the south.
The main purpose of this study is to unravel vertical axis rotations in around
Haymana Basin using paleomagnetic tools and its deformation history and
kinematics using Anisotropy of Magnetic Susceptibility vectors. In this respect, late
Cretaceous to Pliocene infill of the Haymana and adjacent basins namely, Alci-
Orhaniye, Tuz Golii and Kirikkale-Bala basins in the central Anatolia are
systematically sampled and around ~5000 sedimentary paleomagnetic samples for
paleomagnetic purposes from 119 different locations within a 250 km diameter area
were collected. Before the demagnetization process, nearly 3000 core specimens
were measured for anisotropy of magnetic susceptibility (AMS) to reveal their

magnetofabric characteristics.

The paleomagnetic results show, that the region underwent strong clockwise and
counterclockwise rotations -even more than 90° in places- resulting the present
geometry of the suture zones. Overall Haymana Basin has rotated more than 90°
counterclockwise while its northern and south parts and northern part of the Tuz
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Goli Basin rotated approximately 30° clockwise senses, which disagrees with almost
all the published paleomagnetic data from the region. The restored orientations,
based on the new data indicate that Haymana, Tuz Goélii Basin and the Kirikkle-Bala
Basin which constitutes the SW continuation of the Cankir1 Basin were initially
oriented in N-S direction prior to Eocene. These results are greatly differing from
previously published results from the region which assumes that the Izmir-Ankara-
Erzincan Suture Zone was oriented E-W. These imply that almost all of the
paleogeographical maps and evolutionary scenarios and models of the region

requires major re-thinking and serious revisions.

Keywords: Paleomagnetism, Rotation, anisotropic Magnetic Susceptibility (AMS),

Central Anatolia, Haymana Basin, Izmir-Ankara Suture, Intra-Tauride Suture.
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ANKARA BOLGESI CiVARINDA NEO-TETIS KENET KUSAGININ GEC
KRETASEDEN GUNUMUZE ROTASYONAL EVRIiMi

Ozkaptan, Murat
Doktora, Jeoloji Miihendisligi Bolimii
Tez Yoneticisi: Prof. Dr. Nuretdin Kaymakci
Yardime1 Tez Yéneticisi: Yrd. Dog. Dr. A. Arda Ozacar
Ocak 2016, 200 sayfa

Ic Anadolu gecmiste iki bilyiik kita olan kuzeydeki Lavrasya ve giineydeki
Gondvana’nin farkli kitasal pargalarinin birlesmesiyle olusmustur. Bu biitiinlesik
kitasal bloklar (mikro kitalar) yaklasik kuzey-giiney yoniinde daralma sonucunda
Tetis okyanusal litosferininin yitiminden kalan parcalarla ¢evrelenmistir. Haymana
Havzasi ve civarinda Noe-Tetis okyanusunun kapanmasiyla kuzeydeki Pontide
(Lavrasya’nin pargasi) ile giineydeki Toros ve Kirsehir Bloklari (Gondvana’nin
parcalar1) biitiinlesmistir. Bu ¢alismanin ana amaci Haymana Havzasi ve civarinda
paleomanyetik yontemler kullanarak diisey eksen blok rotasyonlarmi belirlemek ve
anizotropik manyetik duyarlilik (siiseptibilite) vektorlerini de kullanarak bdlgenin
kinematik evrimini ortaya koymaktir. Bu kapsamda Haymana Havzas1 ve civarindaki
havzalardan; Alci-Orhaniye, Tuzg6lii ve Kirikkale-Bala havza dolgularindan geg
Kretase — Piliyosen zaman araligina ait sistematik drnekleme yapilarak yaklagik 250
km? “lik bir alanda toplamda 119 farkli lokasyondan 5000 civarinda paleomanyetik
amacl tortul kaya oOrne8i derlenmistir. Manyetik temizleme (demanyetizasyon)
islemlerinden 6nce yaklasik 3000 Ornek iizerinde anizotropik manyetik duyarlilik

Ol¢timleri yapilarak manyetofabrik karakteristikleri ortaya konulmustur.

Paleomanyetik sonuglar bdlgenin saat yoniinde ve tersi istikamette yer yer 90°’leri
gecen asirt miktarlarda rotasyona maruz kalarak boélgedeki kenet kusaklarinin
giinlimiizdeki geometrilerini kazanmasina neden olmustur. Genel olarak Haymana

Havzasi’nin tamami 90°’lere yakin miktarlarda saatin tersi yonde rotasyona
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ugrarken, Cankir1 Havza’sinin giineybati devamini olusturan Kirikkale-Bala ve Tuz
GOl Havza’sinin kuzey bdliimiinden olusan bolge yaklagik 30° saat yoniinde
donmeye maruz kalmistir. Bu sonuglar bolgede yapilan daha Onceki
paleomanyetizma ¢aligmalarindan oldukga fazla farklilik gostermektedir. Bu ¢alisma
sonucunda ortaya ¢ikan yeni verilere gore bolge restore edildiginde Haymana, Tuz
Goli, ve Kirikale-Bala havzalarinin Eosen Oncesinde K-G dogrultulu olduklar
ortaya cikmaktadir. Onceki bir ¢ok c¢alismanin Izmir-Ankara-Erzincan Kenet
Kusaginin yoniiniin D-B oldugunu farz ettigi dikkate alindiginda, bu yeni sonuglar;
literatiirde bdlge icin Onerilmis olan paleocografik haritalarin, tektonik evrim

senaryolarin ve modellerin tekrar gozden gecirilmesini zorunlu kilmaktadir.

Anahtar Kelimeler: Paleomanyetizma, rotasyon, Anizotropik Manyetik Duyarlilik
(AMD), Orta Anadolu, Haymana Havzasi, Izmir-Ankara Kenedi, Intra-Torid Kenedi.
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Figure 2.12. Map showing Eocene-Oligocene Kkmax Orientations, in-situ and after
tectonic correction, and the strike of the bedding planes at the site. The circles
outside the map are distributions of magnetic susceptibility directions; Kmax
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the map are distributions magnetic susceptibility directions; Kmax (blue
square), ki (green triangle), and kmin (purple circle) (equal area, lower
hemisphere ProjECtioN). ......ccvoiveii i 46

Figure 2.14. Map showing Miocene kmax Orientations, in-situ and after tectonic
correction, and the strike of the bedding planes at the site. The circles outside
the map are distributions of magnetic susceptibility directions; Kmax (blue
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Figure 2.15. Blow up map of the Haymana Basin (see Figure 2.14 for its location)
showing Miocene kmax orientations, in-situ and after tectonic correction, and
the strike of the bedding planes at the site. The circles outside the map are
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Figure 2.16. Map showing Pliocene kmax Orientations, in-situ and after tectonic
correction, and the strike of the bedding planes at the site. The circles outside
the map are distributions of magnetic susceptibility directions; Kmax (blue
square), ki (green triangle), and kmin (purple circle) (equal area, lower
hemisphere projection). Red dashed box is the coverage area of Figure 2.17.

Figure 2.17. Blow up map of the Haymana Basin (see Figure 2.16 for its location)
showing Pliocene kmax orientations, in-situ and after tectonic correction, and
the strike of the bedding planes at the site. The circles outside the map are
distributions magnetic susceptibility directions; kmax (blue square), kint
(green triangle), and kmin (purple circle) (equal area, lower hemisphere
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Figure 2.18. Generalized AMS results in the study area. Note that the Derekoy-
Hirfanli Fault Zone controls the deformation in the north and was active
possibly during Late Cretaceous to Oligocene and it does not have any
control over the Miocene and Pliocene units. Blue lines are approximate
boundaries of the DASINS. ..o 54

Figure 3.1. Simplified geological map of north central Anatolia. AESZ: Ankara-
Erzincan Suture Zone, IASZ: Izmir-Ankara Suture Zone, ITSZ: Intra-Tauride
Suture Zone. Box shows the outline of Figure 3.2........ccccoveviiieiiccceee, 56

Figure 3.2. a) Simplified geological map of the study area showing the location of
the paleomagnetic sites. The red dashed rectangle shows enlarged version of
Haymana Basin (simplified from Unalan et al., 1976, 1/500.000 scale maps of
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Figure 3.3 Blow up view of the Haymana Basin displaying the sample locations and
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Figure 3.6. Results of orthogonal vector diagrams (Zijderveld, 1967), illustrating
representative characteristic demagnetization diagrams for each site
comprising the late Cretaceous to Paleocene time interval. Closed (open)
circles indicate the projection on the horizontal (vertical) plane. All diagrams
converted to their initial bedding (horizontal) positions. Both thermal (steps in
°C) and alternating field (milliTesla, mT) demagnetization diagrams are
shown for two specimens from the same site for comparison. Note that the
site R53 did not produced any TH results. ........cccocviveiieieiiieseee e 69

Figure 3.7. Equal area projections of the ChRM directions of all sites from late
Cretaceous to Pliocene. Open (solid) symbols denote projection on upper
(lower) hemisphere. Large symbols indicate respectively the mean directions
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CHAPTER 1

INTRODUCTION

1.1 General

Discovery of the lodestone or loadstone (magnetite) which name was derived from
middle English word load, meaning “way” or “course” loadstone was literally a

“course stone” that help to travelers and navigators to find their way in ancient times

(Lowrie, 2007).

Earth magnetic field, since it’s first realized by Chinese navigators, still one of the
most magnificent features of the Earth and has been used not only navigation
purpose but it is also helps to illuminate solving some significant geological
problems which are the first and foremost clear geophysical evidence into the plate

tectonics.

Regarding the paleomagnetism, intensity and orientation of earth’s past magnetic
field is recorded by the help of certain magnetic minerals contained within the
sedimentary, igneous and metamorphic rocks that provide information about the
characteristics and orientation of the magnetic vector of the earth and how it changed
in time. Using this phenomenon the position and rotation amounts of tectonic blocks
in different time intervals throughout geological past can be reconstructed (Butler
1998; Tauxe 2010). In general, the paleomagnetism has both geochronological and
tectonic applications. The age of a rock can be determined with high precision by
correlating it with the established geomagnetic pattern of the earth through time and
by obtaining the magnetic declination of a rock and comparing it with respect to
present magnetic vector (declination, inclination) provides information about how
tectonically the rocks might have been deformed (Susman and Weil 2004) and by the
use of paleoinclination values the paleo-latitudunal positions of tectonic blocks can
be determined (Tauxe 2010).



Paleomagnetic applications in Turkey dates back to 1960’s and after the pioneering
work of Vander Voo (1968) which aimed at determination of paleolattitudinal
position of Pontide belt during the Mesozoic, a number of paleomagnetic studies
have been conducted especially in 1990’s most of which are related to fault block
rotations related to North Anatolian fault Zone (e.g. Platzman et al. 1994; Tatar et
al.,, 1995, 1996; Giirsoy et al., 1997). During this time interval a number of
magnetostratigraphical studies have also been conducted (e.g. Gallet et al., 1992,
1993, 1994, 2000; Krijgsman et al. 1996). In 2000’s the number of paleomagnetic
studies have increased significantly and are varied. In this time interval, a number of
studies related to tectonic block rotations related to paleotectonic period have also
been conducted (e.g. Kaymakei et al. 2003; Isseven et al. 2006; Meijers et al. 2010;
van Hinsbergen 2010a, b; Cinku et al. 2011, 2013; Uzel et al. 2015; Kog 2016).

The main concern of this thesis is determination of vertical axis block rotations in
north central Anatolia along the Izmir-Ankara and Intra-Tauride suture zones which
demarcates the former position of the Neotethys Ocean that subducted and
obliterated completely by the end of Cretaceous to early Paleogene (Okay et al.
1984; Okay and Tuysiiz 1999; Kaymakci et al. 2000 & 2009; Pourteau et al.
2015).Therefore, the study is concentrated mainly around the Haymana and adjacent
basins that include northern continuation of Haymana Basin into the Alci-Orhaniye
sub-basin (Kogyigit et al., 1988; Kogyigit 1989; Rojay and Siizen 1997),
southwestern continuation of Cankir1 Basin around Kirikkale-Bala region (Kaymakct
et al. 2009), and exposed Paleogene sector of the Tuz Golii Basin (Cemen et al.
1999).

1.2. Purpose and scope

The main objective of this study is to determine the amount and timing of vertical
axes rotations in Haymana and adjacent basins in order to unravel the evolution of
the lzmir-Ankara and Intra-Tauride suture zones in relation to the terminal
subduction of the Neotethyan Oceanic lithosphere and subsequent collision of the
intervening continental blocks that include Taurides and the Kirsehir Block (sensu
Gortir et al. 1984) into the Pontides. The Izmir-Ankara Suture Zone demarcates the
former position of the Neotehys Ocean between Pontides in the north and Taurides
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and Kirsehir Block in the south while Intra-Tauride Suture Zone separates Taurides
from the Kirsehir Block (Goriir et al., 1984; Kaymaker et al., 2009; Pourteau et al.
2015, van Hinsbergen et al. 2016).

In order to accomplish this purpose, a very detailed and extensive field study and
comprehensive sampling strategy have been performed in the study for the time
interval extending from the Late Cretaceous to Pliocene. Sampling is performed
mainly on the fine grained clastic sedimentary rocks and clayey limestone units as
well. During sampling a pseudo magnetostratigraphical sampling strategy was
followed so that sampling was performed at different levels of each
lithostratigraphical units, in each site, for certain time intervals. The purpose of such
sampling strategy was to determine the exact timing of the inception and cessation of
rotational deformation (Figure 1.1) in the region. In addition to this, a detailed rock
magnetic property analysis has also been performed on each sample, in order to
determine variations in the intrinsic versus tectonically induced changes in the
magnetic properties of the samples. The obtained results are analyzed and the ones

related to tectonic processes are scrutinized accordingly.

Determination of tectonic block rotations and related finite strain tensors by the help
of magneto-fabric analysis are very important in terms of understanding the styles
and modes of deformation, which in turn provide crucial information about

geodynamical evolution in an area.

In summary, the main purpose of this research is to determine vertical-axis block
rotations in Haymana and adjacent central Anatolian basins for late Cretaceous to
Pliocene period in order to understand the tectonic relationship between lzmir-
Ankara-Erzincan and the Intra-Tauride suture zones and their temporal and spatial
evolution since the Late Cretaceous. The obtained results are evaluated in relation to
the terminal subduction of the Neotehys and collision of intervening continental
blocks during the Late Cretaceous to Late Paleogene and to the transcurrent tectonics
that has been dominated in much areas of Turkey during the late Neogene and

Quaternary.



