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ABSTRACT

GEOCHEMISTRY AND PETROGENESIS OF THE DIABASE DYKES
FROM THE BOGAZKALE REGION (CORUM, CENTRAL ANATOLIA)

BALCI, Ugur
M.Sc., Department of Geological Engineering
Supervisor: Assoc. Prof. Dr. Kaan SAYIT

January 2018, 119 pages

The Izmir-Ankara-Erzincan (IAE) Suture Belt contains oceanic and continental
fragments derived from the northern branch of Neotethys and associated continental
entities. In the Bogazkale region (Corum, Central Anatolia), the pieces of Neotethyan
oceanic lithosphere are present in a chaotic manner, and form an ophiolitic mélange.
Diabase dykes are observed in the mélange, which cross-cut various rock types of
oceanic lithosphere, such as pillow basalts, gabbros and ultramafics. This study aims
to investigate the geochemical and petrogenetic features of the diabase dykes, and their

importance in the Neotethyan framework.

The investigated diabases are mainly made up of plagioclase and a mafic phase, which
is clinopyroxene and/or hornblende. According to predominating mafic mineral phase,
the diabases can be subdivided into two types as clinopyroxene- and hornblende-
diabase. Sub-ophitic textures are common in all clinopyroxene-diabase samples and
poikilitic texture in almost all hornblende-diabase samples. Both types are variably
modified by low-grade hydrothermal alteration as reflected by the presence of

secondary minerals, such as chlorite, epidote, prehnite and actinolite.



The immobile trace element systematics reveals two chemical types, which seems
consistent with the petrographical grouping. Both chemical types display sub-alkaline
basalt characteristics. The relationship of MgO with some major and trace elements
suggest that fractional crystallization was important in the magmatic evolution of the
dykes. One of the major differences between two types is that while Type 2 diabases
possess negative Nb anomalies, this feature is not observed in Type 1. In addition,
Type 1 diabases are characterized by slight LREE enrichment, whereas Type 2
diabases display flat to slightly LREE-depleted patterns. Type 2 appears to have
derived from a depleted asthenospheric mantle source metasomatized by slab-derived
fluids/melts. Geochemical signatures of Type 1, on the other hand, require relatively

enriched source region and/or small degrees of partial melting.

Trace element systematics of Type 2 is consistent with an origin in an oceanic back-
arc basin, whereas Type 1 diabases appear to have been generated in a mid-ocean ridge
or an oceanic back-arc basin. “°Ar-**Ar radiometric dating on the amphiboles from two
Type 2 samples reveals ages of 176.30 + 0.52 Ma (Toarcian) and 178.82 + 0.80 Ma
(Toarcian), which suggests the presence of an intra-oceanic subduction zone within
IAE Ocean during the Early Jurassic.

Keywords: Izmir-Ankara-Erzincan Suture, Ophiolitic Mélange, Neothethys,
Petrography, Geochemistry, “°Ar->*Ar Geochronology.
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BOGAZKALE CiVARINDAKI (CORUM, iC ANADOLU) DiYABAZ
DAYKLARININ JEOKIMYASI VE PETROJENEZI

BALCI, Ugur
Yiiksek Lisans, Jeoloji Miihendisligi Boliimii
Tez Yoneticisi: Dog. Dr. Kaan SAYIT

Ocak 2018, 119 sayfa

Izmir-Ankara-Erzincan (IAE) kenet kusagi Neotetis’in kuzey kolundan ve bununla
iligkili kitasal varliklardan olusan okyanusal ve kitasal pargalari i¢inde barindirir. Bu
okyanusal litosfer parcalari, Bogazkale (Corum, I¢ Anadolu) bolgesinde ofiyolit
karmasigr adi verilen kaotik bir ortamda bulunur. Bu karmasigin i¢inde yastik
bazaltlarini, gabrolar1 ve ultramafikleri kesen diyabaz dayklar1 mevcuttur. Bu ¢alisma
bu diyabaz dayklarinin jeokimyasini ve petrojenezini ve bunlarin Neotetis

caligmalarindaki 6nemini incelemeyi amaglamaktadir.

Incelenen diyabazlar ana olarak plajioklazdan ve klinopiroksen ve/veya hornblendden
olusan mafik bir fazdan meydana gelmektedir. Kayaci domine eden mafik mineral
fazina gore, diyabazlar klinopiroksen- ve hornblend-diyabaz olmak iizere iki tipe
ayrilmigtir.  Klinopiroksen-diyabazlarin tamami yari-ofitik dokuya sahiptir ve
neredeyse hornblend-diyabazlarinin tamami poikilitik dokuya sahiptirler. Ikincil
mineraller olan klorit, epidot, prehnit ve aktinolitlerin varligr her iki tipinde degisik

seviyelerde diisiik dereceli hidrotermal alterasyondan etkilendigini gostermektedir.

vii



Farkli mobil olmayan iz elementleri sistematigine gore degerlendirilen tim kaya
jeokimyasi petrografik olarak ayrilan iki grubu desteklemektedir. Her iki tipte yari-
alkali bazaltik kompozisyona sahiptir. MgO’nin diger ana ve iz elementleri ile iliskisi,
dayklarin magmatik evriminde fraksiyonel kristallesmenin 6nemli bir rol oynadigin
onermektedir. Iki tip arasindaki ana farklardan birisi, Tip 2 nin negatif Nb anomalisi
gosteriyorken Tip 1’in bu 6zelligi gostermemesidir. Bunun yaninda, Tip 2 diyabazlari
diizden hafife kadar degisen bir LREE deseni ¢izerken, Tip 1 diyabazlar1 hafif bir
sekilde LREE zenginlesmesi gostermektedir. Tip 2 dalma batma zonu
stvilarindan/ergiyiklerinden etkilenen bir tiikenmis astenosferik manto kaynagindan
tiremektedir. Diger taraftan, Tip 1’in jeokimyasal imzasi1 ise onun goreceli olarak daha
zenginlesmis bir kaynaga ve/veya diisiik dereceli kismi ergimeye ihtiyact oldugunu

isaret etmektedir.

Tip 2’nin iz element sistematigi onun okyanusal yay-ardi baseninde olustugunu
gosteriyorken, Tip 1 diyabazlarinin okyanus ortasi sirti veya okyanusal yay-ardi
baseninde olustugu goriilmektedir. Amfibollerin “°Ar-**Ar radyometrik yaslar
araciligi ile iki Tip 2 6rneginin yaslarmin 176.30 = 0.52 Ma (Toarcian) ve 178.82 +
0.80 Ma (Toarcian) oldugu ortaya konulmaktadir ki bu Erken Jura’da IAE

Okyanusu’nun i¢inde okyanus i¢i dalma-batma zonunun varligini énermektedir.

Anahtar Kelimeler: Izmir-Ankara-Erzincan Keneti, Ofiyolitik Karmasik, Neotetis,

Petrografi, Jeokimya, “°Ar-**Ar Jeokronolojisi.
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CHAPTER 1

INTRODUCTION

1.1. Purpose and Scope

Ophiolites are thought to be remnants of the oceanic crust and uppermost mantle,
which have been tectonically emplaced onto the continental crust (e.g. Coleman, 1971,
1977; Peters et al., 1991). These ancient analogues of oceanic lithosphere may include
deep-sea sediments, pillow basalts, sheeted dykes, isotropic and layered gabbros, and
ultramafics. (Figure 1). In some places, ophiolitic successions are more or less
preserved, as in the case of Oman and Cyprus (e.g. Boudier and Nicolas, 1986; Murton,
1990; Dilek and Eddy, 1992; Robertson, 2002; Dilek and Robinson, 2003). In other
instances, however, the coherency of ophiolitic sequences is found to have been
destroyed and they instead occur as blocks within a chaotic mixture of rocks, called a
“mélange” (e.g. Raymond, 1984). The ophiolitic mélanges may contain fragments of
oceanic lithosphere as well as structures built on it, such as seamounts and oceanic

islands.

Oceanic domains do not exist forever; they are eventually consumed by subduction.
The destruction of oceanic lithosphere will ultimately lead to collision of two
continental plates, which will in turn create a “suture”. Suture zones are important in
the sense that they include fragments of oceanic domains and continental masses
surrounding them. Ophiolitic mélanges are common in suture zones and each piece in
an ophiolitic mélange may provide a good perspective to understand the geodynamical

evolution of the related ancient ocean.



Turkey has a complex tectonic history owing to amalgamation of a number of terranes
which are separated by several suture zones (e.g. Gonciioglu et al. 1997). One of these
suture zones, known as, Izmir-Ankara-Erzincan (IAE) Suture Zone, contains
fragments of northern branch of Neotethys called IAE Ocean and associated
continental entities. The pieces that derived from the IAE oceanic domain are mostly
preserved in ophiolitic mélanges within this suture zone, and the Bogazkale (Corum)
region is one of such places where ophilitic lithologies are found in a chaotic manner.
In this region, some parts of the mélange contain dykes that are found to cross-cut
various ophiolitic lithologies including basalt, gabbro and peridotites. This study
focuses on the petrology of isolated mafic dykes (diabases) from an ophiolitic mélange
in the Bogazkale region. With the understanding of the petrology of these diabase
dykes in detail, this study aims to reveal the mantle source characteristics, magmatic
processes responsible for melt generation and modification, and tectonic setting of the
dykes. Also combining Ar-Ar radiometric age dating, this study further aims to bring

some constraints to enlighten the geodynamic evolution of IAE Ocean.

Lithology Thickness (km)
Deep-Sea Sediment |- ~0.3
Basaltic Pillow 05
Lavas
Sheeted Dyke 10-1.5
Complex
Gabbro
2-5
Layered Gabbro
Layered Peridotite
y upto7
Unlayered Tectonite
Peridotite

Figure 1. Simplified schematic section of a typical ophiolitic sequence (modified from
Brown and Mussett, 1993 and Winter, 2001).
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1.2. Previous Studies

Although there are some studies associated with ophiolites in the Bogazkale (Corum)
region, the previous studies on the diabase dykes in this region appear to be very
limited. The only study existing in this regard comes from an MTA report by Ates et
al. (2010). In their study, these authors called the ophiolites “Hattusas Ophiolitic
Mélange”, which includes the Bogazkale district and Hattusas archeological site on
the H33-d3 quadrangle of 1/25.000 scale topographic map of Turkey. According to
them, the Hattusas Ophiolitic Mélange includes serpentinized tectonites (e.g.
harzburgite), diabase dykes, gabbro, microgabbro, amphibolite, pillow basalt, splite,
radiolarite, banded manganase chert and pelagic limestones. Because the ophiolitic
lithologies in the region belong to the IAE Ocean, the previous studies on the IAE

Ocean must also be reviewed, which will be summarized in the following paragraphs.

1.2.1. Neo-Tethys Concept

The term “Neotethys” refers to one of the ancient ocean realms belonging to the Tethys
family (Laubscher and Bernouli, 1977; Sengér, 1979; Stampfli, 2000). The Neotethys
takes several names, such as Pyrenees, Bitlis/Zagros Ocean, and Indus/Tsangpo
oceans, as geographical locations change. The initial studies regarded Neotethys to
have been opened as a back-arc basin related to the south-dipping subduction of Paleo-
Tethys (Sengor, 1979; Sengér and Yilmaz, 1981; Goriir et al., 1983; Sengor et al.,
1984). Sengor (1979) stated that all Alpine-age sutures that lie to the south and west
of Dobruja-Crimea-Greater Caucasus represent oceans which opened during the
Triassic or later and the Pontide/Anatolide Ocean was regarded to be one of these
Neotethyan oceans. The opening of Neotethys seperated the Cimmerian Continent
(Sengor, 1979) from the Gondwana-Land (Sengor and Yilmaz, 1981). For the details
regarding the Cimmerian Continent and Cimmeride orogenic system caused by the

closure of Paleotethys, the reader is referred to Sengor et al. (1984).

The Neotethys is subdivided into two main parts as northern branch and southern
branch (Sengér and Yilmaz, 1981). The northern branch of Neo-Tethys can be further
subdivided into three parts, namely the Izmir-Ankara (also called IAE Ocean), Intra-



Pontide, and the Inner Tauride Oceans, though the existence of the latter two remains
enigmatic. According to terrane concept (Goncilioglu et al., 1997), the Intra-Pontide
Ocean was located between the Istanbul-Zonguldak in the north and Sakarya
Composite Terrane in the south (Yilmaz, 1990; Gonciioglu et al., 1997; Yigitbas et al.,
1999; Gonciioglu et al., 2008) (Figure 2). The IAE Ocean is located between Sakarya
Composite Terrane in the north (Gonciioglu et al., 1997) and Tauride-Anatolide
Platform in the south (Gonciioglu, 2010) (Figure 2). The Vardar Ocean between the
Apulian platform and Rhodope-Pontide platform is believed to be linked with Izmir-
Ankara and/or Intra-pontide Oceans (Sengdér and Yilmaz, 1981; Stampfli, 2000;
Marroni et al., 2014).
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Figure 2. Distribution of the Alpine terranes showing Izmir-Ankara-Erzincan Suture
between Sakarya composite terrane in the north and Tauride-Anatolide platform in the
south (modified from Gonciioglu, 2010).

Although there is consensus regarding the existence of IAE Ocean (compared to the
Intra-Pontide and Inner-Tauride Oceans), its opening mechanism and time is highly

controversial. While some researchers (e.g. Sengor, 1979; Sengdr and Yilmaz, 1981;



Gortir et al., 1983, 1984; Rojay et al., 2001, 2004) believe that it started to open during
the Early Jurassic, the others (e.g. Tekin et al., 2002; Gonciioglu et al., 2003, 2010;
Tekin and Gonctioglu, 2007, 2009; Tekin et al., 2016; Sayit et al., 2015, 2017) believe
that its opening took place earlier than Liassic, and suggest a Triassic time interval
instead. Sengor and Yilmaz (1981) claimed Early Jurassic opening by several facts.
The Mashad suture in northern Iran indicated that Paleo-tethys ocean closed by the
time of the deposition of the Shemshak Formation (Rhaeto-Liassic) (Stocklin, 1974,
1977; Majidi, 1978) which is equal to the coal-bearing Kelkit Formation of Begougnan
(1976) belonging a back-arc setting related to the opening northern branch of Neo-
tethys. Sengér and Yilmaz (1981) also emphasized the works of Altinli (1973)
including Early Jurassic basaltic volcanics with tholeiitic character which are overlain
by typical shelf deposits of Middle to Late Jurassic age in the south of the Mudurnu
area, which indicates Liassic rifting event. They also underlined the works of Fourquin
(1975) claiming that opening of this ocean was again Lias (or earlier) as the time of
faunal differentiation. Goriir et al. (1983) claimed that block faulting and rifting
causing the opening of this ocean started at Sinemurian age. Furthermore, Rojay et al.
(2001) argued the Liassic opening of this ocean by means of the Liassic discordance
throughout the northern Neotethyan belt. They also found Callovian-Hauterivian age
interval from thin-shelled the biomicritic carbonates intercalated with pillow basalts
from there. The latter researchers used a radiolarian-based age dating from pelagic
sediments (e.g. chert) that are primarily related with pillow basalts in order to constrain
the age of magmatic event. For example, Tekin et al. (2002) found an early Late
Carnian age as the oldest age from a megablock including basaltic pillow basalts
radiolarian associated with cherts in the Central Sakarya area. This age was interpreted
to be an important implication for the rifting/opening age of the IAE Ocean (Tekin et
al., 2002). Gonctioglu et al. (2003) found within-plate, transitional MORB and
MORB-type pillow basalts associated with radiolarian cherts and pelagic limestones
from the ophiolites of IAE Ocean within Kiitahya-Bolkardag Belt (KBB). Those
radiolarians and conodonts gave middle and early Late Carnian age (Tekin et al., 2002)
as the oldest ages from the KBB in the Triassic successions of Tauride-Anatolide
Platform and as olistoliths in the Izmir-Ankara mélange complexes. Later, Tekin and

Gonciioglu (2007) reported a late Ladinian age from a chert block within the Bornova



Flysch Zone. This finding was of particular importance in two aspects. First, the chert
block was a part of the Izmir-Ankara Suture Complex, which was later transported
from the north to south. Second, this age became the oldest age obtained that far. This
depositional age of radiolarian cherts was suggested to indicate the beginning of rifting
during the late Middle-early Late Triassic time period (Tekin and Gonciioglu, 2007,
2009). These Triassic ages were combined with detailed geochemical data in the
mélanges of IAE Ocean (Gonciioglu et al., 2006, 2010; Sayit et al., 2015, 2017).
Gonciioglu et al. (2010) discovered E-MORB-type basalts interlayered with Carnian
radiolarian cherts from the Dagkiiplii Mélange Complex in Central Sakarya, which
represents that the formation of true oceanic crust was present at the Carnian time.
Sayit et al. (2015) found Middle Carnian arc-type basalts indicating from the Lycian
Nappes, Southwestern Anatolia. The finding of Upper Anisian basalt blocks with
back-arc basin signatures from the Mersin Mélange by Sayit et al. (2017) indicates not
only a pre-Liassic opening age for the Northern Neotethys, but also that it may even

have been opened before the Middle Triassic.

When the ages (paleontological or radiometric) and whole-rock geochemical data
published thus far are considered, there is a good deal of evidence indicating the
predominance of subduction-related magmatism. While some researchers (e.g. Sengor
and Yilmaz, 1981) suggested that the contraction of northern branch of Neo-Tethys
began at the Early Late Cretaceous time, other researchers with new findings (e.g.
Sayit et al., 2016, 2017) recommend that subduction started before Early Cretaceous.
According to latter, subduction was already operating in the Middle Triassic as
evidenced by the presence of intra-oceanic back-arc basin lavas of Anisian age from
the Mersin Mélange. Also, Topuz et al. (2013) found an Early Jurassic aged
structurally intact, large ophiolite body from NE Turkey, the Refahiye ophiolite. Dilek
and Thy (2006) found 179 + 15 Ma (Early Jurassic) U-Pb age from plagiogranites
coeval with diabase dykes formed in a back-arc basin setting in Ankara Mélange.
Gortir et al. (1984) and Sengor and Yilmaz (1981) proposed that subduction started
during early Late Cretaceous. Also, Harris et al. (1994) found an Ar-Ar isotopic age
of 101 + 4 Ma from the garnet-amphibolite metamorphic rocks in the Tavsanli Zone,
which shows a Cenomanian subduction. Despite some researchers (e.g. Sengor &

Yilmaz, 1981) believed that the closure of IAE Ocean was occured during the latest



Paleocene to early Eocene period, others (e.g. Gonciioglu et al., 2000) claim that
closure was completed by the end of the Cretaceous. The closure of Neo-tethys
resulted in the collision between Tauride-Anatolide Platform and the Pontides, which,
in turn, led to the formation of Alpide orogenic belts (Sengér and Yilmaz, 1981). The
polarity of subduction of IAE Ocean was suggested to be towards north by Sengér and
Yilmaz (1981). Gortir et al. (1984) also defended the north-dipping subduction of the
northern branch of Neo-tethys which began under both the Rhodope-Pontide Fragment
and the Sakarya Continent during Late Cretaceous. The collision of the Sakarya
Continent with Rhodope-Pontide began at Maastrichtian time (Goriir et al., 1984).
Sengor et al. (1988) accepted that the dipping of the subduction was mostly in not just
the north but also east direction. Yaliniz et al. (2000) and Gonciioglu et al. (2006a, b)
also supported intra-oceanic subduction of IAE Ocean. They indicated that the middle
Cretaceous SSZ type ophiolites (Yaliniz et al., 2000, Gonciioglu et al., 2006a, b) and
radiometric ages of Albian-Campanian (Onen, 2003; Onen and Hall, 1993) proved that

IAE Ocean closed along a N-directed intra-oceanic subduction zone.

Intra-plate volcanism was also present in IAE Ocean according to several findings.
Rojay et al. (2001) found OIB type basalts formed during Callovian-Hauterivian
interval in Derekdy (Haymana region). Gonciioglu et al. (2006) found a geochemical
data of basalts with a range containing OIB data in the Dagkuplu Mélange in the
Central Sakarya Valley. The age of the radiolarians from a tectonic block consisting
of chert-mudstone alternation which are related to OIB-type basalts is between early
Berriasian and early Hauterivian. Moreover, Gonciioglu et al. (2010) expanded the
duration of the intra-plate seamounts producing OIB-type basalts from late Bathonian

to early Aptian.

