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ABSTRACT

Petrogenesis of Late Cenozoic Collision Volcanism in Western Anatolia, Turkey

Western Anatolia exhibits a record of almost all stages of a collision event and its related
magmatic processes. Following an Eocene continent-arc collision, Western Anatolia region
experienced a complete cycle of thickening and orogenic collapse. The early stage of collision-
related volcanism, which was most evident during the Early Miocene (<21 Ma), produced a
considerable volume of lavas and pyroclastic deposits covering a broad compositional range
from basaltic andesites to rhyolites. The volcanic activity continued into the Middle Miocene
with a gradual change in eruptive style and rock compositions. The Middle Miocene activity,
formed in relation to localised extensional basins and was dominated by lava flows and dykes of
basalts to andesites composition. Both the Early-Middle Miocene rocks have calc-alkaline and
shoshonitic character. The late stage volcanism, from 11.0 to 8.3 Ma, was marked by alkali
basalts and basanites erupted along the localised extensional zones.

The Early-Middle Miocene volcanic rocks exhibit enrichment in LILE and LREE relative
to the HFSE (characterised by negative Nb and Ta anomalies) and are characterised by high
781/%Sr and low "PNd/'"*Nd (-eng) ratios. These characteristics indicate a mantle lithospheric
source region carrying a subduction component inherited from a pre-collision subduction event.
Perturbation of this subduction-metasomatised lithosphere by delamination of the thermal
boundary layer is the likely mechanism for the initiation of the post-collision magmatism.

Trace elements systematics suggest that the Early-Middle Miocene series underwent a
hydrous crystallisation (dominated by pargasitic amphibole) in deep crustal magma chambers.
Subsequent crystallisation in shallower magma chambers follows two different trends: (1)
anhydrous (pyroxene + plagioclase-dominated; and (2) hydrous (edenitic amphibole +
plagioclase + pyroxene dominated).

Trace element and isotope modelling shows that the Early-Middle Miocene rocks have
been affected by assimilation combined with fractional crystallisation processes, and that the
effects of assimilation decrease gradually from the Early Miocene into the Middle Miocene.
This indicates a progressive crustal thinning related to the extensional tectonics that prevailed
from the latest Early Miocene onwards.

In contrast to the Early-Middle Miocene rocks, the Late Miocene alkaline rocks are
characterised by low ¥Sr/**Sr and high '“Nd/'*Nd (+€yq) ratios and have OIB-type like trace
element patterns characterised by enrichment in LILE, HFSE and L-MREE, and a slight
depletion in HREE, relative to the N-MORB compositions. REE inversion modelling indicates
that these rocks formed by partial melting (with degrees of ~2 to ~10%) of a spinel + garnet
lIherzolite source. Trace element and isotopic systematics are consistent with decompression

melting of an enriched mantle asthenospheric source.
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Chapter 1: Introduction

CHAPTER ONE

INTRODUCTION

In recent years, magmatism generated in continental collision settings has
attracted significant attention. It is widely accepted that a large proportion of volcanic
and plutonic bodies in collision settings may be genetically related to collisional tectonic
processes during the formation of mountain belts. However, there has also been
increasing recognition of the complexity of the genesis and evolution of collision zone
magmatism. The widely accepted general view is that three main stages of tectonic
processes are involved in collision settings: (1) a subduction period marked by
subduction magmatism and high-P, low-T metamorphism; (2) a major compression
period which is marked by large thrusts and syn-collision magmatism; and (3) a late-
collision period which is marked by extension, transtension and transpression tectonics
and post-collision magmatism. Magmatism in collision settings may be a consequence
of various mechanisms, including crustal thickening, strike-slip movement related to
continental escape and late-stage lithospheric thinning either by localised extension and
lithospheric stretching or orogenic collapse and/or lithospheric delamination. In this
context, magma can be generated by: (1) mantle and crustal melting by subduction of
continental crust; (2) decompression melting of mantle by localised lithospheric
extension: and (3) mantle or crustal melting by internal heat generated by mantle-
derived magma injections or asthenospheric upwelling resulted by lithospheric
delamination (Pearce et al, 1994).

In this study, an attempt has been made to evaluate the nature and characteristics
of the volcanism of Western Anatolia (Turkey) and the relationship between collisional
tectonics and magma generation. Western Anatolia has been chosen because this region
exhibits a record of almost all stages of a collision event and its related magmatic
processes. Attention has been focused on the petrogenetic evolution of Western

Anatolian volcanism and its relationship to the regional tectonic evolution.




Chapter 1: Introduction

1.1. Geological Setting and The Distribution of Volcanism

1.1.1. Tectonic Setting

Much of the geological and tectonic history of Turkey is linked to Tethyan
evolution. Sengér and Yilmaz (1981) suggested that Turkey was situated on the
northernmost part of the Gondwanaland during the Permian. After the Middle Triassic,
the northern margin of Gondwanaland began to rift away from the main continent to
form a continental fragment known as the Cimmerian continent. This in turn caused the
formation of a southern branch of the ocean known as Neotethys between the
Cimmerian continent and Gondwanaland. Further rifting and fragmentation of the
Cimmerian continent itself also took place during the Early Jurassic to form a northern
branch of Neotethys and the Anatolite-Tauride platform between the two branches of the
Neotethys (Sengor and Yilmaz, 1981; Sengor et al., 1984). The Palaeotethys Ocean was
eliminated by a subduction event during the Late Palaeozoic-Early Mesozoic. The
direction of subduction of Palaeotethys is, however, still debated. Some authors (e.g.
Sengor et al., 1980, 1984; Okay et al., 1991) proposed a southward direction for the
subduction of Palacotethys that can explain northward-vergent structures in NW
Anatolia. Others (e.g. Adamia et al., 1981; Robertson and Dixon 1984) put forward a
northward-dipping subduction model which can fit with the broad picture of an active
Eurasian margin and a passive Gondwanan margin, extending from the Eastern
Mediterranean to the Himalayas. However, Pickett and Robertson (1996) have recently
suggested that elements of both northward and southward subduction are involved in
closure of the Palaeotethys Ocean in NW Anatolia. In their model, the Cimmerian
continent collided with Eurasia during the Middle Jurassic, causing regional uplift and
the terminal closure of the Palaeotethys Ocean. This was followed by northward-dipping
subduction from the Late Cretaceous to the Paleocene which formed the Pontide
volcanic arc and led to the closure of Neotethys.

The north-dipping subduction episode ended when the Anatolide-Tauride
platform collided with the Pontide arc along the Izmir-Ankara suture zone (Fig. 1.1).
The timing of this collision is poorly constrained. Sengor et al. (1979) and Sengdr and
Yilmaz (1981) proposed a Late Palacocene - Early Eocene collision age. Harris et al.
(1994) have also recently discussed that the obduction of the ophiolite fragments along
the collision zone indicate that the time of collision was certainly earlier than Middle

Eocene (50 Ma) and probably later than the Upper Cretaceous (Turonian). However, arc
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Chapter 1: Introduction

magmatism along the Pontide zone continued into the Middle Eocene (Sengor and
Yilmaz, 1981). This may indicate a Middle Eocene age for the collision. This collision
caused large-scale intra-crustal deformation and thickening together with the burial of
the Menderes metamorphic Massif beneath the Lycian nappe piles.

Further to the east, collision between the Arabian and the Anatolian plates
started along the Bitlis-Zagros suture zone during the Middle to early-Late Miocene
(Sengor and Yilmaz, 1981; Sengor et al., 1985; Pearce et al., 1990) (Fig. 1.1). This
caused uplift of the eastern part of Anatolia to form a plateau and also led to the tectonic
escape of the Anatolian plate by right-lateral strike-slip along the North Anatolian Fault
(NAF) and left-lateral strike-slip along the East Anatolian Fault (EAF). Although
estimates of the onset of the NAF give variable ages from Late Miocene to Pliocene (13
- 4 Ma) (Ketin, 1969; Barka and Hancock, 1984; Sengor et al.,, 1985), Barka and
Kadinsky-Cade (1988) used stratigraphic correlations in the basins related to strike-slip
movements of NAF to suggest that the North Anatolian Fault initiated during the Late
Miocene.

Towards Western Anatolia, the NAF splays into three main branches: (1) a
northern branch which lies mostly offshore, beneath the Marmara Sea; (2) a middle
branch which lies south to the Marmara Sea and extends from Can to Ezine through the
Bayramic trough; and (3) a southern branch which extends through the Edremit Graben
(Fig. 1.1). The total relative displacement of the northern branch of NAF has been
reported as approximately 40 km in the Marmara Sea (Barka and Kadinsky-Cade, 1988)
and northeastern Aegean Sea (Le Pichon et al., 1984). The estimated displacement on
the middle and southern branches is ~40 — 45 km (Westaway, 1994). The effect of the
major, dextral, E-W trending strike-slip activity in Northwestern Anatolia was that the
movement of the Anatolian plate relative to the Pontides changed from westwards to
southwestwards. This generated small pull-apart basins related to NE-SW trending
strike-slip faulting in the north (in the Biga Peninsula and Edremit Graben) and E-W
trending normal faults with significant strike-slip movements linked to graben formation
in the south (south of the Edremit Bay).

Since the Late Miocene-Pliocene, Western Anatolia has experienced extensive
crustal extension and lithospheric thinning, leading to the formation of E-W trending,
low angle, listric normal faults with strike-slip components on their hanging-wall blocks

(Angelier et al., 1981; King and Vita Finzi, 1982; Eyidogan and Jackson, 1985; Sengor
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et al., 1985). The cause of this extension is still debated. Mechanisms that may
contribute include: (1) gravitational collapse and spreading of thickened and unstable
lithosphere (Dewey, 1988; Seyitoglu and Scott, 1996); (2) subduction beneath the
Aegean and Anatolian plates along the Hellenic trench (Le Pichon and Angelier, 1979;
1981; Meulenkamp et al., 1988); and (3) counterclockwise rotation of the Anatolian
plate (Westaway, 1994; Reilinger et al., 1997).

The geological and seismological analyses of Zanchi and Angelier (1993) show
that the Quaternary stress regime of Western Anatolia was dominantly extensional and
associated with approximately NNE - SSW and NE - SW trending normal faults.
Although strike-slip mechanisms are subordinate in the area between the Menderes
Massif and Edremit Graben, there is an increase of strike-slip faulting from south to
north, towards the Edremit Graben (the southern branch of the North Anatolian Fault
system). Crustal thicknesses and extension rates of the Aegean area cannot be calculated
accurately because of a lack of gravity and seismic data. However, it has been reported
that the average crustal thicknesses are approximately 40 km on the Anatolian plate, 30-
35 km on the coastal region' of Western Anatolia and 25 km beneath the central and
southern Aegean Sea (Makris and Stobbe, 1979; 1984a, b; Meissner et al., 1987,
Mindevall and Mitchell, 1989). A southward extensional strain rate across much of the
Western Anatolia has been modelled by Jackson (1992) as >2 x 10™"° s™. Similarly,
Paton (1992) calculated from the topography that the stretching factor p (the ratio of
initial to final lithospheric thickness) gives a maximum value of approximately 2 in the
central Aegean and 1.2 - 1.5 in Western Turkey. |

Although most of the extension is considered to have taken place during the Late
Miocene-Pliocene and, particularly, Quaternary Periods, there is no clear consensus
about the timing of the initiation of the extension in Western Anatolia and Aegean.
Sengor and Yilmaz (1981), Sengdr (1982) and Sengoér et al. (1985) proposed that
extensional tectonics started to be effective in the Late Miocene, following N-S
compression and cfustal shortening. Hayward (1984) also proposed a Late Miocene age
for the timing of the final emplacement of the Lycian nappes and hence the end of the
compressional tectonic regime. Controversially, Kaya (1981) reported Early Miocene,
graben-fill sequences in the Gordes and Focga areas that may indicate that subsidence
started during the Early Miocene, although Sengor et al. (1985) interpreted these basins

as palaeotectonic structures which have been resurrected by neotectonic episodes.
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Similarly, Seyitoglu and Scott (1992, 1995) have recently used sporomorph assemblages
in the sedimentary basins (Benda and Meulenkamp, 1979) to propose that extensional
tectonics initiated in the Latest Oligocene-Early Miocene (~20-24 Ma). This is
supported by the radiometric dating of syntectonic granitoids in the Menderes Massif
(Hetzel et al., 1995). However, these controversies may be a result of the complex
tectonic patterns of Western Anatolia which include both compressional and extensional

regimes and localised extension and basin formation during the compressional episodes.

1.1.2. Distribution of The Volcanism

Extensive volcanic activity has characterised the Aegean area since the Late
Eocene. Volcanic products cover a large area from the Hellenic subduction zone through
Western Anatolia and the Aegean islands into Thrace (Fig. 1.2). Volcanism in the area
may be divided into two groups according to their relationship to regional tectonic
activity: (1) Late Eocene-Recent volcanism related to collision between the Anatolide-
Tauride platform and Pontides and to subsequent orogenic collapse; and (2) Late
Miocene-Recent volcanism related to northward-dipping subduction of the African plate
beneath the Eurasian plate along the Hellenic trench (Fig. 1.2). The products of the
subduction-related volcanism are distributed along the southern Aegean arc, from the
Cyclades through the Dodecanese provinces (Samos, Patmos and Kos islands) to SW
Anatolia (the Bodrum Peninsula) and have been dated as 12 Ma to Recent (~3 Ka)
(Keller, 1982; Schliestedt et al., 1987; Wyers and Barton, 1987; Robert et al., 1992).
The products of the Late Eocene-Recent, collision-related volcanism, however, occupy a
wide area in the northern part of the Aegean Sea and Western Anatolia. The collision-
related volcanism of Western Anatolia is the subject of this thesis and termed as “The
Western Anatolian, Late Cenozoic Volcanic Province”.

The Western Anatolian, Late Cenozoic Volcanic Province is one of the few
modern examples of volcanism associated with continental crust which has been
thickened and subsequently thinned by orogenic processes. The volcanic rocks in
Western Anatolia are observed in a large area from the Menderes Massif in the south to
Thrace in the north (Fig. 1.2). The oldest radiometric ages (K-Ar) on the Western
Anatolian collision-related volcanism are 37.3 + 0.9, 31.4 + 0.4 and 304 = 0.7 Ma
(Ercan and Satir, 1994; Ercan et al., 1995). Thus, the volcanic activity is believed to

have started in the Late Eocene-Early Oligocene, following the collision between the
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Chapter 1. Introduction

Anatolide-Tauride Block and the Pontides. The volcanic products of Late Eocene-Early
Oligocene ages, however, occupy only small areas of the Northern and eastern part of
the Biga Peninsula (Ercan et al., 1995). In the area studied, most of the volcanic rocks
are of Early to Late Miocene age. The youngest known radiometric ages on the Western
Anatolian volcanism are 1.67 £ 0.22, 1.10 = 0.03, 0.13 £ 0.09 and 0.025 £+ 0.006 Ma
(Borsi et al., 1972; Ercan et al., 1984; Richardson-Bunbury, 1996). These are the dates
reported for the alkaline basic volcanics from the Kula area (outside the area studied in
this thesis).