1.3. Tectonic Setting of the Study area

The study area is located in a zone where Izmir-Ankara and Intra-Tauride suture
zones meet in north central Anatolia (Turkey). Izmir-Ankara Suture represents the
western sector of the Izmir-Ankara-Erzincan Suture Zone and is the suture between
Taurides in the south and Pontides in the north, while the eastern sector demarcates
the suture between Pontides in the north and the Kirsehir Block in the east. On the
other hand, the Intra-Tauride suture developed between Taurides in the south and
southwest and the Kirsehir Block in the east and northeast (Figure 1.1). All of these
suture zones demarcate the former position of Neotethys Ocean in Turkey which
completely subducted and obliterated at the end of Cretaceous to earliest Paleogene
(Kaymaker et al., 2009; Pourteau et al., 2010, 2013; van Hinsbergen et al., 2016).

The geometry, position and tectonic relationships of different parts of the izmir-
Ankara-Erzincan suture is relatively well known (e.g. Goriir et al., 1984; Okay and
Tiystiz 1999; Kaymakci et al., 2009). However, its relationship with the Intra-
Tauride suture is relatively unknown and the number of studies that addresses this
problem is relatively limited, except for Goriir et al. (1984) which proposed the
existence of Intra-Tauride Suture, Okay and Tiysiiz (1999), Pourteau et al. (2010
and 2013), van Hinsbergen et al. (2016). Understanding of the geometry and tectonic
relationship between these suture zones constitutes one of the main objectives of this

study.
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Figure 1.1. Tectonic setting of the study area. a) simplified pre-Neogene tectonic
configuration of Turkey, b) simplified geological map of north central Anatolia
overlaid on shaded topographic relief (adopted from revised 1/500.000 Geological
Map of Turkey released in 2003 by Turkish General Directorate of Mineral Research

and Exploration).

1.4. Method of study and Data

In order to unravel the tectonic evolution of the study area, it is important that to
document deformation history of the basins which record the tectonic events during
the deposition of basin infills. This research relies mostly on paleomagnetic analysis
of the infill of the central Anatolian Basins (Figure 1.2) and targeted the restoration
of the central Anatolian Basins and as well their continental basements during the

Upper Cretaceous to Recent development.

For this purpose more than 7000 oriented samples from 119 sites have been
collected. The samples were dominantly collected from sedimentary sequences

spanning from Upper Cretaceous to Pliocene. Among these collected samples 4500
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of them are measured and analyzed in Fort Hoofddijk Paleomagnetic laboratory in
Utrecht University, the Netherlands. The remaining samples are stored for further
analyses. The analyses of the samples are performed on the basis of the tectonic

domain they are collected.

For this purpose, the study area is divided into four basins based on their
characteristics and position with respect to the involved tectonic blocks. These basins
(Figure 1.1 and 1.2) include 1) Kirikkale-Bala Basin: It is located at the interaction
zone of Cankir1 and Tuz Golii basins. Kaymaker et al. (2009) argued that it is the SW
continuation of Cankir1 Basin. Since its basement is constituted by Kirsehir Block
and thrusted over from the north by the Pontide related units. It also comprises
mainly similar lithologies with the Cankir1 Basin and related to the development of
the Ankara-Erzincan Suture Zone. 2) Tuz Golii Basin: It straddles the Kirsehir Block
in the east and Taurides in the west therefore it is related to the development of the
Intra-Tauride Suture zone. 3) Haymana Basin: it straddles the izmir-Ankara Suture
Zone where Pontides thrusted over the Taurides from north to south. The basement
of Haymana Basin is constituted mainly by Late Cretaceous ophiolitic mélange and
its southern boundary with the Taurides is obscured by Neogene cover. 4) Alci-
Orhaniye Basin is developed mainly on the Pontides and connects the Haymana
Basin to the Mudurnu-Alc: Basin (Figure 1.2).
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Figure 1.2. Correlation of stratigraphy of central Anatolian basins.

1.5 Stratigraphy of Study Area

The stratigraphy of the study are is represented by the Haymana basin which has the
most complete and the thickest exposed stratigraphy among the sampled basins. The
basin stratigraphy is established mainly by Unalan (1976) and almost all other
younger studies followed the stratigraphical scheme of him. The Haymana Basin
developed mainly on the Late Cretaceous ophiolitic mélange related to subduction of
the Neotethys Ocean if not on the Sakarya Continent. The basement of the basin is
constituted by lithologies belonging to basement of the Sakarya Continent
represented by pre-Triassic metamorphic rocks, Triassic slightly metamorphosed
blocky mélange of Karakaya Complex and Mesozoic mainly carbonate dominated
cover rocks that unconformably overlie the basement of the Sakarya Complex
(Figure 1.3) (Kogyigit et al., 1988; Kogyigit 1989).

According to Unalan (1976) the infill of the Haymana basin comprises five
stratigraphical cycles. The oldest cycle in the basins comprises Haymana and
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Beyobasi formations. Haymana Formation comprises mainly alternation of turbiditic
sandstone, siltstone, shale and marl. The base of the formation can be observed

around Haymana and in the southern part of the basin.

At the base it is characterized by boulder to block sized conglomerates which very
rapidly fines and thins upwards. The thickness of these very coarse clastics reaches
up to 10 m around Hayman and may reach to 30 m in the southern part of the basin.
The boundary between Haymana and Beyobasi formation is gradational and
Beyobas1 Formation is characterized relatively thinner and distal turbiditic facies
dominated by sandstone, sandy marl and organic rich layers with occasional thin coal

seams (Figure 1.3).

The second cycle in the basin infill comprises laterally and vertically grading Kartal,
Caldag and Yesilyurt formations. Kartal Formation composed mainly of continental
red beds while Caldag Formation comprises mainly of neritic carbonates dominated
by reefal limestones and Yesilyurt Formation comprises mainly distal fine clastics
dominated by marls. These units conformably overlies the Late Cretaceous units and

are of Paleocene in age (Unalan 1976).

The third cycle in the basin fill comprises relatively carbonate dominated proximal
Kirkkavak Formation which Ilaterally and vertically grades into Ilginlikdere
Formation of medial to distal turbidites dominated by sandstone, siltstone and shale.
It grades vertically into Eskipolatli Formation which is composed of medial to distal
turbidites intercalated with nummulites bearing marls and limestones. The age of the
third cycle rocks span from Late Palaeocene to Middle Eocene according to fossil
fauna they contain (Unalan et al. 1976, Prof.Dr. Ercan Ozcan of Istanbul Technical

University, personal communication 2014).

The fourth cycle comprises Beldede, Cayraz and Yamak formations. Although the
boundary between third and fourth cycles is gradational in most parts of the
Haymana Basin, However, around 5 km north of Haymana a local angular
unconformities separates Cayraz Formation from the underlying second cycle units.
Beldede Formation comprises mainly continental red clastics while Cayraz

Formation is characterized by nummulitic limestones and Yamak Formation
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comprises alternation of conglomerates, sandstones, shale and marl of turbiditic

origin.

The fifth cycle comprises Neogene cover rocks. These units are generally
characterized by fluvio-lacustrine associations. They are not bound to Haymana or
any other basins in the study area and belong to tectonic regimes that postdate Late
Cretaceous to Early Miocene subduction and subsequent collisional convergence
(Kaymakci et al. 2009, Giilyiiz 2015).
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CHAPTER 2

ANISOTROPIC MAGNETIC SUSCEPTIBILITY: DETERMINATION OF
PRINCIPAL STRAIN DIRECTIONS IN THE CENTRAL ANATOLIA

2.1. Introduction

The Anisotropy of Magnetic Susceptibility (AMS) is often determined by directional
variances of induced magnetization strength properties of a rock sample when
measuring in different directions within the certain amount of applied magnetic field
(Owens and Bamford, 1976; Hrouda, 1982; Borradaile, 1988). It delineates preferred
orientation of the magnetic properties (susceptibility) of minerals within a rock unit.
In spite of the fact that the initial systematic background was introduced by Voight
and Kinoshita (1907), the first applications of AMS as a petro-fabric marker was
investigated by Ising (1942), who realized that magnetic susceptibility increase as the
measurement orientation become perpendicular to the bedding plane which has the
minimum Eigen values (Schmidt 2007). Graham (1966) proposed that the AMS is
related to the finite strain and could be used as a strain marker in the deformed rocks.
In the following years, increasing number of AMS studies, carried out on various
rock types to unconsolidated lose sediments, progressively populated the literature.
Some of the most notable of these studies include Fuller (1964), Hrouda & Janak
(1976), Kneen (1976), Kligfield et al. (1977), Hrouda (1982), Tarling and Hrouda
(1993), and Duermeijer et al. (1998). Following these studies AMS became a

standard tool for determination of strain ellipsoid in the rocks.

The AMS technique can be used in nearly all types of rocks, even in the case of
absence of lineation and foliation and provides non-destructive, fast, accurate and
inexpensive way to determine the petro-fabric characteristics of minerals and their
preferred orientations within a rock. The principal directions of anisotropy in the
rocks are generally related to orientation of folds, faults, foliations and lineations of
the rock units (Hrouda and Janak 1976, Borradaile 1988; Averbuch et al. 1992,
Robion et al.
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2007; Borradaile and Jackson 2010). Although the technique has great advantages,
however, it has inherited complications since the AMS results are the combination of
factor(s) that include mineral physical properties, crystal structure, mixture of
mineral compositions, tectonic and metamorphic processes such as current directions
from sediments, flow-directions from magma, finite-strain directions from tectonized
rocks and stress-orientations from low-strain, low-temperature, environments, etc.
(Borradaile and Henry 1997; Borradaile and Jackson 2004). In order to obtain an
accurate correct understanding of the AMS results, all of these variables needed to be

taken into consideration.

The anisotropy of magnetic susceptibility (AMS) technique as a paleomagnetic tool
has been increasingly applied on wide range of application in geology since last
decades. The weakly deformed sedimentary rocks under a contractional regime
orient its minimum susceptibility axis (kmin) perpendicular to the bedding plane or
maximum susceptibility axis (Kmax) perpendicular to the direction of main shortening
axis, parallel to fold axis, thrust faults, and local bedding strike (Lee et al., 1990;
Tarling and Hrouda 1993). However under the extensional regime, the maximum
susceptibility axis aligns perpendicular to normal faults and parallel to bedding dip
direction. Increasing the intensity of extensional deformation converts the
susceptibility ellipsoid to have more prolate geometry (Lee et al., 1990; Tarling and

Hrouda, 1993) than oblate and finally become triaxial in shape.

In this regard, the AMS technique is successfully applied to the infill of the Haymana
and adjacent basins within the study area. The analyses have shown that the
technique has merits and produced compatible results with the large scale structures

in the study area.

2.2. Sampling

In three years of field work, we carried out a very comprehensive paleomagnetic
sampling in the central Anatolia (Turkey). More than 3000 cylindrical cores with 17
(2.54 cm) diameter and more than 2” (>5 cm) length (oriented cores) have been
collected from 110 sites. The samples were collected from rock units ranging in age

from late Cretaceous to Pliocene. Most of the samples were collected largely from
12



sedimentary rocks, although volcanic rock samples were also collected in places
(Figure 2.1 and 2.2; Table 2.1).

In general, dominantly clayey, thinly bedded fine grained lithologies were sampled.
For each site, at least 15 oriented cores were collected that is distributed within
approximately 15-20 meters in stratigraphic thickness, in order to avoid possible

paleo-secular variation effect.

The samples were collected using a portative gasoline powered motor drill and an
electrical drill with generator, based on the ease of drillability of the rock units. Since
the length of a single core was longer than 2”, they often provided multiple
specimens on which various measurement techniques were applied on the same
sample. Consequently, the amount of measured specimens are higher than the
number of sampled cores. Core orientations (drilling position) and bedding attitude
were measured by using a magnetic compass. The present day declination value for
the study area is 4.5° (to the east) (http://www.ngdc.noaa.gov/geomag-
web/#declination, National Oceanic and Atmospheric Administration, last visited on
January 2016) during the time of sampling and each sample was corrected according

to this value.

2.3. Measurement and Analysis

The laboratory analyses were conducted at the Forth Hoofddijk paleomagnetic
laboratory at the Utrecht University (Utrecht, the Netherlands). All the samples were
cut in to the standard paleomagnetic measurement size (2.54 cm diameter and 1.3 cm
height). The specimens were measured an automatic field variations (low field, 200
A/m) using the Multi-Function Kappabridge MFK1-FA (AGICO-Brno, Czech
Republic) equipped with an up-down mechanism and a rotator. The sensitivity is 10
Sl which is critical to measurement in weak magnetic carries of the carbonate rocks.
The measurement was operated by rotation of the specimen in three perpendicular
plane positions while the magnetic moment in the applied field monitored following
the spinning specimen method. This gives an opportunity for computing the principal
susceptibility axes of an AMS ellipsoid following the procedure introduced by

Jelinek (1997).
13
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Figure 2.2 Blow-up map of the Haymana Basin area showing the location of

sampling sites.

During the measurements, the specimen was rotated subsequently about three
perpendicular plane positions for anisotropy and one for the bulk susceptibility as
dictated by the spinning specimen measurement method. Between these steps, the
bridge was zeroed before inserting the specimen in to the measuring coil. So,

differences between the steps were determined more precisely and susceptibility
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tensor enhanced from the measurement on the lowest possible, therefore most
sensitive range. Herewith, with combining of four values a complete susceptibility

tensor was calculated.

Most of the rocks have mix of minerals with ferromagnetic, paramagnetic or
diamagnetic properties which ranges from negative values (10 SI) for diamagnetic,
to positive values but low in paramagnetic (10-10" SI) and high in ferromagnetic
(>10" SI) (Nagata, 1961).

Generally, sedimentary sequences show low susceptibility (<10 SI) and anisotropy
(<5%) values. The results for each specimen can be enhanced due to a variety of

mineral composition in the rocks.

The AMS susceptibility or deformation ellipsoid is defined by three principal axes;
kmax> kint> kmin namely maximum, intermediate, and minimum susceptibility
values per specimen, respectively. The shape of the magnetic susceptibility ellipsoid
corresponds to these strain axes. When the kmin smaller than kmax, kint, the shape
of the AMS ellipsoid become oblate and kmin clustering perpendicular to the
bedding plane, kint&kmax scattering parallel to the bedding plane that is the in
common in sedimentary rocks. Increasing the deformation range and other dynamic
effects (i.e. paleocurrent), oblate shape transforms into prolate and kmin axis is not
perpendicular to the bedding plane, while parallel to the strike indicate maximum
extension direction or perpendicular to the maximum principal stress direction in
weakly deformed sedimentary units. There are great variety of parameters that have
been used to qualify susceptibility magnitude and the other shape features. Some are

given at below as an example;

Pj= corrected degree of AMS, exp {2[(n1-n) 2 + (n2-n2) + (n3-n) 2]} 1/2
L: magnetic lineation, = Kmyin/Kint

F: magnetic foliation, = Kin/Kmin

T: shape parameter, “= (2n2 - nl - n3)/ (n1 - n3)”

Where, n1 = In k1, n2 = In k2, n3 = In k3, n = (n1+ n2 +n3)/3, proposed by Jelinek
(1981).