1.2.2. Diabase Dykes around the World and Their Datings

Diabase (also called micro-gabbro or dolerite) is a mafic igneous rock. It is similar to
gabbro and basalt in terms of chemical composition, but may show some textural
difference, since diabase is a hypabyssal (subvolcanic) rock. Diabase may occur as
dykes, and such occurrences have been studied in various regions by several

researchers around the world for a long time. Studying diabase dykes can provide



important clues to the geodynamic environment when combined with geochemistry
and geochronology. In some studies, diabase dykes appear as the indicators of pre-
rifting stages or rifting stages of continents (e.g. Pandey et al., 1996; Wang et al., 2007;
Peng et al., 2012). Some of these studies show that the rifting process is related to
subduction-related activities, thus giving way to back-arc basins (e.g. Dupuy et al.,
1988; Wang et al., 2007). On the other hand, some others (e.g. Bright et al., 2014)
points out that diabase dykes derived from an ocean island basalts (OIB)- type plume
source in a large igneous province, which is resulted in the rupturing of Laurentia into
two parts. Moreover, diabase dykes can also be observed within the ophiolite
sequences as isolated or sheeted dykes. (e.g. Boudier and Nicolas, 1986; Murton, 1990;
Dilek and Eddy, 1992; Robertson, 2002; Dilek and Robinson, 2003; Colakoglu et al.,
2012; Parlak et al., 2012).

The age dating of diabase dykes can be of significant importance, especially when
combined with geochemistry. Geochronology of diabase dykes can be determined by
several methods, including absolute or relative age dating methods. Relative age dating
includes one of the principles of geology called the cross-cutting relationship (Steno,
1669; Hutton, 1795). If the age of the host rock that is cross-cut by the dyke is known,
then the dyke must be younger than that age or if absolute age of the dyke is known,
then age of cross-cut host rock must be older than that of the dyke. In order to
determine the absolute age of diabase dykes, radiometric age dating methods such as
U-Pb, “°Ar-*Ar, 8Rb-#7Sr, or 147Sm-1*3Nd isotopic systems can be used. However,
these methods must be used and interpreted very carefully, because some of these
systems can be easily affected by secondary processes, such as hydrothermal alteration
(Kelley, 2002; Soderlund et al., 2005). When a system is disturbed by secondary
processes by means of adding or removing some elements by fluids and increasing
temperature (if the temperature rises above closure temperature of the system) and/or
pressure, the system is no longer a closed system. Hence, the isotopes used in age
determination will not give crystallization ages in these cases. However, closure
temperature of some radiometric age systems (e.g. U-Pb) is so high (Titanite = 600-
650 °C, Rutile = 400-450 °C, Apatite = 450-500 °C, Zircon, monazite and baddeleyite
> 1000 °C; Flowers et al., 2005) that they are not affected from low-grade
metamorphism. U-Pb system is regarded to be the most reliable dating method



amongst others (Schoene et al., 2014). “°Ar-*°Ar step-heating method is also reliable,
if the sample includes primary minerals such as hornblende, plagioclase, biotite,
muscovite. For example, closure temperature of hornblende which can be used in *°Ar-
39Ar age dating system is between 450 °C and 550 °C (Harrison, 1982), so it is also
reliable in rocks that have been metamorphosed under low-grade conditions. Both
147Sm-143Nd whole-rock and single mineral isochron age dating methods can also be
used for these dykes to get formation age (e.g. Fletcher et al., 1987; S6derlund et al.,
2005). 8’Rb-8'Sr method is not suitable for altered rocks to obtain crystallization age
due to lower closure temperature of the system (e.g. Soderlund et al., 2005). Thus,
these systems must be used for the samples which are relatively fresh (i.e. without or

minor alteration) in order to get formation age of the dykes.

Zircon and baddeleyite in mafic rocks have been recently used in U-Pb age dating
systems (e.g. Soderlund et al., 2005; Olsson et al., 2010; Bright et al., 2014). Recently,
because of the high stability of baddeleyite having crystallization temperature of
626.85 °C-1226.85 °C, it has been very attractive for U-Pb age dating (Lumpkin,
1999). Mineral seperation of baddeleyite by LA-ICP-MS (Laser Ablation - Inductively
Coupled — Mass Spectrometry) and SIMS (Secondary lon Mass Spectrometry) in-situ
methods for larger baddeleyite crystals have been used by several researchers (e.g.
Soderlund and Johansson, 2002; Séderlund et al., 2005; Peng et al., 2012; Wu et al.,
2013). If the mineral grains are so small that minerals cannot be separated by mineral
separation techniques, SIMS in-situ method can be used for absolute age dating of
diabase dykes (e.g. Schmitt et al., 2010; Catlos et al., 2013; Wu et al., 2015).

“OAr-Ar age dating method has also recently been used by several researchers in order
to date mafic rocks (e.g. Koppers et al.,, 2011; Duncan and Al-Amri, 2013;
Tchouankoue et al., 2014). “°Ar-*Ar age dating system is more productive in whole-
rock or single-crystal incremental heating (McDougall and Harrison, 1999). If the
sample was affected by alteration, then Ar gas into the system was probably escaped
from the system for the minerals having lower closure temperatures. Hence, whole-
rock analyses would give a mixture age of crystallization age and alteration age of the
rock. On the other hand, single-crystal incremental heating of primary hornblende and

plagioclase (regarding with mafic rocks) will give just crystallization age spectrum or



both crystallization and alteration age spectrum. Also, age spectrum for a rock having
rapid cooling will be undisturbed which means giving minimum number of ages while
age spectrum for a rock having complex cooling histories will be very disturbed which

means giving several ages for it (Kelley, 2002).

1.2.3. Diabase Dykes from the Alpide Sutures and Their Datings

The greek suffix “-ide” means ancestor so Alpide Suture is the ophiolitic belt made up
of ancestor ophiolitic rocks formed by the closure of Neotethys Ocean (Sengér, 1979;
Sengdr and Yilmaz, 1981). Alpide sutures can be traced from Pyrenean (France) to
Timor (North of Australia) (Sengor et al., 1988). Ophiolites which are the remmants
of Neotethys Ocean have been found and studied along this suture for a very long time.
Isolated diabase dykes have also been studied in this suture by several workers (Figure
3). In most studies, petrography, geochemistry and geochronology of these dykes have
not been covered together in detail. Instead, petrography of those rocks just have been
worked in those studies. Figure 3 illustrates these studies on the tectonic map of
Eurasia, North Africa and Tethysides including Neo-tethys and several continental
portions serepating it or containing within it (modified from Sengor et al. 1988). Some
studies (e.g. Weijermars, 1991 (Betic Zone); Bernoulli et al., 2003 (Alpine)) point out
that the diabase dykes formed in the geological environment of thinning of continental
crust and rifting causing opening of Neo-tethys Ocean. On the other hand, others (e.g.
Bozovic et al., 2013 (Vardar Zone), Tankut et al., 1998; Dilek and Thy, 2006 (Ankara
M¢élange), Parlak and Delaloye, 1996 (Mersin ophiolite), Parlak, 2000; Celik, 2007;
Cakir, 2009 (Pozanti-Karsanti ophiolite), Vergili and Parlak, 2005 (Pmarbasi
ophiolite), Celik and Delaloye, 2003; Celik and Chiaradia, 2008 (Lycian ophiolite),
Bagc1 and Parlak, 2009 (Tekirova ophiolite), Parlak et al., 2012 (ispendere ophiolite),
Colakoglu et al., 2012 (East of Van), Galoyan et al., 2009; Rolland et al., 2010 (Zagros
ophiolite)) indicate that these diabase dykes were formed in an intra-oceanic arc-back
arc or fore-arc environment of Neo-Tethys. Specifically, the studies (e.g. Bozovic et
al., 2013) in the Vardar Zone, the western extension of northern branch of Neo-tethys
including Intra-Pontide Ocean and Izmir-Ankara-Erzincan Ocean in Turkey (e.g.
Parlak et al., 2006) and the studies (e.g. Lugovic et al., 1991) in the Dinaric Ophiolite
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Belt, the western extension of southern branch of Neo-tethys in Turkey (e.g.
Colakoglu et al., 2012) indicate back-arc basin originated diabase dykes (Figure 3).
The studies of Sevan/Akera ophiolites (e.g. Galoyan et al., 2009; Rolland et al., 2010)
which is the eastern extension of Izmir-Ankara-Erzincan ophiolites also have shown
intra-oceanic back-arc origin of isolated diabase dykes. Moreover, the studies in
northern branch of Neo-tethys (e.g. Lytwyn and Casey, 1995; Dilek et al., 1999;

Sarifakioglu et al., 2010) show a fore-arc origin of isolated diabase dykes.

Geochronology of diabase dykes within the Alpide suture have been studied and
several methods (e.g. “°Ar-3Ar, K-Ar) have been tested by many researchers. Dilek
and Thy (2006) found a zircon U-Pb age of 179 + 15 Ma from plagiogranites which
has mutual cross-cutting relationship with the diabase dykes in Ankara M¢lange.
Parlak and Delaloye (1996) found “°Ar-**Ar whole-rock ages between 89.6 = 0.7 Ma
and 63.8 + 0.9 Ma from diabase dykes which has island arc geochemistry from Mersin
ophiolites. Also, Celik (2008) had two K-Ar ages, 88.8 + 2 Ma and 84.4 + 3 Ma, from
diabase dykes having island arc geochemistry in Mersin ophiolites. Dilek et al. (1999)
have “°Ar-**Ar (amphibole) ages as 90-91 Ma from diabases having fore-arc
geochemistry in Tauride Belt. Cakir (2009) have a good age reviews of diabase dykes
including K-Ar (Plagioclase) age as 73 + 2 Ma (Lycian ophiolite) (Thuizat et al., 1979),
K-Ar and Ar-Ar (Amphibole) ages as 69.7 £ 9.8 and 79 + 9 Ma (Kiitahya) (Onen,
2003), K-Ar (Amphibole) ages as 65.2 + 10.3 and 81.8 = 5.2 Ma (Kiitahya) (Onen,
2003) and K-Ar (Plagioclase) age as 71 + 1 Ma (Pozanti-Karsanti) (Cakir, 1978;
Thuizat et al., 1981). Celik and Chiaradia (2008) displays K-Ar diabase dyke with
island arc geochemistry ages ranging from 63.6 Ma to 81.4 Ma from Lycian ophiolites.
Finally, Colakoglu et al. (2012) gave two Ar-Ar ages, 92 + 0.9 Ma from Mehmetalan
Opiholite and 105.4 + 1.1 Ma from Mollatopuz Ophiolite, from diabase dykes having
intra-oceanic arc-basin geochemistry in East of Van. Except from Turkey, only Pamic
et al. (2002) reviewed age dating from diabase dykes along Vardar Zone (VZ). K-Ar
(whole rock) age as 160 = 10 Ma by Majer and Lugovic (1985) in Banovia from VZ,
another K-Ar (Hornblende) ages ranging from 189 + 6.7 Ma to 185 + 6 Ma by Pamic
(1997) in Mt. Kalnik from VZ, another K-Ar (Hornblende) age as 109.6 + 6.6 Ma by
Pamic (1997) in South Pannonian Basin from VZ and K-Ar (whole rock) age as 62.2
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+ 2.5 Ma by Pamic (1997) in South Pannonian Basin from VVZ are reviewed along

VZ (Pamic et al., 2002).

1.3. Geographic Location

The study area is located near Bogazkale district which is almost 65 km south-east of
Corum City Center and almost 30 km north-west of Yozgat City Center (Figure 4). It
covers an area of approximately 100 km? in the H33-d3 and h33-d4 quadrangles of

1/25.000 scale topographic maps of Turkey.

The study area covers several main villages, including Yazir, Karakegili, Derbent,

Yiiksekyayla and Kiigiikhirka.
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Figure 4. Location map of the study area.
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1.4. Fieldwork

The fieldwork was performed in the summer of 2015, 2016 and 2017 in order to
investigate the diabase dykes and their cutting relationship with the host rocks. During
the fieldworks, 26 samples from diabase dykes and 14 samples from the host rocks

including pillow basalts, gabbros and serpentinized ultramafics were collected.

1.5. Laboratory Work

The 40 samples collected from the fieldwork was processed in the thin-section
preparation laboratory at the Department of Geological Engineering, METU in order
to make petrographical investigations. Prepared thin sections were investigated and
photographed under the Olympus polarizing microscope with the attachment of
Olympus camera. After the petrographical works were finished, 14 samples were
selected and prepared for geochemical analysis. All samples were cut into slabs and
polished by the carborundum powder in order to weaken the effect of the diamond
saw. Then, the samples were sent to Activation Laboratories Ltd. (Ancaster, Ontario,
Canada) for whole-rock geochemistry. Major oxides were analysed by means of fusion
inductively-coupled plasma (FUS-ICP) while trace elements were analysed by using
either FUS-ICP or fusion mass spectrometry (FUS-MS). Samples were diluted and
analyzed by Perkin Elmer Sciex ELAN, 9000 ICP/MS. Three blanks and five controls
were analyzed per group of samples. Instrument was recalibrated every 40 samples.
Finally, two samples (HT-16 and HT-20-A) were selected and sent to Oregon State
University Geochronology Laboratories for “°Ar/**Ar age dating processes. Primary
single hornblende crystals into these samples were seperated and analyzed by the
laboratory with incremental heating method and by means of Thermo Scientific Model
ARGUS-VI-D instrument.
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CHAPTER 2

GEOLOGICAL FEATURES

2.1. Regional Geology

The Anatolia is a tectonically complex region, which can be attributed to a number of
orogenic events related to the closure of ancient oceanic domains, such as the Pan-
African/Cadomian orogeny, Variscan orogeny, Cimmeride orogeny, and Alpide
orogeny with the closure of Neotethys Ocean (Sengor, 1979). These orogenic events
controlled the distribution and amalgamation of the terranes, which was last shaped by
the Alpide orogeny (Gonciioglu et al. 1997). In this context, the Anatolia consists of
several terranes, including the Istranca Terrane Istanbul-Zonguldak Composite
Terrane (1ZCT), Sakarya Composite Terrane (SCT), Tauride-Anatolide Terrane and
SE Anatolian Autochton (Gonctioglu, 2010) (Figure 2). These terranes are separated
by three Neotethyan suture belts, namely Intra-Pontide suture, Izmir-Ankara Erzincan
(TAE) suture and Southeast Anatolian Suture (Gonciioglu, 2010) (Figure 2 and 3).

The orogenic events mentioned above are large-scale processes, whose traces can be
found beyond the Anatolian region. For example, The Cimmeride orogeny can be
traced from the Eastern Carpathians to the Pacific shores of Asia (Sengor et al., 1984).
The Mediterrerranean Cimmerides form the westernmost segment that can be traced
from the Eastern Carpathians and North Dobrudja to the eastern end of the Greater
Caucasus (Sengor et al., 1984). Moreover, its longitudinal sections can be subdivided
into three parts; the Balkan/Carpathian Cimmerides, Anatolian Cimmerides containing
the North Dobrudja and the Causian Cimmerides (Sengor et al, 1984). The Alpide

15



sutures can also be traced from Pyreenes to Indus with different opening ages of the
Neotethys ocean. These sutures are Pyrenees (Boillot and Capdevila, 1977),
Alps/Apennines (Trimpy, 1975), Carpanthians/Vardar Ocean (Dewey et al., 1973),
Pontide/Anatolide Ocean (Delaune-Mayere et al., 1977; Marcoux, 1978),
Bitlis/Zagros Ocean (Sengor et al., 1978), North Makran/Afghanistan and
Indus/Tsangpo Oceans (Boulin and Bouyx, 1977) (Sengor, 1979).

The IAE Suture Zone is located between the Sakarya Composite Terrane in the north
and Tauride-Anatolide Terrane in the south (Gonciioglu et al., 1997) (Figure 2). The
Sakarya Composite terrane was considered by Gonctioglu et al. (1997) as a composite
terrane, since this continental entity includes several pre-Alpine terranes and
associated oceanic assemblages in its basement that was amalgamated at different
geological times (Gonciioglu, 2010). This pre-Jurassic basement was covered by
Mesozoic flysch-type deposits (Gonciioglu, 2010). The Tauride-Anatolide Terrane
consists of three structural units which are from north to south, the Kiitahya-Bolkardag
Belt, the Anatolides including metamorphic units and the Taurides which is made up

of non-metamorphic nappes (Gonciioglu, 2010) (Figure 2).

Four main geological units outcrop in the Corum region (Figure 5) (based on 1/500.000
Geological map of Turkey, MTA modified by Bortolotti et al., 2013). They are
Sakarya Composite Terrane (SCT), Central Anatolian Crystalline Complex (CACC),
IAE ophiolitic mélange and cover units (Figure 5). SCT contains several pre-alpine
terranes where each of them presents a tectonic assemblage showing different
geological histories in its basement (Gonciioglu et al., 1997; Goncilioglu, 2010). These
tectonostratigraphic units are made up of pieces of Variscan and Cimmerian

continental and oceanic assemblages (Gonciioglu, 2010).

CACC is considered as a part of Anatolides and the eastern extension of the Menderes
Massif (Gonciioglu, 2010). The lowermost unit of CACC contains metamorphic rocks
including gneisses, micaschists, amphibolites, marbles and migmatites (Gonciioglu,
2010). It has a Precambrian basement of Gondwanaland origin, which has been dated
by U-Pb on zircon and sphene (Gonciioglu, 1982; Kdoksal et al., 2004, 2007, 2008).
There is an unconformity after this Precambrian basement followed by a thick
quartzitic band indicative of a post-Pan-African transgression in Mesozoic. This thick
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quartzite band is followed by metamorphic rocks, recrystallized limestone, Central
Anatolian granitoids, pelagic sedimentary rocks and ophiolitic rocks with ages
between Triassic to Cretaceous. All of these units are intruded by post metamorphic
collision-type granitoides (Gonciioglu and Tireli, 1994; Akiman et al., 1993; Boztug,
1998, 2000). Lastly, these units are covered by tertiary olistostromal clastics after an

unconformity (Gonciioglu et al., 1992; Gonciioglu, 2010).
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Figure 5. Geological map of Corum region including the main faults and thrusts
(modified from Bortolotti et al., 2013 after 1/500.000 Geological map of Turkey,
MTA).

The TAE ophiolitic mélange contains blocks of almost complete ophiolitic sequences
and tectonic mélanges of this accretionary complex (Gonciioglu et al., 1997; Okay and
Tiiysiiz, 1999; Robertson, 2002). These ophiolitic blocks includes mainly peridotites,
gabbros, sheeted dykes, basalts and pelagic sediments (Onen, 2003; Bortolotti et al.,
2013). Geochemical studies of these ophiolitic blocks point out SSZ signatures made
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up of MORB and OIB affinities (Robertson, 2000; Floyd et al., 2000; Gonciioglu et
al., 2010; Parlak et al., 2012; Bortolotti et al., 2013). They are associated with the late
Norian radiolarian cherts as the oldest age from Ankara mélange (Bortolotti et al.,
2013).

All of SCT, CACC and IAE ophiolitic mélange units are covered by Paleocene-Eocene
and post-Eocene cover units (Bortolotti et al., 2013). In detail, larger scaled geological
map of the study area shows that the oldest rocks are Silurian-Triassic limestones and
Middle Triassic-Upper Triassic volcanic and sedimentary rocks which are owned by
SCT (Figure 6). Age of the ophiolitic rocks including diabase dykes, pillow basalts,
gabbros, serpentinized ultramafics and deep sea sedimentary rocks (limestone, chert)
are Triassic-Cretaceous. Tectonically, SCT rocks had been thrusted onto IAE
ophiolitic rocks and there are some klippes of SCT blocks into ophiolite itself.
Ophiolitic rocks had been thrusted onto Upper Cretaceous flysch deposits which have
also been thrusted onto Eocene sedimentary and volcanic rocks, basaltic volcanics and
also Eocene basaltic pyroclastics. Upper miocene-pliocene terrestrial sandstone-
mudstone-limestones are the youngest units in the region so they cover all of the oldest

rocks in the region (Figure 6).
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Figure 6. Geological map of the study area (modified from 1/100.000 Geological maps
of Yozgat — 133 (2007) and Corum - H33 (2010) quadrangles of Turkey, MTA).