The volcanic products show a considerable compositional variability in time and
space. Three major stages of volcanic activity may be distinguished on the basis of the
compositional variations. The Early stage of volcanic activity (Late Oligocene-Early
Miocene) is represented by acid-intermediate rock types. These are pyroclastic fall and
flow deposits accompanied by mostly porphyritic lava flows, domes and dykes. The
Middle stage (Middle-Late Miocene) volcanic activity gave dominantly basic-
intermediate rock types. Common volcanic products were lava flows, domes and dykes.
Pyroclastic eruptions were absent in this stage. The Late stage activity (Late Miocene-
Recent) is, however, represented by locally-developed small lava flows of basic and

ultrabasic rock types.

1.2. Previous Studies of Western Anatolian Volcanism

The first study on the Western Anatolian volcanics was carried out by
Washington (1893; 1900) who used wet chemical analyses on the Kula basalts to
suggest an alkaline character and the term “Kulaite” for the hornblende-bearing basaltic
rocks in the Kula area (Fig. 1.2).

Borsi et al. (1972) discussed the general petrological characteristics and the
geochronological relationships of the Eastern Aegean and Western Anatolian volcanics.
They described a Lower-Middle Miocene (21.5 to 16.2 Ma) calc-alkaline volcanism
associated with minor acid and basic products, mainly of Late Miocene age (11.9-9.7
Ma). They proposed two principal models for the origin of the calc-alkaline, andesitic
volcanics based on their geochemical data: (1) andesitic liquids are derived from high-
Al basaltic magma by fractional crystallisation or assimilation of crustal materials; and

(2) andesites are primary liquids derived by melting of the lower crust or the upper
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mantle material. On the basis of their isotope data, they also argued that the rhyolitic
volcanic rocks were derived by partial melting of the upper crust.

Krushensky (1976) carried out research on the Neogene, calc-alkaline extrusive
and intrusive rocks of the Karalar-Yesiller area (east of Edremit Bay), NW Anatolia. On
the basis of petrological, geochemical data and radiometric ages, he suggested that the
intrusive and extrusive rocks are comagmatic and that the parent magma is probably
derived from partial melting of subducted oceanic crust and accompanying oceanic
sediments.

Fytikas et al. (1976) argued that the magmatism in the Aegean area and Western
Anatolia could be divided into two groups, each of which is related to different
subduction processes. These are: (1) Tertiary magmatism, which is related to subduction
in the northern Aegean; and (2) Recent calc-alkaline magmatism, which is related to the
Hellenic subduction zone in the southern Aegean. Fytikas et al. (1984) further classified
the Tertiary-Quaternary volcanics in the area into three distinct groups: (1) an Oligo-
Miocene volcanic phase (North Aegean Tertiary activity); (2) a Pliocene-Quaternary
volcanic phase (South Aegean active arc) and (3) an Upper Miocene to Quaternary
scattered volcanic activity. They argued that the volcanic activity started in the
northernmost part of the North Aegean area mostly with calc-alkaline, intermediate and
acid volcanic products. The volcanism shifted successively southward becoming
progressively enriched in potassium. They interpreted this evolution as being related to a
subduction zone which moved gradually south as a result of slab steeping and extension
of the overlying crust and increase in the dip of the Benioff zone under the Eurasian
plate, resulting from a reduction in the plate convergence rate after continental collision.

Ercan (1979; 1982) reported some major element geochemical data for the
Cenozoic volcanic rocks from Western Anatolia, Thrace and Aegean islands. Ercan et
al. (1984) further reported and interpreted some major-trace element, isotopic and
radiometric age data on the Cenozoic volcanics of Western Anatolia. They identified
calc-alkaline and alkaline volcanics with K-Ar ages between 37.3 and 21.7 Ma and
between 7.55 Ma and 25.0 Ka respectively. On the basis of their isotope data, they
proposed a crustal and an upper mantle origin for calc-alkaline and alkaline volcanics
respectively. Ercan and Satir (1994) and Ercan et al. (1995) dated the Tertiary volcanics
of the Biga Peninsula, NW Anatolia and classified the volcanics into four groups: (1) an

Eocene volcanism (commenced about 37.3 Ma ago), which consists generally of
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pyroclastics and lavas of dacite and andesite compositions; (2) an Oligocene volcanism
(34.3 to 23.6 Ma), which consists of andesitic, dacitic, trachy-andesitic and rhyodacitic
lavas; (3) an Early-Middle Miocene volcanism (22.3 to 15.3 Ma) which is characterised
by lava, tuff and ash flows of dacitic, rhyodacitic, andesitic and trachy-andesitic
composition; and (4) a Late Miocene alkaline volcanism (11.0 to 8.4 Ma) which consists
of alkali olivine basalts.

Pe-Piper (1980) studied on the Miocene volcanics of the Lesbos Island (west of
Edremit Bay) in the NE Aegean and showed that thick Miocene volcanics of the Island
have calc-alkaline and shoshonitic character. A main phase of shoshonitic volcanism
was dominant and followed by minor calc-alkaline volcanism. Pe-Piper (1980) argued
that the shoshonites show two distinct differentiation trends on the basis of the major
element data. One trend, characteristics of the earlier shoshonites, resulted from
fractional crystallisation of anhydrous phases. The second trend, characteristics of later
shoshonites, resulted from fractional crystallisation of amphibole and biotite. A further
study was carried out on the Cenozoic high-K volcanic rocks of the Lesbos Island by Pe-
Piper and Piper (1992). They pointed out that shoshonitic and calc-alkaline volcanic
rocks alternate in the Miocene volcanic sequence of the Island. According to their
geochemical and radiometric data, volcanism on the Island started 21.5 Ma ago with a
calc-alkaline character. Following a 3 Ma hiatus, the main shoshonitic phase took place
from 17.7 to 16.9 Ma and was followed by minor late calc-alkaline phase.

The study of Pe-Piper and Piper (1989) concentrated on the Late Cenozoic
extensional volcanic rocks of the Aegean area and Western Anatolia. They described the
Late Cenozoic volcanics of the Aegean area as back-arc volcanism formed behind the
southern Aegean arc. They used the geochemical and radiometric data to classify the
magmatic rocks into five groups: (1) calc-alkaline rocks of the Voras-Kamena-Vourla
area which are characterised by LIL element enrichment and Nb depletion; (2)
shoshonitic rocks of the Volos-Atalanti area and the Voras Mountains which are
characterised by greater LIL element enrichment than the calc-alkaline rocks and by
greater fractionation of HREE; (3) potassic, trachytic rocks of the Cos, Bodrum, Patmos,
Urla and Doirani-Stratonion areas; (4) sodic mafic rocks of the Psathoura, Kalogeri,
Samos, Urla, Foga and Chios areas and (5) continental alkaline rocks of the Kula area.

Giilen et al. (1986) used Sr-Nd-Pb isotope systematics and the existence of the

hydrous mineral assemblages (e.g. kaersutite and phlogopite) in the alkaline rocks from
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the Kula area to suggest that the alkaline magma was generated from a mixture of
components from a mantle which has had a time-integrated depletion in Rb/Sr, Nd/Sm
and Pb/U and a mantle which had undergone a recent metasomatism event.

Giilen (1990) studied the isotopic characterisation of Aegean magmatism and the
geodynamic evolution of the Aegean subduction. He argued that the least contaminated,
Quaternary Kula alkali basalts and the Miocene granitoids within the Attic-Cycladic-
Menderes Massif, represent Sr, Nd and Pb isotopic compositions for the Aegean mantle
and crust respectively. On the basis of isotopic data, he suggested that the Aegean
volcanics and granitoids can be interpreted in terms of four end-member components,
namely the upper crust, the lower crust, the sub-continental mantle and the
asthenosphere. He considered that the Oligo-Miocene magmatism in the area was
related to the subduction of the Aegean slab. He argued that the Aegean magmatism
throughout the Oligocene-Recent period could be explained by more than one
subduction event.

Yilmaz (1989; 1990) suggested that the Post-Oligocene volcanism in Western
Turkey had a strong tectonic control. He argued that, following the continental collision
during the Late Cretaceous-Early Eocene, Western Anatolia was affected by a north-
south compressional tectonic event and crustal thickening processes until the Middle
Miocene. Hence, young calc-alkaline volcanic activity began and produced andesites,
latites and dacites as a result of continental underthrusting and crustal melting. He
argued that a mechanism similar to the MASH (melting, assimilation, storage and
homogenisation) hypothesis of Hildreth and Moorbath (1988) was effective during the
formation of the hybrid andesitic magma. According to his observations, hybrid
andesitic magmatism lasted until the end of the compressional tectonic regime and
extended until the initial stage of the extensional regime (Late Miocene). He also
suggested that, during the Middle Miocene, the north-south compressional regime was
replaced by a north-south extensional regime and that the basic alkaline magmatism was
related to this extension during the more advanced stage of rifting in the Pliocene and
Quaternary. He used the Ti contents of the rocks to divide the alkaline magmatism into
two subgroups (low-Ti and high-Ti), and related these varieties to a heterogeneous
source region which had, in part, been metasomatised prior to rifting.

Giileg (1991) used the Sr and Nd isotope geochemistry of the Western Anatolian

Tertiary-Quaternary volcanic rocks to suggest that crust-mantle interaction was an
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important factor in the magma genesis. She argued that the volcanics were derived from
variable mixtures of melts generated from two different mantle sources: (1) the calc-
alkaline volcanics were generated from the continental lithospheric or shallow
asthenospheric mantle and contaminated with upper crustal materials; and (2) the
alkaline volcanics were derived from relatively deep, isotopically depleted mantle
regions and contaminated with lower crustal materials. She identified two possible
crustal components: an upper crustal material with radiogenic Sr and non-radiogenic
Nd; and a lower crustal material with non-radiogenic Sr and non-radiogenic Nd. She
also argued that the relative involvement of mantle and crustal components is time-
dependent with a general decrease in a crustal component by a factor of about five from
Tertiary to Quaternary, consistent with a change in tectonic regime from compressional
to extensional.

Seyitoglu and Scott (1992) argued that the Late Cenozoic volcanism occurred in
relation to an extensional tectonic regime in the north-eastern Aegean and that activity
began in north-eastern Greece during the Early Oligocene, and in north-western Turkey
during the Late Oligocene-Early Miocene. They proposed that the volcanic activity was
initially characterised by acid-intermediate, calc-alkaline volcanic products; however,
from the Late Miocene onwards, basic-intermediate, alkaline products became
dominant. They used stratigraphic correlation between volcanic and sedimentary units in
extensional basins to suggest that N-S extensional tectonic regime in Western Turkey
began in the Latest Oligocene-Early Miocene. Thus, they proposed that the transition of
the regional tectonic pattern from compressional to extensional and the transition of
volcanic character from acid-intermediate, calc-alkaline to basic-intermediate, alkaline
are not simultaneous and related events.

Seyitoglu et al. (1997) examined the magmatism in the Usak-Selendi-Emet area
(Western Anatolia) which evolved from potassic character in the Miocene to sodic in
the Quaternary. They reported some new K-Ar ages and major and trace element
analyses and suggested that the characteristics of volcanism changed from dominantly
calc-alkaline and siliceous in the Early Miocene to largely alkaline and mafic in the
Middle Miocene. They argued that all the Miocene volcanism formed in an extensional
regime, and that the change in magma characteristics reflects a decreasing amount of
contamination from the crustal components with time as a result of extensional

tectonics. They used the high levels of incompatible elements and the variations in

12




Chapter 1: Introduction

element ratios (Nb/Y, Ti/Y and Th/Nb) to suggest a lithospheric mantle source
heterogeneously enriched by two processes: (1) subduction enrichment producing high
Th/Nb but low Nb/Y and Ti/Y; and (2) enrichment by small degree melts of depleted
upper mantle producing low Th/Nb but high Nb/Y and Ti/Y. They considered that both
of these enrichment processes contributed to Middle Miocene, high-K (or ultrapotassic)
volcanics. To produce the calc-alkaline magma, they proposed a decompression-melting
model to initiate the melting of the mantle lithosphere, resulting from lithospheric
extension. They also argued that the lower K,O/Na,O ratios of Pliocene-Quaternary
Kula lavas with respect to those of Miocene lavas and their high levels of incompatible
elements relative to OIB indicate that these lavas have been derived from the melting of
an anhydrous asthenospheric source as a result of the continued extension, and that they
were contaminated by mantle lithosphere material during their ascent to the crust.

Paton (1992) studied the relationship between extension and volcanism in
Western Turkey, the Aegean Sea and central Greece. He suggested that extension in the
area began about 12 Ma ago, but has been most effective and rapid in the last 5 Ma. He
classified the volcanism into two groups: (1) an arc volcanism associated with
subduction along the Hellenic trench; and (2) an extension-related volcanism, which is
younger than 12 Ma and characterised by higher Nb and Ti concentrations than the
rocks of the arc volcanism. He argued that asthenospheric melting should not produce
the extension-related mafic volcanics, as the amount of extension in the area is too small
(maximum B ~2) to generate asthenospheric melting. He used REE modelling of the
extensional volcanics to suggest that the source composition for all the extensional
volcanics is a depleted lithospheric mantle that has been further depleted by the removal
of an arc tholeiite, and then re-enriched by a small amount (~3-5 %) of a small degree
melt from the asthenosphere.

Richardson-Bunbury (1992) used the relationship between sedimentation,
eruption and erosion to suggest that the timing of the volcanism is closely related to the
start of extension in the Kula area. She also used the REE to propose that the melts are
derived from an amphibole-bearing, enriched lithospheric mantle source as a result of
decompression melting that underwent to form the basalts. She reported Ar-Ar ages in
the Kula area between 1.67 + 0.22 Ma and 0.13 + 0.09 Ma.

McKenzie and O’Nions (1995) used REE data to propose that the extension-

related basic volcanics of Western Anatolia and Aegean area were derived from melts
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generated within continental lithosphere. They argued that the concentrations of
moderately incompatible elements, such as Nd and Pr, in the volcanic rocks are greater
than can be generated by a single-stage melting process from either the primitive mantle
or MORB source. Thus, they suggested that the melts must be generated from a source
that had previously been enriched and that the most likely source for such melt
generation is continental lithosphere that had previously been enriched by the addition
of a small melt fraction with high concentrations of incompatible elements, water and

carbonates that may reduce the melting point.

1.3. Objectives of this thesis

As described above, Western Anatolia has been the subject of numerous studies
in recent years. The common belief is that the Late Cenozoic magmatic activity of the
area is strongly controlled by regional tectonic evolution. Thus, recent attempts have
been made to relate magma composition and regional tectonic activity. However, the
mechanisms associated with the Late Cenozoic tectonic evolution and related magmatic
processes are still debated. Some authors (e.g. Yilmaz, 1989, 1991; Savas¢in, 1990)
have suggested that a N-S compressional regime was replaced by a N-S extension
during the Middle-Late Miocene and that these two different tectonic patterns are
represented by dominantly acid-intermediate calc-alkaline and basic alkaline magmatic
assemblages respectively. Giileg (1991) used Sr-Nd isotopes on volcanic rocks from a
variety of locations to propose that the Early-Middle Miocene volcanics were generated
from a shallow mantle and modified by extensive crustal contamination, and that the
Late Miocene-Quaternary volcanics were generated by upwelling of an isotopically-
depleted deeper mantle source and are extension-related. Others (e.g. Seyitoglu and
Scott, 1992, Seyitoglu et al.,1997), however, propose that the N-S extension started in
the Latest Oligocene-Early Miocene and hence that even the volcanism which has been
active since the Latest Oligocene-Early Miocene may have been generated in an
extensional tectonic regime.