21



km: the mean magnetic susceptibility (km) is calculated as km = (k1 + k2 + k3)/3
(Nagata, 1961), and is related to the qualitative and quantitative content of magnetic
mineral composition in a rock. The mean magnetic susceptibility to express the

fabric intensity as a measure of eccentricity,
Pj indicates the intensity of preferred orientation of the magnetic lineations in a rock,

T gives information about to the shape of the susceptibility ellipsoid that the value
varies in between -1 to 1 responsible for an oblate to prolate ellipsoid shape,

respectively.

All the data are converted first to specimen coordinate system to geographic
orientations, similarly the same concept is followed for tilt (bedding) correction (also
known as tectonic correction-TC). The results, from both, each specimen and the site
means, were obtained by applying Jelinek statistics (1977, 1978) and are illustrated
by Anisoft 4.2 program (Chadima and Jelinek, 2009).

2.4. Magnetofabric characteristic

Before the interpretation of the AMS lineament results, magnetic mineralogical
properties (e.g. anisotropy degree, bulk susceptibility) and their shape parameters
(magnetic foliations and lineations) are analyzed for the sites. All the results from
106 sites analyzed based on their age and separated into five age groups; 1) the first
group comprises 13 late Cretaceous sites, 2) the second group includes 31 Paleocene
sites, 3) Eocene to Oligocene sites number is 31, 4) for Miocene total number of 21
sites, and 5) the last group includes 9 Pliocene sites. These sites collected from four
sub areas which include; Haymana, Tuz Go6li, Kirikkale-Bala, and the Alci-Orhaniye
basins.

2.4.1. Late Cretaceous sites

The study area is represented by 16 Upper Cretaceous sedimentary AMS sites. The
sites mainly composed of alternation of yellowish to reddish and brown to greenish
sandstone-mudstone alternations. The mean magnetic susceptibility (km) of all sites
ranging from 78.6x10° SI to 1980x10° SI indicating a major contribution of the

paramagnetic to small percentage of ferromagnetic constituent minerals of the rocks
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to the bulk susceptibility results (Rochette, 1987; Sagnotti et al., 1998) (Figure 2.3;
Table 2.1).

The results from various lithologies indicated that the magnetic susceptibility
magnitudes controlled by the nature of the rocks. The site degrees of corrected
anisotropy (Pj) values relatively low (<1.1) and the specimen results varies in wide
range from 1.008 to 1.175 indicate only poorly developed magnetic fabric (Figure
2.3; Table 2.1). The shape of the anisotropy ellipsoids ranges from prolate (T<0 and
L>F; SEC3) to neutral (T~=0 and L/F~=1; RY1, RH1, R73, R 65) and rest of them
strong oblate (T>0 and F>L) (Table 2.1).

In the Figure 2.3; the last diagram illustrates distribution of sum of results of mean
magnetic susceptibility and Jelinek (T versus Pj) results in 16 sites. The results show

both prolate and oblate in shape.

2.4.2. Paleocene Sites

31 Paleocene sites were analyzed for rock magnetic properties in the study area. The
susceptibility and Jelinek diagrams for Paleocene sites are depicted in Figure 2.4.
The 31 Paleocene sites contain samples collected only from sedimentary rocks that
include limestone and clastic rocks (red to green mudstone-sandstone and claystone).
Rock magnetic properties of these samples are closely connected with their position
and matrix ingredients and there is no relationship with their ages. The site mean
susceptibility values range between a minimum of -9.25x10° SI and maximum of
7820x10° SI indicating three types of magnetic contributions; diamagnetic from
limestone (R20, R34, RN10), paramagnetic and ferromagnetic dominant minerals in
the rest (Table 2.1).

The shape parameters indicate that the anisotropy ellipsoids change from prolate
(T<0 and L>F; R20, R 43, R 59, R60, RN10, RN11, and RN12) to neutral (T~=0 and
L/F~=1; R11, R34, R36, R74, RN2) and rest of them show strong oblate geometry
(T>0and F>L) (Table 2.1).

As seen in the combined results of the sites (the last plot in the Figure 2.4), Pmean
susceptibility (km) and corrected anisotropy degree varies in wide range. In addition,

the resultant shape parameters indicate the variation both from prolate to oblate.
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Figure 2.3. Magneto-fabric parameters of 13 Upper Cretaceous sites and one
combined result. The site mean shape parameter (T) vs. corrected anisotropy
degree (Pj) plot (Jelinek Diagram) is on the right, the corrected anisotropy degree
(Pj) vs. magnetic bulk susceptibility (km) plot is on the left. Oblate susceptibility
ellipsoids fall in the T>0 and F>L domain, while prolate susceptibility ellipsoids

are in the T<0 and L>F domain.
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Figure 2.5. Magneto-fabric parameters of 31 Eocene-Oligocene sites and their
combined results. The site mean shape parameter (T) vs. corrected anisotropy
degree (Pj) plot (Jelinek Diagram) on the right, the corrected anisotropy degree
(Pj) vs. magnetic bulk susceptibility (km) plot in on the left. Oblate susceptibility
ellipsoids fall in the T>0 and F>L domain, while prolate susceptibility ellipsoids
are in the T<0 and L>F domain.
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(Figure 2.5 continued)

2.4.3. Eocene-Oligocene sites

The Eocene-Oligocene rocks composed of sandstone-claystone-mudstone
alternations intercalated with various carbonate rocks. The 31 sampling sites
distributed relatively homogeneously in the study area unlike sites belong to other
sampled time intervals (Figure 2.1 and 2.2). The magnetic property analysis results
show that they are controlled by the position of the sampling site. The km (SI) values
are swinging between negative values which indicate diamagnetic properties (e.g.
R63) to moderate values ranging between ~90x10° — 1500x10° (SI) and very high
values that exceed >1500 Sl. They indicate ferromagnetic minerals that dominate

most of Eocene-Oligocene samples (Figure 2.5; Table 2.1).

The shape parameters show AMS ellipsoids from prolate (T<0 and L>F) to neutral
(T~=0 and L/F~=1) and strong oblate geometry (T>0 and F>L) (Table 2.1). The last

diagrams in the Figure 2.5 illustrate combined results of all Eocene-Oligocene sites.
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2.4.4. Miocene sites

Miocene is represented by 21 sites (Figure 2.6; Table 2.1.) The km values are
generally lower in the carbonate rocks (Figure 2.6; Table 2.1). Interestingly there are
no negative (diamagnetic) mean susceptibility results in the measurements. On the
other hand, the volcanic rocks (e.g. R13, R 45, and R46) produced very high mean
susceptibility values (11500-42600 Sl) clearly indicating their volcanic origin.

The AMS ellipsoids of Miocene sites are oblate to neutral and only few sites

produced neutral to prolate shapes (R3, R37, and R50).
2.4.5. Pliocene sites

For Pliocene time interval only 9 AMS results are available. The sites generally
distributed in the southern part of the study area (Figure 2.1 and 2.2). Almost all of
the samples belongs to lacustrine deposits. They are composed of fine grained
clastics such as siltstone and mudstone, and marl alternations. Likewise other
sedimentary rock samples their mean magnetic susceptibility values are relatively
low compare to older rocks (Eocene and older) (Table 2.1). The km values change
between 2.85 to 5670 SI. Similar to the Miocene sites, there is no negative
(diamagnetic) susceptibility values, possibly due to the contribution of Miocene and

younger volcanism in the region.

The magnetic susceptibility magnitude values changes according to the lithology in
each sites. The results of corrected anisotropy (Pj) values relatively low (<1.05,
except for the site SF3 which has 1.02). This implies low degree of deformation and
indicate poorly developed magnetic fabric possibly related to tectonic deformation
(Figure 2.7; Table 2.1). The AMS ellipsoids dominantly have oblate shape (T>0 and
F>L; R27, R50, R51) to neutral (T~=0 and L/F~=1; R37, SF3, SF4) and rest of them

have mixed geometries (Figure 2.7 and Table 2.1).
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Figure 2.6. Magneto-fabric parameters of Miocene 21 sites and one combined
result. The site means shape parameter (T) vs. corrected anisotropy degree (Pj)
plot (Jelinek Diagram) (right). The corrected anisotropy degree (Pj) vs. magnetic
bulk susceptibility (km) plot (left). Oblate susceptibility ellipsoids fall in the T>0
and F>L domain, while prolate susceptibility ellipsoids are in the T<0 and L>F
domain.
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Figure 2.7. Magneto-fabric parameters of Pliocene 9 sites and their combined
result (indicated as Pliocene). The site means shape parameter (T) vs. corrected
anisotropy degree (Pj) plots (Jelinek Diagram) on the right, the corrected
anisotropy degree (Pj) vs. magnetic bulk susceptibility (km) plot on the left.
Oblate susceptibility ellipsoids fall in the T>0 and F>L domain, while prolate
susceptibility ellipsoids are in the T<0 and L>F domain.
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2.5. Evaluation of the AMS results

The anisotropy of magnetic susceptibility results show that the magnetic lineations
are sensitive indicators of progressive deformation in the study area. They can be
used to differentiate the stages of deformation in the sedimentary rocks. In the study
are the obtained results can be categorized in three deformation stages with
increasing in the intensity of the tectonic deformation from primary sedimentary
fabric (depositional anisotropy) to cleavage development (intense deformation).

Theoretically, the stages of deformation related magnetic lineations are as follows;

v The first case includes the no deformation phase. In this case the minimum
susceptibility axis (Kmin) is perpendicular to the bedding plane and is related
to the compaction of the unconsolidated sediments. In this case, the
maximum and intermediate susceptibility axes (kmax and ki) are not
constrained and therefore they form a girdle distribution, characteristics of an
oblate susceptibility ellipsoid.

v" The second case is the intermediate tectonic deformation phase. In this case,
kmax IS Well constrained and parallel to the extension direction while ki,: and
kmin makes a pencil structure perpendicular to Kmax. The shape of the
anisotropy ellipsoid transform from oblate to prolate geometry.

v' The final stage determines full tectonic deformation phase and cleavage
structures occur. The minimum susceptibility axis changes into a well-defined
cluster that is almost parallel to the bedding plane or normal to the cleavage
plane (minimum strain axis), while ki, and km.x are fairly clustered.

Cleavages can be developed in the specimens at final stage.

The constructed AMS ellipsoids in the study indicate typical of weakly to
intermediate deformation phases. The AMS ellipsoid patterns changes from region to
region and are independent from the age and lithological characteristics imply
tectonic origin for the ellipsoids.

In this section, 106 Upper Cretaceous to Pliocene AMS sites are analyzed from the

four basins in the study area namely Alci-Orhaniye, Kirikkale-Bala, Tuz Golii and
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Haymana basins (Figure 2.1, 2.2). The kmax (also named as AMS lineament) results
are presented before and after tilt correction, for five time intervals that include 1)

late Cretaceous, 2) Paleocene, 3) Eocene-Oligocene, 4) Miocene, 5) Pliocene.

2.5.1 Late Cretaceous AMS Results

The late Cretaceous results are well clustered in all directions parallel to Kmax, Kint,
Kmin. However, the orientations of the AMS lineaments vary basin to basin. The Kmax
results from site R65 and R67 are almost parallel and indicate NE-SW direction of
maximum susceptibility in the Kirikkale-Bala Basin. They are almost parallel with
the bedding strike at the sites. In the site R73, the kmax is oriented NW-SE almost
perpendicular to the bedding strike and also to the results of the sites R65 and R67
(Figure 2.8).

In the Tuz Goli Basin the only Upper Cretaceous site (R83) indicate NE-SW
oriented kmax and it is perpendicular to the bedding strike and the long axis of the
basin (NW-SE) which is controlled in it eastern margin by the NW-SE tending
Tuzgoli Fault (Figure 2.8).

Similarly, Alci-Orhaniye Basin is also represented by only one site (R6). The
orientation of the kmax Is NNW-SSE before and after tilt correction and the result not
pairing with the site bedding attitude which is NE-SW striking (Table 2.1).

The rest of 9 sites from the Haymana Basin can be divided in two part according to
kmax lineaments. The first group comprise the sites R21 and R55 which are located
NW of the Haymana Basin near the Temelli (Figure 2.8 and 2.9). The results show
NNW to NW and SSW to SW kmax directions considerably matching with the local
bedding strikes of the sites (Figure 2.9)

In the central of the Haymana Basin, from 7 sites indicate more or less E-W direction
of kmax results which are also perfectly fit to the bedding strikes of the sites (Figure
2.9).
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2.5.2 Paleocene AMS Results
The Paleocene sites are not present in all basins. For example, the Paleocene sites in
the Tuzgoli basin did not produce and appreciable results and only two sites in the

Alc1-Orhaniye Basin produced interpretable results (Figure 2.10).

In the Kirikkale-Bala Basin, the AMS Kknax directions gradually changes from almost
N-S to NW then to E-W from north to south. At the transition zone from Kirikkale-

Bala to Tuzg6lii basins, the Knax Orientations become E-W (Figure 2.10).

The two sites (R1, R2) in the Alci-Orhaniye Basin have parallel k. Orientation and
are oriented NNW-SSE. They are also parallel to the northern part of the Kirikkale-
Bala Basin (Figure 2.10). In these sites the kmax directions and the bedding strikes are

not parallel to each other neither before nor after tilt correction (Table 2.1).

In the Haymana Basin, mainly two groups of kmax orientations can be discriminated.
The first group has NW-SE orientation while the second group is oriented NE-SW.
The NW-SE striking sites are approximately parallel to the Upper Cretaceous sites
and are located mainly at the northwestern part of the basin. The other group located
mainly at the central part of the basin and the Paleocene and late Cretaceous
orientations are normal to each other (compare Figures 2.10 and 2.11). The second
group is positioned at the central part of the Haymana Basin and indicates
dominantly E-W kmax directions (Figure 2.11).

2.5.3 Eocene-Oligocene AMS Results
Eocene-Oligocene is represented by 31 sites and are relatively well distributed in the
study area (Figure 2.12). The AMS susceptibility directions have moderate to low

degree of error margins in three directions (Table 2.1).