2.2. Geological Observations in the Study Area

Study area contains the ophiolitic mélange units which are the remmants of IAE

Ocean. The mélange consists of serpentinized ultramafics, gabbros, pillow basalts,

diabase dykes, and deep-sea sediments which are limestones and radiolarian cherts for

19



this area. Specially, ophiolitic mélange contains Triassic-Cretaceous ophiolitic rocks,
Jurassic-Cretaceous shelf limestone, Lower Cretaceous clayey shelf limestone, Upper
Cretaceous shelf sandstone-mudstone, and Cenomanian-Campanian slope sandstone.
This ophiolitic mélange had been called as “Artova Ophiolitic Mélange” by Ozcan et
al. (1980) and as “Hattusas Ophiolitic Mélange” by Ates et al. (2010) (Figure 7). It
must be noted that the diabase dykes, which are the main focus of this study, only
cover a limited portion of the study area (Figure 7). Geological observations in the
study area points out that all diabase dykes are observed to intrude into ophiolitic

lithologies, including pillow basalts, gabbros and serpentinized ultramafics.
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Figure 7. Geological map of the study area with the diabase samples collected from
the field (map is modified from 1/100.000 Geological map of Turkey Publication,
MTA, 2010).
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The east of Bogazkale and southwest of the Yiiksekyayla Village are characterized by
diabase dykes that cross-cut pillow basalts (Figure 7). Pillow basalts have very
brecciated appearances and have brownish colors related with weathering (Figure 8a).
However, some pillow basalts were not affected by weathering that much, which
results in greenish colors (Figure 8b). Pillow lobes can be seen easily in the field
(Figure 8). Diabase dyke has also very brecciated appearances (Figure 9). The width
of the dyke is approximately 4.5m and it has greenish color (Figure 9a). Chilled margin
and primary intrusion surface has been saved from alteration and it can be seen easily
in the field (Figure 9b).

Figure 8. Field photographs of a) bracciated pillow basalt and b) bracciated pillow
basalt cross-cut by a diabase dyke.
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Figure 9. Field photographs of a) a diabase dyke intruding into basalt. b) closer view
of the same dyke showing chilled margin and size difference from edge to core.
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West of Kiigiikhirka Village hosts diabase dykes which cross-cut gabbros (Figure 10).
Field observations show that gabbros have been affected by surface alteration and they
have a white color (Figure 10). Diabase dyke has a 5m width and it has a darker green
color (Figure 10). It is very fractured and the fractures are mostly filled with calcite
(Figure 11). Primary intrusion surface and chilled margins can still be observed despite
the hydrothermal alteration (Figure 11). Furthermore, in spite of this alteration effect,
several intrusions but having smaller widths of the diabase dyke into gabbro host rock
can be easily seen (Figure 10 and 11).

Figure 10. Field photograph of a diabase dyke cross-cutting through a gabbro host
rock.

23



Figure 11. Closer view of the diabase dyke cross-cutting gabbro in Figure 10.

South and southeast of Bogazkale host diabase dykes cross-cutting ultramafics (Figure
12). Ultramafic rocks are the parts of peridodite and these rocks have serpentinization
and carbonatization as alteration processes. Ultramafic rocks which were not
influenced by weathering so much have darker colors (Figure 12) but in some areas,
weathering and intensive carbonatization mask the real color of those host rocks
(Figure 14). The width of these dykes is approximately 10m. They have grayish colors
in the field and they also have very fractured appearances (Figure 12). Moreover, they
have chilled margins that can be observed easily in the field (Figure 13).
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Figure 12. Field photograph of an ultramafic host rock cross-cut by a diabase dyke.

Figure 13. Field photograph of an ultramafic host rock cross-cut by a diabase dyke
having chilled margin.
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Figure 14. Another field photograph showing another diabase dyke cross-cutting
carbonatizated ultramafic rock.

These peridodite rocks are also cross-cut by diabase dykes which also cross-cut
gabbros in west of Kiigiikhirka Village (Figure 15 and 16). In these ultramafic rocks,
mesh texture can be seen easily and they have a darker green color which is masked
by white colors due to carbonatization (Figure 15 and 16). The width of this dyke is
approximately 1m which is smaller than the other ones and the color of diabase rocks
is darker green (Figure 16). The host rock and diabase dyke have very fractured
appearances (Figure 15 and 16). Furthermore, in field studies it is also observed that
after intrusion of these dykes, the region has been affected by tectonic activities (Figure
17). This tectonic activity can be seen in the faulting of the diabases (Figure 17).
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Figure 15. Field photograph of a diabase dyke intruding into ultramafic host rock.

Figure 16. Closer view of the diabase dyke cross-cutting into ultramafic host rock in
Figure 15.
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Figure 17. Field photograph showing faulting after intrusion of the diabase dyke.
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CHAPTER 3

PETROGRAPHY

In order to deduce the petrographical features of the diabase dykes, 48 thin-sections
were examined under the polarizing microscope. In addition, 6 thin-sections were
prepared from the host rocks cross-cut by the dykes to infer their petrographic
characteristics as well. The petrographical examination reveals two types of diabases
based on the presence of predominant mafic mineral phase. One of these types consists
mainly of clinopyroxene as the major mafic phase and will be called hereafter
“clinopyroxene-diabase”, whereas the ones that are dominated by amphibole will be
called “amphibole-diabase”. This grouping is efficient for the samples which saved
their primary minerals. However, some of the samples could not save their primary
minerals because of the effect of hydrothermal alteration so that grouping according
to petrographical features of those samples is not efficient. Therefore, actual grouping
of these dykes were done according to geochemical results, which will be discussed in
chapter 4. These diabase dykes cross-cut various ophiolitic lithologies, including
pillow basalts, gabbros and ultramafics, whose petrographic features will also be given

following the diabases.
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3.1. Diabase Dykes
3.1.1. Clinopyroxene-Diabases

The clinopyroxene-diabases are phaneritic and holocrystalline. Their primary
mineralogy is composed of mainly clinopyroxene and plagioclase. Plagioclase is
mostly found as euhedral and subhedral lath-shaped crystals (Figure 18), while some
of them display anhedral outlines. Under plane-polarized light (PPL), plagioclase
appears colorless and has low relief. It shows first-order interference colors.
Polysynthetic twinning is common. In some samples, there also are some large
plagioclase phenocrysts with embayed textures, which may indicate resorption due to
reaction with the melt (Figure 19). These diabases are characterized by equigranular
fabric. However, in some cases, porphyritic appearances can be seen, including
relatively large plagioclase or clinopyroxene crystals surrounded by finer-grained
minerals. (Figure 18 and 19). The presence of porphyritic texture may imply two stage-
cooling of magma. The first stage is characterized by relatively slow rates of cooling
and responsible for the formation of the phenocrysts in deeper levels, while the second
stage involves faster cooling rates and formed smaller crystals in probably shallower
depths.

Clinopyroxene is colorless to green under PPL and has high relief. It shows maximum
second-order interference colors with blues and pinks under XPL (Figure 20). Most of
the clinopyroxene grains have elongated shapes which show one-directional cleavage
(Figure 18). However, some basal sections of clinopyroxene grains display
characteristic two-directional cleavage intersecting at ~90°. Moreover, clinopyroxene
displays large extinction angles exceeding 40°. In some places, plagioclase crystals are

enclosed by larger clinopyroxene crystals, and exhibit sub-ophitic textures (Figure 20).
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Figure 18. Thin section photograph of a clinopyroxene-diabase showing interference
color difference of clinopyroxene and plagioclase minerals (Sample HT-14; 4X, XPL,
pl: plagioclase, cpx: clinopyroxene).

Figure 19. Plagioclase phenocrysts showing embayed texture (Sample 15-BOG-6; 4X,
XPL, pl: plagioclase).
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Figure 20. Plagioclase grains are partly enclosed by larger clinopyroxene, illustrating
sub-ophitic texture (Sample 15-BOG-7; 4X, XPL, pl: plagioclase, cpx:
clinopyroxene).

Chlorite, epidote and prehnite can be seen as alteration products in these diabases.
Chlorites are the alteration product of mafic minerals like pyroxene group minerals.
This mineral have characteristic pale green color and showing very weak pleochroism
under PPL and display low to moderate relief (Figure 21a). They show anamolous
interference colors with browns, greens, which are characteristic for them under XPL
(Figure 21b). They have perfect (001) cleavage which can be spotted in thin sections.
Epidote shows a characteristic pistachio green color and high relief under PPL (Figure
21). It appears very fractured but its perfect one directional cleavage can also be seen
with higher magnifications. It has moderate to high birefringence, showing low second
to upper third-order intereference colors (Figure 21b). Epidote is seen in the veins as
an infilling product (Figure 21). The last secondary mineral in the first group is
prehnite. Prehnite is a Ca-bearing mineral, and it is a typical alteration product after
plagioclase. It also may also occur as a vein-filling mineral like epidote. In the
clinopyroxene diabases investigated, both occurrences of prehnite are encountered
(Figure 21b). Prehnite is colorless under PPL, has low relief. It displays second-order
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Figure 21. a) Clinopyroxene diabase characterized by low-grade alteration products
including chlorite epidote and prehnite. Chlorite is seen variably replacing mafic
phases, while epidote occurs as a vein-filling mineral b) Same sample showing the
interference colors of chlorite, epidote and prehnite minerals (Sample 15-BOG-4B,;
10X, a) PPL and b) XPL, ep: epidote, chl: chlorite, pr: prehnite).
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interference colors under XPL (Figure 21b). Moreover, some of the veins were filled
with secondary calcite minerals (Figure 22). Calcite is also colorless under PPL and

has moderate relief. It has fourth-order interference colors.

Figure 22. Thin section photograph illustrating calcite vein (Sample 15-BOG-4B; 10X,
XPL, cc: calcite).

3.1.2. Amphibole-Diabases

Amphibole-diabase forms the second petrograhic group in which amphibole occurs as
the predominant mafic phase. These diabases are also phaneritic and holocrystalline.
The primary minerals in this group are mostly hornblende and plagioclase, however
some samples also contain subordinate amounts of clinopyroxene. Amphibole

diabases largely display equigranular fabric.

Primary hornblendes have saved their euhedral shapes in some rocks which had been
slightly altered (Figure 23) despite most of the rocks had been extremely affected by
hydrotermal alteration (Figure 26). There can be seen chlorite and also actinolite in the
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rims of these hornblendes but the cores are generally not affected by hydrothermal
alteration (Figure 23). Hornblendes display variety of colors changing from green to
light brown that shows their pleochroic character and moderate to high relief (Figure
23). While some hornblendes show one directional cleavages at some samples, others
have two-directional cleavages and euhedral to subhedral shapes (Figure 23). They
also have moderate interference colors and show simple twinning in some samples
(Figure 25). As explained in clinopyroxene diabases, plagioclases are colorless and
have first-order interference colors and clinopyroxenes are also colorless and have

maximum second-order interference color.

Figure 23. a) Amphibole-diabase including primary hornblendes illustrating brownish
colors. b) same view under XPL showing moderate interference color of hornblende
(Sample HT-20-A; 10X, a) PPL and b) XPL, hb: hornblende).
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Poikilitic texture rarely occurs and it is characterized by plagioclase enclosing smaller
clinopyroxene grain (now altered) (Figure 24). Pokilitic texture refers to different
nucleation rates of different minerals (Winter, 2001). The example in the Figure 24
shows a poikilitic texture where clinopyroxene probably crystallized firstly, then
plagioclase enclosed clinopyroxene. Finally, clinopyroxene was replaced by actinolite
owing to low-grade alteration. As alteration products, primary amphiboles were
replaced by chlorite and actinolite (Figure 26) and plagioclases were replaced by
prehnite minerals (Figure 26b). Actinolite is an amphibole group mineral having
pleochroism in shades of green and moderate relief under PPL (Figure 26b) and
moderate interference colors under XPL (Figure 26). It has (110) perfect cleavage and
and oblique extinction at around 10°-15° degrees. The habit of actinolites may be as

fibrous crystals (Figure 26).

Figure 24. Remnant poikilitic texture characterized by clinopyroxene grain (now
altered to actinolite) enclosed by a larger plagioclase (Sample HT-19; 10X, a) XPL
and b) PPL, pl: plagioclase, cpx: clinopyroxene).
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Figure 24. Cont’d.

Figure 25. Thin section photograph of a primary hornblende showing simple twinning
(Sample HT-20-B; 20X, XPL, hb: hornblende).
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Figure 26. a) Thin section photograph illustrating color difference of chlorite, prehnite
and actinolite. b) XPL appearance of the same view but displaying interference color
difference of the same minerals (Sample 15-BOG-8; 4X, a) PPL and b) XPL, chl:
chlorite, pr: prehnite, act: actinolite).
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Primary biotites which are the replacement products after hornblendes are also spotted
in the second group (Figure 27). For these biotites, brownish colors and pleochroism
of colorless to brownish colors, are displayed very clear under PPL (Figure 27a).
Moreover, (001) perfect cleavage and moderate relief can be seen under PPL (Figure
27a). High birefringence and mottled extinction which is the characteristic feature of
micas can be seen under XPL (Figure 27b). These biotites are also replaced by

chlorites owing to alteration processes.

Figure 27. Thin section showing biotite mineral a) showing brownish color and b)
showing mottled extinction (Sample 15-BOG-8; 10X, a) PPL and b) XPL, bio: biotite).
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Figure 27. Cont’d.

3.2. Host Rocks

Pillow basalts, gabbros and ultramafics are intruded by the diabases in the study area.
In this parts, same minerals which were covered in diabase dyke parts will not be
explained again. Pillow basalts are are phaneritic and holocrystalline. They display
porphyritic texture with larger clinopyroxene crystals embedded in a finer-grained
grounmass. Clinopyroxenes and plagioclases are the primary minerals in basalts
(Figure 28). Sub-ophitic texture can also be seen in relation with clinopyroxene and
plagioclase crystals (Figure 28). Moreover, the effects of hydrothermal alteration can
also be seen in basalts as secondary minerals such as chlorites and actinolites (Figure
29).
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Figure 28. Thin section photographs of a basalt showing clinopyroxenes and
plagioclases with sub-ophitic texture (Sample 15-BOG-5; 10X, XPL, cpx:
clinopyroxene, pl: plagioclase).

Figure 29. a) Thin section photograph of a basalt showing plagioclase and the color
difference of secondary actinolite and chlorite and b) interference color difference of
chlorite and actinolite (Sample 15-BOG-5; 10X, a) PPL and b) XPL, act: actinolite,

chl: chlorite, pl: plagioclase).
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Figure 29. Cont’d.

Gabbros are phaneritic and holocrystalline. Porphyritic texture is also the common
fabric in thin sections of them with larger clinopyroxene crystals and smaller
plagioclase laths (Figure 30). Clinopyroxenes and plagioclases are also the primary
minerals for gabbros (Figure 30). The effect of hydrothermal alteration can also be
seen from secondary minerals such as chlorite and epidote (Figure 30 and 31). Epidotes
can also found as veins (Figure 31).
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Figure 30. Thin section photographs of a gabbro showing clinopyroxene and
plagioclase minerals and secondary chlorite minerals under PPL and XPL (Sample 15-
BOG-2; 4X, a) PPL and b) XPL, ol: olivine, pl: plagioclase, chl: chlorite).

Figure 31. Thin-section photograph of a gabbro showing vein-filling epidote with a)
pistachio green color and high relief and b) upper third-order interference color
(Sample 15-BOG-2; 4X, a) PPL and b) XPL, ep: epidote).

Ultramafic rocks are represented by serpentinites and carbonatized peridotites.
Serpentinized ultramafics are composed mainly of serpentine minerals (Figure 32).
Serpentine minerals are colorless to pale green minerals and low relief (Figure 32a).
They have first-order interference colors (Figure 32b). On the other hand, carbonatized

ultramafics contain primary clinopyroxenes and secondary calcites (Figure 33).
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Figure 32. A thin section example of a serpentinite showing a) colorless to pale green
colors and b) first-order interference colors (Sample 17-BOG-7; 10X, a) PPL and b)
XPL).
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Figure 33. Thin section photograph showing primary clinopyroxene and secondary
calcite (Sample 17-BOG-1; 10X, a) PPL and b) XPL, cpx: clinopyroxene, cc: calcite).
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CHAPTER 4

GEOCHEMISTRY

4.1. Introduction

In this chapter, a total of 15 diabase samples from the Hattusas ophiolitic mélange,
Corum region were analyzed in order to understand the rock composition, effect of
fractional crystallization, mantle source features, and tectonic environment by using a
variety of diagrams, including such as harker, multi-element and tectonic

discrimination diagrams.

4.2. Analytical Methods and Assessment of Alteration

The whole-rock geochemical analyses were performed by the Activation Laboratories
Ltd. (Ancaster, Ontario, Canada). The analyses of 15 diabase samples were measured
by inductively-coupled plasma optical emission spectrometry (ICP-OES) and
inductively-coupled plasma mass spectrometry (ICP-MS) methods after lithium
metaborate/tetraborate fusion. Major oxides were analysed by ICP-OES, while trace
elements were analysed by using either ICP-OES or ICP-MS. The results are given in
the appendix. All oxide values were recalculated on volatile-free basis in order to

remove the effect of loss on ignition (LOI).

OAr/Ar incremental heating analyses of two diabase rock (HT-16 and HT-20-A)
were performed by Oregon State University Geochronology Laboratories. Primary

single hornblende crystals were seperated and analyzed according to incremental
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heating method by means of Thermo Scientific Model ARGUS-VI-D instrument. The
system is equipped with an air-cooled 25W Synrad CO: laser with industrial scan head
for performing gas extractions. This system has a maximum laser power which is
sufficient for the fusion of single crystals and flux monitors. Extraction method of the
experiments is bulk laser heating. Durations of heating and isolation are 64 sec. and 3
min., respectively. All age equations were taken from Min et al. (2000).

LOI values are generally high ranging from 1.89 to 5.21, which is consistent with the
fact that the samples are hydrothermally alterated as revealed by the petrography (see
Chapter 3 for details. Therefore, mobile major elements must be considered very
carefully in order not to misunderstand the processes (e.g. Wood et al., 1976; Thompson,
1991). Most of the samples were influenced by low-grade hydrothermal alteration
which may affect the content of mobile elements, the Large lon Lithophile elements
(LILE) (e.g. K, Rb, Cs, Ba) (e.g. Hart et al., 1974; Thompson, 1991) (Figure 34).
Therefore, LILE cannot be used to classify the samples. Instead, High Field Strength
Elements (HFSE) (e.g. Th, U, Ce, Zr, Hf, Ti, Nb, Ta) and REE (Rare Earth Elements)
are used for the classification of the investigated samples due to their immobility
character (e.g. Floyd and Winchester, 1978). Bivariate diagrams based on Zr versus
trace elements and major oxides are used to show the effect of the hydrothermal
alteration (Figure 34). The diagrams of Zr vs. K,O (Figure 34b) and Zr vs. Ba (Figure
34c) indicates this alteration effect by means of a wide range distribition of the
samples. On the other hand, the diagrams of Zr vs. TiOz (Figure 34a), Zr vs. Hf (Figure
34d), Zr vs. Sm (Figure 34d) and Zr vs. Th (Figure 34f) show nice lineer trends, which
proves the immobility of these HFSE. Furthermore, the multi-element diagram shows
incoherent distribution in mobile elements (Sr, K, Ba, Rb) in all Type 1 samples and
almost all Type 2 samples except from the samples which were not affected from

alteration so much (Figure 35).
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Figure 34. Distribution of selected major and trace elements against Zr.