In this work, volcanic rocks from the Western Anatolian, Late Cenozoic
Volcanic Province have been studied to examine the spatial and temporal variations in
magma type and chemical characteristics across the collision zone. Research has been

focused on some key areas in the coastal section of Western Anatolia (Fig. 1.3).
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Figure 1.3. Map of Western Anatolia showing the location of the "Western
Anatolian Late Cenozoic Volcanic Province” and the distribution of the vol

canic products.
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The major objectives of this thesis are: (1) to document the type and the
distribution of volcanic rocks across the collision zone and so to describe the volcanic
evolution of the collision zone; (2) to document the spatial and temporal variations in
the geochemical characteristics of the magmas to investigate any relationship between
the regional tectonic patterns and the mechanisms that may have generated magma; (3)
to investigate the type and extent of lithosphere involvement during the processes of
subduction, continental collision and late stage crustal stretching, transpression-
transtension; (4) to define the compositional variations of the mantle source in time and
space; and (5) to achieve major implications for our understanding of how magmas are

generated and evolved in continental collision environments.

1.4. Description of the thesis

This thesis consists of seven chapters:

Chapter 2 describes the general geological and the volcano-stratigraphic
characteristics of the Western Anatolian, Late Cenozoic Volcanic Province, including
the distribution and the type of the volcanic products, eruptive types and spatial-
temporal variations.

Chapter 3 documents the major and trace element geochemical characteristics of
the volcanic rocks of Western Anatolia and classifies them on the basis of their element
concentrations.

Chapter 4 presents the petrographic characteristics of the volcanic rocks. This
chapter mainly describes textural and mineral compositional properties of the rock
groups from the Western Anatolian Late Cenozoic Volcanic Province using the
microscopic observations.

Chapter 5 documents the mineral chemical characteristics of the volcanic rocks.
This chapter is in two parts: (1) chemical compositions of minerals (olivine, pyroxenes,
feldspars, amphibole, biotite-phlogopite, magnetite and ilmenite) and compositional
variations of minerals throughout the magmatic evolution; and (2) calculations and
estimations of the magmatic, intensive parameters including pressure-temperature-
oxygen fugacity.

Chapter 6 consists of three parts. The first part describes the Nd-Sr isotopic
characteristics of the volcanic rocks and presents the preliminary observations that may

be useful to interpret the petrogenesis of the rocks. The second part discusses the
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possible magmatic processes and develops a petrogenetic model for the magma genesis
of the volcanic rocks related to collisional tectonics and crustal thickening events. The
third part discusses the petrogenetic model for the magma genesis of the lavas related to

lithospheric extensional processes.

Chapter 7 summarises the overall conclusions documented in the previous

Chapters.
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CHAPTER TWO

GEOLOGY AND VOLCANO-STRATIGRAPHY OF
WESTERN ANATOLIA

Introduction

This chapter describes the general geological and the volcano-stratigraphic
characteristics of the Western Anatolian, Late Cenozoic Volcanic Province. It
incorporates the field observations obtained from the fieldwork carried out in an area of
approximately 3500 km?. The area studied is located in the coastal region of Western
Anatolia, between the cities of Canakkale in the north and Izmir in the south (Fig. 2.1).
The fieldwork has been undertaken in two key areas, each of which comprise a number
of sub-areas characterised by specific geological and volcanological characteristics.
These are: (1) the Ezine-Gulpinar-Ayvacik (EGA) area which is located in the southwest
of the Biga Peninsula; and (2) the Dikili-Ayvalik-Bergama (DAB) area which is located
further south, between the cities of Izmir and Edremit (Fig. 2.1).

Two, 2-month field seasons have been carried out in Western Anatolia. During

the fieldwork, some key areas in both the EGA and the DAB areas have been mapped.
In order to establish the relationship between the volcanic units and define the lateral
“and vertical variations in the volcanic succession, a number of representative sections
through the volcanic sequences have been logged. The volcanic facies criteria described
by Cas and Wright (1988) have been used to describe the volcanics and distinguish the
volcanic formations from one another. These main criteria are eruptive styles,
depositional properties, petrographic characteristics and general physical properties of
the volcanic products. A total of 350 volcanic rock samples have been collected
systematically through the sections for further petrographic studies and geochemical
analyses.

Construction of the volcano-stratigraphic sections and mapping in Western
Anatolia was difficult not only because of the complexities of the stratigraphic

relationships of the volcanic rocks in general but also due to the lack of basic geological
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Figure 2.1. Map of Western Anatolia showing the distribution of the volcanic products and the location of
the areas studied. EGA = Ezine-Gulpinar-Ayvacik area; DAB = Dikili-Ayvalik-Bergama area; B.G = Ber-
gama Graben; E.G = Edremit Graben; B.T. = Bayramic Trough; M.M. = Menderes Massif.
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information on the stratigraphy of the Western Anatolian volcanic rocks. This study is
the first attempt of its kind to differentiate and map volcanic formations in detail in the
area. Thus, most of the formation names used here are the names assigned in this study
except for those of the basement rocks, plutonic bodies and a few volcanic formations
that have previously been named by other workers. The main criteria used to name the
volcanic formations are the type localities, rock compositions (given by the observable
modal mineralogy here) and general depositional characteristics (for the pyroclastic
deposits). The lava units with unique composition and eruptive style, for instance, have
been named by their locality and rock type (e.g. The Behram Andesite), whereas the
term “Unit” has been used with locality names to term the lava units with multiple
composition (e.g. The Dededag Unit). Pyroclastic deposits have been termed by their
locality and depositional type (e.g. The Cakmak Tuff or The Bergas Ignimbrite).

In the following section, the geological and volcanological characteristics of the
Ezine-Gulpinar-Ayvacik (EGA) and the Dikili-Ayvalik-Bergama (DAB) areas will be

introduced.

Table 2.1. Whole-rock K-Ar ages for selected volcanic rocks from Western Anatolia.

Sample Area Locality and Rock Type Sio, K;O radiogenic “Ar  Atm. Age

name formation name (TAS classification) (wt %) (wt %) (mm® g™'*3) cont. (%) (Ma = 10)
EA270 EGA Ayvacik (Ayvacik volcanics) Basanite 41.81 143  0.385+0.080 54.1 832+0.19
EA418 EGA Ayvacik (Kovacli dyke swarms) ~ Basaltic TraAndesite 56.24 248  1.662+0.022 358 19.7 +0.30
EA37 EGA Assos (Behram andesite) Trachyandesite 61.67 353 3.330x0.060 19.7 20.3+0.60
EA77 EGA Ayvacik (Koyunevi Ignimbrite) ~ Rhyolite 7343 504 3.330+0.080 789 20.7 +£0.50
EA67 EGA Ezine (Kiziltepe Unit) Trachyandesite 59.96 477  3.090+0.040 19.7 21.3+0.30
EA143 DAB Dikili (Nebiler volcanics) Basaltic andesite 52.69 233 1.312+0.028 41.6 152 £0.40
EA314 DAB Bergama (Egrigol andesite) Andesite 6032 267 1.116+0.021 36.5 15.5+0.30
EA151 DAB Ayvalik (Akcapinar Unit) Trachyandesite 6095 342 2.188+0.032 329 19.7 £0.30
EA278 DAB Ayvalik (Ballica Unit) Trachyandesite 59.40 327  2.220+0.050 66.9 20.9 £0.50

2. 1. The Ezine-Gulpinar-Ayvacik (EGA) Area

The Ezine-Gulpinar-Ayvacik (EGA) area is located in the south-westernmost
part of the Biga Peninsula (Fig. 2.1). Tectonically, the area is characterised by E-W and
NE-SW trending fault systems. Some of the faults have right-lateral strike-slip patterns

and were formed related to the North Anatolian Fault (e.g. the Bayramic Trough), whilst
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Table 2.2. Published radiometric ages for the volcanic rocks from Western Anatolia and the Aegean.

Analytical Data
: Method Source

Locality (Corresponding) Unit Rock Type Si0,

Age(Ma)
Name (wt %)

Late Miocene-Recent

Kula (Divlit) Kula basalt Alkali basalt 46.36 2
Kula (Elekci) Kula basalt Alkali basalt 47.13 2
Kula (Burgaz) Kula basalt Alkali basalt 1
Kula Kula basalt Alkali basalt 5
Kula (Burgaz) Kula basalt Alkali basalt 1
Kula (Burgaz) Kula basalt Alkali basalt 46.10 2
Ezine Ezine volcanics Alkali basalt 3
Ayvacik Ayvacik volcanics Basanite 4144 4
Ezine Ezine volcanics Alkali basalt 46.38 5
Ezine Ezine volcanics Alkali basalt 46.39 4
Tavsan [sland Alkali basalt 45.00 4
Prosa Island Alkali basalt 45.14 4
N of Ezine Tastepe volcanics Alkali basalt 47.17 4
Izmir (Urla) Hawaiite 5
Izmir (Urla) Alkali trachyte 5
Middle Miocene

Selendi Trachyandesite 57.42 8
Lesbos Island Basaltic andesite  52.94 5
Usak Trachyandesite 57.67 8
Chios Island Basaltic andesite  55.92 7
Lesbos Island Trachyandesite 6
Izmir (Karaburun) Trachyandesite 5
Early Miocene

Selendi Trachyandesite 59.75 8
Lesbos Island Rhyolitic ignimbrit: 68.46 5
Bergama Graben Kalarga andesite Andesite 61.13 5
Bergama Graben Kalarga andesite Andesite 62.44 5
Dikili Karagol Lavas Trachyandesite 61.37 5
Usak Rhyolite 71.80 8
Lesbos Island Trachyandesite  62.18 5
Izmir (Karaburun) Trachyandesite 5
Izmir (Karaburun) Trachyandesite 5
Gulpinar Babakale Unit Trachyandesite 57.82 5
Bozcaada Trachyandesite 58.92 4
Selendi Rhyolite 8
Izmir (Karaburun) Trachyandesite 5
Ayvacik Dededag Unit Trachyandesite ~ 62.93 5
Lesbos Island Trachyandesite 6
Edremit Trachyandesite ~ 57.58 4
Oligocene

E of Edremit Andesite 9
Can 4
Gokceada Trachyandesite 61.05 4
Ayvalik Trachyandesite ~ 57.32 2
Gokceada Trachyandesite 579 4
Late Eocene

Biga Dacite 63.57 K-Ar 4

Data source: (1) Richardson Bunbury, 1996; (2) Ercan et al.,1984; (3) Paton, 1992; (4) Ercan et al., 1995;
(5) Borsi et al., 1972; (6) Pe-Piper, 1980; (7) Bellon et al., 1979; (8) Seyitoglu et al., 1997; (9) Krushensky, 1976.

others are normal faults formed in a relation to the N-S extension and the opening of the

Aegean (e.g. the Edremit Graben).
In the EGA area, the Cenozoic igneous activity started with pluton emplacement
(the Kestanbol Pluton) which has been dated as 28 Ma (Bingdl et al., 1982). The

volcanic activity followed the emplacement of the pluton after an about 6-Ma hiatus.
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The oldest dates obtained for the volcanic rocks are 21.3 + 0.3 Ma (in this study; Table
2.1) and 21.5 £ 0.7 Ma (Ercan et al., 1982; 1995). The volcanic products cover well over
1200 km? area with a thickness reaching over 900m. They are represented by lava flows,
domes and pyroclastic fall and flow deposits. Abundant dyke swarms cut the volcanic
successions in some places. The Early stage of volcanic activity (the Early Miocene)
commenced with lava flows and continued with lava and pyroclastic successions. This
stage of activity was restricted in the short interval of time from 21.3 £ 0.3 Ma to 20.3 +
0.6 Ma and was followed by the injection of abundant dyke swarms which have been
dated as 19.7 + 0.3 (Table 2.1). Middle Miocene activity is absent in the EGA area.

A new stage of volcanic activity began in the Late Miocene and produced locally
developed, small lava flows of basic and ultrabasic compositions. The available
radiometric data indicate that the Late Miocene volcanism continued during the period
from 11.0 = 0.4 Ma (Ercan et al., 1995) to 8.32 +£ 0.19 Ma (Table 2.1).

In the following sections, characteristics of the lithological formations of the
EGA area will be presented as two different sub-areas each of which represents a unique
volcano-stratigraphic sequence. These are: (1) the Ezine-Ayvacik section (in the north);
and (2) the Assos-Babakale-Gulpinar section (in the south). Although there is a close
similarity between the Early Miocene volcanic products from the two sections in terms
of the compositions and age of the rocks, the physical properties of the products are
remarkably different from one another. The volcanic succession in the former consists
dominantly of lava flows with minor debris (lahar) and ash flow deposits, whilst the
volcanic rocks form a large ignimbrite deposits with much lesser amount
(volumetrically) of lava flows in the later. The two sections are separated from one
another by the Tuzla fault system which obscures the stratigraphic relationships between

the rock formations from these two sections (Fig. 2.2).

2.1. 1. The Basement Rocks

The basement of the volcanic sequences in the EGA area is represented by two
different formations: (1) a metamorphic basement unit known as the Kazdag Massif;
and (2) a Palaeo-Tethyan subduction-accretionary complex known as the Karakaya
Complex.

The metamorphic rocks of the Kazdag Massif are observed in the southern and

southeastern part of the Biga Peninsula. The Massif has a total structural thickness
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Figure 2.2. Simplified geological map of the SW part of the Biga Peninsula (modified from Karacik and Yilmaz, 1995)
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of over 10 km (Bingdl, 1969; Okay et al., 1991) and is composed mainly of quartzo-
feldspathic micashist and gneiss intercalated with marble and amphibolite. According to
Okay et al. (1991), the core of the Massif includes meta-ophiolite assemblages of meta-
gabbro, meta-harzburgite, plagiogranite and amphibolite. These metamorphic
assemblages have a faulted contact with an Upper Cretaceous Neotethyan mélange and
are intruded by Oligo-Miocene granitoids. Okay et al. (1991) and Pickett (1994)
interpreted the Massif as a metamorphic core complex that was exhumed along normal
faults, detachments and extensional mylonite zones during the Miocene. Bingdl (1971)
used radiometric dating on the Kazdag gneisses to suggest a pre-Late Triassic age for
the protoliths of these rocks. More recently, however, Okay et al. (1996) used
207pp/*%pp dating to obtain Upper-Middle Carboniferous ages (292 + § Ma and 323 + 14
Ma) of single zircon crystals separated from a cordierite-gneiss and a quartzo-
feldspathic gneiss. They interpreted these dates as representing the high-grade
metamorphism and migmatization ages of the rocks of the Kazdag Massif.