In the Kirikkale-Bala Basin two sets of K directions are determined from four
Eocene-Oligocene sites. The first set is compatible with the general orientation of
bedding strikes and folds in the basin. They are oriented NE-SW. The second set of
AMS data gives NW-SE Kkmax directions which area normal to the first set. Whereas

they are parallel to the local (site) bedding strikes (Figure 2.12).
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Figure 2.8. Map showing late Cretaceous kmax Orientations, in-situ and after
tectonic correction, and the strike of the bedding planes at the site. The circles
outside the map are distributions of magnetic susceptibility directions; kmax (blue
square), kit (green triangle), and Kkmin (purple circle) (equal area, lower
hemisphere projection). Red dashed box is the coverage area of Figure 2.8.
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Figure 2.9. Blow up view of the Haymana Basin (see Figure 2.8 for its location)
showing late Cretaceous kmax Orientations, in-situ and after tectonic correction, and
the strike of the bedding planes at the site. The circles outside the map are
distributions of magnetic susceptibility directions; kmax (blue square), ki (green

triangle), and kmin (purple circle) (equal area, lower hemisphere projection).

Three sites are produced reliable results from the Alci-Orhaniye Basin. They are very
consistent with each other and also with the bedding strikes (Figure 2.12). The tilt
corrected Kmax directions are oriented NE-SW. Except one site (S8), the Kmax results

before and after tilt corrections are the same in other two sites.

A large number of Eocene sites are there for the Haymana Basin (Figure 2.13). The
AMS knax are oriented generally E-W direction except few sites which are oriented
NE-SW (Table 2.1). The most striking characteristics of the Kmax orientations in the
Haymana Basin is that almost all of the sites they follow approximately the local fold
trends. As the fold axis deviates from linear and become curvilinear, the Kmax
orientations also deviates from general trend and become parallel to the folds axis
(Figure 2.12 and Table 2.1).
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and the strike of the bedding planes at the site. The circles outside the map are
distributions magnetic susceptibility directions; kmax (blue square), kin: (green
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2.5.4 Miocene AMS Results

The Miocene sites have high error margins in all AMS axes and are sparsely
clustered on the equal area diagrams (Table 2.1; Figure 2.14). The kmax Orientations
show almost random direction patterns and they do not indicate a common direction
on the regional scale (Figure 2.14). The Kirikkale-Bala and Tuz G6lii Basins do not
have Miocene results. The Alci-Orhaniye Basin has four sites with reliable results
and the indicate NE-SW to NW-SE K orientations. The knax directions are highly
oblique to almost perpendicular to the bedding strikes. The kmax orientations in the
northwestern part of the Haymana Basin near Temelli aligned in NW-SE directions
similar to the orientations of older units. However, two sites near Polatli (west of the
Haymana Basin) kmax directions are oriented E-W (Figure 2.14 and 2.15) and in the
eastern part of the Haymana Basin they become NE-SW. On the other hand, Kmax
orientation at the southernmost part of the Haymana Basin indicates roughly N-S
directions.

2.5.5 Pliocene AMS Results

AMS results from only 9 sites represent the Pliocene of the study area. 8 of them
belongs to Haymana Basin and only one site belongs to Alci-Orhaniye Basin.
Kirikkale-Bala and Tuzgdlii basins do not have Pliocene AMS results. Kmax in almost
all sites (R3, R24, R27, R37, R51, SF4) are oriented about NNW-SSE to NNE-SSW
directions except for R32 which is oriented almost ENE-WSW and two other sites
(SF3 and R28) which are oriented NW-SE. In most of the sites, the bedding is
almost horizontal if not bedding strike and K.y are oblique to each other (Figure
2.16 and 2.17; Table 2.1).
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Figure 2.14. Map showing Miocene kmax Orientations, in-situ and after tectonic
correction, and the strike of the bedding planes at the site. The circles outside the
map are distributions of magnetic susceptibility directions; kmax (blue square), Kint
(green triangle), and kmin (purple circle) (equal area, lower hemisphere projection).
Red dashed box is the coverage are of Figure 2.15.
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Figure 2.15. Blow up map of the Haymana Basin (see Figure 2.14 for its location)
showing Miocene kmax orientations, in-situ and after tectonic correction, and the
strike of the bedding planes at the site. The circles outside the map are distributions
magnetic susceptibility directions; kmax (blue square), kint (green triangle), and

kmin (purple circle) (equal area, lower hemisphere projection).
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Figure 2.16. Map showing Pliocene knax Orientations, in-situ and after
tectonic correction, and the strike of the bedding planes at the site. The
circles outside the map are distributions of magnetic susceptibility
directions; kmax (blue square), kit (green triangle), and Kmin (purple circle)
(equal area, lower hemisphere projection). Red dashed box is the coverage
area of Figure 2.17. 50
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Figure 2.17. Blow up map of the Haymana Basin (see Figure 2.16 for its location)
showing Pliocene kmax orientations, in-situ and after tectonic correction, and the
strike of the bedding planes at the site. The circles outside the map are distributions
magnetic susceptibility directions; kmax (blue square), kint (green triangle), and
kmin (purple circle) (equal area, lower hemisphere projection).

2.5. Discussion

2.5.1. Tectonic Implications of AMS Results

The average AMS vectors for each basin for different time intervals is depicted
Figure 2.18. As seen in the figure the late Cretaceous maximum susceptibility
vectors (Kmax) are almost parallel to the margin of the Kirikkale-Bala while the
intermediate susceptibility vector (Kiy) is perpendicular to the basin margin.

However, in Alci-Orhaniye basin Kmax vectors are parallel to the basin margin while
51




Kint vectors are perpendicular. In Haymana basin the Kyax vector is almost E-W and
parallel to the major structures (folding) while Kj,; vector is N-S and perpendicular to
the major structures in the basin. In Tuzg6li basin the Kmax iS perpendicular to the

Tuzgoli Fault while Ky is parallel to the fault.

In all basins the Ky, is perpendicular to the bedding plane hence it is related to the
compaction of the basin infill. Therefore, the other AMS vectors (K, and Kmax) are
related to tectonic deformation in the study area. In this case, Kjy; is thought to be
parallel to maximum contraction while Knax is parallel to the maximum extension
(stretching). Based on this assumption, during the late Cretaceous, Kirikkale-Bala
and Tuzgolii basins were subjected to NW-SE contraction while Alci-Orhaniye Basin
was subjected to extension in the same direction (NW-SE) and Haymana basin was

subjected to N-S contraction and E-W extension.

For Palaeocene time interval there is no information from the Tuzgo6lii Basin but all

other basins were subjected to NE-SW contraction and NW-SE extension.

During the Eo0-Oligocene time interval Kirikkale-Bala and Alci-Orhaniye basins
were subjected to NE-SW extension and NW-SE contraction, while Haymana Basin
was subjected to NNE-SSW contraction almost like in Palaeocene and late
Cretaceous, however Tuzgolii basin was subjected to NE-SW contraction

perpendicular to Tuzgolii Fault.

During the Miocene and Pliocene, the Kmax and Kint (extension and contraction)
directions are almost parallel, the only difference took place in the western part of
Haymana Basin where N-S compression in the Miocene is replaced by E-W
compression. The orientation of extension and contraction directions for Miocene
and Pliocene in the Alci-Orhaniye basin is NW-SE and NE-SW respectively. The
central eastern part of Haymana basin is characterized by WNW-ESE compression
and ENE-WSW extension for both Miocene and Pliocene time intervals. Kirikkale-
Bala basin only has data for the Miocene time interval and it is parallel to the central
and eastern part of the Haymana basin which is characterized by NE-SW extension
and NW-SE contraction.
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2.6. Conclusions

Analysis of AMS data from 106 sites provided important clues about the deformation

styles and major strain directions in the study area since late Cretaceous. Beware that

all the interpretations were based on present geographic orientations. No back

rotation has been performed for clarity.

The main conclusions of this chapter are as follows;

1.

Most of the AMS results are originated from tectonic deformation except for

Kmin Which is almost vertical due to compaction of sedimentary rocks.

There is a very prominent boundary that separates the domains with similar
AMS vector orientations. This boundary corresponds to Derekdy-Hirfanl

Fault Zone.

During the late Cretaceous Tuz Golii and Kirikkale-Bala basins was subjected
to NE-SW extension and NW-SE contraction while Hayman Basin was
subjected to NS-contraction and E-W extension. In the same time Alci-

Orhaniye Basin was subjected to NW-SE extension and NE-SW contraction.

Most of the AMS results are originated from tectonic deformation except for

Kmin Which is almost always due to compaction of sedimentary rocks.

There is a very prominent boundary that separate the domains with similar
AMS vector orientations. This boundary corresponds to Derekdy-Hirfanlh

Fault Zone.

During the late Cretaceous Tuz Goélii and Kirikkale-Bala basins was subjected
to NE-SW extension and NW-SE contraction while Hayman Basin was
subjected to NS-contraction and E-W extension. In the same time Alci-
Orhaniye Basin was subjected to NW-SE extension and NE-SW contraction.

Palaeocene time interval is characterized by NW-SE extension and NE-SW

contraction. This is possibly due to regional NE-SW extension in the region.
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8. Eocene-Oligocene time interval is characterized by NW-SE contraction in the
north of Derekdy-Hirfanli Fault zone during which N-S contraction in the

Haymana Basin and NE-SW contraction in the Tuz Goélii Basin dominated.

9. During the Miocene and Pliocene time intervals Derekdy-Hirfanli Fault Zone
was possibly inactive and there is not much change in the contraction and
extension direction in the study area except the western part of Hayman Basin

where the contraction and extension directions swapped.

10. AMS results proved that they are useful in understanding the deformation

styles in an area.
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Figure 2.18. Generalized AMS results in the study area. Note that the Derekoy-
Hirfanl Fault Zone controls the deformation in the north and was active possibly
during Late Cretaceous to Oligocene and it does not have any control over the

Miocene and Pliocene units. Blue lines are approximate boundaries of the basins.

54



CHAPTER 3

LATE CRETACEOUS TO PLIOCENE VERTICAL AXIS BLOCK
ROTATIONS IN NORTH CENTRAL ANATOLIA, TURKEY

3.1. Introduction

This chapter deals with the vertical axes rotations in the study area for the time
period from Late Cretaceous to Pliocene. Here, the results of paleomagnetic
measurements and their analysis will be presented based on their age. For this
purpose, the results are classified into five time periods namely, Late Cretaceous,
Paleocene, Eocene-Oligocene, Miocene, and Pliocene epochs. In addition, the results
are grouped into clusters based on their spatial distribution and consistency. These
spatial domains include Haymana, Alci-Orhaniye, Kirikkale-Bala, and Tuz Goli
basins (Figure 3.1). This does not exclude the possibility that these domains were
integral parts of now disconnected a large basin complex. However, such a

discussion is out of scope of this thesis.
3.2. Paleomagnetic Sampling

Total numbers of 4630 oriented cylindrical samples from 119 sites have been
collected in the study area. Out of these samples, only 751 samples from 16 sites
belongs to Upper Cretaceous rocks, 1354 samples from 33 sites belongs to Paleocene
rocks, 1603 samples from 31 sites belongs to Eocene to Oligocene rocks, the
Miocene epoch was represented by 615 samples from 26 sites, and the youngest,
Pliocene, rock units are represented by 308 samples from 13 sites. In all of the 119
sites, minimum number of samples per site is 13 while maximum number of samples
per site is 64. In addition to these, 648 oriented rock samples were also collected
from a single site in a stratigraphic order. Almost all of the samples were collected
from sedimentary rocks except for 4 sites where sampling was performed on

volcanoclastic rocks (Figure 3.2 and 3.3; Table 3.1).
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One site from late Cretaceous granitoids, in the Kirsehir Block, is also collected to
check the coherence between cover and basement of the Tuz Golii Basin. Usually,
we obtained multiple specimens from a single core (i.e. long samples cut into 2 or 3
pieces as subsamples) which provided a chance to apply both thermal and alternating
field demagnetization procedures as well as rock magnetic measurements on the
same sample. It also provided means to compere single core results (AF/TH) for

natural remnant magnetization directions (c.f. Gong et al., 2008).

Samples were collected using handheld water cooled diamond coated drill bits,
gasoline powered motor drill or with a water cooled-generator powered electric drill,
depending of the rock type. Sample orientations and attitude of the bedding were
measured with a magnetic compass which were corrected for present declination

amounts, which is around 4.5° E for the study sampling period between 2012-14.

oy i
@@p ||
i

canie .

Provinece

Figure 3.1. Simplified geological map of north central Anatolia. AESZ: Ankara-
Erzincan Suture Zone, IASZ: Izmir-Ankara Suture Zone, ITSZ: Intra-Tauride

Suture Zone. Box shows the outline of Figure 3.2.
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3.3. Paleomagnetic Measurements
3.3.1. Rock Magnetic Properties

The paleomagnetic samples were measured to determine their thermomagnetic
behaviors under the different temperatures following the procedure describe in
Huang et al., (2013). The measurements were run in air, using a modified horizontal
translation type curie balance, with a sensitivity of ~5x10-9 Am2 (Mullender et al.,
1993) (Appendix A and B). Approximately 30-90 mg powdered samples were put
into a quartz-glass sample holder and were held in place by quartz wool.
Temperatures were increased in a number of heating and cooling cycles up to a

maximum of 700°C. Heating and cooling rates were 10°C /min.

Figure 3.2. a) Simplified geological map of the study area showing the location of
the paleomagnetic sites. The red dashed rectangle shows enlarged version of
Haymana Basin (simplified from Unalan et al., 1976, 1/500.000 scale maps of

MTA 2002).
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Figure 3.3 Blow up view of the Haymana Basin displaying the sample locations
and local geology (simplified from Unalan et al., 1976, 1/500.000 scale maps of
MTA 2002) (see Figure 3.2. for its location).
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Figure 3.4 illustrates 18 representative examples of thermomagnetic experiment
results for Upper Cretaceous to Paleocene rock units in the central Anatolia
(Appendix A). Thermomagnetic analysis of 18 sites underwent alteration of iron
sulphite, transforming above ~400°C to a more magnetic phases from pyrrhotite to

magnetite around 580°C and finally above 580-650°C, to hematite (Figure 3.4).