1,2
(b) A BTypel
1k A AType2
~—~ 08 |
D A A A
306 | = ‘
o, A
X 04 | A A
02 m e
O 1 1 1
60 80 100 120 140
3,5
d
(d) A
3 L
T £
A
25t 4
I ﬁﬁ
P
1’5 1 1 1
60 80 100 120 140
0,8
(f) [
06 | EE A A
- [
S A
oy A
2 zﬁ A
= A
0,4
A
A
0,2 : : :
60 80 100 120 140
Zr (ppm)

49



100,0 ¢
(aa]
o
O 100 L
E, b
2
SN
9
Q.

1,0 E
£ F
©
v

0’1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1

Sr K Ba Rb Th Nb La Ce Pr Nd Zr Hf Sm Ti Dy Y Yb
1000,0 3
o i A
& 1000 | =
O F A
2 ' %
2 4
£ 100 (A %
Q@ E
g— D % é % A A A N
A

& 10 L é A é A—&é A A
v F

0’1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1

Sr K Ba Rb Th Nb La Ce Pr Nd Zr Hf Sm Ti Dy Y Yb
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4.3. Classification

The Nb/Y vs. Zr/TiO, diagram (Winchester and Floyd 1977 modified by Pearce 1996),
instead of TAS diagram, is used in order to classify the rocks (Figure 36) because
mobile elements (Alkalis (Na;O and K>O) and SiO2) of TAS diagram would give
wrong results under the effect of hydrothermal alteration. For this reason, trace element
systematics are used to classify those diabases since immobile trace elements like in
the Nb/Y vs. Zr/TiO. diagram are not affected from hydrothermal alteration easily,

which helps to get correct classification results. According to this diagram, all samples
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are classified as subalkaline basalts (Nb/Y=0.2-0.3 for Type 1; Nb/Y=0.05-0.08 for
Type 2) (Figure 36). For the subdivision of subalkaline basalts, the AFM diagram
again may give wrong information because of the mobility of elements (Alkalis, FeO
and MgO) so AFM diagram cannot be used in this purpose. Further subdivision of
subalkaline basalts as calc-alkaline or tholeiitic basalts will be discussed in later

petrogenesis parts.
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Figure 36. Classification diagram of relatively immobile elements (Winchester and
Floyd (1977) modified by Pearce (1996)).

4.4. Elemental Variations
4.4.1. Major Oxides

All the diabase samples investigated have a wide range of SiO2 (wt.%) contents from
49.6 to 56.5 (from 50.2 to 51.8 for Type 1 and from 49.6 to 56.5 for Type 2), MgO
(wt.%) content ranging from 4.16 to 8.81 (from 6.82 to 8.63 for Type 1 and from 4.16
to 8.81 for Type 2) and CaO (wt.%) content ranging from 5.10 to 11.4 (from 8.15 to
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10.0 for Type 1 and 5.10 to 11.4 for Type 2). On the other hand, P20s (wt.%), TiO>
(wt.%) and Na2O (wt.%) values of all the samples have narrower ranges. P2Os (wt.%)
content of all samples is ranging from 0.11 to 0.21 (from 0.13 to 0.17 for Type 1 and
0.11 to 0.21 for Type 2). TiO2 (wt.%) content of all samples is ranging from 1.21 to
2.02 (from 1.21 to 1.55 for Type 1 and from 1.37 to 2.02 for Type 2) and Na2O (wt.%)
content is ranging from 2.59 to 5.73 (from 3.23 to 3.61 for Type 1 and from 2.59 to
5.73 for Type 2) (Figure 37).
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Figure 37. Major oxides (wt.%) variation diagrams of the selected samples.
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4.4.2. Trace Elements

Figure 37. Cont’d.

Ni (ppm) values range from 60-110 for Type 1 and 20-170 for Type 2. Co (ppm)

content having narrower ranges than Ni (ppm) from 37-46 for Type 1 and 29-43 for

Type 2. Furthermore, Sc (ppm) and V (ppm) values are 38-43 and 246-342 for Type 1

and 34-40 and 322-482 for Type 2, respectively. Lastly, Y (ppm) and Zr (ppm) show
ranges from 21.4-32.9 and 66-95 for Type 1 and 28.3-42.1 and 69-125 for Type 2.
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These values are also variant in other trace elements (eg. Th (ppm) = 0.46-0.74, Sm
(ppm) = 2.61-3.74, Eu (ppm) = 0.99-1.30, Hf (ppm) = 1.80-2.40 for Type 1; Th (ppm)
= 0.29-0.63, Sm (ppm) = 2.93-4.58, Eu (ppm) = 0.86-1.61, Hf (ppm) = 1.9-3.2 for
Type 2) (Figure 38).
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Figure 38. Variation diagram of MgO (wt.%) vs. trace elements of the selected
samples.
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Figure 38. Cont’d.

Variations in the trace elements were also examined by plotting them on the N-MORB
(Normal Mid-Ocean Ridge Basalt)-normalized multi-element and Chondrite-
normalized REE diagrams. N-MORB-normalized multi-element patterns were plotted
containing only HFSE in order to reduce the effect of alteration. Both Type 1 and Type
2 diabases have enrichment in Th and LREE relative to N-MORB (Figure 39). On the
other hand, almost all the samples show a similar trend with N-MORB in Zr, Hf, Sm,

Ti, Y and HREE) (Figure 39). Some Type 1 samples show slight depletion relative to
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N-MORB in Zr, Hf, Ti, Dy, Y, Yb (Figure 39), while some Type 2 samples are
depleted relative to N-MORB in Nb (Figure 39). An important difference observed
between two types appears to be the presence of negative Nb anomaly in Type 2
samples. Therefore, Type 2 samples are characterized higher Th/Nb ratios compared
to Type 1 and both are higher than that of N-MORB, E-MORB (Enriched Mid-Ocean
Ridge Basalts) and OIB (Ocean Island Basalts) (Th/Nb =0.09-0.12 for Type 1; Th/Nb
=0.17-0.29 for Type 2; 0.052 for N-MORB (Sun and McDonough, 1989; 0.072 for E-
MORB (Sun and McDonough, 1989); 0.08 for OIB (Sun and McDonough, 1989)).
Another difference is that Type 1 is more enriched in Nb relative to Type 2, resulting
in lower Zr/NDb ratios in Type 1 (Zr/Nb = 11.1-21.0 for Type 1; Zr/Nb = 31.5-52.0 for
Type 2). Type 1 has lower Zr/Nb values than that of N-MORB but higher than that of
E-MORB and OIB while Type 2 has higher Zr/Nb values than that of N-MORB, E-
MORB and OIB (31.8 for N-MORB; 8.80 for E-MORB; 5.83 for OIB). In the
Chondrite-normalized REE diagrams (Figure 40), Type 1 is characterized by relative
enrichment in light REE (LREE) relative to heavy REE (HREE), while Type 2 has
generally LREE-depleted to flat REE patterns ([La/Yb]n = 1.04-1.77 for Type 1 and
[La/Yb]n = 0.77-1.28 for Type 2; N refers to all samples normalized with respect to
Chondrite) (Figure 40). Most Type 2 samples have slight negative Eu anomalies while
none of Type 1 samples shows this negative Eu anomaly. In two samples of Type 2,

this signature appears to be quite strong (Figure 40).

56



100 ¢
r BTypel
AType?2
(4]
o
Q ¢
2
2
SN
9
Q
E 1
(§*]
(75
0,1 1 1 1 1 1 1 1 1 1 1 1 1
Th Nb La Ce Pr  Nd Zr Hf Sm Ti Dy Y Yb
100 ¢
(a4
o
O 10 ¢
2
¢ |f
@ Y
= A%%%%é/\g/\ﬁl\gl\ﬁ_
g 1 § R R A
©
(7]
0,1 1 1 1 1 1 1 1 1 1 1 1 1

Figure 39. N-MORB normalized multi-element variation patterns of Type 1 and Type
2 samples (normalization data from Sun and McDonough, 1989).

57



100 [

EBTypel

AType?2

Sample/Chondrite

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

100 [

BRI
Pogb >
el >g

>
>

D>

S>>

CIc>
CE>E>
CHCES
C>
B>
> >

D>

Sample/Chondrite

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

Figure 40. Chondrite normalized REE patterns of Type 1 and Type 2 samples
(normalization data from Sun and McDonough, 1989).

58



4.5. Petrogenesis
4.5.1. Fractional Crystallization

Increasing content of Fe>O3z with decreasing MgO is related with the ferro-magnesian
mafic minerals such as olivine. This may suggest that Mg-rich olivines were thrown
away from the system as the evolution of magma continues. That situation is not
observed clearly in harker diagrams but when all samples considered, an increasing
trend can be seen in MgO vs. FeoOsdiagram (Figure 37a). Other major oxide elements
(Al.03, CaO, Na20O, P.Os and TiO2) do not present enough trends to interpret the

fractionation.

Variation diagrams of trace elements and MgO show similar trends as in major oxide
diagrams (Figure 38). Ni and Co are highly compatible with olivine (Kgq of Ni is 14 for
olivine and 7 for clino-pyroxene; Rollison, 1993) so variation diagrams of both may
show olivine and clinopyroxene fractionation. Theoretically, there must be a
decreasing trend of Ni (ppm) or Co (ppm) content with decreasing MgO (wt.%) in
those diagrams. In Figure 38a, this trend is seen nicely for Type 1 diabase rocks but it
is not presented very well for Type 2 diabases. On the other hand, variation diagram
of Co (ppm) represents better trend than that of Ni (ppm) for Type 2 while it has more
scattered trend than that of Ni (ppm) for Type 1 (Figure 38b). Similarly, increasing
content of VV (ppm) with decreasing MgO (wt.%) content indicates that it is not
observable of the fractionation of Fe-Ti oxides (Figure 38d). Decreasing content of Y
(ppm) with decreasing content of MgO (wt.%) is related with garnet and amphibole
minerals which Y (ppm) is mostly compatible with (Winter, 2001 after Green (1980)).
In Y vs. MgO diagram (Figure 38e), an increasing trend of Y is seen, which again
shows that fractionation of those minerals cannot be observable. Increasing content of
Zr (ppm) by decreasing of MgO (wt.%) is not very clear for Type 2 while Type 1 rocks
have much clearer trend, which again displays no fractionation of zircon or baddeleyite
(Figure 38f). Sr (ppm) variation diagram does not present any significant data due to
its highly mobility under hydrothermal alteration (Figure 38g). The relationship
between Eu (ppm) and MgO (wt.%) shows that decreasing of MgO (wt.%) content
causes an increasing of Eu (ppm), which indicates no plagioclase fractionation with a
Kgqof 1.5 (Winter, 2001 after Green (1980)) (Figure 38h). However, two samples (15-
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BOG-12A and 15-BOG-12B) of Type 2 show decreasing trends which are also seen
in chondrite-normalized REE diagram by means of negative Eu anomaly (Figure 38h).
Eu anomaly can be either negative or positive whether plagioclase was removed that
is the case for Type 2 diabase rocks (Figure 40) or accumulated, respectively (Gao and
Wedepohl, 1995). As a result, some of the variation diagrams of major oxides and trace
elements versus MgO (wt.%) gives fractional trends of ferro-magnesian and
plagioclase phases during the magmatic evolution while others do not give any
significant trend because of the possible effect of the hydrothermal alteration or

unobservable of fractionation processes.

45.2. Source Features

In this section, several trace element ratios were used to understand the nature of the
mantle source from which the studied diabases derived. These elemental ratios include
Nb/Yb, Th/Yb, Zr/Nb, La/Nb, Th/Nb, Zr/Y and Nb/Y. In addition, published data from
a number of geological environments were used for comparison. These geological
settings are Greater Antilles island arc (Jolly et al., 1998), South Sandwich island arc
(Pearce et al., 1995), Aolian continental arc (Calanchi et al., 2002), Andes continental
arc (compilation of Winter (2001) after Thorpe et al. (1984)), Mariana back-arc
(Pearce et al., 2005) and Mid-Atlantic Ridge (Niu et al., 2001).

Low Zr/Nb ratios may indicate derivation from an enriched mantle source like source
of OIBs (Zr/Nb = 5.83; Sun and McDonough, 1989) or E-MORBs (Zr/Nb = 8.80; Sun
and McDonough, 1989), whereas high Zr/Nb ratios may point out a depleted mantle
source, such as N-MORB source (Zr/Nb = 31.8; Sun and McDonough, 1989) (Figure
41). Type 1 rocks have a close Zr/Nb content with respect to E-MORB source (Zr/Nb
=11.1-21.0) and they are scattered in the Mid-Atlantic Ridge field having an enriched
mantle source like E-MORB except 16-BOG-1 which is also scattered in Mariana and
Greater Antilles field (Figure 41). On the other hand, all of the Type 2 rocks have a
much more close Zr/Nb content with respect to N-MORB (Zr/Nb = 31.5-52.0) and
they are confined in the Mariana back-arc field and additionaly Greater Antilles and
South Sandwich Island arcs (Figure 41). Hence, Type 1 diabases have more enriched

mantle source than Type 2 diabases.
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Figure 41. Zr/Nb-La/Nb diagram. Greater Antilles data from Jolly et al. (1998); South
Sandwich data from Pearce et al. (1995); Aolian Arc data from Calanchi et al. (2002);
Andes data from compilation of Winter (2001) after Thorpe et al. (1984); Mariana
back-arc data from Pearce et al. (2005); Mid-Atlantic Ridge data from Niu et al. (2001)
and OIB, E-MORB and N-MORB data from Sun and McDonough (1989).

Higher Zr/Y interpret more enriched mantle source like OIB-type source (Zr/Y = 9.66
(Sun and McDonough, 1989)) or E-MORB-type source (Zr/Y = 3.32 (Sun and
McDonough, 1989)) and lower Zr/Y means more depleted mantle source like N-
MORB source (Zr/Y = 2.64 (Sun and McDonough, 1989)). Type 1 diabases (Zr/Y =
2.49-3.35) have again a more enriched source according to this diagram since Zr/Y
content of them is much closer to E-MORB-type source (Figure 42). Type 1 diabases
are shown here into Mid-Atlantic Ridge field having again an enriched mantle source
like E-MORB but they also are scattered in the Aolian continental arc field in this
diagram. On the other hand, Type 2 diabases have much more closer meaning lower
ZrlY content (Zr/Y = 2.40-3.05) to a N-MORB-type depleted mantle source than Type
1. They are confined in the Mid-Atlantic Ridge and additionaly Greater Antilles and
South Sandwich Island arcs fields like in Figure 41 (Figure 42). Higher Zr/Nb content
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of Type 2 indicates more depleted source than that of Type 1, which can also be seen

in Figure 42 similar to Figure 41.
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Figure 42. Zr/Nb-Zr/Y diagram. All data sources can be seen in Figure 41.

Higher Nb/Y points out more enriched mantle source like OIB-type source (Nb/Y =
1.66 (Sun and McDonough, 1989)) or E-MORB-type source (Nb/Y = 0.38 (Sun and
McDonough, 1989)) while lower Nb/Y indicates more depleted mantle source like N-
MORB Type source (Zr/Y = 0.08 (Sun and McDonough, 1989)) (Figure 43). This
diagram is also proves having more enriched mantle source of Type 1 diabases resulted
from higher Nb/Y ratio (Nb/Y = 0.12-0.30) and they are again scattered in the Mid-
Atlantic Ridge field having again an enriched mantle source like E-MORB (Figure
43). Similarly, Type 2 diabases have lower Nb/Y contents (Nb/Y = 0.05-0.08)
indicating more depleted mantle source. They are confined in the Mariana back arc,
Greater Antilles island arc and South Sandwich island arc fields similar to previous
diagrams (Figure 43). Similarly, higher Nb/Y content (Figure 42) can be correlated

with higher Zr/Y (Figure 43) content in order to point out more enriched sources like
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that Type 1 have higher Nb/Y and Zr/Y content than Type 2, which shows more
enriched source of Type 1.
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Figure 43. Zr/Y-Nb/Y diagram. All data sources can be seen in Figure 41.

Nb/Yb-Th/Yb diagram again displays a crucial story about diabases because of the
relationship of Th and Nb elements and subduction mechanism. According to diagram,
if Th/Yb ratios are higher and higher, subduction components in the source will be
higher. Th/Yb ratio of Type 1 is 0.15-0.26 and that of Type 2 is 0.09-0.15. The diagram
indicates that continental arcs have the highest ratios in Th/Yb (Th/Yb > 0.70
(accepting Nb/Yb = 1)) (Figure 44). Island arcs (0.07< Th/Yb < 0.70 (accepting Nb/Yb
= 1)) are following continental arcs in this relation and Mid-ocean ridges have the
lowest Th/Yb ratio (0.03 < Th/Yb < 0.07 (accepting Nb/Yb = 1)). Back-arc basins
show mixture between Mid-Ocean Ridges and arc regions (0.02 < Th/Yb < 0.9
(accepting Nb/Yb =1). Nb is also a signature of subduction component so that Nb
content lower in arc-related rocks than mid-ocean ridge originated rocks, which can
be observed in all these ratio diagrams. Also, negative Nb anomaly in multi-element

diagrams (Figure 39) indicates subduction zone activity where mobile elements (eg.
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LILE) may be transferred into the mantle from subducted oceanic slab and its melts
while some immobile elements (eg. HFSE) may be covered into the subducted slab
(eg. Pearce, 1982). Moreover, higher Nb/Yb ratios imply an enriched source like OIB-
type source (Nb/Yb = 22.2 (Sun and McDonough (1989)) or E-MORB-type source
(Nb/Yb = 3.50 (Sun and McDonough (1989)) and lower Nb/Yb ratios mean a more
depleted source like N-MORB-type source (Nb/Yb = 0.76 (Sun and McDonough
(1989)). Type 1 diabases have a more enriched mantle source resulted from having
higher Nb/Yb content (Nb/Yb = 1.30-2.73). They are scattered in the Mid-Atlantic
ridge field having an enriched mantle source like E-MORB and also Mariana back-arc
field (and Greater Antilles field for 16-BOG-1) for this diagram (Figure 44). In
contrast, Type 2 diabases have a more depleted mantle source resulted from having
lower Nb/Yb content (Nb/Yb = 0.49-0.78) and they are confined in Mariana back-arc

and Greater Antilles island arc (Figure 44).
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Figure 44. Nb/Yb-Th/Yb diagram. All data sources can be seen in Figure 41.

Zr/Nb versus Th/Nb diagram again shows a similar story with Figure 44 since Th/Nb
is a trace for subduction activities. Th/Nb content of Type 1 is 0.09-0.12 and that of
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Type 2 is 0.17-0.29 (Figure 45). Continental arcs have higher Th/Nb contents (0.2 <
Th/Nb < 2 (accepting Zr/Nb = 30)) (Figure 45). Island arcs are following continental
arcs in this comparison (0.2 < Th/Nb < 1 (accepting Zr/Nb = 30)). Lastly, mid-ocean
ridges have the lowest Th/Nb ratios (0.04 < Th/Nb < 0.1 (accepting Zr/Nb = 30)).
Again, back-arc basins have the mixture of Th/Nb ratios between arc regions and mid-
oceanic ridges (0.04 < Th/Nb < 1 (accepting Zr/Nb = 30). Thus, Type 1 diabases are
generally scattered in Mid-Atlantic Ridge field with a lower subduction affected and
again an enriched mantle source like E-MORB and Type 2 diabases are scattered in
Mariana back-arc basin and Greater Antilles fields with higher subduction affected

source (Figure 45).
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Figure 45. Zr/Nb-Th/Nb diagram. All data source can be seen in Figure 41.

4.5.3. Partial Melting

Another question can be asked about whether these diabases were originated from a
spinel or garnet-bearing mantle source. In order to answer this question, the model by

65



Sayit et al. (2016) including Sm/Yb versus Dy/Yb diagram is used (Figure 46). The
reason for using these elements on this diagram is that HREEs are compatible with
garnet (Winter, 2001) and not compatible with spinel (Shimizu, 1975; Blundy et al.,
1998; Nagasawa et al., 1980). In this model, samples having MgO (wt.%) content more
than 5 are chosen in order to lower the effect of fractional crystallization. The model
suggests that both Type 1 and Type 2 have been formed in the stability of spinel
(Figure 46). Type 1 diabases have generally smaller degree of partial melting than

Type 2 diabases (Figure 46).