The metamorphic rock assemblages of the Karakaya Complex are abundant in
the Biga Peninsula and the Edremit area. The Complex is composed mainly of low-
grade meta-sedimentary and meta-volcanic rocks and a succession of clastic deposits.
Okay et al. (1991) described the Karakaya Complex as intra-oceanic fore-arc deposits
and divided them into three different units, namely the Niliifer, Ortaoba and Cal Units.
The Niliifer Unit is best observed in the southern part of the Biga Peninsula and Edremit
area. It contains green spilitic basalts, volcaniclastic debris flow deposits, ignimbrites,
volcanogenic sedimentary rocks and recrystallised limestone. Kaya and Mostler (1992)
dated the Niliifer Unit as Middle Triassic using conodonts. The Niliifer Unit is
tectonically overlain by the clastic rocks of the Ortaoba Unit which is composed mainly
of disrupted basalt, siliceous mudstone, grey chert and sandstone. These rock
assemblages are tectonically overlain by debris flows, disrupted fragments of Upper
Permian carbonate platform sequences and basal clastic rocks of the Cal Unit (Okay et
al., 1991; Pickett and Robertson, 1996).

The rocks of the Karakaya Complex have been, in general, deformed extensively
and affected by greenschist facies metamorphism leading to the formation of spilitised
basalts. Pickett and Robertson (1996) used the existence of MORB-type basic rocks
overlain by pelagic sediments to suggest that the Karakaya Complex was originally

formed in a wide oceanic basin.
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The metamorphic rocks of the Karakaya Complex are accompanied by
serpentinized harzburgite (the Denizgéren ophiolite of Okay et al., 1991). These
ophiolitic assemblages form large thrust sheets with approximately SSW-NNE
orientation from Ezine to Canakkale and tectonically overlie the Permian platform
carbonate sequences (the Karadag Unit of Okay et al., 1991) and the other metamorphic
lithologies of the Karakaya Complex. Pickett (1994) proposed that the geochemical
characteristics of NW Anatolian ophiolites are similar to those from supra-subduction-

type ophiolites of the Eastern Mediterranean such as Troodos and Oman ophiolites.

2. 1. 2. The Ezine-Ayvacik Section

2. 1. 2. 1. The Kestanbol Pluton

A plutonic body known as the Kestanbol Granite (Karacik and Yilmaz, 1995)
intruded the basement units of the Ezine-Gulpinar-Ayvacik area. Its outcrops are
common over a large area (approximately 260 km” of total outcrops) to the southwest of
the town of Ezine,-between the villages of Asarlik to the northeast, Yaylacik to the south
and Kestanbol to the southwest (Fig. 2.2). Bingdl et al. (1982) reported a K-Ar age of 28
Ma for the pluton. The rock types forming the pluton are dominantly quartz-monzonite,
monzonite and granite in composition. They are made up of oligoclase (An, ,.), alkali-
feldspar, quartz, biotite, hornblende, augite and minor amounts of apatite, sphene,
magnetite and zircon. Textures vary between inequigranular and porphyritic, with grain
sizes of about 1 to Smm, although some K-feldspar megacrysts may reach 10-12mm.
Towards the edge of the pluton, fine-grained rock types with the dominant textures of
micro-granular porphyritic to granophyric are observed. Extensive aplite and aplogranite
dykes and quartz veins have cut the pluton. Pegmatitic dykes have also been found in
some areas. The wall rocks are represented by the metamorphic assemblages of
Karakaya Complex, Karadag Unit (carbonate sequences) and serpentinized harzburgite
of the Denizgéren ophiolite. Contact metamorphism has been identified around the
pluton leading the formation of hornblende-hornfels and pyroxene-hornfels facies rocks.
Contact metamorphism has produced the assemblages of garnet, diopsite, epidote,
tremolite, actinolite, wollastonite and chlorite along the contact between the Kestanbol
Pluton and the dolomitic rocks of the Karadag Unit. Along the southwest margin of the

Pluton, gneissic texture has been developed.
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2. 1. 2. 2. The Kiziltepe (Volcanic) Unit

The Kiziltepe Unit crops out to the southwest of Ezine, in the vicinity of the
villages of Kiziltepe, Uskupcu, Karadagoba and Cinarkoy (Fig. 2.2). It is composed of
porphyritic dacite and andesite and covers an area of about 10-15 km?% It overlies
unconformably the metamorphic assemblages and ophiolitic rocks of the basement
units. The volcanic rocks of this Unit also cover the contact between the basement rocks
and the monzonites and granites of the Kestanbol pluton along the southeastern border
of this intrusive body. The Unit consists mainly of massive lava flows, displaying
variable shades of pink, grey and purple. The total thickness of the Unit varies between
60 and 100m. The rocks are composed mainly of plagioclase, K-feldspar, augite, biotite
and minor amounts of sphene, zircon and magnetite. Some dacite samples also contain
phenocrysts of quartz. In the area between Cinarkdy and Kiziltepe villages, the lavas of
this volcanic Unit have effectively been altered, leading the formation of iron oxides on
joints and flow surfaces of the lavas.

An andesite sample from the lavas of this Unit gave a K-Ar age of 21.3 + 0.3 Ma
(Table 2.1).

2. 1. 2. 3. The Cinarkoy Pyroclastic Deposits

Pyroclastic flow deposits crop out over a large area to the south of Ezine, in the
vicinity of Cinarkoy village and to the west of Ezine, in the vicinity of Karadag village.
They consist mainly of intercalated unconsolidated or semi-consolidated ash flow and
volcanic debris flow deposits. Ash layers have variable thickness up to 2-3m, whereas
the thickness of the deposits as a whole, varies from few meters to 60m. The deposits
are internally structureless, unsorted to poorly sorted and matrix-supported. The matrix
is made up of grey, pink, orange and brown-coloured, sand-size volcanic materials and
includes volcanic clasts of pebble-size to 0.5-1m in diameter. The clasts are andesitic

and dacitic in composition and mostly exhibit porphyritic textures.

2. 1. 2. 4. The Cakmak Tuff

The Cakmak tuff layer overlies the Cinarkdy pyroclastic deposits between Ezine
and Ayvacik towns. It is mainly composed of semi-consolidated fine ash and lapilli size
pyroclastic fragments. Its best exposure has been observed to the east of Cakmak village
where it crops out over a small area of about 2-3 km® The tuff layer mantles the

topography and its thickness varies from Im to 15m. Pumice is the most common
27



Chapter 2: Geology and Volcano-stratigraphy of Western Anatolia

detrital material comprising approximately 80% of the total. Lithic fragments of
andesites and dacites are common at the base of the layer and decrease upwards. In
some localities, it consists of alternations of fine-ash and sandstone beds, which are
entirely made up of volcanic rock fragments. The Cakmak tuff layer is wedged out to

the southeast, between the Cinarkdy pyroclastic deposits and the Ezine Unit.

2. 1. 2. 5. The Ezine (Volcanic) Unit

The Ezine Unit overlies the Cinarkdy pyroclastic deposits and the Cakmak tuff
layer over a wide area between Ezine and Ayvacik and in some localities to the west of
Ayvacik (Fig. 2.2). It is entirely made up of massive porphyritic lava flows. The rocks
are mainly andesitic and trachy-andesitic in composition and are light grey, beige-
yellowish in colour. In some localities, the alteration of augite phenocrysts causes a
change in colour to reddish and purple. The maximum thickness has been estimated as
approximately 300m, although the thickness of the lavas varies from one locality to
another depending mostly on degrees of resistance of the rocks to erosion which is
controlled mainly by degree of alteration.

The rocks are composed mainly of plagioclase, K-feldspar, augite and biotite.
Most samples also contain magnetite, apatite, zircon and ilmenite. The groundmass is
made up of microcrysts of plagioclase and, rarely, augite set in a partly glassy matrix.

To the west of Ayvacik, lava flows have extensively been affected by weathering
and alteration. Iron oxide and copper salts are common on joints and flow surfaces.
Secondary albite, calcite, sericite and chlorite were formed mainly as a consequence of
sericitic alteration. In some areas, alteration also formed economic mineral deposits such
as clay minerals of kaolinite-montmorillonite (to the southwest of Ezine) and Cu-Zn

mineralisation (to the west of Ayvacik).

2. 1. 2. 6. The Dededag (Volcanic) Unit

The Dededag volcanic Unit crops out in a large area around the town of
Ayvacik. In the area studied, the total extent of the Unit is approximately 300 km?. It
consists mainly of porphyritic andesite and dacite lava flows and flow-breccias. The

lavas form massive layers almost constant texture and colour. In some places, the lavas
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were emplaced as cryptodomes' indicating that near-surface intrusions caused the
formations of the lavas.

The rocks are mainly composed of phenocrysts of plagioclase, augite, K-
feldspar, biotite, magnetite and minor zircon and apatite in a groundmass containing
micrdcrysts of plagioclase, minor augite and a cryptocrystalline matrix.

In the Dededag Unit, flow-breccias (fragmental rocks) are as abundant as the
porphyritic, massive lava flows with which they appear in lateral continuity. The flow-
breccias show compositional and textural similarities to the lava flows. In some parts,
they have striated and/or gouged margins that may indicate that they have been formed
by autobrecciation during the movement of the highly viscous lavas.

In some places (e.g. Erecek village), volcaniclastic sediments are intercalated
with the lava and breccia flows of the Dededag Unit. The sediments are mostly

lacustrine sandstones and have a maximum thickness of about 15m.

2. 1. 2. 7. The Ultrapotassic Lamproite Dykes

Locally developed, minor, isolated lamproite dykes have been observed in a few
localities around the town of Ezine (Fig. 2.2). To the south of Ezine, between Kiziltepe
and Uskupcu villages, a small (with a total extent of only 0.5 kmz), NW-SE trending
dyke is found near the contact zone between the Ezine Unit and the peripheral micro-
granitic zone of the Kestanbol Pluton. Further northwest, to the north of Aladagoba
village, a few small (with a total extent of <0.3 km?) lamproite dykes cut the lavas of the
Ezine Unit. The lamproites are hard, compact, fresh looking, aphyric or
microporphyritic rocks with a characteristic black colour. They are mostly absarokite in
composition and contain microcrysts of augite, olivine, plagioclase, Ti-phlogopite,

magnetite and ilmenite.

2. 1. 2. 8. The Tastepe Volcanics
The name “Tastepe Volcanics” was first used by Ertiirk et al. (1990) for the

basic volcanic rocks that crop out in an area of about 7.5 - 8 km?® between the city of
Canakkale in the north and the town of Ezine in the south (Fig. 2.1). The best exposure
is observed in the east of Tastepe village in a cutting on the main Canakkale to Ezine

road. The products of the Tastepe Volcanics are also abundant in the northeast of

' A dome-like uplift of the surface rocks as described by Cas and Wright (1988).
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Tastepe. They consist mainly of small, isolated lava flows, with a total thickness of
about 50-60m. The rocks are fine-grained, aphyric and/or olivine-phyric basalts. They
are composed mainly of plagioclase, diopside, olivine, ilmenite and magnetite.

The lavas in most places lie on the ophiolitic rocks of the basement lithologies
(the Denizgoren ophiolite). To the northeast of Tastepe, the lavas have been found
overlying young sedimentary rocks which made up of limestone (lacustrine sediments)
interbedded with poorly consolidated sandstone. Towards the east and southeast of
Tastepe village, a number of SW-NE trending faults have been observed cutting the
lavas. The fault zones are characterised by abundant brecciated, serpentinized
harzburgite of the Denizgdren ophiolites.

Ercan and Satir (1994) and Ercan et al. (1995) reported whole-rock, K-Ar age of
11.0 £ 0.4 Ma for the rocks of the Tastepe Volcanics (Table 2.2). This is the oldest

known age for the Late Miocene volcanic rocks in the EGA area.

2. 1. 2. 9. The Ezine Volcanics

The rocks of the Ezine Volcanics crop out around the town of Ezine. They are
represented by small, isolated lava flows in the vicinity of Kizilkoy, Araplar and Akkdy
villages. The lavas have a total aerial extent of approximately 6.5 - 7 km?. The average
thickness is about 5-10m, but towards the southeast of Ezine, the maximum thickness
was observed as 30-40m. The rocks are compositionally rather similar to the basalts of
the Tastepe Volcanics. They are mainly fine-grained, olivine-phyric basalts. More basic
rock types such as basanites are also found, particularly in the vicinity of Akkdy village
(North of Ezine). The rocks are composed mainly of microcrysts of plagioclase,
diopside, olivine, ilmenite and magnetite set in a black, glassy matrix.

The lavas lie on the southern side of the Bayramic trough, which extends in a
NE-SW direction along the middle branch of the North Anatolian Fault (NAF).
Interpretation of the tectonic processes and understanding the fault geometries and their
 relationships with lava formations are difficult because of the complex tectonic history
of the area. Although the area has widely been affected by normal faulting linked to the
opening processes of the Aegean, tectonic and seismological analyses (e.g. Barka and
Kadinsky-Cade, 1988; Zanchi and Angelier, 1993) have shown that the strike-slip

activity related to the NAF is predominant in this part of Western Anatolia. Existence of
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The microcrysts are plagioclase, diopside, olivine, ilmenite and magnetite in a black
glassy groundmass. The rocks have a hard, compact appearance and are black in colour.
Columnar jointing is abundant (Plate 2.1). The joint spacing is generally about 30-35 cm
and the joint surfaces are vertical and sub-vertical.

In the Ahmetce area, the Ayvacik Volcanics are represented by small, isolated
lavas. They were formed along N-E trending fault boundaries related to the opening
processes of the Edremit Bay. The lavas are generally poorly exposed with a total
estimated volume of approximately 0.02 km®. They have similar composition and
petrographic properties to those that crop out on Karayiv hill.

A basanite sample from Karayiv, which is considered to be the youngest
volcanic product of the Ayvacik volcanics according to the field observations, has been
analysed using the K-Ar method, as 8.32 + 0.19 Ma (Table 2.1). This is the youngest
known age for the Late Miocene volcanic rocks in the EGA area. Ercan et al. (1995)

also reported K-Ar age of 8.40 + 0.30 Ma for the basic rocks from Karayiv area (Table
2.2).

2. 1. 3. The Assos-Babakale-Gulpinar Section

The distribution and the stratigraphic position of the lithological formations of
the Assos-Babakale-Gulpinar section are shown in Figures 2.4 and 2.5 respectively. The
following paragraphs describe the formations in order of their position in the volcano-

stratigraphic succession, from bottom to top.

2. 1. 3. 1. The Babakale (Volcanic) Unit

The Babakale Unit consists mainly of lavas and volcanogenic debris-flows. The
Unit was first named by Karacik and Yilmaz (1995) as the “Babakale lava-lahar
association”. Volcanic products of the Unit crop out to the east of Babakale, along the
coastal line of the south-westernmost part of the Peninsula (Fig. 2.4). The maximum
thickness of the Unit has been measured as approximately 150-200m. Lavas are mainly
porphyritic andesites and dacites. They contain phenocrysts of plagioclase, augite, K-
feldspar, biotite and magnetite.