The results show that the samples have various magnetic carriers in each site and a
few sites have weak or scarcely distributed magnetic minerals in it (Appendix A). As
seen in the thermomagnetic diagrams, we computed total magnetization in a series of
runs to increasingly higher temperatures (up to 700°C). Individual data points have
been omitted for clarity. Cycling field varied between 150 and 300 mT. In general,
pale color marl, silt and limestone samples show very weak magnetization
(saturation of remanence) (sites; R10, R20, R34, RN10). The majority of the samples
have a reasonable amount of magnetic mineral compositions in them. For example;
some samples show a reversible behavior during the heating-cooling cycle (decrease
in magnetization with increasing temperature up to ~410°C) that is typical greigite
dominant matrix (sites; R38, R53, R55, R60, R65, RH1 and RH2) (Figure 3.4 and
Appendix A).

Some samples have reversible smooth decrease in a magnetization between 100—
400°C continue with a sharp decline in intensity between 400 - 600°C, which is
characteristic for low Ti-Magnetite (sites; R11, R22, R41, R73, SEC2) (Figure 3.4
and Appendix 3.1). Hematite dominant matrix shows smooth decline in the intensity
between 20 - 580 °C and meaning fully large enough for paleomagnetic
interpretations (sites; R12, R62, R64, R77, R83, SEC3) (Figure 3.4 and Appendix
A).

In some sites reversible curves have low intensity values but decreasing up to 650 °C
indicate that the hematite mineral is the magnetic carrier (sites; R56, R59, R68, RN2,
RN3, RN11) which is characteristic with their red color in the field (Figure 3.4 and
Appendix A). The heating curves of some sites show an abrupt decrease in intensity
between 20 - 100 °C which can be due to the existence of the goethite, an iron

oxyhydroxide mineral.
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Most of the sites, apart from some pale color marls and limestone samples, have
suitable magnetic bearing mineral composition such as magnetite, ti-magnetite,
hematite, pyrrhotite, greigite, etc. (Figure 3.4). Characteristic maximum blocking
temperature for the magnetite ~ 580°C or maximum blocking under the magnetic
field of 60-100 mT were selected to determine the ChRM direction. For few sites,
demagnetization steps go up to 680°C, indicating typical maximum blocking
temperature for hematite bearing samples. Some samples show low blocking
temperatures around 340 - 475°C and magnetic field between 25-45 mT. This
implies that the remanence is mainly carried by greigite (Roberts, 1995; Vasiliev et
al., 2008; Rowan et al., 2009).

18 thermomagnetic results belong to the youngest rocks that span between Eocene to
Pliocene (Figure 3.5). Here, at least one thermomagnetic measurements were

performed for each site and the results are given in Appendix B.

At the NE part of the study area, in the Kirikkale-Bala Basin; we measured high
initial magnetization intensities (total magnetization, 2- 3x10° Am? /mg) from the
Eocene sedimentary rocks (R17, R66, and R70) (Figure 3.5). Representative
specimens show an irreversible decrease in magnetization around 530-580°C,
implying the existence of magnetite as magnetic carrier in the sites R66 and R70. At
site R17, initial intensity is low (1.2x10° Am? /mg) compared to the other two sites
but the show irreversible decreases again around 580°C indicating that magnetite as

magnetic carrier for Miocene deposits in the site.

The Tuz Golii Basin is represented by three thermomagnetic samples from the sites
R18 (Miocene), R84 and R86 (both are Eocene) (Figure 3.5). The Eocene sites have
high initially intensities (3-20x10°Am? /mg) while Miocene site (R18) shows low
initially intensity (5x107 Am? /mg) similar to results from the Miocene samples in
the Kirikkkale- Bala Basin.

Two thermomagnetic experiments from Miocene volcanic and sedimentary units and
one andesitic rock from the Eocene in the northwestern part of the study area, in the
Alc1-Orhaniye Basin, indicate that the Eocene site (sample S7.13C) shows a

progressive quasireversible decrease up to ~640°C, followed by a more rapid
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decrease up to 700°C so the dominate magnetic carrier is hematite. The last two
Miocene sites (R13 and R31); one is volcanic (R13) indicate high initial intensity up
to 3x10° Am? /mg and irreversible decrease around 580°C indicate magnetite
composition. However, the other Miocene sedimentary sample (R31) shows Ti-rich
magnetite from its heating curves and decreases around 400°C (Figure 3.5). In the
Haymana Basin, between Polatli and Haymana, three results one from Miocene and
two from Eocene show magnetite, pyrrhotite, and Ti-rich magnetite dominance from
the sites R24, R57 and SEC1, respectively. Southernmost part of the study area is
represented by three sites (two Eocene and one Miocene site). The Thermomagnetic
results indicate Ti-rich, pyrrhotite mineral from the Eocene rocks (R 33 and R 58,

respectively) and hematite from the Miocene rocks (SF6).

Total number of 36 thermomagnetic results from Upper Cretaceous to Pliocene rocks
(Figure 3.4 and 3.5) clearly indicate that the rest of 83 sites have coherent results
which have high isolation ranges (both thermal and alternating field) to determine
ChRM direction from 119 sites (Appendix B).

3.3.2. Demagnetization Procedure (AF/TH)

Characteristic remnant magnetization (ChRM) directions were isolated by applying
both thermal (TH) and alternating field (AF) repeatedly stepwise demagnetization
processes. For each sites, minimum number of seven specimens were fully cleaned
thermally from secondary magnetic field effects and half of the samples in each sites
were measured in AF that first heated and measured up to 150°C thermally before
the full AF demagnetization process was applied in order to isolate possible stress in
magnetite grains due to oxidation at low temperatures (Van Velzen and Zijderveld,
1995; Gong et al., 2008). TH demagnetization process was performed in a
magnetically shielded oven (ASC, model TD48-SC) that has a residual field < 10 nT.
Each specimen progressively demagnetized and measured by successive temperature
steps at from 20°C, 80°C, 120°C, 150°C, 180°C, 200°C, 225°C, 250°C, 275°C,
300°C, 320°C, 340°C, 380°C, 420°C, 450°C, 450°C, 500°C, 530°C, 560°C, 580°C
up to complete demagnetization of the naturel remnant magnetizations (for some
samples if the magnetic carrier is hematite, the stepwise heating and measurement

performed up to 700°C).
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Figure 3.4. Thermomagnetic results measured on a Curie balance (Mullender et al,

1993) for representative of the upper Cretaceous to Paleocene rocks.
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Figure 3.5. Thermomagnetic results measured on a Curie balance (Mullender et al,

1993) for representative of the Eocene to Miocene rocks.
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The NRM of the specimens were measured on a 2G Enterprises horizontal 2G DC
SQUID cryogenic magnetometer (noise level 3x107** Am?) hosted in the Fort
Hoofddijk Paleomagnetic Laboratory, Utrecht University (the Netherlands). The AF
demagnetization was carried out with increments of 3-10 mT, up to a maximum of
100 mT. The AF demagnetization and measurement process was carried out with an
in-house developed robotized sample handler attached to a horizontal pass-through
2G Enterprises DC SQUID cryogenic magnetometer (noise level 1-2x1072 Am?)
hosted in the magnetically shielded room. Representative results of demagnetization
steps of AF and TH are illustrated on the orthogonal vector diagrams. In order to
compere AF and TH results in each site, we illustrated both thermal and alternating
field demagnetization results in the same figure (Figures 3.6). Detailed information
about the results per site is given in Table 3.1 and further details can be found in the
Appendices 3.1 and 3.2.

3.3.3. Analysis of ChRM directions

In order to illustrate all the demagnetization results (steps) of the NRM, we used
orthogonal vector diagrams (Zijderveld, 1967) (Figure 3.6), as well as the equal area
projections of the ChRM (Figure 3.7). In orthogonal diagrams, the ChRM directions
were determined using principal component analysis (Kirschvink, 1980) by taking
approximately five to seven or more successive points from TH or AF
demagnetization steps. Few samples, overprinted at least two overlapping coercivity
or temperature components, were analyzed using the great circle approach
(McFadden and McElhinny, 1988) (Figure 3.6). With the help of this method, the
ChRM directions that lie around a great circle, the average direction from well-
defined NRM directions can be determined. Since the results of ChRM distributions
effected by the certain amount of secular variation of the Earth’s magnetic field after
the initial remanence were obtained which is circular at the poles, but gradually
becomes more ellipsoid towards the equator (Creer et al., 1959; Tauxe and Kent,
2004, Deenen et al., 2011). Therefore, we calculated from the ChRM directions of
each samples, site means (K) as well as virtual geomagnetic poles (VGP) and their
means (A95, the 95% cone of confidence of the VGPs) were computed using Fisher
statistics (Fisher 1953). A fixed cut-off (45°) was
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Figure 3.6. Results of orthogonal vector diagrams (Zijderveld, 1967), illustrating
representative characteristic demagnetization diagrams for each site comprising the
late Cretaceous to Paleocene time interval. Closed (open) circles indicate the
projection on the horizontal (vertical) plane. All diagrams converted to their initial
bedding (horizontal) positions. Both thermal (steps in °C) and alternating field
(milliTesla, mT) demagnetization diagrams are shown for two specimens from the

same site for comparison. Note that the site R53 did not produced any TH results.
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applied to remove outliers as explained by Deenen et al., (2011, 2014). The VGPs
per site and the corresponding errors in declination (ADx) and error in inclination
(AIx) determined individually according to Butler (1992). Deenen et al., (2011,
2014) proposed N-dependent reliability criteria for dataset which assess whether the
statistical results may be verified by the secular variations alone or not. On the
contrary most of the paleomagnetic studies used the criteria proposed by Van der
Voo (1990) but the criteria suggested by Deenen et al. (2011) are individually
applied for each data set, in this study. In order to identify whether two distributions
have a common true mean direction (CTMD), we used the reversal test proposed by
McFadden and McElhinny (1990) and their classifications (A, B, C, indeterminate)
in terms of the critical angle yc and the angle y between the means. Since we operate
their test with simulation, which is equivalent to Watson (1983)’s Vw statistical

parameter.

3.3.4. Data Reliability

In order to verify the reliability of the obtained results following reliability criteria
have been applied. Other than six sites which belong to Miocene volcanoclastic rocks
in the Haymana Basin and one Permian limestone block from the Karakaya Complex
and one site from the late Cretaceous granite (basement of Tuz Golii Basin), in all
other site sedimentary rock units are sampled. It is already known that the secular
variation effects are minimal to negligible in the sedimentary rocks due to a fact that
1.3cm thick fine clastic sediment may represent few hundred to thousand year
therefore the secular variation is smoothed out. In addition, sedimentary rocks
provide good constraints on the position of the paleohorizontal (original horizontality
of bedding plane). Therefore, sedimentary rocks are more reliable in terms of secular
variations and finding paleohorizontal which is collectively known as tectonic or tilt
correction. However, volcanic rocks are prone to secular variation since they are spot
readings owing to be cooled off within few hours to days. Paleohorizontal is
generally difficult to determine for both volcanic and plutonic rocks are on fine
minimized and also the initial bedding positions (accepted horizontal) are more
reliable than the intrusive bodies. According to Jackson et al. (2000) the paleosecular
variations (PSV), might reach up to = 25° or more depending on the latitude (higher
latitudes has higher angular variation).
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Although, majority of our samples are collected from sedimentary rocks which have
lower chance of paleosecular variations, nevertheless, we followed the criteria
proposed by Deneen et al. (2011, 2014) in order to overcome this problem.
According to these criteria a cone of confidence is determined based on the
maximum and minimum values within the A95. and A95n, of VGP cone of the
site. Any sample with results out of this cone implies that these datasets are
influenced by the PSV effect or samples comprise a short time span (spot sampling).
If A95 larger than the A95m. the results are not only effected by the secular
variations but might as well be affected by the combination of vertical axis rotation

and tilt differences within the dataset.

In order to reduce the effect of PSV on results, each sample was collected from
different stratigraphical levels and in the sections few meters apart. In order to cover
larger thickness and time interval. In some sites, both normal and reverse polarities
were measured within the same section, therefore, we applied reversal test to verify

the reliability of the data.

However, some of the sites (R43, R60, R75 and R83) (Table 3.1) erratic NRM
directions (e.g. N/up, S/down) are detected which do not fit the general mean
rotations possibly due to close proximity to a major fault zone or they are struck by

lightning. Such sites are refrained from further analysis.

3.4. Paleomagnetic Rotations

Paleomagnetic rotations are evaluated based on their age and location. Spatially the
results show very distinct pattern in different part of the study area. For this reason
the study area subdivided into sub areas based on the sampled lithologies and
tectonic history of the study area. The sub areas include counter-clockwise from SE
to NE to NW to SW include Tuz Golii, Kirikkale-Bala, Alci-Orhaniye and Haymana
basins (Figure 3.7)

3.4.1. Late Cretaceous & Older Rocks

Upper Cretaceous and older rocks are represented by 16 sites (Figure 3.9a and b,
Table 3.1). Among these 16 sites, two of them were rejected because the initial

magnetic remanence has been partly overprinted by present day magnetic field in site
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R67 and the site R83 produced uninterpretable and unrealistic results (Figure 3.8).
The overall rotation results in these rocks indicate a very large swath of rotations as

large as +80° in both clockwise and counter-clockwise senses.

The oldest site belongs to the Permian Limestone blocks of Karakaya Complex
(R10). The results from this site shows normal polarity with D=28.5°, I= 49.5° sense.
This indicates an approximately 28° clockwise rotation and very high inclination
value that is little bit south of present day latitude of the block. Therefore, it must be

remagnetized possibly during Eocene or younger periods.

Two Upper Cretaceous sites in the Kirikkale-Bala Basin show clockwise rotations.
The site R 65 has both normal and reverse magnetic polarity and yielded D=74°, I=
46.2° indicating 74° clockwise rotation. The site R 73 has reverse polarity and the

yielded D=242.3°, I= -41.9° which indicate as high as 80° clockwise rotations.

There is only one Upper Cretaceous site (RN 6) in the Alci-Orhaniye Basin and

yielded reverse polarity of D=184.2°, [=-34.4° which indicates almost no rotation.

In the Haymana Basin all of the 9 Upper Cretaceous sites yielded counter-clockwise
rotations. 7 of the total 9 sites, show strong counter-clockwise rotations with
declination values varying between D=281.7°-301.3° and they have both normal and
reverse polarities. On the other hand, the declinations seem to decrease in the western
part of the Haymana basin around Polatli. The remaining two sites (R 21 and R 55)
in this part of the basin has relatively lower counter-clockwise rotations compared to
the eastern sites. R 21 has D=309.4°, I= 55.9° from 28 measurements and R 55 has
D=321.3°, I= 50.0° from 26 measurements.

3.4.2. Paleocene vertical axis rotation

Paleocene paleomagnetic data in the study area is represented by 33 sites (Table 3.1,
Figures 3.10 and 3.11). They have both clockwise and counter-clockwise senses. The

detailed information about the results per sub area is given below.