3.2
2%
2,8 -
grt-peridotite
0 2,4 n -
P
N
>
8 2
16 4
30% spi-peridotite BTypel
1 2 AType?2
0,5 15 2.5 35 4,5 55
Sm/Yb

Figure 46. Geochemical modelling of the diabase rocks having MgO (wt.%) content
more than 5.00. E-DMM and DMM compositions of Workmann and Hart (2005) have
been adopted for the garnet and spinel peridotite sources, respectively. Garnet
peridotite source is assumed to have the mode of 0.600 Ol + 0.210 Opx + 0.120 Cpx
+0.070 Grt, which melts in the proportions 0.010 Ol + 0.040 Opx + 0.500 cpx + 0.450
Grt. Spinel peridotite source has the mode of 0.565 Ol + 0.220 Opx + 0.180 Cpx +
0.035 Spi and melts in the proportions of 0.200 Ol + 0.150 Opx + 0.550 Cpx + 0.100
Spi. Both melting curves have been modelled according to batch melting. Straight lines
represent melt-mixing lines between various degrees of Grt-facies melts (2-9%) and
4.5% Spi-facies melt. Melt fractions contributed by these facies were indicated by dots
drawn at each 10% interval (Sayit et al, 2016).
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4.6. Tectonic Discrimination of the Studied Samples

Every tectonic environment has its own geochemical characteristics (Wood et al.,
1979), thus it can be useful to use tectonic discrimination diagrams to understand the
tectonic environment of the studied diabases.

In Ti/Y-Zr/Y diagram (Pearce and Gale, 1977) (Figure 47), both of diabase types are
scattered in the plate-margin basalt field which includes arc-back arc type basalts and
MORB Types in the active plate margins. On the other hand, Ti/1000-V diagram
(Shervais, 1982) is confined in the BAB (back-arc basalts) - MORB fields (Figure 48).
According to this diagram, there is no sample which is scattered in the IAT (island arc
tholeiites) field (Figure 48). Moreover, the trivariate Hf-Th-Nb (Wood, 1980) tectonic
diagram shows an E-MORB environment of Type 1 and an arc-basalt environment of
Type 2 diabases (Figure 49). To sum up, both Type 1 and Type 2 diabases were formed
in a plate-margin environment. Specifically, this plate margin environment of both
Type 1 and Type 2 was subdivided into back-arc basin or mid-ocean ridge
environments by means of Ti/1000 vs. V diagram. However, Figure 49 make this
subdivision much more specific where Type 1 had been formed in a mid-ocean ridge
environment while Type 2 had been formed in an arc environment that is actually a

back-arc basin environment by means of correlating it with Figure 48.
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Figure 47. Ti/Y-ZrlY tectonic discrimination diagram (Pearce and Gale, 1977).
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Figure 48. Ti/1000-V tectonic discrimination diagram (Shervais, 1982).
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Figure 49. Hf/3-Th-Nb/16 tectonic discrimination diagram. A = N-MORB, B = E-
MORB, C = OIB (Rift) and D = Arc-basalts (Wood, 1980)
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In addition to these tectonic discrimination diagrams, N-MORB normalized multi-
element diagrams including Type 1 and Type 2 diabases and Greater Antilles island,
South Sandwich island arc, Aolian continental arc, Andes continental arc, Mariana
back-arc, Mid-Atlantic Ridge and OIB and E-MORB data (data source references was
given in previous parts; see Figure 41) for comparison are used. To do this comparison,
the most primitive sample (highest MgO content) having all or most of the trace

elements is selected from the datasets.

Comparison of OIB data with Type 1 and Type 2 points out that OIB data has too
much enrichment in almost all elements except Dy, Y and Yb for both types (Figure

50). Therefore, OIB originated environments are not the case for both types.
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Figure 50. N-MORB normalized multi-element pattern of Type 1 and Type 2 diabases
with the comparison of OIB data from Sun and McDonough, (1989).
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Comparison of N-MORB normalized multi-element pattern of island arc tectonic
environments containing Greater Antilles and South Sandwich with both types indicates
that they do not have a match with the island arc environment (Figure 51 and 52).
Island arc data shows negative Nb anomaly relative to Th and La like Type 2 diabases
but they have greater anomaly than Type 2 (Figure 51 and 52). Furthermore, Greater
Antilles island arc is depleted in the less mobile elements (eg. Zr, Hf, Ti, Dy, Y and
Yb), which is not seen in both types (Figure 51). Also, South Sandwich island arc is
depleted in all elements except Th, which is not the case for both types (Figure 52).
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Figure 51. N-MORB normalized multi-element pattern of Type 1 and Type 2 with the
comparison of Greater Antilles data (Sample No: FJ-25; MgO (wt.%) = 6.75 from
Jolly et al. (1998))
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Figure 52. N-MORB normalized multi-element pattern of Type 1 and Type 2 with the
comparison of South Sandwich data (Sample No: SSS (10-1); MgO (wt.%) = 7.45
from Pearce et al. (1995)).

Neither of Type 1 nor Type 2 diabases shows similarities with the continental arc data
(Figure 53 and 54). Both Aolian continental arc and Andes continental arcs shows
several negative and positive anomalies. The trace elements Pr and Dy cannot be used
for this diagram because they are not available in neither Aolian arc nor Andes
datasets. Firstly, they have more enriched Th content than both types, which is a good

signature of a continental lithosphere (Figure 53 and 54). Secondly, Aolian arc is
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enriched more in the more mobile elements (eg. Th, La, Ce and Nd) except Nb whose
content is almost similar with the Type 1 diabases and Andes continental arc is
enriched more in the less immobile elements (Th, Nb, La, Ce and Nd) and also in the
more immobile elements (eg. Zr, Hf and Sm) than both diabase Types (Figure 53 and
54). On the other hand, in the more immobile elements (Zr, Hf, Ti, Y and Yb) except
Sm, Aolian arc is more depleted than both diabase Types (Figure 53 and 54) and Andes
continental arc is more depleted than Type 1 diabases in Yb content and is more
depleted than Type 2 diabases in Ti, Y and Yb contents (Figure 53 and 54).

100 ¢

BTypel
g I AType?2
i Aolian Arc
A
S g K
1
2
~
2
Q. 3
£
©
(7,
0’1 1 1 1 1 1 1 1 1 1 1
Th Nb La Ce Nd Zr Hf  Sm Ti Y Yb
100 ¢
m :
A
10 |
s
z |4
A
)] I § A A
e A A
g— 1 é é % g a é‘
©
(7,

0’1 1 1 1 1 1 1 1 1 1 1

Figure 53. N-MORB normalized multi-element pattern of Type 1 and Type 2 with the
comparison of Aolian Arc data (MgO (wt.%) = 6.37) from Calanchi et al. (2002)).
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Figure 54. N-MORB normalized multi-element pattern of Type 1 and Type 2 with the
comparison of Andes data (Sample No: CVZ-Cal-LO34; MgO (wt.%) = 7.76) from
compilation of Winter (2001) after Thorpe et al. (1984)).

E-MORB data show similarities with just Type 1 diabases (Figure 55). General
decreasing trend from Th to Yb can be seen in both E-MORB and Type 1 data. Type
1 except one sample only do not have depletion in Ti, Dy, Y and Yb elements which
E-MORB has been depleted in. E-MORB is not similar to Type 2 since Type 2 has
much more parallel trend from Th to Yb than E-MORB. Also, negative Nb anomaly
of Type 2 is not present in E-MORB. Thus, E-MORB data is the best environment for
Type 1 so far.
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Figure 55. N-MORB normalized multi-element pattern of Type 1 and Type 2 diabases
with the comparison of E-MORB data (Sun and McDonough, 1989).

Comparison of Mariana back-arc data with both Type 1 and Type 2 diabases indicates
that all Type 2 have a similar pattern with it (Figure 56). Negative Nb depletion of
Type 2 and Mariana back-arc data are very similar to each other and positive Sm
anomaly is the case for both data. On the other hand, Type 1 has also a similar pattern
with Mariana back-arc except from negative Nb anomaly. Moreover, positive Sm
anomaly is also present in Type 1 (Figure 56). Hence, Mariana back-arc environment

is a perfect match for Type 2 but a possible match for Type 1.
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Figure 56. N-MORB normalized multi-element pattern of Type 1 and Type 2 with the
comparison of Mariana back-arc data (Sample No: D1010; MgO (wt.%) = 7.57) from
Pearce et al. (2005)).

To conclude, whole-rock geochemistry of these diabases according to immobile trace
elements systematics supports the idea of the two Type of them determined by
petrographical works. Clinopyroxene-bearing Type 1 have an enriched mantle source
while amphibole-bearing Type 1 diabases have a depleted mantle source. Since
negative Nb anomalies of Type 2 diabases in the N-MORB normalized multi-element

patterns, which points out the subduction zones and having generally similar source
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with the Mariana back-arc basin, they are having a BABB (back-arc basin basalt)
character. On the other hand, Type 1 diabases have a similar enriched mantle source
with the E-MORB (Sun and McDonough, 1989) in all of the ratio diagrams. They also
have similar pattern with it in both multi-element patterns where they are enriched in
incompatible elements. Therefore, Type 1 diabases have an E-MORB Type
geochemical character. Tectonic discrimination diagrams are showing that these dykes
are formed in an extensional region. This extensional region for Type 1 dykes may be
a typical mid-ocean ridges or back-arc basin while that for Type 2 dykes may be behind

a subduction zone probably as a back-arc basin.

4.7. Geochronology of the Diabase Dykes

Two Type 2 diabase rocks (HT-16 and HT-20-A) were analyzed for “°Ar/*°Ar age
dating. Single hornblende crystals have been used to get the age by means of
incremental heating method. Both analyzed gave cooling plateau age of the rocks. Both
samples have some Ar-loss at their edges which can be understood from inverse
isochron plots (Figure 57b and 58b).

Plateau age of HT-16 is 176.30 + 0.52 Ma (Toarcian) (Figure 57a). Statistically, this
age has been confirmed by 95% confidence level limit (26) including 0.29% standard
deviation (1 o) in the J-value. Toarcian age is the primary cooling age of the diabase
dykes. Plateau age was calculated from the area between 2% and 94% cumulative *Ar
(k) released (Figure 57a). Besides, incremental heating of hornblende points out that
there were some secondary processes (e.g. hydrothermal alteration) before this time
which can be seen for the area before 2% cumulative *¥Ar (k) released (Figure 57).
These secondary Ar-loss is related with the edge of the crystals since alteration of a
crystal starts from the edges to center. Therefore, the age found here from the center

of primary hornblendes gives the cooling age of the crystal and so the dyke.
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Figure 57. a) Incremental heating “°Ar/*Ar age spectra for HT-16 diabase rock
showing 176.30 = 0.52 Ma age. The “°Ar/*Ar age has 95% confidence level limit (20)
including 0.29% standard deviation (1o) in the J-value. b) Inverse isochron plots for
incremental heating “°Ar/*®Ar age spectra for HT-16 diabase rock indicating Ar-loss
for the edge of the crystal. Note that reference line (purple line) is shown in conjunction
with the calculated isochron (pink line). Green squares indicate steps included in the
age calculations. Blue circles indicate steps which are not included in the age
calculations. The locations of the total fusion (TF) points are shown by red circle which
is not included in the calculations.
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Plateau age of HT-20-A gives very close age compared to HT-16. The cooling age of
HT-20-A is 178.82 + 0.80 Ma (Toarcian) (Figure 58a). Statistically, this age also
confirmed by 95% confidence level limit (26) including 0.44% standard deviation (1c)
in the J-value. Plateau age which gives cooling age of the hornblende crystal was
calculated from the area between 38% and 98% %°Ar (k) released (Figure 58a). The

area before 38% °Ar (K) released contains secondary process traces similar to HT-16.
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Figure 58. a) Incremental heating “°Ar/*°Ar age spectra for HT-20-A diabase rock
showing 178.82 = 0.80 Ma age. The *°Ar/**Ar age has 95% confidence level limit (20)
including 0.44% standard deviation (1o) in the J-value. b) Inverse isochron plots for
incremental heating *°Ar/*Ar age spectra for HT-20-A diabase rock indicating again
Ar-loss for the edge of the crystal. Note that reference line (purple line) is shown in
conjunction with the calculated isochron (pink line). Green squares indicate steps
included in the age calculations. Blue circles indicate steps which are not included in
the age calculations. The locations of the total fusion (TF) points are shown by red
circle which is not included in the calculations.
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CHAPTER 5

DISCUSSION

In this chapter, diabase dykes within the Hattusas Ophiolitic Mélange which is the
remmant of lzmir-Ankara-Erzincan Ocean will be summarized and discussed
according to petrographic, geochemical and geochronological data in order to
enlighten the geodynamic evolution of them. Moreover, the geochemical and
geochronological findings from these dykes will be compared and corralated with
diabase dykes from the western and eastern Turkey as well as diabase dykes around

the world.

Field observations point out that studied diabase dykes around Bogazkale region cross-
cut peridotite, gabbros and pillow basalts which are the remmants of IAE Ocean. All
of the Type 2 diabase dykes crosss-cut just the ultramafic peridotite rocks and they are
found in the south and southeast of Bogazkale. On the other hand, Type 1 diabase
dykes cross-cut ultramafics, gabbros and pillow basalts and they are found in the east
of Bogazkale and west of Kiiciikhirka Village. Both Type 1 and Type 2 diabases
resembles each other in the field. Both have darker green colors and very fractured
appearences. Furthermore, faulting of diabase dykes indicate that the region had been

affacted by tectonism after the intrusion of dykes.

Total of 48 samples of diabases and their host rocks from Bogazkale region were
examined under the polarizing microscope. All of the samples were discussed
according to their granularity, crystallinity and fabric properties. Petrographical

grouping could not be used for this thesis because some samples could not save their
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primary minerals due to hydrothermal alteration. However, the petrographic studies of
samples that include their primary minerals saved show that there are two types of
diabases which are clinopyroxene and plagioclase dominated Type 1 diabases and
hornblende and plagioclase dominated Type 2 diabases. Some of Type 1 diabases have
local porphyritic textures containing bigger plagioclase crystals among the other
minerals while others have equigranular fabric. Similarly, some of Type 2 diabases
show local porphyritic texture with a bigger hornblende and/or plagioclase crystal
while others have equigranular fabric. All of the diabases have holocrystalline
crystallinity and granularity of them is phaneritic. Ophitic to subophitic textures are
present in some Type 1 diabases while pokilitic textures are observed in some Type 2
diabases. Some primary hornblendes in Type 2 diabases indicate simple twinning.
Plagioclases in both Types have polysynthetic twinning and skeletal and embayed

texture in some samples.

All of the diabases were affected by hydrothermal alteration. The effect of this
alteration can be seen with secondary minerals. These secondary minerals are chlorite,
epidote and prehnite for Type 1 and chlorite, actinolite, prehnite and biotite for Type
2. LOI values of the samples varies in a wide range, which also suggest that almost all
of the samples were affected from secondary processes such as hydrothermal
alteration. Alteration is very intense for almost all samples. However, there are also
Type 2 samples whose alteration is not that much intense so that primary hornblendes
are present. The intensity of alteration for those samples is so reasonable that primary

hornblendes had been used for Ar-Ar geochronology.

Pillow basalts, gabbros and ultramafics are the host rocks intruded by these diabase
dykes. Pillow basalts cross-cut by clinopyroxene-bearing diabase dykes are aphanitic
and holocrystalline. Porphyritic textures are the common texture type with larger
olivine crystals and smaller plagioclase laths. Gabbros cross-cut by clinopyroxene-
bearing diabase dykes are also phaneritic and holocrystalline. Porphyritic texture is
also a common fabric with larger olivine crystals and smaller plagioclase laths.
Ultramafics, on the other hand, are cross-cut by both clinopyroxene-bearing and

amphibole-bearing diabase dykes. They are made up of serpentinite and carbonatized
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ultramafics. Serpentinites are composed of fully serpentine minerals and carbonatized

ultramafics contain primary clinopyroxenes and secondary calcites.

Investigating 15 representative diabase samples according to their classification,
source of magma and tectonic environment by using several diagrams made up of
harker diagrams, multi-element diagrams and tectonic discrimination diagrams points
out that there are two types of diabases, Type 1 and Type 2. Type 1 diabases have an
enriched mantle source (e.g. E-MORB) and show similar geochemical traces with
Mid-Atlantic ridge and Mariana back-arc basin and Type 2 have a depleted mantle
source (e.g. BABB) and similar geochemical features with Mariana back-arc basin
lavas. These groups are also having similarities with their petrographical features.
Type 1 diabases are clinopyroxene-bearing diabase rocks and Type 2 diabases are

amphibole-bearing diabase rocks which were explained in chapter 3 in detail.

In classification diagrams, Nb/Y vs. Zr/TiO2*0.0001 diagram (Winchester and Floyd
(1977) modified by Pearce (1996)) shows both types are subalkaline basalt. AFM
diagram illustrates a distributed appearence due to mobility of the elements but
comparison of different geological environements with the studied samples suggest
that Type 1 diabases show similarities with tholeiitic samples of Mariana back-arc
basin basalts (Pearce et al., 2005) and Mid-Atlantic Ridge basalts (Niu et al., 2001)
while Type 2 show similarities with tholeiitic samples of Mariana back-arc basin
basalts (Pearce et al., 2005).

Some of the bivariate diagrams shows fractional crystallization trends but most of them
do not present any trend because of the effect of the hydrothermal alteration. Due to
mobility of major oxides under alteration, these bivariate diagrams give generally
distributed appearances so that it is not possible to interpret any fractional

crystallization trends.

N-MORB normalized multi-element diagrams show an enrichment of elements (e.g.
Th, La, Ce, Pr) relative to other elements (e.g. Yb, Y, Dy, Ti) in both types. The N-
MORB-like Nb contents and negative Nb anomaly relative to Th and La for Type 2
diabases points out that they had been derived from depleted asthenospheric mantle

source that has been metasomatized by slab-derived fluids/melts. This negative Nb
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anomaly is not seen in Type 1 diabases. All the elements in both types are generally
more enriched than N-MORB values but more immobile elements have almost similar
composition with N-MORB. Chondrite-normalized REE diagrams illustrate higher
enrichment of LREE than HREE for Type 1 diabases, but the pattern is almost parallel
for Type 2 diabases, which can be interpreted by smaller degree of partial meltings of
Type 1 than that of Type 2. Also, depletion of HREE relative to LREE of Type 1 may
be interpreted by garnet or spinel Iherzolite source. Eu concentration has negative
anomalies for some samples in Type 2. This negative Eu anomaly may imply
extraction of plagioclase in the source or removal of plagioclase phenocrysts from the
melt at a later time (Gao and Wedepohl, 1995).

All Type 1 diabases are derived from an enriched asthenospheric mantle source (e.g.
E-MORB) in all ratio diagrams. All ratio diagrams also display that Type 1 have a
similar source with Mid-Atlantic ridge having an enriched mantle source like E-
MORB (Niu et al., 2001). Nb/Yb vs. Th/Yb diagram just show similar source of Type
1 with Mariana back-arc (Pearce et al., 2005). On the other hand, all Type 2 diabases
have a more depleted asthenospheric mantle source (e.g. N-MORB) than Type 1. All
ratio diagrams display a similar source of Type 2 with Mariana back-arc (Pearce et al.,
2005). Some diagrams (e.g. Zr/Nb vs. Th/Nb; Zr/Nb vs. Zr/Y; Zr/Y vs. Nb/Y; Nb/Yb
vs. Th/YDb) also show a similar source with Greater Antilles Island Arc (Jolly et al.,
1998) and others (e.g. Zr/Nb vs. Zr/Y; Zr/Y vs. Nb/Y) display a similar source with
South Sandwich Island Arc (Pearce et al., 1995).

Model of Sm/Yb vs. Dy/Yb by Sayit et al. (2016) was used to understand the degree
of partial melting and to answer the question of whether diabases were originated from
a spinel or garnet mantle source. The model suggests that both types were produced
from a spinel-bearing source. Moreover, model displays that Type 1 diabases generally
have smaller degrees of partial melting than Type 2, which is also seen in Chondrite-

normalized rare earth element diagrams.