Debris-flows contain clasts which are between 10 mm and 25 c¢m in diameter.

They are mostly sub-angular to sub-rounded (Plate 2.2). All clasts have volcanic origin
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Figure 2.4. Geological map of the Assos-Babakale-Gulpinar Section (modified from Karacik and Yilmaz, 1995)
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Assos-Babakale-Gulpinar section.
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The lavas of the Suruce Andesite crop out around Cape Suruce (Fig. 2.4) and
overlie the pyroclastic assemblages of the Koyunevi Ignimbrite. The lavas have a total
thickness of about 50m and extend over an area of 10 km”. The rocks are hard, compact
porphyritic andesites, generally variable shades of grey and beige. The phenocryst phase
consists mainly of plagioclase, hypersthene, augite, K-feldspar, biotite and magnetite.

The lava flows are extensively cut by E-W trending listric normal faults and
locally intercalated with thin layers (<5-10m) of volcanogenic lacustrine sandstone.
Towards the north and the northeast from the coast, the lavas are overlain by the
pyroclastics of the Bergas Ignimbrite. The Suruce Andesite is a good stratigraphic

marker horizon between the Koyunevi and Bergas Ignimbrites.

2. 1. 3. 5. The Bergas Ignimbrite

The Bergas Ignimbrite is exposed over an area of approximately 55-60 km?
around the villages of Bergas, Pinarli, Bektas, Akkaya and Kalabak (Fig. 2.4). It is
named after its best outcrops in the vicinity of Bergas village. The Ignimbrite is exposed
as a succession of prominent, partly cliff-forming ignimbrite sheets, which are laterally
continuous and of near-constant thickness. Individual sheets range in thickness from 15
to 40m. Four successive sheets may be distinguished and as they represent progressive
deposition within the ignimbrite formation may be designated as members. These are:
(1) the Pinarli member; (2) the Bektas member; (3) the Akkaya member; and (4) the
Kalabak member. Each member has a characteristic texture and most may be further
subdivided into sub-units on the basis of depositional types, degree of welding and
devitrification. Some members are also separated from one another by clastic
sedimentary rock formations.

The Pinarli member crops out to the southeast of Pinarli village (Fig. 2.4). It is
approximately 35m thick and consists of a succession of three different parts (Fig. 2.6a).
The lower part begins with a rhyolitic basal pumice fall deposit which exhibits internal
stratification resultin;g from fluctuations in grain size and lithic content. The lithic
concentration decreases upwards. The basal pumice fall deposits are overlain by an
internally-layered pumice deposit that includes locally-developed ash beds. The ash
layers are generally graded and partly intercalated with pumice falls. Pumice clasts
exhibit a strongly fibrous texture and include phenocrysts of plagioclase, biotite and

quartz. A layer of pumice tuff with athickness of about 0.5-Im overlies the fallout
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plane-parallel or low-angle cross bedding and abundant accretionary lapilli. This 1.5-m
thick fall deposit is followed by a welded zone, which includes four different zones,
each of which is characterised by different degree of welding (Fig. 2.6b). From bottom
to top, they are: (1) a densely welded zone that is characterised by a dark, glassy-
looking, reddish-brown vitrophyre with poorly-developed columnar jointing; (2) a
welded and flattened pumice tuff with abundant microlites of K-feldspar, plagioclase,
biotite and quartz; (3) a 1-1.5 m-thick fiamme-rich zone; and (4) a partially welded zone
that includes abundant andesitic and dacitic rock fragments.

The top (~15m thick) of the Bektas member consists of several flows, with
inverse grading of pumice in each. The size of the pumice clasts varies from 10 to 25
cm. The pumice clasts are strongly banded and contain two types of matrices: (1) a
clear, colourless matrix; and (2) a dark, grey matrix with abundant microlites of
plagioclase, biotite and oxides. The sharp contacts between the clear and grey matrices
rhay be attributed to mingling of different magmas to form hybrid compositions
(Anderson, 1976; Sparks and Marshall, 1986). The concentration of the lithic clasts
increases from bottom to top.

The Akkaya member is exposed around Akkaya, SW of Kuruoba and north of
Bektas village (Fig. 2.4). The base of the member is represented by locally-developed
base surge deposits (Fig. 2.7a) consisting of alternating, internally-bedded, particulate
ash and pumice and fine-ash beds. To the north of Bektas village, the deposits show
cross-stratification with minor sand-wave bedding. The bedding changes gradually up
into plane parallel and/or low-angle cross-stratification. In some localities, fine-grained
ash beds enclose abundant accretionary lapilli. The surge deposits are overlain by
pumice tuff layers with a maximum thickness of about 5m. They contain a high
proportion of predominantly tuffaceous, lithic clasts at the base of the layer. Throughout
the layer, the abundance of the clasts decreases with height, but their size remains
constant, suggesting a decreasing supply rather than a decreasing eruption intensity.

A welded zone overlies the pumice tuffs in most localities. This zone is a 10 m-
thick zone of generally massive, lithic-bearing ignimbrites with occasional well-sorted
tuff layers near the top.

The uppermost part of the Akkaya member consists mainly of approximately 20
m-thick pumice flow with depositional and textural characteristics similar to those from

the upper part of the Bektas member.
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The Akkaya member is cut by a number of E-W and SE-NW trending fault
systems near the coast, south of the Bektas village. These fault systems appear to be
responsible for the general tilting of the basal layers of the ignimbrite to the north. This
member is overlain by a 5-7 m-thick sedimentary unit, which consists mainly of
lacustrine volcanogenic sandstones.

The Kalabak member is best exposed around Kalabak village and to the south
of Balabanli village. It overlies the Akkaya member and, in some localities, the Bektas
member. It has a total thickness of about 50m and consists of three different parts each
of which represents a different depositional type (Fig. 2.7b).

The lower part is characterised by ground surge deposits. They are mostly
stratified and cross-stratified deposits and up to 1.5m total thickness. They are
composed of alternating coarse and fine-grained laminae that are typically inclined at
low angles (up to 10°) and commonly form large wavelength, sand-wave structures. The
presence of stratification and cross-stratification may indicate that the deposits are
pyroclastic surges that formed by deposition directly from dilute turbulent flows.

The middle part is represented by a welded zone that consists of partially welded
and welded ignimbrites containing abundant homogeneously distributed lithic
fragments. There are two types of lithic fragments: xenoliths; and cognate lithics
(juvenile magmatic fragments). The xenoliths originate mainly from the metamorphic
basément unit (the Karakaya Complex) and the serpentinized harzburgites of the
Denizgoren ophiolites. The cognate lithics are mainly of porphyritic rock fragments of
rhyolite, dacite and andesite. Rheomorphic structures are common around the lithic
fragments.

The main volume of the upper part is characterised by distinctive pumice flows
with flattened, elongate vesicles, sub-rectangular shapes and milk-white glass. Pumice
clasts generally show inverse grading and local concentrations of lithic clasts. The latter
consist mainly of lavas with compositions from rhyolite to andesite. Locally, these

pumice flows are intercalated with volcaniclastic sandstones and thin (<10m) lava

flows.

2. 1. 3. 5. The Ciceklik Andesite
The Ciceklik Andesite overlies the pyroclastic assemblages of the Kalabak

member. It is composed of several lava flows and crops out to the south of Bektas
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village with an aerial extent of approximately 5 km* (Fig. 2.4). The maximum total
thickness of the lavas is about 20m. The rocks are mainly porphyritic andesites and
characterised by their hard, compact appearance and dark grey, black colour. They

contain phenocrysts of plagioclase, augite, K-feldspar, biotite and minor hypersthene.

2. 1. 3. 6. The Bakacak (Volcanic) Unit

The lava flows of the Bakacak Unit crop out to the west of Behram village over
an area of approximately 4-5 km?®. The total maximum thickness of the lavas is about
15-20m. The rocks are mostly porphyritic dacites, though rocks of andesitic composition
are also present. The microcrystalline matrix includes phenocrysts of plagioclase, augite,
sanidine biotite and quartz with minor zircon, apatite and magnetite. The rocks have
extensively been altered along the joints and flow surfaces to form a pale green
appearance. In some places, the original mineral phases have been replaced by calcite,

sericite, kaolinite and quartz.

2. 1. 3. 7. The Behram Andesite

The Behram lavas comprises olivine- and orthopyroxene-bearing andesites
which form several isolated lava flows. The lavas crop out in an area of approximately
12 km?, near Behram (Assos) village, along the coast (Fig. 2.4.). The thickness of the
lavas varies widely, with a maximum (estimated as 250m) in the region of Behram
castle (Plate. 2.6). In the Behram castle, well-formed columnar and blocky jointed lava
lobes are found. Further south, towards the coast, the lava lobes are surrounded by
irregular layers of scoriaceous and blocky lavas. These are interpreted to be
autobrecciated lavas (Plate. 2.7) formed by continuous movement and expansion of the
viscous, congealed lava as described by Sigurdsun, (1981); and Cas and Wright, (1988).

The rocks of the Behram Andesite are porphyritic, grey and beige. They contain
phenocrysts of plagioclase, hypersthene, olivine, augite, sanidine, biotite and magnetite.

To the southwest of Behram village, the lavas are cut by several NW-SE
trending normal faults. To the west and the north of Behram village, the lavas are
overlain by young sediments deposited in the Tuzla stream valley which obscure the
stratigraphic relationships between the lavas of the Behram Andesite and the older
volcanic formations. However, to the east of Behram castle, at the eastern end of the

outcrop, the stratigraphic relationship between the Behram lavas and the Balabanli
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Ignimbrite can be observed asa sharp and planar contact. In this locality, the Behram
lavas are overlain by the Kadirga member of the Balabanli Ignimbrite.

A sample from the Behram Andesite has been dated as 20.3 + 0.6 Ma using the

K-Ar method (Table 2.1).

2. 1. 3. 8. The Balabanli Ignimbrite

The Balabanli Ignimbrite occupies a large area in the southwest part of the Biga

peninsula with a total aerial extent of >200 km?”. Its best exposures are around the
localities of Tamis, Kepez, Balabanli and Kadirga (Fig. 2.4). Although the Balabanli
ignimbrite forms a single stratigraphic level on the basis of its position in the volcano-
stratigraphic succession, it consists of several ignimbrite sheets, each of which is
characterised by specific depositional properties. Characteristics of the ignimbrites vary
from one locality to another. Thus, the Balabanli Ignimbrite has been divided into three
different ignimbrite members: (1) the Tamis member; (2) the Kepez member; and (3)
the Kadirga member.
The Tamis member is best observed to the north of the Tuzla stream valley, around the
village of Tamis (Fig. 2.4). It covers an area of about 35-40 km? with a total thickness of
approximately 45-50m (Fig. 2.8a). The base of the member is characterised by a basal
pumice fall layer, a moderately low content of phenocrysts and a white, yellow colour.
A pumice tuff layer with a thickness of 1-1.5m mantles the pumice fall deposits. Pumice
clasts in this layer typically have a strongly fibrous texture and a milk-white colour.
Towards the top of the sequence, the pumice tuff passes gradually into flattened tuffs.
Here, pumice clasts characteristically contain tabular bubbles and translucent pearly
glasses. Pumice tuffs are overlain in many places by a welded layer (~1.5-m thick)
which consists mainly of densely flattened, fiamme-rich tuffs, the amount of the fiamme
decreasing towards the top.

The welded lower layer is overlain by pumice flows, which are made up of
pumice tuff, pumice block flows and flattened pumice tuffs from the bottom towards the
top of the succession respectively. The total thickness of this pumice-rich layer is about
7-7.5m. The pumice clasts are mostly porphyritic and contain approximately 10-15
volume % phenocrysts, which in order of decreasing abundance consist of euhedral-
subhedral plagioclase, biotite, K-feldspar, augite and titano-magnetite.

Further towards the top of the succession, a welded upper layer with an average
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total thickness of about 10m overlies the pumice unit (Plate 2.8). The welded zone
begins with a slightly welded zone and passes gradually upward into a densely welded
zone. The densely-welded zone is a typical pinkish-yellow ignimbrite characterised by
abundant large (up to 10-15 cm), black fiamme (Plate 2.9) with some phenocryst-rich
layers. A thin (20-30 cm) layer of black, glassy ignimbrite mantles the welded zone.

The Kepez member is the most abundant ignimbrite deposit in the area. It is
exposed in the south-westernmost part of the Biga Peninsula, between the villages of
Tamis to the northeast, Babakale to the southwest and Gulpinar to the northwest (Fig.
2.4). It has a total aerial extent of about 175-180 km” and is best exposed in the Kepez
area. The member is cut by two faults. The northern end of the outcrop is bounded by
the NW-SE trending Tuzla fault which forms the Tuzla stream valley, whereas the
northwestern end is bounded by the SW-NE trending Gulpinar fault. Although the
thickness of the Kepez member varies from one locality to another, the average
thickness has been estimated as about 80-90m.

The Kepez member consists of three different cooling parts (lower, middle and
upper in Fig. 2.9), with intervening volcaniclastic sediments of continuous and lenticular
bodies. Each layer has a characteristic textural variation and can be further subdivided
into zones on the basis of varying degrees of welding and devitrification.

The base of the lower part is characterised by ground surge deposits with a
thickness of about 0.5m. They consist mainly of alternating, internally-bedded ash and
pumice and fine ash beds. A pumice tuff about 4-6m thick covers the surge deposits.
The pumice tuff begins with a plinian fallout and passes gradually into flattened pumice
tuff (Plate 2.10). The pumice clasts are milk-white and yellowish colour, and include
phenocrysts of plagioclase, biotite, K-feldspar, magnetite and minor amount of augite.
Some exhibit fibrous textures which form thin elongate vesicles. Clastic sedimentary
rocks overlie the lower part of the Kepez member. They are mainly lacustrine
volcanogenic sandstones and have a total thickness of about 1.5-2m (Plate 2.11).

The middle part, which overlies the clastic sediments, consists mainly of welded
ignimbrites. The base of it is represented by a 1-1.5 m-thick fiamme-rich zone which
characteristically shows a eutaxitic texture with planar foliation and regular alignment of
glassy fiamme. The fiamme-rich zone is followed by a densely welded zone which has
an average thickness of 1.5m. The rocks of this zone are hard, compact, glassy, dark red

and partly brown ignimbrites. They can easily be recognised in the field with their high
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Figure 2.9. Representative section illustrates the stratigraphy of the Kepez member.
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of the Tamis member and consists mainly of interbedded partially welded ignimbrites
and welded zones. Unlike the Tamis and the Kepez members, however, the densely
welded ignimbrites are absent in the Kadirga member. The top of the Kadirga member is
represented by an approximately 8-10 m-thick sillar zone characterised by vapour phase

crystallisation.