Apart from one site (R 60) which produced reverse polarity and counter-clockwise
rotation (D=122.3°, I=-46.3°) all other 5 Paleocene sites in the Kirikkale-Bala Basin
show consistent clockwise rotations that vary between D=4.3° to 71.5° and have both
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normal and reverse polarities. At the southern part of the Kirikkale-Bala Basin near
Bala, the site R 75 produced normal polarity and very large counter-clockwise
rotations as high as 128° and the obtained declination and inclination values are as
follows D=232.6°, I= 53.1°. Rest of two the sites (R 74 and R 76) shows consistently
counter-clockwise rotations with ChRM result; D=324.3°, I= 37.3° for the site R 74
and D=353.5°, I= 37.3° for the site R 76. On the other hand, from the site R 77 which
is located at the south-easternmost part of the study area and in the Tuz Golii Basin
and produced clockwise rotations with ChRM results; D=77.2°, I= 46.3°. In this site
7 of the samples were reversely polarized while the remaining 11 of them were
normally polarized.

R10 R21 R38

1O
J

R67 R73 R83

RH1 RH2

55
-

RY1 SEC3 SEC4

/
_/

6

D,

Figure 3.8. Upper Cretaceous and Older age 16 sites vertical axis rotation vectors

with their error envelop illustrated in grey.
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From the northwestern part of the study area, in the Alci-Orhaniye Basin, we have
only two Paleocene sites (R 1 and R 2) which are consistently produced clockwise
rotations with ChRM (N=30) result; D= 82 °, I= 52° in the site R1. In this site 12
specimens were reversely polarized while the remaining 18 of them were normally
polarized. The site R2 has ChRM (N=25) results; D=35.4°, I= 58.9°.

At the western part of the area between Temelli and Polatli, there are 5 Paleocene
sites (R 11, R 12, R 20, R 22, and SEC 2). All of these sites show counter-clockwise
rotations that vary between D=292.7° - 314.1°. Two sites (R 20 and R 22) have
reverse polarity. One site (R 43) has very large declination and inclination values (D:
205°, I: 80°).

In the Haymana Basin two distinct and opposite rotation senses are observed. Near
Haymana town center, from 7 sites (R 25, R 56, RN 3, RN 11, R 34, K-T, R 39)
counter-clockwise rotations with declination values varying between 236.6°- 334.6°
have been obtained (Table 3.1, Figures 3.10 and 3.11b). Towards the southwestern
part of the basin the paleomagnetic direction results show opposite senses of
(clockwise) rotations in the seven sites (R53, RN2, RN9, R36, R59, R48). The

clockwise rotation results change between 23° to 72.1°.

3.4.3. Eocene to Oligocene Rotations

Eocene-Oligocene period is represented by 31 sites. Among these, two sites (R 23
and RN 1) did not pass the Vandamme cut-off (45°) and they are not included in any
further analysis (Table 3.1). The rest of 29 sites scattered in the area produces
reliably results that show interpretable rotation pattern (Figures 3.12 and 3.13).

From the northeastern part of the study area, in the Kirikkale-Bala Basin, four
Oligocene sites (R63, R66, R70, and R72) produced clockwise rotations. The
rotation directions vary between 22.5° up to 100° clockwise sense. In addition, two
of these sites have normal polarization while the other two sites were reversely

polarized.

The Tuz Goli Basin is represented only by two Eocene sites they show counter-
clockwise rotations (R85: N=21, D=163.8°, I= -49.6° and R 86: N=11, D=304.2°, I=
67.6°). They are all normally polarized and are opposite to the results of the

Kirikkale-Bala Basin which are located at the north and have clockwise rotations.
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Figure 3.10. Declination values and corresponding error parachutes of 33

Paleocene sites in the study area.
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In the Alci-Orhaniye Basin, which is located at the NW part of the study area, three
sites yielded clockwise rotations ranging between 18°-60° (S8: N=10, D=198.4°, I= -
37.2°; S9: N=17, D=60.8°, 1= 55.5°).

Haymana Basin is represented by 24 sites (Table 3.1, Figure 3.13). Two of the sites
(RN 1 and R 23) did not yield any appreciable results so they are not used for further
analysis. The rest of 22 sites show both clockwise and counter clockwise rotations.
Especially near Haymana town center, four sites (R 26, R 40, R 42, R 57) show
counter-clockwise rotations, while further south of the town 12 sites (R 33, R 54, R
42, R47, SEC 5, RN 4, R 81, R 79, R 80, R 52, R 49, RN 5) yielded clockwise
rotations. However, two sites (R 58 and R 82) within the clockwise domain yielded

counter-clockwise rotations contrary to the nearby clockwise sites.

3.4.4. Miocene Rotations

From 26 Miocene sites 615 samples were collected (Table 3.1). Among these 5 sites
did not produce any reliable results therefore they are not used is any further
analysis. The remaining of 21 sites produced meaningful results. Among them three
sites belong to volcanic rocks while the rest of them are collected from sedimentary

rocks. The results are depicted in Figures 3.14 and 3.15.

The results are evaluated on the basis of sub areas (basins). In the Kirikkale-Bala
Basin the site R 71 show slightly clockwise rotation (8.0 +£17.8, N=14). Between the
Kirikkale-Bala and the Haymana basins, the rotation vectors show generally
clockwise senses except for two sites (R8 and RN18) which yielded counter-
clockwise rotations. The other five sites (two of them are volcanic) in the region
shows clockwise rotation that vary between 6° to 55° (R46: N=21, D=6°, I= 51°, R
17: N=17, D=55.5°, I= 63.2°). The site R46 has 5 while R17 has 14 reverse polarity
samples. The site R 78 did not produce any reliable results from 15 measured

specimens.
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Figure 3.12. Declination values of Eocene sites with their error envelop (grey

parachutes).
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Figure 3.14. Miocene age 21 site rotation vectors with their error envelops

illustrated in grey.
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In the Alci-Orhaniye Basin, out of five sites one site (S2) did not produce any
reliable result, all of the other four sites (S 1, S 3, R 13, RN 7) show counter-
clockwise rotations ranging between 2° to 27° (S3:, N=19, D=358.3°, I= 75° and S1:
N=46, D=332.6°, I=45°). All the specimens show normal polarity. In addition, in the
southernmost part of the Alci-Orhaniye Basin, a cluster of five sites (S5, S6, R29,

R30, and R31) show counter-clockwise rotations with mean direction of ~ 340+7°.

The Miocene in Haymana Basin is represented by three sites (Figure 3.15). Among
these, one site (R4) shows counter-clockwise rotation (N=29, D=319.7°, I= 52.9°)
whereas the other two sites (SF6 and SF2) indicate clockwise directions up to 27°

(N=20, D=2.5°, I=54.6°; and N=16, D=27.4°, I= 48.9°, respectively).

3.4.5. Pliocene Rotations

The Pliocene paleomagnetic data comprises, totally 13 sites (Figure 3.16 and 3.17,
Table 3.1). There is no paleomagnetic site in the Kirikkale-Bala Basin. Both Tuz
Goli and Alci-Orhaniye basins are represented by only one site each The site in the
Tuz Golii basin (R84) yielded from 21 specimens D=163.8°, I= -49.6° results. All of
the specimens are reversely polarized. On the other hand, only one specimen was
reversely polarized while the remaining ones were normally polarized in the single
site in the Alci-Orhaniye Basin (R28) and yielded from 15 specimens D=345.2°, I=
46.4°.

The remaining 11 Pliocene sites belong to Haymana Basin. Between Polath and
Temelli town centers, in other words, in the northern part of the Haymana Basin, two
sites yielded counter-clockwise rotations. In site R 25 out of 17 samples D=326.9°,
I= 49.4° results are obtained. The other counter-clockwise site is R24 and out of 20
samples it yielded D=153.5°, I= -48.5° results. In this site all specimens were
reversely polarized.

In the southern part of the Haymana Basin, all the samples indicate clockwise
rotations except for the site RS51 that has about 15° counter-clockwise rotation

(D=165.1°, I= -38.7°) out of 20 samples. In this site, all the specimens are reversely
polarized. The other 8 sites (R3, R5, R 32, R37, R 50, SF 4, SF 3, and SF 1) all have

clockwise rotations ranging between 2° to 35°. In this part of the Haymana Basin,
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one site (SF5) did not produce any interpretable signal and it is excluded from further
analysis. All the result are given in the Table 3.1 and in Appendices.

R3 R24

/

R27 R32

/
=, 1.
P

R37 R50 R51

i
:

R84 SF1 SF3

D
-

SF4

<

Figure 3.16. Declinations and corresponding error parachutes (grey wedges) of

Pliocene sites in the study area.
3.5. Discussions
3.5.1. Evaluation of Paleomagnetic Results

The paleomagnetic results have indicated that the rotation patterns within each basin
is relatively consistent (Figure 3.18, Table 3.2). Among these, the results of Tuz
Goli, Kirikkale-Bala and Alci-Orhaniye Basin are internally consistent whereas

Haymana Basin has controversial results (Figure 3.18).
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The calculated mean statistics for basins from per locality in each basin are
consistent which implies that they can be considered as independent blocks except
for Kirikkale-Bala and Alci-Orhaniye basins which seems to belong to same block
although they are separated by a major metamorphic belt (Figure 3.18.).
Nevertheless, for the sake of consistency, each basin will be dealt with separately in
the forthcoming section. In order to calculate mean block rotation amounts all the
sedimentary data for different time intervals are grouped and analyzed together for
each block. In other words, all the sedimentary specimens from each site in each

basin are evaluated collectively for each block.

The magmatic rocks due to their intrinsic magnetic properties they are not included
in this analysis. During the analysis of the results all the declinations are normalized
with respect to north (normal) for statistical reasons (see Appendices and

Supplementary).

In the next sections the declination results for each basin and each time interval is

discussed.

3.5.1.1. The Kirikkale-Bala Basin

The mean declinations of 49 Miocene samples from three sites indicate that the
Kirikkale-Bala Basin rotated 34.4+7.3° clockwise. The basin does not have any

Pliocene and younger sites.

The Eocene to Oligocene is represented by four sites and they indicate very coherent
directions (a95=4.3) (Figure 3.19). The results of the four sites show quite large
amounts of clockwise rotations which is 73.7+8.9° (Figure 3.19, Table 3.2).

The Paleogene Kirikkale-Bala Basin is represented by three Upper Cretaceous, Six
Paleocene, four Eocene and Oligocene, and three Miocene sites (Figures 3.19 and
3.20, Table 3.2).
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Table 3.2. Average rotation values for four sub areas according to their age.

Mean ChRM Directions (Tilt Corrected)
% Age g g wn §
Q E Dec | ADx | Inc | Aix k a95 K A 3 g 5
2

Pliocene No averages calculated
i‘; Miocene 49/44 0344 07.3 54.6 06.0 0185 05.1 014.1 351 02.6 059 07.6
_Ti; Eo-Oligo. 62/61 073.7 089 64.1 04.8 0185 04.3 009.7 458 023 06.2 06.2
'E Paleo. 84/83 045.7 05.1 44.8 05.7 016.1 04.0 012.7 26.4 02.0 045 05.1
= U. Creta. 32/32 0703 069 45.0 07.7 0222 05.5 017.8 26.6 03.0 06.2 09.2

Pliocene 21/21 163.8 03.1 -49.6 03.0 209.9 02.2 1454 30.5 050 026 12.0
i3 [Miocene 20/19 3445 09.0 43.4 105 019.9 07.7 018.0 253 052 08.1 12.8
;§ Eo-Oligo. 32/31 3196 089 64.8 04.7 032.1 04.6 019.1 46.7 03.0 06.1 09.4
= Paleo. 37/37 3417 054 382 07.2 027.1 04.6 0229 215 028 050 084

U. Creta. 8/7 151.5 189 -58.4 13.2 032.0 10.8 018.2 39.1 07.8 145 241

Pliocene 15/15 3452 09.7 46.4 104 0223 08.3 0209 27.7 058 086 149
'% Miocene |136/131 3229 03.8 46.5 04.1 017.2 03.1 0143 27.8 017 034 038
g Eo-Oligo. | 44/43 0339 07.2 40.1 09.2 0122 06.5 0116 22.8 02.7 06.7 07.7
25 Paleo. 56/49 070.1 069 56.3 053 0224 044 0147 369 025 055 07.1

U.Creta. | 39/39 010.0 06.5 40.1 08.2 0148 06.2 0158 229 02.8 059 08.2
s |Pliocene 37/37 330.5 052 49.0 05.2 0409 03.7 0283 299 028 045 084
E Miocene 20/20 349.8 04.6 51.8 04.1 106.2 03.2 0726 324 051 039 124
E Eo-Oligo. 92/76 3157 04.5 409 05.7 015.8 04.2 0162 234 021 042 054
% Paleo. 251/219 3126 03.0 473 03.2 014.2 02.6 013.8 28.5 014 02.7 028
Z |u.Creta. |449/397 2980 02.6 555 021 0170 01.8 0123 361 011 021 019
= |Pliocene |152/146 017.2 03.7 52.3 03.3 020.2 02.7 0154 329 01.6 03.1 036
g Miocene | 30/21 006.3 07.5 51.2 069 0323 057 0258 319 03.6 064 120
E Eo-Oligo. |254/227 0343 03.0 46.8 03.1 015.6 024 013.8 28.0 014 026 027
§ Paleo. 115/102 038.3 04.7 46.2 05.0 015.0 03.7 0124 275 019 04.1 045
T U. Creta. No averages calculated

Nm: number of demagnetized specimens/mean ChRM direction per site under AF/TH, NvD: number of

specimens/mean direction included in the calculation for the mean ChRM direction after applying the 45° fixed

cut-off, Dec/I: declination/inclination, ADx / (Alx): errors in declination / (inclination) determined from the A95

of the poles, k: estimate of the precision parameter determined from the ChRM directions, a95: cone of

confidence determined from the mean ChRM directions for in situ and tilt corrected data, K: precision

parameter determined from the mean virtual geomagnetic pole directions (VGPs), A: paleolatitude, A95: cone

of confidence determined from the mean VGP direction, A95min / (A95max) : minimum / (maximum) value of

the A95 for the given dataset based on (Deneen et al., 2011, 2014).
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Figure 3.18. Mean declination vectors per site for different time intervals. The
boxes indicate the data clustered for each basin to determine mean block rotation

vectors.