Tectonic discrimination diagrams of Ti/Y vs. Zr/Y exhibit that both types have a plate-
margin environment, Ti/1000 vs. V display BAB/MOR environment of both types and
Hf/3-Th-Nb/16 shows that E-MORB environment of Type 1 and Arc-basalts
environment of Type 2. Beside of these three tectonic discrimination diagrams,
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comparison of N-MORB normalized multi-element diagrams with different
environments exhibit that Type 1 has very similar pattern with E-MORB (Sun and
McDonough, 1989) and with also Mariana back-arc (Pearce et al., 2005) without the
presence of negative Nb anomaly. Type 1 have no similar appearance with continental
arcs because Aolian continental arc (Calanchi et al., 2002) and Andes continental arc
(Compilation of Winter, 2001 after Thorpe et al., 1984) have much more enrichment
in the less immobile elements (e.g. Th, Nb, La, Ce, Nd) than Type 1. Hence, they are
not derived from a continental arc environment. They also have no similar appearance
with South Sandwich island arc (Pearce et al., 1995) and Greater Antilles island arc
(Jolly et al., 1998) because Greater Antilles island arc has much more depletion in
immobile elements (e.g. Zr, Hf, Ti, Dy, Y, Yb) than Type 1 and South Sandwich island
arc has much more depletion in all elements than Type 1. Thus, they were again not
derived from island arc environements. Type 2 diabases have similar pattern with
Mariana back-arc (Pearce et al., 2005). They do not have any similar patterns with
island arcs and continental arcs. Aolian continental arc (Calanchi et al., 2002) and
Andes continental arc (Compilation of Winter, 2001 after Thorpe et al. (1984)) have
also much more enrichment in mobile elements (e.g. Th, Nb, La, Ce, Nd) than Type
2. Greater Antilles island arc ( Jolly et al., 1998) has more depletion in immobile
elements (e.g. Zr, Hf, Ti, Dy, Y, Yb) than Type 2 and South Sandwich island arc
(Pearce et al., 1995) has more depletion in all elements than Type 2. Therefore, Type

2 also were not derived from continental or island arc environments.

In compilation of all geochemical data, Type 1 diabases can be interpreted that they
were derived from an enriched asthenospheric mantle source (e.g. E-MORB) and in
the stability of spinel field and formed in a mid-ocean ridge or back-arc basin
environment. On the other hand, Type 2 diabases can be explained by means of that
they were sourced from a more depleted asthenospheric mantle source (e.g. N-MORB)
and in the stability of spinel field having larger degrees of partial melting than Type 1

and formed in a back-arc basin environment.

In this study, two “°Ar-**Ar age have been taken from two Type 2 diabase samples
(HT-16 and HT-20-A) which are the least affected samples from hydrothermal

alteration. The analysis were undergone by single crystal incremental-heating method

85



of primary hornblende crystals. HT-16 gives plateau age of 176.30 + 0.52 Ma
(Toarcian) and HT-20-A gives plateau age of 178.82 + 0.80 Ma (Toarcian) as cooling
ages. The ages is crucial because they are exactly from IAE ophiolitic mélange and the
ages also proves that they are not younger post-collisional dykes. Therefore, the age

of these dykes can be used to interpret geodynamical evolution of IAE Ocean.

Studied diabase dykes are found as isolated mafic dykes within the IAE Suture which
is one of the Northern branch of Neo-Tethys whose remmants are called Alpide
Sutures (e.g. Sengor and Yilmaz, 1981; Sengor et al., 1988). In Alpide Sutures, isolated
diabase dykes have been worked in several studies (e.g. Weijemars, 1991; Bernoulli
et al., 2003; Dilek and Thy, 2006; Celik and Chiaradia, 2008; Colakoglu et al., 2012).
Geochemistry of some studies (e.g. Weijermars, 1991 (Betic Zone); Bernoulli et al.,
2003 (Alpine)) exhibits forming of diabase dykes in the stage of thinning of continental
crust and rifting resulting in opening of Neo-Tethys Ocean. On the other hand,
geochemistry of other studies (e.g. Bozovic et al., 2013 (Vardar Zone), Tankut et al.,
1998; Dilek and Thy, 2006 (Ankara M¢lange), Parlak and Delaloye, 1996 (Mersin
ophiolite), Parlak, 2000; Celik, 2007; Cakir, 2009 (Pozanti-Karsanti ophiolite), Vergili
and Parlak, 2005 (Pinarbasi ophiolite), Celik and Delaloye, 2003; Celik and Chiaradia,
2008 (Lycian ophiolite), Bagct and Parlak, 2009 (Tekirova ophiolite), Parlak et al.,
2012 (Ispendere ophiolite), Colakoglu et al., 2012 (East of Van), Galoyan et al., 2009;
Rolland et al., 2010 (Sevan/Akera Ophiolites), Ao et al., 2016 (Zagros ophiolite))
points out forming of isolated diabase dykes in an intra-oceanic arc-back arc or fore-
arc environment. The studies ( e.g. Parlak et al., 2006) in Northern branch of Neo-
tethys in Turkey and the studies (e.g. Bozovic et al., 2013) from its western extension,
Vardar Zone, have indicated intra-oceanic back-arc basin for the isolated diabase
dykes. Also, the studies from Southern branch of Neo-tethys (e.g. Colakoglu et al.,
2012) and the studies (e.g. Lugovic et al., 1991) from the Dinaric Ophiolite Belt which
is the western extension of Southern branch of Neo-tethys have indicated intra-oceanic
back-arc basin origin of isolated diabase dykes. The studies (e.g. Galoyan et al., 2009;
Rolland et al., 2010) of Sevan/Akera ophiolites which is the eastern extension of IAE

ophiolites also have shown intra-oceanic back-arc origin of isolated diabase dykes.
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The diabase dykes studies in this thesis are made up of two Types which are Type 1
cross-cutting ultramafics, gabbros and pillow basalts and Type 2 cross-cutting just
carbonatized ultramafics according to field observations. In Vardar Zone, western
extension of IAE suture, the isolated diabase dykes cross-cut gabbros, sheeted dykes
and pillow basalts and in Sevan/Akera ophiolites, eastern extension of IAE suture, the
isolated diabase dykes just cross-cut layered gabbros. Therefore, they show similarities

to studied diabases.

Both diabase types were formed in an intra-oceanic environment. Type 2 diabases
cross-cutting carbonatized ultramafics were formed in a back-arc basin environment.
On the other hand, Type 1 diabases cross-cutting ultramafics, gabbros and pillow
basalts were formed in a typical mid-ocean ridge or back-arc basin environment. Other
parts within IAE suture zone has interesting stories. Tankut et al, (1998) found two
different dyke groups formed Mid-ocean ridge and island arc environments,
respectively in Ankara Mélange. Parlak et al, (2006) found isolated diabase dykes
having OIB-like enriched source resulted from an asthenospheric window formed in
an island arc environment within Divrigi ophiolites, Sivas. Dilek and Thy (2006) found
diabase dykes formed in a back-arc basin environment in Ankara Mélange. They also
found a U-Pb age of a 179 + 15 Ma from plagiogranites that are coeval with those
diabase dykes. However, according to them, this back-arc basin was responsible for
the opening of the IAE Ocean despite of their intra-oceanic back-arc basin
geochemistry signatures. Sarifakioglu et al, (2010) also found diabase dykes formed
in a fore-arc environment from Orhaneli ophiolites. Hence, workers in regions within
IAE suture zone found isolated diabase dykes which were formed in an intra-oceanic
subduction zone environment like studied dykes.

There is no radiometric age data from Hattusas Ophiolitic Mélange until our “°Ar-°>Ar
ages. 179 = 15 Ma U-Pb age of Dilek and Thy (2006) from plagiogranites that are
coeval with diabase dykes in Ankara Mélange is the age from the closest location to
our study area. However, their interpretation and acceptance of opening age of IAE
Ocean of that age is a question mark for us according to our results. According to our
results, there is an intra-oceanic back-arc basin forming our Type 2 dykes within IAE

Ocean at Toarcian time. Therefore, before this time, IAE Ocean was still needed to
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open so that there was a mechanism causing to form intra-oceanic subduction zone
and then back-arc basin environment. Therefore, it may not be the case for the ones
(e.g. Sengor, 1979; Sengor and Yilmaz, 1981; Goriir et al., 1983, 1984; Okay and
Tlysiiz, 1999; Rojay et al., 2001, 2004) who say the IAE Ocean was started to open
during Early Jurassic. Instead, our results support the the models accepting that IAE
Ocean was started to open during Late Triassic (Carnian) by the ones (e.g. Tekinetal.,
2002; Gonctioglu et al., 2003, 2010; Tekin and Gonctlioglu, 2007, 2009; Sayit et al.,
2015, 2017) may be more likely the case.
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CHAPTER 6

CONCLUSION

1. Studied diabase dykes have been outcropped from Bogazkale, Corum region
within Hattusas ophiolites which are the parts of 1zmir-Ankara-Erzincan (IAE)
Suture Zone. Field observations exhibit that diabase dykes cross-cut
ultramafics, gabbros and pillow basalts. Petrographically and geochemically
different two types of diabases have very similar appearances on the field.

2. Two different types of diabases, Type 1 and Type 2, can be differentiated
according to petrographical studies. Type 1 diabases have clinopyroxene and
plagioclase dominated petrography with ophitic to sub-ophitic textures. On the
other hand, Type 2 diabases have amphibole (hornblende) and plagioclase
dominated petrography with poikilitc textures. Both samples have
holocrystalline crystallinity and phaneritic granularity. Secondary minerals of
chlorite, epidote and prehnite for Type 1 and chlorite, actinolite, prehnite and
biotite for Type 2 indicate the effect of hydrothermal alteration.

3. Two different types of diabases, Type 1 and Type 2, are also differentiated
from geochemical analysis. Both diabases have subalkaline tholeiitic character.
Type 1 diabases do not have negative Nb anomalies relative to Th and La in
N-MORB normalized multi-element diagrams while Type 2 diabases have a
dramatical negative Nb anomalies relative to Th and La. Moreover, Type 1
diabases have more enriched asthenospheric mantle source (e.g. E-MORB)
than Type 2 which have more depleted asthenospheric mantle source with
subduction components (e.g. BABB). According to tectonic discrimination
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diagrams, Type 1 diabases were formed in a mid-ocean ridge or back-arc basin
and Type 2 diabases were formed in a back-arc basin environment.
Geochronology of studied diabases have been performed by means of
DOArPAr system for Type 2 diabases. Two age datings from two Type 2
samples which have the least alteration indicate ages of 176.30 + 0.52 Ma and
178.82 + 0.80 Ma (Early Jurassic (Toarcian)). These ages are the first ages
taken from Hattusas Ophiolitic Mélange until now.

IAE suture can be traced along its western and eastern extension. Vardar zone
which is the western extension of IAE suture has a study of diabase dykes
(Bozovic et al., 2013) indicating intra-oceanic back arc basin geochemistry and
166.4 Ma age from K-Ar radiometric age system. Sevan/Akera ophiolites
which is the eastern extension of IAE suture have also studies of diabase dykes
(Galoyan et al., 2009; Rolland et al., 2010) showing again back-arc basin
geochemistry. “°Ar-3%Ar (Hornblende) ages from gabbros intruded by diabase
dykes in Sevan/Akera ophiolites give 165.3 + 1.7 Ma and 178.7 + 2.6 Ma,
which points out that diabase dykes are younger than these ages. Therefore,
studied diabases display similar radiometric ages and tectonic environments
with Vardar Zone and Sevan/Ekera ophiolites.

Our geochronological and geochemical results supports the idea that accept the
opening age of IAE Ocean as during Late Triassic (Carnian) rather than the

idea that accept the opening age of it as during Early Jurassic.
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APPENDICES

APPENDIX A

GEOCHEMICAL ANALYSIS RESULTS

Table 1. Geochemical analysis results of Bogazkale diabases.

ELEMENT/SAMPLE NO 15-BOG-4B | 15-BOG-6 | 15-BOG-7 | 15-BOG-8
SiO2 (%) 50,43 51,12 51,83 49,58
Al203 (%) 14,03 14,12 14,36 14,86
Fe203(T) (%) 12,83 12,54 10,02 14,02
MnO (%) 0,28 0,20 0,16 0,22
MgO (%) 7,47 6,82 8,63 5,97
Ca0 (%) 8,77 8,71 9,53 10,21
Na20 (%) 3,23 3,61 3,50 2,59
K20 (%) 0,25 0,67 0,66 0,68
TiO2 (%) 1,55 1,38 1,21 2,02
P205 (%) 0,17 0,14 0,13 0,19
LOI (%) 3,39 2,59 3,48 4
Total (%) 98,99 99,31 100,04 100,33
Sc (ppm) 40 39 38 38
V (ppm) 329 306 246 396
Cr (ppm) 60 60 240 60
Co (ppm) 46 44 40 43
Ni (ppm) 80 60 110 50
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Table 1. Cont’d.

Rb (ppm) 3 8 9 9
Sr (ppm) 133 320 243 842
Y (ppm) 28,4 29,4 21,4 42,1
Zr (ppm) 95 81 66 125
Nb (ppm) 8,6 6,3 5,7 3,1
Cs (ppm) 0,3 0,3 0,2 0,6
Ba (ppm) 42 430 125 820
La (ppm) 7,78 6,62 5,57 6,26
Ce (ppm) 18,1 15,2 12,7 16,6
Pr (ppm) 2,58 2,16 1,77 2,58
Nd (ppm) 11,8 10,7 8,65 13,3
Sm (ppm) 3,74 3,28 2,61 4,58
Eu (ppm) 1,3 1,27 0,992 1,61
Gd (ppm) 4,46 4,42 3,44 6,06
Tb (ppm) 0,82 0,81 0,63 1,13
Dy (ppm) 5,11 5,11 3,87 7,21
Ho (ppm) 1,07 1,11 0,78 1,51
Er (ppm) 3,09 3,24 2,3 4,52
Tm (ppm) 0,471 0,504 0,344 0,674
Yb (ppm) 3,15 3,29 2,27 4,59
Lu (ppm) 0,481 0,488 0,346 0,738
Hf (ppm) 2,4 2,1 1,8 3,2
Ta (ppm) 0,69 0,48 0,47 0,25
Th (ppm) 0,74 0,62 0,58 0,54
U (ppm) 0,23 0,19 0,17 0,18
eLEMENT/SAMPLENO | 15.B0G-12A | 15-BOG-12B | HT-13 | HT-15
SiO2 (%) 56,47 55,66 53,99 51,27
Al203 (%) 13,69 14,05 14,32 14,90
Fe203(T) (%) 11,44 12,66 14,37 12,18
MnO (%) 0,20 0,19 0,20 0,20
MgO (%) 5,03 4,64 4,16 7,06
CaO (%) 6,15 6,14 5,10 8,34
Na20 (%) 4,73 4,89 5,73 4,63
K20 (%) 1,14 0,79 0,51 0,37
TiO2 (%) 1,49 1,46 2,00 1,60
P205 (%) 0,12 0,13 0,21 0,16
LOI (%) 1,89 2,26 3,04 3,4
Total (%) 100,46 100,61 100,59 100,72
Sc (ppm) 37 36 36 40
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Table 1.Cont’d.

V (ppm) 364 358 443 322
Cr (ppm) 60 40 - 180
Co (ppm) 31 32 29 38
Ni (ppm) 60 80 30 70
Rb (ppm) 34 22 6 5
Sr (ppm) 406 248 344 164
Y (ppm) 31,2 30,3 39,3 33,5
Zr (ppm) 82 81 105 102
Nb (ppm) 2,6 2,1 2,5 2,5
Cs (ppm) 0,6 0,6 0,1 1,1
Ba (ppm) 215 107 107 61
La (ppm) 4,35 4,29 7,34 5,71
Ce (ppm) 11,4 114 17,3 15,1
Pr (ppm) 1,8 1,81 2,57 2,27
Nd (ppm) 9,5 9,41 13,5 11,4
Sm (ppm) 3,43 3,16 4,44 3,85
Eu (ppm) 0,863 0,937 1,57 1,32
Gd (ppm) 4,47 4.4 5,84 4,93
Th (ppm) 0,83 0,82 1,08 0,91
Dy (ppm) 5,38 5,31 6,93 6
Ho (ppm) 1,18 1,12 1,45 1,26
Er (ppm) 3,43 3,35 4,17 3,57
Tm (ppm) 0,527 0,514 0,617 0,539
Yb (ppm) 3,33 3,45 4,1 3,61
Lu (ppm) 0,546 0,535 0,657 0,548
Hf (ppm) 2,2 2,3 2,8 2,7
Ta (ppm) 0,24 0,19 0,24 0,23
Th (ppm) 0,47 0,49 0,61 0,51
U (ppm) 0,16 0,15 0,33 0,17
eLement/>AMPLENO HT-16 HT-19 | HT-20A | HT-22
SiO2 (%) 52,00 51,19 50,05 50,61
Al203 (%) 14,53 14,84 14,45 14,73
Fe203(T) (%) 14,83 12,64 12,96 11,82
MnO (%) 0,20 0,20 0,22 0,19
MgO (%) 4,65 5,77 8,81 5,98
Ca0 (%) 7,59 9,43 7,09 11,38
Na20 (%) 4,63 3,55 3,82 2,73
K20 (%) 0,27 0,28 0,41 0,73
TiO2 (%) 1,96 1,59 1,65 1,37
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Table 1. Cont’d.

P205 (%) 0,18 0,14 0,14 | 0,11
LOI (%) 2,3 2,09 3,8 2,38
Total (%) 100,83 99,63 99,59 | 99,65
Sc (ppm) 37 39 36 37
V (ppm) 482 364 385 348
Cr (ppm) 30 50 20 80
Co (ppm) 36 39 35 36
Ni (ppm) 170 40 30 40
Rb (ppm) 5 4 7 15
Sr (ppm) 109 723 260 399
Y (ppm) 35,6 32,5 32,1 | 283
Zr (ppm) 98 95 77 69
Nb (ppm) 2,2 2,6 1,8 1,5
Cs (ppm) 0,4 0,1 2 1,2
Ba (ppm) 64 157 89 430
La (ppm) 6,08 5,22 3,84 | 3,53
Ce (ppm) 15,7 13,6 10,4 9,5
Pr (ppm) 2,38 2,07 1,67 | 1,53
Nd (ppm) 11,7 10,5 8,79 | 8,32
Sm (ppm) 3,98 3,59 3,19 | 2,93
Eu (ppm) 1,42 1,32 1,1 1,16
Gd (ppm) 5,32 4,77 4,65 | 3,99
Tb (ppm) 1,01 0,9 0,84 | 0,74
Dy (ppm) 6,5 5,66 55 4,72
Ho (ppm) 1,34 1,21 1,22 | 0,99
Er (ppm) 3,8 3,5 3,52 3
Tm (ppm) 0,585 0,559 0,539 | 0,459
Yb (ppm) 4,03 3,69 3,58 | 3,06
Lu (ppm) 0,635 0,557 0,555 | 0,486
Hf (ppm) 2,6 2,5 2,1 1,9
Ta (ppm) 0,03 0,22 0,18 | 0,15
Th (ppm) 0,63 0,47 0,34 | 0,29
U (ppm) 0,19 0,18 0,13 | 0,11
ELEMENT/SAMPLENO | HT.37 | 15-BOG-1| 16-BOG-1
Si02 (%) 52,62 50,62 50,17
Al203 (%) 15,37 15,44 14,83
Fe203(T) (%) 13,77 12,32 11,78
MnO (%) 0,23 0,21 0,16
MgO (%) 5,31 8,32 7,42
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Table 1. Cont’d.