2. 1. 3. 9. The Kovacli Dyke Swarms

A widespread dyke system occupies large areas, particularly in the southernmost
part of the Peninsula, along the northern coast of the Edremit Bay. They typically have
NNW-SSE and NNE-SSW directions. The dykes are mainly fresh, hard, compact, grey
to black microporphyritic andesites and basaltic andesites. They consist mainly of
microcrysts of plagioclase, augite and hypersthene with subordinate olivine, magnetite
and ilmenite set in a microlitic groundmass. A basaltic andesite sample from the dyke

swarms gave a K-Ar age of 19.7 £ 0.3 Ma (Table 2.1).
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2. 2. The Dikili-Ayvalik-Bergama (DAB) Area

The Dikili-Ayvalik-Bergama (DAB) area is located to the south of Edremit Bay,
between the city of Izmir to the south and the town of Edremit to the north (Fig. 2.1).
Recent tectonic activity in the area, related to the structural system of the Aegean region,
led to the formation of NW-SE and NE-SW oriented fauit systems. A number of E-W
and NW-SE trending graben (e.g. the Edremit and Bergama Graben) (Plate 2.13) have
been formed in relation to these fault systems.

The oldest known age for the Cenozoic igneous activity in the DAB area is 37.6
= 3.3 Ma. This is the age reported by Bing6l et al. (1982) for the emplacement of the
plutonic body known as the Kozak Pluton, although the reported ages for the pluton
vary significantly from 13 to 37 Ma (Ataman, 1975; Bingél et al., 1982). Ercan et al.
(1985) and Krushensky (1976) also reported K-Ar dates of 31.4 + 0.4 Ma (near Ayvalik)
and 23.6 + 0.6 Ma (east of Edremit; outside the area studied) respectively for the minor
pre-Miocene volcanism.

In this study, the oldest date obtained for the volcanic rocks of the DAB area is
20.9 + 0.5 Ma (Table 2.1). The eruptive products of the Miocene volcanism cover an
area of >1500 km® along the coastal section of Dikili, Ayvalik and Foca as well as
inland between Ayvalik and Bergama (Fig. 2.10). They are mainly lava flows, domes
and pyroclastic fall and flow deposits. The Early Miocene volcanism began with lava
and pyroclastic successions and lasted until the latest Early Miocene (17.3 + 0.6 Ma;
Borsi et al., 1972).

The volcanic activity continued into the Middle Miocene with a gradual change
in eruptive style and rock compositions. The Middle Miocene activity mostly produced
lava flows and dyke swarms of basic-intermediate compositions. Pyroclastic eruptive
products are totally absent in this period. The Middle Miocene volcanism continued
from 16.6 + 0.6 Ma (Borsi et al., 1972) to 15.2 + 0.4 Ma (Table 2.1).

The volcano-stratigraphy of the Dikili-Ayvalik-Bergama area will be described
in the following paragraphs as two different sub-areas: (1) the Ayvalik-Kozak section;
and (2) the Dikili-Bergama-Foca section. The volcanic units of each sub-areas are

illustrated using schematic column sections (Fig. 2.12 and 2.14 respectively).

2. 2. 1. The Basement Rocks
In the Dikili-Ayvalik-Bergama (DAB) area, the basement is represented by two
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Figure 2.10. Simplified geological map of the Ayvalik-Dikili-Bergama area showing
the distribution of the volcanics and the areas that have been mapped (rectangles).
For the location of this area in Western Anatolia, see Figure 2.1.
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Figure 2.11. Geological map of the east of Ayvalik Peninsula.
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cover series consists of metasedimentary rocks of low-grade schists, phyllites, quartzites
and marbles (Dora et al., 1990). Mica-schist is the most abundant rock type in the cover
series and consists mainly of quartz, muscovite, biotite, chlorite, plagioclase and minor
garnet (Hetzel et al., 1995). Reischman et al. (1991) reported zircon dating for the
augen gneisses as Late Proterozoic to Early Palaeozoic which corresponds to the early
metamorphism of the Massif at upper amphibolite facies conditions. Following the
collision between the Anatolide-Tauride Block and the Pontides, the Massif underwent
Barrovian metamorphism that has been attributed to its burial beneath the Lycian nappes
during the Late Paleocene-Early Eocene (Sengor et al., 1984; Satir and Friedrichsen,
1986).

The central part of the Massif contains syntectonic granitoid intrusions that have
andalusite and sillimanite in their contact aureoles (Whitney and Dilek, 1998). Similar
Miocene granitoid intrusions are found in the Cycladic Islands of the Aegean (Lister et
al., 1984; Altherr et al., 1988; Lee and Lister, 1992) and the Central Anatolian
Crystalline Complexes (e.g. the Nigde and Kirsehir Massifs; Kogak and Leake, 1996;
Whitney and Dilek, 1998).

2. 2. 2. The Ayvalik-Kozak Section

2. 2. 2. 1. The Kozak Pluton

In the Dikili-Ayvalik-Bergama (DAB) area, the Kozak Pluton is the oldest
known magmatic body. The pluton intruded the basement metamorphic rocks and
occupies a large area of about 290-300 km”* (Figs. 2.10; 2.11). It was first named by
Bingol et al. (1982) as Kozak Pluton after its best exposure around the town of Kozak.
The rocks are dominantly granodiorite in composition and display inequigranular and
porphyritic textures with medium to coarse grains of minerals. They contain plagioclase
(Ansp.40), amphibole, K-feldspar, augite, biotite and quartz. Sphene, zircon, magnetite
and apatite are the accessory minerals. Amphibole is the most abundant mafic phase and
has the compositions of edenite and ferroan pargasitic hornblende. Blocky jointing and
spheroidal weathering are common in places. In some localities, aplite, aplogranite and
granodiorite porphyry dykes cut the pluton. Hornblende-hornfels and pyroxene-hornfels
facies contact metamorphism has produced the assemblages of epidote, tremolite,
actinolite, wollastonite and rare garnet along the northwestern margin of the pluton (the

contact zone between the Kozak pluton and basement metamorphic rocks).
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The timing of emplacement of the pluton is poorly constrained. Ataman (1975)
obtained Rb/Sr ages of 13, 16 and 23 Ma from the granodiorites of the Kozak pluton.
Bingol et al. (1982), however, reported K/Ar ages of 20.3 + 0.3 and 24.6 + 1.5 Ma
obtained from biotite separates and 37.6 + 3.3 and 24.2 + 1.1 Ma obtained from

orthoclase separates.

2. 2. 2. 2. The Maden Island Pluton

A small plutonic intrusion crops out on Maden Island, to the west of the town of
Ayvalik (Fig. 2.10). The remaining portion of the plutonic body occupies a small area of
only a few km” The dominant rock types forming the pluton are monzonites and
monzogranites. The rocks are generally inequigranular and medium- to coarse-grained.
They contain a high proportion of feldspar which significantly exceeds the quartz
content and confirms its monzonitic affinity. Plagioclase is represented by oligoclase
and andesine (An9.33) and is accompanied by large, fresh orthoclase megacrysts. The
mafic mineral phase is represented by clinopyroxene (augite) and orthopyroxene (mostly
hypersthene). Minor amphibole is also present in some rocks accompanying apatite and
oxides (magnetite and ilmenite). The Maden Island Pluton has not been yet studied in
detail and therefore no geochronological age has been obtained so far. However,
stratigraphic relations indicate that the rock formations of the pluton are partly overlain
by the Kucukkoy volcano-sedimentary Unit. Thus, the pluton is considered to be older

than the overlying volcanic rocks.

2. 2. 2. 3. The Kucukkoy (Volcano-Sedimentary) Unit

The Kucukkoy volcano-sedimentary Unit consists mainly of alternating clastic
sedimentary rocks and lava flows. It is best observed to the southwest of Ayvalik and on
Alibey Island (Fig. 2.10). The total thickness of the Unit has been estimated as about 75-
80m. The sediments are mostly volcanogenic sandstones which make up 10-15 m-thick
layers. The volcanics are generally made up of rhyolitic and dacitic lava flows. The
rocks have been extensively affected by alteration and weathering. Towards the top of

the Unit, hard, compact, strongly silicified lavas are abundant. In some places, the rocks

of this Unit are cut by the Alibey dyke swarms.

2. 2. 2. 4. The Ballica (Volcanic) Unit

The Ballica volcanic Unit crops out to the east of Ayvalik, around the villages of
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Ballica, Haciveliler and Kumgedigi (Fig. 2.11). It is made up of massive lava flows with
a maximum total thickness of about 250m. The rocks are mostly andesite and dacite.
They are locally jointed, grey to black, porphyritic lavas with fine-grained groundmass.
The phenocrysts are primarily of plagioclase, hornblende, augite and titano-magnetite.
Most dacites also contain quartz and rare sanidine phenocrysts.

The mineral composition, texture and colour of the lava flows differ little
laterally or vertically throughout the logged sections. The lavas usually do not show any
oxidised zones at the top of flows. Thus, it is generally difficult to recognise individual
lava flows within the Unit. In some places, however, lava flows include platy-jointing
(related to flow banding) which has been developed parallel to the basal surface as a
result of intensive shear between the channel walls and the coherent central part of lava.
Close to the base, the distance between these joints is in the order of centimetres or even
millimetres. The joint spacing increases upwards and, after a certain limit, it disappears
where the lava turns into a massive body. In the field, the platy-jointing is one of the
criteria which has been used to differentiate individual lava flows one from another.

An andesite sample from the lavas has been dated as 20.9 + 0.5 Ma using the K-

Ar method (Table 2.1).

2.2. 2. 5. The Alibey Dyke Swarms

An aphyric dyke system is located particularly in the coastal section of Ayvalik
and on Alibey Island. The rocks of this dyke system crop out in only a small area of 2-3
km® They are hard, fresh, compact, black- grey- and beige-coloured andesites and
trachy-andesites. They consist mainly of plagioclase, hypersthene, K-feldspar, augite
and subordinate olivine. Unlike most other volcanic rocks of the Dikili-Ayvalik-
Bergama area, the rocks of the Alibey Dyke Swarms contain hypersthene, but no
amphibole. Their mineral compositions are rather closely similar to the Behram
Andesite of the Ezine-Gulpinar-Ayvacik area, although they display aphyric textures,
unlike the Behram Andesite. They also contain some xenoliths of monzonitic
composition that indicates that the dykes may have been generated from the same source

as the monzonites of the Maden Island Pluton.

2. 2. 2. 6. The Ulubey (Volcanic) Unit

The Ulubey Unit consists of intercalated lava flows and pyroclastic deposits. It
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crops out in an area of about 25 kmz, between Ayvalik and Kozak towns, around the
villages of Ulubeyler, Bektasdere, Tiirkozu and Kircalar (Fig. 2.11). The maximum total
thickness of the Unit has been estimated as approximately 250m. Although thin lava
flows (<10m) have been observed within the volcaniclastics, the Unit is dominantly
made up of pyroclastic deposits. The lavas are mostly porphyritic andesites, dacites and
rarely rhyolites and contain phenocrysts of plagioclase, hornblende, K-feldspar, biotite,
augite and quartz. Accessory minerals of magnetite, apatite and zircon are also observed
in some rocks. The matrix is made up of microcrysts of plagioclase set in a glassy
groundmass. In some places, the lavas have been strongly affected by alteration leading
to the formation of oxides and copper salts on flow surfaces.

The pyroclastic deposits are mainly lithic ash-flow tuffs but also include breccia,
lapilli tuff and fine-ash. The tuffs are of mostly rhyodacitic to rhyolitic in composition.
The breccias are abundant and form massive layers. They are interbedded with the lavas
and contain clasts of andesites, dacites and rhyodacites. The clasts are mostly angular,
poorly sorted and their sizes vary between 1 and 30 cm. They are surrounded by a
matrix that was previously glass displaying fluidal textures and collapsed vesicles.

Lapilli and fine-ash flows alternate with breccias and lavas. The best exposures
of the lapilli and ash flows are observed to the west of the Karayit and Bektasdere
villages. They form several different layers, each of which has thickness of about 10-
15m and is separated by lavas and/or breccias. In the lower part of the Unit, they are
represented by relatively coarse-grained, poorly stratified lapilli tuffs and they pass
gradually up into well-bedded fine-tuffs. The lapilli tuffs are crystal-rich and include
lithic clasts of andesite - dacite and metamorphic fragments from the basement rocks.
The tuffs comprise euhedral-subhedral quartz, plagioclase, hornblende and K-feldspar as
well as abundant pumice and glass shards that have mostly been chloritised and
silicified.

The lapilli tuff grades into the overlying bedded fine-grained tuffs in which the
bedding is accentuated by thin, graded parallel laminae. The thickness of the fine-

grained tuffs varies from centimetre- to metre-scale and may reach up to 10m in some

localities.

2. 2. 2. 7. The Akcapinar (Volcanic) Unit

This volcanic unit, composed mainly of porphyritic dacite and andesite, occupies

63



Chapter 2: Geology and Volcano-stratigraphy of Western Anatolia

a large area to the east of Ayvalik and south of Edremit, between the villages of
Akcapinar, Tifillar, Karaayit and Cakmak (Fig. 2.11). In general, the Unit forms massive
lava flows with a maximum thickness of approximately 350m, although a few lava
domes have been observed in some localities. The lavas overlie the metamorphic
basement rocks in the east and the Ballica volcanic Unit in the north. The rocks exhibit a
variety of shades of grey and beige and contain phenocrysts of plagioclase, augite,
amphibole (edenite and edenitic hornblende), biotite and quartz. Accessory phases are
represented by zircon, apatite and magnetite. The groundmass is mostly glassy and
includes microlites of plagioclase and hornblende.

In some localities, between Ayvalik and Dikili, porphyritic dyke swarms cut the
lavas of the Akcapinar Unit. The prevalent directions of the dykes are approximately
NNE-SSW and NNW-SSE, consistent with the regional tectonic trends and fault
directions. The dykes are porphyritic andesites and dacites with the same mineral
compositions as the rocks of the Akcapinar lavas. An andesite sample from the

Akcapinar Unit has been dated as 19.7 £ 0.3 Ma using the K-Ar method (Table 2.1).

2. 2. 2. 8. The Seytansofrasi Ignimbrite

An ignimbrite sheet crops out in an area of about 10 km? to the southwest of
Ayvalik. The best exposure of the ignimbrite is around Seytansofrasi and on a few small
islands, near Ayvalik. The total thickness is approximately 75-80m. It forms a
succession of massive, cliff-forming sheets which shows lateral continuity along the SW
coast of Ayvalik. The base of the sequence is characterised by lithic-rich pumice tuff.
Lithics are mostly andesitic, dacitic and rhyolitic fragments. Metamorphic xenoliths
from the basement rocks are also abundant in some places. A layer of flattened pumice
tuff overlies the lithic-rich pumices. The pumice clasts are characterised by a high
proportion of phenocrysts of mainly plagioclase, K-feldspar, biotite, quartz and titano-
magnetite.

Welded ignimbrites make up more than half of the total thickness. The base of
the welded zone is represented by densely-welded ignimbrites, which display distinctive
pink and reddish coloration and strong eutaxitic texture. They exhibit well-developed
columnar jointing (Plate 2.14). Towards the top, welded ignimbrites are characterised by
varying proportions of lithic clasts, crystals and obsidian-like lenticles set in a

devitrified glass shard matrix. Lithic clasts are represented by volcanic rocks (mostly
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augite, olivine and titano-magnetite. Some basaltic andesites also contain minor K-

feldspar and biotite set in a fresh matrix.