Paleocene of Kirikkale-Bala basin is represented by 84 samples from five sites. The
average declination vector indicates large clockwise rotation amount of 45.7+5.1°
from the Kirikkale-Bala Basin (Figure 3.19, Table 3.2). All the specimens have
normal polarity (Figure 3.20).

The oldest studied time interval in Kirikkkale-Bala Basin is late Cretaceous and
represented by 32 samples from two sites. The mean vector indicates very large
clockwise rotations which is 70.3+6.9° (Figure 3.19, Table 3.2).

3.5.1.2. The Tuz Gdlii Basin
Only one Pliocene site (R 84) represents the Tuz Golii Basin. The results of the site
indicates 16° counter-clockwise rotation with N=21, D: 163.8+3.1°, 1:-49.6 results

(Figures 3.21 and 3.22, Table 3.2).
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Similarly, the Miocene is also represented by one site (R 18) with 20 samples. The
results show that the site mean rotation amount is 15° counter-clockwise (D:

344.5+9.0° and I: 43.4) (Figure 3.21 and 3.22, Table 3.2).

Eocene - Oligocene interval in the Tuz Golii Basin is represented by two sites (Table
3.2). The results of combination of these two sites out of 32 samples, produced
consistent result with 40° counter-clockwise rotations (D: 319.6+£8.9°, 1:64.8°). All

the samples have normal polarity.
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Figure 3.19. Paleomagnetic vector diagrams of Upper Cretaceous to Pliocene
rocks in the Kirikkale-Bala Basin. Equal area projections of the ChRM directions
determined from specimens in five time intervals. Open (solid) symbols denote
projection on upper (lower) hemisphere. Large symbols indicate respectively the
mean directions and their cone of confidence (a95). Red (small) circles indicate the

individual directions rejected by the cut-off angle 45° (Vandamme, 1994).
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Kirikkale-Bala Basin Kirikkale-Bala Basin
(Miocene) (Eocene-QOligocene)

D/1=41.6/64.2 .
k/a95=34.8/4.7 ﬁ.

N=16
D/1=207.5/-37.2
k/a95=43.1/5.7

Kirikkale-Bala Basin Kirikkale-Bala Basin
(Paleocene) (Late Cretaceous)

N=10
D/1=242.3/-4)

Figure 3.20. Equal area, lower hemisphere projection of all the samples in
Kirikkale-Bala Basin for different times intervals. Large blue circles are mean
directions and their error range, black dots are (normal polarity) and small circles
(reverse polarity) individual samples and red dots are rejected samples after 45°

(Vandamme 1994) filter is applied.
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Figure 3.21. Paleomagnetic vector diagrams of Upper Cretaceous to Pliocene
rocks in the Tuz GOli Basin. Equal area projections of the ChRM directions
determined from specimens in five time intervals. Open (solid) symbols denote
projection on upper (lower) hemisphere. Large symbols indicate respectively the
mean directions and their cone of confidence (a95). Red (small) circles indicate the

individual directions rejected by the cut-off angle 45° (Vandamme, 1994).
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Tuz Golu Basin Tuz Go&lU Basin Tuz GOl Basin
(Pliocene) (Miocene) (Eocene-Oligocene)

N=32
D/1=319.6/64.8
k/a95=32.1/4.6

*N=20
Df1=344.5/43.4
k/a95=19.9/7.7

N=21
D/1=163.8/-49.6
k/a95=209.9/2.2

Tuz Goli Basin Tuz GOlU Basin
(Paleocene) (Late Cretaceous)

Y
e N=37
D/1=341.7/38.
k/a95=27.1/4.6

N=8
D/1=151.5/-58.4
295=32.0/10.8

Figure 3.22. Equal area, lower hemisphere projection of all the samples in the Tuz
Golii Basin for different times intervals. Large blue circles are mean directions and
their error range, black dots are (normal polarity) and small circles (reverse
polarity) individual samples and red dots are rejected samples after 45° (Vandamme
1994) filter is applied.

Similarly, the average Paleocene rotation results are obtained from two sites (R 74
and R 76) in the Tuz Golii Basin (Figure 3.21, Table 3.2). The combination of these
sites, out of 37 samples, indicate 18° counter clockwise rotations (D: 341.7+5.4°, I:
38.2). Low inclination value is most probably due to flattening effect. The late
Cretaceous is represented by only one site (OA) in the Tuz Golii Basin. The other
contemporaneous site (R83) did not produce interpretable results and rejected. The
site OA belongs to granitoids in the basement of the Tuzgolii Basin. The site mean
rotation direction, out of 8 samples, indicate 29° counter-clockwise rotations (D:
151.548.9°, I: -58.4°) (Figure 3.22, Table 3.2).
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3.5.1.3. The Alc1-Orhaniye Basin

The Alci-Orhaniye basin is located at the NW part of the study area. It constitutes the
integral part of the Haymana Basin and underlain by the Pontide Block. The
paleomagnetic results are clustered for five time intervals ranging from the late
Cretaceous to Pliocene. The youngest data set represents the Pliocene of the basin
and comprises only one site (R28). From 15 samples D: 345.2+9.7°, I: 46.4° results
are obtained. Based on this data the basin is said to be rotated 14° counter-clockwise
during the Pliocene (Figure 3.23, Table 3.2). All specimens have normal polarity
(Figure 3.24). Eight sites (R 13 belongs to volcanic rocks) represent the Miocene of
the basin (Figure 3.23). The mean directions calculated from 136 samples indicate
37° counter-clockwise rotation during the Miocene (D: 322.948.9°, I. 46.5°). The
results from the volcanic site show slightly clockwise rotation of 1.6+7.9°. The data
contain both normal and reverse polarities and produced positive reversal test (y =
14.2° < vyc = 8.6°, classification B) (Figure 3.24). For the Eocene-Oligocene rotation
results three sites with total 44 samples are available (Figures 3.23 and 24). The
resultant mean rotation amount and sense is 34° clockwise (D: 33.9+7.2°, I: 40.1).
The sites both normal and revers polarities the applied reversal test is negative (y =

37.8° <yc = 8.6°, out of classification) (Figure 3.24).

The Alci-Orhaniye Basin has two Paleocene sites (R1 and R 2) both have normal
polarity. Mean direction for the whole basin, based on 56 samples, indicate 70°
clockwise rotation (D: 70.1+£6.9°, I: 56.3°) (Table 3.2).The site R10 is sampled for
the basement of Alci-Orhaniye Basin and it yielded D: 094.0°, I. 67.7°, from 17
samples. Although, the age of the sampled site is Triassic, however very high
inclination values indicate that this site is remagnetized, possible during Eocene-
Oligocene interval considering its possible paleolatitudinal position. The late
Cretaceous of Alci-Orhaniye basin is represented by only one site (R6). The results
of this site indicate more around 65° clockwise rotation (D: 244.8°, 1:-53.5°) based

on 20 samples.

102



PLIOCENE

’ -N§p'ec}'m'ehs.12' 17 |
Dec :163.8
Inc :-49.6
a95 :2.2 g
Kk :209.9

EOCENE-OLIGOCENE

-Dec :322.9
‘Inc :46.5

a95 :3.1 $
k :17.2 -

PALEOCENE

N N I
: 32.0 32.5
R1
o»
s3 51’
20~ *'R
E AT
S sS4
= s8 ﬁ
55 13 [@
R28
s7 ¥
% R29 f
R3 O R14
R10 )
g L o 27 R22\RY
MIOCENE MIOCENE (Vol.)

" _Nspecimens: 136,

Nspecimens: 18

UP. CRETACEOUS

*

¢ " i >
G S ory %8
Nspecimens: 44 | Nspecihens: 56
Dec :33.9 Dec :70.1
dnc  :40.1 Inc :56.3
a5 :6.5 ad5 :4.4
2122 kK :224

Figure 3.23. Paleomagnetic vector diagrams of Upper Cretaceous to Pliocene age

rocks in the Alci-Orhaniye Basin. Equal area projections of the ChRM directions

determined from specimens in five time intervals. Open (solid) symbols denote

projection on upper (lower) hemisphere. Large symbols indicate respectively the

mean directions and their cone of confidence (a95). Red (small) circles indicate the

individual directions rejected by the cut-off angle 45° (Vandamme, 1994).
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Alci-Orhaniye Basin Alci-Orhaniye Basin Alci-Orhaniye Basin
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k/a95=22.3/8.3
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Figure 3.24. Equal area, lower hemisphere projection of all the samples in the Alci-
Orhaniye Basin for different times intervals. Large blue circles are mean directions
and their error range, black dots are (normal polarity) and small circles (reverse
polarity) individual samples and red dots are rejected samples after 45° (Vandamme

1994) filter is applied.

3.5.1.4. The Haymana Basin

Due to very contrasting paleomagnetic results the Haymana Basin is subdivided into
two parts. The northern and southern part of the basin is analyzed separately.
3.5.1.4.1. Northern Part of the Haymana Basin

The northern part of the Haymana Basin characterized by counter clockwise rotation

for all time intervals.

The combined result of two Pliocene sites (R 24 and R 27) resulted approximately
30° counterclockwise rotation ((D: 330.5+5.2°, 1: 49.0°) out of 37 samples (Table
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3.2, Figure 3.25). The sub-basin has both normal and reverse polarity samples.
Therefore, we applied reversal test which is positive (y = 4.4° < yc = 7.2°,
classification B) (Figure 3.26).

The Miocene of northern part of Haymana basin is represented by only one site with
20 samples. The results show approximately 10° of counter-clockwise rotation (D:
349.8+4.6°, I: 51.8°) (Figure 3.26, Table 3.2).

Four sites, with 92 samples, represent the Eocene-Oligocene of northern part of the
Haymana Basin. Among these one site has reverse polarity samples while the other
three sites yielded normal polarity (Table 3.2). The combined results indicate
approximately 44° counter-clockwise rotations (D: 315.7+4.5°, 1. 40.9) (Table 3.2).
Since there are both normal and reverse polarities, the applied reversal test is
negative due to shallow and scattered results in the reversal components (1=-34.8,
a95=4.9) (y = 13.6° > yc = 6.5°, out of classification) (Figure 3.26).

Paleocene is represented by 12 sites with 251 samples (Table 3.2, Figure 3.25).
Almost half of the samples are reverse polarized. The combined results show large
counter-clockwise rotations (D: 312.6+3.0°, I: 47.3°). The ChRM vector distribution
show well clustered results (a95=2.6, k=14.2). According to the normal and reverse
components, the reversal test shows again shallow inclination (-37.2) in the reversal
components so the test is negative (y = 20.3° > yc = 3.7°, out of classification)
(Figure 3.26).

The oldest rotation data in the region belongs Upper Cretaceous sites (Figure 3.25).
Only one site show completely reverse polarity and the other two sites have both
normal and reverse polarities. The paleomagnetic result out of 449 samples indicate
very large counter-clockwise rotations (D: 298.0+2.6°, I. 55.5°) (Table 3.2). The
ChRM vectors are well clustered (a95=1.8). The applied reversal test is negative (y =
23.2° > y¢ = 3.7°, out of classification) (Figure 3.26). This is most probably due to
declination differences (Dnorma=292.6 and Dyeverse=148.9) and shallower inclination

in the reverse polarities (56.3 versus -48.5) (Figure 3.26).
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Figure 3.25. Paleomagnetic vector diagrams of Upper Cretaceous to Pliocene

rocks in the northern part of Haymana Basin. Equal area projections of the ChRM
directions determined from specimens in four intervals. Open (solid) symbols
denote projection on upper (lower) hemisphere. Large symbols indicate respectively
the mean directions and their cone of confidence (a95). Red (small) circles indicate

the individual directions rejected by the cut-off angle 45° (Vandamme, 1994).
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Figure 3.26. Equal area, lower hemisphere projection of all the samples in the
northern part of the Haymana Basin for different times intervals. Large blue circles
are mean directions and their error range, black dots are (normal polarity) and small
circles (reverse polarity) individual samples and red dots are rejected samples after
45° (Vandamme 1994) filter is applied.

3.5.1.4.2. Southern Part of the Haymana Basin

The Pliocene of the southern part of the Haymana Basin is represented by 9 sites
(Figure 3.27). The mean of the 9 sites with 449 samples indicate that the sub-basin
underwent 17° clockwise rotation (D: 17.2+2.6°, I: 52.3) (Table 3.2). The basin has
both normal and reverse polarities and the reversal test is positive (y = 4.1° < yc =

5.2°, classification B) (Figure 3.28).
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Figure 3.27. Paleomagnetic vector diagrams of Upper Cretaceous to Pliocene age

rocks in the Haymana Basin (south). Equal area projections of the ChRM directions
determined from specimens in five time intervals. Open (solid) symbols denote
projection on upper (lower) hemisphere. Large symbols indicate respectively the
mean directions and their cone of confidence (a95). Red (small) circles indicate the

individual directions rejected by the cut-off angle 45° (Vandamme, 1994).
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Two Miocene sites with total of 30 samples represent the basin. Both of these sites
has normal polarity and mean rotation amount is around 6° (D: 6.3£7.5°, I: 51.2°)
clockwise. One of these sites is volcanic and reverse polarity the other one is
sedimentary and with normal polarity. The mean rotation from volcanic rocks has
more clockwise rotation (12.8+£3.7°) than the sedimentary ones. The applied reversal

test is negative (y = 11.4° > yc = 5.8°, out of classification) (Figure 3.28).

The Eocene-Oligocene of the southern part of the Haymana Basin is represented by
15 sites and 254 total samples. Although, some of the results are rejected due to
inconsistencies in directions, the general distribution of the ChRM directions are well
clustered (a95=2.4). The mean rotation amount is clockwise sense and direction of
(D: 34.3£3.0° I: 46.8). According to the reverse and normal polarities, the reversal

test is negative (y = 262° > yc = 7.0°, out of classification) (Figure 3.29).

The oldest units sampled level in the southern part of the Haymana Basin is
Paleocene (Figure 3.27). It is represented by six Paleocene sites (Figure 3.27) with
115 samples. The mean Paleocene rotation is around 38° clockwise (D: 38.3+4.7°, I
46.2°). The distribution to total number of 115 samples show fair clustering
(a95=3.7). The reversal test gives positive result (y = 4.1° < yc = 7.2°, classification
B) (Figure 3.28).

In addition to two sub areas, the data from Haymana Basin is also evaluated for
whole basin. In order to accomplish this all the data from northern southern part of
the basin is combined and analyzed. The Pliocene of the basin is represented by 183
samples and they indicate approximately 10° clockwise rotation during the Pliocene

with D: 10.5°, I: 52.7° (Figure 3.29).