Ca0 (%) 6,11 8,15 10,04
Na20 (%) 4,31 3,50 3,38
K20 (%) 1,00 0,19 0,61
TiO2 (%) 1,81 1,47 1,52
P205 (%) 0,15 0,15 0,13
LOI (%) 2,27 521 2,92
Total (%) 100,67 | 100,37 100,05
Sc (ppm) 34 43 38
V (ppm) 408 342 297
Cr (ppm) 30 100 260
Co (ppm) 34 42 37
Ni (ppm) 20 80 100
Rb (ppm) 14 2 9
Sr (ppm) 751 107 185
Y (ppm) 38,8 28,6 32,9
Zr (ppm) 104 76 82
Nb (ppm) 2 55 3,9
Cs (ppm) 7,7 - -
Ba (ppm) 1010 38 42
La (ppm) 5,14 571 4,37
Ce (ppm) 13,8 14,1 11,4
Pr (ppm) 2,18 1,96 1,71
Nd (ppm) 11,7 9,31 9,17
Sm (ppm) 3,89 3,09 3,13
Eu (ppm) 1,39 1,2 1,18
Gd (ppm) 5,41 4,01 4,64
Th (ppm) 1,04 0,71 0,86
Dy (ppm) 6,58 4,56 5,59
Ho (ppm) 1,42 0,97 1,15
Er (ppm) 4,21 2,95 3,29
Tm (ppm) 0,653 0,418 0,48
Yb (ppm) 4,12 2,71 3,01
Lu (ppm) 0,663 0,431 0,484
Hf (ppm) 2,8 2 2,2
Ta (ppm) 0,18 0,45 0,29
Th (ppm) 0,44 0,62 0,46
U (ppm) 0,16 0,16 0,12
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HT-20-A

OAr/FAr GEOCHRONOLOGY ANALYSIS RESULTS

APPENDIX B

Table 2. Incremental heating results of HT-20-A sample.

Incremental 36Ar(a)  37Ar(ca)  38Ar(cl) 39Ar(k) 40Ar(r) Age t 20 40Ar(r) 39Ar(k) K/Ca £ 20
Heating [fA] [fA] [fA] [fA] [fA] (Ma) (%) (%)
17D27994 0,8% 0,253555 6,3835 0,0033720 0,693784 6,6881 27,99 +£3,58 8,19 0,82 0,0467 +0,0035
17D27996 1,3% 0,508265 15,6331 0,0150500  1,684329 15,7317 27,13 £2,18 9,48 1,99 0,0463 +0,0015
17D27997 1,8% 0,524823 14,9580  0,0000000 1,597818 20,2415 36,70 £2,44 11,54 1,89 0,0459 +0,0016
17D27998 2,0% 0,397567 10,5475 0,0029230 1,080985 17,5666 46,94 +£3,41 13,01 1,28 0,0441 +0,0022
17D28000 2,2% 0,346566 9,2445 0,0128955  0,852944 17,1479 57,89 +4,28 14,34 1,01  0,0397 £0,0024
17D28002 2,4% 0,364373 9,3831 0,0121252 0,744851 18,9013 72,77 £5,55 14,93 0,88 0,0341 +£0,0023
17D28003 2,7% 0,328528 9,2513 0,0000000  0,728977 19,2887 75,82 £5,76 16,58 0,86 0,0339 +0,0024
17D28005 3,0% 0,349561 8,8572  0,0000000 0,652796 20,9377 91,50 +7,64 16,85 0,77 0,0317 +0,0026
17D28006 3,5% 0,541900 11,9240  0,0000000 1,047865 34,6289 94,21 £4,95 17,78 1,24 0,0378 £0,0018
17D28007 4,0% 0,389093 9,6906 0,0000000 0,842166 32,2625 108,76 + 6,51 21,91 1,00 0,0374 +0,0022
17D28009 4,5% 0,343802 9,2667 0,0057437 0,761266 33,2787 123,60 8,16 24,67 0,90 0,0353 +0,0024
17028010 50% 0,372999 11,1835 0,0000000  0,739547 38,0272 144,53 £9,31 25,65 0,838 0,0284 +0,0019
17D28011 56% 0,365589 13,2738  0,0000000 0,787670 38,5396 137,79 8,33 26,29 0,93 0,0255 +0,0016
17D28013 6,2% 0,612031 24,9287 0,0190997 1,105368 52,5307 133,98 +6,22 22,51 1,31 0,0191 +0,0008
17D28014 6,8% 0,529684 27,5983 0,0133859  1,114092 56,639 142,96 +6,38 26,57 1,32  0,0174 +0,0007
17D28015 74% 0,475156 24,5066 0,0223206 1,173774 59,6437 142,89 +6,23 29,81 1,39 0,0206 +0,0009
17D28017 8,0% 0,402197 29,1180 0,0000000 1,237580 70,8828 160,28 + 6,47 37,36 1,47 0,0183 +0,0008
17D28018 8,7% 0,337332 43,7573  0,0099872 1,679329 103,7621 172,33 +4,89 51,00 1,99 0,0165 +0,0005
17D28019 9,4% 0,326036 89,9667 0,1172807 2,945139 189,5170 179,13 +2,78 66,30 3,49 0,0141 +0,0002
17D28021 10,0% 0,253492 78,0136 0,0788110  2,830362  184,3550 181,21 £2,92 71,11 3,35 0,0156 +0,0003
17D28022 10,8 % 0,241075 97,8438 0,1252195 3,557628 234,1126 182,98 +2,38 76,67 4,21 0,0156 +0,0002
17D28023 11,7% 0,168329 177,5099 0,2458138 4,760721 312,5965 182,60 +1,81 86,27 5,64 0,0115 +£0,0001
17D28025 12,7% 0,191356  229,6744 0,3199431  5,726496  370,4730 180,04 +1,44 86,76 6,78 0,0107 +0,0001
17D28026 13,8% 0,161277  276,6553 0,4086669  6,413175  412,9292 179,23 +1,37 89,65 7,60  0,0100 +0,0001
17D28027 14,8% 0,177107  341,7784 0,5466403  7,232485  461,2516 177,61 £1,24 89,81 8,57 0,0091 +0,0001
17D28029 16,0% 0,214843  414,6160 0,6690754  8,190524  523,4782 177,97 £1,03 89,18 9,70 0,0085 +0,0001
17D28030 17,0% 0,191543  327,9487 0,4729597  6,719361  429,8923 178,14 £1,27 88,36 7,96 0,0088 +0,0001
17D28031 18,0% 0,201307  347,6912 0,5001494  6,883365  446,2114 180,39 +1,30 88,24 8,15 0,0085 +0,0001
17D28033 19,0% 0,177486  257,4240 0,3492197  4,985533  320,2921 178,85 +1,71 8593 590  0,0083 +0,0001
17D28034 20,3% 0,105293  121,8298 0,1835618  2,363242  154,6562 182,02 +3,51 83,25 2,80 0,0083 +0,0002
17D28035 225% 0,062457 76,4326 0,1197341  1,445459 92,8746 178,87 +5,57 83,42 1,71 0,0081 +0,0003
17D28037 23,3% 0,045678 41,4391  0,0452385 0,842729 52,2291 172,83 +8,84 79,46 1,00 0,0087 +0,0005
17D28038 24,4% 0,039429 29,1451 0,0612402 0,565248 35,9195 177,00 +13,84 75,51 0,67 0,0083 +0,0007
17D28040 253% 0,028662 23,3336 0,0771230 0,443999 28,2470 177,19 +18,27 76,93 0,53 0,0082 +0,0009
z 10,028390 3220,8078 4,4375799 84,430606 4905,7342
Information Age £ 26 S 30ar
on Analysis Results 40(r)/39(k) + 20 (M) 2 n K/Ca % 20
Project = SAYIT (16-34) Age Plateau +0,28881 +0,80 2,51 59,17
Sample = HT-20-A Error Mean 6423136, 0ra5% 17882, 0,04% 1% o 0008900005
Material = Hornblende Full External Error +4,02 2,00 20 Confidence Limit
Location = BoAYazkale Analytical Error 0,77 1,5846 Error Magnification
Region = Atorum
ﬁ:‘:{'ﬂ’:ﬁ;:g"ﬁ"&%&"& (6x25-17) Total Fusion Age 5810374 i gﬁgg{fs 162,50 z g:g;% 34 0,0113 +0,0000
J=0.00161820 + 0.00000102 Full External Error 3,63
FCT-NM =28.201 + 0.023 Ma Analytical Error £0,54
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Table 3. Inverse isochron data of HT-20-A sample.

::;’:I:::n 39(k)/40(a+r) 20 36(a)/40(a+r) £ 20 ri.
17D27994 0,8% 0,0085008 + 0,0005679 0,00310677 +0,00003018 0,0221
17D27996 1,3% 0,0101512 +0,0003016 0,00306324 +0,00002388 0,0327
17D27997 1,8% 0,0091134 +0,0002742 0,00299340 +0,00002309 0,0272
17D27998 2,0% 0,0080045 + 0,0003598 0,00294390 +0,00002534 0,0151
17D28000 2,2% 0,0071341 + 0,0004006 0,00289872 +0,00002396 0,0111
17D28002 2,4% 0,0058847 +0,0003775 0,00287875 +0,00002211 0,0027
17D28003 2,7% 0,0062644 +0,0004121 0,00282316 +0,00002294 0,0032
17D28005 3,0% 0,0052546 + 0,0004040 0,00281375 +0,00002140 0,0020
17D28006 3,5% 0,0053803 +0,0002344 0,00278239 +0,00001907 0,0014
17D28007 4,0% 0,0057197 +0,0003163 0,00264259 +0,00002015 0,0018
17D28009 4,5% 0,0056444 + 0,0003592 0,00254910 +0,00002059 0,0016
17D28010 5,0% 0,0049886 +0,0003140 0,00251604 +0,00001984 0,0013
17D28011 5,6 % 0,0053740 +0,0003167 0,00249428 +0,00001910 0,0016
17D28013 6,2% 0,0047362 +0,0001991 0,00262240 +0,00001786 0,0010
17D28014 6,8% 0,0052265 +0,0002187 0,00248490 +0,00001796 0,0011
17D28015 7,4% 0,0058673 +0,0002446 0,00237516 +0,00001786 0,0013
17D28017 8,0% 0,0065228 +0,0002608 0,00211982 +0,00001699 0,0013
17D28018 8,7% 0,0082545 + 0,0002365 0,00165811 +0,00001369 0,0015
17D28019 9,4% 0,0103027 +0,0001623 0,00114054 +0,00000961 0,0014
17D28021 10,0% 0,0109170 +0,0001799 0,00097774 +0,00000902 0,0016
17D28022 10,8 % 0,0116510 +0,0001554 0,00078950 £ 0,00000766 0,0013
17D28023 11,7 % 0,0131389 +0,0001347 0,00046456 +0,00000563 0,0009
17D28025 12,7% 0,0134104 +0,0001097 0,00044812 +0,00000557 0,0009
17D28026 13,8 % g 0,0139239 +0,0001100 0,00035016 + 0,00000445 0,0008
17D28027 14,8% 0,0140823 +0,0001011 0,00034484 +0,00000451 0,0007
17D28029 16,0 % 0,0139540 +0,0000818 0,00036602 + 0,00000448 0,0007
17D28030 17,0% 0,0138118 +0,0001006 0,00039372 +0,00000487 0,0008
17D28031 18,0% 0,0136116 +0,0001007 0,00039808 + 0,00000494 0,0007
17D28033 19,0% g 0,0133754 +0,0001316 0,00047617 +0,00000592 0,0010
17D28034 20,3% 0,0127213 +0,0002552 0,00056679 + 0,00000798 0,0015
17D28035 22,5% 0,0129835 +0,0004212 0,00056101 +0,00001114 0,0020
17D28037 23,3% 0,0128217 +0,0006838 0,00069496 +0,00001541 0,0028
17D28038 24,4 % 0,0118823 +0,0009708 0,00082884 +0,00002025 0,0030
17D28040 25,3% 0,0120925 + 0,0013042 0,00078064 +0,00002336 0,0031

+2 =

Results 40(a)/36(a) + 2 a0(r)/39(k) + 20 Age £ 20 2

(Ma) S
+55,49 +1,64989 +4,39 1,86
Inverse Isochron 352,45 +15,74% 62,60704 +2.64% 174,51 +2.52% 7%
Full External Error +5,84
Analytical Error +4,38
Statistics 20 Confidence Limit 2,07 Convergence 0,0000377976
Error Magnification 1,3655 Number of Iterations 2
Number of Data Points 9 Calculated Line Weighted York-2
Spreading Factor 8,5%
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Table 4. Age summary of HT-20-A sample.

Relative 36Ar

38Ar

39Ar

40Ar

Age£20  40Arr)

Lat-Lon = Undefined - Undefined

0 0 398(K)
AT e o %la e %la - %lo o %lo o %la  40(r)/39(K) & 20 o o K/Ca 20
17027994 255281 0,444 1707 00602893 39,231 0697885 3315 816140 0,190 964004 £124321 27,99 £3,58 082 00467 £0,0035
17D27996 0,512493 0,362 0,763 0,1332004 18,406 1,694374 1,471 165,9252 0,138 9,34005 +0,75679 27,13 £2,18 1,99 0,0463 £0,0015
17027997 0528866 0,362 0789 01156841 19,870 1607428 1490 1753277 0126 1266821 £0,84930 36,70 £2,44 1,89 0,0459 00016
17027998 0400418 0,410 1077 00921819 25783 1087761 2,230 1350483 0,121  16,25052 £1,19569 46,94 £3,41 128 0,041 £0,0022
17D28000 0,349066 0,394 1,246 0,0896337 26,270 0,858884 2,786 119,5587 0,113 20,10438 +1,51124 57,89 £4,28 1,01 0,0397 +0,0024
17028002 0366911 0,377 1200 00908111 26525 0750880 3,181 1265740 0057 2537594 +197293 72,77 £5,55 0,88 00341 £0,0023
17D28003 0,331029 0,398 1,195 0,0528227 46,918 0,734921 3,262 116,3691 0,066 26,45997 +2,05245 75,82 £5,76 0,86 0,0339 £0,0024
17028005 0351955 0,374 1199 00656359 34521 0658487 3,810 1242333 0053  32,07393 £2,74588 91,50 £7,64 077 00317 £0,0026
17028006 0585124 0,339 0911 01096604 22,317 1055526 2,162 1947612 0,032 3304714 £178140 94,21 £4,95 124 0,0378 00018
17D28007 0,391713 0,376 1,092 0,0777600 31,312 0,848392 2,745 0,043 38,30892 +2,36229 108,76 6,51 1,00 0,0374 +0,0022
17028009 0346307 0,398 1218 00808621 30442 0767220 3,57 0,045 43,7490 +2,98531 123,60 £8,16 0,90  0,0353 £0,0024
17D28010 0,376022 0,389 1,037 0,0582624 40,464 0,746732 3,117 148,2488 0,041 51,41964 +3,44474 144,53 £9,31 0,88 0,0284 £0,0019
17028011 0369176 0,377 0828 00717208 32,581 0796199 2,915 1465715 0,042 4892854 £3,07040 137,79 £8,33 0,93 0,025 £0,0016
17D28013 0,618771 0,336 0,510 0,1513249 15,957 1,121385 2,072 233,3865 0,026 47,52330 +2,28858 133,98 6,22 1,31 0,0191 +0,0008
17028014 0537145 0,355 0486 01308064 18815 113184 2,059  213,1616 0,029 5083904 £2,35792 142,96 £ 6,38 132 00174 £0,0007
17028015 0481783 0,369 0508 01297141 18137 1189519 2,057 200,059 0031 5081359 £2,30260 142,89 £6,23 139 0,0206 £0,0009
17D28017 0,410068 0,392 0,486 0,0848802 28,621 1,256289 1,969 189,7328 0,032 57,27531 +2,41647 160,28 + 6,47 1,47 0,0183 +0,0008
17028018 0349160 0,398 0382 01011920 22,869 1707443 1408  203,4446 0,029 6178781 £183748 172,33 £4,89 199 0,0165 £0,0005
17D28019 0,350368 0,391 0,316 0,2299793 10,692 3,002942 0,772 285,8624 0,022 64,34910 +1,05070 179,13 £2,78 3,49 0,0141 £0,0002
17028021 0274588 0,424 0322 01744133 14,89  2,880486 0809 259,635 0,024 6513477 £1,10125 181,21 £2,92 335 0,156 £0,0003
17028022 0267537 0,435 0313 02308538 10,505  3,620492 0,655 3053524 0,020 6580581 £0,89898 182,98 £2,38 421 00156 £0,0002
17D28023 0,216339 0,465 0,299 0,3667215 6,481 4,874771 0,500 362,3406 0,017 65,66158 +0,68515 182,60 £1,81 5,64 0,0115 +0,0001
17028025 0253474 0,461 029 04662078 5125 5874062 0398 427,022 0015 6469454 £0,54359 180,04 £ 1,44 8676 678 00107 00001
17028026 0236105 0,421 0295 05660594 4,091 6590926 0383 460,504 0014  64,38763 £0,51760 179,23 £1,37 89,65 7,60  0,0100+0,0001
17028027 0269554 0,414 0294 07286085 3,183  7,45078 0347 5135911 0013  63,77497 £0,46768 177,61£1,24 89,81 857 0009100001
17028029 0326992 0,385 0293 08827773 2,621 8456914 0282 5869692 0011 6391267 £0,38652 177,97 £1,03 89,18 9,70  0,0085 +0,0001
17028030 0280243 0,409 0294 0648939 3,875 6930068 0351 4864974 0014 6397815 £0,47739 178,14 £1,27 8836 7,9 0,008 +0,0001
17028031 0295347 0,409 0294 06834886 3,910 7106757 0357 5057019 0013 6482459 £0,49155 180,39 £1,30 8324 815  0,0085£0,0001
17028033 0247108 0,436 0295 04889383 4,663 5150927 0475 3727421 0017 64,2430 £0,64566 178,85 £1,71 8593 590  0,0083 00001
17028034 013845 0,529 0306 02537112 9,25 2441517 0970 1857717 0033 6544242 £132601 182,02 £3,51 8325 2,80  0,0083 +0,0002
17028035 0083131 0,739 0327 0162620 15182 1494567 1,567  111,3316 0,057  64,25267 +2,10023 178,87 £5,57 83,42 171  0,081+0,0003
17028037 0056884 0,883 0406 00714124 34,458 0869354 2,583 657274 0090 6197612 £3,32508 172,83 £8,84 7946 1,00  0,0087 £0,0005
17028038 0047314 1,010 0468 00806820 30,180 0583973 3,95 475710 0123 6354645 £521757 177,00 £13,84 7551 067  0,0083 0,007
17D28040 253% 0,034979 1,215 23,3336 0,551 0,0920422 26,014 0,458991 5214 36,7170 0,157 63,61950 + 6,88670 177,19 +18,27 76,93 0,53 0,0082 +0,0009
I 10899495 0072 3208078 0083 7,823999 1794 86499975 0161 78691747 0,07
Information on Analysis Age * 20 5 39Ar(k)
and Constants Used in Calculations BeSUits ChENsds R Se (ma) g (%,n) (e
Age Equations = Min et al. (2000) Age Plateau +0,28881 +0,80 251 59,17
Negative Intensities = Allowed Error Mean 6423136 | asy, 17882 4 o.0a% 1% g 0008900005
Collector Calibrations = 36Ar Full External Error +4,02 2,00 26 Confidence Limit
Location = BoAVazkale Decay 40K =5.530+ 0.048 E-101/a Analytical Error 0,77 1,5846 Error Magnification
Region = Aforum Decay 39Ar =2.940 £ 0.016 E-07 1/h
Dan Miggins Decay 37Ar =8.230 £ 0.012E-04 1/h . £0,20046 +057
= 17-ogsgu-os(sxz;17) Deca; 36C1 =2.257 £ 0.015E-06 1/a Total Fusion Age 5810374, 4 345 162,50, 0,35% 34 0,0113 £0,0000
0]Y:0| /H: 3107357 mm Decay 40K(EC,B) =0.580 + 0.009 E-101/a Full External Error +3,63
FCT-NM Age = 28.201+0.023 Ma Decay 40K(B") =4.950 £ 0.043 E-101/a Analytical Error +0,54
FCT-NM Reference = Kuiper et al (2008) Atmospheric 40/36(a) = 295.50
FCT-NM 40Ar/39Ar Ratio =9.71 38/36(a) =0.1869 56,87 £1,64707 +4,38 18 59,17
FCT-NMJ-value = 0.00161820 + 0.00000102 Production 39/37(ca) = 0.0006425 £ 0.0000059 Nommal lsechron 3239 116,005 200 63y 17450 4 2.51% % 9
Air Shot 40Ar/36Ar = 302.9020+ 0.4483 ion 38/37(ca) = 0. 73 Full External Error £5,83 2,07 26 Confidence Limit
Air Shot IVIDF = 0.99388287 + 0.00068235 (LIN) 36/37(ca Analytical Error +438  1,3638 Error Magnification
iment Type = Heating Production 40/39(K) = 0.000607 + 0.000059 15 Number of Iterations
Method = Bulk Laser Heating Production 38/39(K) 0,0005852137 Convergence
Heating = 64 sec Production 36/38(cl
Isolation = 3.00 min Scaling Ratio K/Ca 55,49 +1,64989 +4,39 18 59,17
RGUS-VI-D Abundaaets 40K/K = 1.1700  0.0100 E-04 Inverse lsochiEl 35245 Js.7a% 6200704 L5 ean 174,51 2152% % 9
Preferred Age = Plateau Age Atomic Weight K = 39.0983 +0.0001 ¢ Full External Error +5,84 2,07 26 Confidence Limit
Age Classification = Cooling Age Analytical Error +438 1,365 Error Magnification
1GSN = Undefined Notes 2 Number of Iterations
Rock Class = Undefined Bumpy Age Spectrum 0,0000377976 Convergence
Lithology = Undefined 9% Spreading Factor
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HT-16

Table 5. Incremental heating results of HT-16 sample.