2. 2. 3. The Dikili-Bergama-Foca Section

2. 2. 3. 1. The Kiratli (Volcanic) Unit

The Kiratli Unit crops out over a large area (~70-80 km?) to the SE of Ayvacik
and west of Bergama, between the villages of Kiratli to the north, Ovacik to the east and
Islamlar to the southwest (Fig. 2.11; 2.13). It is made up of intercalated lava flows and
silicified ash tuff and is cut by minor dyke swarms. The total maximum thickness has
been estimated approximately 250m, although the thickness of the Unit varies
considerably from a few tens of meters to over hundred of meters. A large portion of the
Unit is made up of massive lava flows. The rocks are predominantly porphyritic
andesites and dacites. They show a great similarity in appearance and phenocryst
composition to the lavas of the Akcapinar Unit. They are, however, distinguished by
their higher volume of phenocrysts. The phenocrysts are plagioclase, amphibole
(edenitic hornblende) and biotite with subordinate augite and quartz. Small zircon and
apatite crystals form inclusions in biotite. Some rocks also include minor sanidine.

The lavas are interlayered with thick layers of ash flows in some localities (Plate
2.15). They are mostly crystal-rich and include abundant plagioclase, hornblende, quartz
and biotite. Some ash flows have widely been affected by alteration to silicified and
partly oxidised. The altered layers have distinctive pinkish to reddish colours and
usually form good stratigraphic marker horizons. In some places, NW-SE dyke swarms
cut the lava-tuff intercalation. The dykes are mostly aphyric andesites/dacites and only
locally developed as a few small outcrops. In some localities (e.g. west of Bergama), the

lavas are cut by silicified rocks forming large epithermal gold deposits.

2. 2. 3. 2. The Madra River Dyke Swarms
This dyke system cuts the volcanic rocks of the Kiratli Unit to the SE of Ayvalik, along
the Madra River (Fig. 2.11). The dykes are only lécally developed over a small area of
approximately 8-10 km? and are oriented in a NW-SE direction, consistent with the
regional tectonic trehds and fault orientations. The rocks are completely porphyritic and
display light-grey and beige colours. They are mostly andesites and rarely dacites.
Phenocrysts are plagioclase, biotite and augite with minor amount of K-feldspar,

magnetite and zircon. The more acid rocks also contain quartz phenocrysts.
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Figure 2.13. Simplified geological map of the Dikili-Bergama-Candarli area.
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Figure 2.14. Schematic generalised stratigraphic column illustrating the volcano-stratigraphy of the

Dikili-Bergama-Foca section.
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are mostly andesites and dacites and have similar mineral compositional and
petrographic characteristics to the interlayered lava flows. Clast sizes vary from a few
mm to 50-60 cm. In some places, rounded and sub-rounded, andesitic and dacitic blocks
are common (Plate 2.17).

In the upper part of the Unit, massive, coarse-grained, heterolithic, clast- to matrix-
supported debris flow deposits are abundant. In some places, they are intercalated with
volcaniclastic sandstones and tuffs. Lithic clasts in the debris flow deposits range in
composition from andesite to rhyolite and are petrographically indistinguishable from

the lava flows.

2. 2. 3. 6. The Karagdol (Volcanic) Unit

Abundant acid-intedmediate lavas crop out in the Dikili area and to the northeast
of Yenisakran (Fig. 2.13). The products of this period are mostly lava flows and domes.
Andesites and dacites are the dominant rock types, although lesser amounts of basaltic
andesites and rhyolites are found in some places. The best exposures of the lavas are
around the Karagol Caldera Lake, which is located on the summit of one of the most
important eruptive centres of this area known as Mt. Seyret (Plate 2.18). The lavas are
all porphyritic and contain phenocrysts of plagioclase, hornblende, sanidine, biotite and
augite. Quartz is found in dacites and rhyolites. Most samples also contain zircon,
magnetite and apatite. The most silicic rhyolites contain a trace amount of sphene
phenocrysts.

The outcrops of the Karagdl Unit are mostly located at the intersection of two
major fault systems. One of these fault systems is oriented in a NE-SW direction and
forms the Bergama Graben. It cuts the volcanic rocks outcropping in the area between
Bergama and Dikili. Another fault system extends from Ayvalik through Dikili to
Candarli Bay (Fig. 2.13) with a NW-SE orientation.

In some localities, clastic sedimentary rocks are interbedded within the lavas
indicating the lava flows have been formed by several eruptive phases. Borsi et al.

(1972) reported a K-Ar age of 17.7 + 0.6 Ma for the lava flows from the Mt. Seyret
(Table 2.2).

2.2. 3. 7. The Kalarga Andesite
The Kalarga Andesite crops out between the towns of Dikili to the west and

Bergama to the east. It consists of lava domes and flows and its best exposures are
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2.2.3. 9. The Foca Dyke Swarms

A dyke system with a prevalent direction of NW-SE cuts the rocks of the Foca
volcanic Unit. The rocks are fine-grained, aphyric to microporphyritic basalts and
basaltic andesites. They are composed mainly of plagioclase, diopsite and forsteritic
olivine. Ilmenite and magnetite are also found in some rocks. In some localities, the
fresh, hard, black basalts are accompanied by highly vesiculated scoria flows. They also
have basaltic compositions and include abundant, calcite-filled cavities and vesicules.

Foca dyke swarms formed along the NW-SE oriented normal faults, indicating a
relationship with local extensional tectonics. Savasgin (1975) reported a K-Ar age of

16.5 Ma for the Foca dykes.

2. 2. 3. 10. The Egrigol Andesite

The Egrigol Andesite crops out over an area of about 15-20 km?® to the south of
the town of Yenisakran and to the southwest of Bergama (Fig. 2.13). It forms massive
lava flows and domes around Yenisakran and lava domes in Egrigdl hill, near Bergama.
The rocks are fresh, grey to black aphyric andesites with a fine grained, partly glassy
groundmass. The maximum thickness of the lavas has been estimated as 250m. The
lavas have well-developed columnar jointing. On Egrigdl hill, the joint surfaces are
vertical in orientation, producing regular polygonal columns (Plate 2.24). Further
southwest, near Yenisakran, however, columnar jointing displays a two-tiered
arrangement. The bottom of the lavas consist of well-formed, thick, vertical columns
normal to the base of the flows whereas the top is characterised by an entablature layer
forming thinner, irregular, sub-vertical and sometimes horizontal columns (Plate 2.25).

The rocks contain microphenocrysts of plagioclase, clinopyroxene (mostly
diopsite and augite) and minor olivine, although the phenocryst contents are always
<5%. Amphibole (edenitic and pargasitic hornblende) is found in some samples together
with accessory magnetite and ilmenite. Unlike most of the volcanic rocks in the Dikili-
Bergama-Foca section, minor orthopyroxene (hypersthene) is present in some rocks.
Although the mineral assemblages of the rocks indicate that they are basaltic in
composition, the whole rock chemical analyses give mostly andesitic compositions (see
also Chapter 3).

The lavas lie mostly on the small localised extensional basins bounded by NE-
SW oriented fault systems. To the southwest of Bergama, lavas emplaced at the bottom

of the Graben forming isolated lava domes on the Bergama Graben floor (Plate 2.26).
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overlie the andesite and dacite lavas of the Kiratli Unit. A basalt sample from the

Nebiler area, near Dikili, gave a K-Ar age of 15.2 + 0.4 Ma (Table 2.1).

2. 3. Summary

The Late Cenozoic igneous activity, both in the Ezine-Gulpinar-Ayvacik (EGA)
and Dikili-Ayvalik-Bergama (DAB) areas started with pre-Miocene pluton
emplacements (e.g. the Kestanbol and the Kozak plutons). The field observations,
volcanological characteristics and radiometric data show that major volcanic activity
took place both in the EGA and DAB areas during the Early Miocene. It produced a
considerable volume of pyroclastics and lavas of intermediate-acid composition. 21.3 +
0.3 Ma is the oldest K-Ar age obtained for the Early Miocene volcanic rocks of the EGA
area. The early stage of activity began with lava flows and continued with lava and
pyroclastic successions. The lavas, in general, andesitic to rhyolitic in composition and
are characterised by their high proportions of phenocryst contents. The pyroclastics
generally form large ignimbrite deposits and accompanied by minor debris (lahar) and
ash flow deposits. Compositionally, the pyroclastics are rhyolitic and dacitic. Abundant
dyke swarms cut the lava-pyroclastic successions in most places. Radiometric (K-Ar)
analyses performed during the course of this study give ages of 21.3 + 0.3, 20.9 £ 0.5,
20.7£0.3,20.5+£0.3,20.3+ 0.6 and 19.7 + 0.3 Ma for the Early Miocene rocks. Clastic
sedimentary deposits within the lava-pyroclastic successions indicate that the volcanic
rocks formed by several eruptive phases.

Although the rock types and volcanological characteristics of the Early Miocene
volcanics from the both areas (EGA and DAB) are similar to one another, they show
some differences in mineral composition. Amphibole is the main hydrous phase for the
lavas from the DAB and none of the samples contains orthopyroxene. On the other
hand, orthopyroxene is one of the most common phenocrysts and amphibole is absent in
the lavas from the EGA area.

In the EGA area, 19.7 Ma is the youngest date for the Early Miocene volcanism
and Middle Miocene volcanism is absent. In the DAB area, however, volcanic activity
continued into the Middle Miocene with a gradual change in eruptive style and rock
compositions. The Middle Miocene activity is marked by lava flows, domes and dykes
of basic-intermediate compositions. Pyroclastic eruptive products are absent in this

period. The Middle Miocene lavas erupted along the major normal faults related to
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graben tectonics, indicating a relationship between volcanism and an extensional
tectonics. Radiometric data show that the Middle Miocene volcanism lasted unti]l 15.2 +
0.4 Ma.

A new stage of volcanic activity in the EGA area began in the Late Miocene and
produced locally-developed small lava flows of basic and ultrabasic compositions. The
Late Miocene activity continued from 11.0 + 0.4 to 8.3 + 0.19 Ma. The distribution of
the Late Miocene lavas along the strike-slip fault zones (the middle and southern
branches of the North Anatolian Fault) indicate a close relationship with the strike-slip

activity and localised extension in the area.
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CHAPTER THREE

MAJOR AND TRACE ELEMENT GEOCHEMISTRY

Introduction

In this chapter, the major and trace element geochemical characteristics of
whole-rock samples from the Western Anatolian, Late Cenozoic Volcanic Province will
be presented. Geochemical data used in this chapter were obtained by two different
analytical techniques: (1) the concentrations of major element oxides and selected trace
elements (Sc, Cr, V, Ni, Co, Zn, Ga, Rb, Sr, Y, Zr, Nb, Ba, La, Ce, Nd, Pb, Th and U)
were determined using X-ray Fluorescence (XRF) spectrometer on a total of 219
samples; and (2) a subset of 56 whole-rock samples was analysed using Inductively
Coupled Plasma Mass spectrometry (ICP-MS) for Cs, Hf, Ta and Rare Earth Elements
(REE) from La to Lu in addition to all the elements previously analysed by XRF. Both
XRF and ICP-MS analyses were performed at the University of Durham. The sample
preparation methods-analytical procedures and the full data set are described in
Appendix A and B respectively. Estimates of precision and accuracy calculated using
replicate analyses on International Reference Materials (IRM) are presented in
Appendix C.

The chapter is subdivided into two main parts: (1) classification of the volcanic
rocks from Western Anatolia on the basis of major element oxides, and assessment of
the major element variations throughout the volcano-stratigraphic successions; (2) trace
element characteristics of the volcanic rocks presented as (a) log-normal trace element
plots; (b) multi-element patterns (MORB- and chondrite-normalised diagrams); and (c)

element ratio plots.

3.1. Major Element Characteristics of the Volcanic Rocks
3.1.1 Classification of The Volcanic Rocks Using Major Element Geochemistry

The volcanic rocks of Western Anatolia have been classified here on the basis of
their total alkalis and silica contents using the total alkalis (K,O+ Na,O) versus SiO,

(TAS) classification diagram of Le Bas et al. (1986) (Fig 3.1 and 3.2). The alkaline and
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subalkaline fields defined by Irvine and Baragar (1971) have also been plotted onto this
diagram. The volcanic rocks have been plotted onto the diagram as 7 different data
groups according to their age, locality, position on the volcano-stratigraphic succession,
eruptive properties and/or petrographic characteristics (e.g. aphyric or porphyritic). Each
group corresponds to either a particular stratigraphic age which may include several
volcanic units or to a rock formation (e.g. a dyke swarm). These groups are presented in
Table 3.1, together with their corresponding formation names used in Chapter 2. The
rocks from the EGA (Ezine-Gulpinar-Ayvacik) area have been plotted as four different
groups: (1) Early Miocene, (highly porphyritic) lavas; (2) Early Miocene crystal- and
clast-free ignimbrites (plotted as Early Miocene Ignimbrites); (3) Early Miocene dykes
(Kovacli Dyke Swarms); and (4) Late Miocene basaltic lavas. The volcanic rocks of the
DAB (Dikili-Ayvalik-Bergama) area have been plotted as three different groups: (1)
Early Miocene (highly porphyritic) lavas; (2) Middle Miocene intermediate rocks; and
(3) Middle Miocene basaltic rocks.

Table 3.1. The volcanic rock groups from the Western Anatolian, Late Cenozoic Volcanic Province.

Area Groups. . Age (Ma) Formation names

1ate Miocene basaltic lavas 8.3 Ayvacik Volcanics

- ‘ . Ezine Volcanics

| 11.0 Tastepe Volcanics

Early.Miocene dykes. . .- : 19.7 Kovacli Dyke Swarms

Early Miocene (crystal-free) ignimbrites Balabanli Ignimbrite
: Bergas Ignimbrite

St i Koyunevi Ignimbrite
Early Miocene (highly porphyritic) lavas - 20.3 Behram Andesite
G : ' - Bakacak Unit

Ciceklik Andesite
Suruce Andesite
Bademli Unit
Babakale Unit
Dededag Unit
Ezine Unit
L . 21.3 Kiziltepe Unit
Middle Miocene:basic rocks - ‘ . 15.2 Nebiler Volcanics

k E : Foca Dyke Swarms
Middle Miocéne intermediate rocks 15.5 Egrigol Andesite
L e S R : Odaburnu Dyke Swarms
Early:Miocene-(highly porphyritic) lavas Kalarga Andesite
S Bk e ‘ G 177 |Karagol Unit
Mt Seyret Unit
19.7 Akcapinar Unit
Kiratli Unit
Ulubey Unit
20.3 Ballica Unit

EGA

DAB
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Figure 3.1. Western Anatolian volcanic rocks plotted on the total alkalis versus silica diagram of Le Bas

et al. (1986). The alkaline and subalkaline fields are from Irvine and Baragar (1971).