The Miocene is represented by 41 samples and they yielded D: 356.7°, I: 53.9°
which indicates very slight counter-clockwise rotation of the basin. Eocene-
Oligocene time interval comprises 303 samples which produced D: 33.9°, 1: 46.9°.
Very large part of the data is rejected due to 45° cut-off (Vandamme 1994). This

value indicates approximately 34° clockwise rotation of the basin during Eocene.

Paleocene time interval in the Haymana Basin is represented by 321 samples and the

yielded D: 312.8°, I: 47.5°. It indicates approximately 39° counter-clockwise rotation
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during the Paleocene. In the analysis very large part of the data is excluded due to
45° cut-off (Vandamme 1994). Therefore, the obtained ChRM values represent

smoothed rotation value of the basin.

Haymana Basin (south) Haymana Basin (south) Haymana Basin (south)
(Pliocene) (Miocene, Volcanics) (Miocene)

=25
D/I=7.5/52.5
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D/1I=17.1/54.0
k/a95=20.5/3.5

N=61
D/1=196.6/-49.9
Idoa95=20.2/4.1

N=21
D/1=198.9/-44.0
k/a95=42.8/4.9

N=30
D/1=6.3/51.2
k/a95=32.3/5.7

Haymana Basin (south) Haymana Basin (south)
(Eocene-Oligocene) (Paleocene)

N=46
D/1=213/-45.1
k/a95=14.2/5.8

D/1=248.2/-41.8
k/a95=11.9/6.

Figure 3.28. Equal area, lower hemisphere projection of all the samples in the
southern part of the Haymana Basin for different times intervals. Large blue circles
are mean directions and their error range, black dots are (normal polarity) and small
circles (reverse polarity) individual samples and red dots are rejected samples after
45° (Vandamme 1994) filter is applied.

The late Cretaceous of the Haymana Basin is represented by 374 samples all of
which passed the 45° cut-off indicating that the results are consistent which are; D:
292.6, I: 56.3 (Figure 3.29). These results indicate approximately 67°
counterclockwise rotation of the basin at the end of Cretaceous.
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Figure 3.29. Equal area, lower hemisphere projection of all the samples in the
Haymana Basin (data includes both northern and southern parts of the basin) for
different times intervals. Large blue circles are mean directions and their error
range, black dots are (normal polarity) and small circles (reverse polarity)
individual samples and red dots are rejected samples after 45° (Vandamme 1994)

filter is applied.

3.5.2. Timing of the vertical axis bock rotations

The systematic sampling in the field and detailed paleomagnetic analyses show that
there are very significant variations in the vertical axis rotations in the study area
since the Late Cretaceous to Pliocene. Based on the spatial consistency of the
rotations the study area is subdivided into five sub-areas. Each sub areas are analyzed
for their mean rotations (Table 3.2). In order to calculate incremental rotation
amounts of each basin for successive time interval, the younger rotation amounts are
subtracted from the previous ones (Table 3.3). This would give the paleodeclination
values for that particular interval for each basin. As seen in the Table 3.3, the late
Cretaceous units in Kirikkale-Bala Basin had paleodeclination values of 024.6°N. It
means that by the end of the Late Cretaceous the basin infill of Kirikkale-Bala basin

must have been rotated clockwise approximately 24°.
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Likewise, during the Paleocene in the Kirikkale-Bala Basin 28° counter-clockwise
rotation, in Tuzgolii Basin 6.4° clockwise rotation, in Alci-Orhaniye Basin 36.2
clockwise rotation, in northern part of Haymana Basin 3.1 counter-clockwise and in

the southern part 21.2 clockwise rotations took place.

During the Eocene-Oligocene interval amount of rotation was 39.3° clockwise sense
in Kirikkale-Bala, 6.4° clockwise in Tuzgoli, 36.2° clockwise in Alci-Orhaniye, -
3.1° counter-clockwise in the northern part of Haymana and 21.2 clockwise in the

southern part of the Haymana basin.

The rotation amounts during the Miocene is as follows; Kirikkale-Alci Basin 34.4°,
clockwise, Tuz Golii Basin 1.5° clockwise, Alci-Orhaniye Basin 22.3° counter-
clockwise, in the northern part of Haymana Basin 19.3° clockwise and in the

southern part of Haymana Basin 6.3° clockwise rotations took place.

The largest Pliocene rotation took place in the northern part of Haymana Basin which
IS -29.5° (counterclockwise). Similarly, Tuzgéli and Alci-Orhaniye basins were also
rotated counterclockwise during the Pliocene time interval (Table 3.3) while overall
Hayman Basin and its southern part rotated around 10.5 and 17.2° clockwise
respetively. This implies that vertical axis rotations in the region continued until
Pliocene and possibly still continuing.

3.6. Conclusions
Obtained results have shown that there has been significant amount of rotations in

the region almost each time interval and each basin.

During the late Cretaceous the largest rotations took place in Alci-Orhaniye Basin
and it was as high as -96° (counter-clockwise). The least rotation took place in the
Tuz Golii Basin and it is around 5.5 ° clockwise senses which is an insignificant
amount. The other areas rotated both clockwise and counter-clockwise around 15-
25°.
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Table 3.3. Rotation amounts restored incrementally for each time interval.

Basins Age Dec. | Present |End Miocene |End Oligocene|End Paleocene [End Cretaceous
Pliocene ? ?
§ Miocene 0344 | 344 34.4
:ﬁ Eo-Oligocene | 073.7 | 73.7 73.7 39.3
E Paleocene | 0457 | 45.7 45.7 113 -28.0
U. Cretaceous | 070.3 [ 70.3 70.3 35.9 -3.4 24.6
Pliocene 163.8 | -17.0
- Miocene | 3445 | -15.5 15
% Eo-Oligocene | 319.6 | -40.4 -23.4 -24.9
~ Paleocene | 3417 | -18.3 -17 -18.5 6.4
U. Cretaceous | 151.5 | -28.5 -11.5 -13.0 11.9 5.5
Pliocene 3452 | -14.8
% Miocene | 3229 [ -37.1 -22.3
-§ Eo-Oligocene | 033.9 [ 33.9 48.7 71.0
5’ Paleocene | 070.1 [ 70.1 84.9 107.2 36.2
U. Cretaceous | 010.0 | 10.0 24.8 47.1 -60.1 -96.3
Pliocene | 330.5 | -29.5
§ Miocene | 349.8 | -10.2 19.3
g Eo-Oligocene | 315.7 | -44.3 -14.8 -34.1
% Paleocene | 3126 | -47.4 -17.9 -37.2 -3.1
T U. Cretaceous | 298.0 | -62.0 -32.5 -51.8 -17.7 -14.6
Pliocene | 017.2 | 17.2
:'g Miocene | 006.3 6.3 6.3
g Eo-Oligocene | 0343 | 34.3 17.1 10.8
€ | Paleocene | 0383 | 383 38.3 32.0 21.2
- U. Cretaceous | ? ?
Pliocene 010.5 10.5
R Miocene | 356.7 3.3 -7.2
f:~ Eo-Oligocene | 033.9 [ 33.9 23.4 30.6
g Paleocene | 312.8 | 47.2 36.7 43.9 13.3
T U. Cretaceous | 292.6 67.1 56.6 63.8 33.2 19.9

Red numbers indicate amount of rotation that took place during corresponding time interval. Positive numbers

indicate clockwise while negative numbers indicate counter-clockwise rotations. Positive numbers also

corresponds to paleodeclination values while negative values need to be added to (subtracted from) 360° to obtain

their paleodeclinations.

During the Paleocene, the largest rotations took place in the Alci-Orhaniye (36.2°

clockwise), Kirikkale-Bala (-28° counterclockwise) and southern part of Haymana
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(21.2° clockwise) basins. Rotations in other basins are relatively low to negligible.
The least rotation took place in the northern Part of Haymana Basin and it is around -
3.1° in counter-clockwise sense. Rotations during the Eocene-Oligocene time
interval are very large, in almost all basins, except for the southern part of the
Haymana Basin where least rotation values obtained (10.8° clockwise). All other

basins experienced clockwise and counterclockwise rotations larger than 25°.

The Miocene rotation values are relatively low except for Kirikkale-Bala Basin
where clockwise rotation reaches up to 34.4°, all other basins experienced rotation
less than 23°. Rotations in Tuz Golii, southern part of Haymana and Hayman Basin
combined are negligible. Which implies that only northern part Haymana Basin,
Kirikkale-Bala Basin and Alci-Orhaniye basin experienced rotation during prior to
Pliocene. Kirikkale-Bala basin does not have any Pliocene rotation data. Northern
part of  Haymana, Alci-Orhaniye and Tuz Goli basins experienced counter-
clockwise rotations while only southern part of Haymana Basin experienced
clockwise rotation. Clockwise rotation of combined data of overall Haymana Basin
is possibly is an artifact of statistical operations. It seems that the data from southern
part dominates over the northern part and combined results produced 10.5 °

clockwise rotation.

In conclusion, there has been very large amounts of rotations in all senses and almost
in all time intervals and are changed continuously over time. This implies that
rotational deformation of the study area has been a continuous process since the Late
Cretaceous until recently.
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CHAPTER 4

CONCLUSIONS

This study provides a very comprehensive and detailed paleomagnetic and AMS data
from the Late Cretaceous to Pliocene time interval mainly from the sedimentary infill
of the central Anatolian basins that centered around the Haymana Basin. The other
basins include Alci-Orhaniye, Kirikkale-Bala and Tuzg6lii basins which interrelated

and laterally transitional with the Haymana Basin.

These basins straddle the three sutures zones which form a triple junction at the
eastern margin of the Haymana Basin, SW and NW margins of Kirikkale-Bala and
Tuzgolii basins, respectively. The Haymana Basin straddles the Izmir-Ankara
segment of the izmir-Ankara-Erzincan Suture Zone while, Kirikkale-Bala Basin
demarcates the Ankara-Erzincan segment of the izmir-Ankara-Erzincan Suture Zone

and Tuzgoli basin is located along the Intra-Tauride Suture Zone.

The study was conducted on by paleomagnetic sampling in 119 sites distributed
homogeneously over the study area both temporally and spatially. In these sites more
than 4500 samples were collected and measured for both ChRM vector and
Anisotropy of Magnetic Susceptibility (AMS) vectors. The majority of the samples
are collected from sedimentary rocks ranging in age from late Cretaceous to
Pliocene.

Nearly 90% of the measured specimens provided reliable results which are used to
investigate the rotational history of the Haymana and adjacent basins including to the
Kirikkale-Bala, Tuz Golii, and Alci-Orhaniye basins.

In addition to ChRM results for vertical axes rotations, the AMS results provided
deformation history of the study are based on the magnetofabric characteristics of the

measured samples.

The major findings of this research are summarized below.
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Paleomagnetic studies revealed that;

1. The studied basins and related suture zones are rotated spatially and
temporally both clockwise and counter-clockwise (back and forth) since the

late Cretaceous continuously.

2. One of the most important outcome of this study is related to the geometry
and position of these basins and hence the suture zones. In paleogeograhical
maps and palinspastic reconstructions, in the literature, the izmir-Ankara-
Erzincan Suture zone is generally envisaged as E-W belt along which the
Neotethys ocean subducted northwards below Pontides. Its complete
consumption and obliteration is followed by collision of Taurides into the
Pontides from south to north along an E-W oriented suture zone. However,
the results of this study have shown that the orientation of the suture izmir-
Ankara and Intra-Tauride zones and possibly also the late Cretaceous
configuration of the trench was oriented N-S, contrary to what is known
previously. In addition, the longer axes of all the basins were oriented N-S
during the late Cretaceous and Tuzgolii and Kirikkale-Bala basins were

collinear while Haymana and Alci1-Orhaniye Basins were collinear.

3. The largest rotation took place at the end of Cretaceous in the Alci-Orhaniye
Basin and it was as high as -96°. The other major rotations took place during
the Eocene-Oligocene interval and reached up to 71° in Alci-Orhaniye and
30.6° in Haymana, 39.3° in Kirikkale-Bala basins. End Paleocene and end
Miocene rotations are relatively low except for Alci-Orhaniye (36.2°) and

Kirikkale-Bala (-28°).

4. The largest Pliocene rotation took place in the northern part of Haymana
basin (-29.5°).

5. Rotations along the Izmir-Ankara-Erzincan Suture Zone and the studied
basins continued until the recently

The AMS studies revealed that

6. The AMS vectors are related to tectonic deformation and can be used as
strain markers. The minimum AMS vector corresponds to maximum

principal contraction axis (Kmin) Which is the compaction component of the
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sediments, whereas the intermediate axis (ki) corresponds to the major
tectonic contraction direction while knax corresponds to principal stretching

direction.

7. Based on this assumption late Cretaceous is characterized by multidirectional
contraction and extension in different parts of the study area. Whereas,
Paleocene is characterized generally by NW-SE directed extension in almost

in all areas.

8. Eocene-Oligocene is dominated by NW-SE contraction possible due to
indentation of Kirikkale-Keskin Block into the Kirikkale-Bala and Alci-
Orhaniye basins, while the Tauride Block squeezed the Tuz Golii and

Haymana basins simultaneously.

9. Miocene is characterized by NW-SE compression in the eastern part of the
study area and NE-SW and N-S compression in the western part of the study

area.

10. Pliocene is characterized by WNW-ESE compression in the south while it is

dominated by NE-SW compression in the Alci-Orhaniye Basin in the north.

11. There is a very prominent boundary that separates the domains with similar
AMS vector orientations. This boundary corresponds to Derekdy-Hirfanli
Fault Zone and was proposed by Lefebvre et al. (2013) and its eastern
extension is delineated in this study.

This study successfully applied integration of paleomagnetic and AMS results in
unravelling the deformation history as well as spatial and temporal evolution of

central Anatolian basins and associated Neotethyan Sutures.
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APPENDIX A

Up. Cretaceous to Paleocene sites thermomagnetic results
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APPENDIX B

Eocene to Pliocene sites thermomagnetic results

R15.50, Welght: 05036 mg R 16,18, Weight: 0845 ma R17.78. Welght: 07927 mg

R 63,38, Woight: 0.10887 mg % 66,18, Welght: 0.08713 mg R 70.28. Weight: 0.09298 mg

7210, Weight: 0.0891 mg THE_ 1B, waaht 07485 g R 16,228 Weight 0.08571 mg

R 76,48, Weight: 05802 mg R B4.6, Welght: 0.06872 mg)

R 86,78, Welght: 0.07687 mg R 19.268 Weight: 0.0831 mg . 57.13C Weight: 07198 mg

S1.1, Welght: 0.0575 my

Figure B.1. Curie-balance results of Eocene to Pliocene sites.
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