Incremental 36Ar(a) 37Ar(ca)  38Ar(cl) 39Ar(k) 40Ar(r) Age + 20 40Ar(r) 39Ar(k) K/Ca £ 20
Heating [fA] [fA] [fA] [fA] [fA] (Ma) (%) (%)
17D28072 0,8% 0,4513490 0,8434 0,018544  0,113299 1,5814 40,24 +28,24 1,17 0,14  0,0578 +0,0274
17D28074 1,3% 0,1494936 1,5405  0,029055  0,112789 3,9215 98,63 +38,87 8,15 0,14 0,0315 +0,0130
17D28075 1,8% 0,1114881 2,0121  0,034858  0,202162 4,6946 66,47 +16,01 12,47 0,24 0,0432 £0,0111
17D28076 2,0% 0,0548013 1,1370  0,044912  0,132127 2,9515 63,98 +22,72 1542 0,16  0,0500 +0,0199
17D28078 2,2% 0,0291076 0,6040 0,016179  0,094108 2,0275 61,75 +31,00 19,08 0,11 0,0670 +0,0414
17D28079 2,4% 0,0150786 0,2727  0,012276  0,052587 0,8092 44,31 +39,10 15,37 0,06 0,0829 +0,0941
17D28080 2,7% 0,0513519 1,7701  0,025855  0,230957 4,4880 55,78 +11,04 22,82 028  0,0561 +0,0126
17D28082 3,0% 0,0254365 1,1659  0,008751  0,165628 3,4169 59,17 +16,19 31,25 0,20 0,0611 +0,0200
17D28083 3,5% 0,0134174 0,5963  0,000000  0,098685 1,6099 46,95 +21,81 28,88 0,12 0,0712 £0,0413
17D28084 4,0% 0,0520888 3,3026  0,032047  0,204425 6,9396 96,36 +21,67 31,07 0,25 0,0266 +0,0063
17D28086 45% 0,0341460 3,1211  0,000000  0,163701 6,4742 111,78 +29,10 3909 0,20 0,026 +0,0062
17D28087 50% 0,0324228 52691  0,000000 0,221455 10,2805 130,52 + 25,69 51,76 0,27 0,0181 +0,0037
17D28088 56% 0,0267626 56534 0,004330 0,232974 11,0982 133,81 +25,30 58,39 0,28 0,0177 +0,0035
17D28090 6,2% 0,0105477 1,7563  0,000000  0,109502 4,3904 113,27 +43,91 58,48 0,13  0,0268 +0,0111
17028091 6,8% 7 00383351 26,9866 0,069334 0,932203 57,5366 171,54 +7,74 83,55 1,13  0,0149 +0,0007
17D28092 7,4% 7 00297082 29,6960 0,068045  1,014673 64,1420 175,50 +7,29 8796 1,23  0,0147 +0,0007
17D28094 8,0% 0,0315041 44,6366 0,176916  1,438857 89,9335 173,62 5,37 90,62 1,74 0,0139 +0,0005
17D28095 87% g 0,0738654  118,9181  0,426797  3,576892  224,3141 174,17 £2,08 91,13 4,33 0,0129 +0,0002
17D28096 9,4% 7 01125768 153,6199 0,538974  4,403068  280,3025 176,68 +1,71 89,39 533  0,0123 £0,0001
17D28098 10,0% g 0,1501259  186,9158 0,678480  5,239350  330,1172 174,95 +1,50 88,15 6,34 0,0121 +0,0001
17D28099 10,8% g 0,1197354  306,5667  1,125110  8,213321  521,6324 176,28 +1,00 93,65 9,94 0,0115 +0,0001
17D28100 11,7% 7 00712838 201,0898 0,753553 5308490  338,0379 176,73 +1,52 94,13 6,43  0,0114 +0,0001
17D28102 12,7% g 0,1781982  568,2209  2,354653 14,199058  900,0750 175,96 +0,63 94,47 17,19 0,0107 +0,0001
17D28103 13,8% 0,1488708  525,3505  2,179263 12,911140  820,2233 176,33 £0,64 94,91 15,63 0,0106 +0,0001
17D28104 14,8% g 0,1253217  340,4807 1,346501  8,572306  545,6415 176,66 +0,93 93,64 10,38 0,0108 +0,0001
17D28106 16,0% 7 01086443 227,5488 0,850897 5714096  367,0615 178,21 +1,43 91,96 692  0,0108 +0,0001
17D28107 17,0% 0,0945376  163,6935 0,658982  3,896481  249,6078 177,74 £1,93 89,93 4,72 0,0102 +0,0001
17028108 18,0% 0,0853208  106,7474  0,399069  2,550376  159,8519 174,08 +2,83 86,38 3,09  0,0103 +0,0002
17D28110 19,0% 0,0523059 45,4457  0,207091 1,071711 66,6675 172,83 + 6,54 81,18 1,30 0,0101 +0,0004
17D28111 20,3 % 0,0526228 28,3686  0,114848  0,650679 41,4135 176,64 + 11,87 72,70 0,79 0,0099 +0,0007
17D28112 22,5% 0,0321099 23,5457 0,093038  0,552033 33,9785 171,09 +13,95 78,17 0,67  0,0101 +0,0009
17D28114 23,3% 0,0438515 9,1130  0,000000  0,222789 13,0111 162,72 +32,31 50,10 0,27 0,0105 +0,0022
2 2,6064101 3135,9886 12,268357 82,601925 5168,2312
- o
Information Age * 20 S 39Ar(k)
on Analysis Results 40(r)/39(k) £ 20 (M2) g %) K/Ca £ 20
g;‘::\‘;f; ;S"AT\_";“G'“) Age Plateau 63,51544 i g: ;23/32 176,30 :ggg% 1;17;: 911'331 0,011 +0,0004
Material = Hornblende Full External Error +3,92 1,82 20 Confidence Limit
Location = BoAYazkale Analytical Error 0,44 1,3382 Error Magnification
Region = A¥orum
ﬁ?;;.y;;;r?:q;w(l)gsgbn;os (ox28-17) Total Fusion Age 62,56793 z g: ;@2;07/39 173,79 f; g:iz% 32 0,0113 £0,0000
J=0.00161224 + 0.00000132 Full External Error +3,88
FCT-NM =28.201 £ 0.023 Ma Analytical Error 0,52
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Table 6. Inverse isochron data of HT-16.

i:(‘)’s;:sn 39(k)/40(a+r) 20 36(a)/40(atr) 20 ri.
17D28072 0,8% 0,0008395 +0,0003317 0,00334444 +0,00002337 0,0001
17D28074 1,3% 0,0023450 +0,0009108 0,00310818 +0,00003162 0,0003
17D28075 1,8% 0,0053710 +0,0012483 0,00296201 +0,00003316 0,0007
17D28076 2,0% 0,0069013 +0,0023957 0,00286239 +0,00005216 0,0012
17D28078 2,2% 0,0088540 + 0,0044062 0,00273855 +0,00007352 0,0016
17D28079 2,4% 0,0099882 +0,0085056 0,00286398 +0,00013900 0,0024
17D28080 2,7% 0,0117461 +0,0022170 0,00261167 +0,00005294 0,0017
17D28082 3,0% 0,0151489 + 0,0040775 0,00232650 +0,00007378 0,0024
17D28083 3,5% 0,0177022 +0,0080283 0,00240681 +0,00012151 0,0035
17D28084 4,0% 0,0091540 + 0,0020821 0,00233249 +0,00004182 0,0011
17D28086 4,5% 0,0098827 +0,0026226 0,00206141 +0,00005290 0,0013
17D28087 50% 0,0111500 + 0,0022595 0,00163245 +0,00004046 0,0014
17D28088 5,6% 0,0122576 +0,0023914 0,00140807 +0,00003936 0,0012
17D28090 6,2% 0,0145863 +0,0057973 0,00140500 + 0,00008666 0,0017
17D28091 6,8% gl 0,0135367 +0,0006370 0,00055667 +0,00001318 0,0005
17D28092 7,4% g 0,0139147 +0,0006034 0,00040740 +0,00001216 0,0005
17D28094 8,0% g 0,0144983 +0,0004680 0,00031744 +0,00000897 0,0004
17D28095 8,7% 0,0145319 +0,0001801 0,00030009 + 0,00000545 0,0003
17D28096 9,4% g 0,0140418 +0,0001408 0,00035902 +0,00000501 0,0004
17D28098 10,0% g 0,0139910 +0,0001243 0,00040089 +0,00000457 0,0004
17D28099 10,8% 0,0147453 +0,0000861 0,00021496 + 0,00000335 0,0003
17D28100 11,7% g 0,0147827 +0,0001317 0,00019851 +0,00000402 0,0002
17D28102 12,7 % 0,0149035 + 0,0000544 0,00018704 +0,00000282 0,0002
17D28103 13,8 % g 0,0149397 +0,0000560 0,00017226 +0,00000263 0,0002
17D28104 14,8 % g 0,0147120 +0,0000798 0,00021508 +0,00000326 0,0003
17D28106 16,0% g 0,0143151 +0,0001196 0,00027218 +0,00000409 0,0003
17D28107 17,0% g 0,0140392 +0,0001586 0,00034062 +0,00000527 0,0004
17D28108 18,0% 0,0137810 + 0,0002331 0,00046103 + 0,00000668 0,0005
17D28110 19,0% 0,0130499 +0,0005143 0,00063691 +0,00001250 0,0007
17D28111 20,3% 0,0114227 +0,0008012 0,00092380 +0,00001829 0,0006
17D28112 22,5% 0,0127001 +0,0010808 0,00073872 +0,00001960 0,0006
17D28114 23,3% 0,0085790 + 0,0017722 0,00168860 + 0,00003565 0,0010

+2 g

Results 40(a)/36(a) £ 2 a0(n/39(k)  + 20 Age £ 20 2

(Ma) s
Inverse Isochron +34,64 +0,55880 +1,50 1,92
Error Chron 289,15 +11,98% 63,61458 +0,88% 176,56 +0,85% 3%

Full External Error +4,17
Analytical Error +1,48
Statistics 20 Confidence Limit 1,85 Convergence 0,0000005198
Error Magnification 1,3872 Number of Iterations 3
Number of Data Points 13 Calculated Line Weighted York-2
Spreading Factor 9,0%
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Table 7. Age summary of HT-16 sample.

Location = BoAVazkale

Region = Atorum

Analyst = Dan Miggins

Irradiation = 17-0SU-06 (6X28-17)
Position =X: 0| Y: 0 | Z/H: 34.28375 mm
FCT-NM Age = 28.201+0.023 Ma
FCT-NM Reference = Kuiper et al (2008)
FCT-NM 4 Ratio =9,

Decay 40K =5.530 4 0.048 E-101/a

FCT-NM J-value =0.00161224 +0.00000132
Air Shot 40Ar/36Ar = 302.9930 + 0.1606

Air Shot MDF =0.99380952 + 0.00059289 (LIN)
Experiment Type = Incremental Heating
Extraction Method = Bulk Laser Heating
Heating = 64 sec

Isolation =3.00 min

Instrument = ARGUS-VI-D

Preferred Age = Plateau Age

Age Classification = Cooling Age

1GSN = Undefined

Rock Class = Undefined

Lithology = Undefined

Lat-Lon = Undefined - Undefined

Production 40/39(k)
Production 38/39(k)
Production 36/38(cl) = 262.80 +1.71

Scaling Ratio K/Ca =0.430

Abundance Ratio 40K/K =1.1700  0.0100 E-04
Atomic Weight K = 39.0983  0.0001 g

Total Fusion Age

Normal Isochron
Error Chron

Inverse Isochron
Error Chron

Notes
Nice Analysis

+35,37

288,64 +12,25%

34,64
28915, 11.98%

Analytical Error +0,44 1,3382
+0,19729 +0,59
6256793, 0,399 17379, 0,34%

Full External Error +3,88
Analytical Error 0,52

+0,55809 +1,50 1,9
6362099, 08y, 17658 ; 0.as% %
Full External Error +4,17 1,85

Analytical Error +1,48 1,3861

38

0,0005857395

+0,55880 +1,50 1,92
61458, 083 176,56 4 0.85% 3%
Full External Error +4,17 1,85

Analytical Error +1,48 1,3872

3

0,0000005198

9%

Relative 36Ar 37Ar 38Ar 39Ar aar Aget20  40Ar(r) 39Ar(K)

e AT S/ CE I L R L %lo 40(n/39(K) & 20 = o gy Mtz
17028072 4515792 0,348 0,8434 13,116 0,104421 21,740 0,113840 19,660 134,9551 0,024 13,95747 +9,90445 40,24 +£28,24 1,17 0,14 0,0578 +
17D28074 0,503 1,5405 6,998 0,058635 40,994 0,113779 48,0969 0,059 34,76852 +14,08076 98,63 +38,87 8,15 0,14 0,0315 +0,0130
17D28075 0,552 2,0121 0,058499 39,090 0,203455 37,6395 0,068 23,22215 +5,69816 66,47 116,01 12,47 0,24 0,0432 £0,0111
17D28076 0,894 1,1370 0,056955 42,048 0,132858 19,1454 0,136 22,33817 +8,07206 15,42 0,16 0500 +0,0199
17028078 00202727 1,311 0,6040 0,022865 104,449  0,094496 06289 0,232 21,5489 +11,00286 61,75 +31,00 1908 011  0,0670 +0,0414
17028079 0151537 0,2727 0,015778 147,965 0,052762 5,2649 0,493 15,38755 +13,74277 44,31 £39,10 15,37 0,06 0,0829 + 1
17D28080 0,0518334 1,7701 0,038560 59,903 0,232094 19,6626 0,128 19,43209 +3,90416 55,78 £11,04 22,82 0,28 0,0561 +0,0126
17D28082 1,1659 0,015715 142,551 0,166377 10,9335 0,225 20,62980 +5,73950 59,17 £ 16,19 31,25 0,20 0,0611 +0,0200
17D28083 0,5963 0,000259  9276,533 0,099068 5,5748 0,449 16,31372 £7,67851 46,95 +21,81 28,88 0,12 0,0712 0, 3
17D28084 0,0529853 3,3026 0,044845 52,100 0,206547 22,3320 0,108 33,94699 + 7,84009 96,36 +21,67 31,07 0,25 0,0266 +0,0063
17D28086 0,0349897 31211 0,003455 0,165706 16,5645 0,149 39,54926 + 10,61605 111,78 £29,10 39,09 0,20 0,0226 +0,0062
17D28087 0,0338470 0,017633 0,224841 9,8615 0,133 46,42225 +9,46956 130,52 +25,69 51,76 0,27 0181 +0,0037
17028088 0,0282913 0,013163 0,236606 19,0067 0,128 47,63703 +9,34323 133,81 25,30 58,39 0,28 0,0177 £
17D28090 0,0110224 0,014016 0,110631 66 7,5073 0,321 40,09403 +16,03482 113,27 £43,91 58,48 0,13 0,0268 +0,0111
17D28091 0,0456378 0,092615 0,949542 2,310 68,8652 0,038 61,72115 +2,91880 171,54 £7,74 83,55 1,13 0,0149 10,0007
17D28092 0,0377430 0,091197 1,033753 2,128 72,9214 0,039 63,21440 +2,75371 175,50 £7,29 87,96 1,23 0,0147 +0,
17D28094 0,0435903 0,208216 1,467536 1,582 99,2439 0,032 62,50344 +2,02590 173,62 £5,37 90,62 1,74 0,0139 +
17D28095 0,1060594 0,505206 3,653297 0,606 246,1435 0,013 62,71203 +0,78496 174,17 £2,08 91,13 4,33 0,0129 +
1702809 0,1541640 0,640842 4501769 049 3135716 0012  6366072£0,64687 176684171 8939 533 00123+
17D28098 0,2007294 0,803459 5,359444 0,434 374,4825 0,010 63,00727 +0,56813 174,95 +£1,50 88,15 6,34 0,0121
17028099 02027334 1,301863 8410201 0,284 557,092 0,008  63,51052 +0,37681 176,28 + 1,00 9365 9,94 0,015 £0,0001
17028100 0,1257274 0,867183 5,437690 0,434 359,1055 0,010 63,67873 £0,57318 176,73 £1,52 94,13 6,43 0,0114 +0,0001
17D28102 0,3320667 2,661720 0,897 14,564140 0,176 952,7412 0,005 63,38977 +£0,23799 175,96 £ 0,63 94,47 17,19 0,0107 +0,0001
17028103 0,2911307 2457578 0968 13248677 0181 8642225 0006 6352834 £024374 17633 £0,64 9,91 1563  0,0106 £0,0001
17D28104 0,2175128 1,534738 1,525 8,791065 0,263 582,6792 0,008 63,65165 +0,35152 176,66 £ 0,93 93,64 10,38 0,0108 10,0001
17028106 0,1702514 0981171 2409 536029 0406 3991693 0010 6423789 £054313  17821%143 919 692  0,0108 £0,0001
17028107 0,1388619 0,753174 3,291 4,001654 0,549 277,5460 0,012 64,05980 +0,73216 177,74 £1,93 89,93 4,72 0,0102 +0,0001
17028108 0, 12219 0,465030 5,268 2,618962 0,823 185,0658 0,018 62,67778 +1,06967 174,08 +2,83 86,38 3,09 0,0103 +0,0002
17D28110 0,0646143 0,237990 9,975 1,100910 ,918 82,1245 0,036 62,20657 +2,46823 172,83 £6,54 81,18 1,30 0,0101 +0,0004
17028111 0,0603044 28,3686 0,137648 17,814 0,668906 3,411 56,9640 045 63,64661 +4,48972 176,64 111,87 72,70 0,79 0,0099 +0,0007
17D28112 22,5% 0,0384853 23,5457 0,109944 21,927 0,567162 4,141 43,4673 0,058 61,55161 £5,25831 171,09 £13,95 78,17 0,67 0,0101 +0,0009
17028114 233% 0,0463147 9,1130 0,011881 192,981 0,228644 10,063 25,9693 0,104 58,40088 +12,12737 162,72 £32,31 50,10 0,27 0,0105 +0,0022

z 3,4555182 3135,9886 14,262436 0,939 84,616798 0,152 5938,4755 0,003
- - =}
Information on Analysis Age + 20 3 39Ar(k)
and Constants Used in Calculations Results 40(a)/36(a) 20 40()/39(K) 20 ) E m Mot
Project = SAYIT (16-34) Age Equations = Min et al. (2000) +0,16532 +0,52 179 91,31
Sample Negative Intensities = Allowed Age Plateal 6351544 L 026% 176,30, 0,20% a 13 00u100004
Material = Hornblende Collector Calibrations = 36Ar Full External Error +3,92 1,82 20 Confidence Limit

Error Magnification

32 0,0113 +0,0000

91,31
13
20 Confidence Limit
Error Magnification

Number of Iterations
Convergence

91,31
13

20 Confidence Limit

Error Magnification

Number of Iterations

Convergence

Spreading Factor
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