Almost all the Early Miocene rocks from the EGA area fall in the subalkaline
field and show a compositional trend from trachyandesite to trachydacite and rhyolite.
The Early Miocene, porphyritic lavas fall mostly within the trachyandesite and
trachydacite compositional fields with silica contents ranging from 56 to 70 wt.% SiO,,
whereas the crystal-free ignimbrites plot mostly in the rhyolite field with silica contents
between 65 and 80 wt.% SiO, (Fig. 3.1 and 3.2a). The total alkalis contents of the
crystal-free ignimbrites show a strong negative correlation with SiO, content. The Early
Miocéne dykes are, however, restricted to the trachyandesite field having a lower silica
content (from 55 to 63 wt.% SiO;) than the other Early Miocene rocks from the EGA
area (Fig. 3.2a).

The Early Miocene rocks from the DAB area also plot in the subalkaline field
and classify as trachyandesite, trachydacite and dacite with silica contents ranging from
55 to 68 wt.% (Fig. 3.2b). The Early Miocene rocks from both the EGA and DAB areas
are compositionally similar to one another and are characterised by high silica contents.
Overall, their silica contents range from 55 to 80 wt.% Si0, and true basalts and basaltic
andesites (<55 SiO, wt.%) are rare or absent.

The Middle Miocene rocks from the DAB area range from trachybasalt to dacite
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with silica contents ranging from 48 to 57 wt.% SiO, for the basic suite and from 54 to
66 wt.% Si0, for the intermediate suite (Fig. 3.1). Although few samples show alkaline
character and plot in the trachybasalt and basaltic trachyandesite fields, most are
subalkaline and classify as basalt, basaltic trachyandesite, basaltic andesite,
trachyandesite and andesite. A few samples also plot in the dacite field.

A more detailed classification for the Middle Miocene rocks is given in Figure
3.2c where they are plotted as three different subgroups on the basis of age and locality
as mentioned in Chapter 2. These are: (1) the Foca Dyke Swarms; (2) the Egrigol
Andesite; and (3) the Nebiler Volcanics. The Foca Dykes, which are the most basic
rocks of Middle Miocene age, plot in the alkaline field and classify as trachybasalt,
whereas the Nebiler samples follow a trend from basalt through basaltic trachyandesite
to trachyandesite. The rocks of the Egrigdl Andesite are characterised by lower total
alkalis for a given silica content relative to the other Middle Miocene rocks and plot
mostly in the andesite field.

All Late Miocene lavas from the EGA area plot in the alkaline field and also
classify as basanite (with >10% olivine), basalt and trachybasalt. They have silica
contents ranging from 42 to 50 wt.% SiO,. The TAS diagram also reveals a significant
negative correlation between SiO, and total alkalis content for this group (Fig. 3.1). The
rocks from the Tastepe, Ezine and Ayvacik Volcanics have been defined as individual
groups in Figure 3.2d to illustrate the compositional differences and evolution of the
volcanics through time. The Tastepe Volcanics, which are the oldest known rocks of the
Late Miocene alkaline group (11.0 Ma), plot mostly in the trachybasalt field, spanning
the alkaline and subalkaline fields. Some of the rocks are, however, strongly alkaline.
The samples from the Ezine Volcanics (8.4 to ~9.7 Ma) plot in the basalt, trachybasalt
and basanite fields. The rocks of the Ayvacik Volcanics (8.3 Ma) are the most basic of
the Late Miocene alkaline suite and plot in the basanite field (Fig. 3.2d).

The subalkaline rocks (Early-Middle Miocene age) from both the EGA and DAB
areas have been plotted onto the SiO, versus K,O classification diagram of Peccerillo
and Taylor (1976) (Fig. 3.3). The potassic nature of virtually all the Early-Middle
Miocene rocks is demonstrated by this plot in which most of the data follow either
shoshonitic or high-K calc-alkaline trends. The Early Miocene rocks from both the EGA
and the DAB areas fall within the high-K andesite, banakite, high-K dacite and rhyolite

fields. The Middle Miocene rocks from the DAB area, however, plot in two distinct
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fields. The intermediate rocks follow a high-K calc-alkaline trend and display a range
from high-K basaltic andesite to high-K dacite, whereas the more basic rocks are
characterised by their higher potassium content with respect to the intermediate rocks

and fall within the absarokite and shoshonite fields.
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Figure 3.3. Western Anatolian volcanic rocks plotted on the K,0 versus silica classification diagram of

Peccerillo and Taylor (1976).

The terms absarokite and shoshonite were first used to describe rocks from the
Absaroka volcanic field of Montana and Wyoming (Iddings, 1895). The terms have
been used in several ways to describe potassic, basic and intermediate volcanic rocks.
Absarokite describes the volcanic rocks with abundant phenocrysts of olivine and augite
but no feldspar. Shoshonites and banakites were also defined as possessing less olivine
and augite but more feldspar. Gary et al. (1972) proposed the term shoshonite for
volcanic rocks containing leucite in the groundmass. Morrison (1980) used the
shoshonite nomenclature for volcanic rocks that were relatively oxidised, silica-
saturated and characterised by high contents of large ion lithophile elements (LILE).

However, the chemical definition of Peccerillo and Taylor (1976) is used here (Fig. 3.3).

3.1.2 Harker diagrams of major elements

Harker diagrams of major elements plotted against silica are shown in Figure
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3.4. Of these, the TiO, plot is particularly distinctive. The TiO, concentrations of all the
volcanic rocks from Western Anatolia decrease with increasing silica contents. The Late
Miocene alkaline basalt and basanites, however, have distinctively high TiO, contents
ranging from 2.5 to 3.1 wt.%, whereas the TiO, concentration of the most basic of the
Middle Miocene rocks only reaches 1.2 wt.%. The Early Miocene porphyritic lavas and
the dykes from the EGA area also have slightly higher TiO, concentrations with respect
to the Early Miocene rocks from the DAB area at a given silica value.

As with the TiO, concentrations, the alkaline basalts and basanites of the Late
Miocene suite have distinctly low Al,O3 (<15 wt.%) contents. The Al,O3; concentrations
for these lavas increase with increasing silica. For the basic-intermediate and acid rocks
of the Early-Middle Miocene as a whole, there is an inflection in the Al,O; against silica
diagram. This probably reflects a change in the extent of plagioclase crystallisation.
Basic-intermediate rocks of the Middle Miocene suite are non-porphyritic (e.g. the
Egrigdl Andesite) or weakly to moderately porphyritic (e.g. the Foca Dykes and the
Nebiler Volcanics), containing microlites and small phenocrysts of plagioclase. They
follow a trend of increasing Al;O3 with increasing silica. They have probably been
fractionated in deep-crustal levels where plagioclase is unstable and the role of
plagioclase in determining differentiation trends is limited. On the other hand, most
highly porphyritic rocks of Early Miocene age describe a trend of decreasing Al,O; with
increasing silica. This may be attributed to fractionation of plagioclase-dominated
mineral assemblages, most probably in long-lived, shallow level magma chambers. The
highly porphyritic nature of the rocks and high abundances of plagioclase phenocrysts
may also support this idea.

The volcanic rocks, as a whole, exhibit a negative correlation between Fe;Os-
Si0, (Fe,0Os5 is taken here as total Fe;O3;) and also between MnO-SiO,. The alkaline
group follows a separate trend on the Fe,Os versus silica diagram having higher Fe,03
contents than the other rock groups. The Early Miocene, porphyritic lavas and dykes
from the EGA area also have slightly lower MnO concentrations relative to the Early
Miocene rocks from the DAB area at a given silica value.

The MgO concentrations of the Late Miocene alkaline suite generally increase
with increasing silica except for few samples. On the other hand, the majority of the
Middle Miocene and almost all the Early Miocene rocks from both the EGA and the

DAB areas exhibit a negative correlation between MgO and silica. MgO concentrations
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for some samples from the Middle Miocene basic group, however, increase with silica.
This may be due to forsteritic olivine accumulation as some of these rocks contain
abundant olivine xenocrysts. The Middle Miocene intermediate rocks are generally
characterised by higher MgO concentrations than the Early Miocene rocks at a given
silica value.

CaO concentrations are roughly constant for most of the Late Miocene alkaline
rocks. On the other hand, CaO shows a rapid decrease with silica for almost all the
Early-Middle Miocene rocks except for the crystal-free ignimbrites of the EGA area
which are characterised by constant CaO concentrations with increasing silica values.

P,Os abundances steadily decrease for the Late Miocene alkaline rocks from
1.33 wt.% at 42 SiO; wt.% to 0.49 wt.% at 50 wt.% SiO, forming a good negative trend
between phosphorous and silica. The basic and intermediate rocks of the Middle
Miocene suite together with the Early Miocene porphyritic lavas have P,Os values that
decrease with silica forming a negative correlation. P,Os concentrations of the crystal-
free ignimbrites, however, stay constant with increasing silica values over a

considerable range from 65 wt.% SiO, to 80 wt.% SiO,.

3.2. Trace Element Characteristics of the Volcanic Rocks

3.2.1 Trace Element Variations of The Volcanic Rocks

Trace element concentrations are plotted on log-normal diagrams against silica
in Figure 3.5 to demonstrate the compositional differences between the different
volcanic rock groups. The transition metals Sc, Ni, Cr, Co, V, Cu and Zn show negative
correlations with silica for the Early-Middle Miocene calc-alkaline and shoshonitic
rocks from both the EGA and the DAB areas (Fig. 3.5). On the other hand, Sc, Co, V
and Cu concentrations of the Late Miocene basic alkaline lavas stay broadly constant
with increasing silica values. Cr and Ni for the same lavas increase steadily and Zn
concentrations decrease with increasing SiO,.

The incompatible trace elements, Sr, Rb, Y, Zr, Nb, Ba, La, Ce, Nd and Th,
show a negative correlation with SiO; for all the Late Miocene basic alkaline suite.
Fractional crystallisation from a basic magma would be expected to create a positive
correlation between silica and incompatible elements. Thus, the negative correlation
observed in Figure 3.5 may best be explained by a decrease in the degree of partial

melting towards the top of the sequence of the alkaline lavas (partial melting processes
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Figure 3.5. Log-normal plots showing trace element behaviour of the volcanic rocks from Western Anatolia.
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Figure 3.5. (Continued)
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Figure 3.5. (Continued)
are discussed further in Chapter 6).

On the log-normal, incompatible trace element diagrams, the Early Miocene
rocks from the EGA area are, in general, enriched in La, Ce, Nd and Pb at a given silica
value with respect to the Early-Middle Miocene rocks from the DAB area (Fig. 3.5).
The Middle Miocene basic-intermediate rocks have lower Y, Zr and Rb at a given silica
content than the Early Miocene rocks from both the EGA and the DAB areas. Ba
concentrations of the Middle Miocene rocks in general exhibit a strong positive

correlation with silica, whereas Ba values of the Early Miocene rocks from both areas

93



Chapter 3: Major and Trace Element Geochemistry

stay almost constant with increasing silica content from 54 wt.% SiO; to 80 wt.% SiOs.
Th and Rb concentrations, in general, exhibit a good positive correlation with
silica for most Early-Middle Miocene rocks except for the crystal-free ignimbrites for

which Th stays constant and Rb decreases with increasing in silica.

3.2.2 Rare Earth Element (REE) Patterns

The rare earth element (REE) data used in this study were obtained from ICP-
MS (Inductively Coupled Plasma-Mass Spectrometry) analyses and the REE
concentrations of the rocks have been normalised to the chondritic (C1) abundances
proposed by Boynton (1984). Chondrite-normalised ratios of (La/Eu*)y and (Eu*/Yb)n
have been taken as the LREE/MREE and MREE/HREE ratios respectively. Eu* has
been taken as extrapolated Eu calculated using normalised concentrations of Sm, Eu and
Gd (the geometric mean; Taylor and McLennan, 1985).

The chondrite-normalised REE patterns for representative samples of acid,
intermediate and basic rocks from both the EGA and DAB areas are shown in Figure.
3.6 (a-¢). Samples have been plotted in order of increasing SiO, contents. The Early
Miocene, calc-alkaline and shoshonitic rocks from the EGA area in general show L-

MREE enriched patterns with LREE/MREE (La/Eu*) ratios of about 5.5-8.2 for the

intermediate porphyritic lavas, 6.5-7.8 for the intermediate dykes, 8.1-9.1 for the crystal-
free acid rocks (ignimbrites) and MREE/HREE (Eu*/Yb),, ratios of 2.6-5.2 for the
porphyritic lavas, 3.0-3.4 for the dykes and 2.5-2.8 for the ignimbrites (Fig. 3.7).
Although all the Early Miocene calc-alkaline and shoshonitic samples from the EGA
area have similar REE patterns, the crystal-free acid ignimbrites (e.g. EA33a) have
higher LREE/MREE ratios and negative Eu anomalies. The intermediate rocks of the
Kovacli Dyke Swarms from the EGA area have Eu/Eu* ratios of 0.79-0.89 and show
only small Eu anomalies, whereas acid rocks have larger negative Eu anomalies with
Eu/Eu* ratios of 0.62-0.73 (Fig. 3.8). Intermediate, porphyritic lavas from the EGA area
also show small Eu anomalies with Eu/Eu* ratios ranging between 0.76 and 0.93.

The Early and Middle Miocene basic-intermediate, calc-alkaline and shoshonitic
rocks of the DAB area have similar REE profiles. The Early Miocene porphyritic lavas
of intermediate compositions have LREE/MREE (La/Eu*), ratios of 4.9-7.7 and

MREE/HREE (Eu*/Yb), ratios of 1.8-2.9. The Middle Miocene rocks from the same
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Figure 3.6. Chondrite (Cl) normalised REE plots for the volcanic rocks from Western Anatolia.
Chondrite normalising values are taken from Boynton (1984) and average N-MORB and OIB values are

taken from Sun and McDonough (1989).
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Figure 3.6. (Continued)

area have LREE/MREE (La/Eu*), ratios of 4.9 - 6.8 at intermediate compositions, 4.2 -
7.5 at basic compositions and MREE/HREE (Eu*/Yb),, ratios of 1.9-2.8 at intermediate
compositions, 2.1-4.3 at basic compositions. Eu/Eu* ratios range from 0.76 to 0.97 for
the Early Miocene porphyritic lavas of intermediate compositions. The Middle Miocene
rocks also have Eu/Eu* ratios ranging from 0.77 to 0.93 at intermediate compositions

and from 0.76 to 0.83 at basic compositions. Eu anomalies for almost all calc-alkaline

and shoshonitic rocks from the DAB area are generally small (Fig. 3.8).
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Figure 3.7. REE variations for the volcanic rocks from Western Anatolia. See Fig. 3.4 for the symbols.
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Figure 3.8. Variable Eu anomalies (Euw/Eu*) for the volcanic rocks from Western Anatolia.

LREE concentrations of the Early Miocene rocks differ significantly between the
EGA and DAB areas. The plot of La against silica demonstrates that the rocks from the
EGA area have higher La abundances than the rocks from the DAB area at a given silica
content (Fig. 3.7). LREE/MREE (La/Eu*) and LREE/HREE (La/Yb) plots also
highlight the relative enrichment in LREE for the Early Mi